
 

 

 

 

 

Polar auxin transport and PLETHORA gene action  

regulate Arabidopsis development and architecture 
 

Polair auxinetransport en PLETHORA genactiviteit reguleren  

ontwikkeling en architectuur van Arabidopsis 
 

(met een samenvatting in het Nederlands) 

 

 

 

 

Proefschrift 

 

 

 

 

 

 

 

 

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van 

de rector magnificus, prof.dr. J.C. Stoof, ingevolge het besluit van het college 

voor promoties in het openbaar te verdedigen op woensdag 13 oktober 2010 des 

middags te 12.45 uur 

 

 

 

door 

Hugo Ferdinand Hofhuis 

geboren op 2 december 1979 

te Utrecht 



 

 

 

 

 

Promotor: Prof. dr. B.J.G. Scheres 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

voor pap, mam, meis en onze spruit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nawet ślepej kurze się ziarko trafi 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover: H.F. Hofhuis and F.M.A Hofhuis   

     Arabidopsis seedling. 

Print: Dadomoto, Nieuwegein 

ISBN: 978-90-393-5433-9 



 

 

 

 

Contents 
   

Chapter 1 General introduction        9  

   

Chapter 2 PLETHORA proteins as dose-dependent master  

  regulators of Arabidopsis root development    32 

  

Chapter 3 Root system architecture from coupling cell shape  

  to auxin transport        60 

 

Chapter 4 Common regulators for root branching and phyllotaxis 136 

 

Chapter 5  Summarizing Discussion      168 

 

  References        178 

  Samenvatting in het Nederlands     196 

  List of publications      198 

  Curriculum vitae       199 

  Acknowledgments       200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Abbreviations 

 
1-NOA : 1-naphthoxyacetic acid (compound that inhibits cellular auxin      

 influx) 

2,4D  : 2,4-dichlorophenoxyacetic acid (auxin analogue, substrate for 

 auxin influx carrier proteins) 

AIL : AINTEGUMENTA-LIKE 

ANT  : AINTEGUMENTA 

ARF : AUXIN RESPONSE FACTOR 

AUX/IAA : AUXIN RESISTANT /INDOLEACETIC ACID-INDUCED 

AUX1 : AUXIN RESISTANT 1 (auxin influx carrier) 

auxRE : ARF-binding promoter elements 

BBM : BABY BOOM/PLETHORA4 

BDL : BODENLOS/IAA12 

CZ : central zone of the shoot apical meristem 

d.p.g. : days post germination 

DEX : dexamethasone 

DR5 : direct repeat 5 (auxin responsive promoter sequence) 

DZ : differentiation zone of the root meristem  

e(r)CFP : endoplasmic reticulum targeted cyan fluorescent protein  

EZ : elongation zone of the root meristem 

GFP : green fluorescent protein 

GR : rat glucocorticoid receptor 

IAA : indole-3-acetic acid (endogenous plant auxin) 

IM : inflorescence meristem 

LRP : lateral root primordium 

mIAA : dominant allele of IAA gene  

MP : MONOPTEROS/ARF5 

MZ : meristematic zone of the root meristem 

NAA : naphthalene-1-acetic acid (auxin analogue, substrate for auxin ef-

flux carrier proteins) 

NPA : 1-N-naphthylphthalamic acid (compound that inhibits cellular          

 auxin efflux) 

NPH4 : NONPHOTOTROPIC HYPOCOTYL 4/ARF7 

OC : organizing centre of the shoot apical meristem  



 

 

PAT : polar auxin transport 

PIN : PIN-formed (auxin efflux carrier) 

PLT : PLETHORA 

PUP : PLETHORA UPSTREAM PROTEIN 

PZ : peripheral zone of the shoot apical meristem  

QC : quiescent centre of the root meristem  

RM : root meristem  

SAM : shoot apical meristem  

SCN : stem cell niche 

SCR : SCARECROW 

SEM : scanning electron microscope  

SHR : SHORT ROOT 

SLR : SOLITARYROOT/mIAA14 

vYFP : venus yellow fluorescent protein 

WOX : WUSCHEL related homeobox 

WT : wild type 

WUS : WUSCHEL homeobox 

YFP : yellow fluorescent protein 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

The man of science appears to be the only person who has something to say just 

now, and the only man who does not know how to say it.  

          

 – Sir James Barrie 
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Chapter 1 

General introduction 

Animal and plant development, when considered as the succession of 

changes from fertilized egg to adult organism, are particularly distinct in timing 

and plasticity. Most animals shape their body plan during embryogenesis, with 

post-embryonic growth limited to increases in size, not number of organs. In  

contrast, the plant embryo never resembles the adult form. Rather, plants alter 

their shape throughout life by growth of existing organs, and reiterative formation 

of new ones. Plant growth is plastic, but displays profound regularities that are 

thought to result from the interplay between endogenously determined develop-

ment and environmental factors (Malamy et al., 1995).  

The embryonic growth phase of Arabidopsis, a species frequently used as     

a model flowering plant, shapes a mature embryo that consists of three type       

of organs, namely root, stem (hypocotyl) and a pair of leaves (cotyledons). In      

addition, two stem cell niches form opposite to one another, at the root tip        

and between the cotyledons (Fig. 1.1 b). Post-embryonic growth commences      

at these stem cell niches, that bring forth and maintain the cell populations of     

the root meristem (RM) and shoot apical meristem (SAM), respectively (Fig. 1.1 

a) (Dolan et al., 1993; Scheres et al., 1994; Jürgens and Mayer, 1994). During  

seedling growth, the RM enables indeterminate elongation of the primary root, 

while the SAM produces true leaves (Fig. 1.1 c). The resulting seedling further         

increases in complexity by continuous de novo- organ formation. This involves 

positioning, formation and patterning of primordia that produce leaves or flowers. 

New primordia can also establish new growth axes through the formation of    

lateral roots or inflorescence stems, each of which contains its own meristem 

(Fig. 1.1 c,d). Cells within these meristems are required to divide, elongate and 

differentiate without consuming the meristem to enable organ growth (Weigel 

and Jürgens, 2002).  

Factors that regulate plant development have been the subject of study for 

over 150 years (Ciesielski, 1872; Darwin, 1880). Phytohormones have been  

identified as crucial endogenous factors that both orchestrate and integrate      

environmental stimuli into developmental programs. Plants have been found to 
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produce several types of phytohormones; e.g. auxins, cytokinins, gibberellins, 

abscisic acid, jasmonate, brassinolide, systemin, salicylic acid, strigolactone     

and ethylene. Among these, auxins appear to be the developmental regulators   

par excellence, as they determine division, elongation and differentiation of   

cells, positioning, formation and patterning of primordia and the direction of 

growth both in the root and the shoot (Davies, 1995). It remains an intriguing 

mystery how auxin can regulate so many seemingly unrelated processes. 

Mechanisms of auxin accumulation and response 

Auxins were isolated for the first time in 1926 by the Dutch botanist           

F. Went, who demonstrated that agar blocks soaked with grass coleoptile        

extract, stimulated directional growth of decapitated Avena stems (Went, 1926; 

Went, 1942). Nevertheless, unambiguous chemical identification of the main 

plant auxin, indole-3-acetic acid (IAA), had to await 1973 (Bridges et al., 1973). 

Auxin is a low molecular weight compound with a high diffusion rate that       

displays biological activity in the micro- to nanomolar range. Its activity at low 

concentrations severely complicates direct visualisation of the hormone itself in 

planta. Nevertheless, several experimental approaches have been designed to 

visualize auxin in situ or to quantify the auxin content of plant tissue sections, 

including IAA isotope labelling, immunolocalization with IAA-specific          

antibodies and mass-spectrometry (Rashotte et al., 2000; Muday et al., 2001; 

Avsian-Kretchmer et al., 2002; Sitbon et al., 2000; Ljung et al., 2001; Ljung et 

al., 2005). However, the most productive approach for monitoring the spatial-

temporal dynamics of auxin activity has been the assessment of reporter          

gene expression regulated by the direct repeat 5 (DR5) promoter sequence.     

This promoter consists of seven tandem repeats of an auxin responsive element 

(TGTCTC). Hence, DR5-regulated reporter gene expression does not directly 

reflect auxin content itself. Rather, it reports the degree of auxin responsive    

gene expression (Ulmasov et al., 1997). Although suffering from major          

constraints, including low responsiveness to auxin, the pattern of DR5             

expression appears to overlap with peak auxin concentrations found within the 

root tip (Sabatini et al., 1999; Rashotte et al., 2000; Friml et al., 2003). 
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Figure 1.1: Arabidopsis development and architecture. 

(a) Image of a root tip with the stem cell niche (SCN), meristematic zone (MZ), 
elongation zone (EZ) differentiation zone (DZ) and cell types indicated;  root 
cap,  quiescent centre,  stem cells,  epidermis,  cortex,  endodermis, 

 pericycle, and  vasculature. (b) Cartoon of five stages of embryo develop-
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ment with auxin response distributions indicated. z, zygote: 2, 2-cell-stage: 4,      
4-cell-stage: 8, 8-cell-stage: heart, heart stage: a, apical cell: b, basal cell: hyp, 
hypophysis: RM, root meristem: SAM, shoot apical meristem. (c) Wild type 
seedling at ten days post germination. Note that the lateral root, the most close by 
the shoot, has formed a second order lateral root itself (white arrowhead).         
(d) Mature shoot showing the characteristic spiral arrangement of leaves.          
(e) Inflorescence meristem of a wild type plant with developing primordia       
indicated (with 1 the youngest): the spiral pattern is aperant within the SAM.     
(f) Incipient lateral root primordium. (g) Lateral root primordium right after 
emergence from the mother root. Xylem-strands in (f) and (g) are indicated by x. 
Bars: (a) 100 µm, (c) 1 cm, (d) 0.5 cm and (e to g) 50 µm.  

Although auxin is a key determinant in plant development, high auxin             

concentrations are toxic to the plant. Therefore, homeostatic control of auxin  

levels is required. Homeostasis of free auxin levels mainly depends on its        

reversible conjugation to target molecules, synthesis and active transport   

(Weijers et al., 2005; Woodward and Bartel, 2005; Benjamins and Scheres, 

2008). Only one percent of the plant auxin content is present as the                   

biologically active form, the free acid, while the remainder is conjugated to     

metabolites such as amino acid or sugars (Pollmann et al., 2002; Seidel et          

al., 2006). Auxin synthesis predominantly occurs in young leaves, which are    

also the main providers of root auxin (Ljung et al., 2001; Bhalerao et al.,       

2002; Ljung et al., 2002). Auxin is moved from its site of synthesis to the sites    

of action by polar auxin transport (PAT). The existence of an auxin transport   

system was postulated in the early seventies in the chemo-osmotic theory. It was 

based on the observations that a. the apoplastic (intercellular) space is acidic 

(pH5.5), b. the cytoplamic (intra-cellular) environment is more basic (pH7.0)    

and c. protonated, but not deprotonated auxin, is capable of diffusing over         

cell membranes. Hence, protonated auxin is expected to enter the cell by          

passive diffusion. Auxin should then become deprotonated and trapped within  

the basic environment of the cell, while active transport by auxin carrier proteins 

would be required for cellular efflux (Rubery and Sheldrake, 1974; Raven,    

1975; Goldsmith, 1977).  

Over the last decades, components of the PAT system have been identified 

from genetic screens. Cellular auxin uptake may result from passive diffusion, 

but can be promoted by the activity of transmembrane proteins of the AUXIN  

RESISTANT 1/LIKE AUXIN RESISTANT 1 (AUX1/LAX) gene family as well 
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(Bennett et al., 1996; Marchant et al., 1999; Marchant et al., 2002; Swarup et al., 

2008). Cellular auxin efflux appears to be mediated by transmembrane proteins 

of the PIN FORMED (PIN) gene family (Galweiler et al., 1998; Muller et al., 

1998; Friml et al., 2002; Friml et al., 2002; Paponov et al., 2005). Other proteins 

that have been associated with auxin transport include the P-GLYCOPROTEIN 

(PGP) and MULTI DRUG RESISTANT/ABC type transporters (Blakeslee et al., 

2007; Noh et al., 2001, Terasaka et al., 2005). Mutations that affect PIN activity 

result in reduced auxin transport in inflorescence stems while aux1 roots have a 

reduced auxin uptake potential (Galweiler et al., 1998; Marchant et al., 2002).  

AUX1 and PIN genes are expressed throughout the embryo and adult plant, 

often with polar distributions at the cell membrane, which are though to predict 

the direction of auxin transport. Their expression patterns and cell membrane  

polarities are tissue- and zone-specific. In general, plant cells have apical, basal 

and lateral sides and auxin transport proteins can accumulate at one or more       

of these. Importantly, both the AUX1 and PIN auxin transporters can display 

rapid cellular dynamics that involve changes in abundance, subcellular            

localization or membrane distribution of the auxin transporters. The activity of 

the PAT system determines overall auxin transport properties, and the ultimate 

auxin accumulation patterns (Wisniewska et al., 2006; Benkova et al., 2003; 

Blilou et al., 2005; Friml et al., 2002; Vieten et al., 2005; Swarup et al., 2001; 

Marchant et al., 2002; Palme et al., 2006). 

The PAT system thus involves many components, which together establish 

complex and dynamic auxin transport routes throughout the plant. The            

identification of auxin analogues has greatly facilitated experimental assessment 

of the role of auxin and the in- and efflux components of the PAT system. These  

chemical compounds can be applied in a concentration-controlled manner, to  

selectively stimulate or inhibit PAT proteins. Active auxin efflux and influx can 

be inhibited by 1-N-naphthylphthalamic acid (NPA) and 1-naphthoxyacetic    

acid (1-NOA), respectively (Imhoff et al., 2000; Parry et al., 2001). In addition, 

PAT can be stimulated by compounds with auxin activity that are selectively 

transported within the plant. IAA is a substrate for in- and efflux carriers,     

naphthalene-1-acetic acid (NAA) for efflux carriers and 2,4-dichlorophenoxy-

acetic acid (2,4D) for influx carriers only (Teale et al., 2006).  
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Regulation of cell functions by auxin requires mechanisms to sense and   

respond to the hormone. Transcriptional responses occur, in large part, by       

reducing the abundance of a transcriptional repressor in an auxin-concentration-

dependent manner (Guilfoyle and Hagen, 2006). Auxin promotes proteasome-

mediated degradation of AUXIN RESISTANT/INDOLEACETIC ACID-

INDUCED (AUX/IAA) proteins following ubiquitination by the SCFtir1 *          

complex. To this end, auxin binds to a hydrophobic pocket of the F-BOX         

protein of the SCFtir1 complex and enhances its affinity for a conserved region    

of AUX/IAA target proteins (domain II) (Gray et al., 2001; Ramos et al., 2001 

Dharmasiri et al., 2003; Kepinski et al., 2005; Dharmasiri et al., 2005; Tan et al., 

2007). The nuclear AUX/IAA proteins can form heterotypic complexes with 

AUXIN RESPONSE FACTOR (ARF) transcription factors, thereby inhibiting 

ARF activity (Tiwari et al., 2001;  Tiwari et al., 2004). Increasing intracellular 

auxin levels thus reduce the  abundance of ARF-repressing AUX/IAA proteins, 

resulting in expression of ARF target genes (Zenser et al., 2001). The Arabidop-

sis genome contains 29 AUX/IAA and 22 ARF genes, enabling a high number of   

potential AUX/IAA-ARF interactions (Kim et al., 1997; Remington et al., 2004; 

Abel et al., 1994; Abel et al., 1996). These interactions appeared not to be      

specific when assayed in yeast cells, as several AUX/IAA gene products can    

interact with a large range of ARF proteins. Moreover, ARF proteins are capable 

of forming homo- and heterotypic interactions among themselves (Kim et al., 

1997;  Weijers et al., 2004; Weijers et al., 2005). ARF target gene promoters 

have been found to contain ARF-binding auxin-responsive elements (AUXre), 

such as TGTCTC or GAGACA, although other sequences might recruit ARF     

proteins as well (Ulmasov et al., 1997a; Ulmasov et al., 1997b). However,      

despite all these degrees of freedom, co-expressed AUX/IAA and ARF pairs have 

been found to regulate specific developmental processes from the first embryonic 

division onwards (Weijers et al., 2005; Hardtke et al., 2004). 

 

*after S PHASE KINASE-ASSOCIATED PROTEIN 1 (SKP1),ARABIDOPSIS     SERI-
NE/THREONINE KINASE 1 (ASK), CULLIN (CUL) and F-BOX protein TRANS-
PORT INHIBITOR RESPONSE-1 (TIR1), encoding an E3 ubiquitination protein ligase 
complex.  
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Embryo development 

The Arabidopsis embryo arises from the zygote through a highly invariant 

pattern of cell divisions. Hence, the origin of embryonic organs can be traced 

back to progenitor cells. Embryo development begins with elongation of the   

zygote and is followed by an asymmetric division that shapes the small apical  

and larger basal cell of the 2-cell-stage embryo. The apical cell establishes the     

4-cell-stage pro-embryo by two vertical cell divisions. These four cells then    

divide horizontally, thus establishing an apical and basal domain at the 8-cell-

stage. Further rounds of cell divisions give rise to the early and late globular, 

heart and torpedo stages (Fig. 1.1 b). The apical domain of the 8-cell-stage      

embryo produces the SAM and most of the cotyledons, while the basal domain 

establishes the cotyledon shoulders, hypocotyl, root and proximal cells of the 

RM. In contrast, the larger basal cell of the 2-cell-stage embryo produces a 6-     

to 9- cell filament, called the suspensor, which connects the embryo to the       

nutrient- and hormone- supplying parental tissue. All basal derivatives remain 

extra-embryonic, except for the suspensor cell adjoining the pro-embryo. This 

cell is recruited by the pro-embryo to adopt hypophyseal fate around the 8-cell-

stage. The hypophyseal cell then divides asymmetrically, producing the           

lens-shaped progenitor of the quiescent centre (QC), and a larger basal           

daughter cell, that will produce the columella and root-cap cell lineages. All    

remaining suspensor cells undergo programmed cell death during the late stages 

of embryogenesis (Jürgens, 1992; Dolan et al., 1993; Yeung et al., 1993; Scheres 

et al., 1994; Jürgens, 2001).  

The invariant pattern of Arabidopis embryogenesis implies that segregation 

of cell fates is stringently controlled by endogenous patterning mechanisms.     

The early segregation of apical and basal cell fates correlates with differential 

auxin responsiveness, as indicated by the expression pattern of DR5-conjugated 

green fluorescent protein (DR5::GFP). DR5::GFP expression localizes to the  

apical, but not basal, cell of the 2-cell-stage embryo and continues to mark the 

developing pro-embryo, while it is hardly detectable within the suspensor cells 

until the hypophyseal cell becomes specified. At that moment, DR5::GFP       

expression rapidly decreases in the pro-embryo and strongly accumulates in the 

hypophyseal and adjoining suspensor cell (Fig. 1.1 b)(Friml et al., 2003). Stimu-

lation or inhibition of PAT alters the pattern of auxin responses and embryo    
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development (Liu et al., 1993; Hadfi et al., 1998; Friml et al., 2003). Treating in 

vitro cultured ovules with NAA results in enhanced intensity of DR5::GFP     

reporter gene expression, leaving the pattern unchanged. In contrast, 2,4D-

treatment results in high and ubiquitous DR5::GFP expression throughout the 

embryo. NPA-mediated inhibition of auxin efflux carriers causes a shift in DR5 

expression within the 2-cell-stage embryo, from the apical to the basal cell. This 

aberrant DR5 expression is associated with severe developmental defects that 

range from the lack of embryonic root formation to formation of ball-shaped   

embryos. Together, these results suggest that auxin efflux carriers transport auxin 

from a basally located auxin source to the apical cell of the 2-cell-stage embryo, 

resulting in maximum auxin activity at that site (Friml et al., 2003). The precise 

role of this maximum in the early fate segregation process, has not yet been   

clarified. 

The differential accumulation of auxin in the embryo is temporally           

correlated with expression of PIN1 and PIN7. Whereas PIN1 does not display 

apparent polarity at the cell membrane in embryos at the 2-cell-stage, PIN7       

localizes to the apical site of the cell membrane of the basal cell. When the DR5 

expression pattern reverses, PIN1 becomes localized to the basal (suspensor     

facing) cell membranes of the pro-embryo cells, and PIN7 shifts from the apical 

to the basal site of the suspensor cells. The presumed effect of these changes 

would be to re-enforce auxin transport toward the basal end of the embryo, a    

prediction that is consistent with the observed DR5 expression pattern. The     

pivotal role that PAT plays is illustrated by the observation that 50% of pin7   

embryos fail to accumulate auxin response in the apical cell of the 2-cell-stage 

embryo, which then divides horizontally instead of vertically. In contrast, mature 

pin7 embryos do not show obvious defects. This apparent recovery results from 

the activity of redundantly acting PIN family members, as pin1pin3pin4pin7   

embryos arrest development during embryogenesis (Friml et al., 2003).       

Moreover, the same pin1pin3pin4pin7 embryos display prominent aberrant cell 

divisions from the 2-cell-stage onwards, although PIN3 and PIN4 are not        

expressed until globular stage in wild type embryos (Vieten et al., 2005; Blilou et 

al., 2005). The early developmental defects of pin1pin7 thus might be masked by 

ectopic and synergistic activity of other PIN gene family members. Accordingly, 

PIN4 accumulated within the apical suspensor cell membranes of pin7 embryos 
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(Vieten et al., 2005). Simular compensatory cross regulation of PIN family  

members has also been reported during postembryonic root development (Blilou 

et al., 2005). PIN activity is not determined solely by its expression pattern. In 

addition, cellular distribution is of pivotal importance, as indicated by the        

randomly dividing zygotes of plants mutated in the gene of ARF guanine-

nucleotide exchange factor (ARF-GEF) GNOM (Mayer et al., 1993). GNOM 

regulates the formation of vesicles that are required for endosomal trafficking  

and membrane targeting of PIN proteins (Steinmann et al., 1999; Geldner et al., 

2003; Richter et al., 2010). 

The significance of the auxin activity maximum in the apical cell of the        

2-cell-stage embryo was further substantiated by the identification of mutants 

with impaired auxin responses that display severe early embryonic defects. The 

apical cell of the 2-cell-stage embryo divides horizontally instead of vertically 

when it carries mutations that either stabilize IAA12 (mIAA12/bodenlos;bdl) or 

eradicate ARF5/MONOPTEROS (MP) activity. Both bdl and mp embryos then 

produce adjoining, duplicate pro-embryo regions that fail to recruit the hypophy-

seal cell and, as a consequence, lack embryonic roots. (Hamann et al., 1999; 

Przemeck et al., 1996). BDL and MP are co-expressed in the apical cell of the     

2-cell-stage embryo, and become restricted to the inner cell layers of the basal 

pro-embryo domain from the 8-cell-stage onwards. Hence, IAA12 and MP are 

not expressed in the hypophyseal cell itself, indicating that a so far unidentified 

signal from the pro-embryo controls the onset of gene expression that specifies 

hypophyseal development (Hardtke et al., 1998; Weijers et al., 2005; Weijers et 

al., 2006). In line with the proposed AUX/IAA-ARF response mechanism, MP 

and BDL proteins interact in Yeast cells, and over-expression of MP can suppress 

mIAA12-elicited defects (Hamann et al., 2002; Hardtke et al., 2004). However, 

mIAA12 expression in the hypophyseal cell of heart-stage embryos does not alter 

embryo development, indicating that BDL degradation and MP action are       

required for early hypophyseal cell specification, but not for subsequent          

embryonic root development (Weijers et al., 2006). Stabilization of the IAA12 

homologue, IAA13, causes bdl-resembling phenotypes. Both these genes are     

co-expressed during embryogenesis and IAA13 has been found to repress MP 

function as well (Weijers et al., 2005). On the other hand, mp phenotypes        

become more prominent by depletion of ARF7/NONPHOTOTROPIC HYPO-
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COTYL 4 (NPH4) activity, indicating that redundant IAA proteins regulate    

redundant ARF pairs in the process of embryonic root formation (Hardtke et al., 

2004; Weijers et al., 2005).  

The segregation of developmental fate during early embryo development is 

not only correlated with differential auxin responses, but also with differential 

expression and transcript accumulation of three related WUSCHEL related      

homeobox (WOX) genes: WOX2, 8 and 9. The zygote expresses WOX2 and 

WOX8 (Haecker et al., 2003), and, according to one report, WOX9 as well (Wu  

et al., 2007). In the 2-cell-stage embryo, WOX2 transcripts accumulate in the  

apical cell, while WOX8 and WOX9 mRNAs accumulate in the basal cell 

(Haecker et al., 2003; Wu et al., 2007). WOX8 continues to be expressed in all 

cells of the developing suspensor. Additional WOX9 expression marks the       

suspensor cell that adjoins the pro-embryo, until the apical and basal pro-embryo 

domains become specified. At that moment, pro-embryonic WOX2 expression 

becomes restricted to the apical domain, while WOX9 expression shifts from the 

hypophyseal cell into the basal pro-embryo domain. The pivotal importance of 

early WOX expression is illustrated by the fact that 30-50% of wox2 embryos  

display aberrant apical cell lineage development, although wox8 embryos resem-

ble wild type (Haecker et al., 2003). The wox9 embryo arrests after the third 

round of cell division post zygote elongation (Wu et al., 2007). However,     

eradication of WOX8 activity in wox2 or wox9 mutants aggravates the single  

mutant defects; wox8wox9 embryos arrest development at the 2-cell-stage while 

cotyledon separation is aberrant in wox2wox8 embryos (Wu et al., 2007; Breun-

inger et al., 2008). Recently, the WOX pathway has been linked to auxin transport 

regulation, as it is required for normal PIN1 expression and the formation of the 

auxin response maximum of the pro-embryo (Breuninger et al., 2008).  

Primary root development 

Genetic screens lead to the identification of two homologous AP2-domain 

transcription factors that are redundantly required for embryonic stem cell niche 

formation: PLETHORA1(PLT1) and PLT2. The PLT transcript accumulation  

patterns are highly similar and mark the basal pro-embryo domain at the 8-cell-

stage. As embryogenesis proceeds, PLT mRNAs accumulate in the central cells 

of the basal pro-embryo domain and, in addition, in the lens-shaped hypophyseal 
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derivative. They continue to accumulate in the distal cells of the root pole from 

heart stage onwards, including the QC and surrounding stem cells. PLT           

expression requires MP and NPH4 activity, while it is severely reduced in       

10% and abolished in 90% of the heart stage mpnph4 embryos. Eradication        

of PLT1 and PLT2 activity does not provoke apparent embryo defects. In       

contrast, plt1plt2 embryos display mild anatomical abnormalities in their stem 

cell niche from late globular stage onwards. Moreover, the mature plt1plt2      

embryo fails to express QC-associated markers such as QC25::GUS and 

QC46::GUS, although the aberrantly shaped cells at the QC position do express 

QC::184 (Aida et al., 2004). Mature plt1plt2 embryonic root poles display      

reduced PIN3, 4 and 7 transcript levels. Inversely, pin2pin3pin4pin7 embryos 

accumulate ectopic PLT transcripts in their apical globular domain. Thus, PIN 

expression requires PLT activity, while the restriction of PLT gene expression 

requires synergistic action of PIN auxin efflux carriers (Blilou et al., 2005).   

Strikingly, ectopic expression of PLT1 or PLT2 throughout the developing       

pro-embryo can result in formation of root, root stem cell niche or hypocotyl  

resembling structures from the apical pro-embryo domain (Aida et al., 2004). 

Accordingly, the observed expanded PLT expression within the pin2pin3-

pin4pin7 embryo is associated with compromised apical organ development 

(Blilou et al., 2005). Moreover, the homeotic transformation within topless-1    

(tpl-1) embryos, which transform the apical domain into an  additional root pole, 

requires ectopic PLT1 and PLT2 activity within this domain (Long et al., 2006; 

Smith et al., 2010). Thus, PLT genes are thought to be crucial determinants of 

basal fate. Occasionally, embryonic PLT over-expression elicits root stem cell 

niche arrest, possibly resulting from co-suppression of additional, so far unidenti-

fied, redundantly acting genes (Aida et al., 2004).  

The Arabidopsis root meristem is established during germination when the 

embryonically-derived stem cells are activated. These cells abut the mitotically 

less active QC cells, and divide asymmetrically to produce two daughter cells 

with different developmental fates. The daughter cell that resides at the QC-

adjoining position retains stem cell fate, while the other is added to the mitotic 

cell pool of the proximal or distal meristem. These meristematic cells perform a 

number of mitotic cell divisions in a region called the meristematic zone (MZ), 

after which their daughter cells elongate in the elongation zone (EZ) and adopt    
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a mature cell fate within the differentiation zone (DZ). Thus, the RM can be      

divided into the stem cell niche, MZ, EZ and DZ (Fig. 1.1 a). The QC functions 

as an organizing centre to maintain the surrounding stem cells by a yet unknown 

mechanism (van den Berg et al., 1995; van den Berg et al., 1997). The root    

contains concentric layers of cells with different identities: the epidermis, cortex, 

endodermis and stele (Fig. 1.1 h). Several lines of evidence have implicated auxin 

as a key determinant of stem cell niche positioning and stem cell activity. The 

stem cell niche of the RM co-localizes with an auxin activity maximum from     

embryogenesis onwards, and exogenous auxin application can result in ectopic 

stem cell niche formation. Moreover, prolonged NPA treatment results in a 

spread of the auxin activity maximum which is associated with the formation of 

ectopic stem cell niche cell types (Sabatini et al., 1999).  

The establishment, maintenance and positioning of the auxin activity     

maximum in the RM requires PAT. At least five PIN auxin efflux carriers (PIN1, 

2, 3, 4 and 7) are expressed in overlapping but distinct domains within the RM 

and display zone-specific polarities. The overall transport route has been visual-

ized by local induction of auxin biosynthesis within the QC of plants expressing 

DR5::GFP. Upon induction of auxin synthesis in the QC cells, reporter gene   

expression first increases in the distal cells of the root tip, then in the lateral root 

cap and epidermis and finally within the stele. Thus, PAT facilitates root-tip-

directed auxin transport through the stele, while inversely directed auxin transport 

occurs within the outer tissue layers. At the MZ/EZ boundary, auxin moves from 

the outer tissue layers into the root-tip-directed auxin stream. The auxin           

distributions that arise from PAT are instrumental for RM zonation, since       

combinations of pin mutations decrease the size of the MZ and EZ in all cases  

but in pin3pin4pin7 roots, in which the EZ, but not the MZ, size is decreased 

(Blilou et al., nature 2005).  

Maintenance of the stem cell niche is absolutely required for post-embryonic 

organ growth. Post-embryonic activation of the stem cell niche within the root of 

the plt1plt2 seedling initially results in the establishment of a RM, but root 

growth gradually diminishes until the RM fully differentiates at 7 days post    

germination (d.p.g.). RM differentiation is neither preceded by altered DR5    

expression within the stem cell niche, nor prevented by exogenous auxin          

application (Aida et al., 2004). In addition to PLT expression, QC specification 
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requires the activity of the GRAS type transcription factors SHORT ROOT 

(SHR) and SCARECROW (SCR). SHR is expressed within the stele, from where 

it moves into the endodermis and QC to activate SCR expression, which is cell-

autonomously required to specify QC identity. The shr and scr embryos resemble 

plt1plt2 embryos in that they fail to establish a functional QC, which is associated 

with RM differentiation during post embryonic growth (Di Laurenzio et al., 

1996; Wysocka-Diller et al., 2000; Helariutta et al., 2000; Sabatini et al., 2003).   

The SHR/SCR and PLT pathways likely act in parallel, because SHR and SCR 

expression is not affected in plt1plt2 embryos, and SHR and SCR are not required 

for PLT expression. Moreover, plt1plt2scr or plt1plt2shr roots differentiate more 

rapidly during post-embryonic growth than either shr, scr or plt1plt2 roots,     

indicating that PLT delays RM differentiation in shr and scr and vice versa.    

Because SCR is expressed throughout the endodermis and QC, it creates a 

broader potential for stem cell niche formation, which might explain why ectopic 

stem-cell niches form from the endodermis upon prolonged NPA treatment 

(Sabatini et al., 1999). Thus, the overlap of the SHR/SCR domain with high PLT 

expression levels is hypothesized to form a combinatorial code that specifies the 

location of the stem cell niche (Aida et al., 2004).  

Root system development 

Plants extend their root system throughout life by branching, and in this   

way provide anchorage, water and nutrients to the developing shoot system 

(Malamy, 2005). The strategy of root system development varies substantially 

throughout the plant kingdom, but most vascular plant species produce lateral 

roots, that  appear along the primary root axis during post-embryonic growth. 

Lateral roots can establish lateral growth axes themselves, and thus, the primary 

root elaborates into an extensive and complex root system (Fig. 1.1 c) (Celenza et 

al., 1995). 

In Arabidopsis, lateral roots originate from xylem-associated pericycle cells 

within the stele of the mother root (Fig. 1.1 f). The stele displays a diarchic    

symmetry, set up by two perpendicularly oriented pairs of opposing xylem and 

phloem poles (Dolan et al., 1993; Parizot et al., 2008). Pericycle cells that have 

adopted the lateral root progenitor fate are termed founder cells, and can be found 

at 3 to 8 mm from the root tip, proximally to the RM (Dubrovsky et al., 2000; 

22



 

 

Dubrovsky et al., 2006; Laskowski et al., 1995). Under laboratory conditions, 

approximately 11% of the xylem-associated pericycle cells will adopt the       

founder cell fate (Dubrovsky et al., 2001).  

Lateral root initiation involves the division of either one (unicellular) or    

two adjacent (bicellular) pericycle founder cell(s). The unicellular founder cell      

division is symmetric and produces two equally sized small daughter cells: the 

incipient lateral root primordium. In contrast, bicellular founder cell divisions   

are asymmetric, and shape a primordium with two centrally located small cells 

each flanked by its larger sister cell (Malamy et al., 1997; Dubrovsky et al., 

2001; Casimiro et al., 2001; De Smet et al., 2008). In both cases, subsequent  

lateral root primordium (LRP) development involves a stereotypic pattern of cell 

divisions, shaping eight morphologically distinct phases (stage 1 to 8) (Malamy 

et al., 1997). At the later stages, the lateral root emerges from the mother root by 

concurrent expansion of cells within the LRP and cell wall modification in the 

tissue surrounding the LRP (Fig. 1.1 g)(Laskowski et al., 2006; Swarup et al., 

2008). Once emerged, activation of the primordium-derived stem cell niche    

facilitates indeterminate growth of the lateral root (Malamy et al., 1997). 

The position and abundance of lateral roots along pre-existing axes          

determines the architecture of the root system (Fig. 1.1 c). Lateral roots appear   

to be spaced out randomly along the primary root axis when quantified by       

geometric units or the number of cells between successive primordia    

(Dubrovsky et al., 2000). The distance between successive lateral organs is 

highly variable within and between ecotypes and greatly depends on growth    

conditions, although lateral root primordia never develop adjacent or opposite    

to one another (Dubrovsky et al., 2006; De Smet et al., 2008). However, the    

pattern of lateral root formation correlates with root curvature, since lateral root 

initiation focuses on the outer or convex side of curved root segments (Fig. 1.1 c)

(Fortin et al., 1989; Casimiro et al., 2001; De Smet et al., 2007; Lucas et al., 

2008). 

The capacity to adopt the founder cell fate is a general property of all       

xylem-associated pericycle cells. Many lines of evidence indicate that auxin   

accumulation provokes founder cell specification throughout the xylem-

associated pericycle cell files, and that PAT is required for this process (Torrey, 
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1986; Blakely et al., 1988; Sussex et al., 1995; Laskowski et al., 1995). The PAT 

inhibitor, NPA, blocks LRP formation, but does not affect pericycle cell identity 

and its effects are nullified by concomitant or subsequent auxin application 

(Rashotte et al., 2000; Casimiro et al., 2001; Himanen et al., 2002). Founder cells 

invariably accumulate DR5-controlled marker gene expression prior to            

division, and activation of auxin synthesis within xylem-associated pericycle 

cells suffices to induce LRP initiation and subsequent lateral root development 

(Sabatini et al., 1999; Casimiro et al., 2001; Benkova et al., 2003; Dubrovsky et 

al., 2008). The role of auxin synthesis in lateral root formation was further       

substantiated by the increased LRP numbers in mutants with increased auxin   

production rates, such as ABERRANT LATERAL ROOT FORMATION 1/

SUPPERROOT (ALF1/SUR) (Celenza et al., 1995; Boerjan et al., 1995). How-

ever, auxin synthesis might not be the initial endogenous determinant for       

founder cell specification, although it is likely to play a role in subsequent        

primordium development (Laskowski et al., 1995). 

The initial local auxin accumulation within founder cells might result      

from directional PAT, but evidence in support of this hypothesis is limited and        

indirect. Perturbation of PAT by NPA treatment or eradication of AUX1 activity 

reduces lateral root initiation ratios (Timpte et al., 1995; Marchant et al., 2002; 

Swarup et al., 2001; Swarup et al., 2004). In addition, several PIN genes display 

dynamic expression patterns in developing LRP, but none of the pin mutant  

combinations examined displayed altered lateral root initiation properties,       

although auxin response was affected (Benkova et al., 2003). Moreover, a recent 

model has predicted that founder cell specification is a function of auxin       

availability and that LRP possess an inhibitory field that prevents neighbouring 

cells to adopt founder cell fate, though the molecular mechanism is unclear 

(Lucas et al., 2008). 

The mechanisms of LRP initiation remain unknown, but several required 

components of the downstream auxin signalling and response machinery have 

been identified. Plants with mutations that affect SCFtir1/afb complex-mediated 

auxin signalling are impaired in lateral root formation. The roots of tir1 mutants 

are compromised in auxin responsiveness and display a moderate reduction        

in lateral root densities (Gray et al., 1999; Ruegger et al., 1998; Perez-Torres et 

al., 2008). Based on phylogeny, TIR1 forms a subclade with 7 related genes 
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within the 700 member Arabidopsis F-BOX gene family, and is most closely   

related to AUXIN SIGNALING F-BOX (AFB) 1, 2 and 3 (Gagne et al., 2002; 

Dharmasiri et al., 2005). These four related F-BOX proteins are expressed in  

incipient lateral root primordia and allelic combinations of tir1 and afb mutants 

display additive reduction in emerged lateral root densities, reaching 90% in      

the case of tir1afb2afb3 (Dharmasiri et al., 2005; Perez-Torres et al., 2008).  

Mutant alleles of several AUX/IAA genes that result in decreased auxin me-

diated AUX/IAA degradation ratios have been found to reduce auxin responsive-

ness and LRP formation ratios, e.g. SHORT HYPOCOTYL1/mIAA6, AUXIN RE-

SISTANT3/mIAA17, CRANE/mIAA18, MASSUGU2/ mIAA19, IAA-ALANINE RE-

SISTANT2/mIAA28 and SOLITARYROOT (slr)/mIAA14 (Liscum and Reed, 2002; 

Uehara et al., 2008; De Smet et al., 2007; Tatematsu et al., 2004; Rogg et al., 

2001; Fukaki et al., 2002). Among these, slr mutants display the most aberrant 

lateral root phenotype, namely  blockage of lateral root initiation at the stage of 

founder cell-division (Fukaki et al., 2002). SLR is expressed in the epidermis, the 

lateral root cap of the RM, and xylem-associated pericycle cells (Fukaki et al., 

2002; Vanneste et al.,2005). SLR regulates lateral root initiation in these pericy-

cle cells, as expression of mIAA14 within these cells only suffices to abolish   

lateral root initiation. Supporting the hypothesis that IAA14 regulates ARF activ-

ity by formation of hetero-typic interactions, IAA14 binds to ARF 5, 7 and 19 

proteins in yeast cells, and IAA19 and IAA18 have been found to interact with 

ARF7 as well (Fukaki et al., 2005; Tatematsu et al., 2004; Uehara et al., 2008).  

Thus ARF7 and ARF19 are likely candidates to function downstream of 

SLR- mediated auxin response. In agreement with this hypothesis, the expression 

domains of ARF7, ARF19 and SLR overlap within the cells of incipient LRP and 

the roots of arf7arf19 seedlings resemble slr mutants in the blockage of founder 

cell divisions (Wilmoth et al., 2005; Okushima et al., 2005). The ARF7 and 

ARF19 target gene sets include AUX/IAA genes and as IAA19 expression is     

reduced in arf7 roots, negative feedback regulation may operate during lateral 

root formation. ARF7 and ARF19 have been found to regulate expression of  

AS2/LBD type of transcription factors as well, among which LBD16 and LBD29. 

Importantly, lbd16 mutant roots display reduced lateral root densities and       

overexpression of LBD16 or LBD29 in arf7arf19 partially bypasses the blockage 

in lateral root initiation. Strikingly, mutations that eradicate the activity of the 

25



 

 

LBD16 homologue of Rice, CROWNROOTLESS1/ADVENTITIOUS ROOT-

LESS1 (CRL1/ARL1) also results in reduced crown and lateral root formation, 

hinting towards the existence of shared components in lateral root formation 

pathways in monocot and eudicot plants (Okushima et al., 2007; Inukai et al., 

2005; Liu et al., 2005).  

Shoot system development 

Post-embryonic shoot growth results from the activity of the stem cell niche 

of the SAM. The SAM contains an organizing centre (OC) and three overlying 

cell layers. The central region of these overlying layers contain stem cells that 

replenish the surrounding pools of mitotically dividing, elongating and differenti-

ating cells within the peripheral zone (PZ) (Haecker and Laux 2001; Mayer et al., 

1998). Maintenance of the SAM requires expression of the WUSCHEL homeobox 

(WUS) transcription factor within the OC, which maintains the overlying stem 

cells. WUS activates expression of the CLAVATA3 (CLV3) signalling peptide 

within stem cells, which functions to restrict the WUS expression domain, thus 

balancing the size of the SAM (Brand et al., 2000; Schoof et al., 2000;            

Trotochaud et al., 2000; Fletcher et al., 1999; Clark et al., 1995).  

Lateral shoot organ initiation and development commences within the PZ, 

where primordia form at predictable positions (Fig. 1.1 e)(Schwabe, 1984; 

Steeves and Sussex, 1989). The precise location within the PZ in which these 

primordia initiate largely determines phyllotaxis: the arrangement of organs along 

the pre-existing axis (Fig. 1.1 d,e). Phyllotaxis can be described by the number  

of simultaneously initiated organs, the divergence angle between successive    

organs and their longitudinal spacing (Smith et al., 2006). Phyllotactic patterns 

differ substantially within the plant kingdom, but frequent patterns are spiral 

(only one organ at each node, and those arranged in a spiral pattern), whorled 

(multiple organs spaced out at one node), distichous, and decussate. Distichous 

patterns have single successive organs formed with 180° divergence angle,     

producing an alternating left-right position. In decussate phyllotaxis, pairs of  

oppositely orientated organs are formed, with each pair being rotated 90° relative 

to the previous one. In the Arabidopsis shoot, lateral organs arise in spiral        

patterns, with organs mostly formed about 137° from one another (Fig. 1.1  d,e), 

although the flower organs have whorled patterns. The precise mechanisms that 
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determine phyllotaxis remain unknown, and none of the so far identified      

Arabidopsis mutants shifts from one phyllotactic pattern into another (Kuhle-

meier and Reinhardt, 2001; Reinhardt and Kuhlemeier, 2002; Kuhlemeier, 2007). 

Arabidopsis mutants with irregular phyllotaxis have been described, such as the 

clv mutants, that display stem fasciations. However, these defects likely arise 

from perturbations in the size of the SAM, that may affect organ positioning   

indirectly (Clark et al., 1993).  

Phyllotaxis might be better understood by knowing the key regulators of 

shoot organ initiation. Modulation of cell wall properties by induction of         

EXPANSIN(EXP) gene expression within the shoot apex, or direct application    

of expansin to the SAM, causes the formation of ectopically positioned leaves 

(Fleming et al., 1997; Pien et al., 2001). In addition, local application of IAA   

induces organ initiation at the site of application. Inhibition of polar auxin efflux 

carriers affects shoot organ formation as well. Seedlings that are grown in          

the presence of NPA produce inflorescence stems that lack flowers (Reinhardt et 

al., 2000). Moreover, DR5-mediated marker gene expression has been found to 

accumulate at the sites of primordium initiation, indicating that this initiation 

might involve local auxin activity maxima, as it does in the root (Heisler et al., 

2005).  

A crucial role for PAT in shoot organ formation was further substantiated  

by the identification of the pin1 mutant, which produces bare floral stems        

resembling those of seedlings grown in the presence of NPA (Okada et al.,    

1991; Galweiler et al., 1998). PIN1 is expressed throughout the outer layer of    

the wild type SAM, but accumulates to the highest extent in the cells of            

incipient and developing primordia (Heisler et al., 2005; Vieten et al., 2005).  

The SAM of pin1 inflorescence stems is functional, as it mediates stem growth 

and maintains expression of meristem markers, such as WUS and CLV3. How-

ever, pin1 shoot apices fail to initiate organs in the PZ, which is correlated       

with aberrant accumulation of organ identity markers, such as LEAFY (LFY)     

and AINTEGUMENTA (ANT). Expression of these markers is normally restricted 

to the developing primordia within the wild type apex, but become ring-like 

within the PZ of the pin1 inflorescence meristem (Vernoux et al., 2000; Parcy    

et al., 1998; Mizukami and Fischer, 2000). Assuming that PIN1 polarity predicts 

the direction of auxin transport, it appears to focus auxin maxima towards the 
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incipient primordium by establishing PAT convergence points (Reinhardt et al., 

2003; Benkova et al., 2003). Modeling the observed PIN1 accumulation          

dynamics over in silico shoot apices and assuming feedback by auxin to PIN   

activity suggests that primordia form auxin sinks that deplete the surrounding 

tissue of auxin (Smith et al., 2006; Jönsson et al., 2006; de Reuille et al., 2006). 

In contrast to the clear role of PIN1 in lateral organ initiation, it is unclear how 

PIN1 may affect organ positioning. 
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Scope of this thesis. 

Previous work from our group has identified two AP2-domain transcription 

factors that are required for embryonic stem cell niche formation and RM            

maintenance: PLT1 and PLT2 (Aida et al., 2004). The Arabidopsis genome     

encodes several PLT related proteins, which might act in a redundant manner to 

PLT1 and PLT2. Chapter two of this thesis describes the identification and   

characterization of two PLT homologues: PLT3 and PLT4/BABYBOOM. We 

show that embryonic root formation requires the redundant activity of the four 

PLT genes, which function in a dosage-dependent manner. The concentration of 

PLT proteins varies across the RM and cells within the RM respond according to 

their PLT dosage with the highest levels specifying stem cells, intermediate    

levels promoting mitotic cell division and the low levels required for cell       

elongation.  

Lateral root initiation involves formation of local auxin activity maxima 

within pericycle cells, but the molecular mechanisms that position these are so far 

unknown. In chapter three, we combined experiments and computational     

modeling to study the mechanism of lateral root initiation. We found that manual 

formation of a curve in roots sufficed to induce lateral root initiation. To study 

the effects of root curvature on auxin distributions, we developed an in silico root 

model based on the experimentally determined topology of the Arabidopsis root 

and the PIN accumulation profiles in there. Curving the root alters cell size, 

which the model predicts to perturb auxin flux in such a manner that it positions 

higher auxin levels within the pericycle cell file at the outer side of the curve. We 

show that such differences can be amplified by auxin influx carriers, which     

allows the precise definition of a new lateral root initiation site. 

Lateral organ formation strategies appear very different in roots and shoots, 

and may have been derived independently during evolution. However, auxin has 

been shown to regulate both root and shoot organ initiation. The pattern of lateral 

root and shoot organ formation along the main axis thus might relate to similar, 

but yet unknown, mechanisms that position auxin   activity maxima. In chapter 

four we identify and characterize two additional PLT genes, PLT5 and PLT7, 

which together with PLT3, regulate organ positioning in both roots and shoots. 

Incipient lateral root and shoot organ primordia accumulate PLT3, 5 and 7.         
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In the root, PLT expression was found to depend on intact auxin responses.      

Lateral roots developed adjacent and opposite to one another along the 

plt3plt5plt7 mutant roots. Intriguingly, the plt3plt5plt7 shoot apex reveals        

non-random shifts in phyllotaxis. The mutant fails to accumulate high PIN1     

activity within shoot organ primordia, wich we show to be a crucial mechanism 

to regulate phyllotaxis.  

The results described in chapter two, three and four are discussed in  

chapter five, together with additional preliminary data.  
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Abstract 

Factors with a graded distribution can program fields of cells in a dose-

dependent manner (Tabata and Takei, 2004; Gurdon and Bourillot, 2001) 

but no evidence has hitherto surfaced for such mechanisms in plants. In the 

Arabidopsis thaliana root, two PLETHORA (PLT) genes encoding AP2-

domain transcription factors have been shown to maintain the activity of 

stem cells (Aida et al., 2004). Here, we show that a clade of four PLT     

homologues is necessary for root formation. Promoter activity and protein 

fusions of PLT homologues display gradient distributions with maxima in 

the stem cell area. PLT activities are largely additive and dosage dependent. 

High levels of PLT activity promote stem cell identity and maintenance; 

lower levels promote mitotic activity of stem cell daughters; and further   

reduction in levels is required for cell differentiation. Our findings indicate 

that PLT protein dosage is translated into distinct cellular responses. 

Introduction 

During animal development, instructive molecules acquire a graded distribu-

tion and induce distinct cellular responses in a concentration-dependent manner. 

Whether similar mechanisms occur in plants has been  controversial; dosage-

sensitive action of plant hormones has been inferred only after external           

application (Skoog and Miller, 1957). Plant stem cell regions, which supply cells 

for the growing root and shoot systems (Weigel and Jurgens, 2002), are potential 

sites of action for instructive gradients. Stem cells are maintained in local         

micro-environments, similar to animal stem cell niches (Spradling et al., 2001). 

Stem cell daughters undergo additional divisions in transit-amplifying cell com-

partments called meristems; when cells leave the meristem they rapidly expand 

and differentiate. The PLETHORA1 (PLT1, At3g20840) and PLT2 (At1g51190) 

genes encode AP2-domain transcription factor family members  essential for de-

fining the root stem cell niche (Aida et al., 2004). plt1plt2 mutants display stem 
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cell loss, loss of transit-amplifying cells and reduced cell expansion. PLT1 and 

PLT2 expression strongly correlate with a transcriptional response maximum to 

the plant hormone auxin in the root tip (Aida et al., 2004; Xu et al., 2006) and 

this maximum has been shown to have profound organizing activity (Sabatini et 

al., 1999); a property often associated with sources of instructive gradients.  

Here, we reveal that the PLT gene family controls distinct aspects of root devel-

opment in a dose-dependent manner through PLT expression gradients culminat-

ing in the stem cell niche. 

Results 

The proteins encoded by At5g10510/AINTEGUMENTA-LIKE6/PLT3 and 

At5g17430/BABY BOOM (BBM) group with PLT1 and PLT2 in the AP2/ERF 

transcription factor family (Supplementary Fig. 2.1.; Nole-Wilson et al., 2005), 

and these candidate redundant factors are predicted to be expressed in the root 

(Birnbaum et al., 2003). 

From the heart-stage of embryogenesis onward, PLT3 is expressed in 

provascular cells, the quiescent centre and columella progenitor cells (Fig. 2.1 a). 

Post-embryonically, PLT3 messenger RNA accumulates in the root stem cell 

niche with the strongest signal in the columella stem cell layer (Fig. 2.1 b), in 

contrast to the predominant quiescent-centre localization of PLT1 and PLT2   

transcript (Aida et al., 2004). At the heart-stage of embryo development, BBM is 

expressed in provascular cells and in the lens-shaped quiescent centre progenitor 

cell (Fig. 2.1 c). Post-embryonically, BBM transcript accumulates in the quiescent 

centre and columella stem cells –in a similar manner to the PLT mRNAs– and in 

provascular cells of the proximal meristem (Fig. 2.1 d).  

The plt3-1 mutant allele carries a T-DNA insertion interrupting the first AP2 

domain (Supplementary Fig. 2.2). No transcript was detected by PCR with      

reverse transcription (RT-PCR) or by in situ hybridization on plt3-1 seedlings 

(data not shown), suggesting that plt3-1 is a null allele. Homozygous plt3 single 

mutants have slightly shorter roots and meristems compared to wild type, but  

plt1-/-plt2-/-plt3-/- triple homozygotes are rootless (Fig. 2.1 e,upper inset).  
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Figure 2.1: Four PLT genes promote root formation. 
  
a-d, In situ hybridization with PLT3- (a,b) and BBM- (c-d) specific probes in 
wild type embryos at heart-stage (a,c), and in roots of 3 d.p.g. wild type (b,d) 
plants. Asteriks, quiescent centre; pv, provasculature; col, columella. e, Seedlings 
10 d.p.g., from left to right: wild type , plt3-/-, bbm-1-/-, plt1-/-plt2-/-, plt1-/-plt2-/-plt3
-/- and a plt1-/-plt2+/-plt3-/-bbm-1-/- segregant. Insets show magnification of plt1-/-

plt2-/-plt3-/- mutant (upper) and plt1-/-plt2+/-bbm-1-/- segregant (lower). f, Meristem 
size in wild type (Col0 and WS) and plt mutants at indicated d.p.g.. For each data 
point, n=10 to 50; error bars, s.e.m.. g-l, In situ  hybridization using PIN probes 
on wild type (g,i) and plt1-/-plt2-/-plt3-/- (h,j) torpedo-stage embryos and wild type  
(k) and plt1-/-plt2-/-plt3-/- mutant (l) 2 d.p.g. seedlings. m, Shoot of 9 d.p.g. 35S-
PLT2-GR plant 6 days after dexamethasone application. n, Magnification reveals 
cellular organization of ectopic root including columella starch granules. 

36



Progeny from plt1-/-plt2-/-plt3+/-, plt1-/-plt2+/-plt3-/- and plt1+/-plt2-/-plt3-/- plants 

segregate ~25% rootless triple mutants (Supplementary Table 2.2), demonstrating 

linkage between the rootless phenotype and the three PLT genes. The              

embryonic root pole of triple homozygous seedlings is fully differentiated at        

3 days post germination (d.p.g.) and adventitious root primordia arrest at 6    

d.p.g. (Supplementary Fig. 2.3). Mature plt1-/-plt2-/- embryos have only subtle 

defects in the cellular organization of the distal-most region (Aida et al., 2004) 

(Supplementary Fig. 2.4), but plt1+/-plt2-/-plt3-/- parents yield ~25% embryos with 

aberrant root poles that lack a lateral root cap cell layer (Supplementary Fig. 2.4). 

We previously showed that plt1-/-plt2-/- mutants have strongly reduced    

transcription of the PIN4 gene, which encodes an auxin efflux facilitator (Blilou 

et al., 2005). In triple mutant embryos from plt1+/-plt2-/-plt3-/- parents, PIN1 and 

PIN3 mRNAs are strongly reduced (Fig. 2.1 g-j and Supplementary Table 2.1). 

Post-embryonic PIN2 mRNA is strongly reduced in triple mutant roots before 

differentiation (Fig. 2.1 k,l). Therefore, PLT1, PLT2 and PLT3 redundantly     

control expression of multiple PIN genes in the embryonic and post-embryonic 

root.  

bbm-1 and bbm-2 mutant alleles carry T-DNA insertions before and in      

the beginning of the first AP2 domain, respectively (Supplementary Fig. 2.2). 

Truncated transcripts are detected by RT-PCR and may be translated, but        

genetic interactions (described below) suggest that the insertions cause loss-of-

function effects. plt3-/-bbm-/- double mutants have a shorter root and root          

meristem than either single mutant (Fig. 2.1 f, and Supplementary Fig 2.3). 

Intriguingly, the progeny of plants segregating different plt and bbm        

allele combinations lack root and hypocotyl (Fig. 2.1 e, lower inset) at             

significant frequencies (Supplementary Table 2.2), reaching ~10% in progeny     

of selfed plt1-/-plt2+/-plt3-/-bbm-2-/-. These defects initiate in the early basal        

embryo (Supplementary Fig. 2.5) and resemble those in mutants of the auxin   

response factor MONOPTEROS (Hardtke and Berleth, 1998) and the auxin      

perception machinery (Hellman et al., 2003; Dharmasiri et al., 2005). PLT genes 

do not seem to strongly perturb early global auxin-dependent patterning         

processes, as suggested by essentially normal cotyledon vasculature in the       

triple mutant (Supplementary Fig. 2.4). Segregation of plt2 in homozygous bbm 
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background and vice versa yields ~25% early arrested embryos, and homozygous 

double mutants could not be recovered, indicating a redundant function in      

early embryogenesis (data not shown). 

Ectopic root structures are initiated by constitutive embryonic expression of 

PLT genes (Aida et al., 2004) and after induction of BBM expression (Srinivasan 

et al., 2007). To test whether PLT induction induces a developmental switch to 

root development, we expressed a PLT2-GR fusion protein that complements    

plt1-/-plt2-/- after dexamethasone (dex) induction, when driven by its own         

promoter (Supplementary Fig. 2.6). When 35S-PLT2-GR is activated by applica-

tion of dex, roots are produced from the shoot apex (Fig. 2.1 m, n). Our gain-     

and loss-of-function experiments indicate that PLT genes are master switches for 

root development. 

plt1-/-plt2+/-plt3-/- mutants have intermediate root and meristem size          

between plt1-/-plt3-/- and plt1-/-plt2-/-plt3-/- (Fig. 2.1 e,f, and Supplementary  Fig. 

2.3) and 50% of plt1-/-plt2+/-plt3-/-bbm-/- seedlings display shorter roots than      

plt1-/-plt3-/-bbm-/-, whereas 50% have no primary root (Supplementary Table 2.2). 

plt3 alleles are also semi-dominant, because growth and meristem                  

maintenance defects in plt1-/-plt2-/-plt3+/- seedlings are intermediate between     

plt1-/-plt2-/- and plt1-/-plt2-/-plt3-/- (Fig. 2.1 f, Supplementary Fig. 2.3). The semi-

dominance of plt2 and plt3 loss-of-function alleles indicates dose-dependent    

activity. 

To test whether PLT genes equally contribute to PLT ‘dosage’, we         

transformed plt1-/-plt2-/- double mutants with PLT1, PLT2, PLT3 and BBM     

genes fused to the yellow fluorescent protein gene YFP and driven by the full 

PLT2 promoter. In independent lines with similar overall YFP levels, PLT1 and 

PLT2 fully complemented and PLT3 and BBM partially complemented root 

growth in the double mutant. All PLT proteins rescued columella stem cell      

activity (Supplementary Fig. 2.6 and 2.7). Thus, total PLT levels and to some 

extent intrinsic differences in PLT protein activity contribute to root growth and 

stem cell maintenance.  
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Figure 2.2: PLT promoter activity and PLT protein fusions display            
gradients. 
a-d, CFP reporter driven by full size promoters of PLT1 (a) PLT2 (b) PLT3 (c) 
and BBM (d). e, Epidermal gradient of PLT2 (left) but not RCH2 (right)           
promoter. f-i, YFP reporter fused in-frame to genomic fragments of PLT1 (f), 
PLT2 (g), PLT3 (h) and BBM (i). j, Co-localization in one plant of PLT2         
transcriptional (CFP, left magnification) and translational (YFP, right magnifica-
tion) fusion viewed in different regions using separate channels. 
 

Transgenic lines carrying complete promoters of the PLT genes fused to 

cyan fluorescent protein gene CFP reveal highest promoter activity in the stem 

cell niche, consistent with mRNA levels, but they also show graded activity in 
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Figure 2.3: PLT expression regulates stem cell maintenance and meristem 
boundary. 
 
a-d, Meristem prolongation but not stem cell rescue in RCH2-PLT2-YFP plants. 
Nomarski optics image of root tip of 7 d.p.g. plt1plt2 (a), and plt1plt2 RCH2-
PLT2-YFP at 7 d.p.g. (b) and 12 d.p.g. (c). Starch granule staining (brown) shows 
no rescue of columella stem cells below quiescent centre. Confocal view of 7 
d.p.g. plt1plt2 RCH2-PLT2-YFP root (d) shows that the meristem is rescued and 
reveals no expression of PLT2-YFP in stem cell area. Asterisk in (b), quiescent 
centre. e,f, Promoter truncation shifts meristem boundary. CLSM views at      
identical pinhole and laser settings for RCH2-PLT2-YFP (d), pPLT2-PLT2-YFP 
(e) and pPLT2s-PLT2-YFP (f). (g) Quantification of fluorescence per nucleus in 
pRCH2-PLT2-YFP transient meristem (red circles in d, and graph area) and in 
stem cells (yellow in e,f , and graph area), mid-meristem (green in e,f , and graph 
area) and first elongating cells (blue in e,f, and graph area) of pPLT2-PLT2-YFP 
and pPLT2s-PLT2-YFP (a and b indicate independent transformants, 1 and 2   
indicate different roots).  
 
the proximal meristem (Fig. 2.2 a-d). Gradients can be observed in epidermal 

surface views, excluding quenching effects, and they are specific to PLT          

promoters (Fig. 2.2 e). To analyse whether this promoter activity drives a PLT 

protein gradient, we combined the PLT-YFP fusions with their corresponding   

full promoters. PLT1 and PLT2 gene fusions complemented plt1-/-plt2-/-mutants 

(Supplementary Fig. 2.6 and 2.7, and data not shown). 

All PLT protein fusions revealed conspicuous gradients that extend into the 

transit-amplifying cells and, for the PLT2 and PLT3 fusions, into the  elongation 
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zone (Fig. 2.2 f-i). The promoter and protein gradients fully match when         

combined in one plant (Fig. 2.2 j). We previously reported accumulation of PLT 

transcripts in the stem cell area (Aida et al., 2004), but, after extended staining, 

PLT1 in situ hybridizations also reveal a broader expression domain 

(Supplementary Fig. 2.8). We concluded that PLT promoter activity leads to   

protein gradients with maximum expression in the stem cell niche. PLT1 and 

PLT2 expression maxima broadly encompass the niche, whereas PLT3 and BBM 

are more restricted. 

We asked whether differences in PLT expression domains affect the ability 

of PLT proteins to compensate for redundant partners. Indeed, PLT1 and PLT2 

only partially complement a plt1-/-plt2-/- mutant when driven by the BBM          

promoter (Supplementary Fig. 2.6 and 2.7).  

Our experiments suggested that the PLT protein concentration gradient    

instructs different outputs in different regions, even though each gene slightly 

differs in activity and expression profile. We therefore tested whether altering the 

level or shape of the PLT2 gradient affects the position of developmental   

boundaries. We expressed the PLT2-YFP fusion in plt1-/-plt2-/- mutants under the 

RCH2 promoter, which has low activity in the stem cell area but is active in    

meristematic and elongating cells at a level comparable to that of the PLT2     

promoter (Fig. 2.3 d-g). RCH2-PLT2-YFP prolongs transit-amplifying cell      

divisions but fails to maintain stem cells at 7 d.p.g. (Fig. 2.3 b,d). The transit-

amplifying cell pool is lost at 12 d.p.g (Fig. 2.3 c). We concluded that intermedi-

ate PLT levels in the meristem promote transient cell cycling.  

To validate that meristem size is controlled by a PLT gradient, we analyzed 

plt1-/-plt2-/- mutants complemented with the PLT2-YFP construct driven by a 

truncated 1.3-kb PLT2 promoter fragment (pPLT2s). This truncated promoter 

drives significant expression in the stem cell area but the gradient declines more 

rapidly (Fig. 2.3 e,f). Accordingly, stem cells are rescued but root and meristem 

size are ~50% smaller (Supplementary Fig. 2.7). The amount of YFP signal per 

mid-nuclear section in the stem cell zone, halfway the meristem, and in the      

first expanding cells, provides three clearly separated intensity ranges that match 

with zonation in the long and short gradients (Fig. 2.3 g), suggesting that the 

PLT2 gradient defines meristem zonation.  
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Figure 2.4: Inducible expansion of meristem and stem cell area with      
PLT2-GR fusions.  
 
a-c, 35S-PLT2-GR 7 d.p.g. without dex (a) and 1 day after 5 μM dex application 
(b,c). Overview shows positioning of ink toner particles that mark the meristem 
boundary (black arrowhead) and upper elongation zone boundary at the onset of 
induction (b); the elongation zone boundary defined as the position where       
cortical cells rapidly expand. Induced PLT2-GR roots reveal cell division below 
meristem boundary and incomplete cell elongation (c). d-f, 35S-PLT2-GR; 
pRCH1-RBR RNAi plants; 10 d.p.g., without dex revealing the two RBRi-induced 
stem cell layers below quiescent centre (blue arrowhead, inset), asterisk indicate 
the quiescent centre (d); with 3 days of dex application, revealing excessive root 
cap stem cells (blue arrowhead) and periclinal divisions in proximal meristem  
(e); magnification with ectopic periclinal divisions (f, white arrowhead). g-i,    
Duplication of the stem cell area (red arrowheads) and distal cell types (brown 
starch granules) in ~10% of 8 d.p.g. 35S-PLT2-GR; pRCH1-RBRi plants after dex 
application. Early (g), mid- (h) and late (i) stages of ectopic stem cell centre; note 
prolonged activity of both stem cell centres (i, inset).  
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 A dose-dependent gradient model predicts that PLT overexpression shifts 

the meristem boundary. Indeed, dex induction of 35S-PLT2-GR plants promotes 

continuous growth of the transit-amplifying cell pool and meristem size increases 

(Fig. 2.4 a-c). Ink toner marks reveal that PLT overexpression sustains cell     

division only in cells that are still cycling and inhibits cell expansion in the    

elongation zone. These data reinforce the idea that distinct PLT levels dictate cell 

proliferation and mitotic exit. The auxin response marker DR5-GUS (Sabatini    

et al., 1999) and PIN3 transcription do not change in 35S-PLT2-GR plants just 

before the onset of meristem size expansion, but only at later stages, indicating 

that PLT-induced expansion of the division zone is not caused by rapid changes 

in PIN expression (Supplementary Fig. 2.9). 

Notably, the stem cell area in PLT2-GR plants is not altered after induction 

(Fig. 2.4 c). The RETINOBLASTOMA (RBR) pathway was recently identified as 

an independent stem cell input (Wildwater et al., 2005), so we reasoned that this 

pathway might still limit stem cell pool size in the presence of higher PLT levels. 

Therefore, we combined a root-specific RNA interference (RNAi)-mediated    

silencing construct (RCH1-RBRi) (Wildwater et al., 2005) with 35S-PLT2-GR. 

After induction with dex in the double transgenic, root meristem size increases as 

in 35S-PLT2-GR, but clusters of dividing cells in the root cap area expand      

beyond that seen in RCH1-RBRi alone (Fig. 2.4 d, e). Moreover, periclinal      

divisions normally associated with stem cells occur throughout the proximal area 

(Fig. 2.4 f). These data suggested that the high expression region of the PLT    

gradient can be instructive for stem cell fate. Dramatic support for this notion is 

provided by duplications of the distal stem cell area in ~10% of RCH1-RBRi; 

35S-PLT2-GR root meristem zones (Fig. 2.4 g-i). We concluded that high PLT 

levels define the stem cell domain, confirming PLT dosage-dependent stem cell 

specification. This effect is normally limited by RBR. Low RBR levels in the 

RCH1-RBRi transgenic display limited expansion of the stem cell domain 

(Wildwater et al., 2005) because the PLT levels dictated by the gradient are     

limiting. 

43



 

 

Discussion 

Our data indicate that PLT protein gradients define three outputs in the 

growing root primordium: stem cell programming, mitotic activity and exit to 

differentiation. Analyses of PLT target gene will be required to assess how much 

of the response to graded activity is due to additive concentration effects on the 

same targets and to differences in target specificity. Although the molecular link 

between auxin action and PLT gene activation may not be direct (Aida et al., 

2004), auxin distribution and response systems are essential for correct PLT gene 

transcription. This raises the possibility that PLT proteins promote stem cells    

and transit-amplifying cells as a graded read-out of auxin distribution. In an    

accompanying paper, we provide evidence that PIN-mediated polar auxin      

transport establishes a dynamic gradient spanning the root meristem (Grieneisen 

et al., 2007). Hence it is tempting to speculate that an auxin gradient underlies  

the observed PLT gradients. Classical morphogen systems were conceptualized 

as independent from the response system. However, several gradients in animal 

development involve complicated dynamics (for example, O'Connor et al., 2006) 

and the static concept of positional information is being challenged (Jaeger and 

Reinitz, 2006). We show that PIN polar auxin transport facilitator expression  

that is essential for correct auxin distribution is regulated by PLT activity, which 

is a clear example of entanglement between positional information and its       

response system.  
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METHODS SUMMARY 

Plant work 

plt1-4 and plt2-2 alleles were described in Aida et al. (2004), plt3-1, bbm-1 

and bbm-2 are salk T-DNA insertion lines 127417, 097021 and 067917 respec-

tively, provided by the Signal Insertion Mutant Library (http://signal.salk.edu/). 

The T-DNA insertion in PLT3 was confirmed by genotyping. The plt1plt2plt3 

triple mutant was generated by crossing plt3-1  to plt1-4plt2-2. bbm-1 and bbm-2 

were crossed to plt1-4plt2-2 and plt3-1 and allelic combinations were selected 

from F2 populations. The T-DNA insertion site on bbm-1 and bbm-2 lines was 

verified by genotyping. Primers for genotyping are indicated in Supplementary 

Table 2.3. Promoter and genomic sequences were amplified from Col-0 genomic 

DNA using the primer combinations listed in Supplementary Table 2.3. Promoter 

fragments were fused to the endoplasmic reticulum targeted CFP coding         

sequence in a pGreenII vector (Hellens et al., 2000). For translational fusions, 

PLT genomic sequences were fused at the 3’ end to either the YFP coding       

sequence or the carboxy-terminal-encoding region of the rat glucocorticoid    

(GR) receptor (Aoyama and Chua, 1997) and placed under the control of         

particular promoters (amplified regions are described in Supplementary Table 

2.3). Promoter swaps were performed by fusing 5.8 kb of PLT2 and 4.2 kb of 

BBM promoter fragments to the YFP-fused PLT genomic sequences. Transgenic 

plants were generated by transforming Col-0 wild type  or plt1-4plt2-2 plants, as 

described (Clough and Bent, 1998). 

Phenotype analysis and microscopy 

Light microscopy (Willemsen et al., 1998), confocal microscopy and  aniline 

blue staining (Bougourd et al., 2000) of mature embryos was performed as      

described. Root length was measured, as before (Aida et al., 2004). Meristem cell 

length was measured using ImageJ (v.1.36) and mature cortical cell length as 

well as fluorescence levels were determined using Zeiss LSM Pascal (3.2SP2) 

software.  
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In situ hybridization 

Whole-mount RNA in situ hybridization was performed as described (Blilou 

et al., 2005). The PLT3 and BBM riboprobes, specific for non-conserved         

sequences downstream of the AP2 repeats, were prepared from templates         

amplified from complementary DNA (for primers, see Supplementary Table 2.3). 

The PLT1 probe is as in Aida et al. (2004); the PIN1, PIN2 and PIN3 probes are 

as in Friml et al. (2002).  
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Supplementary Figure 2.1: Sequence alignment and phylogenetic tree of PLT 

homologues. 

The protein sequences of Arabidopsis AP2/ERF genes were deduced from coding 

sequences found in the Arabidopsis genome (TAIR) database. PLT3 and AtBBM 

sequences were confirmed by sequencing the cDNA. (a) Phylogenetic tree using 

complete protein sequences constructed with ClustalX1.81. The tree was made 

with 1000 bootstrap trials, with correction for gaps in sequences. (b) Alignments 

of amino acid sequence of PLT1, PLT2, PLT3/AIL6, AtBBM, ANT and AP2.  

Supplementary Figure 2.2: Location of T-DNA insertion sites in plt3 and 

bbm alleles. 

The plt3-1 insertion site was determined to be 1695 bp from the translation start 

and mapped with primers that border the insertion site (PLT3R and PLT3L) and 

with a T-DNA specific primer (LBb1) plus PLT3R. The bbm-1 and bbm-2 inser-

tion sites were at position 792 bp and 918 bp, respectively, and were verified  

using two PCR reactions: a reaction with primers that border the insertion site 

(bbm-1, BBM1R and BBM1L; bbm-2, BBM2R and BBM2L) and a PCR reaction 

with a T-DNA specific primer (LBb1) and BBM1L or BBM2R, for bbm-1 or 

bbm-2, respectively. Boxes, exons; gray boxes, conserved AP2 repeat; triangle 

shows insertion site of T-DNA. Primer sequences listed in Table S2.3. 
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Supplementary Figure 2.3: PLT dosage effect on root development. 

(a) Nomarski optics images of 3 d.p.g. and 6 d.p.g. seedlings of indicated      

genotypes reveal dosage effect. Starch granules in columella cells stain brown. 

(b) Root length in wild type  and plt mutants at indicated d.p.g.. For each data 

point, n=10 to 50; error bars: std error. 

 

Supplementary Figure 2.4: Embryo and seedling phenotypes of plt mutants. 

(a-c) Root pole of mature embryos stained with aniline-blue. Wild type  (a), plt1-/

-plt2-/- (b), and plt1-/-plt2-/-plt3-/- (c). (d,e) vasculature in cleared wild type  (d) and 

plt1-/-plt2+/-plt3-/-bbm-2-/- (e) seedlings. 
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Supplementary figure 2.5: Basal embryonic phenotype in progeny of plt1-/-

plt2+/-plt3-/-bbm-2-/- parents.   

Upper row from left to right: wild type -like sibling embryos at early and late 

globular, heart and torpedo stages. Lower row: mutants of comparable stages. 

Frequency of aberrant divisions at early heart stage was 15% (n=64). Scale bars: 

10 μm.  
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Supplementary Figure 2.6: Complementation analysis of PLT fusion pro-

teins. (a-c) pPLT2::PLT2:GR complementation, 4 d.p.g. seedlings, (a) plt1-/-; (b) 

plt1-/-plt2-/- pPLT2-gPLT2-GR induced with 5 μM dex; (c) plt1-/-plt2-/- pPLT2-

gPLT2-GR without dex. (d-h) Complementation analysis of plt1-/-plt2-/- with PLT 

genomic regions driven by the BBM promoter. (d) Root lengths at 9 d.p.g.; (e) 

columella stem cell maintenance at 7 d.p.g.. (f-h) Confocal images of pBBM-

gPLT1-YFP (f), pBBM-gPLT2-YFP (g) and pBBM-gBBM-YFP (h, no comple-

mentation) in plt1-/-plt2-/- 7 d.p.g. seedlings. (i-m) Complementation analysis of 

plt1-/-plt2-/- with PLT genomic regions driven by the PLT2 promoter. (i) Root 

length at 9 d.p.g.; (j) stem cell niche at 7 d.p.g.; Confocal images of pPLT2-

gBBM-YFP (k), pPLT2-gPLT3-YFP (l) and pPLT2-gPLT1-YFP (m) in            

plt1-/-plt2-/-  7 d.p.g. seedlings. Asterisk, quiescent centre. 
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Supplementary Figure 2.7: Complementation assay using full and partial 

PLT2 promoter fragments and promoter swaps. 

Left: pPLT2 is the long promoter fragment, pPLT2s is a weak expression line 

with the short PLT2 promoter fragment. Differences with plt1-/-plt2-/- mutant    

indicate complementation. Values were calculated as the percentage of the      

indicated 9 d.p.g. wild type  values. For each data point, n=25, errorbars: s.t.   

deviation of the mean. Right: Root length of 7 d.p.g. transgenic plt1-/-plt2-/- plants  

expressing promoter swaps. For each data point, n=25, bars: s.t. deviation of the 

mean. 

Supplementary Figure 2.8: A PLT1 mRNA gradient. 

PLT1 in situ hybridization of 2 d.p.g. roots of wild type  Col-0 (a and b) and   

plt1-1-/- null allele (c), stained for 2 hrs (a) and 8 hrs (b and c). Region above 

meristem shows background staining. Notably, promoter and protein fusions 

show  expression in all columella tiers whereas transcripts are restricted to tiers 1 

and 2. Based on observations of unrelated probes and gene fusions expressed in 

this area, we attribute this discrepancy to altered probe penetration in columella 

cells. 
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Supplementary Figure 2.9:  Auxin response and PIN transcription upon 

PLT overexpression. 

(a-d) DR5-GUS expression in 3d.p.g. 24 hrs dex treated 35S-PLT2-GR roots that 

have clearly expanded meristems. No dex (a); 24 hrs dex with unchanged GUS 

expression (15%; n=53); with mild ectopic expression in proximal meristem 

(72%); with strong ectopic expression (13%). (e-i) PIN3 in situ hybridization in 

35S-PLT2-GR roots treated with dex or mock at 2 d.p.g. 12 hrs no dex (e); 12 hrs 

dex (f); 24 hrs no dex (g); 24 hrs dex with change in vascular PIN3 (92%; n=24) 

(h); 24 hr dex without change in vascular PIN3 (8%)(i). 
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Supplementary Table 2.1: quantification of staining patterns after PIN1 and 

PIN3 in situ hybridization in embryos from self-fertilised plants of the indicated 

genotypes. Embryos were at heart to bent cotyledon stages of development. 
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Supplementary Table 2.2: Seedling phenotype in different allelic combinations 

of plt/bbm mutants. Frequency of basal defects were scored in the progeny of self

-fertilised plants of the indicated genotype. plt1,plt3,bbm-1,plt2/+ seedlings dis-

play diverse defects that can be grouped in three phenotypic classes of different 

penetrance Used mutant alleles: plt1-4, plt2-2, plt3-1. 
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Supplementary Table 2.3. Primer sequences used for cloning, mapping, geno-

typing and riboprobe amplification. 
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Abstract 

Lateral organ position along roots and shoots largely determines plant 

architecture, and depends on auxin distribution patterns. Determination of 

the underlying patterning mechanisms has hitherto been complicated       

because they operate during growth and division. Here, we show by experi-

ments and computational modeling that curvature of the Arabidopsis root 

influences cell sizes, which, together with tissue properties that determine 

auxin transport, induces higher auxin levels in the pericycle cells on the   

outside of the curve. The abundance and position of the auxin transporters 

restricts this response to the zone competent for lateral root formation.    

The auxin import facilitator, AUX1, is upregulated by auxin, resulting         

in additional local auxin import, thus creating a new auxin maximum       

that triggers organ formation. Longitudinal spacing of lateral roots is    

modulated by PIN proteins that promote auxin efflux, and pin2,3,7 triple 

mutants show impaired lateral inhibition. Thus, lateral root patterning   

combines a trigger, such as cell size difference due to bending, with a self-

organizing system that mediates alterations in auxin transport.  

Author Summary 

Plant architecture is determined by where shoots or roots form along the 

main axis, but the mechanism responsible for lateral root initiation has long    

puzzled biologists. Here, we show that stretching root cells initiates changes in 

hormone transport, leading to lateral root initiation in plants, thereby solving a 

120-year-old mystery: the mechanism of lateral root initiation. Our data reveal 

that physical tissue deformation is sufficient to induce chemical changes that 

unleash biological responses leading to new organ formation. When roots bend, 

concentrations of the plant hormone auxin increase along the outside of the    

bend. A complex auxin flux pattern is generated that further enhances auxin    

levels through localized reflux loops. Auxin importers - AUX1 - and efflux      

carriers - PIN proteins - are known to be regulated by auxin. AUX1 up-regulation 

enhances the auxin maxima that specify the lateral root founder cells at the bend, 

while PIN down-regulation modulates the lateral spacing of the roots along the 

main root axis. This study shows that the biological regulation behind pattern 

formation can be a result of entangled hierarchies, explaining both the inner/outer 
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spacing, lateral inhibition, and dynamics of lateral root initiation.  

Introduction 

Developmental biologists often conceptualize patterning mechanisms in  

uniform fields of cells, but in reality, positional information may be generated 

and translated in dynamic circumstances in which cells divide, grow, and change 

shape. These circumstances allow for unexpected feedbacks, making analysis a 

challenge. Rhizotaxis, the arrangement of lateral organs along plant roots, is a 

good example of a patterning process that occurs in a dynamic context. The 

mechanisms that regulate rhizotaxis have long remained a mystery, although the 

origin of lateral roots was described as early as 1888 (Van Tieghem and Duliot, 

1888). In Arabidopsis, lateral roots arise from two files of pericycle cells that lie 

adjacent to the protoxylem (Parizot et al., 2008), and the pattern of emerged    

lateral roots can be described in terms of the longitudinal spacing along a file   

and the left/right component (Fig. 3.1 A). The longitudinal pattern is variable  

and cannot be explained by mechanisms that require a fixed amount of time,   

distance, or number of pericycle cells between initiations (Dubrovsky et al., 

2006). There is, however, a strong tendency for lateral roots to arise on the      

outside, i.e., convex side, of the curve (Fortin et al, 1989). This tendency corre-

lates with above-average auxin response at the proximal end of the meristematic 

zone (MZ) well before the first asymmetric divisions (De Smet et al., 2007).     

Lateral root formation can be induced by global increases in auxin content 

(Boerjan et al., 1995), and more specifically, by local activation of auxin synthe-

sis in pericycle cells (Dubrovsky et al., 2008). Mutations that render plants less 

sensitive to auxin reduce lateral root numbers (Fukaki et al., 2002; Okushima et 

al., 2005). Additionally, chemical or genetic inhibition of auxin transport can  

decrease lateral root density (Hobbie and Estelle, 1995; Casimiro et al., 2001;  

Marchant et al., 2002). These observations indicate that lateral root formation is 

influenced by auxin, but they do not reveal the underlying mechanism. Here, we 

combine experimental and multi-level modeling approaches to unravel the      

molecular and biophysical mechanism that regulates rhizotactic patterning.  
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Results 

The formation of a curve induces lateral root initiation and explains left/

right positioning 

Consistent with prior reports of a correlation between lateral root formation and 

the presence of curves, we observed that a waving growth pattern increases the 

average density of emerged lateral roots (1.6 & 1.8 vs. 2.5 & 2.6  
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Figure 3.1: Lateral root initiation is induced by root curvature.  
 

(A) Lateral roots are formed on the outside of curves in an alternating left/right 
rhythm (o indicates outside, and i the inside of curve; L indicates left, and R 
right, relative to the main axis of the root). (B–D) Examples of root curvature 
resulting from gravitropic stimulation of different time intervals (B) 3 hrs;  (C) 
4.5 hrs; (D) never returned. Black asterisk (*) indicates the position of the 
emerged lateral root; red arrowhead indicates the center of curve. Scale bar   
represents 500 µm. (E) Lateral root formation correlates with the degree of root 
curvature resulting from gravitropic stimulation over various amounts of time. 
Symbols indicate time in the inverted position. Distance from the center of the 
curve to the nearest emerged lateral root is reported. (F) Lateral root initiation is 
induced in manually curved roots. Left: Location along the curve where lateral 
roots form is reported alongside the comparable position(s) for straight roots. 
Center of curve is defined as zero, and negative values are closer to the root tip, 
distal to the center of the curve. The curve was made 0.5 cm from the root tip. 
Right: Percent of lateral roots forming on each side of the main root. Sides are 
defined as inside and outside for curved roots, and left and right for straight    
roots, as shown in Fig. 3.1A. (G) DR5::GFP accumulates asymmetrically in the 
stele of manually curved roots. Solid red symbols indicate the outer half of the 
stele; open black symbols indicate the inner half. (H) Root curvature due to 
gravitropic response results in inverse asymmetric auxin distributions in the    
primary root MZ. DR5::vYFP (nuclear), PIN7:GFP (PM). Open arrowhead indi-
cates the gravity vector during initial growth; solid arrowhead indicates the   
gravity vector during the period of inversion and the circled cross indicates the 
gravity vector directed into the plane during imaging. Scale bar represents 100 
µm. (I–L) Auxin response is enhanced locally in the pericycle and adjacent endo-
dermal cell at the curve prior to the asymmetric cell division. Fluorescent markers 
as in (H). (I) 300 min, (J) 110 min and (K) 10 min before, and (L) 10 min after 
the pericycle cell division. Arrows mark the location of the dividing nucleus. 
Scale bar represents 100 µm. 

 emerged lateral roots/centimeter for “straight” grown vs. waving roots in each of 

two experiments, where by “straight”, we refer to vertically grown roots that 

curve less than those grown on slanted agar). 

To determine how the degree of curvature impacts lateral root formation, we 

inverted Arabidopsis seedlings for variable lengths of time before returning them 

to an upright position (Fig. 3.1 B–D). The degree of curvature and the probability 

that a lateral root is located on that curve both increased with time (Fig. 3.1 E). 

Strikingly, roots with curves of more than 45° all developed associated lateral 
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roots, indicating a strong correlation between the presence of a sharp curve and 

lateral root induction (Fig. 3.1 E, and Supplementary Fig. 3.1 A, B for details). 

To determine whether lateral root positioning is influenced by the mechanisms 

that produce undulating root growth or by curvature itself, we bent roots in the 

shape of a J, 0.5 cm from the root tip, in regions where cells are fully differenti-

ated. Lateral root formation was examined in the curved region and around the 

comparable position that was marked on straight-grown control roots. Lateral 

roots arose along the entire length of the curve, effectively extending the zone of 

lateral root formation closer toward the root tip (Fig. 3.1 F, left). The average       

distance from the center of the curve to the closest lateral root is less than      

from the control mark to a lateral, demonstrating that curves promote lateral root 

formation. Furthermore, formation of new lateral roots was strongly biased to-

ward the outside of the curve (Fig. 3.1 F, right). We conclude that curvature of    

a root by itself focuses lateral root density along the longitudinal axis and        

establishes the left/right position of lateral roots. Roots that curve all along the 

longitudinal axis do not display lateral roots in the MZ and the elongation zone 

(EZ), indicating that only the differentiation zone (DZ) responds to curvature 

with lateral root formation.  

To investigate whether curving roots in the DZ induces changes in auxin 

distribution, roots expressing the auxin response marker DR5::GFP (Friml et al., 

2003) were manually curved and subjected to dynamic confocal imaging.   

Straight roots reveal strong auxin response maxima in the MZ (Sabatini et al., 

1999), and a weaker auxin response in the vasculature of the DZ. When a curve 

was introduced into the DZ, fluorescence initially increased more or less        

symmetrically across the vasculature, but about 2 hours (hrs) later, the auxin   

response pattern became biased towards the outside of the curve (Fig. 3.1 G, Sup-

plementary Fig. 3.1 C for details).  

To facilitate dynamic analysis of lateral root formation, we developed a   

system for inducing lateral roots within a narrow region that could be imaged 

with a confocal microscope. Six-day old plants were turned 180°, left for 4 hrs, 

and then placed horizontally under the microscope. Consistent with expectation, 

plants carrying DR5::venusYFP, a nuclear-targeted fluorescent marker noted for 

its high intensity and short maturation time (Nagai et al., 2002), show increased 

levels of auxin response in epidermal cells of the MZ along the inside of the  
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curving root where elongation is inhibited (Estelle, 1996; Ottenschläger et al., 

2003) (Fig. 3.1 H).  

However, the situation in a curved region of the DZ is quite different. There, 

the highest level of auxin response is found in mature vasculature, particularly  

on the outside of the curve, where lateral roots form (Fig. 3.1 G). This is in     

accordance with the results of our manual curvature experiments. In the pericy-

cle, increased auxin response was first observed about 190 min before the first 

asymmetric division of the founder cells, then rapidly escalated, far surpassing 

the level of auxin response in all of the surrounding cells (Fig. 3.1 I–L, Movie S 

3.1). The endodermal cell located adjacent to the founder pericycle cells under-

went a smaller and transient increase in auxin response. In previous studies, Stage 

I primordia that formed after gravistimulation appeared 3 hrs after strong        

curvature was established (Lucas et al., 2008), which agrees well with our data 

and implies that curvature leads to a rapid increase in auxin levels.  

Modeling auxin fluxes in the entire root indicates critical differences         

between roots zones 

 To understand how root curvature affects lateral root initiation, we devel-

oped a model that describes the dynamics of auxin transport through the root. In 

the model we consider that auxin can only diffuse freely within cells and in the 

cell wall, whereas passage of auxin over cell membranes is determined by       

permeability properties. The efflux and influx permeability values are enhanced 

by the presence of PIN and AUX1 expression, respectively. The model captures 

the following basic biophysical characteristics of the system: (1) the overall      

cell geometries and tissue types; (2) typical lineage- and zone-dependent PIN  

distributions and expression levels; (3) cell-shape changes due to a mechanical 

alteration of curvature of the whole organ; and (4) auxin transport itself (see Sup-

porting Text 3 for a detailed discussion). Given the discrete nature of cells, and 

the manner in which free diffusion of auxin is interrupted by membranes, auxin 

dynamics may be strongly influenced by cell shape. The in silico root layout is 

therefore constructed using typical cell lengths and widths within the MZ, EZ and 

DZ.  
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Figure 3.2: Root and model layout.  
 
(A) Image of a live root, with meristem (MZ), elongation (EZ) and differentiation 
(DZ) zones indicated. (B–E) PIN expression domains of (B1–3) PIN1:GFP, (C1–
3) PIN2:GFP, (D1–3) PIN3:GFP and (E1–3) PIN7:GFP. For B1,C1,D1, and E1, 
the GFP is shown in green and the propidium iodide (PI) stain in red. In 
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B2,C2,D2, and E2 (enlargements of the insets of the DZ,EZ and MZ in overviews 
B1, C1, D1, and E1, respectively), the GFP is shown in red and PI channel         
in blue. In B3,C3,D3, and E3 (enlargements of the insets of the DZ,EZ and MZ in 
overviews B1, C1, D1, and E1, respectively), the GFP channel is shown in white. 
Laser and microscope settings were constant for each marker line. Scale bars rep-
resent 100 µm in overviews and 50 µm in enlargements. (F) The in silico root 
describes the epidermis ([ep]; blue), cortex ([c]; green), endodermis ([en]; yel-
low), pericycle ([p]; orange), and vasculature ([v]; red). QC (grey) and columella 
cells (cyan) are only in the distal MZ. Scale bars represent 100 µm. Model cell 
types are endowed with specific PIN topologies and strengths, which vary by 
zone. Differences between zones are indicated by changes in color tone. Red in-
dicates strong PIN expression, blue weak. Typical cell lengths vary between 
zones, as indicated. Cell widths vary between tissue types and are kept constant 
through the zones. Parameter values are given in Supporting Text 3 and Tables. 
 
In live roots, cells in the MZ are smaller, but transiently increase length when in 

the EZ, until reaching a maximally elongated state in the DZ. This is modeled by 

selecting different characteristic cell lengths for each of the three zones. Differ-

ences in width between the external cell files, and the thinner nature of the      

vascular cells, are also included (Fig. 3.2 F, and Supporting Text 3 for details). 

Such models are necessary because simple, intuitive predictions of auxin flow 

based only on the location of auxin transporters neglect important factors that 

determine flux patterns within the context of the whole tissue, including the    

impact of cell size and shape and the fact that the amount of flux through the 

transport facilitators is determined by the substrate concentrations (Kramer, 2004; 

Swarup et al., 2005; Jönsson et al., 2006; Grieneisen et al., 2007). 

We performed a systematic analysis of the PIN expression patterns through-

out the whole axis of the root (Fig. 3.2 A–E). Our model incorporates the         

experimentally observed PIN expression topologies, as well as the specific      

differences between each zone in a schematic manner, by specifying the orienta-

tion and distinguishing between strong and weak PIN expression (Fig. 3.2 F). 

Overall PIN expression levels are weaker in the DZ than in the EZ or MZ.       

Because we first focus on understanding the influence of a root curvature by itself 

on the auxin dynamics, regulation of PIN or AUX1 expression or localization is 

initially left out. Using a similar system, we have previously shown that polar 

auxin transport is sufficient to generate and maintain the auxin maximum at the 

quiescent center (QC) (Grieneisen et al., 2007). PIN localization – in particular 

the distribution of laterally inward-oriented PINs – is of paramount importance in  
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Figure 3.3: Auxin gradients and curvature effects.  
(A) Steady-state auxin profile through the MZ, EZ and DZ of a straight root. 
Longitudinal cross-sections through epidermal and pericycle files reported by 
green and red lines in graph; in silico root inlayed within the graph, along the y-
axis indicating distance from root tip, and colors represent auxin concentration 
levels. Insets on left schematically show increased auxin-reflux loop in the DZ 
region when compared to a proximal MZ region. (B-D) Transversal auxin profile 
showing cross-sections through an unbent root (black and shaded) compared with 
those of a bent root (E), at different locations: at the curve (B), at steady state 
(s.s.), revealing strong outward concentrations bias; proximal to (above) the curve 
(C) at steady state (s.s.), showing minor alterations; distal to (below) the curve 
(D) 5 min after bending, revealing a transient auxin dip. The local auxin maxi-
mum that forms after bending is found in the outer pericycle cell (B) at the bend, 
indicated with an asterisk (*). (E) Steady-state auxin concentration profiles of a 
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root bent in the DZ showing an outer bias. (F) Steady-state auxin concentration 
profiles in the EZ, demonstrating the failure of the bend to cause a relevant     
increase in auxin. (G) Steady-state auxin concentration profiles in the MZ,    
showing the inversion of the inner/outer bias. Piece-wise linear color bar repre-
sents absolute and relative auxin concentrations; scale bar represents 100 µm.  

 

determining the properties of the root tip (Grieneisen et al., 2007).  

When the model is extended to include the DZ, we observe distinct differ-

ences in auxin levels and flux patterns in the three regions of the root. In the MZ, 

auxin flowing down the vasculature towards the root tip moves back up the      

external cell layers, reentering the vascular flow via lateral transport across the 

width of the root. This reflux loop generates a strong accumulation of auxin 

around the QC. High auxin concentrations in this distal region drop exponentially 

in the proximal direction, towards the EZ (Fig. 3.3 A). The strong lateral PIN  

expression that allows auxin to flow from the external cell layers toward the vas-

culature results in very low auxin levels in the epidermis, cortex and endodermis 

of the EZ. Consequently, in the vasculature, auxin concentration reaches a low, 

constant level, which is predominantly determined by the shoot-derived basal 

flux (red line in graph of Fig. 3.3 A). At the transition from the EZ to the DZ, 

lateral PIN1 and PIN2 expression decrease (Fig. 3.2 B and 3.2 C). As a result, the 

basal flux through the vascular tissue, in which concentrations tend to be much 

higher than in the flanking external tissue files, becomes less confined (inset of 

Fig. 3.3 A and Supplementary Fig. 3.2). Consequently, concentrations in the    

external cell files strongly increase in the DZ (green line in Fig. 3.3 A), and due 

to the upward flux through the external cell files and reflux back into the          

vasculature, an increase occurs in the vascular auxin levels (red line in Fig. 3.3 

A). Although this result may seem counterintuitive (i.e., leakage of auxin from 

the vasculature into the external cell files causes an increase in the vasculature 

auxin concentrations), it can be readily understood by realizing that in equilib-

rium net basal fluxes over different transverse cross-sections through the DZ, EZ 

or proximal MZ should be equal. (The auxin decay rate is low, and therefore   

substantial amounts of auxin are lost only in the root tip, where concentrations 

are the highest, such that net basal fluxes in the DZ remain constant.) Conse-

quently, any increase in the apical flow leads to an increase in the basal flow 
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through the vasculature. A reflux is established, causing auxin on its way to the 

root tip to pass through the tissue multiple times, thereby increasing the concen-

tration levels without changing the net downward flow (inset of Fig. 3.3 A and 

supplementary Fig. 3.2). At the transition from EZ to DZ, auxin levels in the    

exterior cells rise due to the weakened PIN expression. These higher levels are 

maintained throughout the rest of the DZ (Fig. 3.3 A). Along the whole straight 

root, concentrations are transversely symmetric. In summary, PIN proteins, 

whose expression is controlled by auxin concentration and by the root-tip-

associated PLETHORA (PLT) transcription factors (Blilou et al., 2005; Galinha  

et al,. 2007), produce different flux patterns in different root zones.  

 

Modeling reveals that curve formation is sufficient to bias elevated DZ auxin 

distribution toward the outside of the curve 

We investigated whether curve formation can trigger auxin accumulation by 

bending roots in silico (see Supporting Text). When live roots curve, the cells on 

the inside of the curve are shorter than those on the outside, with the largest dif-

ferences seen when roots grow in response to a gravitropic stimulus (Table S3.4). 

Similarly, bending our model root alters the size and shape of cells in the curved 

region. Even when cellular PIN localization and the total amount of PIN activity 

per cell are held constant, the auxin distribution in the region of the bend rapidly 

changes. A new equilibrium situation is reached within 15 min (Fig. 3.3 B-E). 

Auxin concentrations rise in both the vascular and external cell files, and a bias is 

established, with higher values in the outer half of the root and a maximum in the 

outer pericycle cells at the bend (Fig. 3.3 B, red line). This outcome is robust over 

wide ranges of diffusion and permeability values (Figs. S3.3, S3.4), as well as for 

different cell wall widths (Fig. S3.5) or mature cell sizes (data not shown). More-

over, when PIN density per membrane length is held constant after a cell-shape 

change (rapid delivery of PINs to the membrane might provide such homeostatic 

control), bending the root still results in higher auxin concentrations in the      

pericycle on the outer half of the bend (Fig. S3.6). Simulations in which cell    

volume is held constant as the root is bent generate even stronger biases on the 

outer bend (Fig. S3.7). Furthermore, auxin maxima in the outer pericycle still 

form when the model is extended to include a Casparian strip, which might be 

auxin-impermeable (Fig. S3.8), as lateral diffusion through the apical and basal 
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cell walls has only a limited contribution to the overall lateral flux. Thus, our 

simulations indicate that curvature-induced auxin accumulation is a robust     

process that is not dependent on the particular choice of implementation,         

assumptions or parameter values. Auxin levels rise due to the effect of cell    

shape changes on auxin transport dynamics, with the extent of the increase      

depending on the degree of curvature (Fig. S3.9). The localized increase in auxin 

concentration is independent of the mechanism that induces the curve, such as the 

gravitropic response.  

Given that root bending results in cell-shape changes, it is tempting to think 

that auxin accumulation is the result of cell-length differences only. However, 

that is not a sufficient explanation. For a cell with polar PIN expression (i.e., an 

epidermal, cortical or vascular cell), the mean auxin concentration is expected to 

increase linearly with cell length. This is strongly dependent on the fact that   

cells are discrete units, in which the flux becomes “boosted” at each cell-cell 

transition due to the unidirectional auxin transport. Thus, within the cell, auxin 

forms a gradient along which, due to passive diffusion, auxin fluxes polarly.   

(For an ideal 1-dimensional vascular cell: given the cytosolic diffusion constant 

of auxin D , the effective polar transport P across the cell, and an auxin           

concentration a at the basal end, a linear gradient will establish within the cell 

with a slope Pa/D. Consequently, given the same auxin transport properties,     

the slope does not depend on the cell length, whereas the mean auxin level   

within the cell – given by a(1+Pl/2D), where l is the length of the cell – increases 

with length. Similarly, under the assumption of constant basal influx i, the     

mean auxin level within the cell is given by i(1/p + l/2D)). Thus, length increase 

(in both cases) is expected to result in a linear rise in mean auxin concentration. 

Although it cannot be excluded that such small auxin increases could suffice      

to trigger lateral root initiation, this mechanism by itself is insufficient to explain 

all of our observations. First, geometric considerations alone would imply that  

the cells along the inner side of a bend, which have become smaller due to the 

bending, should present lower concentrations. Clearly, this is not the case: Fig. 

3.3 B and 3.3 E shows an increase in auxin in all cell files at the bend, in agree-

ment with our experimental observations (Fig. 3.1 G, black lines). Moreover, 

holding the degree of curvature constant over a bend, but varying the length of 

the region undergoing bending, progressively increases the bias in auxin concen-
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trations (Fig. S3.10), indicating that tissue properties are also important in      

generating the bias. Simulations of J-hooks that cause only 6% differences in  

cortical cell lengths still present remarkable increases in auxin levels and bias, but 

only when the length of the bent tissue is sufficiently long (Fig. S3.11).  

The formation of a strong bias results from an increase in the amount of 

auxin “leaking” out of the vasculature into the external cell files. Given the large 

fluxes that pass through the vascular tissue, internal auxin gradients are steep 

within the vascular cells. Steeper gradients imply larger auxin increases due       

to cell-length increase, and as a result, the concentration difference between     

vascular and external cell files is enhanced due to bending, leading to the         

lateral flow. As is the case for the DZ in straight roots (insets of Fig. 3.3A and 

Fig. S3.2), this higher concentration of auxin in the external files locally          

enhances the DZ-reflux loop, causing auxin levels to further rise in the            

vasculature. This is accompanied by a further increase in lateral flux, effectively 

recapturing even larger amounts of auxin that would otherwise pass through      

the region only once (Fig. S3.2). The result is an increase in auxin concentration 

at the bend. To untangle the relative contributions of cell shape and auxin        

reflux, we analyzed two situations in which transport in the bent region is         

locally interrupted. First, we introduced an impermeable vertical wall in the 

apoplastic space in between the endodermis and pericycle to the model in         

the region of the bend (Fig. S3.12 A,C). This prevents lateral fluxes between vas-

cular and external cell files at the bend, and as a result, the increase in auxin        

is reduced in the vasculature and outer external cell files, as well as lacking        

in the inner external cell files. Second, we completely eliminated auxin reflux by 

blocking fluxes through the external cell files (Fig. S3.12 B,C). This leads to an 

even stronger reduction in auxin at the bend, revealing the importance of the    

reflux loop in this mechanism.  

To determine how robust the tendency for lateral root formation to occur     

on the outside of a curve is, we examined the position of emerged lateral roots    

in mutants with altered growth patterns. The wag1wag2 double mutants have a 

wavy root phenotype, and rcn1-6 plants exhibit a pronounced skew, with root   

tips slanted to the right when plates are viewed from the front. Both mutants 

maintain a strong outward bias in the location of lateral root formation. All of    

the roots bearing emerged laterals on the curve 3 d after inversion had those    
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laterals on the outside of the curve (44 out:0 in for wag1wag2 and 46 out:0 in for 

Col-0 in one experiment; 33 out:0 in for both rcn1-6 and Col-0 in a second      

experiment).  

Because flux patterns differ substantially throughout the root tissue (insets  

in Fig. 3.3 A), the different zones present specific responses towards             

bending (Fig. 3.3 E–G). These differences follow naturally from the differences 

in PIN abundance: The MZ, due to its large lateral fluxes and steep auxin        

gradient, not only fails to generate the typical bias observed in the DZ, but       

actually forms an inverted bias (higher levels on the inside, i.e., concave side), 

without the appearance of a single maximum (Fig. 3.3 G). The EZ is capable of 

generating a small outer/inner bias (Fig. 3.3 F), due to the effect of increased   

cell lengths (similar to Fig. S3.12 B), but the reflux that is essential for creating a 

substantial increase is suppressed by strong lateral PIN expression. These lateral 

PINs act like a “cordon” along the vasculature, keeping auxin levels within the 

external cell files very low. Thus, PIN organization in the different zones (MZ, 

EZ and DZ) explains why lateral root formation is limited to the DZ.  

 Classical physiological experiments have shown that tip removal induces 

lateral root formation, even when the shoot is decapitated, as long as either a suf-

ficiently long root segment is preserved or external auxin is supplied (Bonnett 

and Torrey, 1965). We simulated the same treatment in our model, and observed 

auxin accumulation dynamics that corroborate the link between vascular auxin 

accumulation and lateral root initiation (Fig. S3.13).  

AUX1 generates a positive feedback loop leading to lateral root initiation 

Seedlings with loss-of-function mutations in AUX1 have decreased numbers 

of lateral roots (Hobbie and Estelle, 1995) (Fig. 3.5 A), resulting from reduced 

rates of lateral root initiation (Marchant et al., 2002). To investigate how changes 

in AUX1 might be associated with lateral root formation, AUX1:YFP plants were 

gravistimulated for 4 hrs and then subjected to dynamic imaging. AUX1:YFP 

levels accumulated asymmetrically in the region of the bend, with levels on      

the outside of the curve being clearly higher than those on the inside (Fig.3. 

4A,D, Movie S3.2). 
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Figure 3.4: AUX1 affects lateral root initiation.  
 
(A–D) AUX1-YFP accumulates uniformly in the pericycle cells on the outside of 
the curve prior to lateral root initiation. (A) 230, (B) 90 min before, and (C) 10, 
and (D) 520 min after the first asymmetric cell division. Insets from (A) and (C) 
show AUX1 levels in a single founder cell. Left, blowup of (A); right, of (C). 
White asterisks indicate the pericycle cell files. (E) Simulation showing the effect 
of a four-fold increased influx in the two most apical pericycle cells of the outer 
bend, resulting in a local maximum, shown by comparing the transversal profile 
through an AUX1 expressing cell row (red) with cell rows proximal (green) and 
distal (yellow) to the bend. Default bias caused solely by curvature is shown in 
blue. (F–I,K–N) Simulation in which the whole tissue is endowed with the same 
sigmoidal auxin-dependent AUX1 response; (F–I) show the increase in magni-
tude of the AUX1 response after bending that eventually becomes focused to the 
outer pericycle cells, using a logarithmic color map from black (no AUX1 ex-
pression) to white (high AUX1 expression), as indicated in color bar; (K–N) 
show the resulting corresponding auxin concentration profiles, presenting a local-
ization and amplification of the maximum. Heat-map for auxin concentrations 
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indicated below. 30 min (F,K), 1 hr (G,L), 1.5 hrs (H,M), and 2 hrs (I,N) after 
root bend. (J) 1-NOA inhibits lateral root formation with wild type plants being 
more sensitive than aux1 mutants. Density of emerged lateral roots was deter-
mined 4 d after roots were transferred to fresh media, for that region of the root 
that grew after transfer. Error bars represent SEM. 

  

Fluorescence intensity within the pericycle increased steadily before and after  

the first asymmetric cell divisions. Notably, the distribution of AUX1:YFP was 

relatively uniform within a single pericycle cell membrane (Fig. 3.4 C). The first 

cell divisions took place 2–3.5 h after imaging began, thus the increase in AUX1 

along the vasculature occurs no later than the increase in auxin response in the         

founder cells, and likely before it (Fig. 3.4 A–D).  

We noted striking similarities between AUX1 and auxin response reporter 

accumulation. Transcription of AUX1 is substantially up-regulated in roots 

within 90 min after auxin application (Laskowski et al., 2006). Auxin application 

to AUX1:YFP plants results in increased levels of fluorescence in the pericycle 

and ectopic expression in cells outside the vasculature. These changes become 

visible within 2 hrs after auxin application, and membrane localization of AUX1 

is pronounced within 3 hrs (Fig. S3.14, compare B,C,F), indicating that auxin 

induces AUX1. Because AUX1 facilitates auxin influx, this response not only 

provides a mechanism for increasing the auxin concentration within the            

responding pericycle cells, but initiates a positive feedback loop in which those 

increased concentrations go on to further induce AUX1.  

A major role for vascular AUX1 in lateral root formation seems at odds  

with previously published data, which revealed that AUX1 expressed under the 

control of the J0951 GAL4 enhancer trap line rescues the lateral root phenotype 

(De Smet et al., 2007; Lucas et al., 2008). Near the root tip, this line drives      

expression in the expanding epidermis and root cap, as was reported. However, 

we found that in mature portions of the root, J0951 mainly drives expression in 

the vasculature (Fig. S3.15), consistent with the most parsimonious hypothesis 

from the expression data that this is the primary site of action for lateral root   

induction. Another concern about postulating a major role of auxin influx in      

lateral root initiation is that the AUX1 mutation has only a mild effect on          

lateral root initiation. To assess potential redundancy, we administered                 
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1-Napthoxyacetic acid (1-NOA), an auxin analog that lacks auxin activity and 

inhibits AUX1-mediated transport. 1-NOA inhibits AUX1 and LAX3-mediated 

transport (Yang et al., 2006; Swarup et al., 2008), but polar transport of 3H-IAA 

in inflorescence stems remains unaffected, indicating that it does not affect PIN 

efflux proteins (Parry et al., 2001). 1-NOA inhibits lateral root formation when 

assayed 4 d after transfer; the density of emerged lateral roots on the new growth 

declined steadily with increasing concentrations of 1-NOA (Fig. 3.4J). Wild type 

plants showed a statistically significant reduction in lateral root formation after 

treatment with 3 µM 1-NOA, whereas aux1 roots do not. Thus, 1-NOA acts on 

AUX1. Higher concentrations of 1-NOA do generate a significant reduction in 

lateral root density in aux1 plants, confirming that 1-NOA also acts on other 

members of the AUX/LAX family of auxin import facilitators. This suggests    

that such members are active in lateral root initiation, although we cannot       

exclude the possibility that emergence is affected, as recent evidence indicates 

that LAX3 promotes lateral root emergence (Swarup et al., 2008). Whereas 96% 

(23/24) of wild type roots that were manually curved formed lateral roots on 

regular media, only 50% (12/24) of roots did so when placed on 30 µM 1-NOA. 

Roots that are transferred to 1-NOA and left straight only develop emerged      

lateral roots 32% of the time, indicating that curve formation is still a positive 

stimulus for lateral root formation in the presence of the 1-NOA. For roots that 

did form, 11/12 were on the outside of the curve, indicating that bias toward the 

outside was still maintained.  

We next investigated a positive feedback role for AUX1/LAX proteins in 

auxin accumulation, using the modeling approach. Simulations in which AUX1 is 

expressed at high levels in specific pericycle cells on the bend result in a clear 

increase in auxin in these cells (Fig. 3.4 E). Motivated by this result, we investi-

gated whether high expression of AUX1 in outer pericycle cells could emerge as 

a consequence of the flux patterns, without invoking special rules for the         

pericycle. We built a simple feedback into the model, in which AUX1 expression 

in the DZ cells is regulated by a sigmoidal response to auxin concentration       

(see Supporting Text 3 for details). A self-organizing amplification of auxin    

accumulation and AUX1 expression occurs through their mutual feedback.     

Consistent with our experimental observations (Fig. 3.4 A–D), these simulations 

reveal increased AUX1 concentrations only upon curvature (Fig. 3.4 F–I and     
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3.4 K–N, and compare Movie S3.3 with Movie S3.4, for control). The resulting 

auxin maximum becomes localized at one to three outer “pericycle” cells        

because, as a result of these cells` strategic position at the interface of the       

basal-directed vascular flux with the flanking external apical fluxes, the gain of 

auxin due to a certain increment in AUX1 expression levels is greatest in these 

regions. As cells “compete” for auxin uptake through AUX1 and its auxin-

dependent regulation, a winner-take-all situation manifests, with pericycle       

cells having a clear advantage. The AUX1 response may spread in a cell-wise 

fashion to distal neighbors (Fig. 3.4 H,I) within the bent region. When AUX1 

expression levels become very high in a pericycle cell, this cell begins to          

efficiently take up auxin from the cell wall, thus depleting neighbor auxin        

concentrations. Subsequently, auxin concentrations within the cell accumulate 

and its basal efflux (due to the basal PIN expression) becomes sufficient to      

replenish the neighboring distal pericycle cell. The neighbor, through its      

AUX1-auxin regulation loop, can initiate a similar cycle, also reaching high 

auxin levels. This effect tends to be restricted to the bend, where the auxin 

maxima become fixed. In some simulations, we also observe an auxin          

maximum that travels down the root towards the meristematic region in the    

form of a pulse, initiated from the newly formed curvature (Movie S3.5). This 

suggests that the formation of a curve could potentially trigger periodic increases 

in auxin concentration in regions as far away as the basal meristem region.       

Importantly, simulation of the AUX1 feedback cannot increase “pericycle” auxin 

levels in straight roots (Movie S3.4). Collectively, our data reveal that modest 

increases in auxin concentration on the outside of a curve are amplified by the 

AUX1/LAX auxin influx facilitators, serving as a central mechanism for lateral 

root initiation. An initial bias, supplied here by the bending of the root, is neces-

sary for the positive feedback. The mechanism, however, readily accepts other 

sources of bias, predicting in all cases auxin accumulation in the pericycle cells.  

Auxin transport mutants impact lateral root density in nonadditive ways 

The density of emerged lateral roots depends on the presence of specific 

auxin transporters (Benková et al., 2003). We noted that slight changes in growth 

circumstances have large effects on lateral root densities, so in the following 

analysis, we compared the density of lateral roots in wild type and mutant plants 

that were grown on the same plates. At 7 days post germination (d.p.g.), statisti-
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cally significant increases in lateral root density were seen in pin2 plants (Fig.  

3.5 A), while pin3 mutants showed a significant reduction. pin7 and pin1 loss-of-

function mutations did not appreciably alter lateral root density. Although several 

mutations affect the frequency of lateral root formation, they do not interfere with 

the tendency to form a lateral root on the outside of a curve (Table 3.1). The ef-

fect of AUX1 on lateral root density decreases with age (Dubrovsky et al., 2006), 

an observation that is substantiated by our data (Fig. S3.16), despite the fact that 

data in Fig. 3.5A and Fig. S3.16 were obtained in different laboratories. Such age

-related differences might be caused by compensatory mechanisms and/or 

changes in root geometry that occur as a result of continued growth (see Figs. 

S3.10, S3.11 for discussion). aux1pin2 double mutants mimic the effect seen in 

aux1 (Fig. 3.5 A), indicating that the loss of AUX1 has a stronger influence on 

lateral root formation than does PIN2, supporting our conclusion that AUX1-

mediated auxin influx is central to lateral root positioning. Double mutants reveal 

unexpected reversals in density changes (Fig. 3.5 A), suggesting nonadditive  

interactions between auxin transporters in lateral root formation.  

Figure 3.5: PIN proteins affect lateral root density and spacing.  
 
(A) Density of emerged lateral roots (LR) was measured for plants grown on ver-
tically oriented agar plates, 7 d.p.g.. Red color indicates a statistically significant 
difference from Col-0 (p<0.05 in a Student’s t-test). Error bars indicate SEM. (B) 
pin2,3,7 root showing fused lateral roots; white dotted line indicates the main 
root axis. Scale bar represents 100 µm. 
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Table 3.1. The bias for forming lateral roots on the outside of curves is main-
tained in PIN mutants.  
 
Plants were grown for 6 d on vertical plates and then turned 180° (inverted), or, 
for agravitropic roots that do not form curves in response to gravistimulation, 
manually curved (J hook). Emergence of new lateral roots was scored 3 d later. 
 
 
To investigate the apparently complex influence that PIN proteins have on       

lateral root density, we took advantage of the possibility of the model to inde-

pendently alter lateral, apical and basal expression of PIN proteins (Fig. S3.17 

A,B). The potential for forming lateral roots upon curvature is increased slightly 

when the lateral PIN expression component is diminished (i.e., “lateral” mutant), 

and more so for a “basal” mutant, both due to a more effective auxin reflux. In 

contrast, an “apical” mutant has a somewhat decreased potential for auxin accu-

mulation at the bend, because reduced upward flow in the external cell layers  

reduces the reflux. Interestingly, when combining these in different permutations, 

forming double and triple “mutants”, nonadditive effects occur (Fig. S3.17C and 

3.17D). This is a consequence of the complex manner in which PIN expression 

modulates reflux loops within the root. We find the strongest propensity for     

lateral root formation in the “basal-lateral” mutant; a prediction that cannot be 

  
av. distance to 

mark (mm)  
sample size 

(n) SEM 
side where LR 

emerges 
Inverted           

  Col-0 0,73 68 0,09 68 out: 0 in  
  pin1 0,59 26 0,15 25 out: 0 in 
  pin3 0,71 22 0,24 20 out: 0 in 
  pin7 0,6 21 0,12 21 out: 0 in 
            

J-hook           

  
Col-0 

straight 1,25 28 0,19 13 left: 10 right 

  
Col-0      
J-hook  0,94 26 0,15 21 out: 3 in 

  
pin2 

straight 1,19 22 0,13 14 left: 8 right 

  
pin2        

J-hook 0,63 18 0,15 17 out: 1 in 
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readily tested, as PIN2 is expressed both apically and laterally, and it is as yet        

impossible to uncouple these two components. Despite this difficulty in experi-

mental validation, our simulations corroborate the observation that changes in 

PIN transporters play a significant and nonlinear role in the lateral spacing of  

root primordia.  

 

Figure 3.6: PIN3/7 modulate longitudinal positioning of lateral roots.  
 
(A–C) Depletion of PIN7:GFP in the stele is followed by primordium (LRP) ini-
tiation on the apical end of the depletion zone. Arrows indicate central portion of 
this zone. White asterisk indicates outer pericycle cell file. (D–F) Uniform 
PIN7:GFP expression correlates with initiation of multiple primordia around the 
bend. Red asterisk, placed just external to the pericycle cell file, indicates a cell 
that will undergo division. Nuclear localized DR5:vYFP indicates regions of 
auxin response. (A and D) 300 min, (B and E) 100 min, and (C and F) 0 min prior 
to cell division. (G) Segment of bent region in model; vascular cells with depo-
larized and weakened PIN expression are shown in pink. (H and I) Dynamics of 
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flux field as a result of bending and fading PINs in distal cells. Flux directions  
are represented through angle dependent colors as indicated in the color-circle; 
flux magnitude is set through the color intensity, using a log-scale (from black, 
no flux, to bright color, maximum fluxes), i.e., the radial component of the color-
circle.  
 

Lateral inhibition is modulated by PIN proteins 

 Longitudinal spacing of lateral roots is diminished in pin2,3,7 triple mu-

tants. These mutants have marked increases in lateral root density not correlated 

with root length (Fig. 3.5 A). In 13/100 of these roots, we observed lateral roots 

that formed exactly adjacent to one another or that fused at the base, separating 

into two distinct roots only near their tips, a phenotype that was never seen (0/65) 

in wild type  roots. The existence of adjacent and fused laterals in pin2,3,7      

triple mutants indicates that mechanisms leading to lateral inhibition of organ 

formation are interrupted in those plants (Fig. 3.5 B). Consistent with this      

finding, modeling simultaneously decreased vascular flow and reduced flow 

through the epidermis (“lateral-apical” mutant) largely  mimics loss of pin2,3,7 

and leads to a higher accumulation of auxin at the EZ-DZ boundary as well as 

higher accumulations due to bending in the region of the curvature, thus          

predisposing a larger region for lateral root induction (Fig. S3.17 D–F).  

In the mature region of a straight-grown root, PIN3 and PIN7:GFP are    

similarly expressed in the vasculature. In cases in which single lateral roots form, 

the levels of PIN3 or PIN7 fluorescence decrease, and the signal becomes       

diffuse throughout the cytoplasm. This decrease in polar localization occurs in     

a region that extends across the width of vasculature, followed by the formation 

of a single lateral root primordium just on the shoot side of that region (Fig. 3.6 A

–C, Movie S3.6). PIN3 and PIN7 are transcriptionally regulated by auxin (Vieten 

et al., 2005), and by the tip-focused PLT gradient (Galinha et al., 2007), and    

severing the main root from the shoot, which serves as its primary source of     

vascular auxin, decreases the level of PIN7:GFP within about 5 hrs. Interestingly, 

when the distribution of PIN3 or PIN7 did not decline, multiple primordia   

formed along the curve. Typically, all pericycle cells located on the outside of 

such a curve underwent an initial round of cell division (Fig. 3.6 D–F).          

Thus, PIN3:GFP and PIN7:GFP during lateral root initiation document a strong 

correlation between PIN reduction and the efficiency of lateral inhibition.  
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Our model predicts that simply bending a root in the DZ causes auxin      

concentrations to drop just distal to the curve, especially in the vascular tissue 

(Fig. 3.3D, yellow line). This strongly suggests that bending might be the source 

of the decreased auxin levels distal to the curve, leading to partial depolarization 

of PIN3 and PIN7, although the molecular mechanism regulating PIN modulation 

remains uncharacterized. In simulations with decreased basal expression and  

partial depolarization of vascular PINs, basal vascular fluxes are interrupted (Fig. 

3.6 G) and directed towards the external cell files (Fig. 3.6 H,I). As a result, more 

auxin is brought into the apical stream, in the direction of the shoot and the   

bend. Auxin reenters the vasculature at the bend, where basal PIN expression is 

unaffected, leading to a greater accumulation of auxin in the curved region.      

Importantly, this process can regulate the spacing between auxin maxima. This is 

consistent with our experimental observations that lateral inhibition is suppressed 

in the absence of this PIN3/7 fading, suggesting that the feedback between PIN 

and auxin can explain the suppression of nearby emerged lateral root initials. 

Through AUX1 feedbacks alone, these distances would not be maintained. On 

the contrary, multiple cells along a curve could be expected to differentiate, due 

to comparably high auxin values.  

The model further predicts that the location of the auxin maximum relative 

to the center of a curve depends on the relative contributions of AUX1 and 

PIN3/7. If the AUX1 response occurs more rapidly than the decrease in PIN3/7, 

the auxin maximum is focused on the proximal region of the bend, but is able to 

spread longitudinally along the outer pericycle cells at the curve (Movie S3.3). 

Alternatively, if the decrease in polarly localized PIN3/7 precedes the AUX1  

increase, it focuses the maximum to the distal region of the bend. This is in full 

agreement with the observation that decreases in polar PIN3/7 are highly corre-

lated with formation of one lateral root just proximal to the fading.  

Discussion 

Here, we show that curvature is causal for lateral root initiation, an observa-

tion that extends the previously observed correlations between curves and sites of 

lateral root formation (Fortin et al., 1989; Boerjan et al., 1995; Lucas et al., 

2008). In vivo observations indicate that auxin accumulates on the outside of    

the vasculature in bent regions of the root, the same area in which lateral root  
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initiation is favored. The auxin influx carrier AUX1 is increasingly up-regulated 

in this region, and becomes focused in either one or several cells in tight         

correlation with the extent of down-regulation of two PIN efflux facilitators    

expressed in the vasculature. Mutation of AUX1 and pharmacological inhibition 

of the AUX1/LAX pathway confirm a major role for the auxin influx pathway   

in determining the density of root primordia.  

Our novel multilevel feedforward model for lateral root initiation parsimoni-

ously explains both the patterning mechanism that restricts a new auxin         

maximum to a local site and the zone of competence for lateral root formation. 

We show that the presence of a curve leads to localized cell-shape changes, 

which produce a “trigger” for the auxin transport system in the DZ, which acts as 

an excitable system. Activation of the trigger results in increased levels of auxin 

response on the outside of the vasculature, exactly at the “pericycle” boundary 

layer where lateral roots form. Once small changes in auxin concentration occur, 

they can change the expression and polar localization of auxin transporters (Abas 

et al., 2006; Sauer et al., 2006; Vieten et al., 2007). We observe an AUX1 posi-

tive feedback loop and down-regulation of PIN3 and PIN7, both of which can   

be seen as self-organizing, cell autonomous processes, triggered by an initial bias 

in auxin concentration, that further amplify the trigger. Employing both experi-

mental work and predictive modeling has proven powerful, leading to results    

that would not have been obtained by either method alone. Auxin fluxes are not 

simply a “readout” of the PIN localization, but depend on local intracellular and       

cell-wall auxin concentrations, as well as on global tissue structure. In addition, 

positive feedbacks and cross-regulation between auxin accumulation and AUX1/

PIN transporter activity play an important role in lateral root patterning.  

Our model explains how a specific trigger, i.e., curvature, can provoke      

developmental responses in a self-organizing fashion. Our model involves local 

cues that are causally linked to lateral root formation, and in this respect, differs 

from previous suggestions for a role for the MZ/EZ boundary region based on 

correlations between auxin response oscillations in this region (De Smet et al., 

2007). Our study and the work of Lucas et al. (2008) indicate that fixed-period 

oscillations are not required for lateral root formation. Our simulations show   

traveling pulses of auxin to the root tip associated with primordia formation,    

suggesting that oscillations in auxin within the vasculature at the MZ-EZ bound-
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ary, as observed by De Smet et al. (2007), might be a consequence of formation 

of previous lateral root primordia rather than a cause for the formation of new 

ones. The mechanism that we propose has two modules: the initial cell-size trig-

ger and the excitable DZ-specific AUX1/PIN feedback loop. It is important to 

note that several additional triggers may act on the feedback loop to stimulate 

lateral root formation. For example, mechanosensory triggers or nutrient-induced 

changes in auxin transport and response may impinge on the activity of the DZ 

loop. Future research should address whether such additional inputs are needed to 

explain the root branching pattern in its complex natural environment.  

The model for explaining rhizotactic patterning that we present here is    

similar to current models for phyllotactic patterning (Reinhardt et al., 2003; Jöns-

son et al., 2006; De Reuille et al., 2006; Smith et al.,2006; Bainbridge et al., 

2008), in the sense that organ formation is controlled by the abundance and      

location of auxin transporters that collectively generate an auxin maximum. The 

important role for AUX/LAX proteins in rhizotaxis is mirrored by the recent    

discovery that these proteins are redundantly required for phyllotaxis (Bainbridge 

et al,. 2008). Whereas the initial events and the feedback loops leading to auxin 

accumulation maxima in the shoot are incompletely understood, there is one 

more intriguing parallel: it has been observed that leaf formation that follows 

from local auxin accumulation can be initiated by local increases in cell expan-

sion (Fleming et al.,1997; Reinhardt et al., 1998). Thus, a biophysical mechanism 

that alters relative cell shapes in a tissue, changing local flux patterns and fol-

lowed by responsive changes in auxin transporters, may be common to both root 

and shoot organ formation. This suggests that a unified concept for organ         

initiation in root and shoot systems may be within reach.  

 

 

 

 

 

 

86



Materials and Methods 

Plant materials and phenotypic analysis 

Arabidopsis thaliana plants, ecotype Col-0, were used for all experiments, 

including marker lines and auxin transport mutants. The DR5vYFP marker line 

was generated by fusing DR5rev (Friml et al., 2002) to nuclear targeted 

venusYFP coding sequence (Nagai et al., 2002) in a pGREENII vector. Trans-

genic plants were generated by transforming Col-0 wild type as described 

(Clough, 2005). PIN2:GFP, PIN3:GFP, PIN7:GFP, AUX1:YFP marker lines and 

auxin transport mutants were as described (Blilou et al., 2002). Unless otherwise 

indicated, plants were grown on vertically positioned GM plates containing 1% 

sucrose and 1.5% agar.  

For reversion experiments, marks were placed on the agar beside the         

root tips of 6-d-old plants. Plates were turned 180° and left for various periods, 

after which they were returned and left for 3 d. Distance from the center of the 

newly formed curve to the nearest emerged lateral root and degree of root curva-

ture were measured using ImageJ (v. 1.36 and 1.38); for more details, see Fig. 

S3.1. If no lateral roots emerged within the image frame, the distance to the near-

est lateral root was set to the longest recorded length. For manual root curving 

experiments (J-hooks), 6-d-old plants were grasped with tweezers just below the 

cotyledons and turned in a J shape by gently dragging the root across the agar 

surface with the center of the curve 0.5 cm from the root tip. Control roots were 

also grasped and moved along the agar, but were left in a straight orientation. 

Marks were made on the agar beside each root, 0.5 cm from its tip. For lateral 

root density measurements, the number of emerged lateral roots was counted with 

the aid of a dissecting microscope, and root lengths were measured as described 

above for plants 7 days d.p.g. and 12 d.p.g.. Germination was monitored every 12 

hrs. We noted that lateral root density is very sensitive to changes in environ-

mental conditions, and controlled for this as closely as possible within each ex-

periment. For example, wild type and mutant plants were grown on different 

sides of the same plate. Data for Fig. 3.5A and Fig. S3.16 were obtained from 

plants grown in different laboratories. 1-NOA treatments were performed by 

transferring 6-d-old plants to fresh agar plates with the indicated concentrations; 

addition of 30 µM 1-NOA was as described (Rahman et al., 2002) resulting in 
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0.006% DMSO in the media; control plates contained comparable amounts of 

DMSO. Lateral root densities were determined for the newly grown portion of 

the root: the entire MZ and EZ together with the portion of the DZ formed during 

the interval indicated, and hence,the densities reported in Fig. 3.5A are not com-

parable to those of Fig. S3.16 in which the whole length of the root was consid-

ered.  

Cell-length measurements 

Cortical cell-lengths were obtained from plants that were either inverted 

180°, and allowed to grow their own curve, or hand curved into the shape of a J. 

Roots were imaged under a Zeiss confocal microscope, fitted with a 25x objec-

tive. To assist in holding the curves in place, coverslips were coated with a thin 

layer of agar in MES prior to use. During imaging, a slab of agar was used in 

place of a slide or coverglass. Projection errors and root twisting make it difficult 

to obtain accurate measurements of cell length. To minimize that source of error, 

and provide a better estimate of actual cell length, cortical cells were measured 

only if their ends walls were in focus when the xylem plane was clearly visible. 

Lengths were obtained from images using Zeiss software. The radius of curvature 

was determined by fitting a circle to 3 points: the center of the measured area and 

the two most distant end walls of the of the specific outer cortical cells that were 

measured. If only one cortical cell was measured, the region of the cortex under 

consideration was extended by 200 µm to minimize error in curve fitting.  

Microscopy 

Confocal microscopy was performed using an inverted Zeiss confocal mi-

croscope, and image analysis was done using Zeiss LSM Pascal (3.2SP2) soft-

ware. For live imaging, 6-d-old plants were transferred to coverslip-bottomed 

imaging chambers containing water or various IAA dilutions, and covered with a 

slab of agar. Prior to transfer, some roots were either manually curved or gravi-

tropically stimulated by inverting the plates for 4 hrs.  

Images were taken every 10 minutes for a period of 14–16 hrs, with an autofocus 

system employed.  
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Mathematical/Computational modeling 

Auxin Dynamics. Simulations are performed by numerically solving trans-

port equations through an implicit reaction-diffusion algorithm. It takes into ac-

count diffusion within cells and cell-wall at a rate of 300 µm2/s, as well as perme-

ability across a cell membrane: influx permeability is by default set to 20 µm/s, 

but is 4-fold increased when AUX1 over expression is taken into account; efflux 

permeability is set to 1 µm/s in the absence of visible PINs, and to 5 µm/s or 20 

µm/s in the case of weak, respectively strong PIN expression. Boundary condi-

tions at the proximal end of the root segment are kept such as to mimic the con-

tinuation of the described segment, being linked to the rest of the plant. Further 

details on the implementation of auxin transport can be found in Grieneisen et al,. 

(2007), and in the Supporting Text 3 and Tables.  

Root Bending. Root bending has been implemented through a geometrical 

transformation in which curvature, axis of rotation, and length of curved segment 

can be specified and controlled. Bending is always applied in such a way that the 

length along the central axis of the root does not change. Consequently, due to 

the bending, cells on the inner side of the curve decrease in length, while those on 

the outer side expand. All cells keep their original width. To ensure that cell-

length changes do not affect the total amount of PIN molecules along a cell mem-

brane, lateral PIN-dependent efflux is diminished proportionally to the gain of 

length due to bending. (Note that using an alternative assumption, in which PIN-

density remains constant independent of the addition of the cells perimeter, will 

continue to yield similar results, as we show in Fig. S3.6). Graphs showing trans-

versal and longitudinal auxin profiles of bent roots are obtained by first defining 

for an unbent root the horizontal lines that pass through the centers of the cell 

rows and the vertical lines through the centers of the cell files. During bending, 

these lines then undergo the same transformation as the root itself, thereby       

creating a link between the positions after bending and the corresponding loca-

tions along the original lines in the unbent case. In all plots which present auxin 

concentration profiles along cell files or cell rows, this mapping of the positions 

from the original (unbent) to the bent state is being used. This explains why the 

cell lengths within the inner and outer regions always appear to be the same when 

plotted on graphs. Although this method slightly modifies the length along bent 

cell files on the graph plot, it is preferred because it makes direct comparison.  
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between cells before and after bending possible. 
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Supporting text chapter 3 
 

A model of the Arabidopsis root: modeling auxin dynamics. 

 

Auxin transport is simulated on a two-dimensional (2D) grid representing a 

cross-sections through the root, in which the bilateral symmetry of the root across 

the xylem axis is captured. Each cell consists of multiple grid points, such that 

auxin concentrations may vary within cells. Cell width differs depending on cell 

type: epidermal cells are 17 µm, cortical 20 µm, endodermal 12 µm, and vascular 

and pericycle cells 5 µm wide. Cell length varies depending on the zone in which 

the cell is located: cells in the MZ are 16 µm, in the EZ 60 µm and in the DZ 100 

µm long. The cell wall is described as a separate entity, one grid point (1 µm) 

wide (sensitivity towards different cell wall widths is explored in Fig. S3.5).  

Auxin flow through a cell requires influx, bringing auxin into the cell across 

the membrane, diffusion within the cell, and efflux, allowing auxin to cross the 

membrane and enter the cell wall space. Once in the cell wall space, auxin can 

freely diffuse until it reaches a membrane. Auxin flow through a cell requires   

influx, bringing auxin into the cell across the membrane, diffusion within the cell, 

and efflux, allowing auxin to cross the membrane and enter the cell wall space. 

Once in the cell wall space, auxin can freely diffuse until it reaches a membrane. 

In the basic model, influx is given by a constant permeability value; Pin, in units 

of µ m / s . In the extended model presented in Fig3.4, AUX1-mediated auxin influx 

is allowed to vary (see section below for details on how Pin is calculated). Auxin 

efflux permeability is assigned a strong (PeSPIN), weak (PeWPIN), or back-

ground (Pebg) value. The choice of parameter was determined by visual inspec-

tion of images showing the location and intensity of fluorescent PIN fusion  

proteins (see Fig3.2). Background efflux permeability Pebg is fixed at 5% of the 

permeability resulting from high intensity PIN expression. All parameters are 

shown in Table S3.1 and S3.2.  
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Diffusion of auxin takes place within cells and cell walls and is given by,  

 

 

where D corresponds to the diffusion constant, given in units of µ m 2 / s  

(note that permeability values carry the unit of µ m / s ), and C corresponds to 

the auxin concentration, given in arbitrary units [a.u.]. Diffusion is not permitted 

across cell membranes (i.e. no flux boundary conditions). The flux due to auxin 

permeability across a membrane can be written as  

where n̂ is the inward directed unit vector, perpendicular to the membrane; 

Cin represents the auxin concentration in the cytosol at the grid point bordering 

the cell membrane; and Cout represents the auxin concentration in the cell wall 

grid point immediately adjacent to the cell membrane. Simulations of auxin        

dynamics are performed by concurrently solving for the diffusion, permeability 

and decay of auxin, using an Alternating Direction Implicit (ADI) method 

(Peaceman and Rachford, 1955). For the diverse control simulations performed, 

different tissue segments have been simulated, some up to 3500x4000 pixels (Fig. 

S3.11C). 
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Table S3.1: General parameters for auxin dynamics. 

 
Parameter values used in all simulations of the main text (default parame-

ters). 
 

 

Table S3.2: Additional parameters for specific simulations. 

For AUX1 regulation through auxin, additional parameters were used. For 

the immersion in auxin simulation, a peripheral influx was added to describe 

auxin entering the tissue from all sides. 
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Table S3.3: Parameter sweeps performed for control simulations. 

Special simulations in which default parameters have been modified, for pa-

rameter robustness studies, are listed below with corresponding parameter values. 

 

 

∆x in µm simulations 
2 Fig. S3.5C 

1 Fig. S3.5D 

0.5 Fig. S3.5E 

0.2 Fig. S3.5F 

D in µ m2 /s simulations 

600 Fig. S3.3A1,B1,C1 

100 Fig. S3.3A 3.3,B3 

50 Fig. S3.3A4,B4 

Dcw in µ m2 /s simulations 

40 Fig. S3.3C1,D1, Fig. 
S3.4B2 

20 Fig. S3.3C2,D2 

Permeability in µ m/s simulations 

all 10 times lower: 
Pi = 2 

Pebg = 0.1 
PeSPIN = 2 

PeWPIN = 0.5 

  
  
  

Fig. S3.4B 

all 100 times lower: 
Pi = 0.2 

Pebg = 0.01 
PeSPIN = 0.2 

PeWPIN = 0.05 

  
  
  

Fig. S3.4C 
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Bending the in silico root 

Bending the in silico roots consists of transforming cell shapes at the 

region selected, and rotating the linked distal straight segment of the root. Thus, 

pixels representing cells, cell walls and their corresponding auxin concentrations 

are mapped from their initial state A to a transformed state B. The parameters 

that fully describe the transformation are: 

y1, y2  Longitudinal (i.e. axial direction) begin and end points of the bent  

 segment. 

c  Curvature of the region to be bent, where c =1/r , in which r is the  

 radius of curvature. 

x0 Latitudinal (i.e. transversal) position within the root that determines the 

 reference line in relation to which expansion or compression occurs. For 

 example, if x0 is exactly in the middle of the root, then the outer half of the 

 root will have increased cell lengths, and the inner half decreased cell 

 lengths. 

 These are all the parameters used to calculate the mathematical projection of 

the grid describing the root before bending to one describing the bent root. We  

applied four corrections during this transformation. First, cell shapes change    

during deformation, which means that some grid points occupy multiple grid 

points after the bending, while other grid points disappear. At the moment of 

bending, auxin levels are scaled relative to the change in the area of the cells, 

such that the total amount of auxin per cell remains the same. This scaling      

generates a strong transitory bias towards the inner side of the curve, this          

opposing bias (i.e. in opposite direction to the one we observe generated through 

the mechanism proposed here) disappears within a minute. Implications of this 

transformation for 3D cell volumes as well as robustness towards volume conser-

vation are discussed and shown in Fig. S3.7. Second, the fact that grid points are 

not conserved during bending, can cause local disappearance or doubling of the cell 

wall, which is unrealistic. Therefore, during the transformation, cell wall widths 

are held constant. (See Fig. S3.5 for further discussion.) Third, because the 

bending causes changes in the membrane length, permeability values are scaled 

to reflect a constant amount of PIN expression per cell. (The implications as well  
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as a relaxation of this assumption are discussed in Fig. S3.6.) Fourth, in most 

simulations a strong bend is used, with a 180° curve over 3 cells. In such a case, 

when x0 is positioned exactly in the middle of the root, the relative size differ-

ences between the cells become very large. We therefore used a 37.5 µm (1/4th 

root width) offset towards the inner curve for the value of x0, which leads to a 

more than 50% reduction in the ratio between the outer and inner boundary 

length, compared to using a value of x0 exactly at the middle of the root. (For 

further discussion of auxin increases and biases in weakly curved roots, see Fig. 

S3.10 and Fig. S3.11.) 
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AUX1 upregulation 

The feedforward regulation of AUX1 by auxin is implemented using a mov-

ing average of the intracellular auxin concentration. The variable Ci(t ) gives the 

mean auxin concentration within cell i, integrated over a time window ∆TAUX 1, 

typically 10 min. Time windows between 5 and 50 minutes reproduced the basic 

patterns reported here (data not shown). The level of AUX1 expression, Ai(t ), of 

cell i at a given moment t , is given through the sigmoidal relation 

   where β is the auxin concentration at which AUX1 expres-

sion reaches half its maximum response, and n determines the steepness of the 

response. The AUX1 expression enhances auxin influx along all sides of the cell. 

We use the same functional response with the same parameters, for all cell types 

within the Differentiation Zone (DZ), both within and outside of the bent region. 

Expression of the AUX1 auxin importer changes dynamically, as a consequence 

of the absolute levels of auxin within the same cell. Note that only local informa-

tion is used: relative differences in auxin levels between neighboring cells do not 

play a role. Changes in auxin concentrations result from modifications of local 

fluxes, which depend in part on the influx rates along the membrane of the cell 

and its close neighbors. At each position along the membrane of a cell i, the in-

flux is given by 

Jin = Pin Cout + Ai Cout 

where Pin is the default influx permeability, Ai the permeability due to 

AUX1 expression, and Cout the local concentration within the cell wall, just   

outside the membrane. The efflux permeability (given by Pbg and PeS,WPIN ) are 

unaffected during this process. The total efflux, however, does increase, due to 

the increasing internal auxin concentrations, as the efflux is given by           

Jout = PoutCin, where Pout is either Pbg or PeS,WPIN , and Cin is the internal 

cellular auxin concentration close to the membrane point of consideration. The 

auxin-AUX1 feedforward loop is not inherently unstable, because AUX1 upregula-

tion reduces the reflux, and thereby the total auxin throughput (see Movie S3.4). 
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Figure S3.1: Measuring local curvatures 

(A) The ‘angle of curvature’ presented in Fig 3.1 E was determined by         

drawing two line segments (of length l) that join at the point where the                  

curvature reaches a local maximum. Line segments were positioned with their   

end points in the middle of the root’s width. Examples are shown for a root that 

was inverted for a period of 3 hrs (A1), and for a root permanently left in inverted 

position (A2). This angle of curvature is a local property of the curve at the position 

a, however, it can be related to the radius of curvature, as illustrated in (B). (B) 

Schematics showing how the angle of curvature (above and Fig 3.1 E), are related 

to the radius of curvature (Fig. S3.9). This conversion can be made using the for-

mula  

 

 

 

where l is the length of the line segments utilized and αrad is the measured 

local curvature angle, expressed in radians. (C) Overview of the region in which 

fluorescence was measured to collect the data for Fig 3.1 G. Scale bar is 100 µm. 

(C1) Image showing fluorescence concentrated in the vasculature. (C2) The vascu-

lar region is divided into two sections: inner and outer. The outer section is indi-

cated by the white box. 
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Figure S3.2: Auxin fluxes through the root. 

  

Here, we show the net vertical flux through transversal cross-sections of the root 

tissue as a function of axial root position. The apical and basal flux components 

– which sum up to the net vertical flux – are shown alongside. From the altera-

tions in magnitude of the apical and basal fluxes, lateral flows can be inferred. 

This analysis allows us to elucidate quantitatively the influence of root zonation 

on auxin flux patterns.  
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(A) Model root layout. The first 15 cell rows comprise the Meristem Zone 

(MZ), the next 15 cell rows are the Elongation Zone (EZ), and the most proxi-

mal cells form the Differentiation Zone (DZ). PIN distributions are as given in 

Fig. 2. (B) At equilibrium, the net downward flux is equal for any cross-section 

through the root that is sufficiently far away from the distal MZ. This is a conse-

quence of auxin predominantly accumulating in the distal MZ (Grieneisen et al., 

2007), due to which auxin decay outside the distal MZ only plays a marginal 

role. Thus, the net flux passing through the two dotted lines in (A) (see (B) for 

enlargements), should be almost equal. (C) Fluxes across transversal cross- sec-

tions at the center of mass of each cell row (such as the dotted lines in (B)) in a 

steady state auxin profile. The graph shows clear differences between distal MZ/

EZ, proximal EZ, and DZ fluxes. In red, the total downward flux; in green, the 

total upward flux; and in black, their sum, i.e. the net downward flux is shown. 

Fluxes are exceedingly high in the distal MZ (see Fig.3.3 for concentration val-

ues), thereby leaving the graph; here, however, we specifically focus on the al-

terations at the EZ/DZ boundary, to which the y-axis has been adjusted to. Note 

that the net flux remains constant until the very distal region. Only at the root tip, 

with its huge auxin accumulation, does auxin breakdown start to significantly in-

fluence net flux patterns. Towards the proximal end of the EZ, there is a clear dip 

in the upward and downward fluxes, which is rapidly re-established after entering 

the DZ. This increase reflects the presence of lateral reflux. (D) Graph focusing 

on the proximal portion of the described root, comparing total upward and 

downward fluxes within a bent and an unbent root. The black line indicates the 

curved region. Bending causes marked effects in both flux components: both 

upward and downward fluxes significantly increase at the bend, but decrease in 

the region just distal to the bend. The net flux, however, remains constant, as it 

should be in an equilibrium situation (neglecting breakdown). This quantitatively 

illustrates the importance of the lateral flux components that arise due to bend-

ing, and explains the (initially counter-intuitive) observation that lower PIN ex-

pression in the DZ zone actually accounts for higher flux patterns. It also illus-

trates how being able to generate a reflux loop (auxin exiting the vasculature and 

reentering it proximally from the external files) is essential to feedforward the 

initial cell-shape induced changes in the auxin levels. 
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Figure S3.3: Robustness towards auxin diffusion constants. 

 

Neither uniformly changing auxin diffusion constants by more than an order 

magnitude nor decreasing auxin diffusion constants within the cell wall prevents 

auxin from accumulating in the vascular cells on the outside of the bend. (A) 

Auxin profiles in model roots with various auxin diffusion constants. (B) Pro-

files of transversal cross-sections (blue) through the center of the most proximal 

cell at the bend (indicated by a white line in A1),  
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compared with the profile at that location before bending (black). B2 (red letter) 
is the default situation. (A1, B1) Diffusion constant D = 600 µm2/s; (A2,B2) dif-
fusion constant corresponding to the default values used for the simulations in the 
main text, i.e. D = 300 µm2/s; (A3, B3) D = 100 µm2/s; and (A4, B4) D = 50 
µm2/s. The curvature-induced increase in auxin concentrations observed in both 
vasculature and the outer external cell files at the bend, as well as the outside/
inside bias is robust towards these diffusion constants. Note that higher diffusion 
constants do have the tendency to flatten out internal cellular gradients (A1), but 
the outer bias is still preserved. Lowering the diffusion constants only enhances 
the increase in auxin due to bending, as can clearly be seen by the dramatic    
increase of auxin (more than 100% rise in pericycle cells) in (A4, B4). (C,D)  
Experiments performed by Kramer et al. (2007) have led to estimates that the 
diffusion of auxin in the cell wall is 15 times lower than in the cytosol. 
Throughout the main text, we have not included these differences in the model. 
Simulations in which a 15-fold decrease in cell wall diffusion is taken into    
account (using as a basis the parameter values of A1 and A2), reveal only minor 
effects in the auxin profiles. (C) Auxin concentration profiles when cytosolic 
diffusion constants are 600 µm2/s (C1) and 300 µm2/s (C2), with corresponding 
cell wall diffusion constants of 40 µm2/s and 20 µm2/s. Color bar indicates auxin 
concentrations. (D) Transversal cross-section comparing auxin concentration pro-
files at the site of the bend for the situation in which diffusion is 15 times lower in 
the cell wall (solid blue line for straight and solid magenta line for bent situation) 
as well as when it is considered equal in the cell wall and cytosol (black lines; 
solid for straight and dotted for bent situation). 
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Figure S3.4: Sensitivity towards permeability parameters. 

 

Exact values of PIN-dependent auxin permeability through a membrane in which 

PIN expression levels have been experimentally verified, have yet to be estab-

lished. The default values used here are based on Grieneisen et al. (2007) and 

references therein. Increasing these default values causes internal cellular gradi-

ents to become steeper, enhancing the effect of curvature (data not shown) while 

decreasing the default values can diminish the response.  
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 Delbarre et al. (1998) performed measurements on protoplasts, and estimated 

efflux permeability values that are lower than the ones used here. These values 

have served as reference for parameter choices used in other modeling studies 

(Swarup et al., 2005; Kramer et al., 2004; Kramer et al., 2008) (leading to ~10 

times lower PIN-mediated permeability value than our default values used here). 

However, the measurements on the protoplasts lack evidence for strong PIN    

expression, and might present an underestimation of the PIN-mediated permeabil-

ity. Given this uncertainty in actual permeability values, we investigated the      

effect of lowering our default values (which   alternatively might be an overestima-

tion of the permeability values), one or two orders of magnitude. (A–C) Trans-

versal auxin concentration profiles for a root before (black line) and after bending 

(red/blue line). (A) Default permeability values yield the typical result at the 

bend: an outer auxin bias, maximum auxin increase at the outer pericycle, and an 

overall increase in auxin in both the inner and outer cell files at the bend. (B1) 

A 10-fold decrease in permeability consistently yields the same qualitative results, 

with the slight modification that the inner external cell files now present a tiny 

drop in auxin level. (B2) When the parameter settings of (B) are combined with 

the assumption that diffusion is lower in the cell wall (a 15-fold reduction), the 

auxin profile remains qualitatively similar, while the auxin concentrations in the 

inner external cell files slightly rise again. Thus, lowering permeability values 

decreases the magnitude of the auxin concentrations (note the change in the 

scale of the y-axis between A and B), but does not alter the overall pattern (i.e. 

relative differences) of auxin distribution. (C) A 100-fold decrease in the per-

meability values has a more noticeable effect on the qualitative aspects of the 

auxin redistribution after bending: the outer bias is clearly preserved, as well as 

the auxin increase in the outer cell files. However, not much change can be   

observed in the pericycle itself, and a clear drop marks the inner external cell 

files. We conclude that the formation of an outer bias is very robust towards uni-

form changes in permeability, while the increase of auxin in the inner external 

cell files is less so. 
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Figure S3.5: The influence of cell wall width. 

Cell wall widths vary within the Arabidopsis root depending on the cell type, 

age, and region of the root, and possibly respond to mechanical deformations. In 

our model, we we used a constant cell wall width of 1 µm as a default setting in 

both straight and bent regions of the root. Here, we present the outcome of multi-

ple simulations, in which the cell wall widths have been varied between 0.2 µm 

and 2 µm. Auxin concentrations are shown for cross-sections through the root, 

indicated by the black and red lines, for the straight and bent root respectively. 

(A,B) Location of the transversal cross-sections. (C–F) Transversal cross-

sections showing auxin profiles for simulations with cell wall width set to 2 µm 

(C); 1 µm (D); 0.5 µm (E); and 0.1 µm (F). These results show uniform changes in 

cell wall width have little impact on the formation of an auxin increase and bias, 

with thicker cell walls presenting larger increases in auxin at the bend. Conse-

quently, if root bending increases the cell wall width in a graded fashion, this 

would predict a further increase in the bias. 
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Figure S3.6: PIN density alterations due to cell shape change. 

When bending the in silico root, as indicated in (A), the model assumes that the 

total amount of PIN expression is not altered during the cell shape change. Con-

sequently, when the length of a lateral membrane of a cell decreases, the PIN 

density along the membrane increases. Similarly, when perimeter increases, the 

PIN density is ‘diluted’ proportionally. This default case is schematically repre-

sented in (B), case i, where the intensity of blue represents total PIN protein 

amounts, and the thickness of the red lateral line represents the membrane PIN 

density. Here, we consider the contrasting situation (B), case ii, in which PIN 

density is held constant, allowing total PIN amounts to vary. (C) Comparison 

between transversal auxin profiles for case i and ii. The cross-sections go 

through the cell row at the bend indicated in (A). Both assumptions result in an 

increase of auxin in the  vascular cells located at the bend (red and blue lines), 

compared to the profile before bending (black line), however, conservation of 

PIN density on the membrane reduces the bias between inner and outer external 

cell files. Note that these simulations represent extremes, while in reality the situa-

tion is most likely a combination of compensatory homeostatic control with 

(initially) limited amounts of PIN protein. Also, one would expect the kinetics of 

PIN expression readjustment after bending to play a role. 
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Figure S3.7: Cell volume conservation. 

(A) In the 2D root-bending method that we employ, the 2D cross-sectional area            of 

a cell changes when it is bent. This implies that the volume of cells change, an as-

sumption that might or might not be realistic. To explore the possible effects of 

volume conservation, and to determine if the mechanism we report still holds if 

volume is conserved, we developed a mathematical method to adjust internal 

cellular auxin concentrations of the 2D cross-section, in a manner that corre-

sponds to its 3D volume being conserved, schematically represented in (A). (B) 

Transversal auxin profile, of an in silico root in which cell volume is allowed to 

change during bending (red, default case) compared to a case in which cell vol-

ume is conserved (green). The auxin profile before bending is shown in black. 

Note that the auxin increase and bias is much more pronounced when cell vol-

ume is conserved. Thus, the default assumption used in the main text might un-

derrepresent the strength of the auxin bias. 
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Figure S3.8: Casparian strip. 

 

Introducing a Casparian strip into the in silico root by adding an auxin imper-

meable barrier to the endodermal cells does not prevent the formation of an 

auxin bias in the bent roots. (A) Layout of the model roots. In the default, case 

i, no Casparian strip is implemented; in case ii, a Casparian strip is located in 

the DZ; and in case iii, the Casparian strip is present in both DZ and EZ. (B) In-

set showing the Casparian strip, implemented as an auxin-impermeable strip in 

the endodermal cell wall. In this cross section of the root, the strip appears as 

a vertical line on the apical and basal side of the endodermal cells. (C) Transver-

sal auxin profiles in the DZ of straight roots, showing nearly identical outcomes 

for roots with and without a Casparian strip (concentration differences are 

<0.5%). (D) The presence of the Casparian strip does not substantially alter the 

increase in auxin at the bend, nor the bias (Black line: straight root; colored 

lines: bent roots). Again, the concentration differences are <0.5%). These results 

show that lateral auxin flux through the endodermal cells is much more important 

than the lateral flux through the anticlinal cell walls. 

115



 

116



Figure S3.9: Curvature and cell length effects. 

 

(A) Model root bent to different degrees, as indicated (angle formed in relation 

to the straight primary root axis). (B) Transversal cross-sections through the 

center of the most proximal cell at the bend. At the bend, an overall increase 

in auxin concentrations is observed in both the vasculature and the outer exter-

nal cell files. The outside/inside bias correlates with the amount of curvature, 

becoming evident at angles greater than 45°. (C,D) Steady state auxin profiles 

(here plotted along a longitudinal cross-section through both the left and right 

pericycle cell file), in roots containing a zone with cells along the right-hand-

side that are twice (C) or three times (D) as large. 
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Figure S3.10: Effect of increasing the length of the bent region. 

 

To assess the effect of auxin refluxes at the bend (Fig. S3.2D) on the rising 

auxin concentrations and bias, different simulations are compared in which the 

same curvature is applied to the root, but the length of the curved region is 

varied. Simulations in which the curve is composed of 0 − 7 cells, each cell 

of which has an angle of curvature of 22.5° degrees, show that the magnitude 

of the auxin accumulation at the bed is directly influenced by the length of the 

curve. (A) Auxin profiles for different curved arc lengths. Color bar (not shown) 

as in Fig. S3.3. 1 bent cell generates an angle between the main root axis and 

the distal region of β = 22.5° (A1); 2 bent cells, β = 45° (A2); 3 bent cells, β 

= 67.5° (A3); 4 bent cells, β = 90° (A4); 5 bent cells, β = 112° (A5); 6 bent 

cells, β = 135° (A6); and 7 bent cells, β = 157.5° (A7). (B–C) Amplified view 

of the region of curvature for (A1) and (A2), respectively. (D) Transversal auxin 

profiles for the 8 simulations. The length of the bent region strongly influ-

ences the magnitude of the auxin increase of the outer pericycle. These results 

further show that cell shape differences, not only act local but can cooperate 

globally to elevate auxin accumulation. 
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Figure S3.11: The magnitude of auxin accumulation depends on the ge-

ometry of larger root sections. 

 

Here we explore the effect of larger sections of curved root on the formation of 

an auxin bias. In the first experiment, we created a 180° bend in an in silico 

root using either a few strongly curved cells or many weakly curved cells. The 

root is bent 180° over 8 cells (A); 18 cells (B); or 51 cells (C). In our model, 

given that the distance between the centers of the inner and outer cortex cells is 

95 µm, the cell length differences between the inner and outer cortex cells are 

38% for the high curvature (A), 17% for the medium curvature (B), and only 

6% for the low curvature (C). (D) Transversal cross-sections through the center 

of the cell row indicated by a * in each figure. As expected by cell-size consid-

erations, the increase in auxin at bend is largest for the root with the sharpest 

bend, the one with the largest cell size differences between the inner and outer 

sides of the curve. Surprisingly, the model root with the lowest curvatures shows a 

greater accumulation of the auxin in the vasculature than the root with the me-

dium curvature does. This can not be explained by differences in cell size and 

thus indicates that the extent of the bent region is also important. (E) Model 

root layout in which a 6% difference in cortical cell size difference is applied to 

a single row of cells. (F) Transversal cross-section comparing auxin levels in 

(C) and (E), bends that have precisely the same low curvature, and hence cell 

shape, but differ in length. This comparison shows that only a sufficiently long 

bend is able to amplify the effect of such a small cell-size difference, due to the 

lateral fluxes (between vascular and external cell files) that occur over the whole 

extension of the bend (see S3.2 and S3.12 for more about refluxes). These results 

support the experimental finding that weakly meandering roots, in which the 

curvature is small but extends through many cells, still consistently form lateral 

roots with the typical outer bias. 
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Figure S3.12: Blocking communication between vascular and external 

tissue: the role of pure cell length and reflux. 

To obtain a better estimate on the relative contributions of cell length changes and 

reflux loops to rising auxin levels and pericycle auxin maximum formation on 

the outside of a bent root, we did simulations in which the reflux loops occur-

ring between the vascular and the flanking external cell files were blocked by 

means of introducing auxin-impermeable layers.  
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(A) Close-up of the in silico root layout that now includes a vertical barrier pre-

venting auxin from moving between the pericycle and the endodermal cell files. 

This blockage is applied to the region of the bend, indicated by the  dotted line. 

(B) To further reduce reflux, we modified the layout of (A) by further adding 

horizontal, auxin-impermeable barriers to the external cell file walls at the 

boundaries between the bent region and the unbent regions. (C) The resultant 

steady state auxin concentrations at the bend are shown in comparison to a 

straight root (black) and a bent root without artificial transport barriers (red). 

When auxin transport between the vascular and external cells is separated, as in 

(A), the auxin increase in the external cell files on the inside of the bend disap-

pears. However, due to the cell length differences, as well as a reflux loop 

spanning the whole bent region, an increase in auxin concentration along the 

outer regions can still be observed, although its magnitude is much reduced 

(green). Thus, blocking a direct exchange between the vascular and external cell 

files has a strong effect on the auxin increase and bias. A much more dramatic 

decrease in the amount of auxin accumulation is observed in case (B), in which 

the formation of reflux is further blocked (blue). (Note, that in all three cases 

the net downward auxin flux through the root is exactly the same. Also, lateral 

auxin transfer is still occurring within the vascular tissue itself, which is why the   

inner pericycle cells present a slight auxin increase). Thus, we here show that 

the reflux loop generated due to bending is important for the magnitude of auxin 

accumulation in the vasculature, as well as for the significant increase of auxin in 

the external cell files. When we simulate the AUX1-auxin feedback while using 

layout (B), the amplified pericycle auxin maximum fails to form (data not 

shown). This reveals that –in the absence of the reflux loop, and given the same 

parameter setting for the AUX1-auxin feedback– cell shape changes alone are 

not sufficient to trigger the large auxin increase in the pericycle cells. Note that 

within a restricted parameter space it would still be possible to trigger the AUX1

-auxin amplification. In such a situation, however, the system would become 

highly sensitive. Any perturbation would be picked up, and as a consequence the 

dynamics would loose robustness. 
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Figure S3.13 : Modeling the effect of cutting roots. 

 

Our model confirms classical experiments that demonstrated a role for shoot

-derived auxin in lateral root initiation. Classical work from Bonnett and Torrey 

(1965) revealed that after cutting away the root tip of Field Bindweed 

(Convolvulus arvensis), lateral roots form just proximal to the location of the cut. 
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segments still formed laterals at the distal end, as long as they were suffi- 

ciently long (>1.5 mm).Smaller segments lacked the capacity to form lateral 

roots. This capacity could be restored by immersing the segment in auxin. When 

simulating the interruption of auxin fluxes to and from the root-tip in our default 

model, i.e. the removal of both the root tip and the shoot, we observe auxin accu-

mulation at the basal end of the segment, with total accumulated amounts de-

pending on the segment size (A–C). Immersing the in silico root segment in 

auxin (Grieneisen et al., 2007) provokes increases in the accumulation levels. 

Thus, the physiological experiments and the model are in agreement, further      

supporting the hypothesis that auxin levels in the vasculature cause the initial 

divisions required for lateral root formation. 

(A) Intact in silico root segment, which, by appropriate boundary conditions, 

is proximally receiving influx from the shoot. The total length described is ≈6 

mm. The intact root undergoes a simultaneous removal of both root and shoot. 

The position of the distal cut is indicated by ‘root cut’. Root cutting is imple-

mented by altering the boundary conditions such that no transport occurs over 

the cross-section. Shoot cuts, which are performed by interrupting the auxin 

influx, are implemented at two different locations, forming root segments of      

either 1 mm or 5 mm. (B,C) Dynamics of auxin pattern in short (B) and long 

(C) root segments after root and shoot removal. Note that the longer segment 

distally accumulates much higher auxin concentrations within the same time in-

terval. (D) Auxin concentration profiles along the pericycle cell file, indicating 

larger concentrations at the distal end of the longer segment, compared to the 

shorter one. inset: log-linear plot of auxin concentrations with distance from QC, 

in which the exponential slop of the auxin gradient becomes apparent. (E) Auxin 

rescue experiment, in silico. Top: the distal end of the 5 mm incised root segment. 

Middle: auxin profile of the 1 mm root segment. Bottom: auxin profile in the 1 

mm root segment, when incision is combined with immersion of the segment in 

auxin. Immersion is modeled by allowing for a peripheral influx of auxin from all 

sides of the root segment. Note that the auxin accumulation pattern of the 1 mm 

root segment resembles, after 5 hrs auxin treatment, the pattern observed in the 

tip of the 5 mm segment without the auxin treatment. (F) Graph showing an in-

crease in auxin concentration in pericycle cell files due to auxin treatment. 
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Figure S3.14: AUX1 is auxin responsive. 

 

(A,C,E) water treated AUX1:YFP reporter lines show no alteration in AUX1 

membrane localization outside of the stele. (B,D,F) Ectopic membrane localized 

AUX1:YFP outside the stele is absent at (B) 30 min; present within (D) 120 min; 

and apparent within (F) 180 min of 10 µM IAA application. Panels (A,B) 30; 

(C,D) 120; and (E,F) 180 min after treatment. Epidermal*, cortical**, endoder-

mal***, and pericycle**** cell files are labeled. Scale bar: 100 µm. 
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Figure S3.15: J0951 induces pericycle expression in the DZ. 

 

(A) In a transactivation system, J0951:GAL4 drives UAS:GFP expression in 

the root cap and epidermal cell files in tissues between the root tip and distal DZ. 

(B) In mature root tissue J0951 is specific for pericycle cells. (C) Epidermal 

expression is reduced in the late DZ. Scale bars, 100 µm. 
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Figure S3.16: Auxin transport proteins regulate lateral root densities. 

 

Lateral root density (emerged lateral roots/cm) of vertically grown 12 d.p.g. 

plants for (A) single pin and aux1 mutants; (B) pin and aux1 mutant combina-

tions; and (C) pin2,3,7 triple mutant. Red bars represent plants with lateral root 

densities that are significantly different from wild type  based on a Student’s t-test 

(p<0.05). Error bars depict standard error of the mean (SEM). 
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Figure S3.17: Dissecting PIN function by simulations of mutants with lat-

eral, apical and basal PIN alterations. 

 

Here, we explore the effect of individually altering the apical, basal and lateral 

components of auxin permeability. The ‘up mutant’ has reduced apical PIN ex-

pression; the ‘down mutant’ has reduced basal PIN expression; the ‘lateral mu-

tant’ has reduced lateral PIN expression. Auxin profiles of DZ segments before 

and after bending of (A) wild type; (B) single mutants; (C) double mutants; and 

(D) triple mutant simulations. Full length simulated root shown for wild type  

(E) and triple mutant (F). The up-mutant shows a decreased tendency to accu-

mulate auxin on the outer side of the curve, while both down- and lateral- mu-

tants present an increased auxin bias at the bend. Double mutants are combina-

tions of the previous single mutants. A striking enhancement of the auxin re-

sponse to curving occurs for the ‘down-lateral’  mutant. The second most sensitive 

mutant towards curvature is the triple combination in which PIN expression is 

decreased in all directions (down, lateral, up), as might be predicted for pin2,3,7. 

PIN expres- sion was reduced by changing PeSPIN from 20 to 5 µm/s and PeW-

PIN from 5 to 2 µm/s for all cells except the columella cells, which were unal-

tered. At the same time, the boundary condition at the shoot end was modified 

such that the net downward auxin flux remained constant for all simulations. 

To simulate the mutants, apical, basal, and/or lateral PIN expression has been 

modified in the same way for each cell type, expect for the PIN expression in 

the columella cells, which was kept the same in all simulations. 
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Table S3.4: Cortical cell measurements. 
 Cortical cell measurements for roots that are curved due to 

graviresponse or manually curved (J-hooked). The radius of the curve is 

measured at the location of the measured cells. 
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Supporting Movies 

 

Movie S3.1: Increased auxin response precedes asymmetric division of the 

founder pericycle cells.   

DR5:vYFP root was gravitropically stimulated for 4 hrs, then placed horizontally 

and imaged every 10 min thereafter. Arrow indicates approximate height at 

which an endodermal cell shows increased auxin response prior to the strong in-

crease in founder cells. Root oriented such that the top of the frame is closest to 

the shoot, bottom to the root tip. 

 

Movie S3.2: AUX1:YFP levels increase in pericycle cells on the outside of a 

curve prior to asymmetric cell division.  

Root was gravitropically stimulated for 4 hrs prior to imaging; frames taken 10 

min apart. Root oriented such that the top of the frame is closest to the shoot, bot-

tom to the root tip. 

 

Movie S3.3: Simulation of AUX1 and auxin feedback, showing regulatory dy-

namics and auxin changes after root bending.  

Left panel, AUX1 expression levels indicated by color bar above. Right panel, 

auxin concentration levels, indicated through heatmap color bar above. Scale 

bar: 100 µm. Time after root bending is indicated. 

 

Movie S3.4: Control simulation of AUX1 and auxin feedback within a 

straight root, confirming stable regulatory dynamics in the absence of curva-

ture.  

Upper panel, AUX1 expression levels indicated by left color bar. Lower panel, 

auxin concentrations indicated by heatmap on the right. Scale bar:100 µm. Simu-

lation is started with a root devoid of auxin. Time after root bending is indicated. 

 

Movie S3.5: Simulation of AUX1 and auxin feedback, showing regulatory 

dynamics and auxin changes after root bending over the whole extension of 

the root.  

Down stream effects due to root curvature can be observed, that travel through the 

root in the distal direction. Left panel, AUX1 expression levels indicated by 

color bar above. Right panel, auxin concentration levels, indicated through heat-

133



map color bar above. Scale bar: 100 µm. Time after root bending is indicated. 

 

Movie S3.6: PIN7:GFP marker line showing a decrease in fluorescence in a 

region of the vasculature preceding the formation of a single lateral root 

primordium.  

Lateral root primordium forms on the shoot side of the region with decreased 

fluorescence (indicated by arrow); root is oriented such that the top of the frame 

is closest to the root tip. Root was gravitropically stimulated for 4 hrs prior to 

imaging; frames taken 10 min apart. Punctate fluorescence that accumulates over 

time, here seen especially in the cytoplasm of cortical and endodermal cells, was 

also observed when untransformed roots were imaged this way, and thus is not 

part of the GFP signal. 
 
 

movies are available at the PLoS Biology website: 

 

www.plosbiology.org 
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Abstract 

Whether the vastly different branching patterns of root and shoot systems  

in seed plants use distinct and independently evolved regulatory mechanisms 

has remained unknown. One common feature of root and shoot branches is 

that the inception of both is associated with local auxin activity maxima. 

Here we show that in Arabidopsis thaliana three transcriptional regulators, 

PLETHORA3 (PLT3), PLT5 and PLT7, are expressed in incipient organ   

primordia and specifically affect the spacing of successive lateral organs. In 

roots, their expression is regulated by the AUXIN RESPONSE FACTORs 

ARF7 and ARF19. In shoots, the PLT3,5,7 genes contribute to the regulation 

of primordium spacing by controlling the abundance of the PINFORMED1 

(PIN1) auxin transporter. Our data reveal that the different spacing patterns 

of shoot organs and lateral roots are controlled by an identical set of tran-

scription factors, which are connected to auxin distribution patterns both by    

regulation of their expression and by their effect on auxin transport.  

Introduction 

Paleobotanic evidence suggests that the earliest land plants possessed      

dichotomously branching stems and were rootless; more elaborate shoot     

branching patterns and roots are later innovations, the timeline of which is      

uncertain (Stewart, 1983). Common aspects of Devonian root and shoot        

structures have led to the hypothesis that roots originated from transformed 

shoots (Gensel and Edwards, 2001). In extant plants, both shoots and roots       

are elaborated from distal groups of pluripotent cells called meristems. However, 

the spatial relationship between meristems and the organ primordia those        

generate is strikingly different for roots and shoots. These differences underlie 

elaboration of the distinct final architectures of root and shoot systems in seed 

plants.   

Lateral roots arise from cells located outside the primary root meristem. In 

seed plants, new lateral root primordia (LRP) develop at a distance from the 

growing tip from files of pericycle cells surrounded by differentiated tissues 

(Dolan et al., 1993;Dubrovsky et al., 2000). The longitudinal spacing and left-
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right positioning of LRP is correlated with root curvature, while the radial      

spacing of LRP on the primary root axis is often correlated with the position of 

xylem poles in the vasculature (Parizot et al., 2008; Lucas et al., 2008; Torrey, 

1986; Fortin et al., 1989; De Smet et al., 2007; Laskowski et al., 2008; Casimiro 

et al., 2001). The establishment of LRP is associated with the appearance of     

local auxin response maxima, which in the primary root meristem function as 

organizers of stem cell activity and organ formation (Sabatini et al., 1999).      

Several lines of evidence indicate that local auxin accumulation plays an         

important role in the spatial regulation of root branching. First, auxin application 

overrides longitudinal and left-right LRP spacing cues in a variety of plant       

species and activates continuous files of pericycle cells (Blakely et al., 1988; 

Hinchee et al., 1992; Laskowski et al., 1995; Boerjan et al., 1995; Celenza et al., 

1995). Second, the activity of auxin influx and efflux carrier proteins belonging 

to the AUXIN RESISTANT 1/LIKE AUX1 (AUX/LAX) and PIN protein      

families, respectively, are needed for the positioning and outgrowth of LRPs 

(Laskowski et al., 2008; Marchant et al., 2002; Benkova et al., 2003; Swarup et 

al., 2008). Third, components of the auxin signaling and response machinery, 

including ARFs, are required for LRP initiation (Rogg et al., 2001; Liscum and 

Reed, 2002; Fukaki et al., 2002; Okushima et al., 2005; Wilmoth et al., 2005).  

Shoot lateral organs (such as leaves) originate from cells within the shoot 

apical meristem (SAM). In the SAM, the central zone (CZ) contains a set of    

stem cells. These replenish the surrounding peripheral zone (PZ) where organs 

are generated. Each leaf subtends a lateral meristem, which may form an indeter-

minate new growth axis (a branch), or in the case of a floral bract, a determinate 

flower. The arrangement of leaves on the pre-existing axis, called phyllotaxis, 

shows distinct regularities which may change between species, at different    

stages of the life cycle, or under different environmental conditions (Kuhlemeier, 

2007). A substantial body of evidence has implicated the formation of auxin 

transport convergence points in the shoot, associated with auxin maxima, as a 

critical mechanism in phyllotaxis (Reinhardt et al., 2003; Benkova et al., 2003; 

Heisler et al., 2005; de Reuille et al., 2006; Jönsson et al., 2006). Proteins that 

mediate auxin efflux and influx are important for this process (Okada et al., 1991; 

Galweiler et al., 1998; Wisniewska et al., 2006; Blakeslee et al., 2007; Bain-

bridge et al., 2008). In shoot apices, the auxin  efflux carrier PIN1 is required   
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for organ initiation and its polar localization predicts paths of auxin transport    

and the appearance of auxin activity maxima at convergence points (Galweiler et 

al., 1998; Reinhardt et al., 2000; Benkova et al., 2003; Reinhardt et al., 2003). 

Computer models that assume feedback between such auxin maxima and the  

activity of PIN1 indicate that auxin depletion from tissue surrounding new shoot 

primordia can contribute to organ spacing through lateral inhibition (Smith et   

al., 2006; Jönsson et al., 2006).  

Current descriptions of gene networks involved in root and shoot initiation 

mostly emphasize different gene sets (Jiang et al., 2005; Scheres and Lipka, 

2007; Stahl et al., 2010). One intriguing exception is that stem cell organization 

in Arabidopsis root and shoot meristems is controlled by the WUS and WOX5 

homeobox genes, respectively, ancient duplications that are still interchangeable 

(Sarkar et al., 2007). However, this similarity in stem cell maintenance factors in 

roots and shoots does not clarify whether mechanisms that control organ spacing 

are also shared. Here we provide evidence that lateral root and shoot organ      

positioning, despite large evolutionary separation and topological differences, 

involve the same PLETHORA (PLT) transcription factor module that is linked to 

auxin responses in roots and to polar auxin transport in shoots.  

Results 

PLT3, PLT5 and PLT7 control root branching 

PLT-like genes belong to the euANT subclass of the AP2/ERF family of 

transcription factors, that is separated in two well-supported clades (Fig. S4.1 a; 

Kim et al., 2006). The ANT clade includes the AINTEGUMENTA gene that    

regulates lateral floral organ outgrowth, while the PLT clade contains six PLT-

like genes, involved in embryogenesis, floral organ growth, and root stem cell 

maintenance (Aida et al., 2004; Galinha et al., 2007; Elliott et al., 1996; Krizek et 

al., 2009; Nole-Wilson et al., 2005). In previous phylogenetic analyses, the PLT-

like genes from monocots and eudicots formed separate subclades (Kim et al., 

2006; Floyd and Bowman, 2007). We added more amino-acid positions and     

species to the euANT alignment and found that the PLT clade includes exclu-

sively eudicot clusters (PLT1/2, PLT3/7), but the PLT5 cluster encompasses 

monocots and eudicots (Fig. S4.1 a). These results indicate that at least PLT5 was 
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already present in the ancestor of monocots and eudicots.   

We observed expression of PLT5 and PLT7, as well as PLT3, in stage 1 

LRP, preceding the onset of PLT1, PLT2 and PLT4 expression (Fig. 4.1 a-c and 

data not shown). The earliest PLT3 and PLT7 expression overlapped with PLT5 

expression in pericycle cells and predicted the site of primordium inception     

before the first founder cell division PLT5 was also expressed in vascular cells 

correlating with root curvature, with increased levels on the outside of curves 

(Fig. 4.1 a and data not shown). 

The conspicuous correlation of PLT3, PLT5 and PLT7 expression patterns 

with lateral root initiation prompted us to study their potential roles in root 

branching using T-DNA insertion mutants (Fig. S4.1 b). plt single and plt3plt5 

double mutant roots resembled wild type, but plt3plt7 and, with increasing      

severity, plt3plt5plt7 roots had reduced numbers of lateral roots when counting 

those emerged from the main root, which all displayed aberrant primordium    

development (Fig. S4.2). However, when both emerged plus developing LRP 

were counted, total lateral root densities were significantly higher in plt3plt7 and 

plt3plt5plt7 than wild type (Fig. S4.2 c-f). None of the mutant combinations   

revealed defects in primary root growth (Fig. S4.2 b). 

Successive LRPs in plt3plt5, plt3plt7 and plt3plt5plt7 mutants were         

frequently closely grouped and could be described by defining two cluster types. 

In longitudinal clusters, successive LRP were located within 400 mm on the  

same pericycle cell file (Fig. 4.1 e). Radial clusters comprised LRP within this 

distance on opposite pericycle cell files (Fig. 4.1 d,f). Longitudinally clustered 

LRP increased in frequency from wild type to plt3plt5 to plt3plt7 and were most 

frequent in plt3plt5plt7 mutants (Fig. 4.1 g). The distance between successive 

primordia decreased in this series, culminating with near-adjacent individual    

primordia (Fig. 4.1 g). Radial clusters were not observed in wild-type roots 

(0/278), but increased in frequency from plt3plt5 to plt3plt7 to plt3plt5plt7 roots 

(Fig. 4.1 g). All observed longitudinal or radial clusters contained primordia at 

similar stages, indicating that clustered LRPs initiated near-simultaneously 

(Fig.S4.2 g), and primordia developed acropetally and never formed between two 

existing primordia (data not shown). 
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Figure 4.1. PLT genes regulate root branching.  
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(a-c) Confocal images of LRP expressing the indicated transcriptional              
PLT fusions. (a) pPLT5::venusYFP (nuclear localized green signal), (b) 
pPLT5::venusYFP (nuclear localized green signal) and pPLT3::erCFP 
(endoplasmic reticulum (ER)-localized blue signal), (c) pPLT7::erCFP (ER-
localized blue signal) expression overlaps within incipient LRP. (d) Wild-type 
and plt3plt7 root systems 10 d.p.g.; white asterisks indicate LRP. Insets: confocal 
images of LRP at the indicated positions along the primary root axis. Note        
two primordia opposite to one another in plt3plt7 (middle inset). (e-f) Branching 
sites in plt3plt7 primary roots, showing longitudinal (e) and radial (f) LRP clus-
ters. (g) Clustering events sorted by inter-organ distances in 20 roots of the          
indicated genotypes. Non-boxed bars indicate longitudinal clusters and boxed 
bars radial clusters. v; vasculature, *; pericycle, e; endodermis, C; cortex, E;    
epidermis, white arrows; incipient LRP. Red signal; propidium iodide. Green sig-
nal in (d), (e) and (f); PIN3-GFP, which marks vasculature, xylem, and LRP. 
Scale bars: 100 µm. 

Together, our data indicate that PLT3, PLT5 and PLT7 are expressed in  

pericycle cells prior to the first LRP founder cell division, and that these        

genes redundantly control root branching by locally restricting the number          

of LRP that form simultaneously.  

PLT3, PLT5 and PLT7 control phyllotaxis 

In addition to LRP, PLT3, PLT5 and PLT7 are expressed in shoot tissues, 

including distinct but overlapping domains of the SAM (Fig. 4.2 a-c, and Fig. 

S4.3 a, b, Nole-Wilson et al., 2005). PLT5 expression was largely uniform within 

the CZ and PZ (Fig. 4.2 a, and Fig. S4.3 a). PLT3 was expressed in the CZ and 

expression was elevated at the onset of primordium inception (Fig. 4.2 b). PLT7 

expression mostly marked the SAM centre (Fig. 4.2 c and Fig. S4.3 b). All three 

PLT genes were expressed in epidermal and subepidermal layers of the SAM 

(Fig. 4.2 a-c). 

Although PLT3 contributes to floral organ development, the function of   

PLT genes at the SAM has remained unknown (Krizek, 2009). To reveal such a 

role for PLTs we studied shoot development in plt3plt5plt7 triple mutants. In 

shoots of wild-type seedlings, the first two leaves emerge in opposite positions 

and subsequent leaves arise in a spiral pattern (Fig. 4.2 d). Strikingly, triple 

plt3plt5plt7 mutants delayed their phyllotactic transition at the early rosette  
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Figure 4.2. PLT genes control phyllotaxis.  
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(a-c) Confocal images of wild-type IMs expressing the indicated translational 
PLT fusions. (a) pPLT5::PLT5venusYFP, (b) pPLT3::PLT3venusYFP, (c) 
pPLT7::PLT7venusYFP. Dotted lines in (a), (b) and (c) denote orientation of the 
longitudinal optical projections shown in lower panels. (d-e) Rosettes of (d) wild 
type, with spiral phyllotaxis, and (e) plt3plt5plt7 with decussate phyllotaxis. (f-h) 
Phyllotaxis patterns in inflorescences of (f) wild type and (g-h) plt3plt5plt7.    
Insets: top views of dissected inflorescences displaying silique divergence angle. 
(g) Subsequent siliques diverge 180° (h) Each individual silique is positioned 
perpendicular to the previous silique .(i-k) SEM images of IMs. (i) Wild-type IM 
showing counter-clockwise spiral  phyllotaxis. plt3plt5plt7 IMs with opposite (j), 
and perpendicular (k) primordia. (l) Silique divergence angle distribution in inflo-
rescences of wild type, plt3plt5plt7 and fas2-4. Angles between successive 
siliques were measured in the clockwise direction using a 360° protractor, and 
classified into 16 classes of 22.5°. The "golden angle" of 137.5° falls into the 
135° category if the spiral turns clockwise or 225° if counter-clockwise. Number 
of angles per population: 480. (m) Distribution of patterns in successive silique 
divergence angles from the measurements in (l). For each angle class on the X-
axis, the occurrence of each class in the following internode, plotted on the Y-
axis, is represented by colour intensity. In wild-type plants, consecutive 135° or 
225° predominate. In plt3plt5plt7 the predominant pattern is consecutive 180°    
angles, whereas no obvious pattern emerges from fas2-4. Scale bars: (d-e) 0.5 
cm , (k-n) 50 µm.  

stage from opposite (decussate) to spiral for 2 to 3 leaf pairs (Fig. 4.2 e, Fig. S4.4 

a). Although meristem size across the base was slightly reduced in the mutant    

the meristem marker SHOOT MERISTEMLESS was expressed as in wild type 

(Fig. S4.4 b and c, Long et al., 1996). Individual mutant alleles for PLT3, PLT5 

and PLT7 did not cause any apparent shoot phenotype, but the opposite pattern 

was maintained in the third and fourth leaves of ~15% of plt3plt5, ~30% of 

plt3plt7 and ~60% of plt3plt5plt7. Of the opposing leaves 3 and 4 in the 

plt3plt5plt7 triple mutant, ~80% were equal in size, suggesting their similar    

developmental age. Later arising rosette leaves reverted to spiral phyllotaxis (data 

not shown). 

The spiral pattern of phyllotaxis in the Arabidopsis rosette is maintained 

through the floral transition, after which flowers are positioned along the          

inflorescence stem with successive flowers diverging from each other by an angle 

approximating 137.5˚ (Fig. 4.2 f), the so-called 'golden angle'. In plt3plt5plt7  

mutant inflorescences we observed a clear departure from spiral patterns of phyl-

lotaxis involving the ‘golden angle’. A prominent pattern revealed successive 

oppositely positioned flowers diverging by 180˚; these flowers were either       
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positioned very close to each other or separated along the inflorescence stem 

(Fig. 4.2 g). Another pattern yielded successive flowers diverging by approxi-

mately 90˚ (Fig. 4.2 h). As these defects could be a result of altered post-          

initiation growth we estimated the divergence angle of successive flower          

primordia initiating at the inflorescence meristem (IM) by electron microscopy 

and observed similar divergence angles of about 90’ and 180’ at the IM and in        

mature inflorescences (Fig. 4.2 i-k). Similarly sized opposing incipient primordia 

were also evident in confocal projections of mutant meristems (Fig. 4.4 k,l). We 

concluded that PLT3,5 and 7 control the positioning of shoot lateral organs at   

the primordium stage. 

Quantification of our data suggested that the changes in phyllotaxis in 

plt3plt5plt7 mutants were highly non-random. The triple mutant revealed two 

new preferred divergence angles, 90˚ and 180˚, that were not evident in the wild 

type, nor in a fasciata2 (fas2) mutant line that is thought to display random    

phyllotaxis (Fig. 4.2 l)(Leyser et al., 1992). To further analyse the non-

randomness of the phyllotactic patterns in plt3plt5plt7 inflorescences, we      

compared the correlations between two successive divergence angles in wild 

type, fas2, and plt3plt5plt7. These data revealed a specific tendency of 

plt3plt5plt7 mutant to divert from the ‘golden angle’ to 90˚ and 180˚ divergence 

angles (Fig. 4.2 m), indicating that PLT3, PLT5 and PLT7 restrain transitions  

between specific phyllotactic patterns. 

Auxin response regulates PLT3, PLT5 and PLT7 expression in LRP 

Previously, we have shown that embryonic PLT1 and PLT2 expression    

depends on the redundant action of ARF5/MP and ARF7/NPH4 (Aida et al., 

2004). Given the correlation between PLT3,5,7 expression and auxin response 

patterns we asked whether auxin might regulate expression of these genes to con-

trol root branching. We focused our analysis on LRP formation because the role 

of several ARFs has been well defined in this process (Okushima et al., 2005; 

Wilmoth et al., 2005). PLT transcripts were enriched in roots six hours after a 

pulse of auxin application (Fig. 4.3a). Moreover, reporter genes for PLT3,5 and 7 

became active throughout xylem-associated pericycle cell files between 6 and 8 

hours of auxin treatment, before LRP-founding cell divisions occurred (Fig. 4.3 

b,c and Fig. S4.5). Together, our data indicate that PLT3,5 and 7 expression at 

root branching sites is regulated by auxin. 
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Figure 4.3. PLT genes are auxin-responsive in LRP and act downstream of 
AUX/IAA - ARF genes. 
 
(a) PLT transcript levels as determined by quantitative RT-PCR in wild-type and 
arf7arf19 roots 6 and 8hrs after a 10 µM IAA pulse. (b-c) Expression of 
pPLT3::eCFP (blue signal) in (b) wild-type mock-treated roots (8 hrs), (c) wild-
type 10 µM IAA-treated roots (8 hrs). (d-e) Expression of pPLT7::eCFP (blue 
signal) reporter in (d) wt and (e) slr-d roots after 10 µM IAA-treatment (20 hrs). 
(f) Roots of arf7arf19 (left) and wild type (right) 10 d.p.g. Wild-type but not   
arf7arf19 roots show many LRP expressing pPLT3::eCFP (white signal) Insets: 
corresponding root tips expressing pPLT3::eCFP. v; vasculature, *; pericycle, e; 
endodermis, C; cortex, E; epidermis. Scale Bars in (d-e): 100 µm. 
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LRP induction requires auxin-dependent proteasome-mediated degradation 

of IAA14/SLR, which represses the activity of LRP-promoting transcription fac-

tors including ARF7 and ARF19 (Liscum and Reed, 2002; Fukaki et al., 2002). 

Plants that express stabilized iaa14/slr-d or double arf7arf19 mutants are  

blocked in the earliest stages of LRP initiation (Fukaki et al., 2002; Okushima et 

al., 2005; Wilmoth et al., 2005). Prolonged auxin treatment (20 hours) activated 

PLT3 and PLT7 expression throughout the xylem-associated pericycle cell files 

in wild type, but not in the slr-d mutant (Fig. 4.3 d,e and data not shown). Some 

PLT3 and PLT7 activation was observed in the mature root region (data not 

shown), where ‘escape’ LRP have been observed upon prolonged auxin treatment 

of slr-d (Aida et al., 2004, Fukaki et al., 2002). In line with a role for SLR in PLT 

regulation, arf7arf19 double mutants also failed to induce PLT3, PLT5 and PLT7 

after auxin treatment (Fig. 4.3 a). Moreover, wild-type roots showed PLT3      

reporter expression in root tips and LRP whereas arf7arf19  mutants had         

expression only in the root tip (Fig. 4.3 f). Together, our analyses indicate that 

PLT3, PLT5 and PLT7 are downstream components in SLR- ARF7/ARF19-

mediated lateral root initiation.  

Regulation of PIN1 abundance by PLT3, PLT5 and PLT7 contributes to 

phyllotaxis  

In the SAM, polar auxin transport is a major effector of phyllotaxis (Okada 

et al., 1991). We therefore investigated the possibility that PLTs in the SAM 

regulate phyllotaxis through this process, using pharmacological and genetic   

approaches. First, we found that polar auxin efflux inhibitor N-1-naphthylphthal-

amic acid (NPA) application mimicked the rosette leaf phenotype observed in 

plt3plt5plt7 mutants (Fig. 4.4 a, b and Fig. S4.6). Encouraged by this result, we 

treated weak plt mutant combinations (plt3plt5 and plt3plt7) with low concentra-

tions of NPA and monitored the sensitivity by which these mutants reveal     

phyllotactic changes. Notably, 0.5 or 1.0 μM of NPA did not evoke organ posi-

tioning defects in wild-type inflorescences but ~ 30% of wild-type seedlings 

treated with 0.5 μM NPA switched from spiral to decussate leaf initiation patterns 

(Fig. 4.4 c-e ). The frequency of decussate leaves was enhanced in plt3plt5 and 

plt3plt7 up to 80% upon application of 0.5 μM NPA (Fig. 4.4 m). Furthermore, 

paired flowers appeared in these NPA treated plt mutant combinations but never 

in wild type (Fig. 4.4 e,f). Moreover, application of 1.0 μM NPA promoted the 
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emergence of pin1-like inflorescences in plt3plt5 and plt3plt7 mutants without 

affecting wild-type inflorescences (Fig. 4.4 g). Notably, reduction of PIN1 gene 

dosage in plt3plt5pin1/+ or plt3plt7pin1/+ plants also enhanced phyllotactic   

defects such as the near-simultaneous production of flowers from the same node 

(Fig. 4.4 h,i).  

Our results suggested that PLT genes could regulate PIN1 activity in          

the shoot, therefore we analyzed PIN1:GFP localization in the SAM of 

plt3plt5plt7 mutants. We observed that, rather than forming discrete foci of high 

expression  at incipient primordia as in wild type, PIN1:GFP accumulated in a 

more diffuse ring throughout the PZ of plt3plt5plt7 mutant SAMs with more    

limited induction in incipient primordia (Fig. 4.4 j-l and data not shown). We 

concluded that the corresponding PLT proteins are required for increasing      

PIN1 levels at shoot lateral organ primordia under circumstances where a base 

level of PIN1 expression is sufficient to drive organ initiation. Furthermore, 

PLT5-GR (PLT5 fused to the rat glucocorticoid receptor (Aoyama et al., 1997) 

induction elevated PIN1 transcripts within 4 hours (Fig. 4.4 n) suggesting that 

PIN1 is regulated by PLTs at least in part at the transcriptional level. 

If lowering PIN1 levels were a contributing factor to phyllotactic             

perturbations in plt mutant combinations, PIN1 reduction itself should be        

sufficient to deregulate the phyllotactic pattern. Such an effect might be      

masked by the fusion and outgrowth defects of hitherto described pin1 mutants 

(Okada et al., 1991; Galweiler et al., 1998). To investigate further a possible    

role for PIN1 dosage in control of phyllotaxis we reduced PIN1 expression via 

RNA interference (RNAi). Strikingly, moderately affected PIN1-RNAi (pin1-i) 

plants displayed precise switches from spiral to opposite or decussate phyllotaxis 

in the rosette (Fig. 4.4 o and Fig. S4.6 a, b). 

Conversely, if PLT3,5 and7 regulate phyllotaxis mainly through PIN1 levels, 

then restoring strong PIN1 expression to sites of organ initiation in plt3plt5plt7 

mutants should alleviate the requirement for PLT activity and shift phyllotaxis 

towards the wild-type pattern. We tested this hypothesis by driving PIN1-GFP 

from the ANT promoter, which is expressed in incipient primordia in a PIN1-

independent manner (Elliott et al., 1996; Kuhlemeier and Reinhardt, 2001).  
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Figure 4.4. PLT genes and polar auxin transport synergistically regulate 
shoot lateral organ positioning. 
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(a-b) Wild-type plants grown in the (a) absence or (b) presence of 5 μΜ NPA; 
arrows denote leaves 5 and 6 with arrow length corresponding to leaf length. In 
(b) these leaves are similar in size and overlie leaves 1 and 2, demonstrating    
decussate phyllotaxis. (c-d) Plants grown in the presence of 0.5 μΜ NPA; (c) 
wild type showing spiral and (d) plt3plt5 mutant showing decussate phyllotaxis. 
(e-f) Inflorescences of (e) wild-type and (f) plt3plt5 plants grown with 0.5 µM 
NPA, showing paired siliques in (f). (g) SEM image of a partially naked           
inflorescence of a plt3plt7 plant grown with 1µM NPA. Arrowheads indicate   
floral primordia arising oppositely. (h) plt3plt5pin1+/- inflorescence showing  
two and three siliques at the same node; (i) SEM image of the lower node in (h). 
(j-l) Confocal projections showing PIN1-GFP localization in (j) wild-type and 
(k,l) plt3plt5plt7 IMs; arrowheads indicate positions of incipient primordia.      
(m) Quantification of the percentage of wild-type and plt seedlings with           
oppositely positioned second leaf pairs. Error bars represent standard error       
from three independent experiments. (n) PIN1 expression level after PLT5       
induction, measured by quantitative PCR. (o) pin1i plant showing decussate    
phyllotaxis similar to (b). (p) Distribution of divergence angles between          
successive siliques from wild-type (n = 164), plt3plt5plt7 (n=154), pANT::PIN1-
GFP; plt3plt5plt7 (n=134) inflorescences.  
 

Indeed, pANT::PIN1-GFP;plt3plt5plt7 plants showed reduced frequency of oppo-

sitely-positioned second leaf pairs (26/144 in pANT::PIN1-GFP;plt3plt5plt7     

versus 79/151 in plt3plt5plt7 mutants). In addition, introduction of pANT::PIN1-

GFP into plt3plt5plt7 increased the percentage of successive flowers approximat-

ing the golden angle and suppressed the enrichment of the 90˚ and 180˚ angles 

characteristic of plt3plt5plt7, although a broad range of additional angles was 

also observed (Fig. 4.4 p). Together, our data show that PLT-mediated PIN1 

regulation couples PLT activity in the SAM to auxin transport and indicate that 

this is an important regulatory mechanism controlling  phyllotaxis. 

Discussion 

Our data reveal that the positioning of both root and shoot primordia,  

important for branching patterns and plant architecture, is controlled in         

Arabidopsis by the joint action of three redundant PLT transcription factors of 

which only PLT5 was present prior to the separation of monocots and eudicots. 

Paleobotanical evidence indicates that land plants evolved as simple dichoto-

mously-branching stem structures prior to the emergence of new lateral      

branching mechanisms. Roots likely evolved from shoots multiple times during 

evolution, but the timing of these inventions with respect to branching mecha-
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nisms remains unclear (Friedman et al., 2004; Kenrick, 1997). We speculate that 

an ancestral PLT5 ortholog served as a branching regulator in early land plants 

without roots of which contemporary orthologs operate in shoots and roots.  

Even if an ancestral PLT gene underlies both root and shoot branching 

mechanisms, PLT regulators could have diverged considerably over the ~300 

Myr time scale in which roots and shoots evolved separately. Such a divergence 

may have contributed to the conspicuous differences between root and shoot   

architecture. With different additional inputs, PLT-based regulatory systems 

could have evolved to create a variety of spatial patterns where stem cells        

and organs are laid out in space in root and shoot contexts. Of first and foremost 

importance for such patterning systems seems that the PLT branching module  

can operate both downstream of auxin responses and upstream of auxin transport 

regulation. In the root, oscillating responses, but also curvature and stress signals, 

have been proposed to influence primordium spacing (De Smet et al., 2007; Las-

kowski et al., 2008; Ditengou et al., 2008; Moreno et al., 2010). In the SAM, 

auxin accumulation points appear to play a pivotal role in this process, but      

additional inputs into phyllotaxis have been identified, for example cytokinin  

signaling (Smith et al., 2006; Jönsson et al., 2006; de Reuille et al., 2006; Giulini 

et al., 2004). It can be conceived that the PLT genes have evolved to adapt to 

these different inputs, for example by acquiring root- and shoot-specific cis-

regulatory regions that specify regulation in both contexts. In this context, it   

may be understood why the PLT3/PLT7 genes were recruited as redundant      

factors in Arabidopsis root and shoot branching. There is a high degree of     

functional overlap between PLT1-4, and the redundant nature of PLT3, 5 and 7 

suggests further overlap in protein function (Galinha et al, 2007). Therefore, the 

choice for PLT3/ 7 proteins as branching regulators does not seem to be          

obligate. On the contrary, the first branching event in the Arabidopsis embryo 

positions the cotyledons and is under the control of PLT5 in combination         

with two other members of the PLT clade (K.P. and B.S., data not shown). It      

is thus conceivable that the PLT3/PLT7 genes provide the proper regulatory in-

puts for the root and shoot branching process.  

In addition to opening a window for research on the evolution of root and 

shoot branching, our data also provide new clues for the regulatory mechanisms 

underlying phyllotaxis. The difficulty to identify regulators of phyllotaxis has 
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been well-noted (Kuhlemeier and Reinhardt, 2001). The redundancy in the PLT 

transcription factor clade clarifies why such genes have not been identified by 

conventional mutant screens. Furthermore, we show here that lowering PIN1 

RNA level is sufficient to change phyllotaxis in Arabidopsis, consistent with   

earlier experiments in other plant species reporting phyllotactic switches upon 

inhibition of polar auxin transport (Schwabe, 1971; Meicenheimer, 1981; Lee et 

al., 2009).  

Our data indicate that transcriptional control of PIN1 by PLT proteins    

in incipient primordia is one critical mechanism for control of phyllotaxis.       

We note that this is not the only mechanism that nature could exploit to control 

organ inception patterns in the shoot. Elegant work has shown that mutations 

changing the size of the central and peripheral zone can also alter organ            

initiation patterns (Leyser et al., 1992; Jackson et al., 1999). We note that some 

of the phyllotactic alterations observed in plt mutants may reflect PIN1-

independent PLT functions which influence meristem size through stem cell 

regulatory roles of PLT genes. Finally, post-meristematic growth and altered  

meristem size may influence the separation of two oppositely positioned         

primordia along the stem. Nonetheless, regular changes in phyllotaxis are        

observed in plt mutants suggesting that alterations in activity of redundant PLT 

proteins can elicit phyllotactic transitions resembling those seen in nature. It    

will be exciting to investigate whether evolutionary tinkering with these regula-

tors contributed to the striking natural diversity of organ arrangements seen in 

vascular plants.  
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Methods summary 

Plant materials and constructs: 

The plt3-1 was described in (Galinha et al., 2007). plt5-2 is Salk T-DNA 

insertion line SALK-059254.54.50, plt7 is SAIL-1167-C10 T-DNA insertion 

line. Seeds were provided by the Signal Insertion Mutant Library (http://

signal.salk.edu/) Further information on the locations of insertions is provided    

in Supplementary Fig. 4.1b). plt5-2 or plt7 was crossed to plt3-1 to generate plt3-

1plt5-2 and plt3-1plt7 double mutants. The plt3-1plt5-2plt7 triple mutant was 

generated by crossing double mutants sharing the plt3-1 allele. plt3-1plt7plt5-2+/

- allelic combination selected from F2 populations were self-pollinated to obtain 

the plt3-1plt5-2plt7 triple mutant. pin1i was generated by transforming wild type 

with a construct containing a double stranded hairpin loop corresponding to 

PIN1, driven by the 35S promoter (Supplementary Table 4.1). Promoter and       

genomic sequences were amplified from Col-0 genomic DNA using the       

primer combinations listed in Supplementary Table 4.1. pPLT5::gPLT5-GUS, 

pPLT7::gPLT7-GUS, pPLT3::gPLT3-VENUS, pPLT5::gPLT5-VENUS or 

pPLT7::gPLT7-VENUS constructs contain 5' upstream regions, the entire coding 

region including introns, up to the final codon which is fused in translational 

frame with uidA or VENUS (primers for amplified regions are described in     

Supplementary Table 4.2). For the inducible 35S::PLT5-GR constructs, PLT5 

genomic sequence was fused to the carboxy-terminus of the gene encoding the rat 

glucocorticoid (GR) receptor (Aoyama et al., 1997) and placed under the control 

of the 35S promoter. These constructs were generated in a pGreenII (Galinha et 

al., 2007) or in a modified pCAMBIA1300 vector. Transgenic plants were gener-

ated by transforming Col-0 wild type. PIN and AUX1 protein fusions as          

described in (Laskowski et al., 2008).  

Phenotype analysis and microscopy: 

Light microscopy and confocal microscopy of roots were performed as 

described previously (Blilou et al., 2005). Fluorescence levels were determined 

using Zeiss LSM Pascal (3.2SP2) software. For scanning electron microscopy 

plant samples were fixed in 1% gluteraldehyde, dried, sputter coated and viewed 

in XL30 scanning electron microscope equipped with a field emission gun (FEI 

Company, the Netherlands). Top view of successive siliques was captured and 
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divergence angle between two successive siliques or primordium was measured 

using ImageJ (v.1.6 or 2.0).  

In situ hybridization: 

RNA in situ hybridization was performed as described previously (Blilou 

et al., 2005). The riboprobe, was prepared from templates amplified from com-

plementary DNA (for primers, see Supplementary Table 4.1). The STM probe is 

described in (Blilou et al., 2005; Long et al., 1996). 

Polar auxin transport inhibition: 

In auxin transport inhibition experiments, MS medium (0.5× Murashige 

and Skoog (MS) salt mixture, 1% sucrose, and 0.5 g/l 2-(N-morpholino) ethane-

sulfonic acid (MES) pH 5.8, 0.8% agar) was supplemented with 0.5, 1 μM, or 5 

μM NPA (Duchefa), dissolved first in dimethylsulfoxide (DMSO). Seeds were 

germinated on plates containing the medium and analyzed for leaf phyllotaxis 

and for naked inflorescences. For subsequent analysis plants were transferred 

onto soil (supplemented with NPA) upon bolting. Mock treatment was carried out 

using the same media supplemented with an equal volume of DMSO. Plates were 

grown in long day conditions.  

Dexamethasone inductions 

For DEX (Sigma) treatment, 35S::PLT5-GR seedlings were grown on 

MS medium up to the stage of inflorescence emergence. Subsequently, plants 

were transferred to MS medium supplemented with 20 μM DEX. Additionally, 

roots were flooded with liquid MS supplemented with 20 μM DEX. DEX treat-

ment was carried out overnight. Inflorescence apices were fixed for SEM analy-

ses or plants were transferred to soil for post-meristematic growth analysis. Mock 

treatment was carried out using the same media supplemented with an equal vol-

ume of ethanol, the solvent for DEX. 

IAA applications 

For IAA treatment, whole seedlings were submerged in 10 μM IAA solu-

tion or mock treatment using water. 
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Quantification of silique divergence angles: 

Angles between successive siliques were estimated using a 360˚protrac-

tor divided into 16 categories of 22.5˚ each, with 0˚ the midpoint of category 1. 

Mature inflorescences were mounted into a hole at the center of the protractor. 

The pedicel of first silique was aligned with the 0˚ point, the stem held straight 

and the angle to the second silique measured. The second silique was then 

aligned to 0˚ for the subsequent measurement, and so on. The first 11 siliques per 

inflorescence were used to generate 10 internodal angles. Relationships between 

subsequent angles gave 9 data points per inflorescence, which were plotted as 

heatmaps using MultiExperiment Viewer (MeV) with the same software parame-

ters for each plot. 

Reverse transcription and real-time PCR: 

cDNAs primered by oligodT were synthesized using SuperscriptIII 

(Invitrogen, USA). 25 ng cDNA was used in quantitative PCRs (qPCR) with 

100nM of gene-specific primers and DyNAmo™ SYBR® Green (Finnzymes, 

Finland) in an ABI Prism 7000 system.  
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Supplementary Figure 4.1. 

 

(a) Maximum likelihood phylogenetic tree of the euANT family (237positions), 

inferred with RAxML and the WAG substitution model with gamma rate distri-

bution. The numbers at the nodes indicate bootstrap support calculated by 

RAxML bootstrapping using 100 replicates. Only bootstrap values over 45% are 

indicated. Four basalANT sequences were used as outgroups. (b) Location of      

T-DNA insertion sites in plt5-1 (GABI 758B03), plt5-2 (SALK_059254) and    

plt7-1 (SAIL_1167_C10) alleles. PLT5: At5g57390 and PLT7: At5g65510. 
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Supplementary Figure 4.2 Root system of wild type and plt mutant combina-

tions. 

 

(a) From left to right: wild type, plt3plt5, plt3plt7 and plt3plt5plt7 at 10 days post 

germination (d.p.g.). (b and c) data from 2 independent experiments. (b) Primary 

root length in cm. (c) emerged and total (emerged plus developing LRP) lateral 

root density n>25 for each genotype and experiment. (d,- f) Representative mor-

phology of emerged lateral root of (d) wild type, (e) plt3plt7 and (f) plt3plt5plt7. 

(g) Developmental distributions of clustered LRP per genotype. The developmen-
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tal stage of the primordia  at the root and shoot site are plotted. Black and red 

numbers depict longitudinal and radial clustering events, respectively. 1; stage 1, 

2; stage 2, 3 to 5; stage 3 till 5. Stages are according to Malamy and Benfey 

(1995). Here we chose to group stage 3 till 5 because the developmental defects 

of the LRP does not allow for unambiguous stage classification. R.S. root site 

primordium, S.S. shoot site primordium. Error bars in C and D: standard devia-

tion. Scale bar; 50 µM. 

 

 

Supplementary Figure 4.3. PLT5 and PLT7 accumulate in the vegetative 

SAM.  

Longitudinal medial sections of vegetative (12 d.p.g.) shoot apices showing GUS 

accumulation in (a) pPLT5::gPLT5-GUS and (b) pPLT7::gPLT7-GUS. Bars: 50 

µM. 
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Supplementary Figure 4.4 PLT5 and PLT7 expression is auxin responsive.   

 

Wild type roots that were submerged for eight hours in (a-c) water and (b-d) 10 

µM IAA solution. (a,b) pPLT5:: eCFP and (c,d) pPLT7:: eCFP (blue signal).  

Red signal: propidium iodide. Scale bar: 100 µM.   
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Supplementary Figure 4.5: plt mutations affect seedling phyllotaxis with a 

modest effect on SAM size. 

 

(a) Prevalence of opposite phyllotaxis in plt3plt5plt7 mutants. (b) Measurements 

of vegetative SAM of plt3plt5plt7 (c) In-situ hybridization using a STM probe 

showing no change in STM expression. Bars: 50 µM. 
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Supplementary Figure  4.6. Decrease in PIN1 RNA levels and NPA applica-
tion result in decussate phyllotaxis  
 
(a) Divergence angle of successive leaf primordia or leaf pairs in wild-type and 
PIN1 RNAi plants growing on MS medium and wild-type grown on MS supple-
mented with 5 μΜ NPA. The average divergence angle was measured in 10 rep-
resentative sections of tolouidine blue-stained sections of shoot apices. Error bars 
represent SE of the mean. (b) Relative expression levels of endogenous PIN1 in 
wild-type and PIN1 RNAi plants. Error bars represent SE from three independent 
experiments. (c-d) Toluidine blue stained sections of the shoot apex in plants 
grown on (c) MS and (d) MS supplemented with 5μΜ NPA. Numbers represent 
leaf plastochron number, with number 1 representing the youngest leaf. Asterisks 
depict meristems. (e-f) SEM of developing wild-type leaves, grown on (e) MS 
and (f) MS supplemented with 5 μΜ NPA. Note that, in the presence of NPA, 
two developing leaves with similar sizes can be observed close to the SAM. (g) 
NPA dosage effect on phyllotaxis. The y-axis shows % number of plants scored 
as showing decussate phyllotaxis when four leaves had initiated. (n≥20). Error 
bars represent standard error of a proportion. Scale bars: (a-b) 1 cm, (c-d) 50 μΜ 
and (e-f) 100 μΜ. 
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Tabel S4.1 Primer list. 
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Chapter 5 

Summarizing Discussion 

In this thesis we investigated mechanisms that control Arabidopsis      

development and architecture, focusing on polar auxin transport and PLETHORA 

(PLT) gene action. A vast body of research implicates auxin in organ               

positioning, initiation and growth and the regulation of cell fate (Davies,      

1995). We previously linked auxin responses within the embryonic root pole      

to PLT1 and PLT2 gene-action, which are redundantly required for embryonic 

stem cell niche formation and root meristem maintenance (Aida et al., 2004). In 

chapter two we identify and characterize two additional PLT gene family    

members; PLT3 and PLT4/BBM. The four PLT genes (PLT1, 2, 3 and 4) are   

absolutely required for embryonic root formation, because triple homozygous 

plt1plt2plt3 embryos are rootless and plt1plt2+/-plt3bbm embryos lack root and 

hypocotyl. The corresponding PLT proteins appear to act in a dosage-dependent 

manner and accumulate in gradients with the highest levels required for stem cell 

niche maintenance and lower levels determining RM size.  

Dosage-dependent PLT action is in some ways reminiscent of morpho-

genic substances regulating animal development. Morphogens are classically  

defined as locally produced substances that spread over a field of equivalent   

cells, producing a concentration gradient. This gradient provides positional     

information that instructs patterning through cellular responses. In the original 

models, these cellular responses were distinct from the positional determinant. 

PLT genes do not fit this definition, as they are expressed within each cell of    

the RM and regulate PIN-mediated PAT, hence the distribution of their           

supposed regulator, auxin. However, a similarity between the auxin and PLT  

distributions within the RM is clear and modern descriptions of morphogen     

gradients include feedback mechanisms between the downstream components 

and the upstream regulator (Blilou et al., 2005; Grieneisen et al., 2007; Grie-

neisen et al., thesis 2009). As embryonic PLT1 and PLT2 expression depends    

on auxin-response-mediated gene expression, it is tempting to speculate that 

auxin concentrations are directly translated into PLT distributions (Aida et al., 

2004). In this sense, the PLT proteins can be conceived of not only as effectors of 
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the auxin gradient, but also as intertwined regulators of its shape. Despite this 

attractive similarity, it remains to be shown to what extent PLT action is         

connected to the auxin gradient throughout development. Current experiments 

suggest that auxin and PLT gradients can be uncoupled after their establishment 

(A.P. Mahonen et al., in preparation). Therefore, the establishment of both      

gradients and the role of feedback mechanisms in this process must be studied    

at the earliest stages of gradient formation.  

In contrast to auxin, cytokinins have been shown to negatively influence 

meristem size. Cytokinins are thought to be produced within the distal regions of 

the RM, where they indirectly promote SHY2/IAA3 expression. Intriguingly, the 

auxin degradable SHY2 protein promotes differentiation through repression of 

PIN expression, hence influencing auxin distribution within the RM (Dello et al., 

2008; Moubayidin et al., 2010). Cytokinins also modulate root branching proper-

ties; higher and lower cytokinin concentrations within pericycle cells inhibit and 

promote lateral root initiation, respectively (Xiang Li et al., 2006; Werner et al., 

2001; Laplaze et al., 2007; Werner et al., 2003). Cytokinins appear to regulate 

root branching through repression of PIN expression as well, which is associated 

with reduced and aberrant DR5 reporter gene expression within incipient LRP 

(Laplaze et al., 2007). It remains to be shown whether PLT genes are effectors of 

cytokinin and auxin cross-talk, and to what extent cytokinin influences PLT-

mediated developmental responses.  

To identify transcriptional regulators of the PLT2 gene, a Yeast-1-Hybrid 

(Y1H) screen was recently performed to identify proteins that interact with the 

minimal PLT2 promoter sequence (Hugo Hofhuis unpublished data). None of the 

interacting proteins were known primary auxin response factors, which is       

consistent with the fact that PLT genes are not within the currently available   

direct or indirect target gene sets of ARF5, ARF7 and ARF19. However, PLT1 

and PLT3 expression in incipient lateral root primordia depends on SLR-

mediated auxin responses, although this must be indirect since SLR does not    

act as a transcription factor to mediate auxin responses (Okushima et al., 2005; 

Schlereth et al., 2010; Aida et al., 2004; De Smet et al., 2010). Among the     

identified interacting proteins, three transcription factors were repeatedly found 

to interact strongly: PLETHORA UPSTREAM PROTEIN 1 (PUP1), PUP2 and 

PUP3. PUP1 and 2 share an intimate phylogenetic relationship and appear to be 
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co-expressed with PLT1 and PLT2 within the heart stage embryo. At this stage, 

PUP1 and 2 may be activators of PLT expression, as pup1pup2 embryos         

display hypophyseal cell lineage defects. Single mutant embryos of plt2,         

pup1 and pup2 resemble those of wild type, therefore PUP1 and 2 are expected  

to redundantly regulate PLT2 and additional factors. PUP3 might repress PLT 

gene expression within regions of the RM, as activation of PUP3GR fusion     

proteins provokes rapid RM differentiation. It will be necessary to further       

characterize the PUP genes and the PUP recruiting sequence(s) within the PLT2 

promoter, to determine whether they form a molecular connection between auxin 

response and graded PLT2 gene expression (Hugo Hofhuis and Stephen Grigg,              

unpublished data).  

The data presented in chapter two and chapter four of this thesis      

indicate that sets of redundant PLT genes regulate specific processes during     

development. The promoter swop experiments discussed in chapter two indicate 

that both the promoter and protein-coding sequences determine PLT gene        

activity. The extent to which PLT family members have redundant actions      

appears to correlate with the extent of their protein-sequence conservation,      

with different PLT genes provoking overlapping and distinct phenotypes when       

conditionally activated throughout the root of wild type seedlings. Activation of 

PLT2GR and PLT3GR fusion protein activity both increase RM size, while     

only PLT3GR induces lateral root formation (chapter two and Hugo Hofhuis,         

unpublished data). Context specific outputs of a single PLT gene have been     

observed as well. For example, activation of PLT5GR induces lateral root and 

shoot organ formation within the root and shoot context, respectively (Kalika 

Prasad and Hugo Hofhuis unpublished data). Together, these experiments suggest 

that PLT genes have similar and distinct functions indicating that they have    

overlapping and unique target genes, where the later can be protein-coding       

sequence dependent. 

To identify downstream targets of each PLT gene described in this thesis, 

comparative transcription profiling experiments have been performed, the data of 

which is currently being processed. The preliminary analysis indicates that PLT 

genes share several hundreds of overlapping (direct and indirect) target genes, 

which point to their general role. PLTGR fusion proteins induce expression of 

genes that promote growth, while they repress expression of genes involved in 
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differentiation. In addition, PLT genes control some unique targets and some that 

may respond to a few PLT homologues only. Because PLT genes appear to    

regulate large gene networks, experimental validation of the current target gene 

set is time-consuming and involves sorting target genes by co-expression and 

predicted gene functions to select candidates for further analysis. In parallel, high 

throughput chromatin immune precipitation (CHIP) experiments should be     

performed to validate targets and to identify PLT-recruiting sequences within 

target gene promoters (Renze Heidstra and Gabino Sanchez, unpublished data).  

Plant development appears to be regulated by PAT facilitators of the PIN 

family that are involved in the establishment and maintenance of auxin activity 

maxima (Sabatini et al., 1999; Blilou et al., 2005; Friml et al., 2003; Benkova et 

al., 2003; Okada et al., 1991). Lateral root initiation involves formation of such 

auxin activity maxima within the pericycle, which is associated with founder cell 

specification. Once specified, the founder cells divide to give rise to a lateral    

root primordium. Several reports have correlated the pattern of root growth with 

lateral root formation, showing that lateral root densities increase on the curved  

regions of the root (Fortin et al., 1989; Casimiro et al., 2001; De Smet et al., 

2007; Lucas et al., 2008). However, the mechanism underlying this regularity 

remained unknown. In chapter three, we describe investigations into lateral root 

positioning and its dependence on the activities of auxin influx and efflux        

facilitator proteins. Manually curving mature root tissue was identified as a      

trigger that positions an auxin activity maximum within pericycle cells located    

at the outside of the introduced curve, resulting in lateral root formation.  

To understand how curvature influences auxin distributions within root 

segments, mathematical and computational models were developed by our      

collaborating theoretical biologists. Auxin flux was studied within an in silico 

root, where geometry could be manipulated in similar ways to the experimental 

setup. Bending the in silico root instantly perturbed auxin flux due to cell size 

changes within the curve. These perturbations resulted in a reflux loop, which 

generated high auxin levels in the pericycle cell file on the outside of the curve, 

the position where lateral roots form in planta. Our experimental data showed 

that fluorescently labelled AUX1 and PIN fusion proteins responded to root    

curvature by spatiotemporal alterations in their distribution. When implemented 

in the model, these changes reinforced and restricted the auxin concentration 
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maximum within the pericycle. On the basis of these results, we proposed a 

mechanism for founder cell specification that suffices to explain the regularities 

of Arabidopsis root system architecture. Our deliberately minimalistic model 

omitted inputs from other stimuli such as turgor-pressure-mediated cell           

expansion or mechanosensing-derived auxin flux perturbations or periodic      

oscillations in auxin response within the root (Deak and Malamy, 2005; Ditengou 

et al., 2008; De Smet et al., 2007). De Smet and colleagues (2007) recently     

reported the existence of such rhythmic auxin response patterns within the basal 

part of the root meristem correlating with the degree of curve formation. These 

auxin response maxima span both opposing proto-xylem cell files within the  

RM, with DR5 reporter gene expression levels being highest in the file on the 

outer, convex, side of the root. This indicates that curves establish a pre-pattern 

within the vasculature, which can invoke initial auxin responses on both sides of 

the curve. This seems to be at odds with the observation that lateral roots form 

only on the outer side of the curves, but can actually be explained by our model 

as follows. The model predicts that cells “compete” for auxin through AUX1   

expression, where the winner takes all and outer pericycle cell files have a clear 

advantage due to the small size differences. In our model, this competition for 

auxin in part explains how lateral root formation is restricted to a few cells.   

However, we expect that additional genetic components prevent pericycle cells 

from becoming too strong auxin sinks. We have recently identified AUX1-related 

auxin import facilitators that may act in such a manner. These proteins predomi-

nantly accumulate within the stele of the root, and are required to prevent founder 

cell specification throughout pericycle cell layers in the wild type. In addition, we 

have identified new combinations of PAT mutants in which lateral root initiation 

is abolished (Hugo Hofhuis and Marta Laskowski, unpublished data). These   

experimental data may inspire new computer simulations, which should improve 

our insight into lateral root spacing mechanisms.  

In chapter four, we extended our analysis of the PLT gene family and 

characterized PLT5 and PLT7, whose sequences are more closely related to PLT3 

than to PLT1 or PLT2. The PLT 3,5 and 7 genes are expressed in distinct but 

overlapping domains, including incipient lateral root and shoot primordia. Their 

activity is required for patterning organ initiation within roots and shoots. Lateral 

roots frequently formed opposite and adjacent to one another along the root of 
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plt3plt5plt7 seedlings, patterns not observed within the wild type control       

population. Intriguingly, the plt3plt5plt7 seedlings also displayed altered       

phyllotaxis, with leaves regularly forming opposite to one another, as if         

phyllotaxis was shifted from the spiral to the decussate pattern. During later 

stages of development, flower positioning was aberrant as well, as the fruits of 

plt3plt5plt7 plants formed complex non-random patterns along the inflorescence 

axis. 

It was gratifying to learn that the expression of PLT3, 5 and 7 within   

incipient lateral root primordia is connected to auxin responses through IAA14/

SLR, ARF7 and ARF19. Moreover, activation of PLT3, 5 or -7 GR fusion      

proteins within the roots of slr and arf7arf19 seedlings can overcome the block  

in lateral root initiation (Hugo Hofhuis, unpublished data). Hence, for these    

particular PLT genes, a molecular link to auxin responses is becoming apparent 

that should greatly facilitate mechanistic understanding of the induction of PLT 

expression during primordium initiation. Our preliminary data indicate that this 

link is not direct, since ARF7 and ARF19 appear not to interact with any of these 

PLT regulatory sequences. However, shared downstream targets of these ARFs 

belonging to the LBD transcription factor family, do interact with part of the PLT 

promoters in Yeast cells (Okushima et al., 2007; Du Yujuan and Hugo Hofhuis, 

unpublished data). It will be exciting to molecularly link the activity of auxin 

transport proteins to the auxin response machinery, including induction of LBD 

gene expression and ultimately PLT activity. Such an analysis might be         

complicated by the entanglement of the PIN-SLR/ARF7/ARF19-PLT-PIN      

network. For example, we have found that PLT genes are required for PIN1     

and PIN3 accumulation within the earliest stages of LRP inception (discussed 

below). PIN3 also has an earlier role in founder cell specification (chapter 

three), which so far appears to be PLT independent. In addition, increasing PIN1 

and PIN3 expression levels upon auxin treatment depends on wild type auxin  

responses through SLR/ARF7 and ARF19 (Himanen et al., 2004; Okushima et 

al., 2007). Since this data originates from micro-array based experiments, it     

remains unknown what part of their expression domain is affected and it would 

be interesting to know whether it occurs within LRP only, or within the           

vasculature as well.  
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In the SAM, we found that PLT3, 5 and 7 action is required for PIN1  

accumulation within primordia, which we found to be an important control 

mechanism of phyllotaxis. However, PLT and PIN1 both accumulate in a   

broader domain at the apex and within the inner layers of the SAM, the role of 

which remains unknown and should be addressed. PLT activity is currently     

reintroduced within sub-domains of plt3plt5plt7 plants; e.g. within lateral root 

primordia and in different domains of the SAM. These experiments will define 

the crucial domains for PLT activity in root and shoot spacing. Other particularly             

intriguing questions are how changes in PLT activity can lead to switches       

from one phyllotactic pattern to another, why these new patterns are often chiral, 

and why left-turning successions of organ primordia are preferred to right-turning 

ones. Our preliminary data indicates that some divergence angles are more likely 

to be affected than others, and that aberrant organ positioning correlates with  

reversions in the directionality of the spiral. Once these details are known,      

computer models of phyllotaxis may be designed that include a minimal set of 

relevant interactions between PLT regulators and the PAT system to see whether 

these recapitulate the spacing patterns observed in wild type and mutants.  

In chapter four it is reported that PLT3, 5 and 7 regulate root and shoot 

branching in Arabidopsis, despite the differences in root and shoot architecture. It 

will be exciting to see whether the parts of the PLT gene networks that are      

involved in spacing are conserved or related between roots and shoots as well. 

However, it is equally plausible that roots and shoots have shaped different PLT 

‘spacing networks’ independently during evolution. Evidence for a common    

origin of root and shoot branching mechanisms is found in our observation of 

subtle but specific phyllotactic defects in the arf7arf19 shoot systems, indicating 

that PLT may be regulated by the same auxin response factors both in the root 

and shoot context. On the other hand, plt3plt7 seedlings fail to accumulate wild 

type levels of PIN1 and PIN3 fusion proteins at the founder cell membrane,     

suggesting that in analogy to the shoot, PLT3 and 7 regulate PIN abundance 

within lateral root primordia. Because root spacing is aberrant in pin1pin3      

seedlings, we expect that the PLT-PIN module is an important control        

mechanism of root branching as well (Hugo Hofhuis, unpublished data).          

Because vascular PINs appear to regulate root branching by restricting auxin  

accumulation during the earliest stages of lateral root initiation (chapter three), 
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they can be conceived to function upstream of PLT. However, PIN expression 

within initiated lateral root primordia depends on PLT3 and 7 activity. Thus, 

PINs formally operate upstream and downstream of PLTs during root branching 

and lateral root development. Furthermore, PLT5 expression precedes the         

earliest changes in auxin distribution prior to the formation of lateral root        

primordia. plt5 mutants  by themselves do not change the earliest changes in 

auxin accumulation and AUX1 accumulation (Marta Laskowski and Hugo      

Hofhuis, unpublished data), but it is conceivable that redundant factors mask   

such a role for PLT5. It is also  interesting to note that a recent study reports    

recurrent waves of gene expression required for the establishment of zones of 

competence for lateral root primordia (Moreno et al, 2010). ARF7, one of the 

upstream regulators for PLT5, is part of that wave. It will be exciting to examine 

whether early PIN activity within the vasculature is shaped by redundant PLT 

gene activity and subsequently influences PLT expression. These PLT genes in 

turn determine PIN activity within the developing LRP, which is thought to be 

essential for the establishment of new auxin gradients that instruct organ         

development (Benkova et al., 2003).  

An extremely interesting question along this line is whether plant-species 

specific PLT gene sets determine branching properties and growth patterns 

throughout the plant kingdom. We are currently focussing our analysis on PLT5, 

which appears to be the only PLT that has diverged before the split between 

monocots and eudicots. We have started to annotate PLT-related sequences 

within the genomes of extant plant species. This approach is complicated by high 

sequence divergence and the disadvantages of non-model species. Some         

candidate sequences have been isolated from lower vascular plants, which are 

now tested in cross complementation experiments using the various Arabidopsis 

plt mutant combinations (Gabino Sanchez, Marta Laskowski, Stephen Grigg, 

Hugo Hofhuis, unpublished data). This exciting research can use the latest      

molecular genetic tools to address the peculiarities of one of Darwin’s standing 

question how different forms relate to one another and how variation comes 

about. 

The work described in this thesis has extended the role of the Arabidopsis 

PLT gene family from root stem cell niche determinants to regulators of          

development and architecture. However, PLT gene action is not restricted to    
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differentiation gradients (chapter two) and root and shoot spacing (chapter 

four). For example, PLT activity is required during the earliest stages of           

embryogenesis, the earliest branching events within the embryo (cotyledon     

positioning), the patterning of root primordia and the maintenance of the primary                 

inflorescence SAM (Ben Scheres group, unpublished data). Because even       

transient ectopic PLT activity causes homeotic conversions, self-organizing    

transcriptional networks appear to be involved, which we suspect operate, at least 

in part, through auxin controlled regulatory circuits. It is tempting to speculate 

that these circuits allow for additional inputs, not only from hormones but from 

bio-physical stimuli as well. Intriguingly, PLT genes are involved in the          

regulation of several processes that regulate auxin homeostasis (i.e. auxin         

biosynthesis, conjugation and transport). It is not yet clear to us why such         

entangled systems exist, but several functions can be envisaged. For example, 

this looped structure may allow self-organization of gradient patterns from       

simple initial cues or it may function to level out short-lived perturbations due    

to ever changing environmental conditions, while prolonged signalling triggers    

progressive development. Because it appears exceptionally hard to predict the 

output of entangled circuits on the basis of molecular genetic experiments alone, 

future research requires an interdisciplinary approach, an example of which is 

presented in chapter three of this thesis.  
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Samenvatting in het Nederlands 

Het volgroeide embryo van de zandraket (Arabidopsis) beschikt over 

twee tegenover elkaar liggende meristemen, het wortelmeristeem en het       

scheutmeristeem. Alle organen van de zaailing komen hieruit voort. Het wortel-

meristeem zorgt voor wortelgroei, terwijl het scheutmeristeem bladeren voort-

brengt. De zaailing ontwikkelt zich vervolgens verder door nieuwe primordia te 

vormen, die tot zijwortel, blad of bloeischeut kunnen uitgroeien. Zijwortels en 

bloeischeuten hebben eigen meristemen om door te groeien. De cellen daarin 

moeten zich voortdurend delen, strekken en differentiëren zonder het meristeem 

te consumeren. Het groeipatroon van de plant vertoont regelmatigheden, maar is 

plastisch door het samenspel tussen endogene groeifactoren en omgevingsfacto-

ren. Dit proefschrift beschrijft onderzoek naar endogene groeifactoren die de  

ontwikkeling en de architectuur van Arabidopsis reguleren.  

Embryonale wortelvorming is afhankelijk van de activiteit van vier 

PLETHORA (PLT) genen (PLT1-4). Deze genen reguleren ook de groei van de 

worteltip op een gendosis-afhankelijke manier, zodat er een gradiënt van        

PLT-eiwitconcentraties in het wortelmeristeem ontstaat, waarbij de hoogste    

concentraties de stamcelidentiteit bepalen en de lagere de celdeling en celstrek-

king reguleren.  

Zijwortelvorming wordt gestimuleerd door lokale ophoping van auxine  

in de wortel van de plant. Om de mechanismen te bestuderen die dergelijke     

ophopingen veroorzaken en positioneren, hebben we experimentele en theoreti-

sche biologie gecombineerd. Het kunstmatig buigen van de Arabidopsis-wortel 

stimuleert de vorming van een zijwortel aan de buitenzijde van de bocht. Ons 

computermodel laat zien dat de door buiging veroorzaakte veranderingen van 

celgeometrie de auxinestroming verstoren, waardoor auxine zich ophoopt in de 

grotere cellen aan de buitenkant van de bocht. Auxinetransporteiwitten zorgen 

vervolgens voor een verdere toename en focussering van de auxineconcentratie 

op precies die plek waar de plant een zijwortel vormt.  

Zowel wortels als scheuten maken nieuwe primordia wanneer auxine zich 

ophoopt, maar de anatomie daarvan is erg verschillend. Dit roept de vraag op of 

de mechanismen die de patronen van zijwortel- en scheutorgaanvorming              
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reguleren aan elkaar gerelateerd zijn, of dat de splitsingsmechanismen             

onafhankelijk van elkaar zijn geëvolueerd. Ons onderzoek wijst uit dat drie      

PLT- genen, namelijk PLT3, 5 en 7, de positie van zowel zijwortels als bladeren 

en bloemen reguleren en dus dat zijwortel- en scheutorgaanvorming aan elkaar 

gerelateerd zijn. PLT3, 5 en 7 komen tot expressie in de primordia van nieuwe 

wortel- en scheutorganen, en uitschakeling van hun expressie leidt dan ook       

tot een verandering in het patroon van zijwortel- en scheutorgaanvorming.            

De zijwortels clusteren tegenover en naast elkaar, en de bladeren staan regelmatig 

tegenover elkaar in plaats van een spiraal patroon te vormen. Deze afwijkende 

patronen komen van nature niet voor in Arabidopsis, maar wel in andere planten-

soorten. De expressie van PLT-genen wordt in de wortel gereguleerd door lokale 

auxine-ophoping. In de scheut reguleren PLT-eiwitten de expressie van de     

auxinetransportregulator PIN1 in jonge primordia, een belangrijk mechanisme  

dat de phyllotaxie van de plant bepaalt. De nieuwe kennis beschreven in dit 

proefschrift vormt een aanzet om dieper inzicht te verkrijgen in de mechanismen 

die verschillende groeipatronen van planten voortbrengen. 
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soon. Maartje, “mijn” briljante student, jammer dat je de groep voortijdig ver-

laten hebt. Ik dank je voor de gezellige tijd. Marijn, de man die het pipetteren zat 

was, dank voor de prettige samenwerking. Colette, dank voor je humor en de 

hulp bij het tellen en meten. A.P.: I miss the funny talks, few people know how 

ridiculous our world actually is. Special thanks to Anja, Rene, Bea and Frank, 

who kept the lab running, scheduled and organized. My dear Alfredo, Sara,     

Gabino, Violaine, Inez, Akie, Dong Ping, Zhong, Pankaj, Herman, Hongtao , 

MeiQin, Long, Vera, Klaartje, Guy, Albert, Sharon, Maaike, Ming and the stu-

dents that recently have joined the group: thanks for the fun, Christmas dinners, 

Sinterklaasavondjes, coffee breaks and (work and literature) discussions. I wish 

you all good fortune and happy research!  
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Tevens wil ik mijn niet-labvrienden bedanken, die mij op een aangename 

manier door mijn niet-werkuren heen hebben geholpen. Allereerst bedank ik mijn 

IJssellaan vrienden en (voormalige) buren voor de gezellige tijd en tuinavonturen.  

Bar, Dick, Sara, Bart, Maya, Alix en Riet: ik heb genoten van de BBQs, de bouw-

projecten, de ochtendkoffie en de vele ‘dubbele’. Met name Dick bedank ik voor 

de bouwkundige tips en tijdmanagementadviezen (“Eerst even zitten, breken we 

het lijntje niet”). And now that this thesis is about done, I promise my Polish 

friends (Janusz, Iwona, Gosia and Michaw) to visit you more often again. I hope 

we’ll become (some sort of) neighbours soon! Ook beloof ik Ruud, Simone, Car-

lijn en Koen niet meer de overdrukke schoonzoon te zijn, het gaat een spannende 

en gezellige tijd worden: genieten!  

 

Tot slot wil ik mijn paranimf Nanne Bloksma hartelijk danken voor haar 

bewezen dienst bij mijn poging een groot hiaat in mijn opleiding te dichten.    

Mijn taalkundig inzicht laat (nog steeds) te wensen over, dus zal ik er de         

komende tijd op blijven studeren. Wel ben ik trots op de vooruitgang die ik 

(dankzij haar) in de afgelopen maanden geboekt heb, hartelijk dank voor de    

lessen, de steun, het vertrouwen en het getoonde geduld.  

 

En pap en mam: dank voor alles, dit boekje is voor jullie. Dankzij jullie    

onvoorwaardelijke steun, niet-aflatende inzet en interesse heb ik mijn ambities 

waar kunnen maken. Ik ben met name trots op het feit dat pap mijn eerste lab   

supervisor is geweest. We gaan nu een nieuwe periode in: laten we er met elkaar 

van genieten!  

 

En meis, dit boekje is ook voor jou, want ik zou het niet hebben kunnen 

voortbrengen zonder jouw steun, liefde en geduld. De lange dagen op het lab, 

maanden van afwezigheid, we hebben het overleefd. Vanaf nu gaan we normale 

mensen zijn, OK? Met een huisje, een boompje en een beestje! En natuurlijk veel 

avontuur. Ik heb er alvast zin in. 

 

En onze spruit: ik kan niet wachten je te ontmoeten, dit boekje is ook voor 

jou! 
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