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FREQUENTLY USED ABBREVIATIONS 

 

ABP1 AUXIN BINDING PROTEIN1 

AHK  ARABIDOPSIS HISTIDINE PROTEIN KINASE 

AHP ARABIDOPSIS histidine phosphotransfer protein  

ARF AUXIN RESPONSE FACTOR 

ARR ARABIDOPSIS RESPONSE REGULATOR  

AUX1 AUXIN RESISTANT1 
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LR  lateral root  

LRI  lateral root initiation  

LRP lateral root primordia  

MP MONOPTEROS  

NAA  naphthalene-1-acetic acid 

NPA N-1-naphthylphthalamic acid 

PAT polar auxin transport 

SLR SOLITARY ROOT  

TIR1  TRANSPORT INHIBITOR RESPONSE1 

t-Z  trans-zeatin  



 

 

 

 

 

 



 

 

SCOPE 

A root system functions as structural support, anchoring the plant body in soil, is the 

site of water and nutrient uptake and an important organ where responses to abiotic 

and biotic stresses occur. Root growth and development is controlled by both 

exogenous factors, such as water and nutrients availability and other environmental 

conditions, as well as endogenous signals - plant hormones e.g auxins, cytokinins, 

ethylene and brassinosteroids. Root branching occurs post-embryonically and 

continues throughout the whole plant’s life cycle, during which lateral root formation 

is an important and dynamic part of progressive establishment of root architecture.  

 

It has been shown that the plant hormones auxin and cytokinin are key regulators of 

LR organogenesis and they exhibit an antagonistic mode of action. Since the initial 

discoveries in 1950s, indicating that auxin and cytokinin are required to induce cell 

divisions and growth in plant tissue culture, both hormones have been shown to 

interact in several physiological and developmental processes. However, a molecular 

basis for their cross-talk remains largely unknown.  

 

The aim of this research was to investigate how cytokinins regulate auxin dependent 

root branching in a spatio-temporal manner.  

For monitoring cytokininin activity and identification of cells and tissues with 

enhanced signaling in the root, we analyzed the expression of the TCS::GFP cytokinin 

reporter. Ectopic overproduction of cytokinin in a tissue specific manner was the 

approach used to investigate the spatio-temporal control of cytokinin activity on 

different phases of lateral root organogenesis. 

 

Additionally, a detailed phenotypic characterization of cytokinin receptor mutants 

ahk2-2(arabidopsis histidine kinase2), ahk3-3, ahk4/cre1-12 and their double mutant 

combinations was performed and provided new insights into the role of the cytokinin 

perception in LR organogenesis and into its cross-talk with the other key player - 

auxin.  

To identify new molecular components required for balancing the auxin/cytokinin 

activities, we performed a forward genetic screen focused on searching out mutants 

that produce LRs when auxin is applied simultaneously with cytokinin at inhibitory 



 

 

concentrations. From the EMS mutagenized population of 1700 M1 families, 22 novel 

primordia on auxin and cytokinin (pac) mutants have been identified. Identification of 

mutants in which the lack of PAC gene function is only manifested in the presence of 

both hormones simultaneously, hints at the existence of genes that are crucial for 

balancing auxin-cytokinin input/pathways. Their identification is an important start 

point for further investigation of regulatory pathways that mediate the auxin and 

cytokinin crosstalk. 
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1.1. Auxin and cytokinin- features of two hormones involved in plant 

shaping 

Plant hormones shape the plant, by modulating growth in response to internal and 

environmental signals. They are involved in all aspects of plant growth and development as 

embryogenesis, seed growth and flowering, senescence of leaves and fruits, gravitropism, 

phototropism, leaf formation and stem growth, fruit development and ripening and many 

other processes. Recently, significant progress has been made in our understanding of 

hormone synthesis, metabolism, transport and signaling, mutual interactions and their role in 

regulation of plant growth and development (Santner et al., 2009; Wolters and Jurgens, 

2009).Hormones are molecules present at very low concentrations which are released in one 

part of the body and can act either locally, close or at the site of synthesis, or are transported 

and affect cells in other parts of the organism (Chow and McCourt, 2006; Santner et al., 

2009). Currently the group of phytohormones includes abscisic acid, indole-3-acetic acid 

(IAA or auxin), brassinosteroids, cytokinin, gibberellic acid, ethylene, jasmonic acid, 

salicylic acid, polyamines, phenolic acids, sugars, small peptides and strigolactone.  

The first described hormone in plants was auxin. Since initial studies of Charles and Francis 

Darwin on phototropism in 19th centuries, which would later lead to the discovery of auxin, 

the list of plant hormones has been growing (Abel and Theologis, 2010). The major 

developmental growth regulators are auxin, brassinosteroid, cytokinin (CK), strigolactone 

and gibberellin, whereas abscisic acid, ethylene and jasmonic acid are often implicated in 

stress responses (Santner et al., 2009; Depuydt and Hardtke, 2011). Cytokinins regulate cell 

proliferation, while gibberellins and auxins are involved in cell proliferation and elongation 

(Depuydt and Hardtke, 2011). Moreover, brassinosteroids are essential for cell elongation, 

but might also have a role in cell proliferation (Santner et al., 2009; Depuydt and Hardtke, 

2011). Gibberellins are implicated in germination, dormancy, flowering and leaf and fruit 

senescence (Yamaguchi, 2008). Furthermore, auxin mediates a surprising variety of 

processes such as embryo development, organ initiation and growth, tropic responses as well 

as apical dominance (Petrasek and Friml, 2009; Vanneste and Friml, 2009). Cytokinins are 

involved in many plant processes, including shoot and root morphogenesis. In particular, 

they are known to regulate axillary bud growth as well as  apical dominance (Werner and 

Schmulling, 2009). 
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Strigolactones are a novel class of plant hormones that are involved in shoot branching and 

root system architecture (Xie and Yoneyama, 2010). 

Abscisic acid (ABA) plays important roles during many phases of the plant life cycle, 

including seed development and dormancy, and in plant responses to various environmental 

stresses: heat stress, water stress, salt stress (Seo and Koshiba, 2002). Similarly to ABA, 

ethylene is involved in several responses to environmental cues. Moreover, this plant 

hormone regulates seed germination, root initiation, flower development, fruit ripening and 

senescence (Lin et al., 2009).   

Taken together, hormones are instructive signals in plant development, that affect similar 

processes but, paradoxically, their signaling pathways act non-redundantly. Recent studies 

suggest  that hormones interact at multiple levels through a network rather than through 

isolated linear pathways (Chandler, 2009) and this communication network is crucial for the 

precise and rapid coordination of plant development (Fukaki and Tasaka, 2009; Moubayidin 

et al., 2009; Shimizu-Sato et al., 2009; Bishopp et al., 2011a; Su et al., 2011). However, 

molecular mechanisms of hormonal cross-talk remain largely unknown and its clarification 

represents a major challenge in the coming years for plant biology research. 

 

1.1.1. AUXIN 

Many physiological and genetic studies focused on auxin provide knowledge about 

important role of this hormone in plant growth and development (Friml and Palme, 2002; 

Benkova et al., 2003; Friml et al., 2003; Moller and Weijers, 2009; Vanneste and Friml, 

2009; Scarpella et al., 2010). Auxin seems to be a key and versatile regulator of plant 

development (Figure 1). Most pattern formation steps in the early Arabidopsis embryo 

depend on auxin biosynthesis, transport, and response. Differential auxin distribution which 

depends on polar auxin transport mediates important steps during embryogenesis, such as 

apical-basal axis specification and embryonic leaf formation (Moller and Weijers, 2009; 

Petrasek and Friml, 2009). During postembryonic development auxin plays an important 

role in the patterning of both shoot and root meristems, as well as in the initiation and the 

subsequent development of root and shoot organs. Auxin is distributed differentially within 

plant tissues (Figure1). In some cases auxin accumulates locally within a single cell or a 

small group of cells (auxin maxima) (Benkova et al., 2003; Heisler et al., 2005); in other 

cases its distribution between cells is better described as a gradient (Sabatini et al., 1999; 

Friml et al., 2002; Benkova et al., 2003; Friml et al., 2003). Auxin maxima always mark the 
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positions of organ initiation and, later, of the tips of developing organ primordia (Benkova et 

al., 2003; Petrasek and Friml, 2009). However, not only accumulation but also auxin 

depletion in some cells appears to play an important role in development (Sorefan et al., 

2009). Furthermore, auxin and auxin transport are among the major determinants of the 

organized development of vascular tissues (Dettmer et al., 2009; Petrasek and Friml, 2009). 

Auxins are compounds with an aromatic ring and a carboxylic acid group. The most 

abundant naturally occurring auxin is indole-3-acetic acid (IAA); other auxins are indole-3-

butyric acid (IBA), 4-chloroindole-3-acetic acid (4-Cl-IAA) and phenylacetic acid (PAA). 

For agricultural applications and in biological studies more stable synthetic analogues are 

used, such as naphthalene-1-acetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D). 

Auxin can be inactivated or stored via its conjugation with amino acids, sugars and peptides 

(Woodward and Bartel, 2005; Normanly, 2010). 

Auxin is mainly produced in young developing parts of plant such as the shoot apex, 

emerging leaves and developing seeds, although all other parts of the plant such as 

cotyledons, expanding leaves and root tissues have the capacity to synthesize IAA de novo 

(Ljung et al., 2001). From the place of synthesis, most IAA is redistributed throughout the 

plant through two physiologically distinct and spatially separated ways of transport: fast, 

non-polar phloem transport and slower, regulated, cell-to-cell directional transport (Raven, 

1975; Goldsmith, 1977  ; Robert and Friml, 2009). 
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Figure 1. Auxin distribution during Arabidopsis development. 
Locations of auxin activity: (A) tips of floral organ primordia within developing flowers, (B) the tip 
of the ovule primordium, (C) the apical cell of a divided zygote, (D) a root pole of the globular stage 
embryo, (E) the shade side of photostimulated hypocotyls, (F) the position of incipient organ 
initiation and tips of flower primordia at the shoot meristem, (G) the root apical meristem, (H) lateral 
root initiation sites, (I) and the tip of the emerging lateral root primordium. Distribution of auxin 
activity as visualized by the activity of auxin response reporters expressing green fluorescent protein 
(DR5rev::GFP) (A, B, C, D, F, and G) and DR5::GUS (E, H, and I). Adapted from Vanneste and 
Friml, (2009). 
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Auxin Transport 

Based on the chemical nature of auxin and the physiological nature of polar auxin transport 

(PAT), the chemiosmotic hypothesis was derived (Rubery and Sheldrake, 1974; Raven, 

1975). Auxins are weak acids and a portion of them exists in the acidic environment of the 

apoplast in the protonated, hydrophobic form (IAAH), which is able to diffuse through the 

plasma membrane. Once in the more basic cytosol, auxin becomes deprotonated (IAA-) and 

is unable to pass passively through the plasma membrane. As a result, auxin is “trapped” 

within the cell and can leave the cell only by the activity of specific efflux carriers (Figure 

2A). The directionality of auxin transport was explained by assuming that auxin efflux 

carriers are asymmetrically localized in the file of adjacent cells. Mainly molecular genetic 

studies allowed discovering several classes of genes required for auxin influx, efflux and/or 

PAT (Bennett et al., 1996; Galweiler et al., 1998; Luschnig et al., 1998; Geisler et al., 2005; 

Cho et al., 2007). The Arabidopsis genome encodes four auxin influx carriers: one AUXIN 

RESISTANT1 (AUX1) and three Like AUX1 (LAX1, LAX2, LAX3) (Parry et al., 2001; Swarup 

et al., 2008). AUXIN AUX1 was identified in a screen for auxin resistant plants (Pickett et 

al., 1990). Strong resistance to membrane-impermeable auxin (2,4-D) suggested that the 

aux1 mutation interferes with auxin uptake. AUX1 encodes an amino acid permease-like 

protein (Bennett et al., 1996) that acts as a H+/IAA- symporter (Yang et al., 2006). Auxin 

influx carriers are involved in regulation of gravitropism, phototropism, lateral root spacing, 

phyllotactic patterning, lateral root emergence, and root hair development (Bennett et al., 

1996; Bainbridge et al., 2008; Stone et al., 2008; Swarup et al., 2008; Jones et al., 2009). 

Auxin efflux is mediated by auxin efflux carriers of the PIN family. The Arabidopsis PIN 

gene family consists of eight members (Vieten et al., 2007; Zazimalova et al., 2007). Based 

on localization and topology PIN transporters were divided into two groups. A first group 

consists of PIN1, PIN2, PIN3, PIN4 and PIN7 which are localized at the plasma membrane. 

An asymmetric, cellular distribution of these transporters determines the unidirectional 

(polar) auxin transport, which is the key element in the formation of the auxin gradients and 

auxin maxima important in multiple developmental processes, including embryogenesis, 

organogenesis, tissue differentiation and tropic responses (Friml et al., 2002; Benkova et al., 

2003; Friml, 2003; Reinhardt et al., 2003; Blilou et al., 2005; Heisler et al., 2005).The 

second group comprises PIN5, PIN6, and PIN8 which have a reduced middle hydrophilic 

loop and are localized at endoplasmic reticulum. It was suggested, that PIN5 transports 

auxin intracellularly, from the cytoplasm into the lumen of the ER, thus reducing the auxin 



Introduction 
 

20 

availability for plasma-membrane-based auxin efflux and possibly also for nucleus-located 

TIR1-based auxin perception (Mravec et al., 2009). 

Other transporters contributing to the regulation of polar auxin transport are plant orthologs 

of the mammalian ATP-binding cassette subfamily B type (ABCB/multi-drug resistance 

[MDR]/phosphoglycoprotein [PGP]) (Noh et al., 2001; Verrier et al., 2008).  

 

The chemiosmotic hypothesis originally postulated the existence of auxin influx and efflux 

carriers and that their polar, subcellular localization would determine the directionality of 

the auxin flow. This concept was supported by the observation that critical components of 

auxin efflux, the PIN proteins, show polar subcellular localizations that correlate with 

known directions of auxin flow (Vieten et al., 2007). The polarity of PIN localization is 

determined not only by cell type–specific signals, but also by sequence-specific signals 

within the PIN proteins (Wisniewska et al., 2006). Several findings suggest that the PIN 

polarity signals are related to the phosphorylation sites found in the PIN sequences (Huang 

et al., 2010; Zhang et al., 2010). One of the major regulators of PIN polarity are the Ser/Thr 

protein kinase PINOID (Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004) 

and the protein phosphatase 2A (Michniewicz et al., 2007). 

 

Cell-biological reports revealed that PIN auxin efflux carriers may not solely act at the 

plasma membrane since they undergo constitutive cycles of endocytosis and recycling back 

to the plasma membrane (Geldner et al., 2001; Dhonukshe et al., 2007). The constitutive 

endocytosis of PIN proteins depends on the coat protein clathrin (Dhonukshe et al., 2007), 

and its specific recycling to the basal plasma membrane is dependent on the ARF GEF 

GNOM (Geldner et al., 2003). This constitutive endocytic recycling enables polar resorting 

of PIN proteins after each internalization step and provides a plausible mechanism for rapid 

reshuffling of PIN proteins between different sides of a cell, a process analogous to 

transcytosis in animal cells (Kleine-Vehn et al., 2008). 

Furthermore, polar auxin transport can be controlled on a transcriptional level. The 

transcription of all known carrier proteins (PIN, ABCB, AUX1/LAX) is influenced by auxin 

and involves the auxin signaling pathway (Geisler et al., 2005; Vanneste et al., 2005; Vieten 

et al., 2005). Additionally, other hormones, such as ethylene and cytokinin might modulate 

the expression of PIN and AUX1 genes (Ruzicka et al., 2007; Dello Ioio et al., 2008; 

Pernisova et al., 2009; Ruzicka et al., 2009, Chapter 1.3 this thesis).  
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Auxin signaling 

The crucial question in auxin signaling concerned the mechanism of auxin perception and 

the identity of the auxin receptor. The genetic identification of Arabidopsis auxin-resistant 

mutants has provided important knowledge about the molecular mechanisms underlying 

auxin signaling. The auxin response is mediated by a signaling pathway encompassing three 

major protein families: AUXIN RESPONSE FACTORs (ARF) transcription factors, 

auxin/indole-3-acetic acid (AUX/IAA) repressors and TIR1(TRANSPORT INHIBITOR 

RESPONSE1/AFB of F-box proteins (Vanneste and Friml, 2009). The Aux/IAA genes were 

originally identified as genes early-induced by auxin. In addition, isolation of Aux/IAA gain 

of function mutants exhibiting reduced auxin sensitivity suggested that Aux/IAA act as 

repressors and that their degradation is essential for normal auxin response (Abel and 

Theologis, 1996; Hagen and Guilfoyle, 2002). Aux/IAAs exert their transcriptional repressor 

activity by binding to ARFs (AUXIN RESPONS FACTORS) (Gray et al., 2001; Zenser et 

al., 2001)(Figure 2B). The 23 ARF proteins in Arabidopsis act as DNA-binding transcription 

factors which can either activate or repress auxin responsive genes by binding to AuxREs 

(auxin responsive elements) in the promoters of these genes (Ulmasov et al., 1995; 

Dharmasiri et al., 2005b). At low auxin levels AUX/IAAs interact  with ARFs and thus 

inhibit the downstream transcriptional response (Tiwari et al., 2001). At increased levels 

auxin is perceived by the F-box proteins enhancing interaction of AUX/IAAs with the 

ubiquitin protein ligase complex SCFTIR1 (Skp1-Cullin-F-box, Transport Inhibitor 

Response1). The SCFTIR1 mediated ubiquitin ligation leads to rapid degradation of 

AUX/IAA by the 26S proteasome, thereby releasing ARFs from inhibition and activating 

the auxin response (Dharmasiri et al., 2005a; Leyser, 2006).  
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Figure 2. Chemiosmotic Hypothesis for Polar Auxin Transport and SCFTIR1-mediated 
Cellular Auxin Signaling. 
(A)In the apoplast auxin becomes protonated and in this lipophilic form it can diffuse easily through 
the plasma membrane into the cell. Auxin is also taken up from the apoplast by AUX1/LAX influx 
carriers. In the neutral cytosol auxin becomes deprotonated and can leave the cell only by auxin 
efflux carriers such as PIN proteins and PGP transporters. (B) At low auxin concentration, Aux/IAA 
transcriptional repressors dimerize with auxin response factor (ARF) transcription factors, thereby 
inhibiting AuxRE-mediated gene transcription. At higher concentrations, auxin stimulates ubiquitin-
mediated proteolysis of Aux/IAA catalysed by an SCFTIR1 E3 ubiquitin ligase. Degradation of 
Aux/IAAs derepresses the ARF activity on transcription. Adapted from Teale et al., 2006; Kleine-
Vehn and Friml, (2008).  
 

However, it has become clear that very rapid responses to auxin stimulus occurring at the 

plasma membrane seem unlikely to be transcriptionally regulated (Barbier-Brygoo et al., 

1989; Steffens et al., 2001; Yamagami et al., 2004; Badescu and Napier, 2006). Indeed, 

alternative auxin signaling pathways that account for the rapid auxin responses were 

identified in plants as well. The AUXIN BINDING PROTEIN 1 (ABP1) has long been 

characterized as an essential component of early auxin action and its  auxin binding activity 

was first reported in maize coleoptile membrane preparations (Hertel et al., 1972). However, 

the importance and function of ABP1 for the plant as a whole remained unclear because of 

difficulties in obtaining loss of function mutants. The identification of a null abp1 mutant in 

Arabidopsis (Chen et al., 2001) and more recently the detailed characterization of 

conditional ABP1 knockdown plants (Braun et al., 2008) helped to understand the ABP1 

function. Recent works have revealed that ABP1 regulates the evolutionarily conserved 

process of clathrin-mediated endocytosis and suggests that this signaling may be essential 
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for the developmentally important feedback of auxin on its own transport (Robert et al., 

2010).  

 

1.1.2. CYTOKININ 

The first note about cytokinin comes from 1913. Haberlandt observed that diffusates from 

phloem could stimulate cell division in potato parenchyma cells (Haberlandt, 1913). In the 

1950s, kinetin, an active compound stimulating cell division, was isolated from herring 

sperm (Miller et al., 1956). The first naturally occurring cytokinin in plants was isolated 

from immature maize endosperm and named zeatin (Letham, 1973). Cytokinins are involved 

in many plant processes. Although initial work was done on cell cultures, more recent 

studies using Arabidopsis provided more data about their role on the plant level. Cytokinins 

stimulate cell division and greening of calli (Kieber, 2002; Bishopp et al., 2009) while they 

inhibit root growth.  

As auxin, cytokinins have been implicated in many developmental processes and 

environmental responses of plants (Figure 3). Müller and Sheen (2008) have shown the 

requirement for a differential cytokinin output during the specification of the root stem cell 

niche. Furthermore, cytokinin signaling is a key regulator of meristem size and functions. 

Cytokinins promote tissue proliferation in the shoot apical meristem and determine root 

meristem size by controlling the cell differentiation rate at the vascular tissue in the 

transition zone (Dello Ioio et al., 2007; Perilli et al., 2010; Skylar and Wu, 2011). Cytokinins 

also control leaf senescence (Lim et al., 2007) and are involved in agriculturally important 

root nodulation (Gonzalez-Rizzo et al., 2006). Cytokinins have been shown to be involved 

in the specification and maintenance of the root vascular meristem (Mahonen et al., 2006b) 

and also play a role in the regulation of cambium development during root development 

(Mahonen et al., 2006a). 
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Figure 3. Actions of cytokinin in plant development.  
The panels on the left side shows cytokinin regulated processes depending on intrinsic 
developmental programs. The panels on the right indicate responses to environmental changes and 
biotic interactions in which cytokinin has a regulatory function. Adapted from Werner and 
Schmulling, (2009) 
 

Chemical nature of cytokinins 

Naturally occurring cytokinins are adenine derivatives with distinct substitutions attached to 

the N-6-position of the adenine ring: isoprene or aromatic side chains. Common natural 

isoprenoid CKs are N6-(∆2-isopentenyl)-adenine (iP), tZ, cis-zeatin (cZ), and dihydrozeatin 

(DZ) (Figure 4). Among them, the major derivatives generally are tZ and iP as well as their 

sugar conjugates, but there is a lot of variation depending on plant species, tissue, and 
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developmental stage. For instance, tZ- and iP-type cytokininss are the major forms in 

Arabidopsis, whereas substantial amounts of cZ-type CKs are found in maize, rice, and 

chickpea. As for aromatic cytokininss, ortho-topolin (oT), meta-topolin (mT), their 

methoxy-derivatives (meoT and memT, respectively), and benzyladenine (BA) are only 

found in some plant species (Figure 4) (Mok and Mok, 2001; Sakakibara, 2006; Kudo et al., 

2010). 

Isoprenoid CKs Aromatic CKs

 

Figure 4. Structures of representative active cytokinin (CK) species occurring 

naturally  Common names are given with commonly used abbreviations. Adapted from Sakakibara, 

(2006). 

 

Biosynthesis and metabolism 

Cytokinin biosynthesis requires two types of reaction: the modification of an adenine moiety 

and modification of a side chain. Important metabolic steps can be shared with the purine 

metabolic pathway what confirms occurrence of cytokinin nucleobases and corresponding 

nucleosides and nucleotides (Mok and Mok, 2001; Sakakibara, 2006). The rate-limiting first 

step of cytokinin biosynthesis in Arabidopsis is catalyzed by ATP/ADP 

isopentenyltransfereses AtIPT1 and AtIPT4 and their homologs AtIPT3, AtIPT5, AtIPT6, 

AtIPT7 and AtIPT8 (Kakimoto, 2001). The isoprenoid side chain can be synthesized in two 

pathways, the IPT-dependent MEP (methylerythiritol phosphate) pathway and the IPT-

independent MVA (mevalonate) pathway (Miyawaki et al., 2006; Sakakibara, 2006). 

Arabidopsis plants lacking four of the seven IPT genes show considerable reductions in 

levels of t-zs and iPs (Miyawaki et al., 2006). Promoter-reporter analysis revealed a specific 



Introduction 
 

26 

expression pattern of each gene and support the hypothesis that cytokinins are produced in a 

wide range of organs and cell types (Miyawaki et al., 2004). 

Spatiotemporal distribution of bioactive cytokinins is finely regulated by metabolic 

enzymes. LONELY GUY (LOG) was identified in rice (Oryza sativa) as enzyme controlling 

cytokinin biosynthesis and shoot meristem activity (Kurakawa et al., 2007). LOG is 

involved in cytokinin activation and hydrolyzes cytokinin nucleobase and ribose 5´-

monophosphate (Kuroha et al., 2009). In Arabidopsis nine LOG genes are present, which are 

differentially expressed in various tissues during plant development. Conditional 

overexpression of AtLOGs in transgenic Arabidopsis reduced the content of N6-(D2-

isopentenyl) adenine (iP) riboside 5´-phosphates and increased the levels of iP and the 

glucosides (Kuroha et al., 2009). 

Cytokinin oxidases/dehydrogenases (CKX) catalyze the irreversible degradation of the 

cytokinins isopentenyladenine, zeatin, and their ribosides by oxidative side chain cleavage. 

AtCKX genes are differentially expressed during plant development and their activity is 

confined to zones of active growth (Werner et al., 2001; Werner et al., 2003).  

 

Transport of cytokinins 

Presence of cytokinin in xylem and phloem sap indicates that cytokinin can be transported in 

long distance both acropetaly and basipetaly (Gillissen et al., 2000; Burkle et al., 2003; 

Bishopp et al., 2011b). It is believed, that the root apical meristem is the main site of the 

synthesis of free cytokinins, therefore cytokinins are translocated via basipetal ransport from 

tip to the base of root and acropetally from root base to the aerial parts of plant (Gillissen et 

al., 2000; Burkle et al., 2003). Recently, it was shown that basipetal transport of cytokinin 

occurs through symplastic connections in the phloem and stabilizes the root vasculature 

pattern (Bishopp et al., 2011b). However, distinct and tissue-specific expression patterns of 

IPT genes indicate the existence of different sources of cytokinin synthesis (Miyawaki et al., 

2004), therefore cytokinins must be moved to target cells by diffusion and/or by selective 

transport system. In contrast to very well characterized polar transport of auxin, very little is 

known about cell to cell transport of cytokinin (Sakakibara, 2006). Based on the high 

permeability of cell membranes to free cytokinin bases and ribosides had a diffusion 

mechanism for cytokinin uptake was suggested (Laloue et al., 1981). Thus, plasma 

membrane transporters are not crucial as they are for auxins. Nevertheless, two purine 

permeases involved in CK transport have been described in Arabidopsis, PUP1 and PUP2 

(Gillissen et al., 2000; Burkle et al., 2003). Transport studies in cell cultures and yeast 
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indicated that adenine and cytokinins are transported by a common system. Direct 

measurements demonstrated that AtPUP1 is capable of mediating uptake of radiolabeled 

trans-zeatin, while AtPUP2 is able to transport number of cytokinins. (Burkle et al., 2003). 

 

Cytokinin perception and signaling 

Cytokinin perception in plants is similar to the two component signaling system through 

which bacteria sense and respond to environmental stimuli. The signaling cascade is a multi-

step phosphorelay, consisting of histidine protein kinase (HK), histidine phosphotransfer 

proteins (HPs) and response regulators (RRs). In higher plants two–component systems 

occur in cytokinin signaling, ethylene signaling and osmoregulation (Stock et al., 2000; 

West and Stock, 2001; Kakimoto, 2003). 

In 2001, there were several important works that identified key components and led to an 

understanding of cytokinin signaling in plants. First, in a screen for Arabidopsis mutants 

whose hypocotyl explants failed to form shoots in conditions that induce shoot formation in 

control explants (high cytokinin/auxin content in medium), CRE1 (CYTOKININ 

RESISTANT 1) was identified (Inoue et al., 2001). Loss-of-function cre1 mutants displayed 

insensitivity to cytokinin in root elongation assays. Moreover, expression of CRE1 in a 

heterologous yeast system could complement a histidine kinase mutant in a cytokinin-

dependent manner (Inoue et al., 2001). At about the same time two other groups published 

mutants in the same gene: WOL (Mahonen et al., 2000) and AHK4 (ARABIDOPSIS 

HISTIDINE KINASE4) (Ueguchi et al., 2001). Subsequent studies confirmed that active 

cytokinins bind to the extracellular domain of CRE1 and identified two additional genes, 

AHK2 and AHK3, that encode for cytokinin receptors in Arabidopsis (Higuchi et al., 2004; 

Nishimura et al., 2004). Developed genetic tools allowed the identification of the remaining 

elements of a multistep phosphorelay (Hwang and Sheen, 2001; Suzuki et al., 2001). 

A histidine kinase perceives a cytokinin stimulus and autophosphorylates on a conserved 

His residue in the kinase domain. The phosphate is passed onto an Asp in the receiver 

domain of the cytokinin receptor and from there to phosphotransfer proteins (HPt) (Miyata 

et al., 1998; Hutchison and Kieber, 2007). In the absence of cytokinin, CRE1 acts as a 

phosphatase to remove phosphate from HPt proteins (Mahonen et al., 2006a). The HPt 

proteins, called AHPs in Arabidopsis, are in the flux between cytosol and nucleus (Punwani 

and Kieber, 2010). Upon entering the nucleus, the phosphorylated AHPs can pass its 

phosphate on to members of a transcription factor family called the type B response 

regulators, which regulate transcriptional response of cytokinin-regulated genes (Argyros et 
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al., 2008). Negative regulation of cytokinin signaling pathway occurs through type A 

response regulators (To et al., 2007). The genes for the type A response regulators are direct 

targets of the type B response regulators (Hwang and Sheen, 2001; Sakai et al., 2001) and 

are strongly and rapidly induced in response to cytokinin (Figure 5) (To et al., 2007). 

 

 

Figure 5. Model for cytokinin multistep two-component signaling pathway. 
Cytokinin binds to cytokinin receptor (AHKs), initiating the phosphorelay. The phosphate is 
transferred from receptor to phosphotransfeer proteins (AHPs) that ultimately results in the 
phosphorylation of the type B response regulator (ARR) proteins. AHP6 and type A-ARR negatively 
regulate the cytokinin response pathway. 
 

Histidine kinases are dimers, and one subunit phosphorylates a conserved His residue of the 

other subunit by using ATP as the phosphor-donor (Stock et al., 2000; West and Stock, 

2001). In Arabidopsis, cytokinin is perceived by three receptors, Arabidopsis Histidine 

Kinases (AHKs) 2, 3 and 4 (Mahonen et al., 2000; Inoue et al., 2001; Higuchi et al., 2004; 

Nishimura et al., 2004). Triple mutant combinations lacking all three receptors show strong 

phenotypes producing small infertile plants, which are insensitive to cytokinin in a variety of 

assays (Higuchi et al., 2004; Nishimura et al., 2004; Riefler et al., 2006). The three receptors 

show overlap in their expression domains, although CRE1 is more abundant in the root part, 

and AHK2 and AHK3 show higher expression in the shoot (Mahonen et al., 2000; Ueguchi et 

al., 2001; Higuchi et al., 2004; Nishimura et al., 2004). Cytokinin receptors contain at the N-

terminal end a ligand-binding CHASE (cyclase histidine kinase associated sensory 
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extracellular) domain (Inoue et al., 2001; Ueguchi et al., 2001; Yamada et al., 2001). Recent 

data indicate that the large majority of cytokinin receptors are localized to the ER, 

suggesting a central role of this compartment in cytokinin signaling (Caesar et al., 2011; 

Wulfetange et al., 2011). Nevertheless, the possibility that a small part of the cytokinin 

receptors signal from the PM should also be considered (Wulfetange et al., 2011).  

The histidine-containing phosphotransfer proteins (HPts) act as intermediates in cytokinin 

signaling and constantly cycle between the nucleus and cytosol (Punwani and Kieber, 2010). 

The Arabidopsis genome encodes six genes of ARABIDOPSIS HISTIDINE-CONTAINING 

PHOSPHOTRANSFEER PROTEINS (AHPs),  five true AHPs (1-5) which behave in a 

manner consistent with phosphorelay and one pseudo AHP6, lacking the conserved 

phosphor-accepting histidine residue preventing participation in phosphotransfer. Therfore 

acting as a negative regulator of cytokinin signaling (Mahonen et al., 2006). Single and 

double ahp mutants generally show no defects in cytokinin response, indicating a high level 

of redundancy (Hutchison et al., 2006). The quintuple ahp1,2,3,4,5 show phenotype similar 

to that of the triple receptors mutant (Hutchison et al., 2006). 

The Arabidopsis genome contains 32 genes encoding putative ARABIDOPSIS RESPONSE 

REGULATOR (ARR) proteins which are divided in two classes based on similarity of the 

receiver domain (Sakai et al., 1998; Sakai et al., 2000; Sakai et al., 2001). The type-A ARRs 

contain only the receiver domain and lack the myb-like DNA-binding domain (Hosoda et 

al., 2002). Genetic analysis revealed that type-A ARRs are partially redundant negative 

regulators of cytokinin signaling (To et al., 2007) and their transcription is rapidly increased 

by exogenous cytokinin (Brandstatter and Kieber, 1998; D'Agostino et al., 2000). The type-

B ARRs contain DNA-binding and transactivating domains at the C-terminus that regulate 

transcription of cytokinin-activated targets, including type-A ARRs. Type-B ARRs act as 

positive regulators in the cytokinin signaling pathway and genetic analysis revealed that 

type-B ARRs (ARR1, ARR2, ARR10-12 and ARR18) have overlapping functions (Sakai et 

al., 2001; Mason et al., 2005; Yokoyama et al., 2007). Moreover, plants lacking ARR1, 

ARR10 and ARR12 exhibit almost complete insensitivity to cytokinin, indicating that these 

type-B ARRs are essential for the primary cytokinin transcriptional response (Mason et al., 

2005).  

1.2. Lateral root organogenesis — from cell to organ  

Unlike locomotive organisms capable of actively approaching essential resources, sessile 

plants must efficiently exploit their habitat for water and nutrients. This involves root-
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mediated underground interactions allowing plants to adapt to soils of diverse qualities. The 

root system of plants is a dynamic structure that modulates primary root growth and root 

branching by continuous integration of environmental inputs, such as nutrition availability, 

soil aeration, humidity, or salinity. Root branching is an extremely flexible means to rapidly 

adjust the overall surface of the root system and plants have evolved efficient control 

mechanisms, including, firstly initiation, when and where to start lateral root formation; 

secondly lateral root primordia organogenesis, during which the development of primordia 

can be arrested for a certain time; and thirdly lateral root emergence.  

The indeterminate organization of a higher plant's root system is a result of continuous root 

growth and branching, flexibly modulated by external cues, such as nutrients, water 

availability, temperature, drought, or salt stress. Root branching occurs postembryonically 

and encompasses the production of an entirely new organ from a small number of apparently 

differentiated cells. Lateral roots (LRs) initiate from a few pericycle cells that acquire the 

attributes of founder cells (FCs) (Dubrovsky et al., 2000; Dubrovsky et al., 2008). In most 

higher plant species analyzed, FCs divide asymmetrically to form short initial cells flanked 

by longer cells that might further divide by a series of anticlinal divisions. Furthermore, such 

initials undergo coordinated cell division and differentiation, giving rise to LR primordia 

(LRP). Primordia will continue to grow, eventually emerging through the adjacent 

endodermis, cortex, and epidermal layers of the primary root. Finally, a new apical meristem 

is established that takes over the control of growth of mature LRs (Malamy and Benfey, 

1997; Swarup et al., 2008). In Arabidopsis thaliana, LRs initiate repetitively in an acropetal 

manner, so that new primordia are positioned distally to the older LRP and LRs (Dubrovsky 

et al., 2006). Several hypotheses have been put forward aiming at an elucidation of 

mechanisms underlying the spatiotemporal positioning of LRs (Dubrovsky et al., 2000; De 

Smet et al., 2007; Laskowski et al., 2008; Lucas et al., 2008b). Another key aspect of LR 

organogenesis is the integration of cell division and differentiation that comes along with the 

earliest stages of LRI (Vanneste et al., 2005; Ivanchenko et al., 2006; De Smet et al., 2010). 

A role of auxin and graded auxin distribution in this process has been established previously 

(Benkova et al., 2003; Geldner et al., 2004) but only very recently essential downstream 

molecular components have been identified (Ivanchenko et al., 2006; De Smet et al., 2008; 

De Smet et al., 2010; Marin et al., 2010). 
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1.2.1. What makes xylem pole pericycle cells suitable for LRI? 

In most plant species, including Arabidopsis, LRI occurs in pericycle cell files adjacent to 

the xylem pole. Although xylem and phloem pericycle cells have been demonstrated to 

differ in a number of morphological features, such as ultrastructure (Himanen et al., 2004; 

Parizot et al., 2008), arabinogalactan protein distribution, cell wall thickening (Dolan and 

Roberts, 1995; Casero et al., 1998; Majewska-Sawka and Nothnagel, 2000), or cell size 

(Casero et al., 1998; Dubrovsky et al., 2000; Beeckman et al., 2001), determinants that 

condition xylem pole pericycle cells to be competent for LRI are still unknown. 

Identification of markers specific for either phloem or xylem pericycle files confirms that 

the pericycle sheet is a heterogenic tissue that undergoes radial differentiation with two cell 

files of discrete identities as a consequence (Laplaze et al., 2005; Mahonen et al., 2006b). 

Nevertheless, how pericycle differentiation could be determined by the interaction between 

xylem and phloem is unclear. Remarkably, in ahp6 (A. thaliana histidine phosphotransfer 

proteins), (Mahonen et al., 2006b) and transgenic Pro35S::VND7-SRDX (Vascular-related 

NAC-Domain7 fused to strong repression domain SRDX) (Kubo et al., 2005) roots that are 

both perturbed in protoxylem differentiation, neither pericycle differentiation nor LRI are 

disturbed, suggesting that protoxylem is dispensable for these morphogenetic events (Parizot 

et al., 2008). By contrast, in the lonesome highway (lhw) mutant that develops only a single 

xylem and phloem pole, the pericycle produces a single xylem pole cell file instead of two. 

Accordingly, LRI occurs exclusively from the single xylem pericycle file (Ohashi-Ito and 

Bergmann, 2007; Parizot et al., 2008), pointing toward a correlation between vascular 

organization, pericycle fate, and LRI potency. Notably, expression analyses of a set of key 

cell cycle regulatory genes and determination of the DNA content suggested that xylem pole 

pericycle cells remain in G2 for a longer period of time and, thus, might be more susceptible 

to LRI than their phloem counterpart (Beeckman et al., 2001). 

 

1.2.2. Acquisition of the FC status — positioning of LRs 

While pericycle xylem pole cells appear to be competent for LRI in general, only some 

acquire the FC status closely preceding LRI. This poses intriguing questions about positional 

and temporal control of FC establishment and about mechanisms that destine certain 

pericycle cells to become true LR initials. Recent findings led to the formulation of a 

concept in which a distinct region within the primary root predetermines LRI (Dubrovsky et 

al., 2006). As demonstrated experimentally in Arabidopsis, this developmental window 
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spatiotemporally defines the occurrence of the most distal LRI and covers a zone of 3–8 mm 

from the root tip, indicating first LRI to occur approximately 13–16 hours after pericycle 

cells have exited from the cell division zone of the root meristem (Figure 6) (Dubrovsky et 

al., 2000). In the developmental window where pericycle cells have the highest probability 

to acquire founder cell identity, auxin content and responses are minimal what can sensitize 

pericycle cells to small fluctuations in auxin concentrations (Dubrovsky et al., 2011). As FC 

specification precedes LRI, it can be anticipated that these developmental decisions occur 

even earlier and in a more distal zone of the root tip. On the basis of the correlation between 

oscillations in the expression of the DR5 auxin reporter in protoxylem cells of the basal root 

meristem and subsequent LRI in a more proximal zone of the root, a priming event that 

predetermines the LRI already in the basal root meristem has been proposed (Figure 6) (De 

Smet et al., 2007). Patchy expression pattern of the recently described transcription factor 

GATA 23 seems to be correlated with oscillating auxin response maxima in the basal 

meristem. Expression of GATA23 depends on the Aux/IAA28. Moreover, interaction studies 

revealed that IAA28 can interact with five ARF proteins: ARF5, ARF7, ARF8 and ARF19 

(De Rybel et al., 2010). 

Nevertheless, regulatory crosstalk between protoxylem and pericycle cells, decisive for FC 

specification still remains mysterious. 
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Figure 6. Spatiotemporal control of lateral root organogenesis in primary root. 
Priming of LRP precedes LRI and occurs in the basal meristem [6]. Developmental window defines 
the occurrence of the FC establishment and most distal LRI [1,5], and LRPs develop and emerge 
through adjacent tissues in the differentiated part of the root. 
 

Another attribute of LRI is its periodicity. Variations in the frequency of LRI events allow 

for an adjustment of root system development in response to changing environmental 

parameters via modulation of the root branching density. Considering auxin as the key 

stimulus for the earliest LRI events, including priming and FC acquisition (De Smet et al., 

2007; Dubrovsky et al., 2008), it is tempting to speculate that recurrent, local variations of 
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auxin concentrations in distinct pericycle cells control sites and frequency of LRI non only 

under defined laboratory conditions but also in an ever-changing environment.  

In roots, auxin is transported acropetally through the central cylinder toward the root tip and 

columella cells, where it is redistributed into the basipetal stream through the LR cap and the 

epidermis (Luschnig et al., 1998; Muller et al., 1998; Friml et al., 2003). Basipetal auxin 

transport plays a key role in the control of gravity responses (Muller et al., 1998; Marchant 

et al., 2002) and, as part of a reflux loop, participates in the maintenance of auxin 

homeostasis in the root meristem (Blilou et al., 2005; Grieneisen et al., 2007). The striking 

correlation between primary root gravity responses and LRI suggested that both processes 

might be co-regulated (De Smet et al., 2007; Lucas et al., 2008a) and that root waving 

induced by rhythmic gravistimulation promotes an alternating left-right LRI positioning, 

preferentially on the convex site of the bent root (De Smet et al., 2007). Paradoxically, the 

gravitropic response correlates with a transient increase in auxin level at the lower side of 

the gravistimulated root tip (Luschnig et al., 1998), which is opposite to the site of LRI. 

Thus, accumulation of auxin in priming cells, incipient LRI sites, cannot simply be 

explained by lateral flux of auxin at the lower side of the root into the pericycle. A possible 

role has been attributed to local changes in PIN-type auxin carrier localization at the plasma 

membrane of protoxylem and pericycle cells that could be observed in response to a 

gravistimulus (Ditengou et al., 2008). Given that the direction of auxin transport is 

modulated by the polar membrane localization of PIN proteins (Petrasek et al., 2006; 

Wisniewska et al., 2006); it seems possible that such transient changes in PIN localization 

upon gravistimulation might affect the local accumulation of auxin and, consequently, LRI. 

The observation that transient mechanical bending of roots induces LRI (Ditengou et al., 

2008; Laskowski et al., 2008) implies that local auxin accumulation leading to LRI might 

not exclusively depend on mechanisms that control the gravitropic response. Indeed, 

removal of the columella cells, as the root gravity-perceiving organs does not interfere with 

the LRI after bending (Richter et al., 2009). Predictive modeling suggested that mechanical 

deformation of tissues caused by stretching during curve formation is sufficient to increase 

the auxin levels on the convex side of the bent root, presumably as a consequence of cell 

shape changes modulating auxin transport dynamics (Laskowski et al., 2008). Moreover, 

such mechanical stretching correlates with changes in Ca2+ concentrations in the pericycle 

and in adjacent tissues, hinting at a role for Ca2+ in the integration of mechanical forces in a 

defined developmental response (Richter et al., 2009). An additional feedback regulatory 
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component that regulates the LRI frequency has been predicted by a mechanistic model 

(Lucas et al., 2008b), suggesting an impact of the developing/emerging LRP on the LRI. 

Recent genetic studies indicate the existence of another mechanism contributing to a 

positioning of new LRs. Using the DR5::Luciferase reporter, Moreno-Risueno and 

colleagues observed in vivo and in real time rhythmical pulses of reporter activity in basal 

meristem and elongation zone. The pulses of DR5 expression result in the establishment of 

static points of DR5::Luciferase expression, which developed into new LRs. The auxin 

responsiveness simultaneously oscillates with activity of two different sets of genes and 

might contribute to control of LRI process (Moreno-Risueno et al., 2010). 

1.2.3. Auxin: triggering division and beyond 

The earliest visually observable event during FC specification is the accumulation of auxin, 

after which each pericycle cell with increased auxin levels acquires FC identity, divides, and 

gives rise to LRP (Dubrovsky et al., 2008). But how could molecular and cellular responses 

triggered by auxin cause the formation of new multicellular organs from only a few cells?  

The importance of TIR/AFB-mediated auxin perception for LRI is demonstrated by the 

dramatic reduction of LRI in the tir1lafb2afb3 auxin receptor mutant (Dharmasiri et al., 

2005b; Perez-Torres et al., 2008). However, only some of the 29 AUX/IAAs and 23 ARFs 

participate in the regulation of LR organogenesis. Among the so far identified AUX/IAA and 

ARF genes with an impact on LR organogenesis (Tian and Reed, 1999; Rogg and Bartel, 

2001; Tatematsu et al., 2004; Uehara et al., 2008), SOLITARY ROOT (SLR)/IAA14 acting 

together with ARF7 and ARF19 controls the earliest phases of LRI. Accumulation of 

stabilized IAA14, or a combined loss of ARF7 and ARF19 function completely blocks LRI 

(Fukaki et al., 2002; Okushima et al., 2005; Vanneste et al., 2005).  

After auxin accumulation FCs typically re-enter the cell cycle. As confirmed by several 

transcriptome profiling experiments, genes involved in cell cycle activation are induced 

soon after stimulation of the auxin signaling pathway (Himanen et al., 2002; Himanen et al., 

2004; Vanneste et al., 2005; De Smet et al., 2008). However, one might ask, how auxin-

mediated induction of cell cycle progression in xylem pole pericycle cell could specifically 

trigger LRI. Elevated expression of the core cell cycle regulators CYCD3;1 or E2Fa/DPa 

promotes division of pericycle cells in general, but such cytokinesis events differ from the 

division that leads to the LR organogenesis (De Smet et al., 2010). By contrast, the higher 
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division potential of the pericycle provided by elevated cell cycle activity can be utilized to 

enhance LR organogenesis only upon simultaneous increase of auxin levels (De Smet et al., 

2010). It seems that, by analogy to other organogenic processes occurring in the plant body, 

from the moment of the first division, coordination of LR organogenesis depends on an 

intimate interplay between cell division and patterning events. Auxin might be the signal 

integrating both these processes. This is also supported by the observation that a lack of LRI, 

characteristic for the slr/iaa14 mutant, is rescued only upon simultaneous stimulation of 

auxin signaling and elevated activity of cell cycle regulators (De Smet et al., 2010). 

Moreover, these observations suggested the presence of additional auxin response modules 

that act downstream of SLR/ARF7/ARF19. Indeed, an increase in MONOPTEROS 

(MP)/ARF5 levels could overcome arrest in LRP development caused by the slr/iaa14 

mutation, with a significantly higher efficiency than elevated levels of ARF7 or ARF19. 

Thus, a second check point during early steps in LRI seems to involve an MP-dependent 

step (De Smet et al., 2010). The AUX/IAA counterpart for MP/ARF5 might be, as in the 

early embryogenesis, BODENLOS (BDL)/IAA12 (Hamann et al., 2002), of which the gain-

of-function mutant bdl exhibits severe defects in LRI and positioning (De Smet et al., 2010). 

Altogether, auxin seems to trigger LRI and to integrate cell division and patterning 

processes through successively acting auxin response modules, such as SLR/IAA14-ARF7, 

SLR/IAA14-ARF19, and BDL/IAA12-MP/ARF5 (Figure 7). The dgt mutant of tomato 

(Solanum esculentum) revealed a potentially downstream acting factor essential for the 

consolidation of cell division and differentiation processes. Mutation in the gene encoding 

type-A cyclophilin leads to division of pericycle cells, but not LR organogenesis and, thus, 

uncouples cell division from primordia organogenesis (Ivanchenko et al., 2006).  

Recently, additional mechanisms have been discovered that contribute to the control of the 

negative feedback regulatory pathway mediated by AUX/IAAs and ARFs during LR 

organogenesis. For example mutations affecting accumulation of trans-acting short-

interfering RNAs (tasiRNAs) cause a delay in LR organogenesis. Closer inspection revealed 

that the small RNA, miR390, allows the production of tasiARFs that repress the expression 

of ARF2, ARF3, and ARF4. A functional regulatory circuit was found to be confined through 

auxin and ARF4-mediated feedback on expression of miR390 (Figure 7) (Marin et al., 2010; 

Yoon et al., 2010). Similar mechanisms were found to act upon nitrogen-regulated LR 

outgrowth, with nitrogen acting as a positive regulator of ARF8 transcription by repressing 

miR167 levels (Gifford et al., 2008), or to control adventitious, shoot-derived rooting 
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(Gutierrez et al., 2009). Altogether, these data show that the core auxin signaling pathways 

of the AUX/IAA-ARF-TIR1/AFB genes are fine-tuned by additional mechanisms with an 

important impact on auxin-regulated LR organogenesis. 

 

 

Figure 7. Molecular events during LRI and development. 
Auxin accumulating in FCs activates successively the auxin response modules IAA14-ARF7, 
ARF19, and BDL/IAA12-MP/ARF5 to initiate the division leading to LRI. The ACR4 receptor 
kinase cell autonomously promotes the correct specification of the LRP cells and non-cell 
autonomously prevents neighboring pericycle cells from the LRI. The membrane efflux carrier PIN1 
re-localizes by ARF GEF GNOM-dependent transcytosis to redirect the auxin stream toward the 
primordium tips. LR outgrowth is regulated by the small RNAs that control the auxin modules 
involving ARF2, ARF3, and ARF4. miR390 allows the production of tasiARFs that repress the 
expression of ARF2, ARF3, and ARF4. The expression pattern of miR390 is maintained by feedback 
regulation involving ARF2, ARF3, and ARF4. Blue staining reflects the auxin accumulation as 
monitored by the DR5::GUS reporter. 

1.2.4. LRI — mystery of the coordinated asymmetric division 

In the bicellular mode of LRI (Dubrovsky et al., 2001), the first anticlinal division is 

synchronized in two neighboring FCs, of which each divides asymmetrically, generating 

primordia consisting of two short central cells and two longer flanking cells. Besides the 

bicellular mode of LRI, a unicellular origin of primordia has been described as well 

(Dubrovsky et al., 2001). Although the morphological asymmetry of the first division of the 

single FC is not obvious, the fact that the subsequent development is undistinguishable from 

the bi-cellularly originated primordia suggests that, also in this case, short cell initials are 

heterogenic. 
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As discussed above, auxin signaling acting through specific Aux/IAA-ARF modules meets 

all the premises of the apparatus that coordinates cell division and patterning processes 

during LRI. However, it is still a mystery how auxin, as an identity-determining factor of 

FCs, might control their asymmetrical division, and which mechanisms might determine the 

synchronized shift of nuclei in two neighboring FCs toward each other, preceding 

asymmetric cell divisions and differentiation of central and flanking cells (De Smet et al., 

2007). Does auxin act as an intrinsic signal, which might for example by the formation of 

cellular gradients induce nucleus movement and placement of a mitotic figure? Or are there 

extrinsic factors, which mediate the communication between the FCs and adjacent cells? All 

these questions are still unanswered. Although the principal control mechanism leading to 

asymmetric cell divisions is still unknown, a further characterization of a gene exhibiting 

differential expression restricted to short cells immediately after the first asymmetrical cell 

division might provide some clues. ARABIDOPSIS CRINKLY4 (ACR4) that was identified 

in a cluster of genes induced early upon LRI (De Smet et al., 2008) encodes a membrane-

localized receptor-like kinase and its loss-of-function leads to enhanced division in the 

pericycle, formation of fused primordia, or primordia in ectopic positions. Importantly, 

ACR4 was found not to be expressed in short cells generated upon cell cycle activation by 

overexpression of CYCD3;1 in slr/iaa14, further demonstrating the unique characteristics of 

cell divisions leading to LRI (De Smet et al., 2008). ACR4 seems to act both cell 

autonomously and non-cell autonomously. Cell autonomously, it might be required for the 

correct specification of LRP, whereas non-cell autonomously, it might antagonize LRI in 

neighboring pericycle cells (Figure 7). The fact that ACR4 shows similarity to receptor-like 

kinases and acts both cell autonomously and non-cell autonomously evokes questions about 

potential ligand(s) that might be recognized by ACR4. By analogy to the CLAVATA 

pathway that controls the shoot apical meristem activity, such mobile signals might control 

the meristematic activity in LRP and provide a feedback loop to restrict cell division activity 

in neighboring cells. Yet, the identity of such signals remains to be determined. 

1.2.5. Primordia organogenesis — from dividing cells to organ 

After LRI, organogenesis of LRP proceeds via strictly coordinated cell division and 

differentiation patterns, and reporter genes occupy expression zones demarcating incipient 

tissue identities from very early LRP developmental stages on (Malamy and Benfey, 1997; 

Benkova et al., 2003). Coordinated patterns of cell divisions during organ formation are 

dependent on the PUCHI gene, which encodes a putative APETALA2/ETHYLENE-
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RESPONSIVE ELEMENT BINDING PROTEIN transcription factor (Hirota et al., 2007). 

Recessive mutations in PUCHI disturbed cell division patterns in the lateral root 

primordium, resulting in swelling of the proximal region of lateral roots (Hirota et al., 2007). 

Auxin was recognized as one of the key patterning regulators during LRP organogenesis and 

graded auxin distribution was found to coordinate cell division and differentiation (Benkova 

et al., 2003; Geldner et al., 2004). LRP organogenesis is driven by an auxin gradient having 

maxima at the primordia tip (Benkova et al., 2003). To establish auxin gradients, PIN1, as 

the principal auxin efflux carrier, must accordingly change the membrane localization from 

anticlinal, prevalent in short initials upon LRI, to periclinal cell membranes, heading toward 

primordia tip (Benkova et al., 2003; Geldner et al., 2004). Recently, the molecular 

mechanisms behind the changes in PIN1 polar localization have been shown to involve ARF 

GEF GNOM-dependent trancytosis (Kleine-Vehn et al., 2008) and to require a functional 

auxin signaling pathway (Sauer et al., 2006). Targeting of the PIN1 cargo-carrying vesicles 

to the basal plasma membrane, which, in case of the LRP, corresponds to periclinal 

membranes facing the LRP tip, requires the ARF GEF GNOM-dependent pathway (Figure 

7), whereas inhibition of brefeldin A-sensitive ARF GEFs leads to the recruitment of basal 

PIN cargoes into opposite membranes and, consequently, to loss of auxin maxima and 

defective LRP organogenesis (Benkova et al., 2003; Geldner et al., 2004; Kleine-Vehn et al., 

2008).  

Subsequent controlled cell divisions give rise to a typical dome-shaped primordium. As 

these processes happen deep within the parental root, it is critical that overlying tissues 

undergo cell separation to allow primordium emergence. Auxin originating from dividing 

pericycle cells induces cell-wall-remodelling expression in adjacent endodermal cells by 

targeting the degradation of the SHY2/IAA3 repressor protein (Swarup et al., 2008). Next, 

auxin derived from the lateral root primordium also induces expression of the auxin influx 

carrier LAX3 in adjacent cortical cells by targeting the degradation of the SLR/IAA14. 

Increased auxin accumulation induces cell-wall-remodeling genes expression, thus enables 

separation of cells surrounding growing primordium (Swarup et al., 2008). 

 

1.2.6. Cytokinin as inhibitor of LR organogenesis 

Besides auxin, several other plant hormones have been found to regulate the LR 

organogenesis (Ruegger et al., 1997; Sponsel et al., 1997; Bao et al., 2004b; De Smet et al., 

2006b; Mouchel et al., 2006) and cytokinin seems to be one of the major regulators. 
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Generally cytokinins play an antagonistic role to auxin in plant growth and development. 

The application of exogenous cytokinins decrease root growth and lateral root density in 

dose dependent manner (Rani Debi et al., 2005; Li et al., 2006; Laplaze et al., 2007; Ruzicka 

et al., 2009). In contrast to auxin, relatively little is known about the mechanism of cytokinin 

repression. Cytokinin is known to stimulate ethylene production and its inhibitory effect on 

root elongation appears to be ethylene dependent (Ruzicka et al., 2007). However, results 

obtained using an ethylene insensitive mutant and an inhibitor of ethylene biosynthesis 

indicate that cytokinins exert their effects on lateral root development independently of 

ethylene (Laplaze et al., 2007) 

Similarly to exogenous application, elevated endogenous levels of cytokinin via increased 

expression of IPT, lead to a significant reduction of LR initiation (Kuderova et al., 2008). 

Moreover, analyses of mutants impaired in cytokinin biosynthesis, metabolism or signaling 

pathway confirm the inhibitory effect of cytokinin on LR initiation. Depletion of cytokinin 

due to overexpression of cytokinin oxidase (Werner et al., 2001; Werner et al., 2003) or 

disruption of biosynthesis (Miyawaki et al., 2006) lead to enhanced LR formation. Multiple 

mutations in Arabidopsis cytokinin signaling components such as the type-B ARRs and CK 

receptors increase the number of primordia (Mason et al., 2005; Riefler et al., 2006). In 

contrast, multiple mutations in type-A ARRs, negative regulators of cytokinin signaling, 

decrease the number of LRs (To et al., 2007). 

Li et al. (2006) demonstrated that cytokinins inhibit LR initiation through blocking the 

pericycle founder cells at the G2 to M transition phase A process that seems to be mediated 

by the cytokinin receptor CRE1/AHK4 (Li et al., 2006) and requires AHPs (Hutchison et al., 

2006). Furthermore, exogenously applied auxin can only rescue cell divisions not LR 

initiation and development (Li et al., 2006; Laplaze et al., 2007), what indicates that 

cytokinin accumulation in pericycle cells does not prevent the auxin-mediated activation of 

cell divisions but rather blocks the developmental program of lateral root initiation (Laplaze 

et al., 2007). 

In addition, exogenous CK affects the expression of several PIN genes in LR primordia and 

prevents the formation of an auxin gradient that is required for normal LR primordium 

patterning (Laplaze et al., 2007). Similarly, conditional cytokinin overproduction interferes 

with early LR primordium patterning and auxin maximum response (Kuderova et al., 2008).  
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1.3. Hormonal crosstalk - auxin and cytokinin interaction  

A fundamental question in developmental biology is how multicellural organisms coordinate 

cell division and differentiation to determine organ size. Since initial studies on auxin in the 

19th century, many in vivo, in vitro and in silico experiments provided a broad knowledge 

about plant hormones: their role during the plant life cycle, biosynthesis and metabolism, 

transport, perception and signaling pathways. Recent studies suggest that hormones act 

through a network of interacting responses rather than through isolated linear pathways. This 

raises the question of how hormone signaling pathways trigger specific outcomes while 

operating in communication network with other pathways (Coenen and Lomax, 1997; 

Chandler, 2009; Kuppusamy et al., 2009).  

 

Over 50 years have elapsed since the first evidence for hormonal interactions in regulation 

of plant development. Skoog and Miller (1957) showed that both auxin and cytokinin are 

required to induce cell division and growth in plant tissue culture. A high ratio of cytokinin 

to auxin stimulated formation of buds, whereas a low ratio induces root regeneration. The 

current knowledge on plant hormones points out that every developmental process is 

regulated by combined action of several hormones. Evidences of hormonal interactions can 

be found in all developmental processes. Auxin and cytokinin are involved in meristem 

formation in early embryogenesis (Muller and Sheen, 2008; Su et al., 2011), cytokinin, 

auxin and giberellins control shoot apical meristem activity and phylotaxis (Hay et al., 2002; 

Reinhardt et al., 2003; Werner et al., 2003; Leibfried et al., 2005; Zhao et al., 2010). Three 

classes of plant hormones, auxins, cytokinins and strigolactones are central to the control of 

bud activation (Domagalska and Leyser, 2011). Positive regulators of root branching are 

auxin and brassinosteroids (Laskowski et al., 1995; Bao et al., 2004a), whereas cytokinin, 

abscisic acid are negatively regulating lateral root formation (De Smet et al., 2006a; Laplaze 

et al., 2007) . Ethylene was found to inhibit LRI but enhance LR emergence (Ivanchenko et 

al., 2008). Root growth and meristem maintenance are under control of auxin, cytokinin, 

ethylene and gibberellins (Depuydt and Hardtke, 2011; Su et al., 2011).  

 

Most of hormones are interconnected within a web of biosynthesis and degradation 

pathways. Brassinosteroids, auxin and cytokinin enhance production of ethylene in 

Arabidopsis (Arteca and Arteca, 2008). Auxin seems to stimulate the activity of the ACS 

ethylene synthase (Yi et al., 1999) and in a complementary way, ethylene feeds back to 
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affect auxin biosynthesis (Abel et al., 1995; Swarup et al., 2007). Several genes of the auxin 

biosynthesis pathways were isolated and found to be under transcriptional control of 

ethylene (Stepanova et al., 2005; Stepanova et al., 2008). Auxin regulates gibberellin 

biosynthesis via the induction of several gibberellin oxidase genes (Wolbang and Ross, 

2001). Additionally, increased auxin levels in the stems of strigolactone mutants of 

Arabidopsis and rice (Bennett et al., 2006; Arite et al., 2007), suggesting that auxin and 

strigolactone levels feedback-regulate each other (Hayward et al., 2009). These examples 

show that endogenous hormone homeostasis and relative hormone balance very often 

involves auxin. Beside widespread hormone regulation at the level of metabolism, polar 

auxin transport can be modulated by ethylene, gibberellins or brassinosteroids (Bao et al., 

2004a; Bjorklund et al., 2007; Ruzicka et al., 2007; Lewis et al., 2011). Interestingly, many 

mutants in the auxin pathway exhibit not only auxin-related phenotypes but also an altered 

sensitivity to other hormones, what makes auxin the universal partner in hormonal crosstalk 

(Benkova and Hejatko, 2009; Chandler, 2009; Fukaki and Tasaka, 2009). Additionally, one 

hormone can modulate activity of signaling pathway of another hormone. The Arabidopsis 

ethylene-regulated HOOKLESS1 (HLS1) gene is essential for apical hook formation. 

AUXIN RESPONSE FACTOR 2 (ARF2) which expression is regulated by ethylene was 

found to be a supressor of HLS1. Therefore, HLS1 is a key integrator of the ethylene and 

auxin signaling pathways that control hypocotyl bending (Li et al., 2004). A link between 

auxin and jasmonate was shown by finding that expression of the jasmonate signaling 

repressor JAZ1/TIFY10A is transcriptionally regulated by auxin (Grunewald et al., 2009). 

 

Evidently,hormonal interactions are very complex and might be underlay by qualitatively 

different mechanisms of cross-talk. The commonly used in biology term crosstalk is taken 

from electrical engineering, where crosstalk is defined as any phenomenon by which a 

signal transmitted on one circuit or channel of a transmission system creates an undesired 

effect in another circuit or channel. However, as biological crosstalk usually results in a 

positive influence on responses, the term cross- regulation has often been used (Chandler, 

2009; Kuppusamy et al., 2009). 

Kappusamy et al. (2009) proposed a classification for three different signaling architectures 

that provide crosstalk between signaling pathways (Figure 8). In a primary crosstalk, two 

input pathways converge on the same target protein or a single shared signal transduction 

protein (or two proteins that directly interact) to control a specific pathway output (Figure 

8A). A secondary crosstalk is where the output of one pathway regulates the level or 
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perception of the second input signal (Figure 8B). A tertiary crosstalk occurs when the 

independent outputs of two signaling pathways exert influence on one another (Figure 8C) 

(Kuppusamy et al., 2009). Chandler (2009) introduces the following classification: direct 

crosstalk, indirect crosstalk and co-regulation what is equivalent to the previous 

classification. Interaction of hormones can be functionally characterized as synergistic 

(positive) or antagonistic (negative) (Chandler, 2009; Kuppusamy et al., 2009). 

 

A

B

C

Primary

Secondary

Tertiary

Positive Negative

 

 

Figure 8. A classification scheme for interactions between signaling pathways. 
(A). In primary crosstalk, two input pathways converge on a single shared signal transduction protein 
or the same target protein that does not belong to any of the signalin pathways. (B). Secondary cross-
regulation is where the output of one pathway regulates the levels or perception of the second input 
signal. (C). In tertiary cross-regulation, independent outputs from two signaling pathways influence 
the effect of one another. Adapted from Kuppusamy et al., (2009).  
 
Primary crosstalk still rarely can be found in the plant literature (Kuppusamy et al., 2009). 

One example of a positive primary auxin-cytokinin interaction is the control of cell divisions 

by both hormones. Treatment of tobacco leaf protoplasts with both hormones leads to a 

higher expression level of CDC2 class of cyclin- dependent kinases than with either 



Introduction 
 

44 

hormone alone. Although auxin was sufficient to induce cdc2 expression, catalytic activity 

of kinase was increased only in presence of cytokinin (Coenen and Lomax, 1997). 

 

Secondary (indirect) regulations are the most common crosstalk mechanism in the plant 

growth and development. Most hormones are interconnected within a web of biosynthesis 

and degradation pathways, what controls hormone homeostasis (Chandler, 2009). The 

abundance of hormones can either be increased by synthesis, or reduced by degradation or 

conjugations. Cytokinin biosynthesis is catalyzed by a rate-limiting enzyme 

isopentenyltransferase (IPT) and in Arabidopsis roots IPT5 and IPT7 are unregulated by 

auxin treatment suggesting that local cytokinin biosynthesis is controlled by auxin pathway 

(Miyawaki et al., 2004). Interestingly, direct cytokinin measurements have shown that auxin 

mediates a very rapid negative control of the cytokinin pool by mainly suppressing the 

biosynthesis via the isopentenyladenosine-5′-monophosphate-independent pathway. In 

contrast, the effect of cytokinin overproduction on the entire auxin pool in the plant was 

slower, indicating that this most likely is mediated through altered development (Nordstrom 

et al., 2004). Recent data revealed that elevated cytokinin level leads to a rapid increase in 

auxin biosynthesis in young, developing root and shoot tissues whereas decreased 

endogenous cytokinin level reduces auxin biosynthesis (Jones et al., 2010). Cytokinin 

homeostasis is also controlled via oxidative cytokinin breakdown by cytokinin 

oxidase/dehydrogenase (Werner et al., 2003). It has been shown that Arabidopsis CKX6 is 

rapidly and transiently induced by auxin during leaf development in canopy shade (Carabelli 

et al., 2007).  

The interaction of auxin and cytokinin signaling pathways is crucial in the control of shoot 

apical meristem activity and specification of embryonic roots. It has been shown that 

negative regulators of the CK signaling pathway type-A ARRs ARR7 and ARR15, integrate 

cytokinin and auxin signals in the embryonic root as well as in shoot-stem cell niche (Muller 

and Sheen, 2008; Zhao et al., 2010). Auxin controlled ARR7 and ARR15 activity is 

necessary for proper embryo development, and embryos in which both genes are not 

functional show strong patterning defects (Muller and Sheen, 2008). In the shoot meristem 

ARR7 and ARR15 expression is induced by cytokinin, whereas auxin has a negative effect. 

This is, at least in part, mediated by the AUXIN RESPONSE FACTOR5/MONOPTEROS 

(MP) transcription factor (Zhao et al., 2010). These regulatory mechanisms confirm the 

antagonism between auxin and cytokinin in the root meristem, whereas they suggest a 

synergy between the two hormones in the shoot apical meristem, which is well supported by 
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classic shoot regeneration experiments. In root apical meristems, interaction between auxin 

and cytokinin signaling pathways was found to be mediated through the primary cytokinin-

response transcription factor, ARR1 and SHY2/IAA3 (SHY2), a repressor of auxin signaling 

(Dello Ioio et al., 2008). It has been demonstrated that cytokinin activates the promoter of 

SHY2/IAA3 specifically at the vascular tissue transition zone (Dello Ioio et al., 2008). Via an 

AHK3 receptor and ARR1 response regulator activation of SHY2/IAA3 results in repression 

of auxin signaling and consequently in downregulation of the PIN auxin efflux carriers 

expression.  (Dello Ioio et al., 2008).  Accordingly  it has been shown that CK reduces auxin 

efflux from cultured tobacco cells (Pernisova et al., 2009) and negatively regulates the 

expression of most of the PIN genes in roots (Dello Ioio et al., 2008; Pernisova et al., 2009; 

Ruzicka et al., 2009), except PIN7 which is regulated by cytokinin in a positive manner in 

Arabidopsis roots (Ruzicka et al., 2009, Marhavy et al., 2011, Bishopp et al., 2011).  

 

Besides a transcriptional regulation, cytokinin was found to regulate level of PIN proteins at 

post-transcriptional level (Marhavý et al., 2011; Yoshida et al., 2011; Zhang et al., 2011). 

Cytokinin controls endocytic recycling of the auxin efflux carrier PIN1 by redirecting it for 

lytic degradation in vacuoles. Stimulation of the lytic PIN1 degradation is not a default 

effect for general down regulation of proteins from plasma membranes, but a specific 

mechanism to rapidly modulate the auxin distribution in cytokinin-mediated developmental 

processes (Marhavý et al., 2011). 

 

Some cases of hormonal interactions to distinguish between primary, secondary, or tertiary 

regulation are still not well understood (Kuppusamy et al., 2009). The auxin-cytokinin 

crosstalk is spatially and temporally regulated and to fully understand developmental 

processes and responses to the environment, interactions with other hormones must be 

considered too. Further studies using genome-wide profiling for epigenetics, 

transcriptomics, and proteomics will provide new information about the interconnected web 

of hormone action. 
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The architecture of a plant’s root system, established during its postembryonic life span, is the 

result of both coordinated root growth and lateral root branching. The plant hormones auxin 

and cytokinin are central endogenous signaling molecules that regulate lateral root 

organogenesis positively and negatively, respectively. Tight control and mutual balance of 

their antagonistic activities are particularly important during the early phases of lateral root 

organogenesis to ensure continuous lateral root initiation (LRI) and proper development of 

lateral root primordia (LRP). Here, we show that the early phases of lateral root 

organogenesis, including priming and initiation, take place in root zones with a repressed 

cytokinin response. Accordingly, ectopic overproduction of cytokinin in the root basal 

meristem most efficiently inhibit LRI. Enhanced cytokinin response in pericycle cells 

between existing LRP hints at a role restricting LRI in close proximity to existing LRP and, 

when compromised, ectopic LRI occurs. Furthermore, our results demonstrate that young 

LRP are more sensitive to perturbations in the cytokinin activity than developmentally more 

evolved primordia. As the cytokinin control over the components of the polar auxin transport 

machinery is stage independent, we hypothesize that cytokinin effect on the primordia 

development possibly depends on the robustness and stability of the auxin gradient. 
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INTRODUCTION 

The fundamental task of the root system is to mediate an interaction between the plant and the 

soil and to provide the plant with water and nutrients. The root system architecture is 

controlled by endogenous mechanisms that constantly integrate environmental signals, such 

as availability of nutrients and moisture or salinity, and, accordingly, modulate the primary 

root growth and branching. The developmental flexibility of root systems, which is extremely 

important for efficient soil exploitation and survival of plants under less favourable 

conditions, is largely determined by its postembryonic capacity to branch. 

In Arabidopsis thaliana, lateral roots initiate from selected pericycle cells that acquire 

attributes of founder cells, subsequently undergo a series of anticlinal divisions, and produce a 

few, short initial cells. After initiation, coordinated cell division and differentiation give rise 

to LRP. Primordia continue to grow, emerge through the cortex and epidermal layers of the 

primary root, and finally the lateral root apical meristems take over the growth control 

(Malamy and Benfey, 1997; Péret et al., 2009; Benková and Bielach, 2010). 

Overall, the root system architecture depends largely on the spatiotemporal regulation of 

individual LRI events. Noteworthy, processes leading to initiation seem to be activated much 

earlier than the morphological detection of the first anticlinal divisions. Priming, proposed to 

occur in the basal root meristem by recurrent accumulations of the plant hormone auxin in 

selected protoxylem cells, precedes founder cell establishment and LRI (De Smet et al., 2007; 

De Rybel et al., 2010). Several concepts have recently been put forward to assess the 

mechanisms behind the repetitive initiation events. Either the correlation between gravity 

responses and LRI that regulate root bending (De Smet et al., 2007; Lucas et al., 2008a), or 

the mechanical stretching of cells as a consequence of the root bending by gravistimulation 

(Laskowski et al., 2008) have been proposed to underlie LRI control. Another hypothesis 

considers regular (gravity-independent) oscillations in a set of genes, including transcriptional 

regulators, as the primary mechanism leading to recurrent activation of processes resulting in 

LRI (Moreno-Risueno et al., 2010). Spatially, LRI is restricted to a developmental window, 

namely a distinct region within the primary root with the highest probability of LRI events 

(Dubrovsky et al., 2006). 

Plant hormones are important endogenous regulatory molecules that control plant growth and 

development and mediate interactions with the environment to modulate developmental 

responses. Auxins and cytokinins are two classes of plant hormones that are key in the 

regulation of lateral root organogenesis. Auxin promotes the earliest events related to lateral 
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root organogenesis including priming (De Smet et al., 2007), founder cell specification 

(Dubrovsky et al., 2008), initiation (Benková et al., 2003; Dubrovsky et al., 2008), as well as 

the later phases of primordia formation and emergence (Benková et al., 2003; Swarup et al., 

2008). Critical for the auxin activity are the dynamic control of its distribution mediated 

through the polar auxin transport (PAT) machinery (Vanneste and Friml, 2009) and the 

downstream signaling pathway (Paciorek and Friml, 2006; Quint and Gray, 2006; Calderon-

Villalobos et al., 2010). Interference with either of them (PAT or signaling) leads to severe 

defects in LRI and development (Casimiro et al., 2001; Fukaki et al., 2002; Benková et al., 

2003; Dharmasiri et al., 2005; Okushima et al., 2005; Swarup et al., 2008; De Smet et al., 

2010). 

In contrast to auxin, cytokinin constrains both LRI and development (Li et al., 2006; Laplaze 

et al., 2007). Plants overproducing cytokinin exhibit a reduced lateral root formation whereas 

transgenic plants overexpressing the CYTOKININ OXIDASE/DEHYDROGENASE (CKX) 

gene coding for the enzyme that degrades cytokinin by oxidation, have an increased number 

of lateral roots (Werner et al., 2003; Laplaze et al., 2007). Accordingly, cytokinin signaling 

perturbations in either perception or signal transduction affect lateral root organogenesis 

(Mason et al., 2005; Riefler et al., 2006; To et al., 2007). 

The antagonistic roles of auxin and cytokinin in the control of lateral root organogenesis 

imply that their activities must be mutually tightly controlled. In view of the inhibitory effects 

of cytokinin on LRI, the spatiotemporal control and restriction of its activity might be crucial 

for the recurrent LRI. Here, we show that the early phases of lateral root organogenesis 

including priming and initiation take place in the root zone with elevated levels of 

biologically active cytokinin, but with repressed cytokinin responses. Accordingly, enhanced 

cytokinin activity prior to the morphologically visible initiation events, in the zone 

encompassing the basal meristem activity inhibited most efficiently LRI. Unlike, when 

increased in the mature differentiated parts of the roots cytokinin interfered with the 

development, but not initiation of lateral roots. Increased cytokinin responses detected in the 

pericycle cells neighboring the LRP and analysis of mutants defective in cytokinin response 

indicate that this cytokinin activity is important to prevent LRI in close proximity of existing 

LRP. Furthermore, our results demonstrate that primordia in the early phases of development 

were more sensitive to the perturbation in the cytokinin pathway than those more developed. 

We hypothesize that the stage-dependent effect of cytokinin on primordia development is 

determined by robustness and stability of the auxin gradient that might be enhanced in 

developmentally more mature primordia. 
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RESULTS 

LRI occurs in the root zone with elevated active cytokinin levels 

Particular phases of lateral root development take place in distinct zones of the primary root, 

priming and LRI, that are spatially restricted to the zone near the root meristem, including the 

basal meristem and developmental window (Dubrovsky et al., 2001; De Smet et al., 2007; 

Dubrovsky et al., 2011), whereas primordia organogenesis and emergence occur in the mature 

differentiated zones (Swarup et al., 2008). Cytokinin acts as an endogenous inhibitor of lateral 

root organogenesis and counteracts the stimulatory effect of auxin (Li et al., 2006; Laplaze et 

al., 2007). However, thus far, the mechanisms behind this crosstalk are unclear. As a first 

step, we investigated whether cytokinin levels vary along the primary root axis and correlate 

with lateral root organogenesis. Cytokinin levels were examined in three zones defined by the 

developmental phases of the lateral root organogenesis: the zone of (i) LRP initiation, (ii) 

formation, and (iii) LRP emergence through the cortex (Figure 1A; for details, see Methods). 

Quantification of cytokinin metabolites in the three different root segments revealed that 

levels of the free cytokinins isopentenyladenine (iP) and cis-zeatin (cZ) were slightly higher 

in the root segments corresponding to the LRP initiation zone than those in the more distal 

parts (Figure 1A), whereas trans-zeatin (tZ) was distributed evenly through the whole root. 

The distribution of the cytokinin ribosides trans-zeatin riboside (tZR), cis-zeatin riboside 

(cZR), isopentenyladenosine (iPR), and dihydrozeatin riboside (DHZR) was similar to that of 

the corresponding free cytokinin forms (Figure 1A). On the contrary, cytokinin-inactive 

derivatives, such as trans-zeatin-9-glucoside (tZ9G) and cis-zeatin-9-glucoside (cZ9G), 

accumulated more in the older root segments, corresponding to the LRP emergence zone 

(Figure 1A). 

Altogether the analysis of cytokinin levels in roots suggests that spatiotemporally controlled 

metabolic processes, such as degradation or inactivation by conjugation, contribute to a 

differential distribution of cytokinin derivatives along the primary root. In respect to lateral 

root organogenesis, the early phases, including initiation and primordia formation, take place 

in the root zone in which biologically active cytokinin derivatives accumulate, but the later 

developmental phases, such as emergence, occur in the zone with accumulation of 

biologically inactive cytokinin conjugates. 
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Cytokinin responses are minimal in the basal root meristem 

The main limitation of analytical approaches, such as liquid chromatography-mass 

spectrometry-based cytokinin quantifications, is the lack of tissue and cellular resolution. 

Therefore, reporters sensitive to defined hormones, such as DR5, DII VENUS for auxin 

(Ulmasov et al., 1997; Vernoux et al., 2011), or EBS to ethylene (Stepanova et al., 2007), 

helped understand the cellular action of hormones. To monitor cytokinin responses in cells 

and tissues involved in lateral root organogenesis, i.e. the basal meristem, the developmental 

window zone, the pericycle cells, and the individual stages of LRP and cells adjacent to LRP, 

we used the cytokinin-sensitive reporter two-component-output-sensor (TCS) (Müller and 

Sheen, 2008). Detailed examination revealed that the TCS::GFP expression was not or hardly 

detectable in the basal meristem zone where priming events take place (Figure 1B; 

Supplemental Figure S1) and throughout the root zone corresponding to the developmental 

window (Figure 1B). In the pericycle, TCS::GFP was expressed in individual xylem pole 

pericycle cells between the LRP in the same cell file or across existing LRP (Figures 1C and 

2A,D; see Supplemental Figure S1 online). In the proximal root zone, where LRP are more 

developed, the TCS signal in the pericycle ceased (Figure 1F; Supplemental Figure S1). The 

TCS::GFP expression occurred in the endodermal cells adjacent to the early-stage LRP 

(Figure 1E) and persisted in the endodermis in the root zone with emerging primordia and 

mature lateral roots, but no GFP signal was detected in the pericycle (Figure 1F; 

Supplemental Figure S1). In the LRP body, the cytokinin reporter was expressed the earliest 

at stage VI, where it was confined to the provascular cells (Figure 1D). 

Expression of the TCS reporter was induced by exogenous cytokinin treatment in all cell 

layers of the mature differentiated root, including LRP at all developmental stages (Figures 

1G and 1H), but not or to a very limited extent in the zone corresponding to the basal 

meristem and the early differentiation zone. These results suggest that the reduced expression 

of the TCS reporter in the basal meristem and developmental window might result from a 

local repression of the cytokinin signaling that cannot be overcome easily by the enhanced 

cytokinin stimulus (Figures 1G to 1J). 

Thus, the TCS::GFP reporter expression revealed that cytokinin signaling was strongly 

repressed in cells and tissues in which priming and early initiation phases of the lateral root 

organogenesis take place. In contrast, the cytokinin response was enhanced in the pericycle 

xylem pole cells between two existing LRP where typically the organogenesis is repressed. 
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Figure 1. Distribution of cytokinin and cytokinin r esponse in roots. 
(A) Quantification of cytokinin levels in (i) LRP initiation zone, (ii) formation, and (iii) emergence. 
Error bars mark standard errors (n=3). 
(B) to (F) TCS::GFP expression in 8-day-old untreated roots detected in the root cap, but not in the 
root meristem, basal meristem, and developmental window (B); in the individual xylem pole pericycle 
cells between developing young primordia (C); in the provasculature tissue in emerging LRP (D); in 
the endodermal cells adjacent to early-stage LRP (E); and continuously in the endodermis of the 
emerging primordia zone (F). (G) to (J) TCS::GFP expression in 8-day-old roots treated for 16 h with 
10 µM BA induced in the provasculature of the root, but not basal, meristem (G) and in all tissues of 
the differentiation zone (G) and (H), including primordia at all developmental stages (I) and (J). 
Plasma membranes visualized by propidium iodide staining. C, cortex; cc, central cylinder; en, 
endodermis; ep, epidermis; p, pericycle. cZ, cis,zeatin; cZ9G, cis-zeatin-9-glucoside; cZR, cis-zeatin 
riboside; DHZ, dihydrozeatin; DHZ9G, dihydrozeatin-9-glucoside; DHZR, dihydrozeatin riboside; iP, 
isopentenyladenine; iP9G; isopentenyladenine-9-glucoside; iPR, isopentenyladenosine; tZ, trans-
zeatin; tZ9G, trans-zeatin-9-glucoside; tZR, trans-zeatin riboside. White asterisks indicate borders of 
LRP. Bar =  50 µm                                                      . 
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Cytokinin responses are enhanced in the pericycle cells near young LRP 

In pericycle cells, a local increase in auxin response had been shown to correlate with founder 

cell specification (Dubrovsky et al., 2008). In contrast to auxin, the cytokinin reporter 

exhibited an enhanced response in the xylem pole pericycle cells between existing LRP 

(Figure 1C; Supplemental Figure S1), where LRI was compromised (Dubrovsky et al., 2001; 

Lucas et al., 2008b). The question arises whether enhanced cytokinin signaling might be part 

of a mechanism preventing new initiation events in the close proximity of the existing 

primordia. To this end, we compared the expression of the TCS reporter in pericycle cells of 

3-day-old roots without detectable LRI, of 4-day-old roots with one, or exceptionally, two 

primordia initiated per root, and of 8-day-old roots with 3-4 primordia per cm root length. In 

3-day-old seedlings, no TCS expression was found in the pericycle cells (compare Figures 2A 

and 2C); in 4-day-old roots, TCS::GFP was detected in a few pericycle cells in the proximity 

of the initiated primordia (compare Figures 2A and 2D); and in 8-day-old roots, the increased 

TCS::GFP expression correlated with the lateral root formation (Figure 2A; Supplemental 

Figure S1). Real-time monitoring of LRP development confirmed that the TCS::GFP 

expression increased in neighboring pericycle cells shortly after LRP initiation (Figure 2F). 

To test to which extent enhanced cytokinin activity in the pericycle cells is related to 

primordia formation or to exclude that the enhanced cytokinin response is an inherent 

characteristic of the pericycle, we examined TCS::GFP expression in roots lacking LRP due 

to an inhibited auxin transport (Casimiro et al., 2001). The TCS::GFP signal in the pericycle 

of roots grown for 8 days on 5 µM naphthylphthalamic acid (NPA) was dramatically reduced 

(compare Figures 2A and 2B). These results suggested that the enhanced cytokinin response 

in pericycle cells might be linked to the LRP formation process itself and that inhibition of the 

LRP formation interfered with cytokinin responses in the pericycle. In this respect, the 

TCS::GFP expression strongly differed from the xylem pole pericycle marker J0121, of 

which the expression in pericycle cells was not affected by the NPA treatment (Casimiro et 

al., 2001) (see Supplemental Figure S2 online). Additionally, cytokinin measurements 

revealed an increase in cytokinin metabolites, such as the free cytokinins tZ and iP, trans-

zeatin riboside-O-glucoside (tZROG), cis-zeatin riboside-O-glucoside (cZROG), trans-zeatin 

riboside monophosphate (tZMP), cis-zeatin riboside monophosphate (cZMP), and 

isopentenyladenosine monophosphate (iPMP), in roots of seedlings germinated on NPA. 
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Thus, the reduced TCS::GFP expression might not result from the NPA-inhibitory feedback 

on the cytokinin metabolism (Figure 2E). 

To investigate the role of cytokinin in the spatial restriction of new initiation events in the 

proximity of existing LRP, we tested whether genetic perturbations in the cytokinin signaling 

affected primordia positioning. Mutants lacking the functional B-type ARABIDOPSIS 

RESPONSE REGULATOR (ARR) factors, transcription factors mediating the signal transfer 

downstream of cytokinin receptors (To and Kieber, 2008), revealed that the arr1 arr11 double 

mutant was defective in LRP spacing. In 18 examined arr1 arr11 roots encompassing 267 

LRP in total, 31 examples of LRP initiations were found in very close proximity (two LRP 

one pericycle cell apart), a situation hardly occurring in control seedlings in which four 

misplaced LRP were detected among 218 LRP (n= 18 roots) (Figures 2G and 2H). 

In summary, our results suggest that an enhanced cytokinin response in the pericycle is 

strongly linked to LRP formation and, thus, differs from typical cell identity markers that 

exhibit and inherent pericycle expression. Analyses of spatial TCS expression and mutants 

affected in cytokinin signaling implied that enhanced cytokinin activity in pericycle cells 

might be important to prevent LRI in close proximity of existing LRP. 
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Figure 2. Cytokinin response in the pericycle cells. 
 
(A) and (B) TCS::GFP signal in pericycle cells of roots untreated (A) and on media supplemented 
with 10 µM NPA (B). (C) and (D) TCS::GFP expression in pericycle cells of 3-day-old roots without 
LRP (C) and 4-day-old roots with one of two initiated LRP. Weak TCS signal present in xylem pole 
pericycle cells and in the endodermis adjacent to LRP (D). (E) Cytokinin measurements in roots, 
excluding the root meristem of seedlings grown on control medium (white) and in the presence of 
10 µM NPA (black). Error bars mark standard errors (n=3). (F) Real-time monitoring of TCS::GFP 
reporter in pericycle cells after LRP initiation. White and black arrowheads indicate anticlinal 
divisions at the early initiation stage of the LRP and the TCS::GFP signal, respectively. (G) and (H) 
Defective LRI positioning in the arr1 arr11 mutant. Proportion of misplaced per total number of LRP 
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(wild type, n=218; arr1-3 arr11-2, n=267) from 18 roots each (G). One pericycle cell distance 
between two LRP (H). Error bars mark standard errors (*p<0.05, n=15 roots). 
Em Z, zone of LRP emergence; LRP Z, zone of LRP initiation; RM, root meristem; Wt, wild type. 
White asterisks indicate borders of LRP. cZ, cis,zeatin; cZ9G; cis-zeatin-9-glucoside; cZMP, cis-
zeatin riboside monophosphate; cZOG, cis-zeatin-O-glucoside; cZROG, cis-zeatin riboside-O-
glucoside; cZR, cis-zeatin riboside; DHZ, dihydrozeatin; DHZ9G, dihydrozeatin-9-glucoside; 
DHZMP, dihydrozeatin riboside monophosphate; DHZOG, dihydrozeatin-O-glucoside; DHZR, 
dihydrozeatin riboside; DHRZOG, dihydrozeatin riboside-O-glucoside; DHZR, dihydrozeatin 
riboside; iP, isopentenyladenine; iP9G; isopentenyladenine-9-glucoside; iPMP, isopentenyladenosine 
monophosphate; iPR , isopentenyladenosine; tZ, trans,zeatin; tZ9G, trans-zeatin-9-glucoside; tZMP, 
trans-zeatin riboside monophosphate; tZOG, trans-zeatin-O-glucoside; tZROG, trans-zeatin riboside-
O-glucoside; tZR, trans-zeatin riboside. Bar = 50 µm. 
 

Cytokinin and auxin responses are spatially complementary 

Our results show that the TCS-monitored cytokinin signaling, similarly to the DR5-monitored 

auxin signaling, is tightly linked to LRP organogenesis. However, a comparison of the 

cytokinin and auxin responses revealed complementary rather than overlapping patterns. 

Whereas a strong auxin response was detected in the founder cell identity-acquiring pericycle 

cells and in stage-I LRP (see Supplemental Figure S3A on line) (Dubrovsky et al., 2008), the 

TCS reporter was expressed in pericycle cells neighboring existing LRP (see Supplemental 

Figures S1 and S3A online). Similarly, at later developmental stages, DR5 expression maxima 

were detected at the LRP tips and the cytokinin reporter expression was restricted to the 

provasculature (Supplemental Figure S3B). Detailed examination of the TCS reporter in the 

root tip indicated that the cytokinin response was enhanced in columella cells (Supplemental 

Figure S3C), but, in contrast to DR5 that is strongly expressed in the central columella cells, 

the TCS::GFP signal was the strongest in the outer columella cells surrounding the DR5 

domain (Supplemental Figure S3C). As shown previously, inhibition of the auxin transport by 

NPA enlarged the DR5 expression domain in the columella (Sabatini et al., 1999). In NPA 

treated roots the cytokinin response domain shifted accordingly toward the cell layers of the 

outer lateral root cap, thus again surrounding the extended domain of auxin response maxima 

in the central columella (Supplemental Figure S3D). These data suggest that auxin and 

cytokinin tend to occupy complementary domains and to mutually eliminate their activities. 

 

Cytokinin accumulation in the priming zone represses LRI 

Similarly to inhibition of LRI and development by exogenous cytokinin (Li et al., 2006; 

Laplaze et al., 2007), endogenous increase of cytokinin levels by ectopic expression of the 

cytokinin biosynthesis gene ISOPENTENYLTRANSFERASE (IPT) in differentiated xylem 
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pole pericycle cells reduced the LRP density by approximately 50% (Laplaze et al., 2007). 

Recent studies had demonstrated that the distal root zones, covering the basal meristem and 

the developmental window, are sites where the earliest decision take place on priming and 

LRI. Therefore, to test whether an increase in cytokinin levels in these zones might affect 

LRI, we expressed IPT in a tissue-specific manner with the GAL4>>UAS-based two-

component activator-reporter system (Laplaze et al., 2005). Activator lines were selected 

based on their GFP reporter expression pattern and their insensitivity to exogenous cytokinin 

to avoid a feedback response due to IPT expression and cytokinin accumulation. An overview 

of the lines and their expression pattern is summarized in Table 1. Detailed root phenotypes, 

including root growth, LRI, and development were analyzed in the F1 generation and, as 

control, activator lines were crossed with the wild type Columbia-0 (Col-0). 

All the lines with IPT expression in the root differentiation and early elongation zones, 

including epidermis/cortex (J2601>>IPT; N9193>>IPT; J2092>>IPT; M0028>>IPT; 

J0951>>IPT), cortex/endodermis (N9094>>IPT), provasculature (J1701>>IPT) or pericycle 

(J01201>>IPT) exhibited an inhibition of primary root growth (Figure 3, Figure 4A, Table 

1). In contrast, increase of IPT expression in the mature differentiated root zones 

(J0671>>IPT, J3611>>IPT) did not interfere with root elongation (Figures 3 and 4A; Table 

1).  

Next, we examined the effect of tissue-specific activation of the IPT expression on LRI. In all 

the cases in which IPT was expressed in the distal root zones of the basal meristem 

encompassing the epidermis/cortex cells (J2601>>IPT, N9193>>IPT, J2092>>IPT, and 

M0028>>IPT), cortex/endodermis (N9094>>IPT and N9193>>IPT), or provasculature 

(J2351>>IPT and J1701>>IPT), LRI was inhibited significantly (Figures 3 and 4B; Table 1). 

In contrast, the IPT expression in the mature differentiated root zone (J0671>>IPT and 

J3611>>IPT) did not affected LRI (Figures 3 and 4B; Table 1). Surprisingly, the line driving 

IPT expression directly in the differentiated xylem pole pericycle cell file (J1201>>IPT) did 

not exhibit any dramatic effect on LRI (Figure 4B), despite an almost 40-fold increase of free 

cytokinin tZ and high increase of other cytokinin metabolites, as detected in J0121>>IPT 

roots (Figure 4C). Detailed analysis of the J0121 expression pattern revealed that under our 

conditions the earliest expression could be detected in pericycle cells that had already left the 

basal meristem (Figure 3). Thus, condition-dependent variability of expression patterns might 

be the reason for the less efficient inhibition of LRI compared to previous reports (Laplaze et 

al., 2007). 
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Table 1. Overview of the GAL4-GFP enhancer trap line expression 

 

 Organa J2601 N9193 J2092 N9094 M0028 J0121 J0951 J2351 J1701 J1103 J0671 J3611 

Root meristem 

 Col   xxx xxx   xxx xxx   x 

 Pvas        xxx xxx    

 En  xx  xxx         

 C  xxx  xxx         

 Ep  xxx xxx xx  xx      

 Lrc   xx    xx   xx   

Basal meristem 

 Pvas        xx x-fl    

 Per             

 En  xx  xxx      x   

 C xx xxx  xxx x        

 Ep xx xxx xxx xxx  xx      

Developmental window 

 Vasc        x x    

 Per      xxx       

 En xx xx x xxx   xxx   xx   

 C xx xxx x xxx xxx  xxx      

 Ep xx xxx xxx xxx  xx      

Mature root 

 Vasc        xxx     

 Per xxx     xxx xx    xx  

 En  xx xx xxx   xx   xx xx xxx 

 C xxx xxx xx xxx xxx  xx    xxx xx 

 Ep xxx xxx xxx xxx  xx  xx  x  

LRP 

  I N.E. II on  Em  I on  up to III up to III IV on  II on I on N.E. N.E. 
a C, cortex; Col, columella; En, endodermis; Em, emergence; Ep, epidermis; Lrc, lateral root cap; Per, 
pericycle, Pvas, provasculature; Vasc, vasculature; fl, floem; N.E., not expressed 
 

Noteworthy, in the lines in which the inhibition of the LRI was the strongest (N9094>>IPT, 

N9193>>IPT, J2351>>IPT and J2092>>IPT) (Figure 4B), the IPT gene was not expressed 

at the I LRP stage, suggesting that cytokinin might act already prior to the asymmetric 

anticlinal division events to inhibit the LRP formation. Accordingly, line J1103, exhibiting 

IPT activation in primordia from stage I on, was not affected in LRI (Figure 4B; see 

Supplemental Figure S4 online; Table 1). Similarly, lines with IPT expression in the mature 
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part of the root (J0671>>IPT and J3611>>IPT), in which mostly post initiation phases of 

lateral root organogenesis take place, did not show any initiation defects (Figures 3 and 4B). 

In summary, we show that cytokinin inhibited LRI most efficiently prior to the 

morphologically visible initiation events, in the zone encompassing the basal meristem, 

whereas it does not interfere with LRI when increased in the mature part of the root or at early 

stages of LRP. Notably, none of the ectopic IPT expression fully inhibited LRI, suggesting 

that mechanisms controlling LRI might be very robust and markedly resist the cytokinin-

inhibitory stimulus. 

 

 

Figure 3. Expression pattern of GAL4-GFP enhancer trap lines. 
Insets display enlarged basal meristems. 
Bar =  50 µm. 
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Cytokinin accumulation at early stages interferes with LRP development 

Next, we analyzed the impact of the IPT tissue-specific expression on LRP development. A 

dramatic inhibition was observed when IPT was expressed prior to LRI (N9193>>IPT and 

N9094) and/or at the very early stages of LRP development (J2092>>IPT, J2601>>IPT, 

J0951>>IPT, M0028>>IPT, J0121>>IPT, and J1103>>IPT) (Supplemental Figure S4). 

When the IPT expression was activated at later developmental stages (from stage V on), the 

developmental defects were milder (J1701>>IPT and J2351>>IPT). In the endodermis and 

cortex of mature roots (J0671>>IPT and J3611>>IPT) activated IPT expression only 

moderately affected primordia development and delayed LRP outgrowth (Supplemental 

Figure S4). Altogether, these data show that cytokinin levels increased prior to initiation and 

during early developmental phases have the most pronounced impact on the progress of the 

LRP organogenesis. 

 

 

Figure 4. Spatiotemporal effect of IPT expression on root growth and LRI. 
(A) Inhibited root growth in lines with the IPT expressed in the root differentiation and elongation 
zones (J2601>>IPT; N9193>>IPT; J2092>>IPT; N9094>>IPT; M0028>>IPT; J0121>>IPT; 
J0951>>IPT; and J1701>>IPT). Error bars mark standard errors (*p<0.05, n=10 roots). (B) Reduced 
LRP density reduced in lines with IPT expression in the basal meristem (J2092>>IPT; N9193>>IPT; 
N9094>>IPT; M0028>>IPT; J2601>>IPT; J1701>>IPT; and J2351>>IPT). Error bars mark 
standard errors (*p<0.05, n=10 roots). (C) Cytokinin levels in control J0121>>Col and J0121>>IPT 
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roots. Error bars mark standard errors (n=3). cZ, cis-zeatin; cZ9G, cis-zeatin-9-glucoside; cZR, cis-
zeatin riboside; DHZ, dihydrozeatin; DHZ9G, dihydrozeatin-9-glucoside. DHZR, dihydrozeatin 
riboside; iP, isopentenyladenine; iP9G – isopentenyladenine-9-glucoside; iPR, isopentenyladenosine; 
tZ, trans-zeatin; tZ9G, trans-zeatin-9-glucoside; tZR, trans-zeatin riboside. 
 
Table 2. Real-time analysis of LRP development without (MS) or after cytokinin (benzyl 
adenine; BA) application 
Murashige and Skoog Cytokinin (2 µM BA) 

 Application Events Application Events 

Stages I/II 

 From I to I 1 From I to I 12 

 From I to II 3 From II to II 7 

 From I to III 5 From II to III 1 

 From I to IV 1     

 From I to V 1     

 From II to II  1     

 From II to III 1     

 From II to IV 5     

 From II to V 1     

 From II to Em 1     

 Fully arrested/total 2/20  19/20 

Stages III/IV  

 From III to III 1 From III to III 7 

 From III to V 1 From III to IV 2 

 From III to Em 2 From IV to IV 7 

 From IV to IV 1 From IV to V 1 

 From IV to VII 3 From IV to E 3 

 From IV to Em 6     

 Fully arrested/total 2/14  14/20 

Stages V/VI  

 From V to VI 1 From V to VII 1 

 From V to Em 5 From V to Em 7 

 From VI to Em 2 From VI to VII 1 

     From VI to Em 1 

 Fully arrested/total 0/8  0/10 

Em, emergence. 
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Cytokinin affects LRP development in a stage-specific manner 

Examination of LRP organogenesis in roots with tissue and developmentally controlled IPT 

activation hinted at a high cytokinin sensitivity of primordia in the early phases of 

development. To corroborate this observation, we established time lapse experiments to 

follow and evaluate the short-term cytokinin effects on primordia development. Primordia at 

defined developmental stages were exposed to 2 µM cytokinin and followed for 12 h. 

Typically, under control conditions, 90% of the LRP progressed from stage I/II (Malamy and 

Benfey, 1997) to stage III/IV (n=20; Table 2). After cytokinin treatment, 90% of the LRP 

were arrested (n=20). Although in 20% of the LRP one to two divisions could still be 

detected, the primordia did not progress into the next developmental stage. Similarly, when 

applied on stage-III/IV LRP, cytokinin dramatically inhibited LRP development. Whereas 

treatment, LRP from stage III/IV progressed to developmental phase VII/Emergence (n=14) 

upon mock 70%, of the cytokinin-treated primordia were fully arrested in their development 

(n=20; Table 2). However, a different behavior was observed when LRP at stage V/VI were 

exposed to cytokinin: under control conditions, such primordia rapidly developed and 

emerged through the cortex (n=12; Table 2), but application of cytokinin did not cause an 

arrest, and consequently, all primordia continued to develop (n=10; Table 2). In conclusion, 

real-time monitoring of LRP exposed to exogenous cytokinin supports our previous 

observations that primordia in the early phases of development are more sensitive to cytokinin 

than developmentally more progressed LRP. 

 

Cytokinin prevents the formation of auxin gradients in the early phases of LRP 

development 

A graded distribution of auxin with a maximum at the primordia tips is crucial for proper LRP 

organogenesis and, during primordia formation, the auxin maximum is gradually established 

as the result of a coordinated modulation of the auxin flux toward the tips of newly formed 

primordia (Benková et al., 2003; Kleine-Vehn et al., 2009). Therefore, we tested whether 

cytokinin affected LRP development by influencing the auxin response. In vivo time lapse 

monitoring of the DR5::RFP auxin reporter during LRP organogenesis revealed that 

cytokinin rapidly diminished the auxin response and prevented auxin accumulation at the LRP 

tips when applied on the primordia in the earlier developmental phases, whereas older LRP 

with established DR5 maxima at the tips were more resistant to cytokinin treatment (Figures 
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5A versus Figures 5B). Auxin distribution and formation of auxin gradients have been shown 

to depend on auxin efflux carriers (Benková et al., 2003) and cytokinin is reported to 

differentially affect the expression of several auxin efflux carriers (Dello Ioio et al., 2008; 

Pernisová et al., 2009; Růžička et al., 2009; Marhavý et al., 2011). In accordance to a 

previous report (Marhavý et al., 2011), we observed that the membrane signals of PIN-

FORMED1 (PIN1)-GFP (Figures 5C and 5D) and PIN3-GFP (Figures 5E and 5F) gradually 

disappeared, regardless whether primordia of early (Figures 5C and 5E, respectively) or late 

(Figures 5D and 5F, respectively) developmental stages were treated with cytokinin. In 

contrast, the PIN7::PIN7-GFP expression in LRP was enhanced by cytokinin, as reported in 

root tips (Růžička et al., 2009) and vasculature (Bishopp et al., 2011). PIN7-GFP was first 

present in stage-I LRP, but then disappeared from stage III onward in mock-treated roots, 

whereas its expression was sustained in cytokinin-treated LRP in early as well as later 

developmental phases (Figures 5G and 5H). Thus, the expression of PIN1, PIN3, and PIN7 is 

modulated by cytokinin, independently of the developmental phase at which cytokinin was 

applied. However, as shown previously (Table 2), the developmental consequences of the 

exogenous cytokinin were more dramatic when applied at the early stages (stage IV on) than 

at the later developmental phases. We hypothesize that the cytokinin deregulation of the PAT 

activity might have a stronger impact on the LRP in the early phases without established 

auxin maxima than on the developmentally more progressed LRP with an established and 

stabilized auxin gradient. 
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Figure 5. Cytokinin effect on LRP development. 
Real-time monitoring of LRP development on control medium (Mock) and in the presence of 0.1 µM 
BA, when cytokinin was applied at stage I [(A), (C), (E), (G) and] or in stage IV [(B), (D) and (H)] 
and V (F). DR5::RFP reporter (A and B) together with PIN1::PIN1:GFP (C and D), 
PIN3::PIN3:GFP (E and F), and PIN7::PIN7:GFP (G and H) were used to visualize auxin maxima 
and developmental stages of LRP. Red and green, DR5::RFP and PIN::GFP signals, respectively. Bar 
= 50 µm. 
 

 

DISCUSSION 

Auxin and cytokinin activities during lateral root organogenesis 

 

The activity of the auxin signaling pathway and the auxin distribution along the root have 

been thoroughly monitored in the past. The auxin distribution has been found to be instructive 

for stem cell niche and root meristem activity (Sabatini et al., 1999; Blilou et al., 2005). 

Recurrent local accumulation of auxin in protoxylem cells in the basal meristem has been 

linked to priming (De Smet et al., 2007; Moreno-Risueno et al., 2010), and the role of auxin 

in founder cell specification, LRP initiation (Dubrovsky et al., 2008), primordia patterning 

and development (Benková et al., 2003), and non-invasive emergence of primordia through 

surrounding tissues (Swarup et al., 2008) demonstrated. In addition, most recently, auxin 

minima overlapping with the developmental window have been linked (Dubrovsky et al., 
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2011). In general, auxin and its proper distribution have been correlated with organ initiation 

and proper organ patterning. 

The role of cytokinin in the control of the root meristem maintenance (Dello Ioio et al., 2007; 

Dello Ioio et al., 2008) and lateral root organogenesis has been demonstrated (Li et al., 2006; 

Laplaze et al., 2007). Interestingly, monitoring of tissues and cells exhibiting an enhanced 

TCS reporter expression has revealed that cytokinin and auxin response maxima scarcely 

overlap within the root. For example, whereas DR5 is detected in pericycle founder cells 

(Dubrovsky et al., 2008), the TCS reporter is expressed in pericycle cells between two, or 

across, existing LRP. Cytokinin response maxima in the pericycle are strongly attenuated in 

young roots or roots without primordia because of the inhibited auxin transport, indicating 

that cytokinin activity in the pericycle is linked with LRP organogenesis. Perturbations in 

cytokinin signaling in arr1 arr11 loss-of-function mutants led to an increased frequency of 

abnormally positioned LRP, hinting at a role for cytokinin in preventing LRI in the proximity 

of existing LRP. Accordingly, defects in LRP positioning have been reported in lines 

overexpressing CKX (Werner et al., 2003). At this point, we can only speculate about the 

mechanism that locally stimulates cytokinin responses in LRP in the vicinity of pericycle 

cells. Possibly, cytokinin production itself in the primordia itself might be triggered that 

diffuses laterally afterward. Alternatively, an originally non cytokinin signal can be released 

from primordia that stimulates cytokinin production and activity in pericycle cells in the 

proximity of LRP. Complex expression patterns of a whole set of genes involved in the 

cytokinin metabolism, such as IPT (Miyawaki et al., 2004), the cytokinin-activating gene 

LONELY GUY (Kuroha et al., 2009), or CKX (Werner et al., 2003), imply that levels of active 

cytokinin might be under rapid tissue-specific metabolic control. 

Besides in the pericycle, also in other root tissues, auxin and cytokinin response maxima are 

rather complementary. In the primordia body, DR5 is typically expressed at the primordia tips 

from the early stages on (Benková et al., 2003), whereas the cytokinin response is strongly 

suppressed during the early stages of development and is only detectable in provascular cells 

of emerging LRP. Similarly, in the primary root tip, the DR5 expression exhibits response 

maxima in the central columella cells, whereas TCS occupies the expression domain in the 

outer columella cells (Müller and Sheen, 2008). Enhancement of the auxin maxima by 

chemical treatment shifts the cytokinin response zone toward the outer columella cells, 

suggesting that both pathways might mutually delimit their activities. 
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Role of cytokinin in the spatiotemporal control of LRI 

 

The acropetal root system architecture in Arabidopsis results from initiation events limited to 

a restricted zone behind the root tip in the simultaneously growing primary root. As a 

consequence, new initiation events always occur distally from the previous ones in the 

direction to the root apex. Although the mechanisms ensuring such a initiation pattern are still 

not understood, it might be anticipated that to restrict initiation to a certain root zone, 

pericycle cells at a stage competent for cell division and/or recurrent LRI-inducing signal are 

spatiotemporally controlled. Both mechanisms might indeed contribute to early initiation 

events. Previous research on the characterization of xylem pole pericycle cells (Beeckman et 

al., 2001) and on the identification of the priming zone (De Smet et al., 2007; De Rybel et al., 

2010) and developmental window (Dubrovsky et al., 2006) suggest that during primary root 

growth, pericycle cells in a certain root zone are maintained in a LRI-competent stage. In 

addition, recurrent enhancement of auxin signals contributes to the initiation of the lateral root 

developmental program (De Smet et al., 2007; Moreno-Risueno et al., 2010). 

In view of the inhibitory cytokinin effect on LRI, the overall cytokinin activity might be 

expected to be attenuated in the zone where the earliest phases of LRI take place. Indeed, as 

demonstrated by the TCS reporter analysis, the cytokinin response is minimal in the priming 

and developmental window zones. Interestingly, analysis of cytokinin derivatives has not 

revealed any dramatic decrease in cytokinin levels in the parts encompassing the priming 

zone and the developmental window. Although the detection of such a tissue-specific 

reduction in cytokinin levels might be under the resolution limit of the used analytical 

approach, the observation that exogenous cytokinin was not capable of significantly 

enhancing the TCS reporter expression suggests that an important part of the control 

mechanism includes strong suppression of the cytokinin signaling pathway. 

Increased cytokinin activity in the zone encompassing the basal meristem and the 

developmental window most severely inhibits LRI, but elevated cytokinin levels in more 

distant root zones are insufficient, although still interfering with lateral root organogenesis. 

These data suggest that cytokinin might act prior to any visible signs of LRP initiation to 

counteract positive LRI signals. Interestingly, despite the strong IPT overexpression, none of 

the ectopic increases in endogenous cytokinin levels in defined root zones fully prevented 

LRI, implying that mechanisms controlling LRI are markedly resistant to the cytokinin 

inhibitory effects. 
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Role of cytokinin in the regulation of early LRP development 

 

Overall, the cytokinin response as monitored with the TCS reporter was strongly repressed 

during the early phases of lateral root organogenesis and, only later, in older primordia, could 

it be detected in the primordia provasculature. Increase in cytokinin responses during the early 

phases of lateral root organogenesis, including priming, either by endogenous expression of 

IPT or exogenous treatment, revealed that primordia are more sensitive to increased cytokinin 

levels in the early phases of development than at later stages. A similar developmental phase-

dependent cytokinin sensitivity had been reported previously (Kuderová et al., 2008), 

demonstrating that endogenous cytokinin levels fluctuate during the early stages of the 

primary root development and that a developmental window (between 2–3 days after 

germination) specifies the increased sensitivity of the root toward endogenous cytokinin. 

During primordia formation an auxin maximum is gradually established at the primordia tips, 

as a result of the coordinated repolarization of the auxin flux toward the tips of newly formed 

primordia (Benková et al., 2003; Kleine-Vehn et al., 2009). The auxin gradient formation is 

critical for the proper development of the primordia and genetic or chemical interference with 

their auxin distribution results in defective primordia organogenesis (Benková et al., 2003). 

Spatiotemporal manipulation of cytokinin levels at defined stages of primordia development 

revealed that cytokinin activity enhancement during the early phases strongly interferes with 

the auxin gradient formation, whereas at the later stages, cytokinin only mildly affects the 

established auxin gradients. Exogenous cytokinin at defined developmental stages 

demonstrates the lack of any stage-specific effect on the components of the PAT machinery. 

Expression of PIN1 and PIN3 are down-regulated and PIN7 is up-regulated in response to 

cytokinin as reported previously (Dello Ioio et al., 2008; Růžička et al., 2009; Marhavý et al., 

2011). Thus, we propose that stage-dependent effects of cytokinin on primordia development 

might depend on the robustness and stability of auxin gradient that might be higher in more 

developed primordia. 
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METHODS 

Plant lines and Growth conditions 

The transgenic Arabidopsis thaliana (L.) Heynh. lines had been described previously: 

DR5::GFP, PIN1::PIN1-GFP (Benková et al., 2003), PIN7::PIN7-GFP (Blilou et al., 2005) , 

and PIN3::PIN3-GFP (Zádníková et al., 2010), DR5::RFP (Marin et al., 2010). The GAL4-

GFP enhancer trap lines J2601, N9193, J2092, N9094, M0028, J0951, J1701, J0671, J1103, 

J2351, and J3611, and the cytokinin signaling mutant arr1-3 arr11-2 (N6980) were obtained 

from the Nottingham Arabidopsis Stock Centre (http://nasc.nott.ac.uk/). The ProUAS::IPT, 

J0121, and TCS::GFP lines had been described previously (Laplaze et al., 2007; Müller and 

Sheen, 2008). The GAL4 enhancer trap lines were crossed with ProUAS::IPT and the wild 

type Col-0 and the F1 generation was analyzed. Seeds were sterilized with chloral gas, plated 

in Petri dishes on 0.8% agar 0.5× Murashige and Skoog (MS) medium containing 1% sucrose, 

stored for 2 days at 4°C, and grown vertically at 18°C under a long-day photoperiod. 

Seedlings were harvested and processed 3, 4, or 7 days after germination. 

 

Phenotypical Analysis, Microscopy, and Statistics 

For the confocal laser scanning microscopy, a TCS SP2 AOBS microscope (Leica) was used. 

Seedlings were stained for 5 min in 0.01 mg ml-1 propidium iodide (PI). Images were 

processed in Adobe Photoshop. Plant material was cleared according to the protocol described 

(Malamy and Benfey, 1997). Root lengths were measured on scanned slides with the ImageJ 

software (http://rsbweb.nih.gov/ij/). LRP were counted with a differential interference 

contrast microscope BX51 (Olympus). At least 15 seedlings were analyzed and experiments 

were repeated twice independently. The Excel statistical package (Microsoft) and GraphPad 

Prism software (http://www.graphpad.com/) were used for data analysis and a Mann-Whitney 

nonparametric test and Student's t test were applied. 

For real-time analysis of the LRP development, 6-day-old seedlings were put in chambered 

coverglasses (Nunc Lab-Tek) and covered with 0.2-mm-thin square blocks of solid MS 

(mock) media with or without cytokinin. LRP were scanned at 3-min or 5-min time intervals 

for 8-12 h by a confocal microscope FV10 ASW (Olympus). The frequency of the 

positioning-defective LRP was calculated as the percentage of primordia initiated at distances 

shorter than those of the control situation from the total initiation events per root. 
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Cytokinin Measurements 

Approximately 150 mg of plant tissue was grounded in liquid nitrogen and 1 pmol of 

deuterium-labeled cytokinin internal standards was added to each sample prior to the analysis 

(Olchemin Ltd). After overnight extraction, the samples were purified with a cation exchanger 

(SCX cartridge; Waters) and by immunoaffinity extraction with a broad-spectrum monoclonal 

anti-cytokinin antibody (Novák .et al., 2003). The eluates from the immunoaffinity columns 

were evaporated to dryness and redissolved in 20 µl of the initial mobile phase. Cytokinins 

were separated by ultra-performance liquid chromatography (Acquity UPLCTM; Waters) on 

C18 reversed-phase chromatographic column (BEH 18; 1.7 µm; 2.1x50 mm; Waters). The 

mobile phase consisted of 15 mM ammonium formate, pH=4 (A) and methanol (B). For 

cytokinin separation, a gradient elution was used (0 min, 10% B; 0-8 min, 50% B; flow rate 

0.25 ml min-1) with a column temperature of 40°C. The column eluate was introduced into a 

triple-stage quadrupole mass spectrometer (Xevo TQ MS; Waters), quantified by multiple 

reaction monitoring of [M+H]+ and the appropriate product ion by the Masslynx software 

(Waters) with a standard isotope dilution method (Novák O. et al., 2003). The optimal 

conditions dwell time, cone voltage, collision energy, and exact transition for each cytokinin 

had been optimized previously (Novák et al., 2008). 

For cytokinin measurements in three zones defined by the developmental phases of the lateral 

root organogenesis: the zone of (i) LRP initiation, (ii) formation, and (iii) LRP emergence 

through the cortex: the borders between three zones were recognized under confocal 

microscope for 5 seedlings 7 DAG, length of zones were measured and average value was 

used when plant material was collected. 
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SUPLEMENTAL DATA 

 

Supplemental 1. Spatial distribution of cytokinin response along the root. 
TCS::GFP detected in pericycle xylem pole cells in the proximity of young or across LRP and in 
endodermal cells adjacent to early-stage LRP. TCS::GFP signal becomes stronger and continuous in 
the endodermis of the older root portion, where LR emergence takes place. 
White asterisks indicate borders of LRP. Bar = 50 µm. 
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Supplemental 2. Xylem pole pericycle cell identity in control and NPA-treated roots. 
(A) and (B) Expression of J0121 xylem pole pericycle cell identity marker in 7-day-old roots grown 
on control media (A) or supplemented with 10 µM NPA (B). 
c, cortex; cc, central cylinder; en, endodermis, ep, epidermis; p, pericycle. Bar = 50 µm 
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Supplemental 3. Cytokinin and auxin response distributions in roots. 
(A) DR5::GFP expression in founder cells compared to TCS::GFP signal in pericycle cells in the 
vicinity of LRP. White stars, position of the LRP; inset, LRP at stage I. (B) DR5::GFP expression 
maxima at the tips and TCS::GFP in the provasculature of emerging LRP. (C) and (D) DR5::GFP and 
TCS::GFP expressions in root tips grown for 7 days on control or NPA-supplemented media. 
DR::GFP expressed in the quiescent center, columella initials, and central columella cells, whereas 
TCS::GFP in the outer columella cells and lateral root cap (C). Enlarged DR5::GFP expression 
domain and TCS::GFP expression shifted toward outer the columella cells in NPA-treated roots (D). 
Bar = 50 µm. 
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Supplemental 4. Spatiotemporal effect of IPT expression on LRP development. 
(A) to (C) Monitoring of GAL4-GFP enhancer trap lines expression in the root (A), during LRP 
development (B), and impact on the LRP development of tissue-specific IPT expression driven by 
different activator lines (C). Most effective inhibition of LRP detected when IPT was expressed prior 
LRI (N9391>>IPT; N9094>>IPT; and J2092>>IPT;) and/or at the very early stages of lateral root 
development (J2601>>IPT; J0951>>IPT; M0028>>IPT; J0121>>IPT; and J1103>>IPT). I to V, 
LRP stages; Em, emerged LRP. Error bars mark standard errors. Bar =  50 µm. 
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The plant root system is made of a primary root that originates during embryogenesis and 

lateral roots formed postembryonically during whole plant life. Controlling plant root 

architecture enables plants to respond to changing environmental conditions. Plant hormones 

auxin and cytokinin significantly contribute to root architecture establishment including 

regulation of lateral root organogenesis. Exogenous and endogenous modulations of hormonal 

levels together with analyses of mutants impaired in metabolism or signaling has provided 

evidence that cytokinin acts antagonistically to auxin in regulation of lateral root 

organogenesis. Although the principal mechanism of cytokinin signaling in Arabidopsis 

thaliana has been uncovered not much is known about the role of individual cytokinin 

receptors from the ARABIDOPSIS HISTIDINE KINASE (AHK) gene family during lateral 

root organogenesis. Functional analysis of three principal cytokinin receptors AHK2, AHK3, 

AHK4/CRE1 function in major steps encompassing pre-initiation, initiation, and post-

initiation stage revealed that cytokinin receptors contribute to lateral root organogenesis at 

multiple levels and their roles are distinct. We bring evidences that the AHK2 mediated 

branch of cytokinin signalling pathway promotes founder cell establishment and together with 

AHK4/ CRE1 mediated signalling reinforces progress towards LRI after founder cells 

specification. We demonstrate that cytokinin perception via AHK4/CRE1 and AHK2 receptor 

might control the activity of certain Aux/IAAs auxin repressors suggesting that individual 

cytokinin receptors through interaction with specific auxin signaling modules might regulate 

particular phases of early lateral root initiation process. 
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INTRODUCTION 

The root system is fundamentally important for plant growth and survival. It anchors the plant 

body in the soil, responds to abiotic and biotic stresses and it is responsible for water and 

nutrients uptake. Therefore, plants rely on modulation of their root system architecture to 

better respond to changing soil environment. Root branching is controled by exogenous 

factors, such as water and nutrients availability, environmental conditions and endogenous 

signals plant hormones e.g. auxin, cytokinin, ethylene or brasinossteroids (Osmont et al., 

2007; Fukaki and Tasaka, 2009). In Arabidopsis, lateral roots (LRs) originate exclusively 

from xylem-pole pericycle cells which maintain their ability to divide after exiting the root 

apical meristem (DiDonato et al., 2004). Lateral root initiation (LRI) happens within a narrow 

time window, also called developmental window which is defined as a period during which 

pericycle cells in the young differentiation zone remain in a state that allows LR founder cell 

(FC) specification (Dubrovsky et al., 2006). The first asymmetric divisions leading to the 

formation of lateral root primordia (LRP) take place in the mature part of root. Pericycle FCs 

undergo several rounds of anticlinal, followed by periclinal divisions to form a dome-shaped 

primordium which grows and finally emerges through the cortex and epidermal layers of the 

primary root (Malamy and Benfey, 1997; Dubrovsky et al., 2000; Dubrovsky et al., 2001; 

Swarup et al., 2008). 

 

Root branching is controlled by plant hormones, with auxin and cytokinin playing the central 

role in this developmental process. Recent studies of the model plant Arabidopsis thaliana 

have shown that auxin is involved in three major steps of LR formation: pre-initiation, 

initiation, and post-initiation (De Smet et al., 2007; Dubrovsky et al., 2008; Swarup et al., 

2008; De Rybel et al., 2010; De Smet et al., 2010). Auxin signal transduction is mediated 

through the auxin receptor TIR1, an F-box component of a ubiquitin ligase complex, which 

upon auxin perception targets the Aux/IAAs transcriptional repressors for degradation, 

thereby derepressing AUXIN RESPONSE FACTORS (ARFs) transcription factors which 

regulate downstream transcriptional response (Dharmasiri et al., 2005; Kepinski and Leyser, 

2005). Mutants impaired in either the auxin perception or signal transduction exhibit defect in 

lateral root organogenesis (Casimiro et al., 2001; Benkova et al., 2003; Peret et al., 2009). 

Moreover, proper auxin distribution maintained by the polar auxin transport machinery (PAT) 

is crucial for proper execution of auxin activity in regulation of LR organogenesis (Vanneste 
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and Friml, 2009). Accordingly several mutants impaired in polar auxin transport have defects 

in LR formation (Casimiro et al., 2001; Benkova et al., 2003; Peret et al., 2009) 

The first event that determines LRI are the oscillations in the expression of the DR5 auxin 

reporter detected in the protoxylem cells in the basal meristem (De Smet et al., 2007; De 

Rybel et al., 2010; Moreno-Risueno et al., 2010). This priming process seems to be under 

control of auxin signaling mediated through IAA28, ARF5, ARF6, ARF7, ARF8, and ARF19 

(De Rybel et al., 2010). Nevertheless, it is still unknown, how activation of auxin response in 

protoxylem cells leads to FC fate acquisition in the pericycle xylem pole cells. It can be 

anticipated that every peak of auxin responsiveness in the basal meristem will result in 

degradation of IAA28 and derepression of ARFs (De Rybel et al., 2010). Later, before first 

asymmetric divisions in the pericycle cells, a transcription factor GATA23, which controls 

lateral root FC specification is activated. GATA23 expression correlates with the auxin 

response oscillations in the basal meristem and depends on auxin-inducible degradation of 

IAA28 (De Rybel et al., 2010). Stabilization of several Aux/IAAs result in the complete or 

partial loss of LRI. Stabilization of SLR/IAA14 completely blocks anticlinal cell divisions of 

pericycle cells (Fukaki et al., 2002; Vanneste et al., 2005). Beside SLR/IAA14 and IAA28, 

other IAAs, such as SHY2/IAA3, BDL/IAA12, MSG2/IAA19 and CRANE/IAA18 regulate 

LR formation (Tian and Reed, 1999; Rogg and Bartel, 2001; Tatematsu et al., 2004; Uehara et 

al., 2008; De Rybel et al., 2010; De Smet et al., 2010).  

In contrast to auxin, the plant hormone cytokinin is a negative regulator of root growth and 

LR organogenesis (Li et al., 2006; Dello Ioio et al., 2007; Laplaze et al., 2007; Skylar and 

Wu, 2011). Transgenic plants with reduced levels of endogenous cytokinins exhibit enhanced 

LR formation (Werner et al., 2001; Werner et al., 2003), whereas increased cytokinin levels 

inhibit LR organogenesis (Li et al., 2006; Laplaze et al., 2007). Likewise, perturbations in 

cytokinin perception or signal transduction affect LR organogenesis (Mason et al., 2005; 

Riefler et al., 2006; To et al., 2007).  

Cytokinin signal transduction is based on a two-component phosphorelay mechanism. In 

Arabidopsis, cytokinin receptors from the ARABIDOPSIS HISTIDINE KINASE (AHK) 

family mediate the activation of ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER (AHP) 

phosphotransfer proteins which transduce the cytokinin signal towards type-B 

ARABIDOPSIS RESPONSE REGULATORS (ARRs) in the nucleus, which turn on complex 

downstream transcriptional responses controlling variety of developmental processes. A 

negative feed-back loop is ensured by type-A ARRs response regulators, inhibiting, through 



Cytokinin signaling pathway controls lateral root organogenesis at multiple levels. 
 

 98 

so far unknown mechanisms, the activity of type-B ARR transcription factors (Bishopp et al., 

2009; Schaller et al., 2011). 

Three histidine kinase genes AHK2, AHK3 and AHK4/CRE1 have been confirmed to act in 

cytokinin perception (Riefler et al., 2006). Thorough phenotype analyses of loss-of-function 

mutants have been demonstrated their partially redundant function in regulation of shoot 

growth, leaf senescence, seed size, germination and root development. In accordance with the 

negative role of cytokinin, the root system of single and double cytokinin receptor mutants 

was either not affected or developed a strongly enhanced root system (Higuchi et al., 2004; 

Riefler et al., 2006) respectively. Interestingly, root growth of triple ahk2ahk3ahk4 mutant 

was very slow (Higuchi et al., 2004) indicating that reduced cytokinin perception has a 

negative impact on root growth. 

Here we show that cytokinin receptors contribute to LR organogenesis at multiple levels and 

that their roles are distinct. Investigation of cytokinin receptors AHK2, AHK3, AHK4/CRE1 

function revealed that the AHK2 mediated branch of cytokinin signalling pathway promotes 

FC establishment during early phases of LRI and that AHK2 together with AHK4/CRE1 

mediated signalling reinforces progress towards LRI after FCs are specified. We demonstrate 

that cytokinin perception via the AHK4/CRE1 and AHK2 receptors controls the expression of 

specific Aux/IAAs repressors of auxin signaling and propose that individual cytokinin 

receptors might regulate different phases of early LRI process through interaction with 

particular auxin signaling modules. Additionally, auxin metabolite profiling indicates that 

individual cytokinin receptors might control the activity of specific auxin metabolic pathways 

including conjugation, biosynthesis and degradation. 
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RESULTS 

Cytokinin receptors exhibit distinct partially overlapping expression in roots. 

To execute its regulatory function during LR organogenesis, cytokinin needs to be perceived 

and transmitted through a specific transduction pathway, with cytokinin receptors as entry 

points. To determine which of the known cytokinin receptors are involved in the regulation of 

LR organogenesis, we performed a detailed expression analysis of the three principal 

cytokinin receptors AHK2, AHK3 and AHK4/CRE1. We focused on the root parts and tissues 

where the particular phases of LR organogenesis occur, including the priming zone (De Smet 

et al., 2007), the developmental window (Dubrovsky et al., 2006; Dubrovsky et al., 2011), 

pericycle cells, LRP and primordia adjacent cells in endodermis, cortex and epidermis 

(Swarup et al., 2008). Strong AHK2::GUS expression was detected through the priming zone 

and the developmental window in the central cylinder including pericycle cells (Figure 1A). 

Towards more mature part of the root AHK2 expression gradually decreased, but increased 

again in the zone where LRs emerge (Supplementary Figure 1A). In the LRP, AHK2 

expression was detected at the base of the young primordia and in the later developmental 

stages the signal appeared at the tip of primordia (Figure 1A). This expression might relate to 

the differentiation process occurring in order to establish stem cell niche of the root meristem 

mirroring the primary root tip. The AHK3 receptor exhibited an expression pattern partially 

overlapping with AHK2 in the zone of the basal meristem, developmental window, and 

pericycle cells (Figure 1B; Supplemental 1B). However, in contrast to AHK2, AHK3 

expression gradually increased towards the older parts of the root (Figure S1A compare to 

S1B). In young LRP AHK3 was expressed at the base, and in emerged LRs the expression of 

AHK3 appears to correlate with the progress of the vasculature differentiation (Figure 1B). 

AHK4/CRE1 was strongly expressed in the provasculature of the root meristem, decreased 

moderately in the differentiation zone and the developmental window (Figure1C) and 

gradually increased again towards the older root parts (Supplementary 1C). In LRP strong 

expression was associated with derivatives of inner tissue layers. Additionally, AHK4 

expression was detected in solitary endodermis cells opposite to existing primordia, adjacent 

to or between two LRPs (Figure 1C). The examination of the cytokinin receptors’ expression 

suggests their overlapping activities in the priming zone and in the developmental window. 

Interestingly, the expression pattern of AHK4 indicates its contribution to cytokinin 

perception during LRP organogenesis, while AHK2 and AHK3 activities were traced at the 
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more progressed phases of primordia development suggest their involvement in control of the 

LR stem cell niche establishment. 

 

Figure1. Expression pattern of cytokinin receptors AHK2, AHK3 and AHK4/CRE1 in 
root. 
(A). Expression of the AHK2::GUS  (A),  AHK3::GUS  (B), and AHK4/CRE1::GUS (C) in the root 
meristem (RM), basal meristem (BM) and LRP stage I, II, IV , emergence (em) and lateral root (LR). 
Prolonged staining reveals expression of CRE1 in endodermis cells across from the existing 
primordium, adjacent to or between two LRPs (C). White arrowheads indicate anticlinal divisions at 
the early initiation stage of the LRP. Scale bar=50µm. 
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Cytokinin receptors share control over LRI and LR development.  

To dissect the role of cytokinin receptors during LR organogenesis we examined the root 

phenotype of their loss-of-function mutants. LRI was strongly affected in 8-days-old ahk2-2 

mutant roots (Figure 2A) as well as in ahk4/cre1-12ahk2-2 mutant in which LRI reduction 

was comparable to ahk2-2 single mutant. Similarly, lack of both AHK2 and AHK3 activities 

resulted in reduced LRI, with moderate weakening when compared to ahk2-2 initiation defect 

(Figure 2A). In contrast, slight increase in LRI frequency was found in ahk4/cre1-12 and 

ahk3-3 mutants, although statistically not significant, but reproducible in independent 

experiments, were detected. ahk4/cre1-12ahk3-3 multiple mutant was not affected in LRI 

when compared to control seedling (Figure 2A). Thus, the character of changes in LRI of 

mutants missing cytokinin receptors indicates that AHK2 might act as a positive regulator of 

LRI. 

To gain further insights into the regulatory role of cytokinin receptors during LRP 

development, a proportion of LRP at distinct developmental phases (according to (Malamy 

and Benfey, 1997)) was determined in control versus mutant roots. Despite LRI defects, LR 

development was not affected and an increased proportion of observed later developmental 

stages indicates a normal or partially enhanced primordia development in ahk2-2 mutant. 

Moderate enhancement of LRP development was observed in ahk3-3 and ahk4/cre1-12 

mutants. Similarly ahk4/cre1-12 in combination with ahk2-2 or ahk3-3 mutant alleles resulted 

in slightly enhanced phenotype comparable to ahk4/cre1-12 alone, while double ahk2ahk3-3 

mutant resembled the ahk2-2 phenotype (Supplemental 2). 

In conclusion, our analysis revealed that cytokinin receptors might play distinct roles 

particularly in the early phases of LR organogenesis. AHK2 regulated branch of the cytokinin 

signaling pathway might mediate important stimulatory input for early phases of root 

branching. On other hand, analysis of LRP development confirmed their inhibitory role in 

progress of LR organogenesis in accordance with previously reported observations (Riefler et 

al., 2006). 

 

Early LRI defects in cytokinin receptor mutants  

Reduced LRI in mutants with a non-functional AHK2 might be caused either by early defects 

in FC specification or because FCs do not progress to LRI. To examine and specify the early 
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initiation defects DR5::GFP and CYCB1;1::GUS reporters, both shown to correlate with FC 

identity acquisition (Beeckman et al., 2001; Benkova et al., 2003) were crossed into the ahk2-

2 and ahk4/cre1-12 mutant backgrounds.  

Surprisingly, quantitative analysis of pericycle cells which entered cell the cycle and thus 

acquired FC status as reported by CYCB1;1::GUS expression, revealed that the ahk4/cre1-12 

mutant exhibited an increased, while the ahk2-2 mutant a dramatically reduced number of 

stained pericycle cells when compared to control roots (Figure 2B). To further corroborate our 

observations on the early defects in FC establishment and/or LRI in ahk4/cre1-12 and ahk2 

mutants, we have performed real time monitoring of primordia development in bent roots 

(Laskowski et al., 2008). Using the DR5::GFP auxin reporter we followed the enhancement 

of auxin signaling in pericycle cells indicating FC specification and progress to LRI.  

Typically, auxin accumulation followed by FC fate acquisition occurred after 90 to 210(+/-) 

minutes (n=10 observations) after root bending. Real time monitoring of LRI of bent roots 

revealed that the time between FC establishment, as indicated by the earliest detectable DR5 

activity in pericycle cells and first anticlinal division was in both ahk4/cre1-12 and ahk2-2 

extended about 120 (+/-) minutes when compared to the control (Figure 2C).  

Real time monitoring of PIN3::PIN3-GFP in roots revealed that PIN3 expression in the 

endodermis strongly correlates with FC establishment (Marhavy et al., unpublished results). 

We found that PIN3-GFP expression in endodermis is not detectable prior DR5 activation in 

pericycle cells. Shortly after FC cell specification PIN3-GFP signal appears in the adjacent 

endodermal cells and remains elevated during the entire LRI phase (Marhavy et al., 

unpublished results).Therefore we used PIN3::PIN3-GFP as another reporter of early 

initiation events and examined the time between enhancement of the PIN3 signal in the 

endodermis adjacent to FC and the first anticlinal division in the pericycle. Similarly as with 

the DR5 auxin reporter we observed a delay of 176 (+/-) min and 120 (+/-) min in case of 

ahk2-2 and ahk4/cre1-12 mutants, respectively, between the moment of FC specification and 

LRI (Figure 2D and 2E). 

Altogether, our data demonstrate that FCs activation and first formative divisions are under 

control of cytokinin signaling pathway. Cytokinin perception via the AHK2 receptor seems to 

have a dual role and positively controls FCs establishment and further progress to LRI. 

Although lack of CRE1 function did not cause any dramatic defects in LRI (Figure 2A), a 

detailed analysis of early events leading to LRI revealed an increased proportion of activated 

pericycle cells expressing CYCB1;1 reporter, and a delay in their progression to first anticlinal 

division. Thus recruiting more FCs might counteract the delay in the onset of anticlinal 
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divisions and could mutually compensate delay between the FC specification and LRI, 

resulting in comparable LRI density in ahk4/cre1-12 mutant and control.  

 

Figure 2. Lateral root phenotype of cytokinin receptor mutants. 
(A). Lateral root primordium densities in 7-day-old seedlings of ahk2-2, ahk3-3, ahk4/cre1-12, 
ahk4/cre1-12ahk2-2, cre1-12ahk3-3, ahk2-2ahk3-3 compared to control. Lateral root primordium 
densities were scored as number of LRP per cm of root length. (B). FC density in ahk4/cre1-12 and 
ahk2-2 mutants compared to control. Activated pericycle cells which entered cell cycle expressing 
CYCB1;1 per cm of root length were counted. (C) Real time monitoring of LRI in bent roots. Time 
between FC establishment indicated by earliest detectable DR5 expresssion in pericycle cells and first 
anticlinal division is in both ahk4/cre1-12 and ahk2-2 extended compared to control. (D and E). Real 
time monitoring of LRI in bent roots. Time between enhancement of PIN3::PIN3:GFP signal in the 
endodermis adjacent to FC and first anticlinal divisions occurring in the pericycle indicating LRI is in 
both ahk4/cre1-12 and ahk2-2 extended compared to control. Yellow and white arrowheads indicate 
PIN3 signal in endodermis (en) and anticlinal divisions at the early initiation stage of the LRP, 
respectively. Error bars mark standard errors (*p<0.05, n=10 roots). 
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Aux/IAAs repressors accumulate in cytokinin receptor mutants 

Auxin signaling is required to trigger LRI and integrate cell division and patterning processes 

during primordia organogenesis. Specific Aux/IAA-ARF modules were shown to contribute 

to the regulation of particular developmental phases of LR organogenesis (Okushima et al., 

2005; De Rybel et al., 2010; De Smet et al., 2010). Whereas priming seems to be under the 

control of IAA28, ARF5, ARF6, ARF7, ARF8, and ARF19, FC specification and progress 

towards formative divisions resulting in LRI requires the regulatory modules IAA14-ARF7 

and ARF19, acting in parallel with IAA12-ARF5 (De Rybel et al., 2010; De Smet et al., 

2010). Furthermore, gain-of-function mutants in SHY2-2/IAA3, MSG2/IAA19, and 

CRANE/IAA18 exhibit defects in LR organogenesis (Tian and Reed, 1999; Rogg and Bartel, 

2001; Tatematsu et al., 2004; Uehara et al., 2008; De Rybel et al., 2010; De Smet et al., 

2010). 

To examine whether early LRI phenotypes in ahk4/cre1-12 and ahk2-2 are caused by affected 

auxin signaling, we monitored the expression of IAA3, IAA14, IAA12, IAA18, IAA19 and 

IAA28 in 7-day-old Arabidopsis roots. Real-time quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) revealed that loss of AHK2 activity interferes with IAA14, IAA19 

and IAA12 expression. About a 2-fold increase of IAA14, a 1.6-fold increase of IAA19 and a 

moderate increase of IAA12 expression were detected in ahk2-2 when compared to control 

roots (Figure 3A). Lack of AHK4/CRE1 receptor affected mainly IAA3 and IAA12 resulting 

in 1.8 and 1.6 fold increase in expression, respectively. In contrast, loss of AHK3 function 

attenuated IAA19 and IAA28 expression (Figure 3A). 

To corroborate these observations we introduced IAA3::GUS, and IAA12::GUS reporters into 

ahk2-2 and ahk4/cre1-12 mutants. Whereas IAA3 expression was not altered, IAA12::GUS 

signal was enhanced along the root vasculature and in pericycle cells of ahk2-2 mutant 

(Figure 3B-D). In the ahk4/cre1-12 mutant IAA3::GUS expression was enhanced and 

expanded to the basal meristem, the differentiation and the early elongation zone. 

Accordingly, a stronger IAA3::GUS staining was detected in the vasculature of ahk4/cre1-12 

mutant. Despite indications of enhanced IAA12 expression in ahk4/cre1-12 mutant, we could 

not confirm this increase using IAA12::GUS reporter (Figure 3E and F).  
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Figure 3. Aux/IAAs repressors expression in cytokinin receptor mutants. 
(A) Relative expression levels of IAA3, IAA14, IAA12, IAA18, IAA19 and IAA28 in ahk4/cre1-12, 
ahk2-2 and ahk3-3 mutants. (B-F). Expression pattern of IAA3::GUS and IAA12::GUS in ahk2-2 (B-
D) and ahk4/cre1-12 (E-F) compared to control. Insets (D) display enlarged root parts where 
IAA12::GUS exhibit increased expression in vasculature and pericycle of ahk2-2 mutant (C); en-
endodermis, p-pericycle. (G) Schematic representation of cytokinin-auxin interplay during FC 
specification and LRI. Cytokinin signaling pathway mediated by individual receptors might control 
expression of specific Aux/IAAs and then can regulate particular phases of early LRI process. AHK2 
controls SLR/IAA14 and AHK4/CRE1-IAA12 .Adapted from De Rybel et al., (2010). 
Scale bar=100µ 
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Analysis of early LRI phenotypes indicated that in ahk2-2 both FC establishment and 

progress towards LRI are impaired, while accumulation of FCs as a possible consequence of 

delayed onset of initiation underlies the ahk4/cre1-12 phenotype. To examine whether these 

specific phenotypes might result from accumulation of different sets of AUX/IAA repressors 

expression of CYCB1;1::GUS was analyzed in shy2-2/iaa3, slr/iaa14 and bdl/iaa12 mutants 

which accumulate stabilized version of the corresponding auxin signaling repressors.  

Despite dramatic defects in overall LR development in 7-day-old seedlings of shy2/iaa3 and 

bdl/iaa12 mutants, CYCB1;1::GUS expression was detectable in individual pericycle cells 

along the primary root. This suggests that early phases of LR organogenesis including cell 

cycle activation still occur in both shy2-2 and bdl mutant background (Supplemental 3A and 

3B). In contrast, in slr/iaa14 background no CYCB1;1::GUS staining could be detected which 

is in agreement with an earlier report that accumulation of IAA14 leads to early defects in 

LRI by affecting cell cycle activation (Supplemental 3C) (Vanneste et al., 2005). 

These results indicate that the early LRI phenotype of ahk4/cre1-12 and ahk2-2 mutants 

might be caused by accumulation of specific Aux/IAAs, such as BDL/IAA12 in both 

ahk4/cre1-12 and ahk2-2 and SHY2/IAA3 in ahk4/cre1-12 and SLR/IAA14 in ahk2-2 

mutants only. Thus, individual cytokinin receptor mediated pathways might regulate the 

activity of specific auxin signaling modules and control different phases of early LRI (Figure 

3D). 

 

Auxin metabolism is affected by lack of cytokinin perception  

Modulation in cytokinin activity due to over-expression of IPT genes or due to mutations in 

genes regulating cytokinin signaling, interferes with auxin metabolism and affects the level of 

auxin (Jones et al., 2010). To examine to what extent the lack of cytokinin receptor function 

affects auxin balance in roots, levels of free IAA and auxin amid conjugates IAA-Asp and 

IAA-Glu, which are irreversible auxin catabolic products (Riov and Bangerth, 1992; 

Tuominen et al., 1994; Ostin et al., 1998) were determined. Neither ahk4/cre1-12, nor ahk2-2 

mutants exhibited dramatic changes in free auxin as compared to control roots (Figure 4A). In 

contrast, free IAA content was significantly lower in ahk3-3 mutant.when compared to 

control (300,6±12,38 versus 437,4 ± 17,5 pmol/g FW). Likewise, in the multiple loss-of-

function ahk2ahk3 and cre1ahk3 mutants, the amount of free auxin was reduced (361,1±12,7 

pmol/g FW; 284,7±13,0 pmol/g FW respectively) compared to control (437,4±17,5 pmol/g 

FW) (Figure 4A). Interestingly, ahk2-2 and ahk2-2ahk3-3 and ahk4/cre1ahk2-2 double 
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mutants exhibited an increased content of auxin amid conjugates IAA-Asp and IAA-Glu 

(Figure 4B and 4C). Lack of AHK2 function results in an approximately 1,7 and 1,5-fold 

increase of IAA-Asp and IAA-Glu, respectively when compared to control roots (Figure 4B 

and 4C). In contrast, ahk3-3 and ahk4/cre1-12ahk3-3 multiple mutants exhibited a decreased 

amount of IAA-Asp (2,3±0,12 versus 3,4±0,2 pmol/g FW in control) and IAA-Glu (3,5±0,1 

versus 5,3± 0,3pmol/g FW in control) (Figure 4B and 4C) probably due to a general reduction 

in auxin levels. 

Altogether, our data confirm previous reports on the role of cytokinin and cytokinin signaling 

in maintaining auxin homeostasis (Nordstrom et al., 2004; Jones et al., 2010). Additionally, 

these results indicate specific roles for signaling pathway branches mediated through 

individual cytokinin receptors in control of specific auxin metabolic processes including 

conjugation, biosynthesis, alternatively degradation.  

 
 

Figure 4. Auxin metabolism in cytokinin receptor mutants 
(A-C). Levels of free IAA (A), auxin amid conjugates IAA-Asp (B) and IAA-Glu (C) in cytokinin 
receptor mutants. Error bars mark standard errors (n=3). 
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DISCUSSION 

Cytokinin receptors are involved in control of early LRI  

The inhibitory role of cytokinin during LR organogenesis is well established. Exogenous or 

endogenous increase of cytokinin levels interferes with LR organogenesis from the very early 

stages including FC establishment, initiation and primordia development (Li et al., 2006; 

Laplaze et al., 2007). Accordingly decreased cytokinin levels promoted LR organogenesis 

(Werner et al., 2003; Miyawaki et al., 2006; Laplaze et al., 2007; Kuroha et al., 2009). 

Genetic perturbations in cytokinin signaling e.g. by multiple mutations of AHK cytokinin 

receptors or type-B ARRs  result in an increased number of emerged LRs (Mason et al., 2005; 

Riefler et al., 2006) further supporting that the cytokinin signaling pathway negatively 

controls LR formation. In agreement with these observations, our analysis confirmed the 

enhanced development and higher proportion of LRP in more progressed developmental 

phases in cytokinin receptor mutants.  

However, when we examined on the early phases of LR organogenesis (including FC 

establishment and LRI) we observed that cytokinin receptor mediated signaling might not 

play exclusively an inhibitory role. Analysis of FC specification using CYCB1;1 reporter and 

real time monitoring of early phases of LRI revealed that AHK2 and AHK4/CRE1 might act 

synergistically to auxin and promote FC establishment and progress towards LRI. In the ahk2-

2 mutant a dramatic decrease of pericycle cells expressing CYCB1;1 reporter and an extension 

of time between FC specification and first anticlinal division were observed. In the ahk4/cre1-

12 mutant an increased number of FCs and longer time between FC specification and first 

anticlinal division indicated post- FC specification defects.  

In support of their early function in LRI, AHK2, AHK3, AHK4/CRE1 expression was found in 

the priming zone (De Smet et al., 2007), developmental window (Dubrovsky et al., 2006; 

Dubrovsky et al., 2011), and pericycle cells. In our previous studies (Bielach et al., 

unpublished; Chapter 2 this thesis) we have shown that expression of the cytokinin reporter 

TCS is strongly repressed in the distal root encompassing priming and developmental window 

zones. The observed expression of all three cytokinin receptors indicate that lack of the TCS 

expression in this root part is not due to an absence of cytokinin transduction pathway 

components expression. We hypothesize that probably other mechanisms such as repression 

of the cytokinin signaling might be involved in this tight control of the TCS expression.  
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Although the negative role of cytokinin on root growth is a long known phenomenon 

supported by a multiple reports (Medford et al., 1989; Smigocki, 1991; Hewelt et al., 1994; Li 

et al., 2006; Kuderova et al., 2008) similarly to our observation, cytokinin receptors seem to 

positively regulate root meristem activity and in the triple cytokinin receptor mutant 

ahk2ahk3ahk4/cre1 the root meristem size is significantly reduced (Higuchi et al., 2004; 

Nishimura et al., 2004; To et al., 2004; Hutchison et al., 2006; Riefler et al., 2006). This led to 

the hypothesis of “supraoptimal” cytokinin concentration in the root meristem (Ferreira and 

Kieber, 2005) according to which, both absence of the cytokinin signalling or its abundance 

after IPT overexpression and/or exogenous application, respectively, exert optimal levels and 

might lead to inhibitory effects (Ferreira and Kieber, 2005). Thus it seems, that in 

developmental processes encompassing cell divisions, a tightly balanced cytokinin activity 

might be important for synergistic interaction with auxins, similarly to cell culture where 

cytokinin promote cell division synergistically with auxin (Riou-Khamlichi et al., 1999). 

 

Aux/IAA mediated feedback on cytokinin regulated LRI 

The coordinated action of cytokinin and auxin is essential for maintaining root meristem size, 

root growth and LR formation (Laplaze et al., 2007; Dello Ioio et al., 2008; Ruzicka et al., 

2009). Recent studies which focused on the role of auxin in early LRI, revealed that particular 

phases including priming, FC establishment and formative divisions leading to LRI depend on 

the activity of specific ARF-Aux/IAAs pairs/modules (De Rybel et al., 2010; De Smet et al., 

2010). Whereas priming seems to be under the control of IAA28, ARF5, ARF6, ARF7, 

ARF8, and ARF19, FC specification and progress towards formative division resulting in LRI 

require the regulatory modules IAA14-ARF7 and IAA14-ARF19, which act in parallel with 

IAA12-ARF5 (De Rybel et al., 2010; De Smet et al., 2010). Lack of particular cytokinin 

receptors leads to specific developmental defects affecting FC establishment in ahk2-2 and/or 

progress from FC to LRI in ahk2-2 and ahk4/cre1-12 mutant. Analyses of principal auxin 

signaling components contributing to regulation of the particular developmental phases 

revealed that expression of IAA14 and IAA19 repressors is enhanced in ahk2-2, but not in 

ahk4/cre1-12 mutant. On the other hand, expression of IAA12 is increased in both ahk2-2 and 

ahk4/cre1-12 mutants. Accordingly to a previous analysis, accumulation of IAA14 repressor 

interferes with FC establishment manifested by dramatically reduced number of pericycle 

cells expressing CYCB1;1 reporter (Vanneste et al., 2005). Although LRI is strongly affected 

in roots accumulating IAA12 and IAA3 (Tian and Reed, 1999; Swarup et al., 2008; De Smet 
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et al., 2010), examination of CYCB1;1 reporter indicates that defects occur in post FC 

specification phase of LRI process. 

Thus it seems that individual cytokinin receptors through interaction with specific auxin 

signaling modules might regulate particular phases of early LRI process (Figure 3D). Similar 

mechanism of cytokinin-auxin interaction has been previously shown to act in the regulation 

of root apical meristem activity. In the root apical meristem, AHK3 receptor through the 

downstream transcription factor ARR1 adjusts the expression of the IAA3/SHORT 

HYPOCOTYL 2 auxin signaling repressor and attenuates the expression of several PIN genes 

as a consequence (Dello Ioio et al.,2008). Altogether these data indicate existence of several 

specific control circuits of the similar nature acting in concrete tissue and developmental 

context.  

 

Cytokinin receptors control different branches of auxin metabolic network.  

Cytokinin–auxin metabolisms are interconnected and levels of one hormone might be altered 

in response to deviation in other hormone activity (Nordstrom et al., 2004; Jones et al., 2010). 

Recently it has been shown that availability of active auxin is controlled by cytokinin, and 

that modulation of cytokinin levels or signaling interfere with the abundance of transcripts for 

several putative auxin biosynthetic genes (Jones et al., 2010). Analyses of auxin levels in 

cytokinin receptor loss-of-function mutants further support this interconnection and hint on 

the existence of specific links between branches of the cytokinin pathway mediated through 

particular receptors and regulation of auxin metabolism. We show that overall auxin levels are 

diminished in mutant lacking AHK3 activity suggesting that AHK3 controlled cytokinin 

signaling contribute to auxin levels maintenance probably through regulation of auxin 

biosynthesis or degradation. On the other hand, a significant increase of auxin amid 

conjugates IAA-Asp and IAA-Glu which are irreversible catabolic products (Riov and 

Bangerth, 1992; Tuominen et al., 1994; Ostin et al., 1998) considered as candidates for 

detoxification of excess IAA (Antolic  et al., 2001) links AHK2 function with regulation of 

auxin “detoxification” pathway. Notably, several components of auxin metabolism including 

auxin deconjugation enzymes (Woodward and Bartel, 2005) act in the endoplasmatic 

reticulum, where auxin uptake is mediated by PIN5 auxin efflux carrier (Mravec et al., 2009). 

Thus, another feasible scenario for the AHK2 function, besides acting on the regulation of 

genes controlling auxin conjugation would be the interference with PIN5 activity. However, 
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which of the mechanisms underlies AHK2 mediated regulation of auxin metabolism will 

reveal future research.  
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MATERIAL AND METHODS 

Plant lines and Growth conditions 

The transgenic Arabidopsis thaliana lines have been described elsewhere: 

ahk4/cre1-12; ahk2-2; ahk3-3; ahk4/cre1-12ahk2-2; ahk4/cre1-12ahk3-3; ahk2-2ahk3-3 

(Higuchi et al., 2004); slr-1 (Fukaki et al., 2002); shy2-2 (Tian and Reed, 1999); bdl (Hamann 

et al., 2002); CRE1/AHK4::GUS; AHK2::GUS; AHK3::GUS (Higuchi et al., 2004); 

PIN1::PIN1:GFP, DR5::GUS; DR5::GFP (Benkova et al., 2003); PIN3::PIN3:GFP 

(Zadnikova et al., 2010); CYCB1;1::GUS (Ferreira et al., 1994); IAA3::GUS (Weijers et al., 

2005); IAA12::GUS (Weijers et al., 2006); IAA14::GUS (Fukaki et al., 2002). Seeds were 

sterilized with chloral gas, plated in Petri dishes on 0,8% agar 0.5× Murashige and Skoog 

(MS) medium containing 1% sucrose, vernalized for 2 d at 4°C, and grown vertically at 18°C 

under long-day photoperiod. Seedlings were harvested and processed 7 days after 

germination. 

 

Phenotypical Analysis, Microscopy and Statistics 

Plant material was cleared according to protocol described by Malamy and Benfey (1997). To 

asses LR density, root length was measured on scanned slides using the ImageJ software 

(http://rsbweb.nih.gov/ij/). LRP were counted using a DIC Olympus BX51 microscope. At 

least 15 seedlings were analyzed and experiments were repeated two times independently. 

For real-time analysis of the LRP development, 6-day-old seedlings were put in a chambered 

coverglass (Nunc Lab-Tek) and covered with 0.2 mm thin square block of solid 0,5 ×MS. 

LRPs were scanned in 3- or 5-min time intervals for 8-12 hours by the FV10 ASW Olympus 

Confocal microscope. 

Images were processed in Adobe Photoshop and CorelDraw. Data was analyzed using the 

Excel statistical package and GraphPad Prism software, a Mann-Whitney nonparametric test 

was performed.  

 

GUS analysis 

Histochemical β-glucuronidase (GUS) staining was performed as described (Friml et al., 

2003) for 2; 3 and 4 hours at 37°C for AHK4/CRE1::GUS; AHK2:GUS; AHK3::GUS, 

respectively. DR5::GUS and CYCB1;1::GUS were stained for 7 hours, while IAA3::GUS and 
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IAA12::GUS were stained overnight. Afterwards, seedlings were cleared (Malamy and 

Benfey, 1997) and mounted in 50% glycerol on microscope slides. 

 

Auxin Measurements 

Approximately 30 mg (fresh weight) of 7 days old whole root material frozen in liquid 

nitrogen was ground with a pestle and mortar, extracted for 5 min with 1 ml of cold phosphate 

buffer (50 mM; pH 7.0) containing 0.02% sodium diethyldithiocarbamate and the following 
15N- and/or 2H5-labeled internal standards: [2H5]IAA, [ 15N,2H5]IAAsp, [15N,2H5]IAGlu. The 

samples were put into a freezer (−20°C) and centrifuged at 36,000 × g after 24 h. 

Supernatants were transferred into glass tubes, evaporated to dryness, and methylated with 

ethereal diazomethanol (Pencik et al., 2009). Further processing by immunopurification was 

performed as described (Pencik et al., 2009) and final analysis was done with a UHPLC 

coupled to a Waters Xevo TQ MS detector. 

 

Quantitative RT-PCR. 

RNA was extracted with the RNeasy kit (Qiagen) from excised root tips of 7-day-old root 

sample. A DNase treatment with the RNase-free DNase Set (Qiagen) was carried out for 15 

minutes at 25°C. Poly(dT) cDNA was prepared from 1 µg of total RNA with iScript™cDNA 

Synthesis Kit (Biorad) and analyzed on LightCycler 480 (Roche Diagnostics) with the SYBR 

GREEN I Master kit (Roche Diagnostics) according to the manufacturer’s instructions. 

Targets were quantified with specific primer pairs designed with the Beacon Designer 4.0 

(Premier Biosoft International, Palo Alto, CA). Expression levels were normalized to UBQ10 

expression levels. All RT-PCR experiments were done at least in triplicates. Following 

primers were used:  

UBQ10 (CACACTCCACTTGGTCTTGCGT and TGGTCTTTCCGGTGAGAGTCTTCA), 

IAA3 (AACATCCCCTCCTCGAAAGGCT and TCCTTGACCCTCATGCTCAGATTC); 

IAA12 (TGGGTCTAAACGCTCTGCTGAATC and 

ACCACTTGACTTGAACGAGGAGGA); IAA14 (ACGAGGACAAAGATGGTGACTGGA 

and ATGACTCGACAAACATCGGCCAGG); IAA18 

(CAGAACCAAAGAGACAAGGAGGCA and TTTGAGCTGCAAGAAGACCTCTGA); 

IAA19 (TCGGTGTGGCCTTGAAAGATGG and TGCATGACTCTAGAAACATCCCCC); 

IAA28 (GCTCCTCCTTGTCACCAATTCACT and ACTGGAGCTACCTCAACCCTGTTA). 
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SUPLEMENTAL  DATA  

 

Supplemental 1. Spatial distribution of cytokinin receptors expression along the root. 
(A-C). Expression pattern of AHK2::GUS (A), AHK3::GUS (B), and AHK4/CRE1::GUS (C) in the 
root of 7-day-old seedlings. 
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Supplemental 2. Lateral root development in cytokinin receptor mutants. 
Detailed analyses of LR development examined in 7-day-old seedlings (n=10). Error bars mark 
standard errors. 
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Supplemental 3. Expression of CYCB1;1::GUS in shy2-2/iaa3, slr/iaa14 and bdl/iaa12 
(A-C).CYCB1;1::GUS expression in individual pericycle cells along the primary root in shy2-2 (A) 
bdl (B). No CYCB1;1::GUS staining in slr/iaa14 background was detected (C). 
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Phytohormones are important plant growth regulators that control many developmental 

processes, such as cell division, cell differentiation, organogenesis, and morphogenesis. They 

regulate multitude of apparently unrelated physiological processes, often with overlapping 

roles, and they mutually modulate their effects. These features imply important synergistic 

and antagonistic interactions between the various plant hormones. Auxin and cytokinin are 

central hormones involved in the regulation of plant growth and development, including 

processes determining root architecture, such as root pole establishment during early 

embryogenesis, root meristem maintenance, and lateral root organogenesis. Thus, to control 

root development both pathways put special demands on the mechanisms that balance their 

activities and mediate their interactions. Here, we summarize recent knowledge on the role of 

auxin and cytokinin in the regulation of root architecture with special focus on lateral root 

organogenesis, discuss the latest findings on the molecular mechanisms of their interactions, 

and we present forward genetic screen as a tool to identify novel molecular components of 

the auxin and cytokinin crosstalk. 
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INTRODUCTION 

Root is a complex organ necessary to fix the aboveground plant body to the soil and to enable 

uptake of water and nutrients from the soil. Although the root is established already during 

embryogenesis at the basal pole of the embryo, the root system starts to develop massively 

during the postembryonic plant life. The root system architecture results from two parallelly 

occurring processes, primary root growth and recurrent branching. In this manner, the root 

system of plants occupies the surrounding soil niche and utilizes the available nutritional 

resources. Thus, the recurrent initiation of the lateral root (LR) organogenesis by plants is the 

key process in the dynamic formation of the functional root system. 

In Arabidopsis thaliana, LRs originate in the pericycle cell layers of the xylem (Dubrovsky et 

al., 2000; Beeckman et al., 2001). After certain pericycle cells have acquired founder cell 

properties, LR primordia are initiated by several anticlinal divisions and they develop as a 

consequence of coordinated cell division and differentiation. Later on, the LR primordia 

emerge from the parent root, mainly by cell elongation. The lateral root meristem, of which 

structure and function are similar to the primary root meristem, is then activated (Malamy 

and Benfey, 1997). 

The positive role of auxin at all stages of the LR organogenesis, including initiation and 

development, is well established. Accumulation of auxin and activation of auxin responses in 

individual pericycle cells stimulate founder cell specification and LR initiation (LRI) 

(Laskowski et al., 1995; Dubrovsky et al., 2008). This positive impact of auxin on LRI was 

evidenced by modulation of auxin levels (Laskowski et al., 1995; Laskowski et al., 2008) as 

well as of auxin responses (Dharmasiri et al., 2005; Fukaki et al., 2005; Vanneste et al., 

2005). In the later developmental phases of LR primordia, auxin distribution gradients with 

maxima at the primordia tips determine the proper primordia organogenesis (Benková et al., 

2003). This auxin gradient is generated by the concerted action of AUXIN RESISTANT 

(AUX)/LIKE AUX (LAX) auxin influx carriers (Bennett et al., 1996), PIN-FORMED (PIN) 

auxin efflux carriers (Gälweiler et al., 1998; Luschnig et al., 1998; Friml et al., 2002b; Friml 

et al., 2002a; Friml et al., 2003), and members of the multidrug-resistant/P-glycoprotein 

subfamily of ATP-binding cassette proteins (Blakeslee et al., 2007). When polar auxin 

transport is disturbed genetically or by chemical inactivation, the development of the LR 

primordia is severely affected (Ruegger et al., 1997; Casimiro et al., 2001; Benková et al., 

2003). Besides its action as an important patterning factor, auxin also controls the interaction 

between the LR primordia and the neighbouring tissues and mediates the noninvasive 
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emergence of LR primordia through adjacent tissue layers by stimulation of cell wall-

remodelling gene expression (Swarup et al., 2008). 

Although auxin seems to be a general regulator through the different phases of the LR 

organogenesis, the transduction cascade and downstream response might be very specific for 

every developmental phase and mediated through specific pairs of auxin signaling 

components, such as AUX/INDOLE-3-ACETIC ACID (AUX/IAA) repressors and AUXIN 

RESPONSE FACTORr (ARF). Whereas priming seems to be under the control of IAA28, 

ARF5, ARF6, ARF7, ARF8, and ARF19, founder cell specification and progress towards 

formative division resulting in LRI require the regulatory modules IAA14-ARF7 and ARF19, 

acting in parallel with IAA12-ARF5 (De Rybel et al., 2010; De Smet et al., 2010). 

As the LR organogenesis programme is activated repetitively over time in simultaneously 

growing primary roots, the question arises on the nature of the mechanisms controlling 

spatio-temporally these recurrent initiations. Oscillations of the auxin activity in the 

protoxylem cells of the basal root meristem were found to correlate with the subsequent LRI 

in a more proximal zone of the root (De Smet et al., 2007; Moreno-Risueno et al., 2010). 

Priming has been proposed as one of the earliest events that predetermines the LRI through 

regular auxin activity peaks (De Smet et al., 2007). Regular root bending as a consequence of 

the gravity-sensitive root behaviour generates auxin maxima in the pericycle cells at the 

convex bent side and activates LRI. Therefore, these auxin oscillations might be triggered by 

mechanisms that depend on the auxin reflux controlling the root gravity response (De Smet et 

al., 2007; Lucas et al., 2008) and/or the mechanical deformation of tissues by stretching 

during the curve formation (Laskowski et al., 2008). Conceptually different is the hypothesis 

considering existence of endogenous oscillatory mechanisms. Regular oscillations in a set of 

genes including transcriptional regulators detected in the roots, might be the primary 

mechanism recurrently activating processes that result in LRI (Moreno-Risueno et al., 2010). 

Besides auxin, several other plant hormones have been found to regulate the LR 

organogenesis (Sponsel et al., 1997; Bao et al., 2004; De Smet et al., 2006; Mouchel et al., 

2006), among which cytokinin exhibits one of the strongest inhibitory effects. Any increase 

in cytokinin activity, either by exogenous manipulation of cytokinin levels (Li et al., 2006; 

Laplaze et al., 2007) or endogenous modulation of the activity of genes involved in cytokinin 

metabolism, results in changed LRI frequencies and developmental defects (Werner et al., 

2003; Laplaze et al., 2007). Suppression of the cytokinin signaling pathway either by 

interfering with the receptor ARABIDOPSISs HISTIDINE KINASE 4(AHK4)/CYTOKININ 

RESISTANT 1(CRE1) and its homologues AHK2 and AHK3, or the positive components, the 
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B-type ARABIDOPSIS RESPONSE REGULATOR (ARR) genes typically enhances LR 

organogenesis (Mason et al., 2005; Riefler et al., 2006). 

The opposing contributions of both auxin and cytokinin pathways to regulate the LR 

organogenesis put special demands on the mechanisms that balance their activities and 

mediate their interaction. Auxin control over the ARR7 and ARR15 transcription and 

cytokinin signaling repressors appear to be critical for proper early embryo root pole 

establishment (Müller and Sheen, 2008). Similarly, auxin and cytokinin activities in the shoot 

apical meristem are counterbalanced through transcriptional regulation of ARR7 and ARR15 

by AUXIN RESPONSE FACTOR5/MONOPTEROS (MP) (Zhao et al., 2010). Besides 

crosstalk between auxin and cytokinin signaling pathways, cytokinin also interferes with the 

auxin distribution by modulating the polar auxin transport activity. This mode of interaction 

is particularly important for root apical meristem maintenance and LR organogenesis 

(Laplaze et al., 2007; Dello Ioio et al., 2008; Pernisová et al., 2009; Růžička et al., 2009; 

Zhang et al., 2011). In the root apical meristem, the auxin-cytokinin circuit is mediated 

through the AHK3 receptor and the downstream transcription factor ARR1 that adjusts the 

expression of the IAA3/SHORT HYPOCOTYL 2 (SHY2) auxin signaling repressor and 

attenuates the expression of several PIN genes as a consequence (Dello Ioio et al., 2008). In 

addition to the transcriptional control, cytokinin also impacts on the PIN1 intracellular 

trafficking (Marhavý et al., 2011; Yoshida et al., 2011; Zhang et al., 2011). This regulatory 

mode is important in view of the controlled leaf initiation and positioning and LR 

organogenesis (Marhavý et al., 2011; Yoshida et al., 2011). Although there are several hints 

at the molecular nature of the auxin-cytokinin crosstalk, our knowledge on the key players is 

still very limited. Hence, novel approaches are necessary to identify the molecular 

components of the auxin-cytokinin interaction network. 

Here, we describe a forward genetic screen as an approach to characterize intersections of the 

auxin and cytokinin signalling pathways. By using LR organogenesis as a model, we 

designed a mutant screen that specifically targets the interactions between auxin and 

cytokinin. Mutants were screened that produce lateral roots after application of auxin 

simultaneously with inhibiting concentrations of cytokinin. Twenty-two novel mutant alleles, 

designated primordia on auxin and cytokinin (pac) were recovered and classified based on 

their LRI and response to auxin and cytokinin. Important candidates as crosstalk components 

are considered primarily mutants, in which the basal LRI process was not affected and the 

cytokinin resistance phenotype occurred only in the presence of auxin. Interestingly, detailed 

characterization of the pac mutant phenotypes suggested that some mutants might represent 



Chapter 4 

129 

molecular components that control the cytokinin-dependent expression of the PIN auxin 

efflux carriers and photomorphogenesis. 

 

RESULTS 

Forward genetic screen for mutants defective in auxin/cytokinin cross-talk 

The antagonistic auxin-cytokinin interaction is strongly visible in the regulation of the LR 

organogenesis. Whereas auxin promotes both LRI and LR development, cytokinin exhibits 

inhibitory effects (Laskowski et al., 1995; Himanen et al., 2004; Li et al., 2006; Laplaze et al., 

2007). Thus, to identify new molecular components required for balancing the 

auxin/cytokinin activities, we decided to use the LR organogenesis as a suitable model 

system. We designed the forward genetic screen to look for mutants that produce LRs when 

auxin is applied simultaneously with cytokinin at inhibiting concentrations. As best crosstalk 

candidates, we considered mutants, in which the basal LRI process was not affected and the 

cytokinin resistance phenotype occurred only in the presence of auxin. 

To determine the optimal screening conditions, different auxin and cytokinin concentrations 

were applied, separately or simultaneously, on 4 days old Arabidopsis seedlings (for details, 

see Materials and Methods). The LRI was evaluated 48 hours and 72 hours after treatment 

(Supplementary Figure S1A). Application of 1 µM IAA enhanced the LRI almost 3-fold 

when compared to control seedlings (8 ± 1.4 versus 2.9 ± 0.86 LR primordia/cm) (Figure 

S1B). When applied simultaneously with cytokinin, 7 µM BAP most efficiently inhibited the 

auxin-stimulated LRI when compared to 1 or 5 µM BAP (Figure S1B). Thus, 1 µM IAA 

applied together with 7 µM BAP were used to screen for mutants initiating LRs under these 

restrictive conditions (Figure 1A and 1B). M1 families (1,700) of EMS-mutagenized 

PIN1::PIN1-GFP lines were harvested into 72 pools (approximately 20-25 individuals per 

pool). Approximately 600 seedlings from each pool were examined for their sensitivity to 

auxin/cytokinin and mutants resistant to the hormonal treatment were propagated. From 150 

lines selected in the first round of the screen, 22 mutant lines were recovered with obvious 

resistance to auxin and cytokinin in the next generation and designated primordia on auxin 

and cytokinin (pac) (Figure 1C). 
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Figure 1. Forward genetic screen for mutants defective in auxin/cytokinin crosstalk. 
(A, B) Strong stimulatory effect of auxin (1 µM IAA) application on LRI observed after 48 hours on 
4-day-old PIN1::PIN1-GFP seedlings. Simultaneous application of cytokinin (7 µM BAP) 
counteracted stimulatory auxin effect. LRI scored in PIN1::PIN1:GFP seedlings 48 hours after 
treatment with control media and media supplemented with 1 µM IAA or 1 µM IAA and 7 µM BAP 
media (*p<0.05, n=20 seedlings). (C) pac mutants recovered in the forward genetic screen exhibiting 
a reduced sensitivity to the simultaneous auxin and cytokinin treatment (p<0.05, n=10 seedlings). 
Error bars mark standard errors. LRI scored as total number of LRP per root. 
 

Identification of pac mutants defective in auxin-cytokinin crosstalk 

To distinguish pac mutants exhibiting an enhanced LRI exclusively under simultaneous 

auxin/cytokinin treatments from the mutants defective in LRI or altered auxin or cytokinin 

sensitivity, the LRI phenotypes were analyzed thoroughly. Based on the LRI and its cytokinin 

sensitivity, we grouped the pac mutants into four subgroups: subgroups A (pac22, pac15, 

pac19, and pac21) and B (pac8, pac6, pac2, pac9, and pac10) exhibited an increased LRI. In 

contrast, mutants in subgroups C (pac4, pac17, pac18, pac14, pac11, and pac16) and D 

(pac3, pac1, pac20, pac7, pac12, pac5, and pac13) did not show enhanced LRI (Figure 2A). 

Based on the cytokinin response, mutants of subgroups B and D were resistant to cytokinin. 

Whereas in wild-type seedlings germinated on 0.1 µM BAP, the LRI was approximately 80% 
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lower than that of the untreated control, mutants of these two subgroups were able to initiate 

LRs (Figure 2B). 

 

 

Figure 2. Impact of pac mutations on LRI. 
(A) Increased LRI in pac mutants of subgroups A and B, but not C and D. (B) Reduced cytokinin 
sensitivity LRI in pac mutants of subgroup B and D, but not A and C. (C) Increased auxin sensitivity 
in pac15 (subgroup A), pac4 (subgroup C) and pac12, (subgroup D) mutants and moderate auxin 
resistance in pac2 (subgroup B), and pac7 (subgroup D). Seven-day-old seedlings were analyzed 
germinated on control media or media supplemented with cytokinin (0.1 µM BAP) or auxin (50 nM 
NAA) (*p<0.05, n=20 seedlings). Error bars mark standard errors. LRI scored as a number of LRP 
per cm of root length. 
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Interestingly, the effect of the pac mutations on the auxin sensitivity was not very 

pronounced and only a few of the pac mutations modulated the auxin sensitivity. When 

compared to control seedlings with a 2.5- to 3-fold increased LRI after auxin (50 nM NAA) 

treatment, the pac15 (subgroup A), pac4 (subgroup C) and pac12 (subgroup D) mutants 

showed and enhanced auxin sensitivity, whereas the mutants pac2 (subgroup B), and pac7 

(subgroup D) were moderately resistant to auxin (Figure 2C). 

Based on the detailed LRI phenotype analysis, we identified the subgroup of pac mutants 

corresponding to our primary requirements. The pac mutants of subgroup C were not affected 

in LRI and exhibited neither increased cytokinin resistance, nor a dramatically changed auxin 

sensitivity. Thus, they represent the best candidates as crosstalk components that might be 

involved in the fine-tuning of auxin /cytokinin activities to ensure a relevant developmental 

output. Visual observation of primordia in cleared roots of pac mutants did not reveal any 

severe defects in LR primordia patterning. However, more detailed analyses using tissue 

specific markers are needed for final conclusion on the role of PAC genes in LRP patterning.  

 

Pac mutations modulate root sensitivity to cytokinin 

To get insight into the general effect of pac mutations on root growth and cytokinin 

sensitivity, we analyzed root growth on control and cytokinin-supplemented media. Overall, 

root growth of pac mutants was variably affected. In a few mutants of subgroups A (pac22, 

pac19 and pac21) and B (pac8 and pac9), root growth was reduced significantly, whereas 

root length increased moderately in mutants of subgroup C (pac4, pac17, pac11 and pac16) 

and subgroup D (pac1, pac3, pac12 and pac13) (Figure 3A). 

The cytokinin sensitivity of pac mutant roots was significantly altered. However, differently 

from LRI, cytokinin sensitivity was changed not only in mutants of subgroups B and D, but 

also of subgroup A (pac19 and pac21). Mutants of subgroup C, apart from pac4 did not show 

any dramatic change in root growth response to cytokinin (Figure 3B). 

Cytokinin is known to enhance ethylene production. Therefore, part of the cytokinin effects 

on the root phenotype might be mimicked by ethylene. As a consequence, mutants defective 

in the ethylene transduction pathway exhibit root growth insensitive not only to ethylene but 

also to cytokinin (Cary et al., 1995; To et al., 2007). To dissect whether some of the pac 

mutants might be defective in the ethylene related pathway, we analyzed root growth on ACC 

(Yang and Hoffman, 1984), the precursor of the ethylene biosynthesis. As expected, the 

ethylene receptor mutant etr1 (Roman et al., 1995) was resistant to ethylene as well as to 

cytokinin, but the cytokinin receptor mutant cre1 (Higuchi et al., 2004) was resistant to 
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cytokinin, but not to ethylene (Figure 3B and 3C). Interestingly, most pac mutants, except 

pac8, were not affected in the response to ethylene or exhibited mild ethylene insensitivity 

(pac2) (Figure 3C). 

 
Figure 3. Modulation of root sensitivity to cytokinin and but not to ethylene in pac 
mutants. 
(A) Root length analysis of pac mutants. Root growth decreased significantly in pac22, pac19 and 
pac21 (subgroup A) and pac8 and pac9 (subgroup B), but roots elongated in pac15 (subgroup A), 
(pac4, pac17, pac11, pac16) (subgroup C) and pac1, pac3, pac12, pac13 (subgroup D) mutants. (B) 
Reduced root cytokinin sensitivity in pac mutants. (c) Root sensitivity to ethylene moderately affected 
in pac mutants. Seven-day-old seedlings were analyzed germinated on control media or media 
supplemented with cytokinin (0.1 µM BAP) or 1 µM ACC (*p<0.05, n=20 seedlings). Error bars 
mark standard errors. 
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These detailed analyses of root cytokinin and ethylene sensitivity indicate that the mutant 

screen as designed targeted primarily genes involved in the control of the cytokinin activity 

and the pac mutations do not seem to interfere significantly with the ethylene pathway. 

 

A subgroup of pac mutants exhibits defects in photomorphogenesis 

Next, we examined whether PAC genes play a role exclusively in the auxin/cytokinin-

controlled LR organogenesis or are involved also in other developmental processes requiring 

the activity of both hormonal pathways. One such process is seedling development in 

response to light. In the dark, seedlings undergo skotomorphogenesis and develop long 

hypocotyls, an apical hook, and closed cotyledons. Under light, they adopt 

photomorphogenesis, resulting in short hypocotyls, open cotyledons, and chlorophyll 

accumulation (Lau and Deng, 2010). Exogenous cytokinin promotes light-grown phenotypes 

in dark-grown seedlings (Chory et al., 1994), but auxin enhances hypocotyl elongation and 

suppression of auxin response seems to be critical in the regulation of photomorphogenic 

responses (Lee et al., 2007; Lau and Deng, 2010). When grown in the dark, pac mutants from 

subgroups A and C exhibited no or mild changes in their development, respectively, when 

compared to control seedlings (Figure 4A). In contrast, pac mutants in subgroups B (pac6, 

pac2, and pac9) and D (pac1, pac7, and pac5) exhibited strong defects in 

skotomorphogenesis. These pac mutations promoted the light phenotype, such as shorter 

hypocotyls, defective apical hook formation, and open cotyledons, which might result from 

the lack of suppression of a photomorphogenic programme (Figure 4B). Interestingly, the 

most affected pac mutants were those belonging to subgroups B and D that were also 

defective in cytokinin repression of LRI (compare Figure 2B and 4A). Dark phenotypes of 

these pac mutants hint at a link between cytokinin-regulated LRI and photomorphogenesis. 

An intriguing aspect of this finding is that the lack/malfunction of one molecular factor at the 

same time decreases the LRI cytokinin sensitivity and stimulates photomorphogenesis in the 

dark, the phenotype promoted by enhanced cytokinin activity. 
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Figure 4. Defects in photomorphogenesis in a subgroup of pac mutants. 
(A) Hypocotyl length of etiolated seedlings. pac mutants of subgroups B (pac6, pac2, and pac9) and 
D (pac1, pac7, and pac5) exhibited a strongly reduced hypocotyl length (*p<0.05, n=10 seedlings). 
(B) Promoted light phenotype, such as short hypocotyl, defective apical hook formation, and open 
cotyledons in dark-grown pac1, pac2, pac5 and pac6 mutants. Error bars mark standard errors. Scale 
bar 1 cm. 
 

A subgroup of pac mutations interferes with cytokinin-controlled PIN1 expressiwon 

One of the recently revealed important mode of interactions between auxin and cytokinin is 

the cytokinin-mediated modulation of the polar auxin transport (Dello Ioio et al., 2008; 

Pernisová et al., 2009; Růžička et al., 2009; Marhavý et al., 2011; Yoshida et al., 2011; Zhang 

et al., 2011). By modifying the expression of PIN auxin efflux carriers, cytokinin might 

influence the cell-to-cell auxin transport and, thus, the auxin distribution required for 

regulation of different developmental processes, such as LR organogenesis or root meristeim 

activity and size (Laplaze et al., 2007; Dello Ioio et al., 2008; Růžička et al., 2009; Zhang et 

al., 2011). To examine whether some of the pac genes might be involved in these regulatory 

pathways, the cytokinin-mediated repression of the PIN1 expression was analyzed. The 

PIN1-GFP expression was monitored in control and pac mutant roots after cytokinin 

treatment and compared to untreated roots. As expected, treatment with 10 µM BAP for 6 h 

dramatically reduced the PIN1-GFP signal in roots of control seedlings. Several pac 

mutations (pac8, pac6, pac2, pac10, pac12, and pac5) interfered with the cytokinin-mediated 

repression of the PIN1 expression (Figure 5). Interestingly, these pac mutants belonged to 

subgroups B and D that exhibited a cytokinin-resistant LRI and promoted 

photomorphogenesis under dark treatment. In case of pac12 we consistently observed PIN1 

down regulation on the control media.We hypothesize that these PAC genes might be the 
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components of the pathway that regulates the polar auxin transport and, thus, underlie the 

control of two distant developmental processes, such as LRI and photomorphogenesis. 

 

 

Figure 5. Interference with cytokinin-controlled PIN1 expression in pac mutants. 
PIN1::PIN1:GFP expression in root meristem of pac mutants exposed for 6 hours to control medium 
or liquid 0.5× MS medium supplemented with cytokinin (10 µM BAP). The PIN1 expressions 5 are 
representative of at least ten analyzed root tips of particular pac mutants. Scale bar 150 µm.
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DISCUSSION 

Forward genetic screens proved to be very powerful tools in dissecting the molecular 

components and mechanisms of the different hormonal signaling pathways, including those 

of auxin and cytokinin (Hobbie and Estelle, 1994; Kakimoto, 1996; Leyser, 1997; Inoue et 

al., 2001). To assess the hormonal crosstalk and to identify the molecular components that 

mediate the pathways interaction, genetic screens have to be designed accurately by taking 

into account the activities of both hormonal pathways in the regulation of common 

developmental processes. 

The forward genetic screen that resulted in the identification of pac mutants was aimed at 

finding the genes that balance the auxin and cytokinin activities during LR organogenesis. LR 

organogenesis is a very suitable model for such screens because both auxin and cytokinin 

contribute to its regulation from the earliest stage on (for review see Fukaki and Tasaka, 

2009). As both auxin and cytokinin interact antagonistically, proper crosstalk is particularly 

important for the LR organogenesis to proceed and any deficiency in their interaction might 

be manifested by a defective LR organogenesis. The common feature of all pac mutants is the 

reduced LRI sensitivity to the simultaneous auxin/cytokinin treatment. However, among the 

pac mutations, several subgroups could be recognized according to additional phenotypic 

characteristics. The PAC genes of subgroups A and B are apparently involved in the 

regulation of LRI because the corresponding mutants exhibit a significantly changed LRI, 

while, the PAC genes of the B and D subgroups might contribute to the general cytokinin 

signal transduction considering their cytokinin insensitive LRI phenotype. Therefore, the 

PAC genes of these subgroups, although undoubtedly important factors in the regulation of 

LR organogenesis, might not be necessarily the components that control directly the auxin-

cytokinin interaction. Importantly, the identification of the subgroup C, in which the lack of 

the PAC function is obvious only in the presence of both hormones, hints at the existence of 

genes that are specifically involved in balancing the auxin-cytokinin activities. Thus, 

characterization of these PAC genes might be an important start point to further investigate 

the regulatory pathways that mediate the auxin and cytokinin crosstalk. 

In addition to the LR organogenesis, both auxin and cytokinin are involved also in the 

regulation of other developmental processes (for review see Bishopp et al., 2011; Müller and 

Leyser, 2011; Pernisová et al., 2011; Su et al., 2011), including the developmental switch 

between photomorphogenesis and skotomorphogenesis (for review see Alabadi and 

Blazquez, 2008), but, as for the LR organogenesis; the mechanisms underlying their 

communication is unknown. Recent results (Yoshida et al., 2011) have revealed that 
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cytokinin might be an important integrator of the light and auxin pathways. Lack of leaf 

initiation in dark-grown tomato meristems can be rescued by application of cytokinin. In the 

dark, PIN1, the key auxin transporter that ensures the proper hormone distribution underlying 

phyllotaxis (Reinhardt et al., 2003) is internalized. Cytokinin might compensate for light 

treatments and stabilize PIN1 on the membranes. These results imply a scenario in which 

light activates the cytokinin signaling that, in turn, alters the auxin distribution important for 

the proper phyllotaxis through the modulation of the polar auxin transport activity. 

Interestingly, mutants of subgroups B and D, besides the reduced sensitivity of LRI to 

auxin/cytokinin and cytokinin treatments, exhibit additional defects in skotomorphogenesis 

manifested by dark-insensitive seedling development and cytokinin-insensitive PIN1 

expression. These PAC genes hint at common regulatory mechanisms that might underlie the 

auxin and cytokinin interactions important not only for LR organogenesis, but also, 

simultaneously, for other auxin/cytokinin-regulated processes, such as seedling development 

controlled by darkness and light. Mutant phenotypes imply that part of such a regulatory 

mechanism might be executed through modulation of the auxin transport. Thus, the PAC 

genes of subgroups B and D represent promising candidates for additional factors that 

integrate cytokinin, auxin and light pathways in the regulation of plant development. 
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MATERIALS AND METHODS 

Plant material and growth conditions 

Ethyl methanesulfonate (EMS)-mutagenized and nonmutagenized transgenic Arabidopsis 

thaliana (L.) Heynh. lines harbouring PIN1::PIN1-GFP (Benková et al., 2003), etr1 (Roman 

et al., 1995) and cre1-12 (Higuchi et al., 2004) were used. Seeds were sterilized with chloral 

gas, sown in Petri dishes on 0.8% agar with 1% sucrose-containing 0.5× Murashige and 

Skoog (MS) medium, stored for 2 days at 4°C, and grown on vertically oriented plates in 

growth chambers under a 16-h light/8-h dark photoperiod at 18°C. Seven days after 

germination, seedlings were harvested and processed. 

 

EMS mutagenesis and screening of mutants 

Seeds of transgenic Arabidopsis plants (ecotype Columbia-0) harbouring PIN1::PIN1-GFP 

were soaked in 0.2% or 0.3% EMS solution for 8 hours. M2 seeds were bulk-harvested from 

approximately 20 M1 plants and pooled. Approximately 600 M2 seedlings from each pool 

were used for screening. Four-day-old seedlings germinated on 0.5× MS media supplemented 

with 1% sucrose were overlaid with 0.5× MS liquid medium containing 1 µM IAA and 7 µM 

6-benzylaminopurine (BAP) and cultivated for 48 hours and 72 hours, respectively. To record 

the efficiency of the hormonal treatments in every experiment, nonmutated PIN1-GFP 

seedlings were analyzed treated only with control media, supplemented with 1 µM IAA and 

1 µM IAA plus 7 µM BAP. The number of LR primordia was scored with a fluorescence 

stereomicroscope MZ16F (Leica Microsystems) and mutants were selected with more LR 

primordia than the control background. 

 

Analyses of root growth, organogenesis of LR primordia, and etiolated seedlings 

Mutants and control seedlings were grown on 0.5× MS medium without or supplemented 

with hormones: 0.1 µM BAP, 50 µM 1-naphthaleneacetic acid (NAA), 1 µM 1-

aminocyclopropane-1-carboxylic acid (ACC). Seven days after germination, the plant 

material was cleared as described (Malamy and Benfey, 1997). Root lengths were measured 

on scanned slides. LR primordia were counted with a differential interference contrast 

microscope BX51 (Olympus). Hypocotyl lengths in etiolated seedlings were analyzed after 6 

days of cultivation in the dark. Petri dishes with etiolated seedlings were scanned and 

hypocotyl lengths were measured with the ImageJ software (http://rsbweb.nih.gov/ij/). At 
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least 20 seedlings were analyzed and the experiments were repeated twice independently. For 

the statistical evaluation, the t test was done with the Excel statistical package. For 

calculation of the relative change of LRI after hormone treatment, LRI was expressed as the 

ratio of treated to untreated plants and the ratio of mutant to control plants was calculated. In 

each case the total error was propagated (Bevington and Robinson, 2002). One way analysis 

of variance combine with Holm–Sidak Method were applied to evaluate a statistical 

significance using Sigma Plot software. 

 

Analysis of PIN1::PIN1:GFP expression 

The cytokinin impact on the PIN1::PIN1:GFP expression was examined in root meristems 

exposed for 6 hours to control medium or liquid 0.5× MS medium supplemented with 10 µM 

BAP. At least 15 seedlings were analyzed with the confocal laser-scanning microscope TCS 

SP2 AOBS (Leica Microsystems). The images from the obtained micrographs were 

processed in Adobe Photoshop. 
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SUPLEMENTAL DATA  

 

Supplementary Figure 1. Forward genetic screen for mutants defective in 
auxin/cytokinin crosstalk. 
(A) Experimental set-up for the forward genetic screen. (B) LRI in Arabidopsis seedlings treated with 
auxin and cytokinin. Application of auxin (1 µM IAA) enhanced the LRI frequency by almost 3-fold 
when compared to control seedlings grown on MS medium. When applied simultaneously, cytokinin 
(7 µM BAP) most effectively inhibited the auxin-stimulated LRI (*p<0.05, n=10 seedlings). LRI was 
scored 72 hours after treatment as a number of LRP per cm of root length. Error bars mark standard 
errors. 
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Concluding remarks and future perspectives 

In contrast to animals, plants are flexible in their architecture and growth pattern, which they 

adjust continuously in response to changing environmental conditions. This is partially 

achieved by signaling circuits that monitor environmental conditions and translate them into 

hormonal outputs that modulate growth processes. During the last ten years, our knowledge of 

molecular mechanisms of hormone biosynthesis, perception and response has improved 

dramatically. The various plant hormones may interact in various manners: additive, 

synergistic or antagonistic. By their cooperation they create a regulatory network of 

interactions, rather than act independently. The understanding of hormone metabolic and 

transport pathways and their modulation will lead to new opportunities to manipulate their 

levels and thus regulate plant growth (Santner et al., 2009; Wolters and Jurgens, 2009; Jaillais 

and Chory, 2010; Ahmad et al., 2011). 

The root system is fundamentally important for plant growth and survival because of its role 

in water and nutrient uptake. Among endogenous factors regulating root branching, plant 

hormones auxin and cytokinin are the most important. Auxin has been shown to positively 

regulate the process of lateral root (LR) formation and development while cytokinin 

effectively counteracts this effect. Thus, mutual balancing of their activities is very important 

for progress of lateral root organogenesis. Therefore, lateral root formation in Arabidopsis 

represents a good model for studying cytokinin- auxin crosstalk. 

So far, the role of auxin in preinitiation events (De Smet et al., 2007; De Rybel et al., 2010), 

initiation and development (Benkova et al., 2003; Vanneste et al., 2005; Dubrovsky et al., 

2008; Laskowski et al., 2008), emergence (Swarup et al., 2008) has been well established. 

Several physiological and genetic studies placed this phytohormone as the main trigger of LR 

organogenesis. Although cytokinins have long been recognized as inhibitors of LR formation, 

a molecular mechanism underlying its antagonistic action remains unknown.  

One of the major obstacles in studies addressing the role of hormones in plant development is 

the inability of their quantitative and precise with tissue resolution visualization in plants. 

Analytical approaches such as liquid chromatography-mass spectrometry enable 

quantification of hormones with high accuracy (Barkawi et al., 2010; Pan et al., 2010) . 

However, lack of tissue and cellular resolution, high demand on plant material are limiting 

aspects for their application in developmental biology. Important tools are reporters sensitive 

to hormones such as EBS for ethylene (Stepanova et al., 2007), DR5, DII for auxin (Ulmasov 

et al., 1997; Vernoux et al., 2011) or TCS for cytokinin (Muller and Sheen, 2008). In our 
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study we used the cytokinin sensitive reporter: two-component-output-Sensor (TCS) to 

determine cytokinin responses during LR organogenesis (Müller and Sheen, 2008). Synthetic 

promoter harbours the DNA-binding domains of B-type Arabidopsis response regulator 

(ARR) and a minimal 35S promoter; therefore it reports the transcriptional output of the 

cytokinin signaling pathway. So far, TCS::GFP was applied only in few studies (Muller and 

Sheen, 2008; Gordon et al., 2009; Zhao et al., 2010). Although cytokinin response can be 

visualized at high resolution, it should be considered that probably certain threshold of 

cytokinin response have to be reached to activate the TCS. Thus, very week transcriptional 

output cannot be visualized. Moreover, silencing of the TCS::GFP line was reported when 

reporter was crossed to mutant background (Bruno Müller, personal communication), what 

limits application of TCS. However, optimization of promoter sequence and more studies 

using another approaches confirming distribution of cytokinin responses should make TCS 

very useful and reliable tool in developmental biology.  

To monitor cytokinin activity in distinct root zones where particular phases of lateral root 

development take place, we combined both approaches. Analytical approach revealed that LR 

priming and initiation occur in the root zone with elevated levels of biologically active 

cytokinins. Analysis of the TCS::GFP reporter expression indicates that cytokinin signaling is 

strongly repressed in cells and tissues in which priming and early initiation phases of the 

lateral root organogenesis take place (Chapter 2). Nevertheless, expression of three cytokinin 

receptors was found in these root zones (Chapter 3). Possibly, cytokinin responses can be 

repressed by strong activity of type-A ARRs response regulators. However, reduced LRI in 

mutants with a non-functional AHK2 indicate that cytokinin perception in priming zone is 

essential for LR formation (Chapter 3). Paradoxically, in the same zone where developmental 

processes are triggered by auxin, auxin response and content are minimal, which leads us to 

believe that this most likely sensitizes pericycle cells to even small fluctuations in auxin 

concentration (Dubrovsky et al., 2011).  

The ability to adjust root system development in response to changing environment requires a 

tight spatio-temporal control. This can be regulated by restriction of initiation to a certain 

zone where pericycle cells are maintained in lateral root initiation (LRI) competent stage and 

a recurrent signal inducing a LRI. Considering auxin as the key stimulus for the earliest LRI 

events, local variations of auxin concentrations in distinct pericycle cells can control sites and 

frequency of LRI (De Smet et al., 2007; Dubrovsky et al., 2008; Moreno-Risueno et al., 

2010). We have demonstrated that, cytokinin response is enhanced in the pericycle xylem 

pole cells between two existing LRP where LR organogenesis is typically repressed. This 
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suggests that cytokinin might also contribute to control of positioning of LR along primary 

root axis (Chapter 2). However, the mechanism leading to local stimulation of cytokinin 

response in LRP neighboring pericycle cells remains unknown. 

Another important aspect of this study was the role of cytokinin in the regulation of early 

lateral root primordial (LRP) development. Cytokinin responses monitored by the TCS 

reporter were found to be strongly repressed during early phases of lateral root organogenesis. 

An increase of cytokinin in the early phases of lateral root organogenesis (including priming) 

either by endogenous overexpression of IPT or exogenous application, have revealed that 

early primordia are more sensitive to increased cytokinin levels then primordia at later 

developmental stages (Chapter 2). Moreover, when we increased the temporal resolution for 

events at the earliest phases of LR organogenesis, including FC establishment and LRI, we 

have observed that cytokinin receptor mediated signaling might not exclusively inhibit. 

Analysis of FC specification using CYCB1;1 reporter and real-time monitoring of early 

phases of LRI revealed that AHK2 and AHK4/CRE might act synergistically with auxin to 

promote FC establishment and progress towards LRI (Chapter 3). We have also demonstrated 

that individual cytokinin receptors, through interaction with specific auxin signaling 

components, can regulate the particular phases of early lateral root initiation process. 

Cytokinin signaling seems to increase auxin response via AHK4/CRE1 and AHK2 by 

negatively regulating the transcription of SHY2/IAA3, BDL/IAA12 and SLR/IAA14, 

respectively (Chapter 3). 

Furthermore, cytokinins control auxin metabolic pathways. Recently it was shown that, 

cytokinin modifies the abundance of transcripts of several putative auxin biosynthetic genes, 

suggesting a direct induction  of auxin biosynthesis by cytokinin (Jones et al., 2010). A 

lowered amount of auxin conjugates IAA-Asp and IAA-Glu mirrors lowered content of free 

auxin in plants lacking AHK3. An increased level of auxin amid conjugates IAA-Asp and 

IAA-Glu, which are irreversible catabolic products (Riov and Bangerth, 1992; Tuominen et 

al., 1994; Ostin et al., 1998) in ahk2-2 mutant, indicates that cytokinin signaling controls 

auxin concentrations during development through specific receptors. 

Although during the last few years our understanding of auxin and cytokinin interaction has 

advanced considerably, many questions still needed to be answered. To identify the molecular 

components of cytokinin- auxin crosstalk during lateral root organogenesis we designed a 

mutant screen that specifically targeting this process. Identification of mutants in which the 

lack of PAC gene function manifests only in the presence of both hormones corroborates the 

existence of genes that are crucial for balancing auxin-cytokinin activities. A detailed 
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characterization of the pac (primordia on auxin and cytokinin) mutant phenotypes has 

revealed that some components of the crosstalk are involved in cytokinin-dependent 

expression of the PIN auxin efflux carriers and photomorphogenesis (Chapter 4). A key 

challenge will be to untangle and verify how these signalling pathways integrate/converge 

into one regulatory network. 

How do hormones manage to control many different processes with such high degree of 

accuracy? Is hormonal crosstalk in roots mechanistically similar to hormone action in other 

organs, shoot or leaves? What underlies the antagonism between two hormones in one plant 

organ and synergy in another? To answer these and other questions targeted forward genetic 

screens, genome-wide profiling for epigenetics, transcriptomics, and proteomics with tissue 

resolution need to be performed. As the details of hormone interaction networks become 

known, models will be needed to evaluate which connections are most likely controlling 

specific aspects of plant growth and development. Coming years should yield more 

discoveries that will enable us to uncover more of the mysterious “pieces” of the hormonal 

interaction network. 
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Summary  

 

Plant hormones shape the plant by modulating growth in response to internal and 

environmental signals. They regulate every aspect of plant life, from pattern formation during 

development to responses to biotic and abiotic stress. A single plant cell can respond to more 

than one hormone, and a single hormone can affect different tissues in different ways. Recent 

studies strongly indicate that hormone signaling should be considered as complex 

interconnected networks of hormone action, rather than independent linear pathways. This in 

turn, raises questions which molecular mechanisms underlie the interactions, how do they 

play out in different tissues, at which developmental stages are they most important, and 

which factors regulate the overall direction of the crosstalk.  

 

Plant hormones: auxin and cytokinin, in an antagonistic manner, contribute to the regulation 

of lateral root (LR) organogenesis. Auxin has been shown to positively regulate LR formation 

and development while cytokinin effectively counteracts this stimulatory effect. Since plants 

rely on modulation of root system architecture to respond to a changing soil environment, 

therefore the understanding of mechanisms controlling the interaction of these two pathways 

is of vital agronomic importance. 

 

In this PhD thesis, we show that the early phases of LR organogenesis, including priming and 

initiation, take place in the root zone with elevated levels of biologically active cytokinin, but 

a strongly repressed cytokinin response. However, an enhanced cytokinin response is present 

in the pericycle xylem pole cells between two existing lateral root primordial (LRP) (where 

lateral root organogenesis is typically repressed), and our results suggest that cytokinin might 

control the spatial distribution of lateral roots. Furthermore, cytokinin inhibits lateral root 

initiation most efficiently even prior to any visually discernible initiation events (in the basal 

meristem, where priming takes place), while an elevated level of cytokinins in the mature 

differentiated parts of the root interferes only with LR development. Analysis of the cytokinin 

effect on LRP development revealed that early phase primordia are more sensitive to the 

perturbations in cytokinin pathway than more progressed primordia. We hypothesize that a 
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stage dependent effect of cytokinin on primordia development is determined by the robustness 

and stability of auxin fluxes, which are most likely higher in primordia at later developmental 

stages. 

 

Following the reporter based analysis of cytokinin signaling, we have performed a detailed 

phenotype characterization of cytokinin receptor mutants ahk2-2 (arabidopsis histidine 

kinase2), ahk3-3, ahk4/cre1-12 and their double mutant combinations to gain better 

understanding of the underlying details of hormone action during LR development. Our 

results provide novel insights into the mechanisms of cytokinin control over lateral root 

organogenesis. Beside the known negative impact of cytokinin on lateral root organogenesis, 

our work has revealed that cytokinin acts synergistically with auxin in the early phases of 

lateral root initiation. Cytokinin signalling mediated through AHK2 receptor positively 

controls founder cells establishment, and both AHK2 and AHK4 receptors promote the 

progress to lateral initiation after founder cell specification. The early LR initiation phenotype 

in ahk4/cre1-12 and ahk2-2 mutants might be caused by an accumulation of specific 

Aux/IAAs, such as SHY2/IAA3 and BDL/IAA12 in both ahk4/cre1-12 and ahk2-2 and 

SLR/IAA14 in ahk2-2 mutant only. Thus, individual cytokinin receptor mediated pathways 

through interaction with specific auxin signaling modules, might control different phases of 

early LR initiation. 

 

Further research was aimed at identifying possible molecular mechanisms for cytokinin- 

auxin crosstalk during lateral root organogenesis. Therefore, we designed a mutant screen that 

specifically targeted the interactions between auxin and cytokinin. We screened for mutants 

that retained the capacity to produce LRs when auxin is applied simultaneously with 

cytokinin at inhibitory concentrations. Twenty-two novel mutant alleles lines were recovered, 

all presenting an obvious resistance to auxin and cytokinin in the next generation and were 

designated as primordia on auxin and cytokinin (pac). Based on the LRI and its cytokinin 

sensitivity, the pac mutants were divided into four subgroups. The best crosstalk candidates 

were mutants in which the lateral root initiation process was not affected and the cytokinin 

resistance phenotype occurred only in the presence of auxin. Furthermore, a detailed 

characterization of the pac mutant phenotypes revealed that some might represent molecular 

components that control the cytokinin-dependent expression of the PIN auxin efflux carriers 

and photomorphogenesis. 
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SUMMARY phosphorelay mechanism. In Arabidopsis, cytokinin receptors
1

Cytokinin is an important regulator of plant growth
and development. In Arabidopsis thaliana, the two-
component phosphorelay mediated through a family
of histidine kinases and response regulators is re-
cognized as the principal cytokinin signal transduc-
tion mechanism activating the complex transcrip-
tional response to control various developmental
processes. Here, we identified an alternative mode
of cytokinin action that uses endocytic trafficking
as a means to direct plant organogenesis. This ac-
tivity occurs downstream of known cytokinin recep-
tors but through a branch of the cytokinin signaling
pathway that does not involve transcriptional regula-
tion. We show that cytokinin regulates endocytic
recycling of the auxin efflux carrier PINFORMED1
(PIN1) by redirecting it for lytic degradation in vacu-
oles. Stimulation of the lytic PIN1 degradation is not
a default effect for general downregulation of pro-
teins from plasma membranes, but a specific mech-
anism to rapidly modulate the auxin distribution in
cytokinin-mediated developmental processes.

INTRODUCTION

Cytokinin is one of the key plant growth regulators that controls

many developmental processes, including branching (Ongaro

and Leyser, 2008), root growth (Dello Ioio et al., 2008), establish-

ment of root pole during early embryogenesis (Müller and Sheen,

2008), shoot apical meristem maintenance (Zhao et al., 2010),

and lateral root (LR) organogenesis (Laplaze et al., 2007). Over

the past decades, molecular components and signal transduc-

tion mechanism of the cytokinin pathway have been disclosed.

Cytokinin signal transduction is based on the two-component
796 Developmental Cell 21, 796–804, October 18, 2011 ª2011 Elsev
from the histidine kinase family activate the histidine phospho-

transfer proteins that transduce signals toward the B-type

response regulators in the nucleus. This transcriptional response

is responsible for controlling a variety of developmental pro-

cesses (Hwang and Sheen, 2001).

An important part of the cytokinin-mediated regulation of

development involves an interaction with the auxin pathway.

A specific developmental output is ensured by the crosstalk

between these two signaling pathways. Previous work has re-

vealed that the communication primarily occurs at the transcrip-

tional regulation level (Müller and Sheen, 2008; Dello Ioio et al.,

2008; Zhao et al., 2010). Here, we identify a different mode of

cytokinin action that uses endocytic trafficking as a means to

modulate the auxin activity and to direct plant organogenesis.

This cytokinin activity requires cytokinin receptors but does not

involve transcriptional regulation. We show that cytokinin regu-

lates recycling of the auxin efflux carrier PIN1 (Gälweiler et al.,

1998) to the plasma membrane by redirecting it for lytic degrada-

tion in vacuoles. This rapid, nontranscriptional, regulation of the

PIN1 abundance enables a precise control of auxin fluxes and

distribution during LR organogenesis and might also contribute

to other cytokinin-mediated developmental regulations, such

as root meristem differentiation.
RESULTS

Cytokinin Rapidly Reduces PIN1 at Plasma Membranes
during LR Organogenesis
To follow the development of lateral root primordia (LRP) and to

monitor the impact of hormonal and genetic manipulations on

the progress of LRP through defined developmental stages,

we have established a real-time in vivo analysis. Within 8 hr,

LRP of untreated seedlings typically underwent several rounds

of anticlinal and periclinal divisions, progressing from the early

first-to-second developmental stage (Malamy and Benfey,

1997) (Figure 1A; see Figure S1A available online). As expected,
ier Inc.
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treatment with cytokinin repressed the LRP development and no

additional divisions were observed (Figure 1B; Figure S1B). In

contrast, auxin promoted cell divisions that occurred during

the LRP organogenesis (Figure S1C) in agreement with its stim-

ulatory function.

LRP organogenesis has been shown to strictly depend on a

gradient of auxin distribution that elicits the relevant downstream

auxin signaling events, which are decisive for LRP organogen-

esis. Perturbations in either auxin distribution or signaling lead

to severe defects in LRP formation (Benková et al., 2003; Dhar-

masiri et al., 2005; Vanneste et al., 2005). Previous work has

revealed that normal LRP organogenesis correlates with DR5

auxin reporter expression maxima at the primordia tip (Benková

et al., 2003). In LRP treated with cytokinin, the expression pattern

of DR5 was dramatically changed, with no response maximum

at the primordia tips (Figure S1D). Real-time monitoring of

DR5::RFP expression revealed that auxin maxima decreased

dramatically within 12 hr of treatment (Figure S1E). These results

suggested that cytokinin might interfere with auxin-related regu-

lations, such as auxin signaling or distribution.

PIN1 has been identified as one of the principal auxin efflux

carriers controlling the auxin distribution during LRP organogen-

esis. PIN1 loss of function results in defective and often arrested

LRP (Benková et al., 2003). To investigate the effect of cytokinin

on PIN1, PIN1-GFP was monitored in cytokinin-treated LRP.

The active cytokinin derivatives N6-benzyladenine (BA) and

zeatin (ZA) rapidly decreased the PIN1-GFP signal on the plasma

membrane in a dose-dependent manner (Figure 1C; Figures S1F,

S1I, and S1J). Also the endogenous PIN1 levels were significantly

reduced in protein extracts from cytokinin-treated wild-type

(Col-0) roots (Figure 1E; representative western blot Figure S2C).

Within 1.5 hr of BA treatment, the membrane PIN1-GFP signal

was reduced by 45%–50% and almost completely absent within

5 hr (Figure 2A). These results indicate that, besides the previ-

ously shown transcriptional regulation (Dello Ioio et al., 2008;

R�u�zi�cka et al., 2009), an additional mode of cytokinin action

implying a rapid modulation of PIN1 protein levels might be

involved in the cytokinin-regulated LRP organogenesis.

Cytokinin Downregulates PIN1 Levels at the Plasma
Membrane Independently of Transcription
To determine whether the PIN1 decrease was either due to tran-

scriptional or to posttranscriptional regulation, we uncoupled

PIN1 from its natural transcriptional control by using the 35S

promoter. In the 35S::PIN1-GFP line, the cytokinin had the

same effect on PIN1-GFP in LRP as that observed with the

endogenous PIN1 promoter in PIN1::PIN1-GFP (Figure 1F). In

contrast, 35S promoter-driven expression of PIN2 was not

affected by the cytokinin treatment, demonstrating that cytokinin

did not interfere with the 35S promoter activity itself (Figure 1F).

Furthermore, the PIN1-GFP membrane signal was monitored in

the presence of cycloheximide (CHX), an inhibitor of protein

biosynthesis. Previously, incubation of roots in 50 mM CHX had

been shown to reduce the 35S-labeled methionine incorporation

into proteins to below 10% of the control value (Geldner et al.,

2001). Whereas CHX led to decrease of the PIN1-GFP mem-

brane signal by approximately 15% in 1.5 hr, the cytokinin treat-

ment resulted in a more than 40% reduction during the same

time (Figures 1C and 1D). Simultaneous application of cytokinin
Developm
and CHX did not interfere with the decrease in PIN1-GFP

(Figures 1C and 1D). Next we tested inhibitor of transcription

cordycepin (COR) (Holtorf et al., 1999). Pretreatment with

400 mM COR for 30 min fully prevented the BA-induced upregu-

lation of the ARABIDOPSIS RESPONSE REGULATOR15

(ARR15) expression and reduced the expression of ARR3 and

ARR5 by 75% (Figure S1G). Under these conditions of strongly

diminished transcription, PIN1-GFP plasma membrane signal

dropped by approximately 15% in 1.5 hr after COR treatment

alone, but the cytokinin-mediated downregulation of PIN1 was

not affected in presence of COR (Figure S1H). These findings

suggest that the cytokinin effect on PIN1 abundance does not

depend on transcription and new protein biosynthesis.

The plant hormone ethylene has been shown to accumulate

in response to cytokinin and to execute some of the cytokinin

functions in plant development (Cary et al., 1995). Modulation

of the ethylene level or response by using the ethylene precursor

1-aminocyclopropane-1-carboxylate (ACC), an ethylene biosyn-

thesis inhibitor 2-aminoethoxyvinylglycin (AVG), or the ein2

(ethylene insensitive2) mutant defective in ethylene signaling

(Roman et al., 1995) did not affect the cytokinin-induced PIN1

downregulation (Figures 1G and 1H; Figures S1I and S1J).

Thus, the posttranscriptional regulation of PIN1 by cytokinin

does not involve ethylene biosynthesis or signaling. This obser-

vation is also consistent with cytokinin regulation being indepen-

dent of ethylene for LR organogenesis (Laplaze et al., 2007).

Altogether, our results reveal a mode of cytokinin activity

that, independently of transcription, regulates PIN1 levels at

the plasma membrane, presumably by stimulation of PIN1

degradation. This direct method of control might modulate the

PIN1 abundance at the plasma membrane more quickly than

the transcriptional regulation and, consequently, rapidly influ-

ence the auxin distribution, critical for the LRP organogenesis.

Cytokinin Affects Stability of Membrane Proteins
in a Protein-Specific Manner
To analyze whether cytokinin has a general effect on plasma

membrane protein turnover, we examined the cytokinin sensi-

tivity of several membrane proteins in LRP cells. Neither PIN7,

another member of the PIN auxin efflux carrier family (Friml

et al., 2003), nor AUX1, an auxin influx carrier (Bennett et al.,

1996) were influenced by cytokinin. PIN7-GFP typically remained

unchanged for the first 2 hr after cytokinin application and, from

3 hr on, the signal gradually increased (Figure 2A), most likely

following the onset of the cytokinin-mediated transcriptional

stimulation, as previously described for PIN7 (R�u�zi�cka et al.,

2009). Although the PIN3-GFP plasma membrane signal was

reduced upon cytokinin treatments, the kinetics of the signal

decrease were slower than those of PIN1 (Figure 2A). Western

blot analysis of endogenous PIN proteins in membrane protein

extracts from wild-type roots confirmed that PIN proteins differed

in their sensitivity to cytokinin and that cytokinin strongly

enhanced primarily the PIN1 depletion (Figure 1E; and represen-

tative western blot Figure S2C). Similarly, immunolocalization of

PIN1 and PIN2 in the root meristem treated for 1.5 hr with cyto-

kinin revealed a strong reduction in membrane PIN1 in the endo-

dermis, whereas PIN2 in epidermis remained unaffected (Figures

S2A and S2B). As PIN1 and PIN2 are not normally expressed in

the same cells, we compared the cytokinin effects on PIN1 and
ental Cell 21, 796–804, October 18, 2011 ª2011 Elsevier Inc. 797
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Figure 1. Cytokinin Inhibits LRP Development and Rapidly Depletes PIN1 from the Plasma Membranes

(A and B) Real-time monitoring of LRP development on control medium (A) and in the presence of 0.1 mM BA (B). WAVE138-YFP was used to visualize cell

membranes (Geldner et al., 2009). White arrows indicate anticlinal divisions in the early initiation stage of the LRP at time 0; red arrows mark new cell divisions.

Scale bar, 20 mm.

(C and D) Membrane PIN1-GFP signals decrease after BA or simultaneous BA and CHX treatment, but not with CHX alone (*p < 0.05, n = 10 LRP). Yellow arrows

indicate vacuoles with GFP accumulation. Scale bar, 5 mm.

(E) PIN1, but not PIN3 and PIN7 decreases in protein extract from BA-treated wild-type roots (*p < 0.01, n = 7).
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Figure 2. PIN1 Exhibits High Sensitivity to Cytokinin

(A) Real-time monitoring of membrane proteins response to BA treatment. PIN-GFP and AUX1-YFP plasma membrane signals were measured in stage-I LRP

1.5 hr after 0.1 mM BA treatment (n = 10 LRP).

(B and C) PIN1-GFP, but not PIN2-GFP, decreases after 0.1 mM BA treatment in root epidermal cells (*p < 0.05, n = 10 roots, five cells per root). Yellow arrows

indicate vacuoles with GFP accumulation. FM4-64 used to visualize vacuoles. Scale bar, 10 mm. Error bars mark standard error of the mean. See also Figure S2.
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PIN2 proteins by expressing them both under the PIN2 promoter.

When expressed in root epidermal cells, PIN1-GFP was downre-

gulated, in contrast to PIN2-GFP that was cytokinin insensitive

(Figures 2B and 2C). To further test whether differential control

of PIN degradation is determined by cell type, PIN cytokinin

sensitivity in cultured cells of tobacco (Nicotiana tabacum Virginia

Bright Italia [VBI-0]) was examined. Accordingly, in the stably

transformed tobacco cell line VBI-0, PIN1-GFP, but not PIN7-

GFP, was reduced after cytokinin treatment (Figures S2D–S2F).

Our data demonstrate that cytokinin effect on the stability of

membrane proteins has a pronounced protein specificity and

that it is not a default mechanism for general depletion of pro-

teins from membranes. Furthermore, we show that PIN1 is re-

sponsive to cytokinin treatments in different cell types, including

LRP, root stele/epidermal cells, and suspension culture cells.

Cytokinin Directs PIN1 to Lytic Vacuoles for Degradation
Next, we assessed the cellular mechanism by which cytokinin

regulates PIN1 levels at the plasma membrane. A strongly in-

creased GFP vacuolar signal that coincided with the membrane

PIN1-GFP depletion (Figures 1D and 2B; Figure S2E) suggested

that cytokinin regulates the vacuolar targeting or sorting of PIN1
(F) PIN1-GFP, but not PIN2-GFP, expressed under the control of the 35S promo

(*p < 0.05, n = 10).

(G and H) BA stimulates the PIN1-GFP degradation in the ein2 mutant (*p < 0.05, n

and G) and root epidermal cell (EP) 1.5 hr after BA treatment (F). Error bars mark

Developm
for lytic degradation. Therefore, we tested the cellular processes

that are required for PIN vacuolar trafficking. PIN1 undergoes

complex subcellular dynamics. It constitutively recycles between

the plasma membrane and endosomal compartments (Geldner

et al., 2001) or alternatively, it might be targeted to vacuoles

(Abas et al., 2006). The trafficking occurs along actin filaments

and requires the brefeldin A (BFA)-sensitive ARF-GEF activity

(Kleine-Vehn et al., 2008). Indeed, depolymerization of actin fila-

ments by treatment with latrunculin B (LatB) (Figure 3A; Fig-

ure S3A) prevented PIN1 trafficking into the vacuoles in response

to cytokinin, while depolymerization of microtubules with oryzalin

(Oryz) did not (Figure 3A; Figure S3A). As expected, the treatment

of roots or VBI-0 tobacco cells with BFA reduced the PIN1-GFP

signal at the plasma membrane and enhanced its intracellular

accumulation (Figure 3A; Figures S3A–S3C). BFA prevented the

PIN1 targeting to the vacuoles in response to cytokinin without

additional decrease of the membrane PIN1-GFP signal (Figures

S3B and S3C). The PIN1 membrane signal fully recovered after

the removal of BFA. This recovery was diminished by cytokinin

indicating that PIN1 recycling is affected by cytokinin (Figures

S3B and S3C). Thus, the cytokinin effect on the PIN1 plasma

membrane levels involves both actin and ARF-GEF activity.
ter is downregulated after BA treatment in both LRP and root epidermal cells

= 10 LRP). The PIN-GFP membrane signal was measured in stage-I LRP (C, F,

standard error of the mean. See also Figure S1.
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Figure 3. Cytokinin Activity Depends on the Functional Endocytic Trafficking

(A) In VBI-0 tobacco suspension cells, depolymerisation of actin by LatB, but not of microtubules by Oryz, interferes with PIN1-GFP trafficking to vacuoles in

response to BA. Inhibition of exocytosis/vacuolar trafficking by BFA and vacuolar trafficking by Wm prevent PIN1-GFP accumulation in vacuoles. CHX treatment

does not affect PIN1-GFP accumulation in vacuoles. Yellow and red arrows indicate PIN1-GFP accumulation in vacuoles and BFA bodies, respectively. Scale

bar, 20 mm.

(B) The membrane PIN1-GFP is insensitive to BA in ben1 and ben2 mutants (*p < 0.05, n = 10 LRP). The PIN1-GFP membrane signal was measured in stage-I LRP.

(C and D) ben1 and ben2 exhibit cytokinin-insensitive LR initiation (C) and LRP development (D) when grown on BA containing media for 8 days (*p < 0.05, n = 14

roots). EM emerged LRP. Error bars mark standard error of the mean. See also Figure S3.
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Next we interfered with the vacuolar targeting by wortmannin

(Wm), an inhibitor of phosphatidylinositol-3-kinase (PI3K) and

phosphatidylinositol-4-kinase (PI4K) that affects recycling of

vacuolar sorting receptors between the prevacuolar compart-

ments/multivesicular bodies and the trans-Golgi network, thus

interfering with the targeting of proteins to the lytic vacuoles

(Kleine-Vehn et al., 2008). In the presence of Wm, cytokinin could

not mediate any decrease in the PIN1-GFP signal at the plasma

membrane or any increase in the vacuoles (Figure 3A). This

pharmacological approach showed that perturbations of cellular

processes that are required for protein trafficking into lytic

vacuoles interfere with the cytokinin effect on PIN1 degradation.

This strongly supports hypothesis that cytokinin might regulate
800 Developmental Cell 21, 796–804, October 18, 2011 ª2011 Elsev
constitutive cycling of PIN1 by its alternative sorting to lytic vacu-

oles and degradation.

Cytokinin Requires Functional Endocytic Trafficking
to Regulate PIN1 Degradation
To further dissect the role of endocytic trafficking in the cyto-

kinin-controlled PIN1 degradation, we analyzed mutants af-

fected in PIN1 endocytosis. Previously, ben1 (BFA-visualized

endocytic trafficking defective1) and ben2 were identified in

a screen for mutants defective in PIN1 endocytosis. BEN1

encodes an ARF-GEF regulator of PIN1 endocytosis, while

the identity of BEN2 is unknown (Tanaka et al., 2009). Both

ben1 and ben2 mutants exhibited a strong resistance to the
ier Inc.
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cytokinin-stimulated PIN1 targeting to vacuoles and PIN1-GFP

membrane signal did not decrease after cytokinin treatments

(Figure 3B). Thus, genetic perturbations of the PIN1 endocytic

trafficking had a severe impact on the targeting of PIN1 to vacu-

oles by cytokinin treatment.

To examine the developmental consequences of the modified

cytokinin sensitivity toward the regulation of the PIN1 degrada-

tion, the effect of cytokinin on LR organogenesis was studied

in mutants defective in endocytosis. In both ben1 and ben2,

LRP initiation and development were cytokinin resistant (Figures

3C and 3D). These results reveal a correlation between cytokinin-

mediated PIN1 lytic degradation and LR organogenesis.

To corroborate on the notion that cytokinin regulates plant

growth and development at least in part through its effect on

PIN degradation, we assessed the cytokinin effect on the

primary root meristem. Root meristem differentiation had been

previously shown to be strongly enhanced by cytokinin, suppos-

edly by crosstalk with auxin signaling at the transcriptional level

(Dello Ioio et al., 2008). Consistently with the results of LRP, the

meristem differentiation (as inferred from meristem size and

onset of cell differentiation) in ben1 and ben2 primary roots

was cytokinin insensitive (Figures S3G and S3F). In contrast,

the overall root elongation, which is primarily under the control

of ethylene overproduced in response to cytokinin (Cary et al.,

1995), remained unaffected in ben1 and ben2 mutants, display-

ing sensitivity as in control seedlings (Figures S3D and S3E).

These results show that cytokinin requires a functional endo-

cytic trafficking to efficiently modulate the amount of mem-

brane-located PIN1. The data indicate that cytokinin-mediated

regulation of PIN1 degradation underlies the cytokinin effect on

different developmental processes, such as LRP organogenesis

and root meristem differentiation. Altogether, our experiments

revealed a role for endocytic trafficking in cytokinin-controlled

plant development.

AHK-Based Cytokinin Perception Is Required
for Cytokinin-Mediated PIN1 Lytic Degradation
Cytokinin is perceived by cytokinin receptors belonging to a

family of histidine kinase receptors. Three of these, AHK2

(ARABIDOPSIS HISTIDINE KINASE2), AHK3, and AHK4, have

been confirmed to act in cytokinin perception (Higuchi et al.,

2004). To test whether known cytokinin perception mechanisms

are required for the PIN1 lytic degradation in response to cyto-

kinin, we examined the ahk2, ahk3, and cre1/ahk4 single and

multiple loss-of-function mutants. The cytokinin effect on PIN1

degradation did not change significantly in either single ahk2

and ahk3 or ahk2 ahk3 double-mutant backgrounds (Figures

4A and 4B; Figures S4A and S4B). In contrast, the PIN1-GFP

degradation in response to cytokinin was dramatically reduced

in cre1/ahk4 (Figures 4A and 4B). Likewise, in the multiple loss-

of-function mutant combinations ahk2 cre1/ahk4 and ahk3

cre1/ahk4, cytokinin was ineffective in targeting PIN1 to lytic

vacuoles (Figures S4A and S4B). As the expression of all three

cytokinin receptors overlapped in the stage-I LRP (Figure S4C),

the phenotypic differences are unlikely to be the consequence

of tissue-specific receptor expression. The impact of the PIN1

cytokinin insensitivity due to the lack of AHK4 activity on the

LR organogenesis was investigated. In both single and multiple

cre1/ahk4 mutants, in which the PIN1 degradation was resistant
Developm
to cytokinin, LRP initiation and development were as well. In

contrast, the ahk2 and ahk3 single and ahk2 ahk3 double

mutants showed only minor differences in the cytokinin effect

on LR organogenesis (Figures S4D and S4E).

To analyze the role of downstream components of the

signaling pathway, we examined the cytokinin sensitivity of

PIN1 in the root meristem of several B-type ARR loss-of-function

mutants. The PIN1 membrane signal decreased in arr1-2 and

arr10-1 comparably to that of the cytokinin-treated root meri-

stem of control roots, but PIN1 was not diminished in arr2 and

arr12-1 mutants (Figures S4F and S4G).

Altogether, these findings show that functional cytokinin per-

ception is required to mediate the PIN1 lytic degradation in

response to cytokinin and imply a specific role for the AHK4

receptor-mediated branch of the pathway, including some

B-type ARR components (ARR2 and ARR12) in the transduction

of this cytokinin activity. Moreover, cytokinin-dependent regula-

tion of the vacuolar PIN1 trafficking appears to be functionally

important for regulation of the LRP organogenesis and meristem

control.

DISCUSSION

Establishment and maintenance of shoot and root apical meri-

stems (Dello Ioio et al., 2008; Zhao et al., 2010), shoot branching

(Ongaro and Leyser, 2008), and LR organogenesis (Laplaze

et al., 2007) are developmental processes controlled by antago-

nistic activities of auxin and cytokinin. Thus, an accurate balance

between opposing auxin and cytokinin effects is crucial for

proper developmental output. The auxin-controlling activity of

the cytokinin signaling pathway has been shown to be mediated

by the transcriptional modulation of its signal transduction. Con-

versely, cytokinin has been shown to feedback on the auxin

activity through modification of the expression of the Aux/IAA

genes that suppress the auxin signaling pathway. Consequently,

cytokinin directly impacts on the auxin distribution mediated

through the auxin efflux carriers of the PIN family that are under

transcriptional control of the auxin signaling pathway (Dello Ioio

et al., 2008; R�u�zi�cka et al., 2009). Thus far, all disclosed mecha-

nisms of the auxin-cytokinin communication act through mutual

modulation of their transcriptional responses.

Here, we reveal another mechanism underlying the cytokinin

control of plant development and crosstalk with the auxin

pathway. We show that cytokinin, independently of transcription,

affects the PIN1 trafficking and redirects it for lytic degradation

in vacuoles. At early stages of LR organogenesis, cytokinin

depletes in 90 min approximately 40% of the membrane-local-

ized PIN1. Such a rapid posttranscriptional regulation of the

PIN1 abundance provides for a very efficient and precise

mechanisms to control auxin fluxes and distribution during cyto-

kinin-mediated developmental regulations, including LRP organ-

ogenesis and root meristem differentiation. The results imply that

the endocytic trafficking plays a role in cytokinin-controlled

development and that cytokinin activity downstream of the cyto-

kinin perception is not restricted to transcriptional regulation.

However, unraveling exactly how both transcriptional and

transcription-independent effects are mediated by the cytokinin

pathway is a challenge for future investigations. Our data reveal

that the functional AHK4 receptor and several B-type ARR
ental Cell 21, 796–804, October 18, 2011 ª2011 Elsevier Inc. 801
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Figure 4. Cytokinin-Induced PIN1 Degradation Requires a Functional Cytokinin Perception
(A and B) PIN1-GFP is degraded upon BA and simultaneous BA and CHX treatments in the ahk2, ahk3, but not in the cre1/ahk4 mutant (*p < 0.05, n = 10 LRP). The

PIN1-GFP membrane signal was measured in stage-I LRP 1.5 hr after BA treatment. Yellow arrows indicate vacuoles with GFP accumulation. Scale bar, 8 mm.

Error bars mark standard error of the mean. See also Figure S4.
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regulators are required for cytokinin-stimulated PIN1 degrada-

tion. Although underlying mechanisms are still elusive, we

hypothesize that cytokinin perception might either target the

endocytotic pathways, or affect the PIN1 protein itself, thus pre-

venting PIN1 recycling and promoting its vacuolar targeting.

EXPERIMENTAL PROCEDURES

Plant Material

The transgenic Arabidopsis thaliana (L.) Heynh. lines have been described

elsewhere: PIN1::PIN1-GFP, DR5::GUS (Benková et al., 2003); PIN2:PIN2-

GFP (Xu and Scheres, 2005); PIN7::PIN7-GFP (Blilou et al., 2005); PIN3::

PIN3-GFP (Zádnı́ková et al., 2010); PIN2::PIN1-GFP (Wi�sniewska et al.,

2006); AUX1::AUX1-YFP (Swarup et al., 2004); 35S::PIN1-GFP (R�u�zi�cka

et al., 2007); WAVE138::YFP (Geldner et al., 2009); AHK2::GUS, AHK3::GUS,
802 Developmental Cell 21, 796–804, October 18, 2011 ª2011 Elsev
CRE/AHK4::GUS, cre1-12, ahk2-2, ahk3-3, cre1-12 ahk2-2, ahk2-2 ahk3-3,

cre1-12 ahk3-3 (Higuchi et al., 2004); ben1-1 and ben2 (Tanaka et al., 2009);

pin2 pin3 pin7 (Friml et al., 2003) and ein2 (Roman et al., 1995). arr1-2

(N6368), arr10-1 (N6369), arr12-1 (N6978) (Mason et al., 2005), and arr2

(SALK_043107C) were obtained from the European Arabidopsis Stock Centre

(NASC). Q RT-PCR analysis confirmed that arr2 is null mutant allele (primers

TTATTAAATGCCAGTGGCAGC and CGACAAGAACTCGAAGATTCG). The

tobacco cell line VBI-0 (Nicotiana tabacum L. cv. Virginia Bright Italia) (Opatrný

and Opatrná, 1976) was used as suspension-cultured cells.

Growth Conditions

Seeds of Arabidopsis (ecotype Columbia-0) were plated on 0.5 MS medium

(Duchefa) with 1% sucrose and 1% agar (pH 5.7) and stratified for 2 days

at 4�C. Seedlings were grown on vertically oriented plates in growth cham-

bers under a 16-hr-light/8-hr-dark photoperiod at 18�C. Tobacco VBI-0

cells were grown in liquid media and stably transformed with Arabidopsis
ier Inc.
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PIN1::PIN1-GFP (Benková et al., 2003) and PIN7::PIN7-GFP (Blilou et al.,

2005). For transformation details see Supplemental Experimental Procedures.

Pharmacological and Hormonal Treatments

Five- to 6-day-old seedlings were transferred onto solid MS media with or

without the indicated chemicals and incubated for 1.5 to 2 hr in the dark at

22�C. Drugs and hormones used were as follows: CHX (50 mM), COR

(400 mM), BFA (50 mM), LatB (20 mM), Wm (30 mM), Oryz (20 mM), BA (0.1 mM

and 2 mM), NAA (10 mM), ZA (2 mM), AVG (0.2 mM), ACC (0.04 mM and 5 mM).

For double treatments, a 30 min pretreatment with CHX, BFA, COR, LatB,

Wm, or Oryz was done prior to the BA application. Seven-day-old tobacco

VBI-0 cells were incubated in liquid medium supplemented with CHX

(50 mM), BFA (20 mM), LatB (20 mM), Wm (30 mM), Oryz (15 mM), BA (0.1 mM)

for 1.5 to 2 hr in the dark at 22�C. Vacuoles visualized by FM4-64 (4 mM) as

described (Kleine-Vehn et al., 2008).

Real-Time Analyses of Membrane Protein Dynamics and GFP Signal

Quantification

The membrane GFP signal was quantified on scans of stage-I LRP, root

epidermal cells and tobacco cells. Pictures were taken by a FV10 ASW

confocal microscope (Olympus) with a 20 or 60 (water immersion) objective.

Criteria for quantifications of membrane signals in particular tissues and micro-

scope settings are specified in Supplemental Experimental Procedures. The

fluorescence intensity of the membrane PIN-GFP signal was quantified with

ImageJ (NIH; http://rsb.info.nih.gov/ij) as described (Zádnı́ková et al., 2010).

The statistical significance was evaluated with Student’s t test.

Analysis of Primary Root and LRP Organogenesis

For real-time analysis of the LRP development, 6-day-old seedlings were

placed on chambered cover glass (Nunc Lab-Tek) and covered with

0.2-mm- thin square blocks of solid MS media with or without the indicated

chemicals and hormones. LRPs were scanned in 3 or 5 min time intervals for

8–12 hr by the FV10 ASW confocal microscope (Olympus).

For phenotypic analyses of root growth, LR initiation and development, at

least 20 seedlings were processed. The LRP density was analyzed in 8-day-

old seedlings as described (Malamy and Benfey, 1997). Root growth parame-

ters (root length and root meristem) were analyzed with the ImageJ software

(NIH; http://rsb.info.nih.gov/ij) as described (R�u�zi�cka et al., 2009).

Gene Expression Analysis

GUS activity was detected as described (Benková et al., 2003). For quantita-

tive RT-PCR RNA was extracted with the RNeasy kit (QIAGEN) from 5-day-

old roots of Arabidopsis. Expression levels were normalized to UBQ10. For

details see Supplemental Experimental Procedures.

Western Blot Analysis and Whole-Mount Protein Localization

Fourteen-day-old Col O seedlings were sprayed with a known amount of BA or

DMSO. Roots were harvested after 2–3 hr. Isolation of membrane proteins,

western blotting, and quantification were done as described (Abas and Lusch-

nig, 2010). Affinity-purified antibodies against PIN1 (Paciorek et al., 2005),

PIN3 (provided by C. Luschnig), and PIN7 (Friml et al., 2003) were used. The

statistical significance was evaluated with Student’s t test (paired, 2-tailed,

n = 7 independent biological repeats). For details see Supplemental Experi-

mental Procedures.

In situ whole-mount localization of PIN1 and PIN2 was done on 6-day-old

roots as described (Sauer et al., 2006).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/

j.devcel.2011.08.014.
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Kleine-Vehn, J., Morris, D.A., Emans, N., Jürgens, G., Geldner, N., and Friml,

J. (2005). Auxin inhibits endocytosis and promotes its own efflux from cells.

Nature 435, 1251–1256.

Roman, G., Lubarsky, B., Kieber, J.J., Rothenberg, M., and Ecker, J.R. (1995).

Genetic analysis of ethylene signal transduction in Arabidopsis thaliana: five

novel mutant loci integrated into a stress response pathway. Genetics 139,

1393–1409.

R�u�zi�cka, K., Ljung, K., Vanneste, S., Podhorská, R., Beeckman, T., Friml, J.,
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1.  Cytokinin inhibits LRP development and depletes PIN1 from the plasma 

membrane (related to Figure 1)  

(A-C) Real time monitoring of PIN1-GFP during LRP development in control (A) seedlings 

and treated with BA (B) and auxin (NAA) (C). 

 (D) The DR5::GUS response in LRP treated with BA (down) compared to the untreated 

(top).  

(E) Real time monitoring of DR5::RFP expression in BA treated (down)  compared to 

untreated (top).   

(F) Dose-dependent decrease of the membrane PIN1-GFP in response to BA (*p<0.05, n=10 

LRP).  

(G)  Pretreatment with 400 M COR for 30 min fully inhibits ARR15 and by 75% expression 

of ARR5 and ARR15 induced by 2 M BA as detected using q-RT PCR analysis (*p<0.05, 

n=3) 

(H) Inhibition of transcription by COR does not interfere with the BA effect on the PIN1-GFP 

membrane signal (*p<0.05, n=10 LRP).  

 (I and J) BA (N
6
-benzyladenine) and ZA (zeatin) induce the PIN1-GFP accumulation in 

vacuoles and decrease the PIN1-GFP signal at the plasma membrane. Neither AVG  nor ACC 

interfere with the PIN1-GFP membrane localization (*p<0.05, n=10 LRP).  

The PIN1-GFP membrane signal was measured in stage-I LRP after 30’ min pre-treatment 

with  COR and 1.5 h simultaneous BA treatment (H) or  1.5 h after BA treatment (F,I). White 

and red arrows indicate anticlinal divisions at the early initiation stage of LRP at time 0 and 

newly formed cell divisions, respectively (A-C), black arrows position of LRP (D), yellow 

arrows vacuoles (J).  Scale bars: 9 m (A-C), 70 m (D), 25 m (E), 5 µm (J). Error bars 

mark standard error of the mean. 
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Figure S2. Cytokinin rapidly decreases PIN1-GFP plasma membrane signal (related to 

Figure 2) 

(A and B) Immunolocalization of PIN1 and PIN2 in root meristem. PIN1 decreases in root 

endodermal cells after BA treatment, in contrast to unchanged PIN2 in epidermis (*p<0.05, 

n=10 roots, ten cells per root).  

(C) Western blot analysis of endogenous PIN proteins in extracts from untreated and BA-

treated wild-type (Col-0) roots. No PIN3 or PIN7 signal was detected in the pin2 pin3 pin7 

triple mutant.  

(D-F). In response to BA treatment, PIN1-GFP, but not PIN7-GFP, decreases at the plasma 

membranes of individual tobacco cells (*p<0.05, n=30 individual cells). The PIN-GFP signal 

was measured 1.5 h after the BA treatment. Scale bars: 25 µm (A),  20 µm (E). Error bars 

mark standard error of the mean.  

 

Figure S3. Cytokinin activity depends on the functional endocytic trafficking  (related to 

Figure 3) 

(A) In the stage-I LRP, treatment with LatB, but not with Oryz  interferes with the PIN1-GFP 

trafficking to vacuoles in response to BA. BFA prevents accumulation of PIN1-GFP in 

vacuoles.  

(B and C) BFA induced accumulation of PIN1-GFP in BFA bodies (red arrowheads) and 

prevents cytokinin-induced PIN1-GFP targeting to vacuoles (yellow arrows). The PIN1 

plasma membrane signal recovers after BFA had been washed out with control, but not with 

BA-containing media (*p<0.05, n=10 roots, 5 cells per root). The PIN1-GFP plasma 

membrane signal was measured in root epidermal cells (C) 1.5 h after BA treatment.  

(D and E) ben1 and ben2 exhibit cytokinin-sensitive root growth (*p<0.05, n=14).  
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(F and G) Cytokinin affects meristem size in control (Col-0) root meristems, but not in ben1 

and ben2 (*p<0.05, n=14). Arrows indicate the distance between the quiescent centre (QC) 

and the cortex transition zone. Seedlings grown on 0.1 µM BA for 6 days. Scale bars: 10 µm 

(A), 7 µm (B), 1 cm (D), 200 µm (G). Error bars mark standard error of the mean. 

 

Figure S4.  Cytokinin-induced PIN1 degradation requires a functional cytokinin 

perception  (related to Figure 4)  

(A and B) PIN1-GFP is degraded upon BA or simultaneous BA and CHX treatment in ahk2 

ahk3, but not in ahk2 cre1, and ahk3 cre1 mutant (p<0.05, n=10 LRP). The PIN1-GFP 

membrane signal was measured in stage-I LRP 1.5 h after BA treatment. Yellow arrows 

indicate vacuoles.  

(C) AHK2, AHK3 and AHK4/CRE1 expression in stage-I  LRP.  

(D and E) LR initiation (D) and LR development (E) in the cre1 and ahk2 cre1 and ahk3 cre1 

mutants when grown on 0.1 µM BA for 8 days (*p<0.05,**p<0.01, n=15).  

(F and G).  PIN1 membrane signal after cytokinin treatment in arr1-2 and arr10-1,  arr2-1 

and arr12-1 (**p<0.01, n=10 roots, ten cells per root). PIN1 was visualized by 

immunolocalization in control and with 0.1 M BA for 1,5 h treated root meristems and 

membrane signal in endodermal cells quantified. Ws (Wassilewskija), Col (Columbia) 

ecotype used as control for arr1-2, arr10-1 and arr2-1, arr12-1, respectively. Scale bar: 8 µm 

(A), 20 µm (C), 30 µm (F). Error bars mark standard error of the mean. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Plant material 

Growth conditions and gene transformation 

Tobacco VBI-0 cells were grown in liquid media as described (Petrášek et al., 2002) and 

stably transformed with Arabidopsis PIN1::PIN1-GFP (Benková et al., 2003) and 

PIN7::PIN7-GFP (Blilou et al., 2005) as described for BY-2 cells
 
(Petrášek et al., 2003). 

One-week-old cells were co-incubated with the Agrobacterium tumefaciens strain GV2260 

carrying the corresponding genes in the pBINPLUS binary vector. After regeneration and 

selection of fluorescent cells, PIN1-GFP and PIN7-GFP cells were maintained in culture 

media containing 100 µg ml
-1

 kanamycin and 100 µg ml
-1

cefotaximum. 

 

Real-time analyses of membrane protein dynamics and GFP signal quantification.  

 The membrane GFP signal was quantified on scans of stage-I LRP, root epidermal cells and 

tobacco cells. Pictures were taken by a FV10 ASW confocal microscope (Olympus) with a 20 

or 60 (water immersion) objective. Fluorescence signals were detected for GFP (excitation 

488 nm, emission 505–550 nm), FM 4-64 (excitation 561 nm, emission >575 nm), and RFP 

(543 nm excitation, 560-615 nm emission). Sequential scanning was used to avoid any cross-

talk between fluorescence channels. For all the experiments, the scans were done with 

identical microscope and laser settings. For quantifications of membrane signals in particular 

tissues following criteria were applied: (i) minimum 10 LRP in stage-I positioned in the plane 

with two xylem strands were selected, and 2 anticlinal plasma membranes per LRP were 

measured. (ii) Files of five root atrichoblast epidermal cells below the transition zone were 

selected, 10 roots with five cells per root were measured. (iii) Confocal sections through 
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tobacco BY-2 cell in the plane with nucleus were used for analysis. Minimum 30 tobacco 

cells per treatment were measured. The fluorescence intensity of the membrane PIN-GFP 

signal was quantified with ImageJ (NIH; http://rsb.info.nih.gov/ij) as described
 
(Žadníková et 

al., 2010). The statistical significance was evaluated with Student's t-test. Images were 

processed in Adobe Illustrator. 

 

Quantitative RT-PCR 

For quantitative RT-PCR RNA was extracted with the RNeasy kit (Qiagen) from roots of 5-

day-old Arabidopsis seedlings. A DNase treatment with the RNase-free DNase Set (Qiagen) 

was carried out for 15 min at 25°C. Poly(dT) cDNA was prepared from 1 µg total RNA with 

iScript™cDNA Synthesis Kit (Bio-Rad) and quantified with a LightCycler 480 (Roche) and 

SYBR GREEN I Master (Roche) according to the manufacturer’s instructions. PCR was 

carried out in 384-well optical reaction plates heated for 10 min to 95°C to activate hot start 

Taq DNA polymerase, followed by 40 cycles of denaturation for 60 sec at 95°C and 

annealing/extension for 60 s at 58°C. Targets were quantified with specific primer pairs 

designed with the Beacon Designer 4.0 (Premier Biosoft International). Expression levels 

were normalized to UBQ10 expression levels. All RT-PCR experiments were done at least in 

triplicate. Following primers were used: UBQ10 (CACACTCCACTTGGTCTTGCGT and 

TGGTCTTTCCGGTGAGAGTCTTCA), ARR3 (CCGTTGATGACAGCCTAGTTGA and 

CGTGACTTTGCAGGATGTGATT), ARR5 (ACACTTCTTCATTAGCATCACCG and 

CTCCTTCTTCAAGACATCTATCGA), and ARR15 (CTTCAGCACTCAGAGAAATCC 

and GTCTCTAGATTAACCCCTAGACTCT). Efficiency factor (ef) for tested genes 

corresponded  to: UBQ10 1.82  (ef) 0.0582 (standard error (std)); ARR3 1.81 (ef) 0.0383 (std); 

ARR5 1.79 (ef), 0.0422 (std); ARR7 1.83 (ef), 0.0437 (std); and ARR15 1.84 (ef), 0.0562 (std). 
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Western Blot Analysis  

Fourteen-day-old Col O seedlings grown on vertical plates were sprayed with a known 

amount of BA or DMSO (final concentrations of hormones after absorption into the solid 

medium were approximately 2 µM). Plates were maintained vertically throughout the 

treatment; both dark and light conditions were tested. Roots were harvested after 2-3 hours. 

Isolation of membrane proteins, Western blotting and quantification were done as described
 

(Abas et al., 2010). Affinity-purified antibodies against PIN1 (Paciorek et al., 2005), PIN3 

(mouse antibodies raised against amino acids 334-483, kindly provided by C. Luschnig), and 

PIN7 (Friml et al., 2003) were used. The statistical significance was evaluated with Student's 

t-test. (paired, 2-tailed, n=7 independent biological repeats). 
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SUMMARY

Nitrate is both a nitrogen source for higher plants and
a signal molecule regulating their development. In
Arabidopsis, the NRT1.1 nitrate transporter is crucial
for nitrate signaling governing root growth, and has
been proposed to act as a nitrate sensor. However,
the sensing mechanism is unknown. Herein we
show that NRT1.1 not only transports nitrate but
also facilitates uptake of the phytohormone auxin.
Moreover, nitrate inhibits NRT1.1-dependent auxin
uptake, suggesting that transduction of nitrate signal
by NRT1.1 is associated with a modification of auxin
transport. Among other effects, auxin stimulates
lateral root development. Mutation of NRT1.1 en-
hances both auxin accumulation in lateral roots and
growth of these roots at low, but not high, nitrate
concentration. Thus, we propose that NRT1.1
represses lateral root growth at low nitrate avail-
ability by promoting basipetal auxin transport out of
these roots. This defines a mechanism connecting
nutrient and hormone signaling during organ devel-
opment.

INTRODUCTION

The mineral nutrition of most terrestrial organisms (bacteria,

fungi, plants) relies on the uptake of inorganic ions from the

soil. However, the availability of these ions dramatically fluctu-

ates in both time and space, which makes nutrient-limiting

conditions a general rule in natural ecosystems. To face this

constraint, all organisms develop adaptive responses triggered

by sensing systems that perceive external nutrient availability

(Gojon et al., 2009; Hoch, 2000; Holsbeeks et al., 2004; Schacht-

man and Shin, 2007). Sensors of external nutrients have mostly

been identified in bacteria, where they predominantly belong to

the general class of two-component and phosphorelay signal
Devel
transduction systems (Hoch, 2000). In eukaryotes, knowledge

is mostly limited to the yeast Saccharomyces cerevisiae, where

mineral nutrient sensing is apparently ensured by other systems,

for example, transceptor proteins located at the plasma

membrane which fulfill a dual transport/sensing function (Hols-

beeks et al., 2004). However, there is so far no clue on how these

proteins transform the external nutrient concentration into

a signal transduced into the cell.

To date, mineral nutrient sensors are mostly uncharacterized

in plants (Schachtman and Shin, 2007), but recent findings in

Arabidopsis thaliana suggest that the plasma membrane nitrate

(NO3
�) transporter NRT1.1 (CHL1), initially characterized as an

influx carrier participating in the root uptake of NO3
� from the

soil solution (Tsay et al., 1993), also plays a role in NO3
�

signaling, and acts as an NO3
� sensor (Ho et al., 2009; Krouk

et al., 2006, 2010; Muños et al., 2004; Remans et al., 2006;

Walch-Liu and Forde, 2008; Wang et al., 2009). Nitrate is not

only the main nitrogen source for many higher plants but also

a major signal molecule modulating plant metabolism and

growth (Crawford, 1995; Stitt, 1999). The signaling effect of

NO3
� is particularly strong on the development of lateral roots

(LRs), which emerge postembryonically and determine the

branching pattern of the root system (Forde, 2002; Malamy,

2005). NRT1.1 is crucial for the NO3
� regulation of root system

architecture, because it triggers a specific NO3
�-signaling

pathway that stimulates LR growth in response to a localized

supply of NO3
� (Remans et al., 2006). As such, NRT1.1 plays

an important role in the adaptive response of the plant to

nitrogen limitation because it directs preferential growth of LRs

in NO3
�-rich patches of the external medium.

Our aim was to investigate the mechanisms involved in the

NRT1.1-dependent signaling pathway responsible for stimula-

tion of LR growth by NO3
�. Three considerations prompted us

to examine the putative connection between NRT1.1 and the

phytohormone auxin: (1) auxin plays a central role in plant devel-

opment (Benjamins and Scheres, 2008; Teale et al., 2006;

Vanneste and Friml, 2009), and is particularly responsible for

stimulation of both initiation and growth of LRs (Benkova et al.,

2003; Casimiro et al., 2003; De Smet et al., 2007; Laskowski

et al., 2008); (2) the NO3
�-signaling pathway responsible for
opmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier Inc. 927
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stimulation of LR growth was proposed to involve auxin at an

unknown step of signal transduction (Forde, 2002; Zhang

et al., 1999); and (3) NRT1.1 expression is strongly induced by

auxin (Guo et al., 2002). These data suggest that auxin may be

a secondary signal or a trigger mediating the regulatory action

of NRT1.1 on LR development.

Therefore, to study the role of auxin in the NRT1.1-dependent

NO3
�-signaling pathway, we examined how NRT1.1 affects

auxin accumulation/sensitivity in Arabidopsis LRs. The present

work demonstrates that NRT1.1 regulates root branching

because it exerts an NO3
�-dependent control on auxin accumu-

lation in LRs. This is due to the unexpected functional property of

this protein which, in addition to transporting NO3
�, facilitates

auxin transport and its fine-tuning by NO3
�. A model is proposed

to explain how NO3
�-regulated auxin transport, dependent on

NRT1.1, accounts for the effects of external NO3
� availability

on auxin gradients in LRs and growth of these LRs in Arabidopsis

seedlings.
Figure 1. Nitrate Dependence of Increased Auxin Accumulation in

Lateral Root Primordia and Young Lateral Roots Resulting from
NRT1.1 Mutation

(A) Histochemical staining of GUS activity in lateral root primordia and newly

emerged lateral roots of transgenic Arabidopsis plants expressing DR5::GUS

in wild-type or chl1-5 background. Three stages of development are consid-

ered: initiating primordia (a), primordia prior to emergence (b), and newly

emerged lateral roots (c). The plants were cultivated for 8 days on media

containing nitrogen sources described in the figure.

(B) IAA immunolocalization in LR tips of wild-type and chl1-5 plants. The IAA

signal (dark area) in the LR tip is indicated by the arrowheads. The pictures

shown are representative of 13 and 34 independent replicates for Col and

chl1-5 seedlings, respectively. See also Figure S1.
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RESULTS

NRT1.1 Represses Auxin Accumulation in LR Primordia
and Young LRs at Low External NO3

� Concentration
To investigate the role of NRT1.1 in auxin signaling in roots of

Arabidopsis seedlings, we used a line expressing the auxin-

inducible DR5::GUS reporter gene (Ulmasov et al., 1997) that

we crossed with the chl1-5 knockout mutant for NRT1.1. In

wild-type background, the supply of 1 mM NO3
� as compared

to N-free medium resulted in a strong increase in DR5::GUS

expression in LR primordia prior to emergence and in young

LRs, but not in newly initiated primordia (Figure 1A). This

response appears to be quantitative (0.2 mM NO3
� had a lower

impact), and specific of NO3
� because supply of an alternative

N source (0.5 mM glutamine) had no effect. Mutation of NRT1.1

did not affect expression of DR5::GUS in plants supplied with

1 mM NO3
�, but dramatically increased it in plants either grown

in the absence of NO3
� (N-free medium or 0.5 mM glutamine) or

supplied with a low external NO3
� concentration (0.2 mM).

Thus, the absence of a functional NRT1.1 transporter prevented

the decrease of DR5::GUS expression in response to removal or

lowered supply of NO3
�, leading to a high DR5 activity regard-

less of the presence of an N source. The DR5::GUS reporter

was still responsive to indole-3-acetic acid (IAA) or naphtha-

lene-1-acetic acid (NAA) supply in chl1-5xDR5::GUS plants

(see Figure S1A available online), indicating that its overexpres-

sion in chl1-5 roots does not result from a deregulated auxin-

signaling pathway but more likely reflects an increase in local

auxin concentrations. This was confirmed by IAA immunolocal-

ization in LR tips (Figure 1B). However, total IAA accumulation in

the whole root system was similar in wild-type and chl1-5 plants

(Figure S1B), suggesting that NRT1.1 mutation might lead to

very localized changes in auxin concentration in emerging

LRs. Altogether, the above data show that NRT1.1 is required

to prevent auxin accumulation in preemerged LR primordia

and young LRs when external NO3
� concentration is null or at

a low level. In contrast, auxin accumulation in initiating

primordia appeared to be independent of both NO3
� and

NRT1.1.
928 Developmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier Inc.



Figure 2. chl1 Mutation Promotes Lateral

Root Growth in the Absence or at Low

Concentration of NO3
�

(A) Density of visible (>0.5 mm) lateral roots in

plants (Col, chl1-5, Ws, chl1-10) grown for

8 days on media containing nitrogen sources

described in the figure. Results (n = 30–52) are

representative of three independent experiments.

Differences between mutant and wild-type geno-

types are statistically significant at *p < 0.05;

**p < 0.01; ***p < 0.001 (t test). ns, not significant.

(B) Selected pictures figuring chl1-5 root pheno-

type. Arrowheads indicate visible lateral roots.

(C) Density of lateral root primordia initiated on

the primary root of Col and chl1-5 plants grown

for 8 days on media containing nitrogen sources

described in the figure (n = 20).

(D) Distribution of lateral root primordia between

various stages of development (Em, emerged

primordia; LR, lateral root) in Col and chl1-5 plants

grown either on 0.5 mM glutamine or 1 mM NO3
�

as an N source. Results (n = 20) are expressed as

the proportion of total lateral root primordia initi-

ated.

Differences between mutant and wild-type geno-

types are statistically significant at *p < 0.05;

**p < 0.01; ***p < 0.001 (t test). ns, not significant.

See also Figure S2.
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NRT1.1 Represses LR Growth at Low External NO3
�

Concentration
To relate these data to our previous results showing that NRT1.1

is required for directing preferential LR growth in NO3
�-rich

patches of the external medium (Remans et al., 2006), we inves-

tigated how NRT1.1 mutation alters root branching of seedlings

as a function of the external NO3
� concentration. Therefore, we

measured the density of visible LRs (>0.5 mm) on chl1-5 and

chl1-10 knockout mutants and their control wild-types. Growth

of the primary root was almost independent of NO3
� supply

and of NRT1.1 (data not shown). However, the increase in

external NO3
� concentration from 0 to 10 mM led to a marked

increase in the density of visible LRs in both Col and Ws plants

(Figures 2A and 2B). When compared to wild-types, both chl1-

5 and chl1-10 plants displayed a higher density of visible LRs

in the absence or at low (0.2 mM) concentration of NO3
�,

whereas at high NO3
� concentration (1 or 10 mM), LR density

of mutants did not significantly differ from that of control seed-

lings (Figures 2A and 2B). As for DR5::GUS activity, the

increased LR density phenotype of chl1 mutants is not sup-

pressed by supply of 0.5 mM glutamine. To clarify the specific

role of NRT1.1 in the NO3
� regulation of LR growth, we used

the atnrt1.2-1 knockout mutant as a control. NRT1.2 is a low-
Developmental Cell 18, 927–9
affinity NO3
� transporter also involved in

root NO3
� uptake (Huang et al., 1999)

but which, unlike NRT1.1, does not

seem to have a signaling role (Krouk

et al., 2006). In contrast to chl1 mutants,

atnrt1.2-1 plants showed little alteration,

if any, of LR density as compared to the

wild-type, regardless of the N treatment
(Figure S2A). This demonstrates that NRT1.1, but not NRT1.2,

regulates root branching in response to NO3
�.

We then performed microscopic analyses to determine

frequency of lateral root initiation and distribution of develop-

mental stages (Malamy and Benfey, 1997) in chl1-5 and wild-

type roots. Under our conditions, neither NO3
� concentration

nor NRT1.1 mutation affected the density of primordia initiated

on the primary root (Figure 2C). However, both NO3
� and

NRT1.1 had impact on primordia development and modified

their distribution between the various developmental stages

(Figure 2D). Supplying 1 mM NO3
� instead of 0.5 mM glutamine

to wild-type plants increased the proportion of primordia that

progressed in development to late stages (Em and LR). The

mutation of NRT1.1 mimics this high-NO3
� effect on LR develop-

ment. Indeed, in glutamine-fed plants, the proportion of emerged

primordia or LRs was much higher in chl1-5 than in wild-type

(Figure 2D). This indicates that NRT1.1 does not regulate initia-

tion of LR primordia, but slows down their development in the

absence of NO3
�.

Our data show that in the absence or at low availability of

NO3
�, NRT1.1 represses accumulation of auxin (Figure 1) and

inhibits growth of preemerged LR primordia and young LRs

(Figure 2). We thus hypothesized that NRT1.1 modulates LR
37, June 15, 2010 ª2010 Elsevier Inc. 929



Figure 3. NRT1.1 Facilitates NO3
�-Inhibited

Auxin Influx in Heterologous Expression

Systems and In Planta

(A) 15NO3
� uptake in NRT1.1-cRNA- or NRT1.2-

cRNA-injected and control Xenopus oocytes

supplied with 30 mM 15NO3
�. Results (n = 6

batches of five oocytes) are representative of five

and three independent experiments for NRT1.1

and NRT1.2, respectively (each experiment was

performed with oocytes from a different frog).

Data were analyzed through one-way ANOVA,

three-level factor (control; NRT1.1; NRT1.2), p =

9.0 e-06, followed by a t test as a post hoc analysis.

(B) [3H]IAA uptake in NRT1.1-cRNA- or NRT1.2-

cRNA-injected and control Xenopus oocytes

supplied with 1 mM [3H]IAA. Results (n = 24–30)

are representative of five and three independent

experiments for NRT1.1 and NRT1.2, respectively

(each experiment was performed with oocytes

from a different frog). Data were analyzed through

one-way ANOVA, three-level factor (control;

NRT1.1; NRT1.2), p = 2.2 e-16, followed by a t test

as a post hoc analysis.

(C) [3H]IAAuptake inNRT1.1-cRNA-,AUX1-cRNA-,

and LAX3-cRNA-injected and control Xenopus

oocytes supplied with 1 mM [3H]IAA (n = 7–18).

(D) Effect of increasing NO3
� concentration on

[3H]IAA uptake in NRT1.1-cRNA-injected and

control Xenopus oocytes supplied with 1 mM

[3H]IAA (n = 8–22).

(E) Effect of increasing IAA concentration on
15NO3

� uptake in NRT1.1-cRNA-injected and

control Xenopus oocytes supplied with either 1 or

30 mM 15NO3
� (n = 4–8).

(F) Fluorescence micrograph of S. cerevisiae strain

BY4742 expressing NRT1.1-GFP. The scale bar

represents 5 mm.

(G) [3H]IAA uptake in yeast strain BY4742 express-

ing NRT1.1 and a control strain transformed with

empty vector. Results (n = 11) are means of data

obtained in three independent experiments with

three or four replicates each. DPM, disintegrations

per minute; OD, optical density.

(H) Histochemical staining of GUS activity in 4-day-

old transgenic Arabidopsis seedlings expressing

pNRT1.1::GUS.

(I) [3H]IAA uptake in seedlings (Col, chl1-5, Ws,

chl1-10) grown for 4 days on media containing

nitrogen sources described in the figure. Results (n = 5 batches of ten seedlings) are representative of three independent experiments.

Differences are statistically significant at *p < 0.05; **p < 0.01; ***p < 0.001 (t test). ns, not significant. See also Figure S3.
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growth by controlling auxin accumulation in these organs.

Accordingly, exogenous supply of IAA phenocopied NRT1.1

mutation, because retarded LR development in wild-type plants

grown on 0.5 mM glutamine was recovered by exogenous

auxin (Figure S2B). This is consistent with the proposal that on

NO3
�-free medium, slower LR growth in wild-type plants than

in chl1 mutants is due to suboptimal auxin levels in LRs.

NRT1.1 Displays an Auxin Transport Facilitation
Inhibited by High NO3

� Concentration
The observation that NRT1.1 represses local auxin accumulation

in LR tips of plants grown on an NO3
�-free medium raises the

question of how an NO3
� transporter might affect hormone local-

ization when NO3
� is not present. Altered root growth in chl1
930 Developmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier I
mutants on NO3
�-free media has already been reported (Guo

et al., 2001), but to date no hypothesis has been proposed to

account for these unexpected findings. One possibility is that

NRT1.1 may transport substrates other than NO3
�, as suggested

by the demonstration that its Brassica napus homolog

(BnNRT1.2) mediates not only NO3
� but also amino acid trans-

port (Zhou et al., 1998). We therefore investigated whether auxin

can be a substrate for NRT1.1, using Xenopus oocytes as a

heterologous expression system and NRT1.2 as a control. We

first verified that oocytes injected with NRT1.1 or NRT1.2

cRNA displayed an increase in 15NO3
� influx into the cell, as

compared with control oocytes (Figure 3A). We then investigated

IAA transport by supplying [3H]IAA at 1 mM in the assay medium

without NO3
�. As noticed in previous studies on AUX1
nc.
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(Yang et al., 2006) and LAX3 (Swarup et al., 2008), a basal level of

[3H]IAA accumulation was recorded in control oocytes

(Figure 3B). Injection of NRT1.1 cRNA resulted in a significant

increase of [3H]IAA uptake in oocytes, whereas NRT1.2 cRNA

had no effect (Figure 3B). This shows that NRT1.1, but not

NRT1.2, is able to transport auxin or to facilitate auxin transport

in a heterologous system. [3H]IAA uptake by NRT1.1 in oocytes

was lower but still significant as compared with that mediated

by AUX1 or LAX3 (Figure 3C). It was markedly reduced by an

excess of unlabeled IAA (Figure S3A), but was not significantly

affected by the auxin transport inhibitors TIBA, NPA, or 1-NOA

(Figure S3B). Most interestingly, an increase in external NO3
�

concentration in the range of 0–1 mM gradually suppressed

[3H]IAA overaccumulation in oocytes injected with NRT1.1

cRNA, without reducing [3H]IAA uptake in control oocytes

(Figure 3D). This shows that auxin transport facilitation by

NRT1.1 is inhibited by NO3
�. However, the reverse was not

true, because auxin had no effect on 15NO3
� uptake by

NRT1.1 when assayed at either 1 or 30 mM external concentra-

tion (Figure 3E).

To confirm facilitation of auxin transport by NRT1.1, we used

other established systems for measurement of auxin transport

activity, such as yeast or BY-2 tobacco cells (Petrasek et al.,

2006). NRT1.1 as well as NRT1.1 fused to GFP were expressed

in S. cerevisiae. Figure 3F shows that NRT1.1-GFP was localized

at the yeast plasma membrane. In yeast whole-cell IAA transport

assays, a weak but highly statistically significant increase in

[3H]IAA accumulation was recorded in NRT1.1-expressing cells

as compared to the empty vector control (Figure 3G). That only

a small relative difference is found between NRT1.1-expressing

cells and controls is a very common observation in functional

studies of plant auxin influx carriers using a yeast expression

system (Yang and Murphy, 2009). Evidence for increased auxin

transport associated with NRT1.1 expression was also obtained

in BY-2 cell-suspension cultures (Figure S3C). To further docu-

ment an NO3
�-dependent auxin influx activity associated with

NRT1.1 in planta, we then assayed uptake of exogenous

[3H]IAA in wild-type and chl1 mutants at a young stage (4-day-

old plants), when NRT1.1 is strongly expressed in most tissues,

including the whole primary root that at this stage lacks visible

laterals (Figure 3H). Therefore, we quantified total radioactivity

accumulated in seedlings following short-term (30 min) transfer

to a [3H]IAA-labeled liquid basal medium of the same composi-

tion as that used for growth in vertical Petri dishes. The data

showed that mutation of NRT1.1 results in a significant decrease

of [3H]IAA uptake by the plant in the absence but not in the

presence of NO3
� (Figure 3I). In agreement with the oocyte

data, the atnrt1.2-1 knockout mutant for NRT1.2 did not show

any reduction in exogenous [3H]IAA uptake on N-free medium

(Figure S3D). From these observations, we conclude that as in

oocytes, yeast, and BY-2 cells, NRT1.1 can function as an auxin

influx facilitator in Arabidopsis roots, contributing to an auxin

transport activity modulated by NO3
�.

Using pNRT1.1::GUS fusions, NRT1.1 expression has been

shown to be strong in LR primordia and LR tips (Guo et al.,

2001; Remans et al., 2006). An intriguing aspect of our results

is that, although we detect auxin influx facilitation by NRT1.1

(Figure 3), its absence in the chl1-5 mutant leads to higher auxin

accumulation in LR primordia and LR tips (Figure 1) at low NO3
�

Devel
concentration. This indicates that NRT1.1 acts in preventing, and

not promoting, auxin accumulation in the tissues where it is

expressed.

Membrane Localization of NRT1.1 Suggests a Role
in the Basipetal Transport of Auxin Out of LR Tips
Auxin gradient in LR primordia and root tips is generated by the

activity of various auxin transporters, including AUX/LAX influx

transporters and PIN and ABCB (formerly MDR/PGP) efflux

carriers (Benjamins and Scheres, 2008; Benkova et al., 2003;

Blilou et al., 2005; Kramer and Bennett, 2006; Swarup et al.,

2008; Vanneste and Friml, 2009; Vieten et al., 2007; Wu et al.,

2007). According to the so-called fountain model for LRs, auxin

moves from the root vasculature acropetally via the interior of

the LR into the tip, from which it is transported away by a basip-

etal transport route through the outer cell layer (Benkova et al.,

2003). To understand how NRT1.1 may alter auxin transport

and accumulation in LRs, we determined the pattern of both

NRT1.1 gene expression and NRT1.1 protein localization.

As described previously (Guo et al., 2001; Remans et al.,

2006), histochemical GUS staining in pNRT1.1::GUS transgenic

plants showed that pNRT1.1 is mostly active in the stele, in LR

primordia before emergence, and in the tip and basis of emerged

LR primordia and young LRs (Figures 4A–4D). We then gener-

ated pNRT1.1::NRT1.1-GFP transformants in both chl1-5 and

chl1-10 backgrounds. The presence of the NRT1.1-GFP protein

in the membrane fractions isolated from seedlings of four inde-

pendent lines was verified by western blotting (Figure 4E). Three

of these lines displayed a full complementation of the chl1

mutant phenotype for LR density (Figure 4F), and were used

for NRT1.1-GFP localization studies in LRs (Figures 4G–4P).

Unexpectedly, no NRT1.1-GFP signal was recorded in LR

primordia at young stages (Figures 4G and 4H). However, it

begins to appear in the outermost cell layer of the LR tip just

before emergence (Figures 4I and 4J). In elongating young LRs

not yet visible (<0.5 mm), NRT1.1-GFP is localized in the outer-

most layer of cells, all along from the tip to the base of the LR

(Figures 4K and 4L). In these cells, the GFP signal appears to

be very low in the periclinal sides facing the external medium,

but much stronger in the anticlinal faces separating these cells

(Figures 4M–4P). This localization pattern was confirmed by

NRT1.1-GFP immunolocalization (Figure S4). Neither the locali-

zation pattern of pNRT1.1 activity nor that of the NRT1.1-GFP

protein was modified by the N source supplied to the plants

(0.5 mM glutamine or 1 mM NO3
�; data not shown).

Altogether, these data allow a hypothesis to be proposed

for the putative role of NRT1.1 in preventing auxin accumulation

in LRs. Indeed, in emerging primordia and young LRs, NRT1.1-

GFP localization matches that of the basipetal transport route

for auxin (Benkova et al., 2003), suggesting that NRT1.1 may

be involved in taking up auxin into the epidermal cells, thus

injecting the hormone into its reflux pathway from the tip to the

base of the LRs.

DISCUSSION

NRT1.1-Dependent Auxin Transport
Although unexpected at first glance, auxin influx facilitation by

NRT1.1 makes an interesting parallel with the AUX/LAX auxin
opmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier Inc. 931



Figure 4. Localization of pNRT1.1 Activity

and NRT1.1-GFP Protein in Root Tissues

(A–D) Histochemical localization of GUS activity in primary

root and lateral root primordia (A and B) and young lateral

roots (C and D) of pNRT1.1::GUS plants.

(E) Western blot with anti-GFP antibody on microsomal

fractions isolated from pPIP2.1::PIP2.1-GFP plants, Col

plants, and four independent pNRT1.1::NRT1.1-GFP

lines. pPIP2.1::PIP2.1-GFP and Col plants were used as

positive and negative controls for the specificity of the

anti-GFP antibody, respectively.

(F) Complementation of the lateral root development

phenotype of chl1 mutant by the pNRT1.1::NRT1.1-GFP

construct. Plants were grown on 0.5 mM glutamine as

an N source, and experiments were performed as

described in Figure 2A (n = 12–19). Differences are statis-

tically significant at *p < 0.05; ***p < 0.001 (t test). ns, not

significant.

(G–P) NRT1.1-GFP localization in root tissues of

pNRT1.1::NRT1.1-GFP plants.

(G) NRT1.1-GFP in an unemerged lateral root primordium

(propidium iodide staining in red). The asterisks visualize

the location of the primordium.

(H) Differential interference contrast (DIC) image corre-

sponding to (G).

(I) NRT1.1-GFP in emerging primordium.

(J) DIC image corresponding to (I).

(K, M, and O) NRT1.1-GFP in young lateral root.

(L, N, and P) DIC images corresponding to (K), (M), and (O).

The plants were grown for 9 days on glutamine as nitrogen

source.

The scale bars represent 50 mm, except 25 mm for (O) and

(P). The pictures shown are representative of >50 pri-

mordia and >30 lateral roots from >20 plants of three

independent lines. See also Figure S4.
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influx carriers previously identified in plants (Kramer and

Bennett, 2006; Swarup et al., 2008; Yang et al., 2006). Indeed,

NRT1.1 and AUX/LAX proteins are classified within separate

transporter families (PTR and ATF1, respectively) which share

the common characteristic of including amino acid carriers

(Williams and Miller, 2001; Wipf et al., 2002). Given the strong

structural similarity between auxin and amino acids like trypto-

phan, it is not surprising to also find auxin transporters within

these two families. Several lines of evidence support the hypoth-
932 Developmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier Inc.
esis that the changes observed for auxin

accumulation in LRs directly result from auxin

transport by NRT1.1. First, expression of

NRT1.1 in oocytes, yeast, or tobacco cells stim-

ulates auxin uptake by the cell. The fact that

expression of NRT1.2 did not have the same

effect (Figure 3B) argues against the possibility

that this stimulation is an artifact resulting from

heterologous expression of an anion carrier.

Second, impaired auxin uptake was found in

chl1 mutants, but not in the atnrt1.2-1 mutant,

showing a specific role for NRT1.1 in auxin

transport in planta (Figure 3I; Figure S3D). Third,

the increase in auxin accumulation in LRs

resulting from NRT1.1 mutation cannot be

accounted for by indirect effects, such as
changes in transmembrane potential or apoplastic pH, related

to the fact that NRT1.1 is an H+/NO3
� symporter (Tsay et al.,

1993). This is an important point to clarify, because such

changes may alter auxin influx either by modifying the equilib-

rium between protonated/deprotonated forms of auxin in the

apoplasm or by affecting the driving force for auxin uptake by

other auxin carriers (Kramer and Bennett, 2006; Vanneste and

Friml, 2009). If auxin overaccumulation in LRs of chl1 plants is

due to putative apoplastic pH or transmembrane potential
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changes associated with the loss of H+/NO3
� symport by

NRT1.1, it is predicted that this phenotype will be more

pronounced at high NO3
� (i.e., when H+/NO3

� symport by

NRT1.1 is active). We can reject this hypothesis because we

observed exactly the opposite. Indeed, the highest difference

in DR5::GUS staining in LRs between wild-type and chl1 plants

was recorded in the absence of NO3
�: the conditions where

NRT1.1, by definition, cannot act as an H+/NO3
� symporter

(Figure 1). However, because interaction between proteins dis-

playing an auxin transport activity in heterologous systems

(e.g., PIN and ABCB/PGP) has already been shown to occur

(Blakeslee et al., 2007), we cannot presently rule out the hypoth-

esis that the changes in auxin gradients seen in chl1 mutants

may result from an NO3
�-dependent effect of NRT1.1 on other

auxin carriers.

The observation that NRT1.1-dependent auxin transport is

inhibited by NO3
� (Figures 3D and 3I) is at the center of the

role of this protein in the NO3
� regulation of LR growth. The

mechanism of this inhibition is not known, but it does not

seem to be due to simple substrate competition at the transport

site because auxin does not affect NO3
� transport by NRT1.1

(Figure 3E). Very recently, it has been demonstrated that the

sensing function of NRT1.1 may be separate from its NO3
�

transport activity because specific point mutations of NRT1.1

(e.g., T101A, T101D, P492L) affect only one of these processes

(Ho et al., 2009; Walch-Liu and Forde, 2008). Accordingly, Ho

et al. (2009) proposed that NRT1.1-dependent sensing is

activated by conformational changes of the NRT1.1 protein

triggered by NO3
� binding to specific recognition sites not

involved in the transport function. Our data support this model

because NO3
� binding to such recognition sites can explain

why NRT1.1-dependent auxin transport is inhibited by NO3
�,

and not vice versa. NRT1.1 has been proposed to act as a

dual-affinity NO3
� transporter and dual-affinity NO3

� sensor,

depending on the phosphorylation of the T101 residue. Phos-

phorylated NRT1.1 is a high-affinity NO3
� transporter (Liu and

Tsay, 2003) and triggers only high-affinity NO3
� sensing (Ho

et al., 2009), whereas nonphosphorylated NRT1.1 is a low-

affinity NO3
� transporter (Liu and Tsay, 2003) but is, however,

able to trigger both high- and low-affinity NO3
� sensing

(Ho et al., 2009). It is not possible from the present study to

determine a specific role of the phosphorylated or nonphos-

phorylated forms of NRT1.1 in auxin transport and signaling

governing lateral root growth. Indeed, the observation that

NO3
� inhibition of NRT1.1-dependent auxin transport occurs

in the low concentration range (0–0.5 mM NO3
�; see Figure 3D)

may suggest a specific involvement of the high-affinity NO3
�-

sensing activity of NRT1.1, but because both forms of

NRT1.1 activate this signaling, we cannot make conclusions

on the specific involvement of one of these forms. Furthermore,

our data of 15NO3
� uptake in NRT1.1-expressing oocytes at 1

mM (high-affinity) or 30 mM (low-affinity) external concentration

(Figure 3E) indicate that both phosphorylated and nonphos-

phorylated forms of NRT1.1 are likely to be present in these

oocytes, precluding any hypothesis on which one of these

forms may be responsible for auxin transport. Only an extensive

investigation of various T101 mutants of NRT1.1, both in heter-

ologous expression systems and in planta, will allow conclu-

sions on these aspects.
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Localized Expression of the NRT1.1 Protein Supports
Its Role in Controlling Auxin Traffic in LRs
The localization of the NRT1.1 protein strongly suggests that

it participates in the basipetal reflux of auxin removing the

hormone from the LR tip. Indeed, NRT1.1-GFP localization

overlaps that of auxin carriers involved in this basipetal transport,

such as PIN2 (Benkova et al., 2003), but is totally complementary

to that of auxin carriers responsible for acropetal auxin transport

(e.g., PIN1 and ABCB19/PGP19), which are expressed in the

inner cell types of LRs (Benkova et al., 2003; Wu et al., 2007).

Accordingly, PIN2 mutation leads to increased auxin accumula-

tion in LR primordia (Benkova et al., 2003), as it is the case for

NRT1.1 mutation (Figure 1), whereas mutations of either PIN1

or ABCB19/PGP19 result in the opposite effect (Benkova et al.,

2003; Wu et al., 2007). Furthermore, the lack of any NRT1.1-

GFP signal in LR primordia at early developmental stages

(Figure 4G) agrees with the observation that neither NO3
� nor

loss of the NRT1.1 function altered DR5::GUS expression in

the young primordia (Figure 1). This apparent absence of

NRT1.1 in newly initiated primordia is an intriguing observation

because the results obtained with pNRT1.1::GUS plants indicate

a high level of NRT1.1 transcription in the LR primordia at the

earliest stages of development (Figure 4A; Guo et al., 2001).

Interestingly, NRT1.1 is not found in the list of genes displaying

an increased mRNA level in response to massive initiation of

LR primordia (Swarup et al., 2008; Vanneste et al., 2005). This

shows that although pNRT1.1 is activated during initiation of

LR primordia (Guo et al., 2001), this may not result in a significant

NRT1.1 mRNA accumulation in these primordia, suggesting the

occurrence of posttranscriptional control.

The apparent preferential localization of NRT1.1-GFP in anti-

clinal membranes may be illustrative of a polarized expression

of NRT1.1 in LR epidermal cells (Figure 4; Figure S4). However,

one must remain very cautious about this hypothesis. First,

unlike the periclinal one, an anticlinal NRT1.1-GFP signal may

arise from membranes of two adjacent cells, thus providing

a simple explanation of its apparent higher intensity. Second,

although the NRT1.1-GFP fusion protein is obviously functional

(see Figure 4F), there is no guarantee that its precise localization

is strictly identical to that of the native NRT1.1 protein. More

thorough quantitative investigations at a higher resolution and

including immunolocalization of the native protein are required.

Nevertheless, subcellular polarization of NRT1.1 is not manda-

tory for its role in promoting basipetal transport of auxin.

A Model for Coupling NO3
� Sensing by NRT1.1

and Lateral Root Development
As compared to high NO3

� provision (1 mM or higher), growth of

plants on an N-free medium results in a markedly decreased LR

generation in the wild-type (Figure 2). This is due to two separate

but additive effects: (1) a specific effect of the lack of NO3
� that

cannot be suppressed by provision of an alternative N source

such as glutamine and is fully dependent on the repressive

action of NRT1.1, and (2) a general effect of N starvation inde-

pendent of NRT1.1 that reduces overall growth of both wild-

type and chl1 plants (Figure 2B) and that can be suppressed

by glutamine (Figure 2). This latter effect explains why in the

absence of NO3
�, NRT1.1 mutation is not sufficient to restore

normal LR development as in wild-type plants grown on high
opmental Cell 18, 927–937, June 15, 2010 ª2010 Elsevier Inc. 933



Figure 5. Schematic Model for NRT1.1 Control of Lateral Root
Growth in Response to Nitrate

Two situations are shown to illustrate the specific effect of NO3
� on lateral root

growth, corresponding to plants supplied either with 0.5 mM glutamine or with

1 mM NO3
� (1 mM external N in both cases). The model postulates that in the

absence of NO3
� (glutamine-fed plants), NRT1.1 favors basipetal transport of

auxin in lateral roots, thus preventing auxin accumulation at the lateral root tip.

This slows down outgrowth and elongation of lateral roots. At 1 mM NO3
�,

facilitation of basipetal auxin transport by NRT1.1 is inhibited, leading to auxin

accumulation in the lateral root tip and accelerated growth of lateral root.

Accordingly, NRT1.1 mutation in chl1 plants, which suppresses facilitation of

basipetal auxin transport by NRT1.1, results in high auxin levels in the lateral

root tip and accelerated growth of lateral roots, regardless of the external N

source. Direct basipetal auxin transport by NRT1.1 is shown for simplicity to

illustrate its facilitation of this transport flow.
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NO3
�, and why LR density in chl1 mutants is reduced by N star-

vation (Figure 2).

Here we propose a model accounting for the specific effect

of NO3
� on LR growth (Figure 5). In wild-type plants grown in

the absence or at low concentration of NO3
� (glutamine-fed

plants are depicted in Figure 5 to illustrate the specific NO3
�

effect), NRT1.1 facilitates auxin uptake into LR epidermal cells,

thus promoting basipetal auxin transport and lowering auxin

accumulation in the LR tip. This in turn represses LR growth.

High NO3
� concentration (�1 mM or higher) inhibits auxin trans-

port facilitation by NRT1.1, allowing auxin to accumulate in LR

tips, which stimulates LR growth. Accordingly, knockout

mutation of NRT1.1, which suppresses NRT1.1 auxin transport

facilitation in any situation, stimulates both auxin accumulation

in LR tips and LR growth only in plants supplied with no NO3
�

(e.g., on glutamine medium) or with a low NO3
� concentration,

but not in plants grown on 1 mM NO3
� or higher (Figure 5).

This model provides a working hypothesis for a mechanism of

signal transduction by a mineral nutrient sensor/transceptor. We

propose that the NO3
�-sensing function of NRT1.1 that controls

lateral root growth is due to its dual NO3
�/auxin transport

activity, and that the NO3
� signal transduced by NRT1.1 is an

NO3
�-dependent modification of auxin transport in root tissues.

A close link has been established in both plants and animals

between nutrient and hormone signaling (Colombani et al.,

2003; Moore et al., 2003; Nacry et al., 2005; Nero et al., 2009;
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Rubio et al., 2009). However, we are not aware of any report

suggesting that a molecular basis of this link can be related to

the action of a nutrient/hormone dual substrate transporter/facil-

itator. As such, our model defines an original mechanism for

nutrient sensing in higher organisms. It will be interesting to

determine in the future whether this mechanism may explain

the various NO3
�-signaling effects reported for NRT1.1, that is,

stimulation of germination (Alboresi et al., 2005), regulation of

the NO3
� transporter gene NRT2.1 (Ho et al., 2009; Krouk

et al., 2006; Muños et al., 2004; Wang et al., 2009), and regulation

of root growth and development (Remans et al., 2006; Walch-Liu

and Forde, 2008). There are already some hints that this may not

be the case. For instance, we found that the phenotype of the

chl1-5 mutant concerning LR growth is most pronounced in

the absence of NO3
� (Figure 2), whereas its phenotype concern-

ing induction of NRT2.1 is strongest at high NO3
� concentration

(Ho et al., 2009), suggesting the occurrence of separate signaling

pathways for NRT1.1-dependent control of root growth and

NRT2.1 expression. The availability of several NRT1.1 mutants

(e.g., T101A, T101D, P492L) differentially affected in transport/

signaling functions (Ho et al., 2009; Walch-Liu and Forde,

2008) will certainly help determine whether this protein governs

different responses of plants to NO3
� through different sensing

mechanisms.

EXPERIMENTAL PROCEDURES

Plant Stocks and Growth Conditions

chl1-5 (Tsay et al., 1993) and chl1-10 (Muños et al., 2004) are in the Columbia

(Col) and Wassilewskija (Ws) backgrounds, respectively. Both mutants lack

NRT1.1 transcript (Muños et al., 2004; data not shown). atnrt1.2-1 (Krouk

et al., 2006) is in the Ws background. DR5::GUS transgenic plants (Ulmasov

et al., 1997) (Col background) were crossed with chl1-5 plants. Homozygous

plants for both chl1-5 mutation and DR5::GUS were screened on F2 (by

PCR for chl1-5 deletion) and F3 (DR5::GUS expression) offsprings. Surface

sterilized seeds were sown in 12 3 12 cm transparent plates on 40 ml of solid

medium (1% type A agar) containing 0.5 mM CaSO4, 0.5 mM MgCl2, 1 mM

KH2PO4, 2.5 mM MES (2-[morpholino]ethanesulfonic acid) (pH 5.8), 50 mM

NaFeEDTA, 50 mM H3BO3, 12 mM MnCl2, 1 mM CuCl2, 1 mM ZnCl2, and

0.03 mM NH4MoO4. This basal medium was supplemented with KNO3 and

L-glutamine as nitrogen sources at the concentrations indicated in the figures

(all chemicals are from Sigma). L-glutamine can sustain efficient growth of

Arabidopsis plants and was used as an alternative N source to investigate

the specific effect of NO3
�. After storage for 2 days at 4�C in the dark, plates

were incubated vertically in a growth chamber at 22�C with a 16 hr/8 hr light/

dark regime and a light intensity of 230 mmol.m�2.s�1.

Production of the pNRT1.1::NRT1.1-GFP Transgenic Lines

Cloning of pNRT1.1::NRT1.1 (5.688 kb fragment, including the 1.533 kbp

50 untranslated region and promoting sequence upstream of the ATG and

the genomic sequence of NRT1.1 without the stop codon) was amplified by

PCR (NRT1.1 forward: tttgttctcgctcttccaca; NRT1.1 reverse: atgacccattggaa

tactcg) and cloned in pENTR/D/TOPO entry vector, according to the manufac-

turer’s instructions (Invitrogen). pNRT1.1::NRT1.1-GFP reporter construct

was generated by making translational fusions of the cloned 5.688 kb

NRT1.1 fragment and pGWB4 binary vector (no promoter, C-sGFP) obtained

from Tsuyoshi Nakagawa (Research Institute of Molecular Genetics, Shimane

University, Matsue, Japan) by LR recombination according to the manufac-

turer’s recommendations (Invitrogen). Prior to transformation of Agrobacte-

rium, the expression construct was sequenced. A binary vector containing

the GFP fusion construct was introduced into Agrobacterium tumefaciens

strain GC3101. A. thaliana chl1-5 and chl1-10 mutant plants were transformed

by dipping the flowers in the presence of Silwet L77 (Clough and Bent, 1998).

Transgenic seedlings were selected on a medium containing 30 mg/L of
nc.



Developmental Cell

Nitrate-Regulated Auxin Transport by NRT1.1

30
hygromycin. For further analyses, T1 segregation ratios were analyzed to

select transformants with one T-DNA insertion and to isolate T3-homozygous

plants. Functionality of the construct was tested by restoring chlorate

sensitivity (data not shown) and wild-type lateral root growth of transgenic

seedlings.

Analysis of Root Growth

Vertical agar plates containing plants were scanned at 300 dpi (Epson Perfec-

tion 2450Photo; Seiko Epson), and root growth parameters were analyzed

using Optimas image analysis software (MediaCybernetics), as described

previously (Nacry et al., 2005). Analysis of the distribution of primordia and

lateral roots between the various developmental stages was performed on

8-day-old seedlings according to the protocol described previously (Malamy

and Benfey, 1997).

GUS Expression Analysis

Plantlets were vacuum infiltrated for 5 min and then incubated overnight at

37�C in reaction buffer containing 50 mM sodium phosphate buffer (pH 7),

0.5 mM ferricyanide, 0.5 mM ferrocyanide, 0.05% Triton X-100, and 1 mM

X-Gluc. Plant pigments were cleared and GUS staining patterns were analyzed

by an Olympus BX61 microscope and a digital camera (Colorview 2) driven by

Analysis software (Soft Imaging System).

Confocal Microscopy

GFP images on lateral root primordia and lateral roots were acquired with

a Zeiss LSM 510 META Axiovert 200M inverted microscope with objective

C-Apochromat 403/1.2 water immersion (Zeiss). GFP was excited with the

488 nm line of an argon laser and detected via a 505–530 nm band-pass filter

(green). Propidium iodide (1 mg/ml) was used to stain cell walls and was excited

with a 543 nm line argon laser and detected via a 585 nm long-pass filter (red).

GFP imaging in yeast was performed using a Zeiss LSM 5 DUO confocal

microscope (excitation 488 nm, emission 505–550 nm) with objective

C-Apochromat 403 (NA = 1.2 W).

Oocyte Uptake Analysis

Oocytes obtained from Xenopus laevis (CRBM, CNRS, Montpellier, France)

were defolliculated by a 1 hr collagenase treatment (1 mg/ml; type IA; Sigma)

in a medium containing 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM

HEPES-NaOH (pH 7.4). Stage V and VI oocytes were selected and placed at

18�C in a medium containing 96 mM NaCl, 2 mM KCl, 1.8 mM MgCl2, 1 mM

CaCl2, 2.5 mM Na-pyruvate, and 5 mM HEPES-NaOH (pH 7.4) supplemented

with 50 mg/ml gentamicin. Oocytes were injected (50 nl) with cRNA (NRT1.1,

NRT1.2, AUX1, or LAX3; 500 ng/ml) using a 10–15 mm tip diameter micropipette

and a pneumatic injector. Control oocytes were either not injected or injected

with 50 nl of water. 15NO3
� and [3H]IAA uptake analyses were adapted from

Tsay et al. (1993) and Yang et al. (2006), respectively. Briefly, for 15NO3
�

uptake, batches of 30 oocytes (injected or control ones) were incubated for

3 hr in 2 ml of Ringer medium (pH 5.5) containing 30 mM K15NO3 (atom %
15N abundance: 99.9%; Courtage Analyses Services). Oocytes were then

washed five times in 50 ml of NO3
� free Ringer medium at 4�C. Batches

of five oocytes were then analyzed for total N content and atom % 15N abun-

dance by continuous-flow mass spectrometry using an Euro-EA Eurovector

elemental analyzer coupled with an IsoPrime mass spectrometer (GV Instru-

ments). For IAA uptake, oocytes were incubated for 20 min in 1 ml of Ringer

solution (pH 6; according to Yang et al., 2006) containing 1 mM [3H]IAA

(100 nM [3H]IAA; GE Healthcare; diluted with 900 nM cold-IAA; Sigma). They

were then washed five times in 50 ml of Ringer solution (4�C) containing

5 mM cold-IAA. Each oocyte was then dissolved in 50 ml of 2% SDS. Lysis

solution was then mixed with 3 ml of scintillating solution. Incorporated

radioactivity was measured by liquid scintillation analyzer (Tri-Carb 2100TR;

Packard Instrument).

IAA Uptake in Seedlings

Seedlings were grown for 4 days on solid basal medium without nitrogen or

supplemented with 1 mM L-glutamine or 10 mM KNO3. Five batches of ten

seedlings each were preincubated for 20 min in 12 ml of liquid basal medium

(pH 5.8) and transferred for 30 min to 3 ml of liquid basal medium containing

1 mM [3H]IAA. They were then washed five times in 12 ml of liquid basal medium
Devel
(4�C) containing 5 mM cold-IAA. Incorporated radioactivity was measured on

the five replicate batches by liquid scintillation analyzer (Tri-Carb 2100TR;

Packard Instrument).

IAA Uptake in Yeast

cDNA of NRT1.1 was subcloned into pVT100-U and pVT100-U-GFP yeast

expression vectors. Resulting plasmids were transformed into S. cerevisiae

BY4742 strain (Euroscarf) generating strains NRT1.1 and NRT1.1-GFP used

in this study. Strain BY4742 transformed with empty vector pVT100-U was

used as a control. The exponentially growing yeast cells were harvested

by centrifugation and resuspended in MES buffer (pH 4.6) with 2% glucose.
3H-labeled IAA (American Radiolabeled Chemicals; specific radioactivity

20 Ci/mmol) was added to the cells and aliquots were taken at indicated

time points. Cells were collected on membrane filters and washed extensively.

The filters were placed in scintillation liquid and radioactivity was measured

using liquid scintillation counting (Tri-Carb 2900TR; Packard Instrument).

IAA Analysis

Root tissue was pooled, weighed, and frozen in liquid nitrogen for quantifica-

tion of free IAA content. [13C6]IAA internal standard (Cambridge Isotope Labo-

ratories) was added to each sample at a concentration of 50 pg/mg fresh

weight, and the samples were then homogenized, extracted, and purified as

described previously (Andersen et al., 2008). After derivatization, the samples

were analyzed by gas chromatography–selected reaction monitoring mass

spectrometry as described previously (Edlund et al., 1995).

IAA and NRT1.1 Immunolocalization

Eight-day-old seedlings were prefixed in 3% EDAC/PBS for 1 hr at room

temperature (this step was included only for purposes of IAA detection) and

fixed in 4% paraformaldehyde in PBS/0.1% Triton X-100. Seedlings were

washed twice for 10 min in PBS and twice for 10 min in water, mounted on

SuperFrost slides, and dried. A rehydration step (10 min in PBS) was followed

by incubation in 1.5% Driselase/PBS for 40 min at 37�C. After four washes with

PBS, seedlings were permeabilized by incubation in 1% NP-40/10% DMSO in

PBS for 1 hr, washed six times with PBS, and incubated in blocking buffer (3%

BSA/PBS) for 2 hr at 37�C. Permeabilized seedlings were incubated with

primary monoclonal anti-auxin mouse antibody (Sigma) (dilution 1:100) or

anti-GFP antibodies (Roche), diluted 1:1000 in blocking buffer for 5 hr in

a humid chamber at 37�C, washed five times for 5 min in PBS, and further incu-

bated overnight at 4�C with a secondary antibody (anti-mouse IgG AP conju-

gate; Sigma) or Alexa Fluor 488 (Invitrogen) goat anti-mouse diluted 1:800.

After several rinses, the secondary antibody was detected either with western

blue-stabilized substrate for alkaline phosphatase (Promega) or using confocal

laser-scanning microscopy, with a Leica TCS SP2 AOBS, respectively.

Western Blot Analysis

Microsomes were prepared as described previously (Giannini et al., 1987) from

seedlings grown for 12 days in liquid medium. Proteins were separated on

denaturing SDS-PAGE followed by an electrotransfer at 4�C onto a nitrocellu-

lose membrane (Sartorius). NRT1.1-GFP was detected using a anti-GFP-HRP

antibody (Miltenyi Biotech). The immunodetection was performed with

a chemiluminescent detection system kit (SuperSignal; Pierce).

Statistical Analyses

Data are presented as means ± SEM, and have been analyzed using ANOVA

and/or Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this
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Figure S1

Figure S1. Response of DR5::GUS expression to exogenous auxin supply (A), and IAA 
accumulation (B) in roots of wild-type and chl1-5 mutant.
(A) Histochemical staining of GUS activity in lateral roots of transgenic Arabidopsis plants 
expressing DR5::GUS in WT or chl1-5 background. The plants were cultivated for 8 d on 
media containing 0.5 mM Glutamine as a N source, and either IAA or NAA (or no hormone) 
at the concentrations indicated in the figure.
(B) The plants were cultivated for 8 d either on N-free medium, on 0.5 mM Gln medium, or on 
1 mM NO3- medium. Total IAA concentrations were assayed in two portions of the root 
system: the branched zone (BZ) where lateral roots are visible, and the unbranched zone (UZ), 
where lateral root primordia are initiated and from which the primary root apex (2-3 mm) has 
been removed. White arrows indicates the location of the surgical excisions made to collect 
samples BZ and UZ. Results are means ± s.e.m of 2 batches of >100 plants. 
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Figure S2

Figure S2. The effect of NRT1.1 mutation on the response of lateral root density to NO3
- is not mimicked 

by NRT1.2 mutation (A), but is phenocopied by exogenous auxin application (B).
(A) Density of visible (>0.5 mm) lateral roots in plants (Ws, atnrt1.2-1) grown for 8 d on media 

containing nitrogen sources described in the figure. Results are means ± s.e.m (n=14-31). Differences 
are statistically significant at : * p<0.05 (T-test). ns: not significant.

(B) Plants (Col, chl1-5, Ws, chl1-10) were grown for 11 d on media containing either 0.5 mM glutamine 
(left panels) or 1 mM NO3

- (right panels), with or without 10 nM IAA. Results are means ± s.e.m 
(n=17-32). Data were analyzed through 2 way ANOVA, Factor auxin x Col/chl1-5, pval: 7.5e-03, 
Factor auxin x Ws/chl1-10, pval: 9.0e-04. A post-hoc analysis (Student test) detected differences 
between chl1 and wild-type genotypes statistically significant at : ** p<0.01; *** p<0.001 (T-test). ns: 
not significant.
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Figure S3

Figure S3.Additional characterization of auxin transport associated with NRT1.1.
(A) Effect of excess cold-IAA on 3H-IAA uptake in NRT1.1-cRNA injected and control oocytes. Results are 
means ± s.e.m (n=6-12). (B) 3H-IAA uptake in NRT1.1-cRNA injected and control oocytes supplied with 1 µM 
3H-IAA, with or without 20 µM of 1-NOA, TIBA or NPA. Stock solutions of inhibitors (10 mM in ethanol) 
were dissolved before experiments in uptake solution (described in Methods). The same concentration of 

ethanol was added to the control uptake solution. Results are means ± s.e.m (n = 40-60). Data were analyzed 

through two way ANOVA, Factor NRT1.1, pval: 1.77e-11, Factor inhibitors, pval: 0.10. A post-hoc analysis 
(Student test) also detected differences not statistically significant between injected oocytes treated with 
inhibitors or not. (C) Auxin uptake in BY-2 tobacco cells expressing NRT1.1. Auxin accumulation was 
measured in two-day-old cells according to Petrášek et al. (2006). Treatments (n= 4) were replicated three times 
and the means (± standard errors) are expressed as pmol of NAA (3H-NAA, American Radiolabeled Chemicals, 
Inc., specific radioactivity 20 Ci/mmol) accumulated per 106 cells (as counted using Fuchs-Rosenthal 
haemocytometer). Data were analyzed through two way ANOVA and the effect of NRT1.1 was found to be 
highly statistically significant (Factor NRT1.1, pval< 2.2e-16). The synthetic auxin Naphthalene-1-acetic acid 
(NAA, 2 µM) was used for this study instead of IAA because it is a poor substrate of endogenous auxin carriers 
of tobacco cells (Delbarre et al., 1996 Planta 198: 532-541), and because cells are able to develop compensatory 
mechanisms acting against potential constitutive change in IAA intracellular level resulting from 
transformation. The transformed cells were prepared as described in Petrášek et al. (2006), using NRT1.1-GFP 
cDNA cloned in pGWB1 vector. Empty pGWB1 vector was used as control. (B) 3H-IAA uptake assayed in 
seedlings (Ws, atnrt1.2-1) grown for 4 d on media containing nitrogen sources described in the figure. Results 
are means ± s.e.m (n=5 batches of 10 seedlings), and are representative of 2 independent experiments. The 
difference found at 10 mM NO3

- may result from impaired growth of the mutant since NRT1.2 is crucial for the 
activity of the low-affinity root NO3

- uptake system (Huang et al. 1999). Differences are statistically significant 
at : *** p<0.001 (T-test). ns: not significant.

0

20

40

60

80

100

120

140

160

180

Control

NRT1.1 

0

1000

19000

1000

***

ns

3H-IAA (nM)

IAA (nM)

3 H
-I

A
A

 u
p

ta
k

e
(%

 o
f 

co
n

tr
o

l)

A

0

20

40

60

80

100

120

140

160

180

Control

NRT1.1 

0

1000

19000

1000

***

ns

3H-IAA (nM)

IAA (nM)

3 H
-I

A
A

 u
p

ta
k

e
(%

 o
f 

co
n

tr
o

l)

A

3 H
-I

A
A

 u
p

ta
k

e
(%

 o
f 

co
n

tr
o

l)

Control
NRT1.1-injected

+NOA +TIBA +NPA

0

50

100

150

200 ns

B

ns ns

3 H
-I

A
A

 u
p

ta
k

e
(%

 o
f 

co
n

tr
o

l)

Control
NRT1.1-injected

+NOA +TIBA +NPA

0

50

100

150

200 ns

B

ns ns

36



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SUPPLEMENTAL REFERENCE 
 
Delbarre, A., Muller, P., Imhoff, V., Guern, J. (1996) Comparison of mechanisms controlling 
uptake of 2,4-dychlorophenoxy acetic acid, naphthalene-1-acetic acid, and indole-3-acetic 
acid in suspension-cultured tobacco cells. Planta 198, 532-541. 
 

Figure S4

Figure S4. Immunolocalization of NRT1.1-GFP in young lateral roots.
NRT1.1-GFP protein was detected using anti-GFP antibodies (Roche) and Alexa Fluor 488 
(Invitrogen) goat anti-mouse (see Experimental Procedures). The secondary antibody was detected 
using confocal laser scanning microscopy.
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