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SCOPE

Spatiotemporal coordination of organ formation @&cial research topic in both
plant and animal biology. In the model pl&ntbidopsis thaliana, the “root clock”
model states that a periodic induction of gene @sgion occurring in the oscillation
zone of the root apex constitutes a temporal sighhls temporal signal can be
translated into a spatial message leading to séiquarmation of the prebranch
sites, patches of cell competent to form lateratgoThe plant hormone auxin
controls many aspects of organ growth and developmeplants. Particularly for
lateral root development, auxin signalling is qagsential for lateral root (LR)
initiation, patterning of LR primordia and its ergence. A root cap-specific indole-
3-butyric acid (IBA) to indole-3-acetic acid (IAApnversion was found to
contribute to the root branching process. Thismsrurce modulates the amplitude
of the oscillations and subsequently determineshéne prebranch site is created or

not.

The aim of this project was to reveal the mechartisw this root cap-source auxin
affect the root clock and the nature of this prec@® access it, we applied live-
imaging approaches to visualize auxin signallingadyics during the oscillations and
the prebranch sites formation. A novel imaging eystwith a vertically adapted
fluorescence microscope was optimized to visuaiee dynamics of the root cap
auxin response. To identity novel genes controltiregroot clock imArabidopsis, we
followed two strategies; firstly, an IBA-trascripi@ analysis was applied to explore
the signalling components downstream of the roptstaurce auxin, which led to the
identification of MEMBRANE-ASSOCIATED KINASE REGULAOR4 (MAKRA4).
Secondly, we use Tirlin as a chemical tool to idgnthe potential signalling
components downstream of TIR1/AFB-dependent signgpfathways for lateral root

formation.



FREQUENTLY USED ABBREVIATIONS

ACR4: ARABIDOPS S CRINKLY 4

AFB: AUXIN-RELATED F-Box protein
ARF: AUXIN RESPONSE FACTOR
Aux/IAA: AUXIN/INDOLE-3-ACETIC ACID
AXR: AUXIN RESISTANT

Dex: dexamethasone

DMSO: dimethylsulfoxide

DTA: Diphtheria toxin A

FC: founder cell

GFP: GREEN FLUORESCENT PROTEIN
GR: glucocorticoid receptor

IAA: indole-3-acetic acid

IAM: indole-3-acetamide

IBA: indole-3-butyric acid

LR: lateral root

LRC: lateral root cap

LRP: lateral root primordium

LRIS: lateral root inducible system
MAKR4: MEMBRANE-ASSOCIATED KINASE REGULATOR 4
NAA: naphthalene-1-acetic acid

Naxillin: non-auxin like lateral root inducer
NLS: nuclear localisation signal

NPA: 1-naphthylphthalamic acid

OZ: oscillation zone

PB: prebranch site

PC: periclinal cell division

PCD: programmed cell death

PIl: propidium iodide

PPP: phloem pole pericycle

Q-RT-PCR: quantitative real-time PCR
amiRNA: artificial micro RNA

SLR-1: SOLITARY ROOT-1

SMB: SOMBRERO

T-DNA: transfer DNA

TIR1: transport inhibitor response 1

Tirlin: TIR1-depedent lateral root inducer
TZ: transition zone

tdTOMATO: tandem dimer Tomato red fluorescent grote
UAS: upstream activating sequence

WT: wild type

XPP: xylem pole pericycle
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Introduction

An introduction to the root clock

Theroot clock pre-patternstheroot system

The plant root system is responsible for the uptdkeater and nutrients from the saoill,
and thus crucial for the plant survival and grovthresponse to various growth conditions,
plants can optimize their root system by alteriogt patterning through the formation of
lateral roots. Understanding the mechanism undeglgoot patterning is a major topic both in

fundamental and applied research.

In the plant modeArabidopsis root pre-patterning has been linked to the rémtlg
which manifest itself by a periodic formation okpranch sites along the axis of primary root
Arabidopsis(Van Norman et al., 2013). These prebranch siegpiepared to develop as
lateral roots when they receive signals to grovhieirand emerge from the primary root.
Molecular evidence showed that the root clock mrabterized by a large scale of gene
expression oscillations that are in phase withetkression of the auxin response reporter
DR5 in a defined zone of the root, the oscillazome (Moreno-Risueno et al., 2010).
Subsequently, this temporal oscillating pattergerie expression in the oscillation zone is
translated into a repetitive spatial pattern obpseach sites (Moreno-Risueno et al., 2010).

The root clock can be visualized by the us®Bb:Lucifeasen Arabidopsis(Moreno-
Risueno et al., 2010). DR5 is a highly active sgtithauxin response element (AuxRE), and
it contains tandem direct repeats of 11 base gaatincluded the auxin-responsive TGTCTC
element found in the soybean GH3 promoter (Ulmatal., 1997). The DR5 AuxRE
contains 3-bp mutants with thymidine substitutiorgt to the TGTCTC elements
(CCTCGTGTCTG-CCTHTGTCTC), and displays more sensitivity to authian the natural
composite AuxRE’s, and thus provides a useful rigpaene for studying auxin-responsive
transcription inArabidopsisand other species. The activity of DR5 is tiglaiytrolled by
local auxin signaling capacities and rates of teapon and translation of ARFs. In
Arabidopsis DR5 activity can be quantified in transgebBiR5rev:GFRE DR5rev:3xXVENUS-
N7 andDR5:Lucifesrasdines by the analysis of digital images based ugbith
fluorescence and luciferase signals can be queditify measuring the analog-digital units
(ADU) per pixel using image analysis software (Byud et al., 2012; Moreno-Risueno et al.,
2010). However, the DR5 reporter does not refladbgenous auxin concentration in tissue
profiles in plants and so far no maker line haswageated to evaluate the endogenous I1AA

status.
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The segmentation clock in animals

In segmented animals, such as vertebrates, annafidsarthropods, body segments are
generated sequentially from the presomitic mesodB®M) during somitogenesis (Chipman
et al., 2004; Dray et al., 2010; Pueyo et al., 2@i8llewerk et al., 2003). The segmentation
clock and the root clock share the identical medmamnvolving a biological clock that
periodically convert a temporal signal into a répet spatial pattern during sequential organ
formation. At the transcriptional level, this prgsas both controlled by two sets of
oscillating genes, in-phase and anti-phase gerteshwehave in an opposite way and are

required for root clock in plants and segmentatimck in animals.
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Figure 1. Comparison of the expression patterns of the oscillating genes in the vertebrate
segmentation clock in mouse embryo (A) and in the root clogkabidopsis(B). Both

the presomitic mesoderm and the primary root elongate from top to bottom in this
schematic, as indicated by the arrow, while gene expression propagdte®pposite
direction over time (as depicted from left to right). Gene expression asciiah two

opposite phases occur at the peak of the respective oscillations in the osdlbetes

(green frames) as represented by Lunatic fringe (yellow) and Axing)(in the

segmentation clock (A) and by the marker gene DR5 (yellow) and Auxin Response
Factor 7 (ARF 7) (Blue) in the root clock (B). (Adapted from Moreno-Risueno and
Benfey, 2011)
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In animals, the segmentation clock is mainly regady three different signaling
pathways: Notch-catenin/Wnt and Fibroblast Growth Factor (FGF)e Notch and FGF
pathway genes oscillate in the same phase, wheérefsatenin/Wnt pathway genes
oscillate in the opposite phase. In plant ma@dabidopsis thousands genes were identified
as oscillating in-phase or anti-phase. Among thamy, few genes were identified to known
pathways such as the auxin related pathways, wiok of genes have not yet been assigned
to any determined signaling pathway. For instamc@yabidopsis the auxin response maker
DR5is found to be synchronized with the oscillatadrgene expression in the oscillation
zone (OZ). The expression DR5starts at the beginning of the OZ close to the tipp
increases over time and moves further from thetipot¥When the DR5 signal leaves the OZ,
the expression dDR5remains static in the prebranch sites. Subseguentlew cycle oDR5
oscillation occurs again in the OZ following thénpary root elongation. By contrast,
expression oARF7in the OZ decreases when the pulsBBb signal rises, and goes up
whenDR5signal is reduced (Fig.1). Interestingly, this opipe expression pattern BDR5and
ARF7in the OZ is similar to that of some oscillatingngs identified in the mouse
segmentation clock, such as Lunatic fringe (Lfngg &xin2 (Fig.1) (Dequeant et al., 2006;
Moreno-Risueno et al., 2010).

Interestingly, during mouse somitogenesis, Wmaligg has been implicated in both
the segmentation clock and gradient mechanismsiihdo et al., 2005; Saga et al., 1997).
The establishment of the Wnt/FGF gradient requarfg€atenin protein gradient in the
posterior presomitic mesoderm (PSM). This gradiéifitcatenin acts downstream of the
clock oscillations, and defines the size of thdllagory field and controls key aspects of PSM
maturation and segment formation (Aulehla et &08). Remarkably, the oscillation
periodicity is independent of beta-catenin proteirels, whereas the signal intensity and the
amplitude of the oscillations is dependent on ttesg@nce of high and steady nuclgar
catenin levels (Aulehla et al., 2008). AccordinglyArabidopsis the carotenoid biosynthesis
pathway was shown to moderate the periodicity efrtot clock and also the DR5 activity in
the oscillation zone, which determine prebranadsdibrmation (Van Norman et al., 2014).

Theroleof indole-3-butyric acid (IBA) in Arabidopsis

Auxins are phytohormones involved in controllingql growth and developmental
processes, and indole-3-acetic acid (IAA) has lveeognized as the major auxin and is used
in most physiological studies. Arabidopsis IAA is mainly synthesized from tryptophan

(Trp) via Trp-dependent, or from an indolic Trp quesor via Trp-independent pathways
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(Mashiguchi et al., 2011). However, next to IAAhet abundant auxins in plants have been
reported. Indole-3-butyric acid (IBA) has long besed as a synthetic compound that
induced root initiation, and several lines of evide prove the existence of native IBA in
plants (Blommaert 1954; Epstein et al, 1993; Ludiigjler et al, 1993; Schneider et al.,
1985; Sutter and Cohen, 1992). For instance, IBa\de®en shown to be synthesized in vivo
by using IAA and other compounds as precursorsaizen(put reference here), and IBA
could be extracted from all species belonging €3hlix genus (Ludwig-Mduller, 2000;
William, 1999). InArabidopsis IBA comprises approximately 25% to 30% of thatdtee
auxin pool in seedlings (Ludwig-Muller et al., 1998nexpectedly, more recently,
researchers failed to detect the endogenous IB¥abidopsis(Novak et al., 2012), which
might be due to the very low level of free IBA beldetection limit, or still uncharacterized
metabolism pathways for IBA iArabidopsis

Genetic evidence showed that IBA is converted tvaandole-3-acetic acid (IAA) in
peroxisomes by a process similar to fatty geakidation (Strader et al., 2010; Zolman et al.,
2000). In contrast, IBA transport in vivo is indapent of IAA, and facilitated by
PLEIOTROPIC DRUG RESISTANCES (PDR8)/PENETRATION3/8B36 and
PDR9/ABCG37 (Liu et al., 2012; Rashotte et al.,2@uzicka et al., 2010; Strader and
Bartel, 2009, 2011; Tognetti et al., 2010). As IBéfves as an auxin precursor, it is shares
functionality with IAA during plant development.his been demonstrated that the
endogenous IBA-to-1AA conversion is required fooper root growth, such as the root hair
elongation and lateral root formation (De Rybehlet2012; Strader et al., 2010). Most of the
fatty acidp-oxidation enzymes and IBA efflux carriers are keckin the root cap cells in the

root tip, suggesting the important role of IBA-reape on root development.

Several questions remain unanswered, including ndwen, and where IBA is
synthesized, whether IBA can serve as a signalioigenle on its own, what components
regulate IBA distribution in roots, and how IAA dexd from IBA in the root cap contributes
to the patterning of the root system. For the tatte hope that the present thesis represents a

step forwards towards a better understanding.
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To branch or not to branch: therole of pre-patterning in lateral root formation

Adapted from:
Van Norman, J.M.Xuan, W., Beeckman, T., and Benfey, P.N. (2013). To brawmrchot to
branch: the role of pre-patterning in lateral fmotnation. Developmerit4Q 4301-4310.

Abstract

The establishment of a pre-pattern or competent@to new organs is a key feature of the
post-embryonic plasticity of plant developmertie elaboration of pre-patterns leads to
remarkable heterogeneity in plant form. In rootteyss, many of the differences in
architecture can be directly attributed to the outgh of lateral roots. In recent years, efforts
have focused on understanding how the patterrtefdlaroots is established. Here, we review
recent findings that point to a periodic mechanignestablishing this pattern, as well as
roles for plant hormones, particularly auxin, ie garliest steps leading up to primordium
development. In addition, we compare the developmoklateral root primordia witim vitro

plant regeneration and discuss possible commonamalemechanisms.

I ntroduction

The post-embryonic formation of lateral organslanps occurs when cells acquire a
new fate, generally based on positional cues, lagl tindergo a coordinated program of cell
division and differentiation to produce an orgamardium. In the root, lateral branches are
formed primarily from cells of the pericycle (se&sary, Box 1), which is an internal tissue
surrounding the central vascular cylinder (Fig.Qi. a regular basis, subsets of pericycle
cells become competent to form lateral roots (l9Re, Glossary, Box 1) and, depending on
the species, this occurs in proximity of phloeng.(@ maize) or protoxylem strands (e.g. in
Arabidopsis thalianp(Casero et al., 1995; Dubrovsky et al., 2000; iHhmidinger and
Zimmermann, 2008). The frequency of these evendbkshes the number of sites competent
to form LRs over time and is, therefore, cruciasiraping the final root system architecture,
which is a major determinant of agronomic produttiAfter competence is established, the
development of a lateral root primordium (LRP, €&dessary, Box 1) occurs either strictly
through division of cells derived from the periay¢e.g. inArabidopsi3, or through division
of pericycle-derived cells and recruitment of calithe adjacent endodermis (e.g. in maize)
(Bell, 1970; Hochholdinger and Zimmermann, 2008).
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The development of LRP can be induced or reprassexponse to environmental
conditions and thus provides a mechanism for thetgb cope with changing edaphic
conditions (Malamy, 2005). A great number of ennimental variables have been shown to
influence LRP development. For example, osmotioydht) stress inhibits developmental
progression of early stage LRP (Deak and Malam@52@nd activation of the meristem in
emerged LRP is blocked by exogenous abscisic agthnt hormone involved in stress
responses (De Smet et al., 2003). LRP developmeatiso sensitive to the availability of
nutrients including growth limiting nutrients suak nitrogen and phosphorous (recently
reviewed in (Jones and Ljung, 2012; Lavenus eR@ll3; Peret et al., 2011). While some
environmental stimuli have clear involvement irelatage LRP, nitrogen and phosphorous
can also act earlier in LRP development (Lima gt28110). It is unclear whether
environmental stimuli can only influence the deypeh@ntal progression of sites already
established as competent to form an LRP or if éteot pre-patterning, which has, to date,
been shown to be primarily dependent on time (MeiRisueno et al., 2010) can also be
impacted by environmental cues. Although the fowgcome would be similar, more or fewer
LRs, the distinction would reflect a differencetle plant’s strategy to achieve developmental
plasticity under variable conditions. Thereforederstanding the regulation of LR pre-
patterning and subsequent primordia developmentdyatsired the interest of many plant
biologists.

The molecular and cellular mechanisms of LR fororatiave been most extensively
studied in the model pladtrabidopsis thalianaln this species, relatively regular spacing of
LRs was reported, with LR placement coinciding wita outside edge of curves along the
primary root, particularly when roots show a begdan wavy growth pattern. To understand
the basis for this regular branching pattern, @rigcial to understand the earliest
developmental events occurring during LR formatibime Arabidopsisprimary root tip is
classically divided into 3 main developmental zofigg. 2A) (Dolan et al., 1993). The
rootward-most portion of the root tip, the meris&itm zone, contains the stem cell niche and
cells that are undergoing active proliferation wekatively little expansion. The meristematic
zone is occasionally described as having two pHrésbasal and apical meristem. The basal
meristem is the shootward-most region of the meamsand is also referred to as the transition
zone, as cell division rates slow and cells begim¢rease in size (Figure 2A). This is
followed by the elongation zone: a region wherdifanative cell divisions cease and cells
undergo rapid and extensive cell elongation, irgirggin length by 300% within three hours
(Verbelen et al., 2006). Finally cells enter thiéedentiation zone where they cease growth
and the vast majority attain their final size, lmegi differentiate, acquiring their specialized
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Figure 2. Structure and development of the Arabidopsisroot. (A) Median longitudinal
section depicting developmental time (black arrowthe longitudinal axis. A prebranch site
(magenta) forms after an oscillation of gene exgoeswithin the oscillation zone (dotted
line). Prebranch sites indicate competence to fotateral root primordium (LRP) in the
future. After competence is established, it is foted that xylem pole pericycle (XPP) cells
within a prebranch site can be specified as late@lfounder cells (LRFCs, green hatching).
LRP initiate in the differentiation zone througlymmsnetric cell division of LRFCs, which
gives rise to smaller cells (blueB)(Transverse section. Periodic expressioDRb:GUS
occurs in the protoxylem; however, because latexal (Choat et al.) initiation occurs in the
adjacent XPP cells, signaling between these getigynight be required for LRFC
specification. Note that the ground tissue compria® cell layers: the outermost cortex and
the endodermis, which is immediately exterior t piericycle. C) Cut-away portion of the
median longitudinal section focused on a regionrerla@ LR will form. XPP cells are
predicted to be sequentially specified as LRFCsggihatching), then activated to undergo
cell division (green/white hatching). LRFC activatiresults in the coordinated migration of
nuclei (white circles) towards the common cell wala pair of longitudinally abutted cells.
These cells then undergo asymmetric division, giviee to smaller cells (blue), to generate a
stage | LRP. The primordium grows through the oaétirlayers of the primary root until it
emerges from the epidermis. Drawing is not to scale



Introduction

cellular features and functions (Figure 2A). Adutially, development of LRP begins in the
differentiation zone.

A developing LRP becomes microscopically detectaliien a primordium consisting of
a single cell layer is generated through asymmetiicdivision in the differentiation zone of
the root (Fig. 2C) (Malamy and Benfey, 1997). Thgeent pairs of xylem pole pericycle
(XPP, see Glossary, Box 1) cells that undergodgiisdivision, also called LR initiation, are
designated as lateral root founder cells (LRFGs Glessary, Box 1). Prior to cell division,
LRFCs cannot be microscopically distinguished fiitwn other pericycle cells without the use
of specific reporter lines. These founder cellstimdergo anticlinal cell divisions to generate
a single cell-layered primordium containing upéa small cells (stage | primordium, see
Glossary, Box 1). This is followed by periclinalladivisions in the center-most cells, giving
rise to a two cell-layered primordium (stage linpordium, see Glossary, Box 1). Several
rounds of division in the central cells lead toellipsoid-shaped primordium that eventually
grows through the outer cell layers of the parent and finally emerges from the root
surface (Fig. 2C) (Lucas et al., 2013).

Molecular evidence suggests that early events lestaly the regular pattern of LRs,
prior to LRFC identity and LR initiation, occur atmore root-ward position in the root tip
where recurrent expression of reporter construttei by the synthetic promoter element
DR5 (DIRECT REPEATS) are observed (De Smet ek@lD7; Moreno-Risueno et al., 2010).
DR5 promoter activity, which is used to assay thadcriptional response to auxin, is
correlated with subsequent LR initiation, suggestirat an oscillating transcriptional
mechanism operates as an upstream driving foradbdéaregular pattern of LRs. Indeed, a
large number of genes were identified that osellkaith in phase and in antiphase with the
DR5 reporter, although the oscillatory system apptafunction independently of local
auxin levels (Moreno-Risueno et al., 2010). Furtiane, the 6-hour period of the
transcriptional oscillation appears to be shotiantthe frequency at which LRs initiate,
suggesting that establishment of competence to bR and initiation of an LRP are
distinct developmental events.

The oscillation in gene expression occurs ovegaon of the root termed the oscillation
zone (OZ, see Glossary, Box 1) (Fig. 2A) (MorenstiRno et al., 2010). During the period of
the oscillation as many as 12 pericycle cells maytee OZ (Verbelen et al., 2006),
suggesting that several cells may experience ttilad®n in gene expression. Yet, generally
only pairs of abutted pericycle are specified a§CR, suggesting a mechanism exists to
refine or restrict the number of pericycle cellattvill adopt this fate. At the tissue-specific
level, DR5 reporter expression suggested thatsb#latory maximum occurs in the
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protoxylem cells adjacent to the pericycle (Fig).2Bmay, therefore, be that XPP cells
receive signals during the oscillation to prepaiat for LR initiation, a process that has been
termed, priming (see Glossary, Box 1). After theiltstion, a static point of DR5 expression
marks pre-branch sites, which are defined as posittompetent to produce LRs in the future.
Subsequently, auxin signaling-dependent nuclearatig in LRFCs precedes the
asymmetric cell divisions that generate stagerprdia.

Hence, the events leading up to and including pleeiication of LRFCs and LR
initiation are crucial for lateral root organogeisebut many questions surrounding the
molecular mechanisms that underlie the earliegestaf lateral root formation remain
unanswered. In this review, we focus on these @mWelopmental steps and reflect on the
potential mechanisms that contribute to the esthivient of the LR distribution pattern,
which forms the basis of root system architecture.

Isthere a mechanical mechanism involved in establishing the pattern of lateral roots?

Under experimental condition&rabidopsisroots grow in a serpentine manner, bending
from side-to-side as they traverse the culture oradRoot waving has been described as the
consequence of differential growth due to re-oagah of growth in the direction of the
gravity vector combined with thigmotropic growtle{orientation based on the touch
response, reviewed in (Oliva and Dunand, 2007)g¢sé&hroot growth behaviors are
hypothesized to be an evolutionary strategy tdifata obstacle avoidance under rhizospheric
conditions. Accompanying root waving, the developtred LRP and the emergence of LRs
coincides with the outside edge of these curvesgi(Fet al., 1989), suggesting a relationship
between the pattern of LRs and root waving.

As root waving results from alternating left- amght-turns by the root tip, the number
of outside edges facing towards the left and nigihdoughly equal. Coincident with the
sidedness of the curves, the presence of LRs aRdi$ Rlso equal on each side of the root
(Fig.3). Furthermore, an agravitropic, auxin transport mitaunx1, which turns in only one
direction, shows a shift in LR distribution with reoLRs emerging on the outside edge of the
coiled root (De Smet et al., 200These results suggest that the distribution patiebiRs is
linked with root waving and the gravity responsa auxin transport. The co-occurrence of
these processes was further investigated by inguowt bending by gravi-stimulation and
mechanical methods (Ditengou et al., 2008; Laskoetsél., 2008; Lucas et al., 2008;

Richter et al., 2009). Gravi-stimulated bends oadoen plants are re-oriented with respect to

the gravity vector resulting in a sharp bend agdlo¢ tip reorients growth to realign with
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gravity. Mechanical bending can be induced thromgimual manipulation of root or seedling
position, growth of the root into a barrier, ordhgh gel sliding assays (Figure 3B-E). Similar
to root waving, induction of sharper bends in thet by any method resulted in emergence of
LRs at the outside edge of the bends. IntriguingRP develop at the outside edge of a bend
even when a root is only transiently bent, howd\P and mechanically-induced bends only
coincide when bending occurs a short distance tramoot tip (Ditengou et al., 2008;
Laskowski et al., 2008; Lucas et al., 2008; Riclkteal., 2009).

The molecular link between gravitropism/root wavargl LRP development is predicted
to be auxin. It was proposed that altered auxitridigion upon root re-orientation is
sufficient to establish the pattern of LRs along thot. However, roots that are agravitropic
due to defects in auxin signaling or transporareimoval of gravity-sensing tissues still
form LRs on the outside of curves, suggesting gnaity response isn't specifically required
(Ditengou et al., 2008; Lucas et al., 2008; Riclketeal., 2009). Recent observations of roots
grown during spaceflight further indicate that gatern of LRs and gravitropic responses of
the primary root are separable; in the migreavironment, roots grow more slowly than
those of control plants on Earth (ag)lbut root waving persists and LRs are observethen
outside of curves (Paul et al., 2012). Thus, roating and the coincidence of LRP with
curves occur independent of gravity. These reslaltst preclude the hypothesis that
asymmetric auxin distribution at curves in the roegardless of its cause, is linked to the
development of an LRP.

Indeed, the expression and/or localization of reggerfor auxin signaling and transport
show rapid changes (observed within 3-7 hours) #feinduction of bends, suggesting that
mechanical strain on the cells induces changesxmalistribution and signaling (Ditengou
et al., 2008; Laskowski et al., 2008). A computatiomodel was developed whereby the
physical deformation of cells upon bending leadai®in accumulation on the outside of
curves, which was suggested to trigger local coemmet of XPP cells, and then promote the
development and emergence of LRP (Laskowski e2@08). However, mutants with defects
in auxin signaling and/or transport and reducedpkétuction consistently form LRP or LRs
when roots are manually bent (Ditengou et al., 260&hter et al., 2009). These results
suggest that while the development of LRP may lbectige in these mutants, sites
competent to form LRP are present. Furthermored$eruced for very short durations (on
the order of 20 seconds) are sufficient to increéasenumber of LRs observed at the outside
of these transient bends. Following these bendslasly rapid changes in cytosolic €a

levels are observed, and treatment with calciunmeélblockers inhibited both changes in
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Figure 3. LRs emerge from the outside of curvesin the primary root. Schematics of root
bends formed under various experimental conditi®hsRoot waving occurs as roots grow
along the surface of agar plates. LRP develop aadteally emerge from the outside of the
curves. The arrowheads indicate positions of iecipLRP. B) Bends can be induced to form
in the root through manual manipulation of the $agceither by pulling the shoot downward
(left) or by pushing the root tip upward (right:)(Gravistimulation-induced bends. If
seedlings are reoriented with respect to the grasttor, a bend will form as the root tip
responds to realign the tip to gravity througheténtial growth. ) In the absence of
gravitropic response in either the root or shoditead can be induced by root growth into a
barrier (purple bar) K) Bends can also be induced by cutting the agaitber side of a
growing root (gray dotted line) and sliding the rafgaone side, thereby creating two bends in
the root. In these gel-sliding assays, neitherdlétip nor shoot is exposed to manual contact
or reorientation. Arrowheads (B-E) indicate theippois of LRP emergence in response to
induced bends.

cytosolic C&" and production of LRP after bending, indicatingtte8&* signaling is required
for bend-induced LRP development (Richter et &I09. These results suggest that rapid

cellular signaling upon bending triggers events$ kbad to LRP development, prior to
changes in cell shape and differential auxin digtron. This implies that events upstream of
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signaling can promote LRP development and may atdithat competence to form an LRP is
already present at positions of mechanical bendiligrnatively, another interpretation of
these results may be that the pattern of LRs ssdependent on developmental pre-patterning
and, instead, is a consequence of root growth hetsav

Nevertheless, evidence for an endogenous pre-paigemechanism is observed in
studies of bend-induced LRP development. Rootsestdyj to gravistimuli at regular intervals
showed a maximum number of LRs when gravistimutatiocured at 6-hour intervals.
However, LRP formed between the gravity-induceddsemhen the intervals between
gravistimulation were extended to 12- and 24-h@uusas et al., 2008). Additionally,
removal of the root tip prior to manual bendingutesin the formation of more LRs between
the cut edge and the bent region in both wild &pe auxin signaling mutants (Ditengou et
al., 2008). These results suggest that the patfdtRP is established independent of induced
bends and indicates that, although a single LR-allyt emerges at an induced bend,
additional nearby sites are competent to develpliRP. These competent sites may be

developmentally stalled by signals from the ropt biy the emerging primordia, or both.
Evidence for an endogenous mechanism in lateral root pre-patterning

An endogenous mechanism for establishing thenpattfel Rs was proposed based on
a temporal fluctuation in expression of the DR5orégr. At 15 hour intervals, expression of
the DR5 promoter fused to thHe-glucuronidase (GUS) reporter gene was observéukin
shootward-most portion of the meristematic zoneggjgally in the two protoxylem cell files
but not in the adjacent XPP cells (Fig. 2Bhe longitudinal position of the sites of DR5:GUS
expression in the meristem could be correlated thighater development of an LRP (De
Smet et al., 2007). Thus, it was suggested that-®fBbessing protoxylem cells signal to
adjacent XPP cells to condition them for LRFC idgnt process called priming (see
Glossary, Box 1). If the temporal changes in DRpregsion are hypothesized to direct the
later formation of an LRP, this recurrent processl@ explain the regular spacing between
LRs under controlled growth conditions. HoweveD&% expression occurs in both sets of
protoxylem cells, the alternating distribution dk& on the sides of the root cannot be
explained, suggesting that a subsequent mechamgmunes LR sidedness (De Smet et al.,
2007). For example, the mechanical strain and asmomistribution of C& and auxin that
is described in cells upon bending occurs in mdferéntiated regions of the root, therefore
it is possible that the sidedness of LR initiati®aletermined later in response to signals
produced as a consequence of changes in cell dbgpeassion conferred by the DR5
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Figure 4. Prebranch sites mark the positions at which L RP will subsequently develop

and emerge. (A) An oscillation inDR5:LUC expression (chemiluminescence signal imaged
at 5-6 minute exposure times) in the oscillationez¢OZ) leads to the formation of a
prebranch site (asteriskB)X Quantification of the oscillation @R5:LUC expression in two
individual roots. The oscillation has a period@ hours and appears to precede the changes
in growth direction of the root tip during root wayg. Blue/dark blue arrows indicate the time
points at which bends were formed in each of tihmamy roots. ADU, analog-digital units.

(C) Overlay of a luciferase and brightfield imagekéa 5 days after the luciferase image) to
show emerged lateral roots. Arrowheads indicat&ipas at which LRP have yet to emerge.
(B,C) Adapted with permission (Moreno-Risueno et2010).

promoter was further examined by fusing it to thueiferase gene, allowing visualization of
its behavioiin vivo (Moreno-Risueno et al., 201@xpression of DR5:Luciferase (LUC) in
the root tip revealed oscillatory activity with arpd of 6 hours. This dynamic expression
pattern occurred over a larger region of the ripotitan previously described and this region
was, therefore, termed the oscillation zone (OZ.(#A, B). Following each peak of the
DR5 oscillation, a static point of expression whsearved, which exhibited a similar
longitudinal distribution as LRP and LRadeed, later examination of these points revealed
them as the future sites of LRP and LRs, and therngwtherefore designated as prebranch
sites (see Glossary, Box 1, Fig. 4C) (Moreno-Risugtral., 2010).

DR5 expression is frequently utilized as a proxythe distribution of auxin, however an
exogenously stimulated peak in auxin levels in@Zewas not able to trigger formation of a
prebranch site. Additionally, a reporter gene \githilar response dynamics to exogenous
auxin as DR5:LUC and expressed in the OZ did nbiteixperiodic expression (Moreno-
Risueno et al., 2010). These results suggestedsicdkatory peaks in auxin itself are not
sufficient to account for the dynamic behavior ®®and the subsequent formation of
prebranch sites. In an effort to determine the tyihg cause of the oscillation, microarray
analysis of gene expression identified >3400 geresse expression oscillates either in phase

or in antiphase with the DR5 reporter. Several watd transcriptional regulators were found
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to both exhibit oscillatory expression and be fiorally important for LR formation
(Moreno-Risueno et al., 2010). Although auxin respee genes do not necessarily show
oscillatory expression in the OZ, some oscillagieges have established roles in LR
formation and are involved in or downstream of awsignaling, such dsATERAL ORGAN
BOUNDARIES DOMAIN 16.BD16) andAUXIN RESPONSIVE FACTORARF?)
(Okushima et al., 2007; Okushima et al., 2005).4peetedly ARF7was found to oscillate in
antiphase to DR5:LUC and arf7 mutants the oscillatory expression of DR5:LUC is
abnormal and prebranch sites form at irregularnwals, suggesting ARF7 function is
important for periodic gene expression in the OD{dho-Risueno et al., 2010). Together
these results led to a model describing a latemtlclock, in which a complex periodic
transcriptional mechanism specifies sites thatampetent to form LRs, thus establishing a
LR pre-pattern along the root’s axis.

Like the LRs that follow them, prebranch sitesfatend at curves that are produced
during root waving. Although root waving shows m#ar periodicity as prebranch site
formation, the oscillation of DR5 expression is@fed prior to the re-orientation of root
growth direction (Moreno-Risueno et al., 2010).sTuiggests that, despite their occurrence at
a similar position along the root, these eventsaparated by time. The link between
bending and prebranch site formation was examigegkposing roots to gravistimuli and
manual bending. Roots responded to gravistimulagymchronously, with individual roots
completing the last bend due to root waving priore-orienting growth in the direction of the
gravity vector, which is consistent with these ladlstinct growth behaviorgn manual
bending assays, prebranch sites were observed betid and nearer to the root tip than
bends could be made without disrupting the positiotie root tip. Manual bending did not
result inde novoprebranch sites and no LRs emerged from sitepnestously marked by a
prebranch site; yet, as observed previously, LRErged at the outside edge of the bends
(Moreno-Risueno et al., 2010). These results amsistent with a hypothesis in which an
endogenous patterning mechanism establishes sitgsetent to form a LR, but LRP
development and perhaps sidedness of LRFC spemficare subsequent developmental
decisions, which integrate multiple cues.

The priming of XPP cells during the oscillationgghe expression in the OZ
conceptually links DR5 expression in the protoxyheith later LRP development in the
adjacent pericycle. Although priming is thoughb® XPP specific, prebranch sites cannot yet
be examined at a cellular level for technical reagsee below). Priming of XPP cells would
not be predicted to occur only on one side of dw as DR5 expression is observed at both
xylem poles. Additionally, the molecular charaatéprimed XPP cells and the priming
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signal remain elusivéAn alternative, and not mutually exclusive, hypaikes that genes
oscillating in the pericycle itself may have im@nt roles establishing the LR prepattern. For
example. BD16is observed to oscillate and was recently repdddtive XPP-specific
expression and a key role in LR initiation (Golakt2012; Moreno-Risueno et al., 2010).
Because the root tissue examined for oscillatiaggeriptional profiles was specific to
longitudinal regions but encompassed all root gssthe tissue-specific nature of any
oscillating transcripts was not captured (Morenstieno et al., 2010). The necessity for
vascular continuity between primary and lateratsanay be a crucial reason for coordination
between vascular patterning and LR pre-patterrang,this is supported by additional
connections between vascular patterning and thelol@wment of LRP (Bonke et al., 2003;
Ohashi-Ito and Bergmann, 2007; Parizot et al., 2088wever, the role of cell-to-cell
signaling between protoxylem and XPP cells is &amnguaing question requiring further

investigation.
L ateral root founder cellsand prebranch sites

Organogenesis is generally thought to begin vhighspecification of founder cells
(FCs). This specification could involve cells acing competence to respond to an activation
signal. Activation of FCs typically leads to celvidion, which is the first morphological
indication that a change in cell fate has occurremlvever, prior to activation of cell division,
the identification of FCs is difficult as they dristologically indistinguishable from the
surrounding cells. Another difficulty is that theaee few molecular reporters for FCs, and for
those markers that are available, the functiomefassociated molecules in FC specification,
activation or cell division is not entirely cledgveridge et al., 2007; Chandler, 2011). These
general FC features are also true for lateral imatder cells (LRFCs).

LRFCs are the specific XPP cells that will undeaggmmetric cell division (LR
initiation) to produce a stage | LRP. The specifaaand activation of LRFCs is thought to
occur within the differentiation zone of the roatyere other cells have ceased division and
growth and have become differentiated. Howeves, uinclear if XPP cells dedifferentiate
then re-differentiate into LRFCs, or if they areimtained in an undifferentiated state
(Dubrovsky et al., 2000; Laskowski et al., 1995;|afay and Benfey, 1997). Expression of
the DR5:GFP reporter is observed in select XPR egltl precedes LR initiation. Therefore,
activation of DR5 expression is considered the iindication that specific XPP cells have
acquired LRFC identity (Dubrovsky et al., 2008).dittnally, aberrant lateral root
formation 4 (alf}3 mutants, show DR5:GFP expression in select XHB, get LRP are not
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produced as a result of defects in cell divisioiD@nato et al., 2004; Dubrovsky et al.,
2008). This suggests thalf4 LRFC are either specified but not activated ortarth specified
and activated, but cannot undergo cell divisioprduce a stage 1 LRP. Because DR5:GFP
expression precedes LRFC cell division, and pelicgells appear to be uniformly sensitive
to exogenous auxin, it was proposed that localraagcumulation, rather than increased
auxin sensitivity, triggers LRFC specification (Datssky et al., 2008). In addition, one of the
first anatomical signs that XPP cells have takehRRC fate is the coordinated migration of
the nuclei towards the common wall in a pair ofs;¢lowever by this point LRFC
specification and activation have already occurasd;ell division is imminent (De Rybel et
al., 2010; Dubrovsky et al., 2011).

Recent evidence shows that the developmental msigreof LRFCs to stage | LRP
requires activity of the auxin transporter PIN&mdodermal cells, which are adjacent to the
pericycle cells (Fig 2B). However, LRFCs exhibit REBFP expression prior to PIN3
accumulation in endodermal cells, suggesting tiREC fate has already been specified
(Marhavy et al., 2013). Accumulation of auxin irespic cells requires either directed
transport or intracellular biosynthesis, with cllluretention of auxin. Either scenario
requires that these select XPP cells attain highemn levels, suggesting they may already be
distinct from other XPP cells prior to detection@R5:GFP reporter expression. Thus, in
contrast to the proposed role for auxin as a signBRFC specification, it may be that auxin
acts as an activation signal of LRFC cell divisiBased on this hypothesis, it is possible that
in alf4 mutants, LRFCs are specified and receive theaaiv signal (as visualized by
DR5:GFP expression) but, due to mitotic defects,usrable to undergo coordinated cell
division. Additionally,ALF4 expression and protein localization appear tobdependent of
auxin signaling (DiDonato et al., 2004), suggesthng additional activation signals may
exist.

Prebranch sites are the static points of DR5:LU@ression that form at the position of
the peak in the periodic oscillation of DR5 aftee pbscillation is complete (Moreno-Risueno
et al., 2010). Expression of DR5, as reported b G&observed in XPP cells at one side of
the xylem pole prior to the asymmetric divisiontthaves rise to an LRP, identifying these
cells as LRFCs (Dubrovsky et al., 2008). Becausesipression of DR5 is used to define
both of these terms, they might be considered synons. However, it is important to keep
in mind the difference between the reporter gebe§; and GFP. The LUC enzyme cleaves
its substrate (luciferin), thereby producing liglmd it then becomes inactive. Thus, while
monitoring LUC activity is a highly dynamic and séive method to assay thevivo
activity of a promoter (de Ruijter N.C.A., 2003)id difficult to obtain cell type-specific
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resolution, as light spreads outward in all di@tsi from the source. GFP expression,
however, can be localized in a cell type-specifanmer using confocal microscopy, although
the drawbacks of GFP are long maturation and gtabihes, higher thresholds for
detectability, and a relatively high backgroundfiescence in plants (de Ruijter N.C.A.,
2003). Because the static points of DR5:LUC expoesare visible earlier than expected for
LRFCs, and because it is not yet possible to determhich cell type the LUC activity
originates from or if it is localized to one sidiexglem pole, it is not appropriate to describe
these points of DR5:LUC expression as LRFCs (MoiReismeno et al., 2010Prebranch

sites may indeed be LRFCs that are visible at dreetime due to the higher sensitivity of
LUC. Alternatively, they may indicate a broademmmetent site from which specification of a
restricted number of XPP cells into LRFCs will sedpsently occur specifically at one side of

the root.

A developmental window for founder cell identity and thefirst formative division to

produce LRP

LRFC identity has been associated with an increatiee transcriptional response to
auxin in select XPP cells briefly before they urgeasymmetric cell division (Benkova et al.,
2003; Dubrovsky et al., 2008). The time lag betw#enDR5:GFP expression in LRFCs and
LR initiation is extremely short and, consequenbigth events are observed in the same
region of the root, namely the early differentiataone (Fig. 2A) (Dubrovsky et al., 2011).
Monitoring auxin response and distribution along émtireArabidopsisprimary root
revealed a region with low auxin response and setrelt was positioned between two distinct
auxin maxima: one at the very tip of the root, inithg the QC and meristematic zone, and a
second in the vascular bundle of mature tissubdarshootward-most regions of the root. The
region of “auxin minimum” was somewhat paradoxigétiund to overlap with that in which
increased auxin response (as assayed by indudtiDR®GFP expression) in LRFCs and LR
initiation occur. Therefore, this region was progass the developmental window for LR
initiation.

The developmental window is somewhat dynamic, isigifin the direction of the root
apex as the root grows thereby guaranteeing a evdt®equence of LR production under
controlled growth conditions (Dubrovsky et al., BRAn this region of lower auxin levels
and response, cell- and tissue-specific auxinidigion and TIR1/AFB-dependent auxin
signaling modules result in the induction of aus@sponsive genes, such@ATA23and

LBD16,and the subsequent activation of LRFCs to undeugtear migration and
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asymmetric cell division (De Rybel et al., 2010;hGa al., 2012). Downstream of the
TIR1/AFB auxin receptor proteins, a family of tranptional repressors AUXIN/INDOLE-3-
ACETIC ACID INDUCIBLE (AUX/IAA) proteins are degragtl upon auxin perception
leading to auxin-induced gene expression (reviewd@hapman and Estelle, 2009). In
ilaa28 a gain-of-function mutant, in which the IAA28 pemn is stabilized thus suppressing
auxin response, nuclear migration is interruptedding to inhibition of LRFC activation and
a substantial decrease in LR formation (De Rybal.e010). Similarly whehBD16 a
downstream target of auxin signaling but whose ifipdanction in LR formation remains
unknown, is repressed nuclear migration in LRFGBssupted, thereby blocking the
subsequent initiation of LRs (Goh et al., 2012kewise, disrupting polar auxin transport
genetically or through chemicals alters auxin dstion in this region and inhibits lateral
root initiation (Dubrovsky et al., 2011; Marhavyagt, 2013). The occurrence of these auxin
response-maximum driven processes within a redigemerally low auxin levels is
intriguing and suggests that cells in this regiaayrhave enhanced responses to minor
fluctuations in endogenous auxin availability. trtls an environment, a subset of XPP cells
could register local changes in auxin levels primgd signal for developmental progression
towards LR initiation, a situation that may notgmessible in conditions of high auxin levels.

As opposed to auxin, cytokinins were identifieceadogenous suppressors of LR
formation. Their inhibitory mode of action was #ittited to hindrance of polar auxin
transport, which could disturb local auxin disttibn patterns and auxin signaling pathways
(Benkova et al., 2003; Laplaze et al., 2007; Lalet2006). More recently, however, cytokinin
response, as monitored by a cytokinin-sensitiveaefthe TCS reporter), in the
developmental window was shown to be minimal, algfono decrease in active cytokinin
levels could be measured within this region ofrtb@ (Bielach et al., 2012). Furthermore,
exogenous cytokinin failed to induce expressiothefTCS reporter, indicating that strong
repression of cytokinin signaling is at play in ttevelopmental window and might be an
important component for LR initiation. Categoriziting effects of increased cytokinin levels
on LR formation either by endogenous expressiarytafkinin biosynthesis genes, or by
exogenous cytokinin treatment, demonstrated tleag#nly phases of LR formation including
the pre-mitotic stages are more sensitive to cygiokhan are the later stages of LRP
development. It was suggested that in the developghe@indow where auxin levels are low,
ectopic cytokinin levels are more disruptive tolgatage LRP, whereas in more developed
primordia, auxin levels are more robust, thus dighimg the impact of cytokinins (Bielach et
al., 2012).
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Conclusion

During recent years and thanks to the developmiemb\eel reporter lines idrabidopsis
insight has been gained into the “invisible phadd”’R formation, namely the events that
precede the first asymmetric cell divisions in LREThe uncovering of previously unknown
developmental steps has pushed researchers tol&enmew concepts so that results
obtained by different research groups working ¢eréd roots can be compared. In this
Review, we aim to provide a solid foundation fog toming years during which exciting new
insights are expected to surface. We have sumndameoent published work on pre-
patterning mechanisms in the root, which consistvofimportant developmental steps: 1) a
periodic oscillation of gene expression that trigggompetence for LR formation; and 2) the
perception of an auxin signal in founder cellsébugp LR initiation in the developmental
window, a region of the root in which the integoatiof auxin and cytokinin signaling occurs.
However, many questions remain unanswered.

We still lack cellular resolution of the oscillayogene expression process. The current
cellular information from the DR5:GUS reporter in@sl that signaling from the adjacent
vasculature to the XPP cells is important for LR$p&cification. However, it is unclear what
the identity of such a signal might be and whertl{gnOZ or later) this signal would be
transmitted to the XPP. Because there doesn't appédee a sidedness to the oscillation in
DR5 or endogenous genes, how LR sidedness oceuengto be determined but signals
from the cells exterior to the pericycle upon deltideformation may be involved. Finally,
whether so-called priming signals and the cuesdbtrmine sidedness are distinct and
sequential remains to be established. Once LRFGmie observable by reporter expression
or nuclear migration, asymmetric cell division ddycfollows. However, as the positional
information transmitted by the oscillation of gengression occurs earlier, XPP cells may
undergo a change in state that we are, as yet|auttatietect. A delay between competence
and LRFC specification and activation would furthrerease the developmental plasticity of
the root system by providing another “check-pofot’the developmental progression of
organogenesis in the root.

Pre-patterning for LR formation is likely to be example of the trade-off between
resource investment and response time during gew@lopment. Unlike animals, plants
continually produce new organs in response to enuiental cues. One option for a plant
would be to wait for the cue and then begin thegss of organ formatictie novo The
obvious downside to this strategy is that the ciionl that triggered the response might be

short-lived. To reduce response time, plants hastead adopted a strategy of commencing
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organ formation, then arresting it at various stagfedevelopment. An example is apical
branch formation, in which branch points are posgid through phyllotaxis, and primordia
are initiated then arrested until the appropriajea is received. The oscillatory gene
expression process that establishes a LR pre-paitgrebranch sites can be thought of as
the equivalent of phyllotaxis, leading to priminigselect XPP cells, which then await a signal
to form a lateral root primordium.

The presence of pre-patterning mechanisms imgiesantinuous production of
organogenesis-competent cells during root growticohtrast to this idea, organogenesis
during plant regeneration from callus was thouglrety onde novadedifferentiation of
mature cells. However, recent comparative analgteR and callus formation have revealed
clear and striking similarities. One important darity is the requirement of high hormone
levels for induction. In the LRIS (Box 2), the tsgrortable synthetic auxin analogue NAA is
applied to seedlings at ~4x the concentration athwthe non-transportable analogue 2,4-D is
applied to explants in the CIM (Atta et al., 2088manen et al., 2002; Valvekens et al.,
1988). However, treatment of root explants withdaheunt of 2,4-D in CIM or of NAA in
the LRIS results in comparable gene expressioepettindicating that these two treatments
induce a similar response (Sugimoto et al., 20daAgxpectedly, root explants treated with
high cytokinin levels or whole seedlings sequehtitibated with NAA and cytokinin-
enriched media are able to form shoot tissue &t stge LRP, suggesting flexibility in the
developmental potential of LRP (Atta et al., 20Q8atfield et al., 2013). These results
suggest that, while the program for callus formraaad its initial steps are similarly executed
under various hormonal conditions, the formationoit or shoot tissue from callus or early
LRP depends on hormonal context.

The comparison between the induction of LR andusallevelopment also revealed that
the XPP cells in the root and XPP-like cells in sheot are unique among cell types in their
ability to divide and from new structures/organslifferentiated tissues. Root pericycle cells
at poles of either the xylem or phloem are furthelieated in that they have distinct cellular
morphology, transcriptional profiles, and are tk#scof origin for LRP (Brady et al., 2007;
Jansen et al., 2012; Laskowski et al., 1995; MalamyBenfey, 1997). In th&rabidopsis
shoot, the XPP-like, callus-forming cells are santio root XPP cells in that they share
marker gene expression and are associated witrawailature, although up to now this shoot
tissue has not been specifically defined as XPRBi(sato et al., 2010). Given that they are
the cells of origin for callus formation from bathot and shoot tissues, the meristematic
potential and properties of XPP and XPP-like dels been greatly expand&grhaps the
structural and molecular similarities, and the oif a common cell of origin, between LRP
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and callus development indicate a common evolutioodgin. Given that hormonal context
is a key aspect of determining which type of orgaiormed by callus or early LRP, the
possibility that LR development is an evolutionafishoot of regeneration may be a viable
hypothesis. In this context, the establishmentldRgre-pattern may function to confine the
meristematic potential of the XPP to specific sites

What was once considered a largely random evemigpity refined by lateral inhibition,
lateral root formation is now revealed as a complexelopmental process underpinned by a
dynamic spatiotemporal pre-patterning mechanisnvafAdes in methods to interrogate
cellular gene expression at finer resolution amddévelopment of dynamic, cell-type specific

reporter proteins will be key tools in future stesli

Box 1. Glossary

Oscillation zone (OZ) — The region in which periodic oscillation of tA®5:Luciferase
reporter and expression of certain endogenous gaess This region encompasses the
shootward-most portion of the meristematic zonayetas the elongation zone (Figure 2A)
(Moreno-Risueno et al., 2010).

Pericycle — A cell layer located between the vascular c@mahd the ground tissue (Figure
2B). Like the vascular tissues, the pericycle hbsagerally symmetric organization.

Xylem pole pericycle (XPP) — Cells of the pericycle that flank the protoxylesils (Figure
2B). Xylem pole pericycle cells have distinct cilumorphology, gene expression profiles
and the unique capacity within the differentiatzmme to re-enter the cell cycle and undergo
cell division. Xylem pole pericycle cell division required for lateral root initiation, as well
as for regeneration via callus.

Priming — a process that occurs in select xylem pole pelgacells, which is proposed to
coincide with the oscillation of gene expressiommihg is predicted to condition these cells
for subsequent prebranch site and lateral rootdeunell specification.

Prebranch site — Static points of DR5:Luciferase expression twaur following the
oscillation of DR5:Luciferase in the oscillatioare. Prebranch sites are competent to form
lateral roots in the futurd@ecause these sites occur earlier than expecteatéval root
founder cells and it hasn’t been determined if egpion is cell type specific, the relationship
between prebranch sites and lateral root foundkr iseunclear.

Founder cells— Founder cells are the initial cells specifiedbé@ome a new organ or tissue.

Founder cells are typically histologically simitarrelated/nearby cells and can only be
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identified following other developmental events;lsas the activation of cell
division(Beveridge et al., 2007; Chandler, 2011).

Lateral root founder cells (LRFC) — A set of two longitudinally abutted cells in baaf the
2-3 cell files of the xylem pole pericycle at ongesof the root. These cells will undergo
asymmetric cell divisions (also called formativeislions) to initiate a lateral root
primordium. The first morphological indicator tltaese cells have a distinct fate is the
migration of their nuclei towards the common cedlliwvAdditionally, expression of DR5:GFP
and gLBD16:GFP is induced in these cells priordgnametric cell division(Dubrovsky et al.,
2008; Goh et al., 2012).

Lateral root primordia (LRP) — A group of cells originating from asymmetric idion of
lateral root founder cells that progress througkeaeotypical set of developmental stages to
produce a roatie novo.

Stage | lateral root primordium — A lateral root primordium comprised of a singédl layer
and the first stage of lateral root primordia depehent. Initially this structure is comprised
of two small cells resulting from asymmetric diaisiof the lateral root founder cells,
however successive divisions result in a group-d04mall longitudinally abutted cells.
Stagell lateral root primordium — Following radial expansion, the cells of thegsta
primordium reorient their division plane, dividipgriclinally to the root’s longitudinal axis,
resulting in a primordium comprised of two cell day.

Lateral root (Choat et al.) — A root that is branching from a parent root aad activated its
apical meristem. In most plants, these organsaanedd postembryonically.

L ateral root prepattern — The specification of a spatio-temporal regiothef root that is
competent to give rise to a lateral root primordidime lateral root prepattern is predicted to
be established by periodic gene expression inghélation zone and the formation of
prebranch sites. Establishment of the prepattestalde under various environmental
conditions.

L ateral root formation — A term encompassing all of the events leadirntheégoroduction of
an actively growing lateral root.

L ateral root development — A term without a clear and accepted definitibimis term can be
used to encompass all the developmental stagektdral root primordium (from stage |-
VIl) and is more clearly stated as “lateral roabhprdium development”. The progression of
any one lateral root primordium through the develeptal stages is impinged upon by

environmental cues.
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Box 2: Thelateral root inducible system

As initiation of an LRP involves few cells and istitoordinated in space or time between
seedlings, the use of genome-wide approaches kaschallenging. To address this, a
method termed the Lateral Root Inducible System$)Rvas developed, which involves
sequential treatment of seedlings with an auxinsgpart inhibitor and then a synthetic auxin
analog, 1-naphthalene acetic acid (NAA) (Himaneal.e2002) This treatment rapidly
induces synchronous cell divisions throughout tR&XThe resulting small cells, which are
similar to a stage | LRP, then divide parallellie toot axis similar to a stage Il LRP. Finally,
extended NAA treatment results in proliferative LB&elopment along the length of the root
at both XPP axes (Himanen et al., 2002).

The LRIS was proposed to override the endogenasafterning mechanism and stimulate
LRP initiationen masseThis allowed application of transcriptional praidj techniques to
begin to address the underlying molecular mechami3imese analyses led to the
characterization of novel proteins involved in daly steps of LR formation, including
ARABIDOPSISRINKLY 4 (ACR4) and GATA23 (De Rybel et al., 2Q1De Smet et al.,
2008) and indicated sequential links between asiginaling and cell cycle regulation
(Himanen et al., 2002; Himanen et al., 2004). iefpauxin signaling via SOLITARY-ROOT
(SLR/IAA14) is required for LR initiation under dostandard conditions and in the LRIS
(Fukaki et al., 2002; Vanneste et al., 2005). Alidio, ectopic induction of XPP cell division

in slr/iaal4 mutants did not promote LR formation (Vanaettal., 2005), LRs formed
proliferatively when induction of XPP cell divisiamas combined with NAA treatment (De
Smet et al., 2010). Although endogenous and LRéfsgrd LRs have common features, such
as tissue of origin and links between auxin sigrggéind the cell cycle, differences in the
pattern/distribution of lateral organs suggess iess clear how the LRIS informs endogenous
LR pre-patterning. While the LRIS may simply shife endogenous LR patterning program
into overdrive, these fundamental patterning deifees may indicate that hormonal
manipulation elicits a distinct response prograrthenXPP
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Synthetic molecules: a helping hand in unravelling plant signal transduction

Adapted from:
Xuan W., Murphy E., Beeckman T., Audenaert D., De Smé¢2013). Synthetic molecules:
helping to unravel plant signal transduction. Jef@hBiol.6, 43-50

ABSTRACT

The application of small molecules has played a&iatuole in identifying novel components
involved in plant signalling. Compared to classenetic approaches, small molecule screens
offer notable advantages in dissecting plant bicklgorocesses, such as technical simplicity,
low start-up costs, and most importantly, bypassiregproblems of lethality and redundancy.
To identify small molecules that target a biologjigeocess or protein of interest, robust and
well-reasoned high-throughput screening approaategssential. In this review we present a
series of principles and valuable approaches irllsmaecule screening in the plant model
systemArabidopsis thalianaWe also provide an overview of small moleculest ded to
breakthroughs in uncovering phytohormone signaljpaghways, endomembrane signalling
cascades, novel growth regulators, and plant defemechanisms. Meanwhile, the strategies
to deciphering the mechanisms of these small mtdecan Arabidopsisare highlighted.
Moreover, the opportunities and challenges of smadlecule applications in translational

biology are discussed.
KEYWORDS

Chemical biology, plant growth and development, Isrm@lecules, screening, translational
biology
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INTRODUCTION

There is a long tradition of small molecule scragrito generate starting points (hit
compounds) for drug discovery in animal and miablystems. This requires a screening
collection with a large number of compounds that ba analysed for the desired effect.
Pharmaceutical companies have access to collediiaften amount to a total of several
millions of compounds. In addition, the agro-indystas used similar approaches to identify
useful agrochemicals. In recent years, diverse caimg collections have become available to
academic researchers through commercial supplidrs. availability of these commercial
chemical libraries allows exploration of their effein specific pathways and cellular
processes in an academic setting (lorio et al. 010

The effect of these compounds can be tested viayp&s of screening approaches. In
pharmaceutical companies, drug discovery oftenzasla target-based approach, by looking
at a protein that plays a role in a specific disepsocess and subsequently identifying
compounds that interfere with the function of thadtein (Pandey and Nichols, 2011). But in
addition to this, drug discovery can also be apgred in a phenotypic way to identify
compounds that produce a certain phenotype-ofasteeither in a model organism or in a
cell-based system. For this purpose, highly advdaeel innovative ways for screening and
evaluating compounds have been developed. Onetsakthat has been extensively used in
phenotypic screening is high content imaging. Bijsutg automated microscopy, scientists
can design in-depth qualitative and quantitativeagi@ms into specific cellular and
subcellular processes to discover how these presesspond to certain chemical stimuli
(Trask, 2004). This type of screening has led gmificant breakthroughs in the field of
neurobiology, for example by the discovery of commpb FK506 and its respective
immunophilin receptors (Liu et al., 2007). Othezas of research that have been significantly
advanced include oncology, toxicology, cell cyadsearch, and protein ligand and receptor
identification (Agler et al., 2007; Barabasz ef 2D06; Chuma et al., 2004; Kobayashi et al.,
2012).

In agricultural research, synthetic molecules havengstanding tradition to be applied
as fungicides, insecticides and herbicides. Ontgmdy, the application of chemicals to study
biological processes (‘chemical biology’ or ‘chealigenetics’) has found its way into the
field of plant sciences (Fig. 1). Many of the gextemethods and principles of chemical
biology can also be utilised in the plant fielderl, we will review the screening approaches
that were used to identify novel chemical tools #mel strategies to identify their mode-of-

action.
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WHY DO WE NEED TO SCREEN IN PLANTS?

The significance of using synthetic molecules terupt highly specific biological
processes in plants is evident when looking atatiantages of this technique compared to
classical genetics. In plant and animal systenes highly conserved nature of, for instance,
protein kinases or phosphatases, which constitutarge family of signal transduction
enzymes, presents a challenging task for the dpwedat of chemical inhibitors that target
only a subset of these enzymes. RNA interferenegénaggnon-conserved sequences can be
used as a genetic approach to analyse a subséargfeagene family during plant growth and
development. However, this approach can becomgrafisant problem when these genes
play an essential role in development at the emicystage. Mutations in essential genes
often lead to embryonic lethality, and thus, preéwee discovery of other roles for that gene
later in development. For example, PROTEIN PHOSPHABE 2A (PP2A) and AURORA
(AUR) kinases are comprised of multiple subunitslasses, respectively. Singlar kinase
mutants show no obvious macroscopic phenotype,ealsetouble mutants with strong alleles
lead to gametophytic lethality and no plants candoevered (Van Damme et al., 2011). This
makes it difficult to determine the potential role$ these proteins at later stages of
development. Unlike genetic approaches, in whichatians at the DNA level perturb gene
function, synthetic molecules exert their effegedily at the protein level in a manner which
is tunable, reversible, and conditional. Theref@mmbryonic lethality can be circumvented
and the effect of the molecules can be assesskteindevelopmental stages under variable
conditions.

Although inhibitors against animal PP2As, such astltaridin and okadaic acid, and
AUR kinases, such as aurora inhibitor Il, are aldé for the research community, they are
ineffective in plants because they abolish oveaelivity, are not very specific, and/or result
in pleiotropic effects (Bajsa et al., 2011; Baskind Wilson, 1997; Deruere et al., 1999;
Mortlock et al., 2005). For instance, the AUR famibnsists of two classes (Demidov et al.,
2005) of which onlya AUR kinases (AUR1/2) are involved in formative idien plane
orientation (Van Damme et al., 2011). Thereforeegal inhibitors affecting the activity of
all threeArabidopsisAUR kinases would not be useful when examininggbecific process
of plane orientation and cell division. Thus, todulate the activity of individual proteins
within a biological process, novel, (plant-)specifiolecules are required.

Small molecules are also very useful as they cdread the issue of genetic redundancy,
a problem often associated with reverse geneticoappes in plants. If interfering with



Introduction

multiple pathways simultaneously is required tduefce plant growth and development,
multiple molecules can be added, which is analogmusnultiple gene modifications.
Alternatively, synthetic molecules can target savarembers of the same protein family (i.e.
by interacting at conserved sites) and can consgiguevercome genetic redundancy.
Additionally, due to the highly conserved naturenodjor plant protein families, such as
receptor-like kinases (RLKs), chemical geneticemdel systems (lik&rabidopsis thaliana
allows for techniques to be transferred from onecssto another, greatly enhancing the

significance of a single chemical screen.
SCREENING PROCEDURES

A prerequisite to find new chemicals that interfasigh a certain phenotypic response or
biological pathway is the availability of a ‘compual screening toolbox’. First, a large
collection of compounds needs to be available thata whole, is capable of altering the
function of a broad range of proteins, includingsé involved in the biological process of
interest. The screening collection can consist yoittetic molecules, natural products, or
small signalling peptides (collectively referreda® compounds) (Huggins et al. 2011). There
are several compound collections commercially atéegl that can be used for small molecule
screening inArabidopsis(Robert et al, 2009)For example, the ChemBridge DIVERSet
library contains in total about 100,000 drug-likevimolecular mass molecules designed to
maximize structural diversity (http://www.chembrédgom/screening_libraries/). Subsets of
this collection have been used previously Amabidopsis screenings and have yielded
interesting hits and tool compounds (Kim et al.120 Similar diverse collections are also
available from other suppliers such as Life Chemidattp://www.lifechemicals.com/),
Asinex (http://www.asinex.com/Libraries.html) and imlrec
(http://www.timtec.net/Screening-Compound-Librarteml). During the assembly process of
these collections, compounds are selected iwiailico filtering algorithms based upon
physico-chemical properties to enhance bio-avditgbin addition, substructure analyses are
applied to remove unstable and/or toxic compouMdst(and Jacob, 2008). Diversity of the
compound collection is essential if no prior knodge of the protein target is known and the
screening aims for the identification of compouttis interfere with a phenotypic response
rather than a specific protein. On the other h&mgtructural information is known about the
protein site(s) to target, a more focused libragn de designed in which screening
compounds are assembled or synthesized based npar several structural scaffolds. Most

suppliers allow cherry-picking from their colleaticdco assemble custom and/or focused
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libraries. In some cases, commercial focused liksaare already available such as collections
of kinase inhibitors and ion channel inhibitors.

To assess the potential effect of a compound daleon a particular biological process
or protein-of-interest, a robust screening assay tbabe developed in cell-free systems,
cellular systems, or even small model organismshdénanimal field, these are, for example,
Danio rerio or Xenopus laeviembryos (Kalin et al. 2009; Sun et al. 2012}. lanps, these
are mainlyArabidopsis thalianaeedlings, but also suspension cells (Noutoshli €012). In
yeast,Saccharomyces cerevisigeused as a tool in the yeast-3-hybrid systerowatig for
molecule-protein interactions vivo, which can be used to refute or confirm interawio
shown in other model systems (Licitra and Liu, 1)99%n important aspect during assay
development is miniaturization of the assay to 66-384-well plates. This significantly
reduces reagent costs during screening campaighsmakes the assay compatible with
automation and liquid handling systems, which adlothe distribution of compounds,
reagents, and model systems in a high-throughpahida. Because in many screening
collections compounds are dissolved in DMSO, detang the sensitivity of the model
system to DMSO is essential to avoid toxicity doetdo high solvent concentrations. In
addition, analysis of positive and negative costrduring assay development allows to
determine the assay window and to calculate a lieyaa measure to assess robustness of the
screening assay (Zhang et al., 1999). After assagldpment and acquisition or synthesis of
the screening compounds, the compound collectioapglied to the assay system with
automated liquid handling platforms and the assdpud is detected by means of automated
plate readers or microscopes. Informatics and datshare required to track, analyse, and
retrieve screening data. After hit identificatidnts are validated with secondary screening
assays and chemical characterization includinguewi@n of chemical structure and initial

structure-activity analysis.
CHEMICAL GENETICSIN PLANT GROWTH

Chemical genetic approaches have been succesafpylyed to study plant signalling
pathways and to modulate plant growth (ArmstrongleR004; Dai et al. 2005; (De Rybel et
al., 2009b; Hayashi et al., 2008; Kim et al., 20%4&yaldi-Goldstein et al., 2008; Tsuchiya et
al., 2010). Initially, chemical screens were maiafplied to gain insight into auxin signal
transduction. For example, the small moleculénsirtwas identified because it activated the
auxin signal transduction pathway and mimicked muglated developmental phenotypes. It
led to the identification of SIRTINOL RESISTANT $IR1), an upstream regulator of auxin
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signalling pathways (Zhao et al. 2003). Furthedigtsi revealed that the activation of sirtinol
required a functional aldehyde oxidase (Dai et 28105). In addition, inhibitory small

molecules of auxin signalling pathways have alsenb@lentified by chemical screens
(Armstrong et al. 2004). Only recently, phenotypesdd small molecule screens in
Arabidopsisgave rise to the discovery of various novel sigmglpathways in abiotic stress

and plant growth development (Robert et al. 20G8k et al. 2009; De Rybel et al. 2009;
Kim et al. 2011). In this section, well-charactedzsmall molecules which were identified
from phenotypic screens will be introduced. Funthere, the screening methods and the

mechanism of these chemicals will be briefly diseas
Pyrabactin

The identification of the synthetic molecule pyretoa (4-bromo-N-[pyridin-2-yl
methyl]naphthalene-1-sulfonamide) as a selectivecialz acid (ABA) agonist has led to
major breakthroughs in understanding ABA perceptioachanisms (Park et al. 2009).
Although many intermediate signalling componentd been described before (Finkelstein et
al., 2002), knowledge at the level of ABA perceptiwas only marginal. This was mainly due
to the high genetic redundancy of the ABA receptare family. During a screen of a 10,000-
membered chemical library, pyrabactin was idertifiés a synthetic seed germination
inhibitor in an Arabidopsis thalianaseed germination assay (Zhao et al. 2007). An ABA-
hypersensitive Arabidopsis accession was observed to also show hypersetgsitioi
pyrabactin. Subsequently, pyrabactin-insensitive tamis were identified containing
insensitive alleles gbyrabactin resistancefPYRJ genes. PYR1 was shown to interact with
hypersensitive to abal (HAB1) (homolog of ABI1 &k8i2), a protein phosphatase which is
a negative regulator of ABA signalling. Thus, theestivity of pyrabactin for a subset of
ABA receptors allowed to bypass this redundancyd ded to the identification of
pyr/regulatory component of aba receptor (RCAR)tg@ns as ABA receptors (Park et al.,
2009). The PYR/RCAR proteins act together with P®26d SNF1-related protein kinase2
(SNRK2s) (Fujii et al., 2007; Yoshida et al., 20 negative and positive regulators,
respectively, of downstream ABA signalling (Ma dt, 2009; Park et al., 2009). This
breakthrough, together with further detailed suiett and mutational approaches, provided
new insights into ABA perception and signallingdaexemplified the need for and use of
target-specific agonists in chemical genetics (Meteet al., 2010; Mosquna et al., 2011).

Bikinin
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In addition to specific agonists, such as pyrabaajeneral antagonists can also be
powerful chemical tools. For example, bikinin, (8&-bromo-2-pyridinyl)amino]-4-
oxobutanoic acid), was identified as an activatdsrassinosteroid (BR) signalling in a screen
for small molecules that induce a constitutive Bfgsponse (De Rybel et al., 2009b). A
commercial 10,000 compound library (DIVERSet, Chemige Corporation) was used for
this screen. The structure-activity analysis idedi bikinin as a non-steroidal molecule
modulating the BR signalling cascade downstreammefrassinosteroid-insensitivel (BRI1)
receptor. A combination of BES1 phosphorylationlgsia, kinase assays, surface plasmon
resonance binding studies, and microarray analysmved that bikinin directly targets
brassinosteroid-insensitive2 (BIN2) protein, whidlongs to the group Il glycogen synthase
kinase 3 family (GSK3s). To assess the binding nuddakinin, an ATP-competition assay
with BIN2 and modelling of the compound into theystal structure of the human BIN2
homolog, GSKB, revealed that bikinin acts as an ATP-competittigase inhibitor. InA.
thaliang a set of ten GSK3s is present (Jonak and Hi2R0nterestingly, because bikinin
targets several subsets of GSK3s, including a suthtbree GSK3s shown to be involved in
the negative regulation of BR signalling, the commmb could act as a conditional and
multiple knock-out tool for this subset of GSK3sdaherefore induce a BR response (De
Rybel et al., 2009b). This type of response wowden have been observed by single loss-of-
function mutants in genes encoding GSK3s or by lacBee GSK3 inhibitor. Thus, the
specificity of bikinin for a subset of GSK3s offettse opportunity to study other effects of
specifically inhibiting GSK3s ir\. thaliana

DFPM

The small molecule [5-(3, 4-dichlorophenyl) furatyRpiperidine-1-ylmethanethione
(DFPM) has been used to determine the coordinatm@hinteraction between abiotic stress
and plant immunity (Kim et al., 2011). DFPM wassfiselected from a chemical library of
ChemBridge’s DIVERSet E library of 9600 compound@hémBridge, San Diego) as a
negative regulator of the ABA signalling pathway bging a WTRAB18 reporter line.
Microarray-based whole genome transcriptomic amahgyealed that DFPM down-regulated
ABA-induced gene expression, but also stimulates ekpression of pathogen-resistance
genes, includingpathogenesis-relatedd?R5 andenhanced disease susceptibilitfADS1)
Interestingly, the inhibitory effects of DFPM on ABesponsive genes and ABA-induced

stomatal closure were impaired in mutants of pthe¢ase resistance pathways, sucbdsd
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pad4 sgtlh andrarl, but not innprl, which is the crucial salicylic acid (SA) response
regulator (Cao et al., 1997). This indicated th&PDM-dependent ABA signal transduction
required early pathogen resistance response regaleather than SA signalling. Notably,
transcriptional activation of defence-related gesression orPseudomonas syringae
infection can mimic the effect of DFPM on ABA resises, suggesting a negative regulation
of ABA signal transduction by activation of plamimunity pathways. Further investigation
on the mechanism of DFPM-interfered ABA signal sd@unction revealed that ABA
perception by PYR/RCAR receptors (Park et al., 2@0@ subsequent activation of the major
ABA signalling kinases, SnRK2s, were not affectgdi-PM. However, DFPM blocked
ABA-induced C&" activated S-type anion channel currents in the-tyie guard cells, but
not in pad4-background. This indicated a DES1/PAD4-dependeamitgmmunity pathway
which plays a key role in interrupting early ABAsponses by modulation of €aignalling
(Kim et al., 2011). Taken together, the synthetioleoule DFPM has provided a
comprehensive understanding of cross talk betweeticband ABA signalling networks.
DFPM also presents the characteristics of an éfgeatstigator of plant immunity, and could

thus be widely applied in abiotic-biotic interacticesearch.
Naxillin

The non-auxin like probe naxillin was identified @specific modulator of lateral root
development from a marker/phenotype-based smakcent# screen of a commercial 10,000-
compound library (DIVERSet, ChemBridge Corporatiam)A. thaliana (De Rybel et al.,
2012). The plant hormone auxin is known as a regulaf many plant developmental
processes, including lateral root development (beRet al., 2009a). By contrast, naxillin
specifically induces root branching with minimadeieffects typical of auxin treatment, such
as inhibition of primary root growth. At the tramgtome level, naxillin treatment induced
401 genes, whereas treatment with the synthetimanalog naphthalene acetic acid (NAA)
induced 2,581 genes, suggesting a much narrowehanesen of action. As such, naxillin
represents a valuable tool to decipher the molecn&works involved in lateral root
development. To gain insight into the mode-of-actud naxillin, an ethyl methane sulfonate
(EMS)-mutagenized population was screened, and xdlinaesistant mutant allele was
selected for further analysis. A positional clonaygproach identified a missense mutation in
indole-3-butyric acid response@BR3), which acts on conversion of indole-3-butyricdaci
(IBA) to indole-3-acetic acid (IAA) (Zolman et akR007). IBA-to-IAA conversion pathway

mutants were further checked upon naxillin treatnsm demonstrated that naxillin acts at
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the level of the enoyl-CoA hydratase step of thinwpay. Expression pattern analysis of IBA-
to-IAA conversion genemdole-3-butyric acid responsel (IBRIBR3 IBR1Q andabnormal
inflorescence meristem 1 (AIMIkvealed that expression domains of all these gyene
overlapped in the root tip of the primary root, @fieally in root cap cells. This indicated that
root cap-specific auxin production might be invalvim root branching. The existence of
tissue-specific sources of auxin as a mechanidingetune developmental processes, such as
root branching, has never been observed by app&urgs or its analogs, which produce the
global effects on plant root developmental processéhis breakthrough provides new
insights into the function of auxin homeostasigant development and nicely illustrates how
novel chemical tools can be applied to discovefogiocal mechanisms that are involved in

specific plant developmental processes.
Endosidins

The synthetic molecule endosidinl (ES1) was salefrttan an automated image-based
screen from a chemical library (Microsource Speujricontained 2,016 chemicals with
known biological activity for inhibitors of pollegermination or effectors of polar growth,
and the screen was conducted by using GFP-RIP akamtine of apical plasma membrane in
Arabidopsisand tobacco pollen tubes (Robert et al., 2008¢. application of ES1 selectively
disrupted the trafficking of pin-formed (PIN) auxafflux carrier PIN2, auxin insensitivel
(AUX1), and BRI1, and formed intracellular agglomwons termed “endosidin bodies”.
Endosidin bodies were further defined as transigowork (TGN)/endosomal proteins
SYP61 and the V-ATPase subunit VHA-al. This suggkshat SYP61/VHA-al act as
components of an early endosome compartment in BRIZAUX1 mediated-endomembrane
trafficking processes (Robert et al.,, 2008). Tolergp more components involved in this
pathway, a modified laser scanning confocal miapgebased high-content intracellular
screen was established, which allowed the ideatiba of small-molecules that phenocopy
ES1 treatment (Drakakaki et al.,, 2011). Meanwhitegre chemical libraries, including
Chembridge Diverset library, Chembridge, Novacdtgaly and Sigma TimTec Myria
library, containing 46,418 compounds in total weceeened. After two rounds of screening,
123 small molecules were selected as both inhi&ibdrpollen germination and effectors of
plasma membrane markers. The image database wasdhsformed by a flexible algorithm
into a marker-by-phenotype-by-treatment time matind molecules were clustered into
groups of endosidins (ESs) depending on the spepibfiles of subcellular phenotypes.
Although these molecules may induce a similar eretobrane trafficking phenotype,
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detailed analysis of different PM makers revealagtrde modes-of-action of these ESs on
early events of endosome trafficking. For exametelosidin3 (ES3) was found to target Rho
GTPases (ROP) trafficking and exhibited cell ptyadefection, whereas endosidin5 (ES5)
was linked to PIN cycling and gravitropism. Thuse tirect discovery of endomembrane-
defective phenotypes could then easily be linkedideelopmental phenotypes, which still
poses a challenge for exclusively forward genatreens. This breakthrough is the first time
that an automated microscopy-driven phenotypic oudescreen has been used in plants,
suggesting that a high-content small molecule sciamuld serve as an effective tool to
illustrate intracellular signalling pathways wivo, and also help to set up a comprehensive

systems biology view.
SMALL MOLECULESIN TRANSLATIONAL PLANT SCIENCES

The above examples illustrate the power of chemgmaletics to identify chemical
‘probes’ that can be applied to study biology. Frantranslational point-of-view, small-
molecules could be of great value by forming thertstg point in the discovery of new
agrochemicals. Evidently, this requires that thengound’s target protein(s) and/or the
mechanism-of-action be conserved between the spiecighich the activity of the compound
was observed (e.@\. thaliang and the target crop species.

Based upon analysis of currently available pesteiand herbicides, agrochemicals obey
certain structural and physico-chemical rules (Ti2801). This is similar to drug-like
properties as illustrated by Lipinski’'s Rule-of-EBjvwhich states that poor bioavailability
(poor absorption and permeability) is more likelyhemm more than 5 H-bond donors are
present, more than 10 H-bond acceptors are predentnolecular weight (MW) is greater
than 500 Da, and the calculated octanol/water wierfit (CLogP) is greater than 5 (Lipinski
et al. 2001). The ranges of these parameters fachgmicals are similar, except for the
lower acceptable number of H-bond donors. Howegeme important differences exist
between agrochemicals and pharmaceuticals regatdentypes of functional groups (Tice,
2001). For example, to be able to protect a crophemical must persist in the field for
several weeks to be of practical value. Therefalaghols and amines are much less common
in agrochemicals than in pharmaceuticals as theseg are less stable in field environments
(due to ease of oxidation). Aromatic rings are alsare prevalent among agrochemicals
because aromatic rings are more likely to be stabblbe environment than alicyclic rings.
Finally, acidic groups such as carboxylic acids acglsulfonamides are prevalent among

post-emergence agrochemicals. This is because wvestitlic groups promote phloem
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mobility, which is required to transport the cheatito the growing points of the plant. These
structural, functional, and physico-chemical camsts should be considered during the
assembly of a compound screening collection wita thm to identify new types of

agrochemicals. In view of non-GMO applications, tegtic molecules are required that
specifically mimic, disturb and/or enhance protattivities, and that can easily and cost-
effectively (potentially as a modified variant) lag@plied to crops (for instance through
addition to fertiliser or water). This will genegatools (synthetic molecules) that can be
widely applied to non-related species, without mqgg genetic modifications. This

translational approach is relevant consideringféloethat several key signalling pathways are

conserved between species.
CONCLUSION

The application of small molecules in plant reskdntas expanded rapidly in the past
decade and has made genuine contributions to oopratensive knowledge of the molecular
mechanisms of plant development. However, planmated genetics is now at the stage
where faster and more efficient ways of screeniagehto be developed to permit wider
accessibility in the plant research field. The leisthment of a compound screening platform
is of prime importance (Fig. 5), as small molecu$ée in plant systems has been shown to
significantly accelerate and enhance developmeetdarch. This requires development of
robust screening assays in plant-based systemscamghound collections that a more
dedicated for applications in the field of plantesces. In addition, the application of high-
throughput imaging technologies in plant screeniwgsild certainly technically allow us to
delve more deeply into complex intracellular netvgathan previous approaches permitted. In
addition, development of small molecules that caodwtate protein-protein interactions
remains a challenge even in human drug developraadtheavily relies on biochemical and
biophysical knowledge of the respective targetragtons (Arkin and Wells, 2004) and such
knowledge unfortunately remains scarce in plantogya Thus, further investigation will not
only be emphasized on searching for protein tardpeisalso on the mechanistic level where
small molecules act as regulators of, for instaptant receptor-like kinase (RLK) signalling
(Marshall et al., 2012). Importantly, one of theapest challenges remaining is the generation
of useful, applicable small molecules in agricudtysroduction. This requires exploration of
small molecules that affect specific protein atitég, and that can easily and cost-effectively
be applied to crops. This in turn could be a paaésolution for the non-GMO, and could

ultimately lead to a new green revolution.
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Figure 5. Small molecule screen strategies identify proteins and RLK signalling
pathways. The phenotype-based approach (left) is analogoutoriward genetics and
comprises three different steps. The first stahesassembly of a set of mutation equivalents,
i.e. a chemical library with 10,000 or more compasiicapable of altering protein function.
Subsequently, a high-throughput screen is perfortoettientify compounds that affect a
biological process of interest. A high-content sore&ean be processed by using advanced
technologies. Target-based chemical genetics Jrightomparable to reverse genetics and
entails over-expressing a protein of interest, esurgy for compounds that interact with the
protein and finally using this compound to detemniine phenotypic consequences of altering
the function of this protein in a cellular conte&s a final step, the protein targets of these
compounds or the potential mechanism are identiffedthermore, bioactive small molecular
would be modified and applied into translation foah. Naxillin was used as example for the
structure-activity analysis.
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Abstract:

Spatiotemporal coordination of organ formation igemtral question in plant and animal
development. IArabidopsis thalianaroot branching begins with oscillatory gene attiin
the primary root to create prebranch sites, patofieells competent to form a lateral root.
Thus far, the molecular components that regulageostillations were still unknown. Here,
we show that auxin perception is required for theilations. Furthermore, we reveal a local
auxin source in the root cap, derived from the maypiecursor indole-3-butyric acid (IBA),
that modulates the oscillation amplitude whichumtdetermines whether a prebranch site is
created or not. Moreover, transcriptome profilingentified novel and IBA-regulated
components of root patterning, such as tMEMBRANE-ASSOCIATED KINASE
REGULATOR4 (MAKR4that translates the prebranch sites into a regyacing of lateral
organs. Thus, the spatiotemporal patterning ofsrastfine-tuned by the root cap-specific
conversion pathway of IBA to auxin.
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I ntroduction

Prepatterning is the spatiotemporal specificatibsutrsets of cells to become competent
for organogenesis. The characteristics of this ggeare shared by plants and animals and
have been linked to a biological clock that corsdemporal information into a periodic
spatial pattern 1(-3). Prepatterning, in which equivalent organs needbé positioned
repeatedly along an elongating axis, occurs dusimmitogenesis in the vertebrate embryo
and lateral root (LR) formation in plants (1-4). dase of the root clock in Arabidopsis,
periodic induction of gene expression in the trdmsizone creates oscillations in the growing
primary root that are proposed to prepare cellpramluce a LR X). These oscillations are
recorded in the transition zone of the root apésQ aeferred to as oscillation zone (0Z), a
region close to the tip where meristematic celtgp stlividing and rapidly elongate. The
oscillations can be visualized by the syntheticimwsignaling output reportddR5 (1, 5).
When cells with higtDR5 expression levels leave the OZ, the expressionaisitained and
becomes fixed in regularly spaced prebranch si@sgathe primary root capable to form
LRs.

Thus far, the endogenous molecular components régulate the oscillations are
unknown. In addition, whether auxin plays a rolé.k prepatterning is still an open question,
despite several reported observations. Gravitrsfaeulation activates dynamic redistribution
of auxin to the lower side of the root in laterabt cap and epidermal cell8)( This not only
induces root bending but repeated gravistimulatitso accelerates the periodicity DR5
oscillations ), suggesting that differential auxin distributionight play a role in LR
prepatterning. Furthermore, the canonical auxinmnaigg transcription factor AUXIN
RESPONSE FACTOR7 (ARF7) is required for regularnltzmons (1). However, exogenous
application of the most abundant endogenous awndole-3-acetic acid (IAA) results in
severe and pleiotropic effects on plant growil, (nasking its effect on prebranch site
formation. Recently, we found that the auxin prsourindole-3-butyric acid (IBA) more
specifically induces LR formation by using a cheahibiology approach8). IBA-to-1AA
conversion depends on several peroxisomal enzysoeb, as INDOLE-3-BUTYRIC ACID
RESPONSE1 (IBR1), IBR3, and IBR19, (10, of which some are specifically produced in
the root cap&). The root cap is the first organ that sensesstileduring growth; it protects
the meristem and directs root growth in responsgraweity and other environmental signals.
In addition to these functions, we reveal that rthet cap represents an auxin resource that
controls the regular distribution of lateral organ®ptimize the uptake of water and nutrients

from the soil.
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Results
Auxin perception isrequired to translate the oscillation signal.

Previously, theDR5 oscillation in the OZ had been shown to have amesriod of
~6 hours in 2-day-old seedling%)(We obtained a similar time interval BIR5 pulses in
these very young seedlings, but also observedtltieabscillation frequency decreased with
seedling age, and reached almost a steady-statiait in older seedlings (Fig. 1A). In all
experiments described hereafter, we measDRSloscillations in 3-day-old seedlings.

Although local auxin application had been reportede insufficient to alter the root
clock periodicity, several observations suggest #uxin is involved in the establishment of
the LR prepatternl( 6). To clarify the role of auxin in this process, eeamined whether
auxin perception is required to control the roaickl In the plant model systeArabidopsis
thaliang auxin is perceived by the TRANSPORT INHIBITOR REINSElL
(TIR1)/AUXIN-RELATED F-BOX (AFB) members of the Felx protein family that act in
concert with Aux/IAA transcriptional repressorsdontrol auxin response. Previously, TIR1
and AFB2 have been found to be the predominantpressed auxin receptors in the root
(11), and we foundIR1andAFB2to be expressed in the OZ (fig. S1). Consistenitia the
role of auxin in LR formation, in thé&rlafb2 double mutant the number of lateral root
primordia (LRPs) and emerged LRs was strongly redun 8-day-old seedlings (Fig. 1, B
and C and fig. S1). We also detected a severelsedsed number of prebranch sites in the
tirlafb2 double mutant (Fig. 1, B and C), consistent witloke in LR prepatterning. This
reduction in prebranch site number cannot be atethto an altered gravitropic response (fig.
S1). In addition, thédRS5 oscillation frequency was unaltered (Fig. 1E),icating that the
DR5 oscillation periodicity is not the only factor theontrols prebranch site formation. In
contrast, the levels @R5:Luciferaseexpression had decreased strongly in the Qi Xdfb2
double mutants (Fig. 1D, Movie S1). Taken togettiexse results show that auxin perception

Is required to prepattern the root branching by ufaithg the oscillation intensity.
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Fig. 1. Auxin receptor-dependent auxin signaling is required for prebranch site formation. (A)
Analysis of prebranch site number and predictedogmmity. To count the prebranch site numbers
formed daily in Col-0 seedlings of different agee position of the primary root tip was labeledheac
day. Twenty-four hours later, stafdiR5:Luciferaseexpression patches along the newly formed part of
the primary root outside the OZ were counted adrpreh sites. Predicted periodic time was
calculated by dividing each 24 hour period by thenher of prebranch sites established in this period
(n > 30 per day)(B) Root phenotype anBR5:Luciferaseexpression in roots of Col-0 atidlafb2
double mutant seedlings. Bright-field images weideh from 8-day-old seedlings (Scale bar, 1 cm)
and DR5:Luciferasewas expressed in 3-day-old seedlings (Scale bagr).(C) Quantification of
the number of LR, prebranch sites, and LRP in 8aldyCol-0 andirlafb2 seedlings. Error-bars are
means * standard deviation (n = 1) Distribution of periodic time oDR5:Luciferaseoscillations

in 3-day-old Col-0 antirlafb2 seedlings (n > 15).
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ThelBA-to-1AA conversion controlsthe oscillation amplitude.

Based on the expression pattern of IBA-to-IAA casuen genes, this conversion
pathway might act as a local auxin source thatrimres to a spatially restricted auxin
response in the OZB). We investigated whether genetic perturbationshef IBA-to-IAA
conversion affect theDR5 oscillations. Theibrlibr3ibrl0 triple mutant is defective in
enzymes of the IBA-to-1AA conversion pathway and laareduced number of LRs and early
stage LRP 11) (Fig. 2A). This was also reflected in failureitmluce LRs in ~19.6% of the
root curves in gravistimulated seedlings, while gnavitropic response was not altered in the
ibrlibr3ibrl0 triple mutant (fig. S2). Moreover, the number oélgranch sites was reduced in
8-day-old ibrlibr3ibrl0 triple mutant seedlings (Fig. 2, A and DENOYL-CoA
HYDRATASE?2 (ECH2) is another peroxisomal enzymeuregg for IBA responsel@).
Consistentl with a stronger defect in IBA-to-IAArogersion 12) the number of prebranch
sites was lower in thech2ibrlibr3ibrlOquadruple mutant than in the triple mutant (FigA2,
and D), revealing a correlation between the IBAA®- conversion and prebranch site
formation. Similarly to thdirl afb2 mutant, the oscillation frequency in ti@1libr3ibrl0
triple mutant was only slightly reduced (~9% congaato the wild type; fig. S2), while the
DR5 expression levels in the OZ of tiw1libr3ibrl0 triple mutant seemed to be decreased
considerably (Fig. 2D), again implying that the ditade of the oscillations may be crucial
for prebranch site formation.

Altogether, our results suggest that the amplitafi¢he oscillation modulates the LR
prepattern. Therefore, we investigated whetheretieany correlation between the amplitude
of DR5 oscillations in the OZ and the subsequent estabksnt of prebranch sites. To this
end, theDRS5 expression levels in the OZ of several subsegoscitlations were measured
for 24 hours (Fig. 2B, and Movies S1-S4) and wemagared with the number of prebranch
sites that were established as a result of thesbatisns (Fig. 2C). At least 15 seedlings per
genotype (Col-Otirlafb2 double mutant,brlibr3ibrl0 triple mutant,ech2ibrlibr3ibrl0
quadruple mutant and IBA-treated Col-0 seedling®re analyzed to obtain a large number
of measurements (n > 30 per genotype) (Fig. 2, 8 @nand fig. S2). Exogenous IBA
substantially increased the number of LRs in a dizgendent manner (fig. S2). In seedlings
treated with 1 uM IBA, botlDR5 oscillation amplitude (136.3% of wild-type levednd
frequency (135.9% of wild-type level) were highkan in mock-treated seedlings, resulting
in a strongly increased number of prebranch sit63.7% of wild-type) (Fig. 2, B and C and
fig. S2). In all tested mutant combinations, therdase IiNDR5 oscillation amplitude was

followed by a proportional reduction in the prelntarsite numbers. In thbrlibr3ibrl0 triple
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Fig. 2. IBA-to-lAA conversion regulates the oscillation amplitude and the prebranch ste
numbers. (A) The number of LRs, prebranch sites, and LRPsday8eld Col-0,ibr1ibr3ibr10 triple
mutant, andech2ibrlibr3ibriOquadruple mutant seedlings (n = 1) Box plot of peak intensity
values of DR5:Luciferase oscillations in 3-day-old Col-0,ibrlibr3ibrl0 triple mutant,
ech2ibrlibr3ibrl0quadruple mutantjrlafb2 double mutant and IBA-treated Col-0 seedlings.hEac
box plot was produced from at least 34 measureniemts seedlings grown during 24 hours on half-
strength MS medium. ADU, analog-digital uni¢€) Quantification of the number of prebranch sites
formed over 24 hours as a result of the oscillatishown in B) for lines with or without IBA
treatment(D) Kymograph ofDR5:Luciferasentensity along the primary root of transgenica3~ald

lines with or without IBA treatment during 24 hougale bar, 0.1 cm.

mutant, the average amplitude[@R5 oscillations was 73.8% of the wild-type level (F&B),
whereas 65.5% of the wild-type prebranch site numbere established as a result of these
oscillations (Fig. 2C). In thech2ibrlibr3ibri0Oquadruple mutant, the oscillation amplitude
was more reduced (54.5% of the wild-type level) #me number of prebranch sites lower
(44.2% of the wild-type level) (Fig. 2, B and C)nd&lly, in thetirlafb2 double mutant, the
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root. Enhancer trap lines J3411, J0951, and J1@9€ expressed in different LR cap tissue domains;
J0121 was expressed in the pericycle associatbdhétxylem poles; and the IBR3 and GLV5
promoter were lateral root cap and columella spespectivelyc, d, Root phenotype and LR
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number of enhancer trap lines trans-activating B3 gene expression in tligr3 mutant
background. Three-day-old seedlings treated witlitirout 1 uM IBA or 5 uM Naxillin for 5 days
(c) and LR number of these seedlirffds Scale bar, 1 cm. Different letters indicate digant
differences among meari? € 0.05 by one way ANOVA and Tukey’s test as past &nalysis
compared to Col-0 under different treatments resgeyg, n > 10).

lowest oscillation amplitude (46.8% of the wild-gy/fevel) correlated with the lowest number
of prebranch sites (22.7% of wild-type level) (F3.B and C). In conclusion, the amplitude
of the DR5 oscillation in the OZ determines whether this terapy signal is transmitted to
produce a prebranch site capable to form a LR. Néeved that the levels of IBA and IBA-to-
IAA conversion regulate the amplitude of th&5 oscillation. As such, the level of the IBA-

to-IAA conversion represents an important mechansnegulate the LR prepattern.

An auxin source derived from root cap cellsfeedsinto theroot clock.

Based on the expression pattern of IBA-to-IAA casi@n genes, we previously
suggested that the IBA-to-IAA conversion createsaamxin source in the root cad)(
Analysis of theDR5::GUSreporter line expression showed that unlike I1ARpgenous IBA
specifically induced an auxin response maximumhm oot cap and OZ that depends on
IBA-to-IAA conversion enzymes (Fig. 3A). Thereforee investigated the contribution of the
root cap and of other tissues for the effect of IB&ponse on root prepatterning. A GAL4-
based transactivation approach was applied tottéingeexpression dBR3in different root
cap tissues in thi#dr3 mutant background. Ther3 mutantis not responding to treatments
with IBA or with naxillin, a synthetic compound eanicing IBA-to-IAA pathways§) (Fig. 3,

C and D). The IBA- or naxillin-insensitivity of thibr3 mutant towards LR development
could be completely rescued by expresdiBB3 under the control of the native promoter
(lateral root cap), or transactivatitigR3in the expression domain of J3411 (lateral rop) ca
and J0951 (outer lateral root cap cells, epideant pericycle in differentiation zone)4),
but not of J1092 (lateral root cap initials), JOXP&ricycle cells) oilGOLVENS5 promoter
(columella) (Fig. 3, B, C and D). These results lynthat the IBA-to-IAA conversion

pathway is active specifically in the outer latex@t cap cells to promote LR formation.
Factors downstream of the IBA-to-I AA conversion regulate root patterning.

The high auxin production in outer lateral root aaglls induced an auxin response

maximum specifically in the OZ (Fig. 3H). Likewisexogenous IBA induced an auxin
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response maximum in the OZ that depended on IBBo-conversion enzymes (fig. S3).
These results suggest that auxin production in captcells regulates auxin signaling in the
OZ. To explore downstream components of this siggalprocess, we performed a
transcriptome profiling to identify early transdignal changes downstream of the IBA-to-
IAA conversion in Col-0 andbrlibr3ibrl0 triple mutant roots 6 hours after IBA treatment.
According to the effect of the root cap-specifiAHB-IAA conversion on auxin signaling in
the OZ, we used a root segment that included rapt meristem, and OZ (Fig. 4A). We
found 66 genes that were induced by IBA in an IBBR3 IBR10 dependent manner (two-
way analysis of variance [ANOVA|], fold change [FE]3; P-value < 0.01; Table S1, see
Materials and Methods and eFP browsdittp:/bar.utoronto.ca/~asher/efp arabidopsis/cgi-

binfefpWeb.cgi?dataSource=Lateral Root_Initiptid®6). Among these genes, gene ontology analysis

revealed that genes involved in the response tinatimulus were significantly enriched,
confirming the validity of our approach (Table S1).

To detect candidate genes downstream of the endagefBA-to-IAA conversion
pathway, we selected genes that were also signifjcapregulated by naxillin, a synthetic
IBA-to-IAA pathway-enhancing compoun®)( We identified two genes involved in auxin
homeostasis. Transcript profiling showed that th&ira conjugation enzymé&H3.3 was
highly upregulated after IBA treatment (FC~40), vdasGH3.6 was upregulated 3.7-fold;
guantitative polymerase chain reaction (qPCR) arparts confirmed that the upregulation
depended onBR1 IBR3 IBR1(Q(fig. S3) (L7, 1. By means of transcriptional reporters,
GH3.6was found to be specifically expressed in the oapt andsH3.3in the columella, the
meristematic protoxylem pole, and early LRP sta@fég. 4B and fig. S3). Although the
number of LRs ingh3.3 and gh3.6 single and double mutants was not altered (fig, S3
estradiol-inducible overexpression @H3.3 and GH3.6 significantly reduced the number of
LRs, LRP, and prebranch sites (Fig. 4, C and Dfands3). These results suggest that, after
IBA application, auxin conjugation enzymes are gpfated to moderate the excess amount
of free IAA produced as a result of enhanced IBAA#A conversion. Hence, decreased I1AA
levels in the root cap reduce the number of prefiraites, demonstrating the importance of a
local auxin source for LR prepatterning.

To select candidate genes that might function dowas of IBA-to-IAA conversion in
LR prepatterning, we searched for genes that wayeessed in phase or anti-phase RS
oscillations in the OZ 1). Among these genesEMBRANE-ASSOCIATED KINASE
REGULATOR4 (MAKR4was also induced by auxin in the pericycle laydrere LR
initiation occurs 19), and had recently been proposed to be involveldommone signaling

based on homology with another member of this farofl seven putative MAKRs2().
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gPCR experiments validated that MAKR4 was ~5-fgddegulated upon IBA treatment in an
IBR1 IBR3 IBR1@ependent manner (fig. S4). We generated a trgtiscral reporter with
~1.8 kb of theMAKR4 promoter, driving Click Beetle luciferaseéBGr99that has a stronger
photon yield than the firefly luciferas2l). MAKR4was expressed in the protoxylem pole of
the meristem and was specifically induced in newdymed prebranch sites following
oscillations (Fig. 4, E-G and Movie S5). The MAKR#btein also accumulated in protoxylem
cells in the meristem and in prebranch sites ifcgele cells before nuclear migration, which
marks the start of LR initiation (Fig. 4J and K avidvie S6). Subsequently, MAKR4 protein
was present in outer root layers of early stage,LsRieh as the endodermis and cortex that
need to be penetrated by the growing LRP (Fig. 4K)accordance with the reported
localization of the homologous BRI1 KINASE INHIBITR1 (BKI1) protein 20), the
MAKR4 protein was localized in the plasma membrame cytoplasm, and appeared to
accumulate relatively densely around the nucleug. (BJ). These results suggest the
involvement of MAKR4 in root patterning.

Indeed, themakr4 mutant and the amiRNAVIAKRA4 lines produced significantly fewer
LRs and LRP than the wild type, wheré@d&KR4 overexpression promoted LR formation
(Fig. 4, H, | and fig. S4). Expression of the MAKR#otein under its endogenous promoter
complemented thmakr4 mutant, confirming that the loss of MAKR4 was rasgible for the
makr4 LR phenotype (fig. S4). However, the estradioldcible artificial microRNA
interference (amiRNAI) line directed tdAKR4 had unaltered prebranch site numbers (fig.
S4). In conclusion, MAKR4 functions downstream be tIBA-to-IAA conversion and is
probably involved in a still unknown signaling pess that is required to successfully
translate a prebranch site into a LR.
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seedlings used for transcript profiling after |B#&dtment. Scale bar, 0.5 m(B) Expression pattern

of propidium iodide-stained 3-day-oleH3.6:nGFPandGH3.3:nGFPtranscriptional reporter lines in
primary root tip. Scale bar, 100 uC and D) DR5:Luciferaseexpression and LR and prebranch site
numbers of estradiol-inducibl@H3.3 and GH3.6 overexpression lines. Two-day-old seedlings were
treated with or without 3 uM estradiol for 5 moweyd before LR and prebranch site numbers from the
newly grown part of the primary root were quantfié€E) pMAKR4:CBG9%xpression in three-day-

old seedlings. Luciferase image was overlayed witght field (BF) image, Scale bar, 0.2 c(k)
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Kymograph based on quantification pMAKR4:CBG99intensity along the primary root during
twenty four hourgdG) Expression pattern of 3-day-ghddMAKR4:GUSseedlings. The dotted line gives
the position of the transversal section shown enitiset. PX, protoxylem. Scale bar, 20 |{kh.and I)

LR phenotype and LR number of estradiol-induceénieiMAKR4lines. Three-day-old seedlings were
treated with or without estradiol for 5 more dag$doe images were taken (Scale bar, 1 cm in H) and
LR number from the newly grown part of the primaopt (red arrow in H) were quantifiedJ)
Localization of pMAKR4:GFP-MAKR4 protein in propugn iodide-stained primary root and
prebranch site of 3-day-old seedlings. Scale dayM. (K) Localization of pMAKR4:GFP-MAKR4
protein during LR initiation inpGATA23:nGFPseedlings. Red arrows indicate localization of
MAKRA4 in the plasma membranes near the anticliedllwalls of 2 adjacent pericycle founder cells
before nuclear migration. White arrows indicatealaation of MAKR4 in the plasma membranes
adjacent to newly formed anticlinal cell walls dfet small daughter cells after asymmetric cell
division. Scale bar, 50 uM. Error-bars are meanstahdard deviation. < 0.01 by two-sided

Student'd test indicated statistically significant differescfrom Col-0 (n > 10).

Discussion.

The role played by the plant hormone auxin in pasihg new organs is a central
question in plant biology. During LR organogenesis,auxin-independent mechanism that
involves oscillatory gene activity has been proplosespecify subsets of cells competent to
form a new organ, a process that is consideredesatterning of root branchind)( Our
findings suggest that endogenous auxin levels atle sufficient and necessary to modulate
this prepatterning and that auxin perception iemsal for this process. We present evidence
that root cap-specific IBA-to-IAA conversion cresi® local auxin source that modulates both
the oscillation amplitude and periodicity. Furthems we identified the oscillation amplitude
as an important factor determining whether an lagimh is translated into a prebranch site
capable of forming a LR. The oscillation amplitudeght reflect dynamic fluctuations of the
auxin concentration in the OZ. Local auxin accuriiafais a shared mechanism to position
various organs and tissuesArabidopsis(22-25.

Transcriptome profiling has reveal®tAKR4downstream of the IBA-to-IAA conversion
pathway as the first gene reported to be spedyitadluced in newly formed prebranch sites
following oscillations. MAKR4 is a novel membranssaciated kinase regulator, and its
membrane localization could hint at cell-cell conrmeation during LR patterning. The
cellular localization and the early appearance é8#Kf®4 during root patterning indicate that
MAKR4 is a signaling component that translatespirebranch sites into a regular distribution

of lateral organs along the primary root. In verat® somitogenesis, the translation of the
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prepattern into somites also requires cell-cell wnmication that depends on Delta-Notch
transmembrane signalingq).

In conclusion, our study revealed a crucial role tfee root cap in the spatiotemporal
patterning of root branching. Already in 1880, Diarwroposed that the very tip of the root is
highly suitable to sense external stimuli and tovey them to the upper part of the root to
optimize root growth under changing soil conditiq@¥). Our data support this visionary
statement by extending the role of the tip to thenbhing of roots that is required for the

increase in surface area of plant root systems.
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SUPPORTING ONLINE MATERIAL

Materials and M ethods

Plant growth conditions

Arabidopsis thalianasseeds were surface sterilized with 95% (v/v) ethéor 5 minutes and
20% (v/v) bleach for 12 minutes. After the seedd heen rinsed 5 times with sterile water,
they were imbibed, stratified at 4°C for 3 daysd aown on Petri dishes containing sterile
half-strength Murashige and Skoog (1/2MS) mediutb ¥OMS salts, 0.8% sucrose, 0.5 g/L
2-(N-morpholino)ethanesulfonic acid MES, pH 5.7, andwAs6 agar).

Seeds were germinated on vertically positionedi Figthes in a growth chamber at
21°C under continuous light (100 umol®ns* photosynthetically active radiation), unless
otherwise noted. Plants were examined for lateyal phenotypes 8 days after germination
(10 days postimbibition [dpi]), unless otherwisetetb For crosses and seed collection,
seedlings were transplanted to soil and grown 4C2®ith a 16-hour daily illumination
(100 pmol it s%).

For hormone and compound treatments, filter-&edl substances were added to
cooled (50°C) molten nutrient medium and mixed@nn3L Falcon tubes before being poured
into Petri dishes. Three-day-old seedlings wenesfieared to fresh ¥2MS media with different

compounds for an extra 5 days, unless otherwisedtet!.

Plant lines used

The Arabidopsisaccessions Columbia (Col-0) and C24 were usedhferstudy. The auxin-
responsive reporter lineBR5;5-glucuronidase(DR5:GUS)(S1) and DR5:Luciferase(S2)
have been described previoushGATA23:nGFPwas used as marker line for lateral root
initiation in pericycle cells (8. pTIR1:GUSand pAFB2:GUSIlines were kind gifts from
Mark Estelle (University of California, San Dieg0oA, USA). The GAL4-GFP enhancer trap
linesJ0121 J095] J3411 andJ1092were obtained from the Nottingham Arabidopsis Btoc

Centre http://nasc.nott.ac.uk/and theUAS:iaaH line was a gift from Malcolm Bennett

(University of Nottingham, UK). The GAL4 enhancea lines were crossed withAS:iaaH
and the lateral root phenotype of the F1 generat@as analyzed.

The origin of the mutant lines used is as followse makr4-1(Salk_084039) mutant
was obtained from the Nottingham Arabidopsis St@sntre; the auxin receptor mutants
were kindly supplied by Mark Estelle (University Galifornia, San Diego, CA, USA); the
auxin conjugation mutantgh3.3-1 gh3.3-2 gh3.6-1 gh3.6-2 andgh3.3gh3.6wnere kind gifts
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from Catherine Bellini (Umea University, Umed, Swefnstitut Jean-Pierre Bourgin, INRA-
AgroParis Tech, Versailles, France); atifi-D was a kind gift from Minami Matsui (RIKEN
Plant Science Center, Kanagawa, Japan). The irdblesdric acid (IBA) conversion
pathway mutantgorl-2, ibr3-1, ibr10-1, andech2-1have been described previously)&nd
ech2-1ibr1-2ibr3-1ibr10-was a kind gift from Lucia C. Strader (Washingtdniversity, St.
Louis, MO, USA). Double and higher-order mutantsblbaing various marker lines were
generated by crossing. F3 homozygous seedlings aveakyzed in all experiments. For the
ibr3 complementation study, F1 seedlings were usediémtdy the lateral root phenotype.
The primers used to verify that each mutant line twvamozygous at the locus of interest are

listed in Supplementary Table 2.

Nucleic-acid manipulations and constructs

The Gateway system® (Invitrogen, Carlsbad, CA, U®A% applied to generate most
constructs. For transcriptional fusions, ~2-kb poten fragments upstream of the coding
sequence amplified from genomic DNA were cloned piDONR221 or pDONRP4P1R and
subsequently introduced into different expressiectars (S). To generate the
PMAKR4:CBG9%onstruct, the green luciferase 99-coding sequehckck beetle
(Pyrophorus plagiophthalamugjas amplified from the pCBG99-Basic Vector (Proajeay
polymerase chain reaction (PCR) and introducedpm@NR221; the CBG99-coding
sequence was fused to the MAKR4 promoter by Gatdwrageaction. For thiBR3
transactivation experiment and for the construatiban estradiol-inducible overexpression
construct of a translational fusion of the GreamFéscent Protein (GFP) with MAKRA4, the
MultiSite Gateway cloning strategy was applied. ph@moter fragment and the coding
sequence of the target gene were introduced intiy Elones and subsequently cloned into
destination vectors. The entry clone carrying th&/&promoter was a gift from Ana
Fernandez (VIB-Ghent University, Gent, Belgium). enerate estradiol-inducible
amiMAKR4 vectors, three unique gene-specific tagueaces designed in Web MicroRNA
Designer fittp://wmd3.weigelworld.org/were used to construct the RNAI lines. According
BLAST searches oArabidopsiscDNA, these sequences target MAKR4 only. The pldsm
were transformed into Col-0 plants by the standlardl dip method (8), except for the
plasmids containing the AS:IBR3andpMAKR4.GFP-MAKR4£onstructs that were
transformed into thér3-1 andmakr4-1mutants, respectively. Primers used are listed in

Supplementary Table 2.

Root phenotype analyses
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To quantify the lateral root phenotype in wild-typlants and mutants, emerged lateral roots
of the whole seedlings were counted under a disgepticroscope 8 days after germination.
Subsequently, whole seedlings were scanned fdndudnalysis of the primary root length.
For indoleacetamide (IAM) and estradiol treatmetts, length of the primary root grown
after the treatment was measured and emergedllaeteta in this root region were counted.
The gravitropic index was obtained by calculatihg tratio of vertical length (VL) and
primary root length (RL) (3. To quantify the lateral root phenotype of thBR3
transactivation lines, different GAL4-GFP enhanap lines were first introgressed into the
ibr3 mutant background, and subsequently crossed Wtlibt3 UAS:IBR3transgenic line.
Primers to verify that each mutant line was homomggat the locus of interest are listed in

Supplementary Table 2.

Histochemical analysis and microscopy

GUS assays were done as described previou8)y F8r microscopic analysis of primordium
stages, root samples were cleared (S9). All samypbes analyzed by differential interference
contrast microscopy (Olympus BX53). For anatomsmdtions, GUS-stained samples were
fixed overnight and embedded as describetD{SAn Olympus FV10-ASW or Zeiss 710
confocal laser scanning microscope was used fardikcence imaging of roots. For the
propidium iodide (Pl)-treated root images, seedlimgere stained with 2 ug/mL Pl for

3 minutes, washed with water, and used for confiocaging.

Luciferase imaging and expression analysis

The Luciferase images were taken by a Lumazone imaclarrying a charge-coupled device
(CCD) camera (Princeton Instruments, Trenton, N$AJ The CCD camera that is
controlled by a WinView/32 software took movies tife DR5:Luciferase expression
automatically every 10 minutes (exposure time, Ifubes) for ~24 hours. Before imaging,
plates containing 2MS medium were sprayed with 1 mliciferin solution (Duchefa
Biochemie). The picture series were saved as Tdfimdt for further analysis. To quantify
the DR5:Luciferaseamplitude in the oscillation zone of wild-type pis.and mutants, a movie
was viewed first; then, the root region from wilgh¢ plants or mutants in which a DR5
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oscillation had been observed was selected fofeltage signal measurement for 8 hours.
Meanwhile, luciferase signals from regions outdide root were measured as background
and subtracted. The luciferase signals were quedhtdy the measure of the analog-digital
units (ADU) per pixel by means of ImagJ (http://geganih.gov/ij/). When movies of mutants

were recorded, the wild-type seedlings were alwagsed next to the mutant seedlings and
imaged together. The periodicity of the DR5 ostitlas during the primary root growth was

calculated by recording the time interval betweensecutive DR5 oscillations. More than 70
time points from at least 15 individual seedlingsrevcollected to make a histogram. To
visualize the spatiotemporBIR5:Luciferasesignal changes during primary root elongation, a

Kymograph fttp://www.embl.de/eamnet/html/body kymograph.Ntmlas generated with

ImageJ. For this purpose, a real-time movie thetethat least 20 hours was viewed in ImageJ
and theDR5:Luciferasesignal from a newly-grown root region was preserae Kymograph.
To monitor the prebranch site numbers of 8-day-ekkdling, Col-0 or transgenic
DR5:Luciferaseharboring seedlings were sprayed wittuciferin and immediately imaged
by Lumazone with a 15-minute exposure time. SRS expression sites that were visible

along the primary root outside the oscillation zareee counted as prebranch sites.

IBA microarray set-up

Seeds were germinated on vertically positioned Betines in a growth chamber at 21°C
under continuous light (100 pmolns™* photosynthetically active radiation). Three-day-old
Col-0 andbrlibr3ibr10 seedlings (5 days postimbibition) were transfetcefitesh ¥2MS
media with or without 1@M IBA for 6 hours. Filter-sterilized IBA was addéal cooled
(50°C) molten nutrient medium and mixed in 50-mlicba tubes before being poured into
Petri dishes. The root tip segments (~4 mm) wessedited from the primary root and
harvested for further microarray analysis. For daehtment, at least 120 individual Col-0 or
ibrlibr3ibrl0 mutant root tip segments were sampled and thoependent biological

replicates were performed.

Microarray analysis

The expression values were normalized with thesbblulti-Array average method 13).
Differential analysis was done with linear modeisl @mpirical Bayes methods withafify
andlimmaR packages (www.r-project.org){&S14). RawP-values were adjusted to g-
values with the Benjamini-Hochberg method to cdritre false discovery rate 15). The
Arabidopsis Genome Initiative (AGI) locus identdton numbers of the Affymetrix probe
sets were assigned with the “affy ATH1_ array_eleisi#@010-12-20.txt” file from The
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Arabidopsis Information Resource (TAIR) (www.araipdis.org). Genes that were either
ambiguous (multiple gene identifier for one prob® sr microarray controls were discarded.
Two-way analysis of variance (ANOV/A-values were computed with the MultiExperiment
Viewer (http://www.tm4.org/mev/). Raw and procesgg&droarray data have been deposited
in the Gene Expression Omnibus

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?tokenutyimizdudzk d&acc=GSE594p6

under the accession number: GSE59426. Genes weoteskwhen the following criteria
were fulfilled: significant regulation upon 6 howsIBA treatment in Col seedlings
independently of IBR1, IBR3, and IBR10 (fold chaij§€] > 3, g-value< 0.01, two-way
ANOVA P-value< 0.01 for the interaction of the treatment andilting ibr3 ibr10 genotype),
and genes were rejected when>¥C.5, g-value< 0.01 in thabrl ibr3 ibr10 genotypes.

Compendium analysis

Datasets corresponding to the published experin{&a{$16) were retrieved from the Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/Qesxcessions GSE42896 and
GSE6349 and were analyzed independently with tivee gaocedure as for the IBA dataset.
Genes were considered to be significantly regulatesch independent experiment when
they fulfilled either the conditions absolute BEQ@, g-value< 0.05 between 0 and 2 hours
upon treatment with both compounds (1-naphthalextigaacid and naxillin) during the time
course (8) or absolute F& 2, g-value< 0.05 between 0 and 2 hours of the lateral root-
inducible system in the sorted pericycle cells§5Oscillation cluster data were extracted
from Supplementary Table 1 of the correspondindipation (). A gene was considered a
hit when it was expressed in phase or antiphadetivit DR5 oscillations with an absolute FC
> 2 and an adjustd@value< 0.05. Gene lists were generated and intersectcthne

Microsoft Excel® software by means of the describedhodology ($7).

Gene Ontology Enrichment
The Gene Ontology Enrichment of the biological psses was studied with the singular
enrichment analysis on the agriGO platfotitif://bioinfo.cau.edu.cn/agriGPwith the

ATH1 genome Array (GPL198) as reference backgramtother parameters set to default
(S18).

gRT-PCR analysis
Root tips from 3-day-old seedlings were harvestad RNA extraction unless otherwise
noted. cDNA was synthesized fromud of RNA with the iScript cDNA Synthesis Kit (Bio-
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Rad) according to the manufacturer’s instructiond was diluted 20 times for subsequent
quantitative (q)PCR. Quantitative reverse-transioip (qRT)-PCR was done on a
LightCycler 480 (Roche Diagnostics) in 384-welltpwith LightCycler 480 SYBR Green |
Master (Roche) according to the manufacturer'sungons. Melting curves were analyzed to
check primer specificity. Normalization was doneaiagt the average of the housekeeping
genes AT5G60390 and AT2G32170with the formula ACt = Ct (gene) — Ct (mean
[housekeeping genes]) andCt = ACt (control line) -ACt (line of interest). Ct refers to the
number of cycles at which SYBR Green fluorescemaeies an arbitrary value during the
exponential amplification phase. Primers used is $kudy are listed in Supplementary Table
2.
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Supplemental Figure S1. Expression patterns of auxin receptor genes and phenotypic

characterization of rootsin auxin receptor mutants. (A) Lateral root density of single and

double auxin receptor mutants quantified from 8-dllyseedlings. P < 0.01 by two-sided

Student's test indicated statistically significant differ&scfromtransport inhibitor response

1-1 (tirl-1) mutant; n > = 10(B) Expression patterns of 3-day-old transcriptioeglorter

lines expressing thé-glucuronidase (GUS) gene under the control optioenoter ofTIR1
andAUXIN-RELATED F-BOX (AFB2).Scale bar, 0.2 mn{C) Quantification of gravitropic
index and primary root (PR) length in Col-0 dmflafb2 8-day-old seedlings. Error-bars are

means * standard deviation.
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Supplemental Figure S2. Independence on gravity and root elongation of IBA-controlled
root branching. (A) DR5:Luciferaseexpression in 8-day-old Col-0 arat1ibr3ibrl0 triple
mutant seedlings. Images were overlayed with bifighd images. Arrows indicate the
convex side of root curves without LR. Scale b@rs,cm (rooted region) and 0.2 cm (naked
region).(B) Quantification of gravitropic index, percentage @t curves without LR and
primary root (PR) length in 8-day-old Coli0rlibr3ibrl10 triple mutant, and
ech2ibrlibr3ibrl0quadruple mutant seedlings. Only root curves withe rooted region of
the PR were taken into accoun® ¢ 0.001 by two-sided Student'test; n > 10(C and D)
Three-day-old Col-0 anidbrlibr3ibrl0 triple mutant seedlings transferred to medium with
without 5 uM IBA and immediately gravistimulated &Y0 degree rotation. After 5
additional days, pictures were taken and the p#agerof the bending sites without emerged
LRs was calculated (n > 30). Scale bar, 2 rfiih. Average periodic time dPR5:Luciferase
oscillations in 3-day-oldbrlibr3ibrl0 triple mutant seedlings and Col-0 seedlings tceate
with or without 1 uM IBA (n >15)(F and G) DR5:Luciferaseexpression and number of
prebranch sites in 5-day-old Col-0 seedlings tckatéh 3 uM IBA for 48 hours before the
start of the measurement. White arrows indicatesfea of seedlings to ¥2MS medium
containing 3 uM IBA and red arrows mark prebrantdéss Scale bar, 0.6 crfH and I) LR
number and PR elongation measured after 5 daysathtent with different concentrations of
IBA in the root region formed after 24 hours of IBikatment in 3-day-old Col-0 and
ibrlibr3ibr10 triple mutant seedlingéJ) Real-time quantification of thBR5:Luciferase
signal in the oscillation zone of 3-day-old seeghiiof indicated lines with or without IBA
treatment (n > 30). Time-lapse imagingdR5:Luciferasesignal was taken every 10 minutes
for 24 hours. Error-bars are means * standard tienia
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Supplemental Figure S3. Requirement for LR development of IBA-induced genes
involved in auxin conjugation. (A) DR5:GUSexpression in root tips of three-day-old Col-0 and
ibrlibr3ibr10 seedlings after extra two days treatment with ithout 3 uM IBA.(B) qPCR
quantification of transcript levels &H3.6andGH3.3in 3-day-old wild-type and transgenic
seedlings treated with or without 10 uM IBA for éuns.(C) Root phenotype of 8-day-old
gh3.3-1 gh3.3-2 gh3.6-1 andgh3.6-2single mutantsgh3.3-1gh3.6-Houble mutantgif1-D,
and35S:GH3.3overexpression linegD) LRP number in the newly formed part of the
primary root of 2-day-old Col-0 and estradiol inthie GH3.3andGH3.6 overexpression
lines treated with 3 uM estradiol for 5 more d&y&< 0.001 by two-sided Student'test; n

> 8. (E and F) Expression pattern of five-day-old transcriptioreporter lines foGH3.3and
GH3.6during primordium developmemGH3.6:NLS-GFPseedlings were stained with
propidium iodide and thpGH3.3:NLS-GFRine was crossed with the plasma membrane
marker line35S:FH6-GFP Co, Cortex; En, Endodermis; Ep, Epidermis; Peicipele. Scale
bar, 100 uM. Error-bars are means + standard dewiat
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Supplemental Figure S4. Root phenotype analysis of transgenic MAKR4 lines. (A) gPCR
quantification oMAKR4transcript level in 3-day-old Col-0 artat1ibr3ibr10 seedlings
mock-treated or treated for 6 hours with 10 uM IBB) Expression pattern of 3-day-old
PMAKR4-GUSseedlings treated with 5 uM IBA or 0.3 uM indol@&etic acid (IAA) for 6

or 12 hours. Scale bar, 0.1 cf@.and D) DR5:Luciferaseexpression, prebranch site number
and LRP number in estradiol-inducil@deiMAKR4-3line. 3-day-old seedlings were treated
with or without 3 uM estradiol for 5 more days befprebranch sites and LRP were counted
in the newly formed part of the primary root. Sdage, 0.5 cm(E) gPCR quantification of
MAKRA4transcript level in root tips of three differeamhiMAKRA4lines in 3-day-old seedlings
treated with 3 uM estradiol for 24 hou¢B.to H) A 3-day-old estradiol-inducibl®IAKR4
overexpression line treated with different concatidns of estradiol for 7 more days before
the LR number was counted in the newly formed phithe primary root. White arrows
indicate point of transfer of seedlings (n > 1@al8 bar, 1 cm(l) gPCR quantification of
MAKRA4transcript level in root tips of 3-day-old indul@iAKR4overexpression lines
treated with or without 1 pM estradiol for 24 haydsL) LR number, primordium number,
and primary root length of 8-day-ahdakr4mutant complemented with or without MAKR4
translational fusion construct. To validate MAKR4mRNA level, primary root tips from 3-
day-old transgenic seedlings were harvested arifoseeal-time PCR quantification (n >
10). Scale bar, 1 cm. Error-bars are means + stdmviation. P < 0.005 by two-sided
Student's test indicated statistically significant differ&scfrom Col-0 (r»10).
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Supporting Tables

Auxin regulation

RNS1

EC=2

dependant on SLR

DFL1 | GH3.6

a’)

GH3.3

PBP1 kPl GSTU24
AT1G60750 Wl AT2G43500
ABCG16 v MYB50

P AT5G18470
ATCAL4 | TCH3 [V IAGLU

a) Auxin pathways

Naxillin
regulation

EWl ATAG37290
ERD10
AT1G62770
AT2G39530
MDAR3

IBA significant regulation, dependant on ibr7 jbr3ibr10:458 genes

b) Auxin pathways and/or Tissue specificity

Pericycle or Lateral Root Cap
LR primordium or Columella
specific specific DR5

Auxin regulation -
oscillation

in pericycle

-

13

38

2.3
MAKR4 3.8 el

pValue Benjamin & Hochberg adjusted < 0.05 Non significant regulations (ATH1 background): 21107 genes

LocusAGI Identifier Gene Symbol  Gene Name
AT2G39370 MAKR4 MEMBRANE-ASSOCIATED KINASE REGULATOR 4
AT1G30840 PUP4 purine permease 4
AT 1G64405 unknown protein
AT5G54510 DFL1 DWARF INLIGHT 1
AT2G36220
AT2G42430 LBD16 ASYMMETRIC LEAVES2-LIKE 18
AT2G23170 GH3.3
AT2G41100 TCH3 ARABIDOPSISTHALIANA CALMODULIN LIKE 4
AT2G33310 IAA13 auxin-induced protein 13
AT3G58190 LBD29 ASYMMETRIC LEAVES2-LIKE 16
AT5G18470
AT5G65640 bHLHO093 beta HLH protein 93
no_match embryo sac development arrest 21
AT 3G59900 ARGOS AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE
AT4G01430
AT4G15550 IAGLU indole-3-acetate beta-D-glucosyltransferase
AT5G59780 MYB59 MYB DOMAIN PROTEIN 59
AT1G15740
AT4G04840 MSRB6 methionine sulfoxide reductase B6
AT 2G42440
AT1G48300
AT4G39950 CYP79B2 cytochrome P450, family 79, subfamily B, polypeptide 2
AT5G54490 PBP1 pinoid-binding protein 1
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Supplemental Table S1. Overlap of genes regulated by IBAibr1ibr3ibr10 dependant
manner with auxin pathways and/or tissue spegifiaf Overlap of the 458 IBA regulated
genes with SLR dependent NAA induction pathwaysradllin induction pathways. a’) list
of the 17 genes at the intersection. b) overlap®#58 IBA regulated genes with NAA
induction pathways in the pericycle, specificityexipression in the pericycle or in the
primordium tissues, specificity of expression ia ttolumella or in the root cap, expression
pattern oscillating in phase or anti-phase with RR%in response marker. b’) gene at the
intersection of at least 3 of the 4 datasets. &k lihes delimit the regions of the Venn
diagram displayed in the tables. Genes are caltedtaeir symbol or AGI number and Fold-
Change between 0 and 6 hours of IBA treatmentd€ated and highlighted with a gradient
of blue or yellow color for the genes respectivaby or down-regulated. An extra table shows
that twenty-three genes were considered as HITausecthey fulfilled the following criteria:
significant regulation upon 6 hours of IBA treatrhenCol-0 and dependence on IBR1,
IBR3, and IBR10. TRUE and FALSE stand for genes plagsed or not the selection criteria,
respectively (see Materials and Methods).
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Supplemental Table S2. Primer sequences for Gateway cloning, T-DNA itiger

verification, and gPR-PCR analysis.

Oligo Name

SEQUENCE

IBR3_CDS_atthlF
IBR3_CDS_atth2R
GH3.6_Promoter_atth4F
GH3.6_promoter_atth1R
GH3.6_CDS_attbh1lF
GH3.6_CDS_atth2R
GH3.3_Promoter_attb4F
GH3.3_Promoter_atth1lR
GH3.3_CDS_attb1lF
GH3_3_CDS_atth2R
MAKR4_Promoter_attb4F
MAKR4_Promoter_atth1lR
MAKR4_CDS_attb1F
MAKR4_CDS_no stop_atth2R
MARK4_CDS_atth2R
MAKR4_CDS_atth2F
MAKR4_CDS_atth3R
MAKR4_1 | miR_s
MAKR4_1_1I_miR_a
MAKR4_1_1ll_miR*s
MAKR4_1_IV_miR*a
MAKR4_2 | miR_s
MAKR4_2 1I_miR_a
MAKR4_2_1ll_miR*s
MAKR4_2_IV_miR*a
MAKR4_3 | miR_s
MAKR4_3_1I_miR_a
MAKR4_3_1ll_miR*s
MAKR4_3_IV_miR*a
CBG99_CDS_atthlF
CBG99_CDS_atth2R
Salk_084039_LP
Salk_084039_RP
GH3.6_gPCR_for
GH3.6_gPCR_rev
GH3.3_gPCR_for
GH3.3_gPCR_rev
MAKR4_gPCR1_for
MAKR4_gPCR1_rev
MAKR4_gPCR2_for
MAKR4_gPCR2_rev

GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGGGAAGCAGCACGGGCGAC
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAAAGCTTTGAAGCTCTTTG
GGGGACAACTTTGTATAGAAAAGTTGGCCGTTATCTTTATGTATAGCGTC
GGGGACTGCTTTTTTGTACAAACTTGCCGTTTAGGTTTTGTGTTTAA
GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGCCTGAGGCACCAAAGAT
GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTTACTCCCCCATTGCT
GGGGACAACTTTGTATAGAAAAGTTGGCTCTTACCAAGATACCACCGTA
GGGGACTGCTTTTTTGTACAAACTTGCGATTAAAATGGTATTTGTAAGTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGACCGTTGATTCAGCTCT
GGGGACCACTTTGTACAAGAAAGCTGGGTATCAACGACGACGTTCTGGTGA
GGGGACAACTTTGTATAGAAAAGTTGGCAGTTCACAGTTAGAACATTTGC
GGGGACTGCTTTTTTGTACAAACTTGCCTTTTTTTTTTTATGTTTCTTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCGGCTTATCTAGAGCE
GGGGACCACTTTGTACAAGAAAGCTGGGTAGCCCCTAAACATCTGAGCCCA
GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGCCCCTAAACATCTGAGC
GGGGACAGCTTTCTTGTACAAAGTGGATATGGCGGCTTATCTAGAGCGA
GGGGACAACTTTGTATAATAAAGTTGGTTAGCCCCTAAACATCTGAGC
GATGATATCTTTAGTTAGCGCCTTCTCTCTTTTGTATTCC
GAAGGCGCTAACTAAAGATATCATCAAAGAGAATCAATGA
GAAGACGCTAACTAATGATATCTTCACAGGTCGTGATATG
GAAGATATCATTAGTTAGCGTCTTCTACATATATATTCCT
GATTTTACTCGCGAATACGTCAATCTCTCTTTTGTATTCC
GATTGACGTATTCGCGAGTAAAATCAAAGAGAATCAATGA
GATTAACGTATTCGCCAGTAAATTCACAGGTCGTGATATG
GAATTTACTGGCGAATACGTTAATCTACATATATATTCCT
GATTACACTGTCGCATCGCGCTATCTCTCTTTTGTATTCC
GATAGCGCGATGCGACAGTGTAATCAAAGAGAATCAATGA
GATAACGCGATGCGAGAGTGTATTCACAGGTCGTGATATG
GAATACACTCTCGCATCGCGTTATCTACATATATATTCCT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAAGCGTGAGAAA
GGGGACCACTTTGTACAAGAAAGCTGGGTACTAACCGCCGGCCTTCTCCAA
GGCACCCTTAATCATATTTGG

GGAGTGCTGTAGAATTCGTCG

TGGACCATTGGAGATCAAGATG

GGCTGAAGTAACTATCAACAACC

CTCTGCGATCTCCGATGATG

CGGTCAGTGAATCCCTTGAG

GAAGAGAAGTACGAGTTCGAGTTC

CCCTAAACATCTGAGCCCATTC

CGTCTTCCGCTGCGAGAG

GCTTGCCTCCTCATAGAAACTG




Supporting Movies

Video files S1-S6

Movie S1. Movie of DR5:Luciferaseexpression in 3-day-old Col-0 atidlafb2 seedlings for
20 hours. The Col-0 root and ttilafb2 mutant root were located on the left and righésid
respectively. The root region where DR5 oscillasioacurred is indicated by a white arrow.

Scale bar, 0.1 cm.

Movie S2. Movie of DR5:Luciferaseexpression in 3-day-old Col-0 seedlings under mock
treatment for 20 hours. White arrow indicates tha region where DR5 oscillations

occurred. Scale bar, 0.1 cm.

Movie S3. Movie of DR5:Luciferaseexpression in 3-day-old Col-0 seedlings for 20reou
Seedlings were grown in the presence of 1 uM IBAiIté&/arrow indicates the root region

where DR5 oscillations occurred. Scale bar, 0.1 cm.

Movie $4. Movie of DR5:Luciferaseexpression in 3-day-old Col-0 ardh2ibrlibr3ibrl0
quadruple mutant seedlings for 24 hours. Two rbots the Col-0 seedlings (on the left) and

four roots from theech2ibrlibr3ibr10seedlings were imaged over time. Scale bar, 0.1 cm

Movie S5. Movie of pPMAKR4:CBG9%xpression in 3-day-old Col-0 seedlings for 24reou
Scale bar, 0.1 cm.

Movie S6. Movie of MAKRA4 protein localization during nucleargration and asymmetric
cell division in pericycle cells that are markedrincleartGATA23expression. A 5-day-old
PMAKR4:GFP-MAKR4 x GATA23:nGFeedling was used for confocal imaging for

18 hours. Yellow and red arrows indicate GFP sifnath the MAKR4 protein and the
nuclear GATA23 signal during migration. Scale 200 um.



“We believe that there is no
structure in plants more wonderful,
as far as its functions are concerned,

than the tip of the radicle.”

CharlesDarwin
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The growth dynamics of root cap cells set the root clock
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Summary:

During growth of the plant root system, the rogb éathe first organ that interacts with the
rhizosphere and senses environmental signalseotdiot growth. IrArabidopsis thalianaa
root cap-specific auxin source modulates the pattgrof lateral organs along the primary
root axis. However, thus far the mechanism remaieégsive. Here, we reveal that
programmed cell death in the root cap is a peripdicess that determines the spatiotemporal
patterning of root branching. Genetic evidence destrated that auxin signaling in the root
cap is not required for maintaining the root cloahavior, but depends on the coordination
of local auxin biosynthesis and auxin transporisWork shows that the growth dynamics of
the root cap are responsible to generate the poaltinformation for periodic root branching

to optimize the uptake of water and nutrients ftbmsoil.
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I ntroduction:

During plant growth, the root system contributeshi® uptake of water and nutrients by
the sequential prodction of lateral roots. In planddel Arabidopsis thalianathe position of
lateral organs along the primary root is specitigda prepatterning process. This occurs in
the transition zone of the root apex, also refetoeds oscillation zone, a region close to the
tip where meristematic cells stop dividing and dipelongate. During prepatterning, subsets
of cells in the OZ experience high levels of gempression that create oscillations in the
growing primary root and that are proposed to peepalls for the production of a lateral root
(De Smet et al.,, 2007; Moreno-Risueno et al., 20d¢@n Norman et al., 2013). The
oscillations can be visualized by the syntheticiasignaling output reporter DR5 (De Smet
et al., 2007; Moreno-Risueno et al., 2010). Whdls edth high DR5 expression levels leave
the OZ, the expression is maintained and becomes in regularly spaced prebranch sites
along the primary root capable to form LRs.

We recently revealed a crucial role for the rogt gathe spatiotemporal patterning of
root branching. Root cap-specific conversion of #uxin precursor indole-3-butyric acid
(IBA) into the most abundant endogenous auxin iebhcetic acid (IAA) creates a local
auxin source that modulates the oscillations amdethy controls prebranch site formation
(Xuan et al., chapter 2). However, thus far itn&mown how the auxin source in the root cap
controls the oscillations. The root cap is thetfosgan that interacts with the rhizosphere
when a root grows through the solil. It is a sengwgan that perceives environmental signals
such as gravity, water and nutrients to direct gyotvth towards nutrient- and water-rich soll
patches (Arnaud et al.,, 2010). The root cap enbhemtd protects the root meristem that
continuously produces new root cap cellsAhabidopsis the root cap consists of centrally
located columella cells and peripherally locate@rkl root cap cells (Dolan et al., 1993).
Recently, it was shown that lateral root cap aetidergo programmed cell death (PCD) when
they approach the distal boundary of the root cafhé transition zone of the primary root
(Fendrych et al., 2014). Moreover, the root capesige NAC transcription factor
SOMBRERO transcriptionally controls root cap matiora and PCD in the lateral root cap
and is involved in LR patterning (Bennett et alQ1@; Moreno-Risueno et al., 2010;
Willemsen et al., 2008). Here, we reveal that tt@wh dynamics of the root cap determine
the regular distribution of lateral roots to optmaithe uptake of water and nutrients from the

soil.



DR5 expression dynamicsin root cap and OZ exhibit equal periodicity.

As a first step to investigate how the root cap utaigs LR patterning, we determined
whether auxin signaling occurs in the root cap. thes purpose, we used a highly sensitive
stereo-microscope for fluorescence to visualizei@ear localized fluorescent DR5 reporter
(DR5rev-3xXVENUS-N7) (Heisler et al., 2005) at ciluresolution in a vertically growing
root. This imaging system uniquely combines thditgltio image seedlings while they are
growing vertically on solid plant medium with vidization at cellular resolution of a large
root portion including the meristem and oscillatmone. We detected a strong DR5 signal in
the entire root cap, indicative of a general auesponse (Fig. 1a, b). Long-term imaging of
growing seedlings with 10 min. intervals showed tthe@ DR5 signal disappeared every ~4
hours in the most-distal concentric file of roopazells (Figure 1c, d, Extened Data Fig. 1,
and Supplementary Video 1). When we followed theitmmn of the root where DR5
expression had disappeared in the growing seedhieg;onsistently detected a new LRP at
this position in ~89% of events (Supplementary id¢. Inversely, when we traced back the
origin of LRP during root growth, we found that 20®f LRP formed at the position where
DR5 expression had disappeared in the root capeder, we observed that the recurrent
disappearance of DR5 expression exhibits the saemmdicity as the DR5-Luciferase
oscillations in the OZ that were previously showmtark the position of future LRs (Fig. 1e,
f; Moreno-Risueno et al., 2010; Xuan et al., cha@e Gravitropic stimulation decreased
both the periodicity of disappearance of DR5 exgmesin the root cap and DR5 oscillations
in the OZ to ~2 hours (Fig. 1g). After gravitrotmulation, the root bended at the position
where DR5 disappeared in the root cap and formdfRaat the bending site (Supplementary
Video 2). To study the spatial connection betwdenrbot cap and OZ in more detail, we
compared the average distance from the QC of thafdrase signal in the OZ of DR5-
Luciferase seedlings and the fluorescent signathe root cap of DR5rev-3xVENUS-N7
seedlings. We determined that the DR5 signal inrdloé cap disappeared at the start of the
OZ (Fig. 1h, i). All together, these results shdattthe disappearance of the DR5 signal in
the root cap, the oscillations in the OZ and thenfition of LRP are temporally and spatially

connected.
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Figure 1: Periodic disappearance of root cap-DR5 expression precedes L RP formation.
a-c, Confocal fluorescence microscopy imaged] and stereo microscope imags ¢f root

tip of DR5revVENUS-N7eedlings. Image ia was obtained by Z-stack scanning, and arrow

in ¢ points at a concentric file of root cap cells WitR5 expression. Scale bar, 100 pan.
Quantification ofDR5 expression in the two most distal adjacent comiefiles of root cap
cells over time. Black arrows mark the time-poitten theDR5expression level in the root
cap starts decreasing, and red arrows mark thegoime when thédR5 signal completely
disappears in the root cagf, Histograms showing the distribution of the timeerval
between the disappearanced®5 expression in two adjacent files of root cap c@lsn = 85
measurements obtained from 25 individual seedliagd)two consecutivBR5 oscillations
in OZ (f; n =70 from 18 individual seedlings) ovane.g, Average time interval between the
consecutive disappearanceldiR5 expression in two adjacent files of root cap cafld two
consecutivddR5 oscillations in OZ over time under normal condiBand during gravity-
induced bending (n > 200, DR5:Luciferasesignal in seedling root, Scale bar, 0.5 mm.
Distance from QC obR5revVENUS-N7signal in the root cafpR5:Luciferaseoscillation
signal in OZ, and statiDR5-Luciferasesignal in prebranch sites (n > 40). Scale barnthh
In all experiments, 3-day-old seedlings were usedniaging and analysis.
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PCD triggersthe oscillationsin OZ and subsequent L RP for mation.

We assesed whether the recurrent disappearanceoel>3XVENUS-N7 expression in
the root cap could be controlled by active degiadabf fluorescent protein as a result of
PCD (Fendrych et al., 2014). Lateral root cap cglisw increasing expression of the aspartic
protease PASPA3 while they approach the distaloéride root cap and finally die (Fendrych
et al.,, 2014). We created a line expressing the rBRRSXVENUS-N7 reporter and the
pPASPA3-NLS-tdTomato cell death marker, and deteaeerlapping expression in the
nuclei of the most distal lateral root cap cellstéhded Data Fig. 2a-d). Moreover, real time
imaging showed that the DR5 and PASPA3 signal gisared synchronously in distal lateral
root cap cells (Fig. 2a ). This indicates that ibeurrent disappearance of DR5 signal marks
PCD in the lateral root cap and suggests thatR@iB is a periodic process. Indeed, we found
that expression of the PASPA3 cell death markesgtisared every ~4 hours in the most-
distal concentric files of root cap cells (Fig. @b-Gravitropic stimulation decreased the
periodicity of disappearance of PASPAS3 expressiatié root cap to ~2 hours, as was shown
for the periodicity of DR5 oscillations in the O&ypplementary Video 3 and Extended Data
Fig. 2f). When we followed the position where PASPAxpression disappeared during
seedling growth (Supplementary Video 4), we coesiyy observed the formation of a new
LRP at this position (Extended Data Fig. 2e). Imition, the NAC domain transcription
factor SMB is specifically expressed in root cafiscand has been shown to transcriptionally
control PCD in the lateral root cap (Fig. 2f; Wiitleen et al., 2008; Fendrych et al., 2014).
Previous transcriptome analysis identified SMB ggutatively oscillating gene in the OZ
(Moreno-Risueno et al., 2010), but our analysiS®IB-Luciferase signal showed that SMB
expression does not oscillate in root cap cellsdited Data Fig. 2g). Instead, similar to
PASPAS3 expression in the root cap, the nuclear pSMB-GFP signal disappeared every ~4
hours in the most-distal concentric files of roapcells (Fig. 2e-g and Supplementary Video
5). Thus, the periodicity of PCD in the lateral raap and the oscillations in the OZ is
identical and shifts synchronously in responsertvity. Together, these results reveal that
PCD in the lateral root cap is a recurrent protieasis spatiotemporally interconnected with
LR patterning.

We next disturbed PCD in the lateral root cap neestigate if this will affect LR
patterning. Previously, PCD in the lateral root bap been shown to be disturbed in the smb-
3 mutant (Fendrych et al., 2014). Root cap celhesmb-3 mutant continued to divide and
failed to detach from the root, resulting in anr@ased number of root cap cells that
ectopically extended into the oscillation zone @ixted Data Fig. 3e-g; Bennett et al., 2010).
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Figure 2: Disappearance of DR5 expression and cell death in root cap cells exhibit equal
periodicity. a, stereo microscope images@iRsrev:VENUS-NAndpPASPA:NLS-
tdTOMAT Oexpressing transgenic seedlings that were imageda90-min period. Images
were taken every 15 min. Small numbers mark celis BR5andPASPAsignal.b, c, e, f,
stereo microscopé(€) and confocal microscopyg,(f) images of nuclear-tagg@ASPA3ed
fluorescent signal and nuclear-taggddBgreen fluorescent signal in root cap cells. White
arrows inb ande indicatePASPA3andSMBnuclear signals in concentric files of root cap
cells. Bar = 100 um. PI, propidium iodideg, Histograms showing the distribution of the
time interval between the consecutive disappearaheASPA3andSMBsignals in two
adjacent concentric files of distal root cap céllss 85 measurements obtained from 18
individual pPASPA:NLS-tdTOMAT®eedlings; n = 70 measurements obtained from 18
individual pPSMB:NLS-GFRseedlings). In all experiments, 3-day-old seedliwgre used for
imaging and analysis.
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The DR5 signal in the root cap was disorganizedsagificantly reduced in the smb-3
mutant and extended into the oscillation zone (fkdeel Data Fig. 3e, f, g). Moreover, the
oscillations in the OZ were strongly irregular e smb-3mutant, and we observed less LRPs
and LRs and a reduced primary root elongationésthb-3mutant (Extended Data Fig. 3a,
b, g). In contrast to the smb-3 mutant, dexameti@gbDex) inducible SMB overexpression
triggers a strong release of root cap cells (Fag.d3 g). This is accompanied with a strong
reduction in DR5 signal intensity in the root cayl doss of the periodic disappearance of
DR5 expression in SMB overexpressing seedlings @¢gf, g and Extended Data Fig. 3h).
Consequently, the DR5 oscillations in the OZ amagletely absent and the number of
prebranch sites and LRs is severely diminished (§MB overexpression (Fig. 2h, i and
Supplementary Video 6). When SMB overexpressinglsegs were allowed to grow further
on medium without Dex, the newly formed root padduced a normal root cap and LRs.
However, the part of the root that had grown on Bieiknot produce any LR, confirming the
requirement of the root cap for LR patterning (Exied Data Fig. 3i-k). In addition, a strong
reduction in the number of lateral root cap cejlsralucible transactivation of the toxic
diphteria toxin A chain gene in the lateral rogb €3411) (Birnbaum et al., 2003; Weijers et
al., 2003) also significantly suppressed LRP forama(Extended Data Fig. 3I-n). All
together, these results suggest that the contratiddecurrent death of root cap cells
regulates the oscillations in the OZ and the sulbseigformation of LRP.

Theroot cap modulatesthe oscillationsin OZ via auxin transport.

We next investigated how the recurrent PCD of #&teoot cap cells controls the
oscillations in the OZ. Previously, we showed ttint oscillations are modulated by a local
auxin source in the root cap, derived from the ayxiecursor IBA (Xuan et al., chapter 2).
Therefore, we assessed whether the auxin respoatse/¢ observed in the root cap (Fig. 1a,
b) could be required for this process. Auxin regeois inhibited by Aux/IAA transcriptional
repressors that are degraded when auxin level§Gisg et al., 2001). We expressed a mutant
form of the Aux/IAA17 protein,axr3-1, which cannot be degraded by auxin and thus
constantly represses auxin response (Rouse el%8; Swarup et al.,, 2005), under the
control of the root cap specific SMB promoter iD@x inducible manner. Induction of axr3-1
resulted in agravitropic root growth and loss of D&pression in the root cap, but did not
alter LR number (Fig. 4a-c and Extended Data F&g.b}. This indicates that auxin response

IS not required in the root cap to control LR partieg.
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Figure3: Theroot cap isrequired for LR patterning. a, d, ¢, f, Z-stack confocal
microscopy images of transition zone of Pl-stairaats (Aida et al., 2004) and stereo
microscope images @R5rev:VENUS-N&xpressing root tipg(f). 5-day-old35:SMB-GR
transgenic seedlings treated withaatd) or with d, f) 1 uM Dexamethasone (Dex) from day
3 on. Seedlings ia andd were stained with propidium iodide (Pl) before fomal imaging.
Pinhole at 1 um was used for Z-stack scanningedzad, 100 pnb, e, Root phenotype of 8-
day-old35:SMB-GRiransgenic seedlings treated withatdr with f) 1 pM Dexamethasone
(Dex) from day 3 ong, Quantification of th&R5signal intensity in the root cap and number
of root cap cells in 5-day-ol0R5rev:VENUS-N&xpressin@5S:SMB-GRransgenic
seedlings that were grown on 1 uM Dex from day 8rom 30).h, Kymograph representing
DR5:Luciferaseexpression in 3-day-old Col-0 aB8S:SMB-GRransgenic seedlings after 1
1M Dex application over twenty hours. Scale barili, Quantification of prebranch sites
and LRs number iB5S:SMB-GRransgenic seedlings that were grown without ex3f

days and then grown on indicated Dex concentrafmnanother 2 days to count the
prebranch sites (n =10) or another 5 days to giydt® number (n = 12)Error-bars are

means * standard deviation.
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Figure4: Theauxin reflux loop isrequired for LR patterning. a, Stereo microscope (left)
and confocal microscope (right) imagedd5rev:VENUS-NExpression in 3-day-old Col-0
andpSMB:axr3-GRseedlings grown on 10 uM Dex. Scale bar, 50 lp,rQuantification of
LR number and gravitropic index of Dex-grown prignaoot part of 8-day-olgpSMB:axr3-
GRseedlings grown on indicated Dex concentratiooifday 3 onc, Confocal microscopy
images oDR5rev:VENUS-NE&xpression in 3-day-old seedlings after 24 haaatment by
DMSO or 10 uM NPA. Scale bar, 200 pdy.Quantification oDR5rev:VENUS-NBignal
intensity in indicated tissues a(n > 20).e, DR5:Luciferaseexpression in 3-day-old
seedlings after 2 hours and 12 hours treatmendhyM NPA. Blue arrows indicate the
position of OZ. Scale bar, 2 miy.Quantification oDR5:Luciferasesignal in the root tips of
3-day-old seedlings treated by DMSO or 10 uM NPA1 hours (n > 30).

We next investigated if the IBA-derived auxin sauig transported from the root cap to
the OZ to modulate the oscillations. We used tHargauxin transport inhibitor N-1-
naphthylphthalamic acid (NPA) to determine whetexin efflux is involved to establish the
oscillations in the OZ. Analysis of the PASPA3 adhth marker showed that exogenous
application of NPA does not stop the recurrent RC[teral root cap cells (Supplementary
Video 7 and Extended Data Fig. 4c, d). However, Nipplication resulted in a strongly
increased DR5rev-3XxVENUS-N7 signal in the lateoaitrcap and epidermis and a decreased
DR5 signal in the vascular tissue (Fig. 4f-h ang@ementary Video 8). This suggests that
auxin accumulates in the lateral root cap and epigeand cannot be transported to the
vascular tissue in the OZ. When NPA-grown seedlimge allowed to grow further in the
absence of NPA, the recurrent degradation of DRisession in the lateral root cap is
followed by the formation of a LRP at the positiwhere the DR5 expresssion disappeared
(Supplementary Video 9). Moreover, NPA additiorufesd in loss of DR5-Luciferase
oscillations in OZ. (Fig. 4d, e), indicating thaixan efflux carriers are required for LR
patterning.

Polar auxin efflux is facilitated by PIN-FORMEDIW efflux carriers. Of all tested

PIN proteins, only PIN2 is is polarly localizedtime apical cell membrane of lateral root cap
and epidermis (Extended Data Fig. 4h). In the Histaral root cap cells, PIN2 is laterally
localized on cell membranes of that face the emdef(Extended Data Fig. 4h), facilitating
auxin flux into the epidermis towards the OZ. Thetein kinases PINOID (PID), WAG1 and
WAG2 redundantly recruit PINs to the apical plasmambrane and are expressed in the
epidermis and lateral root cap (Extended Data Beg) (Dhonukshe et al., 2010). In
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pidwaglwag?2 triple mutant seedlings, the apicalZPtidlarity in lateral root cap cells is lost
(Dhonukshe et al., 2010), and the number of LRREldRs was dramatically reduced and
cannot be rescued by increased conversion of IBé-amnixin in root cap cells (Extended Data
Fig. 4f and g). This suggests that apical and dateolar auxin transport in lateral root cap
cells towards the OZ is required for LR patterning.

We next investigated whether auxin influx into theeral root cap is required for LR
patterning. The auxin influx carrier AUX1 is spécdily expressed in root cap cells and
epidermis cells starting from the most distal mdrthe lateral root cap (Extended Data Fig.
3h). In the auxl mutant, we observed reduced DR¥essgion in the root cap and less
prebranch sites and LRs (Extended Data Fig. 4iEattdnded Data Fig. 5a-c). A GAL4-based
transactivation approach showed that the reducetbauof LRs in theux1mutant could be
rescued by targeted expression of AUX1 in the danwdiJ3411 (lateral root cap) but not
J0121 (pericycle cells) (Extended Data Fig. 4j).atidition, NPA induced accumulation of
DR5 in lateral root cap and epidermis was represseauxl and ibrlibr3ibrl0 mutants
(Extended Data Fig. 5a-c). This indicates that mdixix into lateral root cap cells is required
for LR patterning, possibly to ensure that the IBédved auxin pool can be transported
towards the OZ. All together, these results sugtiedtauxin is transported from the lateral
root cap to the OZ to trigger the oscillations.

Discussion:

The molecular mechanism behind the paterning of okgans is a major research topic
both in plant and animal biology. In plant rootsteral roots form periodcically, driven by a
molecular oscillator referred to as the root claalong the primary root axis. The root clock
is controlled by the combination of a temporal sigfoscillating of gene expression) to
regulate the oscillation periodicity (Moreno-Risoegt al., 2010), and a spatial auxin signal
from the root cap to moderate the oscillation gjtienn the oscillation zone (0Z) (Xuan et al.,
chapter 2). In this study, we revealed that that wock is facilitated by a recurrent root cap
cell death, which triggers the transition of a ¢desable amount of auxin from root cap to
OZ to set the root clock.

So far, the root cap has been demonstrated acialdiasue that mediates the interaction
between plant roots and their growth substratdefkilet al., 2005; Svistoonoff et al., 2007).
Its central role on the patterning of lateral roalsng the primary root, that is the central
theme of our study, might provide the plants witte tpossibility to adapt their root
architecture to the ever changing soil conditidisting the exploration of the soll, root tips
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might sense, via the root cap, the nutrient statuen they enter nutrient-poor versus nutrient-
rich spots and translate this environmental infdromato an alteration in the rate of lateral
root production. This mechanism might help the {daio take profit from favorable soil
conditions and to produce locally a higer numbelatdral roots by increasing the lateral root
density as is the case for root foraging.

On the other hand, irrespective of environmentalddeons, the default settings of the
root clock show parallels with the molecular megétanwhich controls somitogenesis in
vertebrates. Both root cap and tail bud are locatetthe distal end of the growing structure
and are responsible to prepare proliferating delighe periodic formation of segmentation
(segment clock). It is therefore suggested thatgheal growing cells of an organism might
direct the movement of the organism and patternnth& organs along body axis both in
vertebrates and plants.

Darwin once mentioned about the root cap that “kebed there is no structure in
plants more wonderful, as far as its functions @vacerned, that the tip of the radical”
(Darwin and Darwin, 1880). Our results support th&son on the central role of the root cap,

the organ at the most tip of root, controling rpatterning in Arabidopsis.

Materials and M ethods

Plant growth conditions
Arabidopsis thalianaseeds were grown on Petri dishes (12 cm X 12 @njaming

sterile half-strength Murashige and Skoog (1/2MSdmm under continuous light as
described before (Xuan et al., chapter 2). Forsaesand seed collection, seedlings were
transplanted to soil and grown at 22°C with a 18¢hdaily illumination (100 pmol ts?).

For compound treatments, filter-sterilized substsnwere added to cooled (50°C)
molten MS medium and mixed in 50-mL Falcon tube®taebeing poured into Petri dishes.
Three-day-old seedlings were transferred to fresiS¥media with different compounds for

extra 5 days, unless otherwise indicated.

Plant lines used

The Arabidopsisaccessions Columbia (Col-0) and C24 were usedhier dtudy. The
auxin-responsive reporter lin€&3R5rev:VENUS-N7 DII-VENUSand DR5:Luciferasehave
been described previously (Brunoud et al., 2012sleleet al., 2005; Moreno-Risueno et al.,
2010).DR5rev:VENUS-Nhas been crossed with Col-0 for three times bdfereg applied
in all the experiments. The GAL4-GFP enhancer tmags J3411 J0951and J0121 were
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obtained from the Nottingham Arabidopsis Stock @erfbttp://nasc.nott.ac.uk/and the
UAS:DTAline was a gift from Remko Offringa (Leiden Unisgy, The Netherlands). The

GAL4 enhancer trap lines were crossed WithS:DTAand the lateral root phenotype of the
F1 generation was analyzed.

The origin of the mutant lines used is as folloth&smb-3(SALK_143526) mutant was
obtained from the Nottingham Arabidopsis Stock @enthe 35S:SMB-GRransgenic line
was kindly supplied by Lieven De Veylder (Ghent Wnsity, Belgium);qual-3andqua2-1
mutants were the gifts from Grégory Mouille (Instittean-Pierre Bourgin, INRA, France);
the indole-3-buytric acid (IBA) conversion pathwawgutant ibrl-2ibr3-1ibrl0-1, auxin
transport mutantaux1-21andpidwagiDhonukshe et al., 201@yag2have been described
previously (Strader et al., 2011; Swarup et al.Q40 Double and higher-order mutants
harboring various marker lines were generated bgsing. F3 homozygous seedlings were
analyzed in all experiments. For thexl complementation study, the enhancer trap lines
J3411andJ0121 were first induced int@ux1-21mutant. Homozygoud3411aux1-2l1and
J0121lauxl1-21seedlings were subsequently crossed WI&5:AUX1aux1-22seedlings. F1

seedlings were used to quantify the lateral roenplype.

Plant Constructs and Transformations

The Gateway system® (Invitrogen, Carlsbad, CA, U%A% applied to generate most
constructs, and the primers used in this studyistesl in Supplemental Table 1. For
transcriptional fusions, the promoter fragmentsngasn of the coding sequence amplified
from genomic DNA were cloned into pPDONR221 or pDONR1R and subsequently
introduced into different expression vectors (Karmtnal., 2007). To generate pSMB:axr3-GR
construct, the gain-of-functicaxr3-1cDNA fragment were amplified froddAS:axr3-1
seedling cDNA, and then fused between the SMB ptenand the GR tag in a destination
vector. For estradiol-inducibleiphtheriatoxin a (DTA) translation fusions, the DTA cDNAs
was amplified fromMJAS:DTAtransgenic seedling cDNA and cloned into pPDNORZ21.
modified pER8 vector was cloned into the pDONRP4E&Rnstream of UAS promoter to
enable the compiling of the inducible constructariggenic plants were created by
Agrobacterium tumefaciens floral dipping with thenstruct described above into the
appropriate genetic background (Clough and Berg8)1L9

Root phenotype analyses
To quantify the lateral root phenotype in wild-typkants and mutants, emerged lateral
roots of the whole seedlings were counted undelisaecdting microscope 8 days after
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germination. Subsequently, whole seedlings werarsghfor further analysis of the primary
root length. For dexamethasone (Dex) and estragiatments, the length of the primary root
grown after the treatment was measured and emédagem@l roots in this root region were
counted. The gravitropic index was obtained by uating the ratio of vertical length and

primary root length (RL) (Grabov et al., 2005).

Histochemical analysis and confocal microscopy

GUS assays were done as described previously (‘$sneeal., 2005). For microscopic
analysis of primordium stages, root samples wegared (Malamy and Benfey, 1997). All
samples were analyzed by differential interferecmarast microscopy (Olympus BX53). An
Zeiss 710 confocal laser scanning microscope wed fos fluorescence imaging of roots. For
the propidium iodide (PI)-treated root images, $egd were stained with 2 pg/mL PI for
3 minutes, washed with water, and used for confmecaging. To generate 3D projection of z-
stacks of root tip sections, stacks of ~ 70 optrcgkctions (um step-size) were collected

from root axes at the meristem zone.

Macroview stereo microscope setting up and imaging
Olympus MXV10 macroview stereo microscope

(http://www.olympusamerica.com/seg_section/prodapfaroduct=100)3vas 90 degree

turned and adapted to a holder, which enable tgéntiae fluorescence signal from vertical
growingArabidospsigoot in the square plate. A mobile microscopeestags installed to fix
the plate close-up to the lens. For time lapse intaghe filters were under control of an
automated shutter manipulated by the softwarejrmaades were taken every two minutes to

generate the video files.

Luciferase imaging and expression analysis
The Luciferase images were taken by a Lumazone imadarrying a charge-coupled
device (CCD) camera (Princeton Instruments, Trenbdhy USA) as described previously

(Xuan et al., chapter 2).

Author contributions;

W.X., D.A. and T.B. conceived the project. W.X. aDdv.D. set up the imaging system.
W.X., G.D.R. and D.O. performed imaging and analy&iB. developed the mathematical
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modelling. X.W. and S.V. performed analysis on auxansport reporters and mutants. M.N.
cloned cell death genes. W.X., B.M. and T.B. witbie2 manuscript. All authors discussed the

results and commented on the manuscript.

Supplementary videos files S1-S9

Video S1. Movie of DR5rev:VENUS-N&xpression in a 3-day-old seedling for 14 hoursd Rrrows indicate

the disappearance BR5 expression in the root cap; yellow arrows indi@teRP. Scale bar, 0.2 cm.

Video S2. Movie of DR5rev:VENUS-N#&xpression in a 3-day-old seedling after a grapitr stimulus (145
degree turn) for 20 hours. Red arrows indicatedibappearance @R5 expression in the root cap during root

bending; yellow arrows indicate a LRP. Scale bdy,im.

Video S3. Movie of pPASPA3:NLS-tdTOMAT®xpression in a 3-day-old seedling after a grapitratimulus
(145 degree turn) for 11 hours. Red arrows inditiatedisappearance BfASPA3signal in the root cap during

root bending. Scale bar, 0.5 mm.

Video 4. Movie of pPASPA3:NLS-tdTOMAT@xpression in a 3-day-old F1 seedling of a crogsvdsn
pPASPA3:NLS-tdTOMAT@ndDR5rev:VENUS-Nbver 18 hours. White arrows indicate the disappese of
PASPA3signal in the root cap. Scale bar, 0.1 mm.

Video S5. Movie of pSMB:NLS-GFRexpression in a 3-day-old seedling over 10 houesl &rows indicate the

disappearance &MV Bsignal in the root cap. Scale bar, 0.5 mm.

Video S6. Movie of DR5:Luciferaseexpression in 3-day-old seedlings Col-0 @8%5:SMB-GRDex-treated
seedling over 24 hours. One root from the Col-Qlsegs (on the left) and five roots from tl88S:SMB-GR

seedlings were imaged over time. Scale bar, 0.5 mm.

Video S7. Movie of pPASPA3:NLS-tdTOMAT@xpressionin a 3-day-old NPA-treated Col-0 seedling over
22 hours. White arrows indicate the disappearahd®@A&PA3signal in the root cap. NPA was used at 10 uM.

Scale bar, 0.2 mm.

Video S8. Movie of DR5rev:VENUS-N7expression in a 3-day-old Col-0 seedling treatath WPA for
16 hours. NPA was used at 10 puM. Scale bar, 0.2 mm.

Video S9. Movie of DR5rev:VENUS-N7expression in a 3-day-old NPA-grown Col-0 seedlihgt was
transferred to medium without NPA. Red arrow intisathe disappearance DR5 signal in the root cap;

yellow arrow indicates a LRP. Scale bar, 0.2 mm.



Chapter 3 m

Confocal Stereo
Distribution pattern Microscope Microscope
(High resolution) (Low resolution)
0000000000000 0000000000000
g’ 0000000000000 § 0000000000000
§ 0000000000000 § 0000000000000
(@} Q
% 0000000000000 % 0000000000000
0000000000000 0000000000000
- R EEERRERER T

Nuclear localized ™\
fluorescence signal

Concentric root cap cell files

Extended Data Figure 1 | Schematic of the ring-like expression pattern of nuclear

localized florescence signal in root cap cells under stereo microscope.
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Extended Data Figure 2 | Periodic root cap cell death correlateswith LRP formation. a,
Z-stack confocal microscope images of the co-laa#ibn ofDR5-driven nuclear tagged YFP
signal andPASPA3promoter-driven nuclear tdTOMATO signal in roopazells. Pinhole, 1.7
pum. Scale bar, 50 ur.- d, Macroview stereo microscope images of the loatitm ofDR5
signal andPASPA3signal in the concentric distal cell files of ttu®t cap. Scale bar, 200 um.
e, Positional correlation of thEASPA3root cap cell death signal and LRPs in the primary
root in F1 seedlings of a cross betw@BASPA3:NLS-tdTOMAT@ndDR5rev:VENUS-N7
Red arrows indicate the disappearance of the PAS§&d@&al; green arrows indicated the
positions ofDR5 expressing LRP (also see Supplemental video 4leSwar, 100 pmt,
Quantification of average time interval betweeraggearance gsPASPA3:NLS-tdTOMATO
signal in concentric root cap cell files under nafmonditions or during gravity-induced
bending (n > 30). Error-bars are means + standakdation. g, Quantification ofpSMB-
Luciferaseexpression in the root cap over twelve hours. Bald seedlings were used for in
all experiments.
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Extended Data Figure 3 | Root clock requirestheroot cap. a, Root phenotype of 8-day-old
Col-0 and smb-3 seedlings.c-f, Macroview microscope images:, (d) and confocal
microscope images,(f) of DR5rev:VENUS-N7%&xpression in root tips of 3-day-old Col-0
and smb-3seedlings. PI, propidium iodidg, Quantification of the indicated parameters in
Col-0 andsmb-3seedlings. 3-day-old seedlings were used to meaker number of lateral
root cap cells (n > 30), thBR5 signal intensity in the root cap (n > 30) and DR5
oscillation frequency in OZ (n > 70 obtained fromdividual 15 seedlings); numbers of
prebranch sites (PBs), LRPs, and LRs were obtaired 8-day-old seedlings (n > 12).
Primary root elongation was measured in 6-day-e&tlBngs (n > 14h, DR5rev:VENUS-N7
expression in 5-day-0l85S:SMB-GRransgenic seedlings that were Mock or Dex treated
from day 3 on.i-k, Quantification of LR number in 8-day-old Col-0daB5S:SMB-GR
seedlings treated with Dex from day 2 (red arrowsyn transferred to medium without Dex
on day 4 (black arrows). LR numbers from the ragions that only formed on indicated
medium (with or without Dex), and images of rooepbtype i) and root tip K) were taken.
Arrows indicated the time of the transfer. n = 1@n, Root phenotype and expression pattern
of J3411 of 8-day-old F1 progeny of indicated linesQuantification of LR number in 8-
day-old indicated transgenic lines treated withougs concentrations of estradiol from day 3

on (n > 10). Black scale bars, 1 cm; white scats,ld00 pum.
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GRASSES

Boundless grasses over the plain,
Come and go with every season;
No prairiefire can destroy the grass,
It shoots up again with the spring breeze blows;

Sweet they press on the old high-road,

And reach the crumbling city-gate;

Oh, Prince of friends, you are gone again...
| hear them sighing after you.

Bai Juyi (A poet from Tang Dynasty)
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Abstract

Auxin has been demonstrated to control root brargchi plants. In the plant model
Arabidopsisthaliana, the auxin signal is mediated by the auxin reaggpémsport inhibitor
response 1 (TIR1). However, the regulation of tranching by TIR1 remains elusive. Here,
we identified a novel small molecule, tirlin, TIRtEpendent lateral root inducer, as a
chemical tool to unravel the molecular mechanismidf on lateral root development. We
found that tirlin strongly induces lateral rootrfmation without moderating auxin perception
by TIR1. Genetic evidence shows that tirlin migttt downstream of TIR1 and ARF7-ARF19
to regulate lateral root formation. By screenirfgst-neutron mutagenesis population, we
identified LBD proteins as potential targets ofiiirOur work suggests that LBD proteins
may act as the core downstream components of TEHg&rtent signaling on the regulation

of lateral root formation.
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Introduction

The complexity and architecture of the plant rg@tam is mainly controlled by root
branching. It plays a crucial role in the adaptatd the plant to environment stimuli. In the
plant modelArabidopsis thaliana, the process of root branching is under the teaimamtrol
of oscillating gene expression in the oscillatiome (OZ) close to the root tip, which has
been designated as the root clock (Moreno-Risueab,&2010; Van Norman et al., 2013).
This periodic gene oscillation in the OZ leadshte $patial formation of prebranch sites,
patches of cells in the OZ that subsequently vallelop as lateral root (LR) primordia.

Auxin has been demonstrated as a key regulat@pafatable organogenesis in
Arabidopsis. The expression of the transcriptional auxin respaeporter DR5 was found to
oscillate in OZ and forms static expression patierthe prebranch sites, which implies a role
for auxin on regulating the rook clock. Recentlypat cap-specific auxin source driven by
indole-3-butyric acid (IBA) and TIR1/AFB-dependenixin signaling were also
demonstrated to moderate the strength of the DRilad®n, and thus regulate prebrach sites
formation (Xuan et al., chapter 2). Anabidopsis, auxin signaling is perceived by the
TIR1/AFB family of F-box proteins acting in concevith the Aux/IAA transcriptional
repressors (Dharmasiri et al., 2005; Gray et @D12. Gain-of-function mutations in
AUX/IAA proteins, including IAA28, SLR/IAA14, CRANHAA18 and SHY2/IAA3,
decrease the number of LRs, indicating that AUX/{8épendent auxin signaling is
necessary for LR formation (De Rybel et al., 20R0gg et al., 2001; Uehara et al., 2008;
Vanneste et al., 2005; Vermeer et al., 2014).

However, several lines of evidence suggest théreifit combination of TIR1/AFB
auxin receptors and AUX/IAA proteins displayed alerrange of auxin binding affinities,
and as much contributes to the complexity of auggponses and diverse root phenotypes
(Calderon Villalobos et al., 2012; Parry et al.02 In addition, the exact role of each auxin
receptor type and their downstream signaling coraptsnduring the process of LR
development remains unclear. By using a chemicadtieapproach we established
previously, we identified several small molecus nhon-auxin-like lateral root inducers in
Arabidopsis (De Rybel et al., 2012).

One small molecule, which we named tirlin for TIBdpendent lateral root inducer,
enhanced LR development in a TIR1-mediated fashiothis way, tirlin could act as a
unique chemical tool for understanding the sigmgpathways involved in TIR1-mediated
lateral root formation, and also to get insighoitite redundant and non-redundant functions
of different auxin receptors.
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Results

| dentification and characterization of non-auxin like lateral root inducers

To identify new synthetic molecules that stimuldte process of lateral root
development, we screened a diverse 10,000-comgddarady for activators of expression of
CYCB1;1, a cell cycle gene that marks cellular sims (Supplementary Fig. 1). In xylem
pole pericycle cells, the induction 6¥CB1;1 promoter expression coincides with cell
division of pericycle cells and thus reports therfation of new lateral root primordia
(Himanen et al., 2002; Himanen et al., 2004; Vateesal., 2005). To report cell division in
pericycle cells, we used transgenic seedlings auntpa construct comprising the CYCB1;1
promoter fused t@-glucuronidase (GUS) (pCYCBZ1;1::GUS) in a high-tinghput adaptation
of a previously described ‘lateral root inducibjstem’ (Himanen et al., 2004). Eighty-eight
molecules were identified to induce expressiop@{CB1;1::GUSIin the xylem pole
pericycle cells after 24 h (Fig. 1a), suggestirgyttvere potent activators of the early stages
of lateral root development. To avoid the selecbbauxin-like compounds that would also
affect other auxin-related processes, we excluledakecules with a chemical structure
similar to that of known auxins, such as IAA, NAA4-D or sirtinol, and retained nine hit
molecules for further analysis (Fig. 1a and Sumgletary Fig. 1; De Rybel et al., 2012).
Phenotypic characterization shows that these powunds increased lateral root densities in
a dose-dependent manner compared to the mockereamerol seedlings (Fig. 1b). Two of
these molecules, A1l and Al12, which we named maxdl non-auxin-like lateral root
inducer, shared a core structure and act on IBB&foconversion pathway (De Rybel et al.,
2012). Another molecule, Al4, displayed the strehgeduction on lateral root formation
without inducing a transcriptional auxin responsghie basal meristem compared to NAA
(Fig. 1b and Supplementary Fig. 1). In additiomikir to naxillin, A14 had less effect on
primary root elongation and shoot development cappto the synthetic auxin NAA (Fig.
1c). In Al4-treated Col-0 seedlings, we also ob=etateral roots that were formed adjacent
to one another or that fused at the base, indgatiat lateral inhibition of organ formation is
interrupted by A14 (Fig. 1le). Structure-activityafysis showed that removal of any
substructure of this molecule led to the loss of Adnction on lateral root induction. Taken
together, these data suggested that A14 and NAAtraigiivate different modes of action to

regulate lateral root formation.
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Figure 1. Identification of non-auxin like lateral root inducers. (a) Overview of the
procedure to screen for activators of lateral detelopment with thpCYCBL;1::GUS

marker (also seBupplemental Figure 1). (b) Dose-response analysis of lateral root (LR)
density of seedlings grown on control medium udd after germination and transferred to
medium supplemented with the indicated hit moleatildhe indicated concentration for five
additional days. (c) Phenotype of plants grown @mm| medium for 3 d and then transferred
to mock medium (DMSO) or medium supplemented witi¥ NAA, 10 uM A12-naxillin,

or 10uM A14 for five additional days. (d) Chemical struat of auxin analogues, Al1,
naxillin and Al4. (e) Lateral root primordia pheyym of three-day-old Col-0 seedling under
Al4 treatment for five additional days. (UpdateohfrDe Rybel et al., 2012)
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Al4inducesauxin responsein thetransition zone

It has been suggested that the auxin response i@Zhoscillates periodically and leads
to the formation of prebranch sites, which is rated by the amplitude of auxin response in
the OZ (De Rybel et al., 2012; Xuan et al., chapjeiTo assess the effect of A14 on auxin
response in the OZ, a transgenic line expressity BNUS, an Aux/IAA-based auxin
signaling sensor (Brunoud et al., 2012), was tceaiigh A14. Interestingly, similar to NAA,
Al4 treatment induced a transient degradation 6MBINUS in the OZ after 2 hours
treatment (Fig. 2a). However, the reduction of &pression level by A14 treatment was less
pronounced compared to the global reduction ofdYINAA treatment, indicating that A14
affects auxin signaling in a more subtle way.

In Arabidopsis, auxin signaling is monitored by the binding okauand its main
receptors TIR1/AFBs, which trigger the degradatdbAUX/IAA proteins to activate
downstream transcription. We further performed-dolvn assays to determine whether A14
induces DII-VENUS degradation by affecting the lmgdof TIR1 to AUX/IAA proteins.
Unlike NAA, Al14 did not affect the interaction beten TIR1-myc and AUX/IAA proteins in
the presence or absence of NAA application, whscimilar to the behavior of naxillin (Fig.
2b). This suggests that A14 does not act &gecal auxin.

The establishment of local auxin maxima in lateoak primordia is an important
determinative factor in the development of lateoals. InArabidopsis, these auxin maxima
are established by the constitutive cycling of ie-FORMED (PIN) family of auxin efflux
carriers between the plasma membrane and endogBemsova et al., 2003; De Smet et al.,
2007; Kitakura et al., 2011). Therefore, we furttested the possibility of A14 on PIN
endocytosis. As shown in Fig 3c, BFA treatmenthitkiPINs trafficking from endosomes to
the plasma membrane and causes the accumulatRIN®fPIN2 in endosomes, which could
be reversed by the application of NAA. By contrdsit4 treatments could not suppress the
BFA-induced PIN accumulations, further demonstathrat A14 and NAA have different

modes of action.
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Figure 2. A14 doesnot interferewith TIR1-AUX/IAA interaction. (a) Time-course

analysis of DII-VENUS expression on Col-0 seedliggeminated for five days and transfferd
to mock medium (DMSO) or medium supplemented witlidated compounds for 1, 3 and 6
hours. Seedling harvested at indicated time pewete used for confocal imagin@p) The
effect of different compounds on the binding assiayIR1 and AUX/IAA proteins. c-myc-
tagged TIR1 was pulled-down using biotinylated A& domain Il peptides in the presence
of 1 uM NAA, 10 uM IBA, 100 uM A12, 100uM A14, or the combination of different
compounds as indicated, and compared to DMSO tegdtriach lane is from identical
aliquots of the same batch of TIR1-myc extract gnedAux/IAA peptide is pipetted in and
then captured on beads. (c) PIN1/PIN2 immunoloatbn in wild-type seedlings treated
with BFA alone, or BFA together with NAA or Al4 imdicated concentrations for 90 min.
(Updated from De Rybel et al., 2012)
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A14 function requiresthe auxin receptor TIR1

To identify the signaling pathways that are esséfir A14 activity on lateral root
formation, we analyzed the effect of A14 on variougtants from different signaling
pathways, which have been demonstrated to be iadatvlateral root formation. First, the
IBA-to-IAA conversion triple loss-of-function mutarbr libr3ibr10 maintained sensitivity to
Al4 treatment (Supplemental Fig. 1) (De Rybel gt2112). Meanwhile, A14 could also
induce lateral root formation smb-3, brnlbrn2 andarf7 (Supplemental Fig. 1), mutants that
were shown to control the periodicity of laterabtrproduction (Moreno-Risueno et al.,
2010). Furthermore, theecr4 mutation, which interferes with the asymmetrid delision
during lateral root initiation (De Smet et al., 3)C0also did not suppress the effect of A14
induction on lateral root formation (Supplementag. A). However, A14 failed to induced
lateral root formation in tharf7 arf19 double loss-of-function mutant (Supplemental Eig.
suggesting that A14’s function is dependent or/ARE&7-ARF19 pathway.

To assess whether A14 affects the early eventaxah gignaling, we first determine the
effect of A14 on the tirl-1, auxin receptor TIR1lamit (Dharmasiri et al., 2005).
Interestingly, the Al4-response on lateral rootrfation and primary root elongation was
suppressed in ther Imutant background (Fig. 3a and b). To further tlesteffect of A14
effect on other auxin receptors, we also analykedateral root phenotype afbl, afb2 and
afb3 auxin receptor mutants under A14 treatment. Urilikie afb mutants still show
sensitivity to Al14, whereas the combinatiortiol andafb mutants were resistant to A14
treatment (Fig. 3a and b). These data suggeststidHt specifically act through a TIR1-
dependent signaling pathway. Therefore we namedtiliifor “TIR1-dependent lateral
root inducer”.

At the transcript level, analysis of the auxin @sge showed that A14-induced
DR5:GUS expression level in the OZ and pericyclsaeas also reduced in thiel mutant
background, further confirming tirlin-induced auxesponse during early lateral root

development was dependent on TIR1-mediated signalin
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Figure 3. A14 function on lateral root eventsrequires TIR1. (a) Phenotype of Col-0 and
tir1-1 seedlings grown on control medium for 3 d and tinensferred to mock medium
(DMSO) or medium supplemented with 2B A14 for five additional days. (b)
Quantification of lateral root number of indicateansgenic seedlings grown on control
medium until 3d after germination and transferi@dhedium supplemented with the
indicated hit molecule at the indicated concerdrafor five additional days. (c) Time-course
analysis of DR5::GUS expression on Col-0 &ntl-1 seedling grown on control medium for
3d and then transferred to mock medium (DMSO) adioma supplemented with indicated
compounds for five additional days. Seedling hametfrom indicated time points were used

for staining to analyze thgglucuronidase activity.
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Identification of potential A14 targetsin Arabidopsis

Interestingly, theirl mutant also display ~ 50% reduction on laterat monber
compared to WT (Fig. 3b), implying an importanterof TIR1 on the LR development. To
explore the potential targets of tirlin and TIRIpdadent downstream signaling components,
we performed a suppressor screeAnabidopsis to identify mutants that were resistant or
hyper-sensitive to tirlin-dependent induction détal root formation. For this purpose, a fast-
neutron mutagenized Col-0 population was screeped tirlin treatment and th#l-2R, 23-
5R, 17-5R, and61-108R mutants were identified as tirlin-resistant musamthereas th@-15S
mutant was selected as a tirlin-hypersensitive miftag. 4a and b). Among the resistant
mutant alleles, thd81-2R allele showed complete resistance to tirlin-induieeral root
formation and primary root elongation (Fig. 4a édSubsequent positional cloning
identified a deletion on chromosome 2 close to geoetic markers T20P8 and T16B24 (Fig.
4c). Interestingly, severdATERAL ORGAN BOUNDARIES DOMAIN/ASYMMETRIC
LEAVES2-LIKE (LBD/ASL) genes, which encode proteins containing the LfoBl&teral
organ boundaries) domain, were found to be locatés region (Fig. 4d) (Matsumura et al.,
2009). Among them, LBD16 and LBD18 have been shtmanegulate lateral root formation
in Arabidopsis (Goh et al., 2012)bd16 andlbd18 loss-of-function mutants were less
sensitive to tirlin-induced lateral root formatioompared to WT, however, an slightly
increased lateral root number could still be deta tirlin-treatedbd16 andlbd18 single
mutants when compared to Mock-treated seedlings d€). By contrastbd33, Ibd16/bd33,
Ibd16lbd18lbd33 mutants completely inhibited the tirlin responBigy(4d and e).Meanwhile,
we noticed that LBD33 gene is not located in tredmted deletion region, indicating tirlin
might acts on other LBD proteins to regulate LRrfation. In addition, lateral root phenotype
in Ibd16lbd18Ibd33 triple mutant is similar to it itir lafb2 mutant, indicating a possible link
between TIR1 and LBD proteins. Therefore, we pregbat tirlin might be dependent on
LBD proteins downstream of TIR1 to regulate lateoalt formation.
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Figure 4. I dentification of LBD proteins asthe potential targetsof Tirlin. (a) Root
phenotype of 3-d-old seedlings from different mutteles transferred to medium containing
10 uM Tirlin for five more days. (b) Quantification &dteral root phenotype of indicated
mutant alleles grown on control medium until 3 ttafermination and transferred to
medium supplemented with or without B! Tirlin for five additional days. (c) Localization
of the potential deletion region and LBD geneshrommosome 2 in Arbidopsis genome. (d)
Root phenotype of 3-d-old Col-0 ahutl161bd18lbd33 mutant seedlings transferred to
medium containing 1M Tirlin for five more days. (e) Quantification td#teral root
phenotype of seedlings from indicated mutants growcontrol medium until 3 d after
germination and transferred to medium supplementtdor without 10uM Tirlin for five
additional daysr(> 12, *P < 0.01, ***P < 10% and **** P < 10° by two-sided Studenttstest

indicated statistically significant differenges
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Discussion

For decades, auxin has been demonstrated to coetrobrgan formation in plants,
especially in the case of lateral and adventitiamas formation. In plant modéirabidopsis,
auxin perception is mediated by the F-Box prot@il&l/AFBs (Dharmasiri et al., 2005;

Gray et al., 2001). A mutation the main auxin récepIR1 results in a reduced number of
lateral roots, implying an important role of TIR1lateral root formation (Fig. 3). However,
the molecular mechanism and signaling componenissineam of the auxin receptors for
lateral root formation are not yet identified. Tditgservation that auxins such as NAA can still
increase LRs itirl or tir lafb2afb3 triple mutants also indicates functional redungasfcthe
different auxin receptors for the process of ldteyat formation (Fig. 3). In our study, we
identified a novel small molecule, tirlin, a strolageral root inducing molecule that acts in a
TIR1-dependent manner and similar to the artifiai#tin analogue NAA. However, the
effect of tirlin on lateral root formation is ncased on alteration in auxin transport but is
exclusively dependent on the auxin receptor TIR®, r@ot on other auxin receptors,
indicating the distinguished roles of auxin recepia different plant developmental
processes. The identification of a strong latesat mducing molecule specifically acting
through TIR1therefore underlines the importancthisf receptor for lateral root formation as
compared to the other auxin receptors. This isading with our previous findings in which
we demonstrated that the TIR1-AFB2 pathway corgdbthe periodic prebranch sites
formation by regulating the DR5 oscillation stréngt OZ.

Biochemistry data showed that tirlin did not afféed binding affinities of TIR1 and
AUXI/IAA proteins nor PIN-mediated endocytosis (F&). These data indicate that tirlin does
not directly bind the TIR1 protein; instead, it tmigarget the signaling components
downstream of TIR1. By a forward genetic approadi) proteins were suggested as
potential targets of Tirlin. It has been demonstlahat the expression level of LBD proteins,
l.e. LBD16 and LBD18, is regulated by auxin, aneitlvere shown to act downstream of the
auxin response factors ARF7- and ARF19-dependetih @ignaling pathway idrabidopsis
roots (Okushima et al., 2007). Meanwhile, tirlimétion on lateral root development is also
dependent on ARF7-ARF19 pathway (Supplementallign addition]bd triple mutants
phenotypically mimic théirlafb2 mutants at the level of lateral root formationr@ata
therefore suggest the involvement of LBDs in TIREpendent signaling pathway for lateral
root formation. However, we cannot exclude the agges that tirlin might also acts on

unknown signaling pathways that are downstreamRf.Twhich will be further addressed.
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Altogether, identification of tirlin by using a amécal genetics approach, led to the
clarification of the role of the auxin receptor TlRn lateral root developmental process, and

provides candidate genes potentially involved enThR1-downstream signaling cascades.

Acknowledgements
We thank Malcolm Bennett (University of NottinghatdK), Mark Estelle (University of
California, San Diego, CA, USA), Hidehiro Fukaki dBe University, Kobe, Japan) for

sharing seed lines.

Materials and M ethods

Compound screening and growth conditions

A commercial 10,000 compound library (DIVERSet™,e@iBridge Corporation) was
screened for induction @@CYCB1;1::GUS expression in xylem pole pericycle cells. About
three seeds of this marker line Anabidopsis thaliana. Col-0 background were sown in 96-
well filter plates (Multiscreen HTS MSBVS1210; Mbre) in liquid medium derived from
standard Murashige and Skoog (MS) medium, supplesdewith 10 uM of the auxin
transport inhibitor naphtylphtalamic acid (NPA)su#ing in a primary root devoid of lateral
roots and allowing synchronization of lateral ra®velopment. Subsequently, seeds were
incubated in a growth chamber under continuoust l{gi0 pE.m?.s* photosynthetically
active radiation) at 21°C. Three days after gertionathe liquid NPA medium was removed
and replaced with fresh liquid medium. Compoundsewadded to the 96-well plates to a
final concentration of 5@M for 24 hours. Plants incubated in 2% DMSO orp i\ NAA
were used as negative and positive control, resedet Next, all plants were incubated in
GUS buffer as described (Vanneste et al., 2005)aaatysed for GUS staining in xylem pole
pericycle cells. Only compounds that showed sinslaining profiles in all seedlings were
considered. For all subsequent phenotypic analyslests were grown on square plates
(Greiner Labortechnik) with solid medium derivedrfr standard MS medium under the same
conditions supplemented with compounds dissolveDMSO when indicated as described
previously (De Rybel et al., 2009).

Plant lines used
The Arabidopsis accessions Columbia (Col-0) were used for thisystimll mutant lines
were kind gifts from Hidehiro Fukaki (Kobe Univessi Kobe, Japan); the auxin receptor
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mutants were kindly supplied by Mark Estelle (Umsryy of California, San Diego, CA,
USA); DII-VENUS transgenic line was a gift from Malm Bennett (University of
Nottingham, UK) Double and higher-order mutantsbbang various marker lines were

generated by crossing. F3 homozygous seedlingsamaigzed in all experiments.

Root phenotype analyses

To quantify the lateral root phenotype in wild-typkants and mutants, emerged lateral
roots of the whole seedlings were counted undelisaecting microscope 8 days after
germination. Subsequently, whole seedlings werarsghfor further analysis of the primary
root length. For compound treatments, three-dayseketllings from the indicated lines were
transferred to 2 MS medium containing compoundseatndicated concentrations for extra

five days. Subsequently, the emerged lateral rdsprimary root length were quantified.

Pull-down experiments
Pull-down experiments were done as described pushjidKepinski and Leyser, 2005).

A fast neutron mutagenesis screening and positional cloning

About 50,000 seedlings from 100 fast neutron-mutesgel pools (kindly supplied by
Malcolm Bennett lab in University of Nottingham, Ykvere germinated on standard MS
medium. To exclude effects on germination, thesatplwere subsequently transferred to 10
UM tirlin three days after germination. Plants semit to the lateral root inducing effect of
tirin were selected after five more days. Befomsiponal cloning, mutants were back-
crossed to Col-0 and selected again for the resigtaenotype. For PCR-based positional
cloning using SSLP markers, the mutant was crossgdLer and subsequently selfed. 40
resistant F2 seedlings were used to map the matediohromosome 3 between T20P8 (11.6
Mb) and T16B24 (16.4 Mb).

Histochemical and histological analysis and microscopy

The GUS assays were performed as described prévigdanneste et al., 2005). For
microscopic analysis, samples were cleared by nrogiimt 90% lactic acid (Acros Organics)
or by clearing as described previously (Malamy @&whfey, 1997). All samples were
analyzed by differential interference contrast wscopy (Olympus BX51). For anatomical
sections, GUS-stained samples were fixed overraght embedded as described previously
(De Smet et al., 2004). Fluorescence imaging adfsra@s performed with an Olympus FV10-

ASW or Zeiss 710 confocal laser scanning microscbpe the propidium iodide (PI)-treated
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root images, seedlings were stained with 2 pg/mkoPB minutes, washed with water, and

used for confocal imaging.
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Supplemental Figure 1. Identification and characterization of Al4-tirlin. (a) Overview of
the procedure to screen for activators of lateyat development with the pCYCB1;1::GUS
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development. (c) The chemical structures of Al4avas. (d) Analysis of lateral root density
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supplemented with the various Al14 variants at tloécated concentration for five additional
days. (e) Lateral root phenotype of three-day-ekeléings from indicated mutants were
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2012)
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Concluding remarks
Root cap contributesto theroot patterning

Plant roots grow in the soil in order to supposrnlgrowth by absorbing water and
nutrients. Root growth rate is controlled by cédingation in the elongation zone and cell
divisions in the apical meristem, the latter besogered by the root cap. As helmets are
required for protecting peoples head during haassdwtivities, root cap cells serve a similar
purpose in plants. Besides protecting the rootepneristem, the root cap further contributes
in the perception of environmental signals, in m&dg interactions between the soil and the
plant and in controlling the direction of root grbw(Filleur et al., 2005). More recently, the
root cap was found to release a broad variety efmital compounds into the soil to mediate
rhizospheric interactions both at the plant—miaoate levels (Driouich et al., 2013; Turner et
al., 2013b).

Our studies revealed a novel role of the root ogpatterning of root branching in
Arabidopsis. First, local auxin biosynthesis in the root captcols the prebranch site
formation by regulating the oscillation amplitudetihe OZ (Chapter 2). Secondly, auxin
transport through the lateral root cap and epidersiinvolved in the transduction of the root
cap signal to the prebranch site and finally théiexadescribed periodic root cap cell death is
correlated with and seems to be crucial for thélasary nature of the process (Chapter 3).
Moreover, the NAC domain transcriptional factorsEB&hd FEZ, known to regulate root cap
formation, are also required for setting the rdotk (Moreno-Risueno et al., 2010).

Based on our findings it is tempting to speculbtd the root cap might act as a
transmission medium linking the environmental stimith root pre-patterning. When the
root cap perceives external signals, it might matdeits growth dynamics by altering the cell
division rate and by delaying or accelerating iisgpammed cell death. Through the
mechanism that we have proposed in this thesis, sn@lteration in the growth dynamics of
the root cap might affect the patterning of latergans in the primary root. In other words,
the growth dynamics in the root cap might helpplaat to produce more or less lateral roots
along the primary root axis dependent on the enuir@ntal conditions. Interestinglyow
Phosphate Root1 (LPR1) andNitrate Transporter (NRT1) genes are expressed in the root cap
cells (Krouk et al., 2010; Svistoonoff et al., 2DdAdicating the altered primary root and
lateral root phenotype under varying nutrient ctads might be also determined by the

signal perception and transduction in the root Géyerefore, further research is required to
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focus on the mechanism by which the root cap islglgpn sensing the environment signal,
and to determine whether this signal could be cdadento the positional information for

root patterning.
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Figure 1. The root cap models in plants. (A) Schematic ofAtabidopsis root cap.(B)
Schematic showing PC division in the Epi/LRC stem cell (dark pink) division that
generates the LRC (purple) and anticlinal cell division that generatepittermis (light
pink).(C) Schematic of anticlinal COL stem cell division, with the steinrceéd and
the differentiated COL cell in pink. (D) Schematic drawing of the root capen @ScC:
columella stem cell. CSCD: columella stem cell daughter. C: colum&aSIC: lateral

root cap stem cell. LRCSCD: lateral root cap stem cell daughter. [aRtall root cap.

Furthermore, in chapter 3, we also show that thedtion and programmed cell death of
root cap cells is crucial for the root clock.Anabidopsis, the root cap develops from two sets
of meristematic cells, a central group of inititdat gives rise to the columella and a
surrounding ring of cells that gives rise to bdta tateral root cap and the epidermis through
periclinal cell divisions of common stem cells (Rig(Dolan et al., 1993; Scheres et al., 2002).
At the distal end of the lateral root cap, cells maleased from the root triggered by
programmed cell death (Fendrych et al., 2014). plosess is restricted by SMB and FEZ,
the NAC domain transcriptional factorsAnabidopsis (Bennett et al., 2010; Willemsen et al.,
2008). Meanwhile, the mutants QUASMODO 1 (QUAL) andQUASMODO 2 (QUA2)
genes, which encode putative glycosyltransferasAsabidopsis, have root cap cells that
separate from each other when they are releasedrfBet al., 2009). Normally, the wild
type Arabidopsis root tip does not produce isoldiedder cells per se, but it does produce and
release cells that remain attached to each othrenjrig a block of several cell layers called
border-like cells (Vicre et al., 2005). Interestinghe qguasimodo mutants display an altered

lateral root phenotype compared to WT, suggestiagd formative build-up of root cap
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tissue is required for root prepatterningiirabidopsis. More recently, signaling components
were identified to be involved in the root cap fation. The QC-expressed transcription
factor WUSCHEL-RELATED HOMEOBOX5 (WOX5) was found hegatively regulate the
SMB activity during columella development. Besitlé®©X5, RETINOBLASTOMA-
RELATED protein, and the ARF10- and ARF16-mediaeagin response factors also play a
role in the determination of columella stem cedis\aty, which further affects the root cap
formation (Bennett et al., 2014). However, up tesent, it is not clear if all these factors also

regulate the root cap cell death and root prepatigr

In order to identify more and specific signalindip@ays that might have a function in
root cap differentiation, secretory activity and®@ comprehensive transcriptomic fate map
of the LRC would be preferable. Actually, the exagttranscriptomic data sets of the
Arabidopsis root generated by the Benfey's lab (Brady et24lQ7) do not allow to distillate
transcriptional data on the separated root capyatls, such as columella, LRC initials,
differentiating cells, differentiated cells, andis@indergoing PCD). To excess the different
developmental stages of the root cap, we are rgaemblved in a project that will make use
of cell-type and developmental specific reporteed, such as J3411(Lateral root cap), J0951
(out layer of LRC), PET111 (Columella), J1092 (Lixd@ials), pPASPAL1:GFP, and
SMB:GFP to perform cell sorting and further RNA geqcing. This novel dataset might
enhance our insight in the various functions ofrth@ cap including its role in root

prepatterning.

Unlike Arabidopsis, in the monocot plar@ryza sativa, columella and lateral root cap
arise from a set of root cap stem cells that dacoaotribute to the generation of the epidermis
(Fig.2) (Wang et al., 2014). In rice, the root ctg¢m cells are located below the cap junction,
a distinct cell layer composed with approximatedycells. The central root cap stem cells
divide anticlinally to develop a columella, wherdlas outer stem cells form the lateral root
cap by several rounds of periclinal and anticle&ll divisions. This process is regulated by
OslAA23-mediated auxin signaling and the glutammateptor-like geneiLR3;1 (Jun et al.,
2011; Li et al., 2006; Ni et al., 2014). Howewée role of these genes on root prepatterning
in is not characterized yet.

Taken together, despite the dissimilar patterroof cap formation irabidopsis and
Oryza sativa, it is still unclear whether the control on thetpmn of root branching occurs in a
similar way in these two different species. Moraouds not clear yet whether the root cap is
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also controlling root branching in other species.rdentioned higher, the lateral root
phenotype of thguasimodo mutants indicate that there might be a correlatidh the

presence of border-like cells and normal laterat patterning. Furthermore, the occurrence
of border-like cells seems to be specific for thad8icaceae family as it also occurs in
rapeseedBrassica napus), mustard Brassica juncea), and Brussels sprouBi(assica oleracea
gemmifera) (Driouich et al., 2007) and is absent in manyeotiiant species analyzed so far. It
is therefore still possible that root prepatternmagurs differently in other plant species.

Root pre-patterning in plants

In Arabidopsis, root prepatterning has been described as a lidalogock process that
translates a temporal signal into spatial infororator lateral organ formation along the
primary root axis. A large scale of experiments lbesn applied to study the molecular
mechanism of this processAnabidopsis, and several signaling components have been
discovered to control this process. However, itascertain whether the occurrence of a root
clock is a shared mechanism for root branchingheroplant species. In addition, the
existence and the function of the identified sigrgapathways for root branching still need to
be investigated in in other species and is maiamered by the lack of suitable research

tools such as in vivo markers to monitor auxin reyss.

In Zea mays andOryza sativa, two important commercial crop plants, severadiof
research have been performed to reveal the pattéateral root primordium development. In
contrast toArabidopsis, in which lateral roots are specifically initiatadd developed from a
patch of protoxylem pole pericycle cells (De Smedle 2008; Malamy and Benfey, 1997),
LR development iZea mays andOryza sativa is more painful to analyze because monocot
roots are composed of several cortex layers araatygng number of cells per layer. Ziea
mays, LR initiation occurs in the pericycle cells opjteshe phloem poles, and xylem pole
pericycle cells are not competent for LRI (Jandesd.e2012). InOryza sativa, the LR
primordium is initiated from pericycle cells at thbloem pole and endodermis (Kawata and
Shibayama, 1965). Similar frabidopsis, DR5 was also detected to be expressed in the
meristem inZea mays andOryza sativa. Longitudinal sections of th&ea mays root tip
showed the expression of DR5:RFP mainly in the QG cap, epidermis, and vascular tissue,
whereas transversal sections reveals that the RR&lstarts in the meta-xylem precursor
cells and the proto-xylem poles close to the ripptand subsequently also appears in the
phloem pole. In the upper root, the DR5 signal oalypains in the phloem poles, which might
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be linked to the activation of phloem pole perieyctlls for lateral root initiation (Jansen et
al., 2012). While in th®ryza sativa root tip, DR5:GUS expression was observed spetifica
in the root cap, quiescent center, xylem cellhierbot apical meristem and lateral roots
(Zhou et al., 2014), which resembles the expregsattern of DR5 obtained i abidopsis.
Moreover, similar expression patterns of DR5 wése sound inMedicago truncatula,
soybean and tomatturing the lateral root developmental process (Dukky et al., 2008;
Herrbach et al., 2014; Turner et al., 2013a). Thusgveal the root prepatterning or lateral
root initiation events in other species, auxin oesive elements base marker lines such as

DR5 could serve as a general and useful makehéofurther research.

Spatial control of theroot clock by auxin

In Arabidopsis, local auxin sources have been found to play &akemle in the
regulation of organ formation. In chapter 2, wedalentified that a root-cap specific auxin
source, derived from IBA, could moderate the ampktof DR5 oscillation, and thus
presumably the auxin response levels, in the GQ2dalate the prebanch sites formation. In
addition, we also found that the DR5 signal intgnand the amplitude of the oscillations
were reduced in the auxin receptor mutariiafb2 (Chapter 2). Interestingly, the periodicity
of DR5 expression oscillating in OZ is not distudhe auxin biosynthesis or signaling
mutants, indicating that oscillations of the rolatc& could occur even in the absence of local
auxin signaling. It also shows that auxin is regdito maintain clock oscillations and
suggests that the arrest of transition from oswmite to prebranch sites is linked to the level
of auxin and its signaling in the OZ. Thus, we @&pa two-tier mechanism for the root
clock; while oscillating genes might regulate temporal signals, auxin may act as a local

gradient facilitating the spatial formation of prabch sites in OZ.

IBA was reported to supply 30% of total auxin bioesis inArabidopsis, and in our
study, we found that IBA-to-1AA conversion contriked to 50% of total lateral root
production. This indicates that other auxin sourogght also be involved in root
prepatterning. It has been reported that overegprgd AALl and YUC genes significantly
promotes lateral root formation Arabidopsis (Mashiguchi et al., 2011), indicating a possible
role for the tryptophan (Trp)-dependent auxin bidkgsis pathway on root patterning,
however, the mechanism and the contribution ofdhigan biosynthesis for root branching is

not fully characterized yet.
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Beside the local auxin biosynthesis, several lofemvidence showed that auxin signaling
is also important for lateral root development.rai-function mutants of AUX/IAA genes,
such agAA28, S R/IAA14, CRANE/IAAL8 andSHY2/1AA3, severely reduce the lateral root
formation. Moreover, tissue-specific auxin signglaiso affects lateral root development at
different developmental stages. For instance, emhoid auxin signaling is required for the
swelling of the LRFC and the execution of the aswtrio cell division of pericycle cells
(Vermeer et al., 2014), and auxin signaling in rylgole pericycle is essential for lateral root
initiation (De Smet et al., 2007). Cortex auxinngifing is also found to be involved in lateral
root emergence and lateral root primordium shapedk et al., 2013). Interestingly, IAA2
and IAA14 are found to be expressed in the lateat cap cells (Swarup et al., 2005;
Vanneste et al., 2005), indicating a possible oblauxin signaling in the root cap. However,
our data argue for a scenario in which local asigmaling is not required for this process;
instead, auxin transport might mediate auxin moverfrem the root cap into the OZ
(Chapter 3). In addition, although AUX/IAA genesre@xpressed in the endodermis and
pericycle cells, there is no clear evidence ofetkistence of a local auxin source in these
tissues, whereas several auxin flux carriers wawed to be localized in the cell layers
surrounding LRP. The auxin signaling in these #ssmight therefore be activated by auxin
transported from other tissues. It has been dematadtthat imArabidopsis, the root tip has a
high activity on auxin biosynthesis (Petersson.e2809), and this auxin is further taken by
auxin transport to generate an auxin maximum ieratissues through “auxin reflux loop”
model (Grieneisen et al., 2007; Laskowski et &08). So it will be also interesting to
investigate whether root cap-derived auxin souatédcalso contribute to the LR initiation
and LRP development. Moreover, we cannot exclud@dssibility that the auxin signaling
in these tissues might be activated by other siggaomponents rather than auxin itself,

which also has to be further determined.

Other hormones or signaling molecules, such akiytes and carotenoids, are known to
display negative effects on root patterning antlange on DR5 activity in their pathway
mutants or under exogenous compound treatmentdeereobserved (Bielach et al., 2012;
Van Norman et al., 2014), suggesting a link betweese hormones and auxin on regulating
root patterning. Interestingly, recent studies alsow that cytokinin could act through auxin
efflux to regulate the auxin response in the roetistem and lateral root development
(Bishopp et al., 2011; Marhavy et al., 2014). Beeaour results suggested that an auxin flux,
mediated by auxin transport carriers AUX1 and PIN®ssential to establish the DR5
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oscillations in the OZ, it will be interesting teauate whether cytokinins act on this early
step of lateral root formation through the integfeze with PIN function (Chapter 3). The
impact of cytokinin on auxin transport could thapnesent a potential role of cytokinin on
root prepatterning. According to the opposite fiorcon root branching by IBA and
cytokinin, the cross-talk between IBA and cytokimmould be an interesting topic for further
research. Additionally, the function of other homae on root patterning could also be
mediated by auxin-independent signaling pathwagsséiit have to be analyzed.

Geneoscillation in theroot cells: a mystery unraveled
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Figure 2. Spatial distribution of DR5 oscillation signal and GATA23 signal in OZ and
the prebranch sitepGATA23:NLS-GFP reporter andR5: |uciferase reporter were used

to quantifying DR5 signal and GATA23signal in OZ and the prebranch sites iigspect
(n > 40). Scale bar = 0.5 mm.

In Arabidopsis, gene oscillatory patterns of expression wereatieteby capturing the
bioluminescence signal from firefly luciferase @nvby the promoters of oscillating genes.
Because of the low resolution images captured bl C&neras compared to laser scanning
confocal microscopes, the oscillating model coully d®e observed at the organ level. By

contrast, in animals, gene oscillation could becked at the cell level by visualizing signal
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from fluorescence proteins (i.e. YFP and GFP) dusomitogenesis. In this respect, it will be
crucial for future research in plants to revealrespion patterns of oscillating genes in the OZ
at the cellular level.

To this end, we developed an experimental set-ug@smacro-view microscope that
enables us to detect fluorescence signals withehiggsolution, thus serving as a powerful
technique to access the gene oscillating pattatreaissue level. Expression pattern of
DR5:Luciferase throughout the root was observedaeteynchronized with the dynamic of
oscillating genes, thus we performed live imagingaaxin response reporter line carrying a
DR5-promoter-driven nuclear yellow fluorescent pimog over a longer period. The DR5
signal appeared to be homogenously expressed isttaias of protoxylem at the start of the
OZ and appears in xylem pole pericycle cells laterWhen the root cells enter the different
zone, the DR5 signal disappears from the xylem pells and becomes specifically
expressed in lateral root primordia. Under our expental set-up, we could not detect the
changes of DR5 expression level at the cellulagllewside the OZ, so it remains unclear

which cells are targeted during the oscillation.

Interestingly, by using another maker line, nanBATA23:NLS-GFP, which marks
the founder cell specification and lateral rootiation, we found that the expression of
GATAZ23 already started in the OZ, at the positidrere the DRS5 signal reached the peak
value in the OZ (Fig.2). Therefore, we hypothesiw in the OZ the auxin response
maximum shifts from protoxylem pole cells to thdéexg pole pericycle cells thereby
triggering the lateral root initiation events. msrespect a new “DR5” marker (unpublished
data,personal communication, Bert De Rybel, University\ageningen, The Netherlands)
was recently generated that shows expression bgttotoxylem cells as well as in
protoxylem pole pericycle cells. These data strpingdicate that the DR5 oscillation in the
OZ is dependent on the signal transition from xyjsote to xylem pole pericycle cells when
the root tip receive the development signal, sictoat bending, programmed cell death, cell

elongation and differentiation.

Although the root clock in plants might be compédedb the segmentation clock in
animals to a certain level, our observations afgua novel oscillating model in plants which
requires signal transduction between neighborittig oetissues, rather than a cell-
autonomous mode of action. However, we cannot eedhbe possibility that gene oscillating
occurs cell autonomously because oscillation mighthard to be traced due to the rapid
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process and minute change of expression leveldwhuires more sensitive fluorescence

proteins and more advanced imaging techniques.
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The root system is essential for plants to uptake water and nutrients from the soil and to
adapt the growth pattern in response to changing environment conditions. Theroot cap is
located in the distal end of the root and covers the meristem reaching the transition zone. It
acts as principa sensor mediating the interactions between plant roots and the sail, thus
representing an interface capable in transmitting external signalsto the root thereby

determining the growth pattern of the root systems.

The root system is composed of aprimary root and lateral roots sequentially forming
along the primary root. In plant model Arabidopsisthaliana, lateral root formation islinked to
aroot clock that reflects atemporal oscillating pattern of gene expression in the oscillation
zonein theroot tip. This recurrent gene expression pattern is translated into arepetitive
gpatia pattern of prebranch sites, which eventually can further develop aslateral roots (Van
Norman et a., 2013). Thus, the spatiotemporal pattern of lateral root formation during
primary root growth becomes a curial topic in the present root development research.
However, the molecular components that regulate the oscillations remain unknown. In
addition, auxin has been demonstrated to control most aspects of lateral rooting events;
however, the potential role of auxin in controlling the root clock has not yet been determined.

In this Ph.D thesis, we attempt to address this question. First of all, by using a chemical
genetic approach, we identified that IBA-to-1AA conversion contributes to root branching.
Following the real-time analysis of DR5: Lucifease expression in IBA-to-IAA conversion
mutants, we revealed that the IBA-derived auxin in the root cap could moderate the strength
of the oscillation, and thus regulate prebranch sites formation. Meanwhile, we showed that the
amplitude of oscillation signal is dependent on TIR/AFB-mediated auxin signaling in OZ.
These data led to the understanding of the role of auxin in the root clock. More specifically
we showed that auxin might act as alocal gradient in OZ to regulate the oscillation strength
which in turn determines the establishment of prebranch sites. Our results suggest that the root
clock is controlled by a combination of temporal signals (oscillating of gene expression) on
the oscillation periodicity and by a spatial signal of TIRL/AFB-dependent auxin signaling that
isrequired for the amplitude in the oscillation.
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To explore the downstream signaling components of IBA-derived auxin, we performed
an IBA transcriptome anaysis and identified novel and IBA-regulated components of root
patterning, such asthe MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4).
Transcriptional analysis revealed that MAKR4 expression specifically locatesin primordia and
moves towards the consecutive prebranch sites. Its plasma membrane localization strongly
suggested cell-to-cell communication might be required during the prebanch sites
establishment. Moreover, genetic evidence showed that the makr4 mutant and amiRNA lines
have a decreased number of lateral roots and lateral root primordiawithout affecting the
prebranch site formation. Taken together, our data indicated that MAKR4 perceives the
oscillation signal and trandlates it to the prebranch sites resulting into aregular spacing of

lateral organs.

Based on these results, we set up anew imaging system using avertical oriented
macroview stereo microscope. It enables usto trace fluorescence signal movement through
the root in the normal experimental condition during along period. By using this novel
imaging system, we observed that a periodic degradation of DR5 signal in the root cap
triggers the local formation of alateral root primordium. This processistriggered by periodic
programmed cell death of root cap cells. We a'so found that auxin signaling in root cap is not
required for maintaining the root clock behavior. Instead, it requires the coordination of local
auxin biosynthesis and auxin transport in the root cap. Our findings demonstrated that the

auxinintheroot capisasacrucia for regulating root patterning in Arabidopsis.

In addition, we have shown that TIR1-dependent auxin perception is required for
maintaining DR5 oscillation level in OZ, indicating a central role of auxin on root
prepatterning. In chapter 4, we further explore the specific signaling pathway downstream
TIR1 for lateral root development. We identified anovel small moleculetirlin asaTIR1-
dependent lateral root inducer representing a chemical tool to access it. Genetic evidences
show that tirlin might act downstream of TIR1 and ARF7-ARF19 pathway to regul ate lateral
root formation. By screening a fast-neutron mutagenesis popul ation, we propose LBD
proteins as the potential target of tirlin. Our work further suggests that LBD proteins may act
as downstream components of TIR1-dependent signaling on regulating lateral root formation.



Bidding deputy magistrate Du farewell
(EFL LI AEEIN)
The capital and palace are guarded by the land of three Qin kingdoms,
In the distance the five ferries are screened by wind and mist.
WPIH =57, WA 117
Now comes the time for us to bid farewell to each other,
And we still be officials away from home on duty.
LB, A2 EA.
As long as we remain bosom friends in our heart of hearts,
We'll still feel like neighbours despite the distance apart.
A AT, KVEZ SR
So don't let us shed tears like youngsters,

At that last moment when we both wave goodbye.

TR AL LI

Wang BoZ %/
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