Universitat
de Barcelona

Spatial analysis of brassinosteroid signaling in
the stem cell niche of Arabidopsis primary root

Caracteritzacio molecular de la funcié de BRI1 en les cél-lules
mare de l'arrel d’Arabidopsis

Josep Vilarrasa Blasi

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptaci6 de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Dipdsit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Unicament per a usos privats emmarcats en activitats
d’investigacio6 i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusi6 i posada a disposici6o
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual unicamente para usos
privados enmarcados en actividades de investigacién y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusiéon y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentacion de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.







Universitat de Barcelona
Departament de Genética
Centre de Recerca en Agrigenomica (CRAG)

Departament de Geneética Molecular

G Universitat de Barcelona : E

CfQG:

SPATIAL ANALYSIS OF BRASSINOSTEROID
SIGNALING IN THE STEM CELL NICHE OF
ARABIDOPSIS PRIMARY ROOT

CARACTERITZACIO MOLECULAR DE LA FUNCIO
DE BRI1 EN LES CEL-LULES MARE DE L’ARREL
D’ARABIDOPSIS

Dissertation submitted in partial fulfillment of the requirements for
obtaining the degree of Doctor (PhD) by Universitat de Barcelona

(Barcelona, Spain)
By
Josep Vilarrasa Blasi
Supervisor

Dr. Ana |. Cano Delgado






Tesi Doctoral:

SPATIAL ANALYSIS OF BRASSINOSTEROID
SIGNALING IN THE STEM CELL NICHE OF
ARABIDOPSIS PRIMARY ROOT

CARACTERITZACIO MOLECULAR DE LA FUNCIO
DE BRI1 EN LES CEL-LULES MARE DE L’ARREL
D’ARABIDOPSIS
Universitat de Barcelona
Departament de Genética
Programa de doctorat Genética 2013-2014
Centre de Recerca en Agrigenomica (CRAG)

Departament de Genética Molecular

Memoria presentada per Josep Vilarrasa Blasi per optar al grau de doctor per la
Universitat de Barcelona sota la supervisidé de la Dra. Ana |. Cafio Delgado al
Departament de Genetica Molecular del Centre de Recerca en Agrigenomica
CSIC-IRTA-UAB-UB i tutelada pel Dr. Marc Valls i Matheu, per accedir al titol

de Doctorat Internacional per la Universitat de Barcelona.

La directora de tesi El doctorand El tutor

Dra. Ana I. Cafo Delgado Josep Vilarrasa Blasi Dr. Marc Valls i Matheu

Barcelona, juliol del 2014






Per a tu,






ABSTRACT

The present PhD thesis work reports the molecular and genetic
dissection of the mechanisms by which plant steroid hormones
Brassinosteroids (BRs) control root growth and development in Arabidopsis
thaliana (Arabidopsis). A genetic, physiological and cellular analysis of existing
BR mutants, together with the discovery of a novel pathway for the control of BR

mediated stem cell divisions in the root of Arabidopsis is reported.

The results presented here demonstrate a role for BRs in stem cell
homeostasis of the Arabidopsis primary root. Specifically, our analysis show
that BRs promote columella stem cell differentiation and the division of a set of
low mitotic cells called quiescent center (QC) that maintain the surrounding
stem cells. Using a microgenomic approach, a novel BR signaling component,
BRAVO (Brassinosteroids at Vascular and Organizing Centre) has been
identified that is specifically expressed in the stem cells. BRAVO encodes a R2-
R3 MYB transcription factor (MYB56) that acts as a negative regulator of BR-
mediated QC divisions. This study uncovers a fine example of negative
regulation model; BRAVO is directly repressed and interacts with BES1 creating

a molecular switch that controls QC divisions.

Overall, the present PhD thesis advance a new role for brassinosteroid
hormones in the regulation of stem cells is proposed. BRAVO provides plasticity
to the stem cells to response to DNA damage, and at the same time robustness
to ensure QC function upon damage. Considering the importance of plant stem
cell homeostasis in plant adaptation to environmental changing conditions, the

BRAVO pathway uncovers new mechanisms to understand plants life span.






RESUM

Aquesta tesi doctoral t¢ com objectiu principal investigar els efectes de
les hormones vegetals esteroides, Brassinosteroids (BRs), durant el
desenvolupament de l'arrel primaria d’Arabidopsis thaliana (Arabidopsis). Per
tal d’assolir aquest objectiu hem realitzat una caracteritzaci6 genética,
fisiologica i analisis cel-lular de mutants de BRs. Aixi mateix, hem descobert
una nova ruta de senyalitzacié que controla les divisions de les cél-lules mare

mitjancades per BRs.

Els nostres resultats experimentals mostren com els BRs controlen la
homeostasi de les cél-lules mare de l'arrel. En concret, els BRs promouen la
diferenciaci6 de les cél-lules mare de la columel-la i la divisid6 d’'un grup de
cel-lules mitoticament inactives que actuen en el manteniment de les cel-lules
mare, el centre quiescent (QC). Mitjangant un enfocament microgenomic hem
identificat un nou element de la ruta de senyalitzacié dels BRs especific de les
cel-lules mare, i ’'hem anomenat BRAVO (Brassinosteroids at Vascular and
Organizing Centre). BRAVO és un factor de transcripci6 R2R3 de la familia
MYB (MYB56), que actua com a regulador negatiu de les divisions de QC. Els
nostres resultats mostren un model de regulacié negativa, on BES1 reprimeix
directament i interacciona amb BRAVO, creant un interruptor molecular que

controla les divisions del QC.

El treball realitzat durant aquesta tesis doctoral permet proposar una
nova funci6 dels BRs en el control de les celllules mare. BRAVO dona
plasticitat a les cél-lules mare per a poder respondre al dany sobre ’ADN, aixi
com els hi atorga robustesa per evitar-lo. El control de la homeostasi de les
celllules mare en plantes és vital per entendre Il'adaptacié d’aquests

organismes sessils i la longevitat que presenten algunes especies.
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CHAPTER 1

GENERAL INTRODUCTION

Part of this chapter was published as;

Brassinosteroid signaling in root development.

Josep Vilarrasa-Blasi, Mary-Paz Gonzalez-Garcia and Ana |. Cano-Delgado*
“Plant Roots: The hidden half’. Fourth edition, Chapter 17.
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SUMMARY

Brassinosteroids (BRs) are plant steroid hormones that regulate multiple
aspects of plant growth and development. Genetic and biochemical approaches
in Arabidopsis thaliana (Arabidopsis) have identified BR receptors and major
signaling components in the signaling pathway. In aerial plant organs, the
growth-promoting properties of BRs are exemplified by their positive effect on
cell elongation. The comprehensive characterization of BR contribution to root
growth has shown that in addition to cell elongation, BR-mediated cell cycle
progression is central for growth and meristem maintenance in the primary root.
This chapter summarizes the state of knowledge on BR signaling in Arabidopsis

and the current understanding of BR action in root development.
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INTRODUCTION

Brassinosteriods (BRs) are polyhydroxylated triterpenoids essential for
plant growth. BRs participate in a myriad of developmental processes, such as
seed germination, pollen tube growth, male fertility, vascular development,
flowering time and senescence (Kim and Wang, 2010). During the plant life
cycle, BRs modulate the plant response to environmental factors such as light,
temperature, salt and pathogens among others (Bajguz and Hayat, 2009). BRs
were originally discovered in Brassica napus pollen (Grove M D, 1979). In the
past two decades, genetic and biochemical analyses have identified the main
BR signaling and synthesis components in the plant model species Arabidopsis
and rice (Kim and Wang, 2010; Vert et al., 2005). The BR pathway is currently
among the best studied signal transduction pathways in plants (Clouse, 2011;
Kim and Wang, 2010; Vert et al., 2005) (Figure 1). Despite the amount of efforts
involved in its study, fundamental aspects concerning the cell/organ specific
contribution of BR signaling to plant development, the connections with other
signaling pathways participating in related processes are just starting to draw a
complete picture of BR action during development (Bai et al., 2012; Bell et al.,
2012; Gendron et al., 2012; Gudesblat et al., 2012; Kim et al., 2012; Oh et al.,
2012).

The characterization of existing BR mutants at the cellular level
combined with the identification of novel cell-type specific signaling components
operating in BR-mediated responses will advance our understanding of BR

action in plant biology in the coming years.

Brassinosteroid signaling pathway

Plant and animal steroids share high structural similarity although
the cellular mechanisms for BR signaling in plants differs from nuclear-localized
receptors found in animals (Thummel and Chory, 2002). BRs are perceived by

a plasma membrane localized leucine-rich-repeat receptor-like-kinase (LRR-
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RLK) protein, BRASSINOSTEROID INSENSITIVE 1 (BRI1), that belongs to a
family of protein kinases that contain more than 200 members (ShiuBleecker,
AB, 2001). The BRI1 gene was identified as a putative BR receptor through a
genetic screen for BR-insensitive mutants in Arabidopsis (Li and Chory, 1997)
and was reported to be ubiquitously expressed in the plant (Friedrichsen et al.,
2000). An intensive study of its structure has indicated that BRI1 has an
extracellular domain consisting of 24 LRR domains interrupted by a 70-amino-
acid island domain (ID) placed between 20™ and 21 LRR, a surface pocket for
brassinolide (the most active BR compound, BL) binding, a transmembrane
domain, a cytoplasmic serine/threonine kinase domain (KD), a juxtamembrane
domain and a short C-Terminal domain (Friedrichsen et al., 2000; Hothorn et al.,
2011; Li and Chory, 1997; Wang et al., 2005). In the presence of BL,
homodimerized BRI1 receptors interact with co-receptors of the SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK) family that are required for
signaling, of which SERK3/BAK1 is the most prominent (Li et al., 2002; Nam
and Li, 2002) (Figure 1). In this scenario, BR binds to the extracellular domain
of BRI1 (Kinoshita et al., 2005) and the kinase of BRI1 phosphorylates tyrosine
residues of the negative regulator BRI1 KINASE INHIBITOR1 (BKI1) (Jaillais et
al., 2011b). This promotes BRI1 heterodimerization with its co-receptor BRI1
ASSOCIATED KINASE-1 (BAK1), activating the signaling complex that
inactivates BRASSINOSTEROID INSENSITIVE 2 (BIN2) (a homolog to
mammalian GSK3 kinases) through BR-SIGNALING KINASES (BSKs) and
BRI1 SUPPRESSORS 1 (BSU1) (Kim and Wang, 2010; Mora-Garcia et al.,
2004; Peng et al., 2008; Tang et al., 2008). A dynamic and transient interplay
between the main ligand-binding receptors and the co-receptors has been
proposed (Jaillais et al., 2011a).

BR ligand perception at the plasma membrane triggers distinct
transcriptomic responses in the plant nucleus that enables the plant to adapt to
internal cues and major environmental conditions (Goda, 2002; Nemhauser et
al., 2006). This differential gene expression involves the stabilization of at least
two transcription factors specific to plants BZR1 (BRASSINAZOLE RESISTANT
1) and BES1 (BRI1 EMS SUPRESSOR 1, also designated BZR2,
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BRASSINAZOLE RESISTANT 2) (Wang et al., 2002; Yin et al., 2002). Both can
be phosphorylated by BIN2 kinase (He et al., 2002). The phosphorylated forms
of BES1/BZR1 interact with 14-3-3 phosphoproteins promoting proteasome-
mediated degradation, thus attenuating the signal (Gampala et al., 2007; Ryu et
al., 2007). BIN2 kinase activity is negatively regulated by BSU1-mediated
dephosphorylation and subsequent degradation in a proteasome dependent
manner (Mora-Garcia et al., 2004). BIN2 inactivation leads to
dephosphorylation of BZR1/BES1 by protein phosphatase 2A (PP2A) and
promotes its translocation into the nucleus. Upon nuclear translocation
BZR1/BES1 can regulate BR-responsive genes, which represent approximately
the 6% of the Arabidopsis genome (Gudesblat and Russinova, 2011; Sun et al.,
2010; Yu et al., 2011).

BES1 and BZR1 transcription factors of Arabidopsis share 88%
amino acid sequence identity. Genome-wide identification of BZR1 and BES1
target genes led to the identification of complex regulatory networks that
integrate with hormonal and light signaling pathways during plant growth. BZR1
and BES1 proteins can bind to both E-boxes (CANNTG) and BRRE (BR
response element (CGTGT/CG)), and function as transcriptional activators or
repressors depending on their specific target (Sun et al., 2010; Yu et al., 2011).
The large number of non-overlapping target genes for BZR1 and BES1 further
evidence the tissue-specific nature of these responses (Gudesblat and
Russinova, 2011). Future studies should uncover whether BRs can modulate

specific cellular responses biasing BES1/BZR1 action.
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Figure 1. Brassinosteroids signaling pathway. (left) in the absence of BRs,
BKI1 binds to the inactive form of BRI1 together with BSKs, therefore BSU
remains inactive. In the cytoplasm, BIN2 kinase phosphorylates BZR1/2
transcription factors, promoting their cytoplasm retention thought the binding of
14-3-3 phosphoproteins and the subsequent proteasome mediated degradation.
In consequence no changes in gene expression are observed. (right) After the
perception of active BRs in the island domain of BRI1 receptor, BRI1 kinase
phosphorylates BKI promoting its release to the cytoplasm and allowing
heterodimerization between BRI1 and BAK1. Transphosphorylation between
BRI1 and BAK1 activates the signaling complex, mediating phosphorylation of
BSKs. BSK phosphorylation will bind to BSU, that in turn mediates BIN2
proteasome degradation by dephosphorylation of a conserved Tyr residue. The

negative regulation of BIN2 upon BR perception, together with the PP2A
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phosphatase activity mediates dephosphorylation of BES1/BZR1 transcription
factors. Dephosphorylated BES1/BZR1 transcription factors move to the
nucleus and bind to regulatory regions of the BR-regulated genes and promote
or repress its expression.

The modulation of BRs signaling events in the cell is generally
accomplished by BRI1 vesicle trafficking (Geldner et al., 2007; Viotti et al.,
2010). The hypothesis of BRI1 complex endocytosis upon BRI1 receptor
activation was originally proposed. These studies were based on the use of
green fluorescent protein (GFP)-tagged BRI1 and different pharmacological
inhibitors to describe the subcellular dynamics of the receptor in Arabidopsis
roots. Upon blocking the transition between early and late-endosome mediated
by Brefeldin A, BRI1 was accumulated, resulting in enhanced signaling
responses (Geldner et al., 2007; Russinova et al., 2004; Viotti et al., 2010). An
elegant study that implemented the use of a fluorescently labeled BR, Alexa
Fluor 647 castasterone (AFCS) has facilitated the visualization of BRI1-AFCS
endocytosis in living cells. This innovative study demonstrates that BRI1
receptor is active at the plasma membrane, and addresses a role for BRI1-
mediated endocytosis in BR signal attenuation (Irani et al., 2012).

Based on the BRI1 ligand binding-domain, three additional BRI1-like
receptor homologues have been identified in Arabidopsis, (BRI1-like genes)
(Cano-Delgado et al., 2004; Ceserani et al., 2009) and rice (Yamamuro et al.,
2000). Of those, the BRL1 and BRL3 have true receptor functions and play
specific roles in vascular development, where their transcriptional expression is
enriched (Cafo-Delgado et al., 2004). A proteomic approach aimed to identify
BRL3 interactors, unveiled BAK1 among other known BRI1 interactors as part
of specific BR-signalosome (Fabregas et al., 2013). The fact that BRL3 shares
interactors with BRI1 receptor, but not BRI1 per se, opens a new avenue for
specific signalosomes orchestrating cell-type specific responses (Fabregas et
al., 2013). Future studies dissecting specific signaling events will shed light in

the intricate coordination of BR-responses.
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Brassinosteroids contribute to important aspects
of plant postembryonic development

Plants use BRs to translate environmental stimuli into developmental
responses. BR-deficient mutants and plants treated exogenously with BL or BR-
synthesis inhibitors are dramatically affected in seed germination (Steber and
McCourt, 2001), photomorphogenesis (Li et al., 1996), organ size and
architecture (Clouse et al., 1996), apical dominance (Clouse et al., 1996),
senescence (Li and Chory, 1997), vascular development (Cafo-Delgado et al.,
2004; Szekeres et al., 1996), male fertility (Ye et al., 2010), pollen tube growth
(Grove M D, 1979) and flowering time (Domagalska et al., 2007; Li and Chory,
1997) (Figure 2). At the cellular level, BRs mediate cell growth by controlling cell
division, elongation and differentiation activities. The ability of BR hormones to
promote cell growth have been described in a variety of plant species (Fujioka
and Sakurai, 1997). The most classical example is the elongation of the pollen
tube, a fundamental step toward reproductive success in flowering plants
(Grove M D, 1979). In Arabidopsis, genetic analysis has shown that strong BR
mutants are male sterile, and the mutant defects in pollen tube elongation were
found to correlate with a reduction in the expression of genes required for
microspore mother cell development (SPL/NZZ), microspore development
(TDF1, AMS and MYB103) and were required for tapetal development and
pollen wall formation (MS1/MS2). Those genes are direct targets of BES1 (Ye
et al., 2010).

Decades of physiological studies in several plant species have shown
that BL application promotes cell elongation regulating the expression of
primary cell-wall-loosening enzymes such as xyloglucan endotransglycosylases
(XETs) (Zurek et al., 1994). Upon germination BR-deficient mutants display
severe growth defects in the size of hypocotyls in seedlings that can be
reversed by exogenous application of BL (Azpiroz et al., 1998; Szekeres et al.,
1996). Recently, a mechanism for BR-mediated promotion of cell elongation has
been proposed through the targeted expression of cell wall biosynthesis

enzymes by BES1 and BZR1 detected in two parallel ChlP-chip experiments
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(Sun et al., 2010; Yu et al., 2011). One further example is the demonstration by
chromatin immunoprecipitation experiments that the BR-activated BES1 can
bind to the promoters of a group of Arabidopsis cellulose synthase genes
(AtCESA,) that control primary cell wall elongation (Xie et al., 2011).

BRs mutants exhibit an array of cellular defects in leaf growth and
development. BRs loss-of-function mutants have small and round-shaped
leaves with short petioles (Choe et al., 1998; Li and Chory, 1997; Szekeres et
al., 1996), whereas BR gain-of-function mutants exhibit enlarged leaf size with
elongated petioles (Choe et al., 2001; Oh et al., 2011; Wang et al., 2002; Yin et
al., 2002) (Figure 2). The dwarfed leaf phenotype of the BR loss-of-function
mutants have been attributed to impaired cell growth (Chory et al., 1991; Clouse
et al., 1996; Kauschmann et al., 1996; Szekeres et al., 1996).

In addition, several ucu1/bin2 mutant alleles were shown to display
leaves rolling spirally downwards concomitant with a reduced cell expansion of
abaxial epidermal cells (Perez-Perez et al., 2004). In the same direction,
increased BRI1 levels or modification of Tyr-phosphorylation properties of BRI1
receptor produces plants with increased leaf size (Gonzalez et al., 2010; Oh et
al., 2011). The analysis of these transgenic plants indicated that BRs contribute
to leaf growth by promoting cell division. Despite the results described above, a
reduction in cell division could be compensated by an increase in cell area not
necessarily resulting in larger leaves (Aguirrezabal et al., 2006), which has
hampered a clear dissection between primary and secondary BR-mediated
growth defects in this organ. Analysis of the BR loss-of-funtion mutant
(CONSTITUTIVE PHOTOMORPHOGENESIS AND DWARFISM) (CPD),
reveals that the reduced cell number in the leaf epidermis is due to cell cycle
and a delayed exit from cell division, due to a prolonged M-phase (Zhiponova et
al., 2013). The authors elegantly uncoupled cell division and cell elongation
defects mediated by BRs in leafs, however the molecular mechanisms involved
in this developmental process remains unknown.

In general, because BR mutants generally show alterations in organ size,
it has been difficult to establish if the observed phenotypes are directly caused

by overall cellular defects (cell division and cell elongation), by deregulation of a
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cell-type and/or stage-specific signaling programs (cell differentiation) or a
combination of both effects. A merge of quantitative phenotypic analyses with
the identification of cell-specific BR responses will advance our understanding

of tissue-specific BR signaling.
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Figure 2. Roles of Brassinosteroids in plant development. Fertility; BR
mutants show defects in the elongation of the stamens and in pollen grain

production, producing sterile plants. Stomata patterning; BR control stomata

development by interacting with the stomata patterning canonical pathway.

Vascular; BRs control vascular bundle (vb) number in the shoot by promoting

early procambial divisions (note differences between number of vb).

Senescence; exogenous application of active BRs promotes senescence and

BRs mutants show impaired senescence programs. Photomorphogenesis;
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Arabidopsis thaliana seedlings grow in dark typically show elongated hypocotyl
and close cotyledons, in contrast mutants defective in BRs biosynthesis show
typical photomorphogenic responses with open cotyledons and short hypocotyl

in dark. Organ boundary; BRs control organ boundary development in the shoot

apex._Apical dominance; BR mutants loosed the apical dominance. Root

development; BR mutants show short roots, due to expansion and cell cycle
defects.

The role of BRs in vascular development in Arabidopsis was initially
characterized in the BR-deficient mutants cpd and dwf7 (Choe et al., 2001;
Szekeres et al., 1996) and BR perception mutants (Cafio-Delgado et al., 2004).
The specificity of the BRI1 homolog receptors BRL1 and BRL3 expressed in the
vascular tissues and the mutant phenotypes at the inflorescence stems have
allowed to propose a role for BRs in modulating the xylem/phloem differentiation
ratio (Cafno-Delgado et al., 2004). Analysis of BR mutants has identified a role
for BRs in promoting vascular bundle formation (Cafio-Delgado et al., 2010;
Ibafies et al., 2009). Mutants with reduced BRI1 receptor activity, signaling or
BR levels were found to have a reduced number of vascular bundles, whereas
mutants with increased BR signaling or BR levels exhibited an increased
number of vascular bundles (lbafies et al., 2009). While the mechanisms for
BR-mediated provascular divisions and cell differentiation are unknown, the
available transcriptomic studies in Zinnia and Arabidopsis cell cultures point to
members of class |l homeodomain transcription factors as candidate regulators
of this process (Ohashi-lto and Fukuda, 2003; Ohashi-lto et al., 2002). The
combination of computational approaches with molecular analyses will help to
clarify the role of BR signaling in provascular divisions during vascular
development (Fabregas and Cano-Delgado, 2014).

Stomata are small pores present in leaves and in stem epidermis that
function in gas exchange (Bergmann and Sack, 2007). Increasing levels of BRs
in both gain-of-function mutants and exogenous application of BRs led to
reduced number of stomata, while BR loss-of-function mutants showed stomata
clustering and increased stomata number (Kim et al., 2012). Yeast two hybrid,

pull-down, kinase assays and in vivo co-immunoprecipitation demonstrated that
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BIN2 interacts with mitogen-activated protein (MAPK) kinase YODA (YDA)
inhibiting YDA activity by phosphorylation (Kim and Wang, 2010). Additionally,
MAPK kinases act downstream of the TOO MANY MOUTHS (TMM) receptor
and ERECTA family to regulate SPEECHLESS (SPCH), MUTE and FAMA.
Upon activation, MAPK kinases phosphorylate SPCH which results in the its
inactivation to regulate stomata divisions (Bergmann and Sack, 2007). An
additional layer for BR-regulated stomata development comes from biochemical
studies showing that BIN2 can phosphorylate SPCH, and limit epidermal cell
proliferation in hypocotyls (Gudesblat et al., 2012). Thus, BRs regulate stomata
development though the modulation of different canonical stomata patterning
genes, in a cell-type specific manner.

To date, the most extensive study on the spatial BR-regulation was
achieved thought the analysis of BR defects in the shoot apical meristem
(SAM). SAM is limited by boundary regions, formed by quiescent cells that
rarely divide compared to the surrounding cell types (Fletcher, 2002). LATERAL
ORGAN BOUNDARIES (LOB) transcription factor is specifically expressed in
the organ boundaries, and loss-of-function mutants have fused organs (Bell et
al., 2012). Complementation of the lob phenotype with brz1-D gain-of-function
mutant, together with the regulation and interaction of LOB and BAS1 suggest
that BR-signaling can direct specific developmental programs by regulating cell-
type specific morphogenetic programs (Bell et al., 2012). A parallel study
showed that BZR1 differential accumulation in SAM cell-types control organ
boundaries directly though the regulation of boundary identity genes (Gendron
et al., 2012). Thus, both a cell-type specific regulation of LOB and a differential
accumulation of BR-signaling components may ensure organ boundary
formation and morphogenesis in the SAM.

The coordination of different signaling pathways to integrate
environmental inputs and provide the best fitness is a major question that

should cope the increasing demand of food resources and climate change.
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Brassinosteroid contribution to root growth and
development

The simple and stereotyped organization of the Arabidopsis primary root
has motivated the research of fundamental biological questions in plant
organogenesis and development (Dolan et al., 1993). The bri1 mutants were
originally described by showing a short root phenotype in the presence of BL
(Clouse et al., 1996). Since then, the analyses of root phenotypes in several
BR-deficient and insensitive mutants have assigned a role for BRs in distinct
aspects of root growth and development, such as gravitropism (Kim et al., 2000),
lateral root formation (Bao et al., 2004), root-hair cell fate (Cheng et al., 2014;
Kuppusamy et al., 2009), meristem size and distal stem cell differentiation
(Gonzalez-Garcia et al., 2011; Hacham et al., 2011). Physiological studies have
proven valuable to understand how BRs modulate root developmental
processes in concerted action with other plant hormones, such as auxin and
cytokinin (Scacchi et al., 2010). Physiological studies using exogenous
hormone application have shown that BRs can stimulate root gravitropism
independently of auxin (Kim et al., 2000). In contrast, the characterization of
bri1 and BR-biosynthesis mutants dwarf4 have proposed that at low levels both
hormones synergistically promote lateral root emergence (Bao et al., 2004),
where BR action is subordinated to that of auxin (Yoshimitsu et al., 2011).
During root growth, the functional analysis of BREVIS RADIX (BRX) has
connected BRs synthesis and auxin signaling (Mouchel et al., 2006). At the
protophloem cells of the root apical meristem, the concerted action of BRX,
MONOPTEROS (MP) and SHORT HYPOCOTYL 2 (SHY2) establish a
feedback loop that regulates PIN3 in the control of root meristem size (Scacchi
et al., 2010). Contrary to that, BR signaling in the root was reported not to have
a significant effect on auxin efflux carriers PIN1, 3 and 7 (Hacham et al., 2011).
Certainly, the role of auxin gradients in BR-mediated cell cycle progression and

differentiation deserves further analysis.
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BRs at the root epidermis

The characterization of bri1 epidermal patterning defects together with
the expression of hair-fate reporters assigned a role for BR signaling in
providing positional information to root epidermal cells (Cheng et al., 2014;
Kuppusamy et al., 2009). BRs control the expression of key regulators of
epidermal patterning, such as WEREWOLF (WER) and its downstream target
GLABLA2 (GL2). Exogenous BL application increase the transcript levels of
these two genes (Nemhauser et al.,, 2006). In addition, the hair epidermis
specific GL2:GUS transcriptional reporter appeared to be miss expressed in the
bri1 mutant roots, which exhibited radial patterning defects in the epidermis.
Although nor GL2 neither WER genes were among the list of BZR1/BES1 high
fidelity targets, genetic studies demonstrate that BR-regulated root epidermal
cell patterning is dependent on the WER-GL3/EGL3-TTG1 complex (Cheng et
al., 2014). Furthermore, BIN2 phosphorylates both EGL3, promoting its nuclear
trans localization, and TTG1 to inhibit WER-GL3/EGL3-TTG1 activity (Cheng et
al., 2014).

The role of the BRI1 receptor at the epidermis has been shown sufficient
to promote the growth of both shoots and roots (Hacham et al., 2011; Savaldi-
Goldstein et al., 2007). In the root, driving the expression of BRI1 receptor
under GL2 promoter recovers the root meristem defects of bri1 null mutants,
whereas the specific expression of BRI1 in inner cell layers failed (Hacham et
al., 2011). In addition, BRI1 expression in the epidermal non-hair cells inhibits
root growth, thought the deposition of crystalline callose (Fridman et al., 2014).

Based on these results, a signaling mechanism from the epidermis to the
inner-meristematic cells has been suggested, although the molecular nature of

the moving signal remains to be identified.

BRs promote cell elongation during primary root growth

The role of BRs in promoting cell elongation in the primary root has been
demonstrated at both physiological and genetic levels (Mouchel et al., 2006;

Mussig et al., 2003; Szekeres et al., 1996)- However, despite the positive effects
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of BRs on root cell elongation, the roots of plants with increased BRs were
shorter than those of wild-type ones (Gonzalez-Garcia et al., 2011). Notably, the
short root phenotypes at 6-day-old seedlings of all BR mutants studied also
showed a reduction with the number of cells in the meristem, indicating that
optimal BR signaling is required to maintain meristem size (Gonzalez-Garcia et
al., 2011). These findings prompted the study of BR-mediated root growth from a

different perspective.

Root analysis for the study of BRs in cell-cycle progression
and differentiation

The role of BRs in cell cycle progression has remained controversial for
decades (Clouse et al., 1996; Miyazawa et al., 2003). The cellular analysis of
bri1 roots has uncovered that short bri1 roots were caused by both defects in
cell expansion and in the normal progression of cell cycle resulting in short
meristem size (Gonzalez-Garcia et al., 2011; Hacham et al., 2011). Intriguingly,
plants treated with BL or mutants with enhanced BR signaling such as bes1-D
displayed a reduced root meristem, suggesting that balanced levels of the BRI1
receptor and downstream signaling are needed to maintain normal cell division
activities in the root meristem (Gonzalez-Garcia et al., 2011).

The effects of BRs in meristem division have been analyzed using
different cell cycle reporter lines. The analysis was done using a D-box
pCYCB1;1:GUS and pCYCB1;1:GFP that visualize cells at the G2-M phase of
the cell cycle (Colon-Carmona et al., 1999), a reporter of the plant specific cell
cycle inhibitor ICK2/KRP2 (De Veylder et al., 2001), and immunofluorescence of
KNOLLE to label the cell plates of dividing cells (Volker et al., 2001).
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Figure 3. Cell cycle defects in Brassinosteroid mutants. (A) Root cartoon of
the Arabidopsis thaliana root tip, green cells represent the meristematic region
(dividing cells). (B) Root meristems of Col-0, bri1-116 (loss-of-function), bes1-D
(gain-of-function) and BL stained counterstained PI (red), white arrow point to
the end of the meristematic region. (C) Inmunolocalization of KNOLLE protein
(pink) and cell nucleus stained with DAPI (blue) in different BR mutant
background and BL treatment, right graph represents the number of cell plates
(in pink) in each condition. (D) Graphic representation of the number of cells
within the meristematic region. (E) Graphic representation of the number of cell
plates. Note that both, number of meristematic cells and KNOLLE cell plates are
impaired in the different BR mutants and BRs exogenous application compared
to Col-0 (wild-type).

Different cell cycle reporters were analyzed in BR mutant backgrounds
and BL treated plants. In the bri1 mutants, the miss expression of CYB1;1,
ICK2/KRP2 and immunofluorescence analysis of KNOLLE (Volker et al., 2001)
revealed a reduced number of cell plates in the root meristem pointing to an

arrested or slower cell cycle. These results together with the premature
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appearance of epidermal root hairs in bri1 mutants indicated that BRI1 signaling
is required to control, not only cell elongation, but also the balance between cell
division and differentiation in the primary root.

Conversely, several lines of experimental evidence support that
increased BR signaling levels can lead to an acceleration of cell cycle
progression during primary root growth: (i) a reduction of CYCB1;1 expression,
(ii) a reduction in the number of KNOLLE-labeled cell plates, (iii) the reduced
ICK2/KRP2 levels, (iv) an accelerated cellular differentiation revealed by the
differentiation of root hairs in the proximal side of the meristem.

Quantification of BRI1 receptor in planta revealed that BRI1 density,
rather than total number is constant along the root meristem and is reduced in
expanding and mature cells (van Esse et al., 2011). Interestingly, receptor
density is also reduced in the direct target cells of BL signaling, the stem cell
niche, including the quiescent centre (QC) cells (Gonzalez-Garcia et al., 2011;
van Esse et al.,, 2011). Moreover, mathematical modeling suggest that ligand
availability rather than receptor concentration determines BRI1-mediated
activities in roots (van Esse et al., 2012). Identification of BRL3 interactors in
planta have shed light in cell-specific signalosomes fine-tuning BR-signaling
(Fabregas et al., 2013). Indeed, genetic analysis of brl1bri3bak1-3 triple
mutants revealed that this specific signaling module regulates root growth and
development by contributing to the cellular activities of provascular and
quiescent center cells, where its expression is enriched (Fabregas et al., 2013).

Together, these root analyses open a new window to study how do cells
behave in response to BRs. Root growth dynamic studies using a combination
of mathematical modeling with a spatial/temporal analysis of BRs action in root
growth will be very helpful to understand how BRs balance cell division,

elongation and differentiation in the plant.
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Concluding remarks

The genetic and biochemical studies carried in Arabidopsis during the
last two decades have uncovered how plants perceive and transduce the BRs
signal from the plasma membrane receptors to the transcriptional regulators in
the nuclei that control of plant growth. It is currently accepted that BRs can
modulate distinct developmental processes in the plant by simultaneously
acting on cell division, elongation and differentiation. The root analysis of BR
mutants provides a superior model to investigate how BRs control distinct
cellular functions. The action of BRI1-like members and the signal specificity of
BR-mediated responses have emerged as an alternative to integrate signaling
cues into developmental programs. Identification of specific signaling modules

operating at cell-type specific resolution are challenges for the next years.
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OBJECTIVES

The general objective of this PhD Thesis was to investigate the
mechanistic bases for Brassinosteroid action in the primary root of

Arabidopsis thaliana.

To this end, the following specific objectives have been

accomplished:

1. Investigate the contribution of Brassinosteroids to root growth and

development by genetic and physiological analysis.

2. To dissect the spatial contribution of BRI1-mediated signaling in

the primary root growth and development of Arabidopsis.

3. To identify and functional characterize a novel stem-cell specific

regulator of the BR signaling in the root.
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RESULTS

GENETIC AND CELLULAR ANALYSIS

OF BRASSINOSTEROID ACTION IN THE

PRIMARY ROOT OF ARABIDOPSIS

Part of the results reported in this chapter were published at:
Brassinosteroid control meristem size by promoting cell cycle
progression in Arabidopsis roots.

Mary-Paz Gonzalez-Garcia, Josep Vilarrasa-Blasi, Miroslava Zhiponova,
Fanchon Divol, Santiago Mora-Garcia, Eugenia Russinova and Ana I. Cafio-
Delgado.

Development 138, 849-859 (2011) doi:10.1242/dev.057331.






RESULTS @ 41

SUMMARY

Brassinosteroids (BRs) play crucial roles in plant growth and development.
Previous studies have shown that BRs promote cell elongation in vegetative
organs in several plant species, but their contribution to meristem and stem cell
homeostasis remains unexplored. Our analyses report that both loss- and gain-
of-function BR-related mutants in Arabidopsis thaliana have reduced meristem
size, indicating that a balanced BR signaling is needed for the optimal root
growth. In the BR-insensitive bri1-116 mutant, root cell cycle defects can be
counteracted by enhancing the mitotic activity, by either CYD3;1 overexpression
or RETINOBLASTOMA knockdown. We report that BRI1/BES1 signaling
module promotes QC self-renewal and the differentiation of columella stem cell
(CSC) upstream of SCARECROW and PLETHORA mediated signaling. Spatial
analysis revealed; (i) BRI1 signaling acts non-cell autonomously from the
meristematic dividing cells to control root growth, and (ii) BRI1 signaling in the
QC cells controls stem cell differentiation non-cell autonomously. Moreover,
local expression of BES1-D in the QC cells promotes QC divisions. Together,
our results provide evidence that BRs play a regulatory role in the control of cell

division and differentiation in the Arabidopsis root stem cell niche.



42 CHAPTER 2

INTRODUCTION

Apical growth in both shoots and roots is a defining feature of vascular
plants (Graham et al., 2000). Generative apices, established early in embryonic
development, sustain polar growth and generate radial patterns of tissues along
the body axes. Production of new cells is ensured by groups of stem cells located
in the meristems. These cells have a low proliferative activity and divide
asymmetrically. While one of the daughter cells takes over the role of the stem
cell, the other sets off into a proliferation and differentiation program that
progresses as its lineage leaves the meristematic region. Thus, net growth is the
outcome of a balance between cell proliferation, differentiation and elongation.

The primary root of Arabidopsis is a superior developmental model because
of its simple and stereotyped organization of cell types (Dolan et al., 1993; loio et
al., 2007; van den Berg et al., 1998). Root tips provide the most easily
accessible group of stem cells in the plant body and have been extensively used
to visualize the dynamics of cell division and elongation (Beemster and Baskin,
1998; Casamitjana-Martinez et al., 2003). Cell division occurs at the meristem;
progressively aged cells begin to differentiate in the elongation and differentiation
zones reaching their final size/fate. At the basal part of the meristem, the stem
cells surround the quiescent centre (QC), a group of three to four cells with very
low proliferative activity that have been proposed to maintain the stem cell identity
by means of short-range signals of a still unknown nature (Dolan et al., 1993; van
den Berg et al., 1997). The position of the QC is defined by the overlap between
domains of high auxin levels at the root tip (Friml et al., 2003), highly expressed
auxin-responsive members of the PLETHORA (PLT) family of transcription
factors (Aida et al., 2004; Galinha et al., 2007) and the radial expression of the
transcription factors SCARECROW (SCR) and SHORT ROOT (SHR) (Di
Laurenzio et al., 1996; Sabatini et al., 2003). The maintenance of QC cells by
phytohormones and transcription factors ensures root growth.

Root growth is affected by most if not all plant hormones, indicating
disturbances in meristem size. A series of comprehensive studies revealed that

cytokinin (CK), auxins and gibberellin (GA) control meristem size (Garay-Arroyo
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et al., 2012). Spatiotemporal control of the AUX/IAA protein SHORT
HYPOCOTYL 1 (SHY2) by both GAs and CKs balance cell differentiation and cell
divisions, establishing meristem size, thought the regulation of auxin flow
mediated by PIN gene expression (loio et al., 2008; Moubayidin et al., 2010).
Additionally, GA regulates meristem size by degradation of DELLA growth
repressors and enhancing cell division (Achard et al., 2009). Notably, the
endodermis drives the GA-response in the root meristem, as expression a non-
degradable DELLA protein in the endodermis blocked root meristem growth
(Ubeda-Tomas et al., 2009).

BRs were originally discovered by their ability to promote cell elongation.
Indeed, BR-related mutants exhibit short-root phenotype and exogenous
application of BRs promote root growth at low concentrations, but inhibit it at high
concentrations (Clouse et al., 1996; Mouchel et al., 2006; Mussig et al., 2003).
Moreover, expression of BR-biosynthetic enzymes or the BRI1 receptor in the
epidermis of the shoot apical meristem was sufficient to recover the dwarfism
caused by reduced BR signaling in bri1 mutants (Savaldi-Goldstein et al., 2007).
However, the impact of the BR-signaling pathway in specific spatial
developmental processes remains poorly understood.

Here, we investigated the role of BRs on root growth and root stem cell
maintenance. Loss-of-function bri71-116 null mutants and gain-of-function bes1-D
mutants showed that a balance in BR signaling is required to maintain meristem
size and overall root growth. The cell division defects of bri1-116 are
complemented by overexpression of CYCD3;1 or RBR silencing revealing that
BR signaling is needed for a normal cell cycle progression. Importantly, these
alterations can be traced back to the root stem cell niche, where BR-dependent
signaling is necessary for normal QC identity and promotion of stem cell
differentiation. Importantly, BRs appeared to act upstream or independently of
PLETHORA (PLT) and SCARECROW (SCR) pathways in the meristem
maintenance and columella stem cell differentiation. Moreover, BRI1-mediated
signaling promotes root growth cell-autonomously from the meristematic dividing
cells, while it promotes columella stem cell differentiation non-cell autonomously

from the QC cells. Activation of BR-signaling thought BES1 promotes cell division
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of QC cells cell-autonomously. These results uncover the importance of BRs in

controlling the activity of the stem cell niches in plants.

PREVIOUS RESULTS OBTAINED AT OUR
LABORATORY

To assess the role of BRs in root growth, the root length of mutants with
altered BR-signaling, wild-type and plants treated with BL were analysed. A
general trend was observed for all seedlings that displayed shorter roots than
those of the wild-type plants. The contribution of BRs to cell divisions was
assessed by measuring both meristem cell number and cell-cycle markers in
plants with impaired BR-signaling. The reduced number of meristematic cells in
both loss- gain-of-function mutants and plants treated exogenously with BRs
reveals the importance of a balanced BR signaling in the control of the meristem
size. The reduction of meristem cell number was caused by alterations in cell
cycle progression, as reported by missexpression of cell division markers
CyclinB1,1, KNOLLE and the plant-specific cell cycle inhibitor KIP (kinase-
interacting protein)-related protein 2 (KRP2)/ICK1. Cell cycle defects were
restored by increasing the mitotic activity with overexpression of CYCDS3;1
(Figure 1 A, B, D, E). Interestingly, cell cycle defects were traced back to the
stem cell niche where the expression of several QC specific markers was
modified by BRs.
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BR control the normal cell cycle progression in
the root meristem

The accumulation of pCYCB1;1:GUS and plCK2/KRP2:GUS in bri1-116
roots could reflect an arrest in cell division, thus we investigated whether an
increase in the mitotic activity could reverse these cell cycle defects. We used
mutant plants overexpressing CyclinD3;1 (CYCD3;10E) (Riou-Khamlichi et al.,
1999) and post-embryonic meristem-specific silencing of RETINOBLASTOMA-
RELATED (Rbi) (Wildwater et al., 2005), both shown to stimulate mitotic
activities. The number of meristematic cells in bri1-116;CYCD3;10E plants was
indeed higher than in the bri1-116 mutants and similar to that of wild-type or
CYCDG3;10E plants (Figure 1 A, B, D, E). In the same direction, bri1-116;Rbi
double mutant plants showed a similar number of meristematic cells compared to
Rbi mutants and wild-type plants (Figure 3 C-D, F-G).

Stimulating cell divisions can thus restore cell-cycle progression defects
observed in a BRI1-deficient background. These results indicate that a balanced
BR-signaling is required for a normal progression of the cell cycle in the root

meristem, contributing to the regulation of meristem size and root growth.
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Figure 1. Rescue of bri1-116 mutant phenotype in the root meristem.

(A-F) Confocal images of six-day-old primary roots counterstained with
propidium iodide. (A) Col-0 (wild-type), (B) CYCD3;10E, (C) Rbi, (D) bri1-116,
(E) bri1-116;CYCD3;1, (F) bri1-116;Rbi. Scale bar represents 100 pM, white
arrows indicate the boundary between the meristematic and elongation zones of
the root. (G) Quantification of meristematic cell number. *** Indicate significant

difference compared to bri1-116 (p-value<0.01).
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BR signaling controls QC identity

Root cell proliferation is initiated within a population of stem cells
surrounding the QC (Scheres, 2007). Thus, we investigated whether the
reduction in root meristem size observed in BR-related mutants could derive
from defects in the stem cell niche. Significant increased occurred in the
expression of the QC-localized marker WOX5 (Sarkar et al., 2007) after
exogenous treatment with BL (Figure 2 A, B) . In contrast, no changes in
pWOX5:GFP expression were detected in the bri1-116 mutant background after
BL application, demonstrating that BRI1-mediated signaling promotes BL
responses in the QC cells (Figure 2 C-F). .

To investigate the identity of the new cells expressing the QC marker we
analysed the expression of SCR, a marker for QC and endodermis identity
(Sabatini et al., 2003). Both bes1-D mutants and BL-treated plants expressed
pSCR:GFP in additional cells compared to the wild-type (Figure 2 |, K, M).
Additionally, expression of SHORT ROOT (SHR), an activator of SCR
(Nakajima et al., 2001), showed additional QC cell layers after BL treatment
(Figure 2 G, H). In contrast, bzr1-D gain-of-function mutants (Wang et al., 2002)
did now showed additional QC cells labelled with SCR (Figure 2 L). Thus, BRs
regulate QC self-renewal though BRI1-signaling and downstream of BES1.
However, the WOX5 expression domain was larger than that of SCR,
suggesting that BRs are able to promote the expression of WOX5
independently of SCR. These results address a role for the BRI1-dependent
signaling pathway in the control of the QC identity. Most importantly, these
results indicate cells specific functions for the role of BES1 and BRZ1

transcription factors in the control of root development.
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Figure 2. BRs control QC identity in the root stem cell niche.

(A-M) Confocal images of six-day-old primary roots counterstained with
propidium iodide. (A) pWOX5:GFP untreated and (B) treated with 4 nM BL
continuously. (C, D) bri1-116;pWOX5:GFP untreated and (E-F) treated with 4
nM BL continuously. (G) pSHR:SHR-GFP untreated and (H) treated with 4 nM
BL continuously. (I-M) Expression of SCR in different BR-mutant backgrounds.
() pSCR:GFP, (J) bri1-116;pSCR:GFP, (K) bes1-D;pSCR:GFP, (L) bzri-
D;pSCR:GFP, (M) pSCR:GFP treated with 4 nM BL continuously. White arrows
point QC cells. Scale bar: 25uM.

BRs controls meristematic activities independent
or upstream of PLETHORA and SCARECROW

The proper maintenance of the stem cells by the low proliferating QC cells
is essential to maintain stem cell activities (Shishkova et al., 2008), and unsure
indeterminate root growth. Two parallel pathways specify the QC identity; the
PLT pathway and the SCR pathway (Aida et al., 2004; Sabatini et al., 2003). To
further characterize BRs action in the stem cell niche, a physiological and
genetic analysis of both PLT and SCR pathways in response to BRs was
carried. Exogenous treatment of plt1plt2 double mutants with BL, showed a
hypersensitive response (Figure 3 A, B). Wild-type plants displayed a dose-

dependent response to BRs leading to a progressive root shortening, from 10%
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root growth reduction at 0,004 nM BL to 50% root reduction at 4nM BL (Figure 3
A, B). In contrast, plt1plt2 double mutants were hyper-responsive to BL at 0,004
nM BL leading to a 50% root reduction, and 80% root decrease at 4nM of BL
(Figure 3 A, B). Analysis of bri1-116plt1plt2 triple mutants exhibited a synergic
effect in root growth compared to the parental lines (Figure 3 C, D). The
meristem length of bri1-116plt1plt2 mutants was similar to that of plt1pli2
mutants, while meristem cell number was increased in bri1-116pltipli2
compared to that of plt1plt2 mutants (Figure 3 E-G). PLETHORA proteins are
expressed in a dose dependent manner along the root (Galinha et al., 2007),
with higher expression values on the root tip that progressively shut down until
the differentiation zone. Analysis of PLETHORA protein expression in response
to BRs did not show any significant difference comparing to control plants
(Figure 4). These results suggest that BRs control root growth either
independently or upstream of PLETHORA, while meristem cell number is

primary controlled by BRI1.
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Figure 3. Genetic and physiological responses of plt1plt2 to BRs.

(A) Six-day-old seedlings of Col-0 and plt1plt2, from left to right increasing
concentrations of BL; 0.004, 0.04, 0.4, and 4 nM BL, respectively. (B) Root
growth decrease (RGD) in Col-0 (grey bars) and plt1plt2 (black bars), RGD was
calculated comparing roots of treated plants with untreated six-day-old
seedlings. (C) Six-day old seedling of the indicated genotypes. (D) Root length
quantification of six-day-old seedlings, asterisk indicates (p-value<0.01 between
bri1-116pltiplt2 and pitiplt2). (E) Confocal images of six-day-old root

meristems counterstained with Pl of the indicated genotypes, white arrows
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indicate the boundary between the meristematic and elongation zones of the root
(F) Quantification of meristem length. (G) Quantification of meristem cell
number, ***, ** indicates (p-value<0.01, p-value<0.05) respectively. Statistic
analysis in D between bri1-116pltiplt2 and pltiplt2, F between pltiplt2, brii-
116pltiplt2 and bri1-116; G between plt1plt2 and bri1-116pltiplt2. Scale bar A-

C, E represents 1cm, 50 uM respectively.
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Figure 4. Exogenous BL application does not significantly modifies
PLETHORA protein content nor localization.

(A-L) Six-day-old seedlings, (A, C, E, G, |, K), six-day-old seedlings
counterstained with Pl, (A-D) pPLT1:PLT1-YFP, (E-H) pPLT2:PLT2-YFP, (I-L)
pPLT3:PLT3-YFP; without (A, B, E, F, I, J) and with (C, D, G, H, K, L)
continuous 4nM BL treatment. (N) Quantification of GFP fluorescent signal.
Grey bars represent quantification of the same 3 individual cells, QC cells; while

black bars represents quantification of the same area in the stem cell niche.

Exogenous application of BL to scr-4 mutants led to root growth decrease

similar to plt1plt2 mutants (Figure 5 A, B). Moreover bri1-116;scr-4 double
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mutants display a synergistic effect in root growth. Analysis of meristem length
in bri1-116;scr-4 double mutants and meristem cell number showed an epistatic
relationships between BRI1 and SCR pathways in the maintenance of the

meristem (Figure 5 C, D, E).
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Figure 5. Genetic and physiological response of scr-4 to BRs.

(A) Six-day-old seedlings of the indicated genotypes. Scale bar: 1 cm. (B)
Quantification of root length of six-day-old seedlings. (C) Six-day-old meristems
counterstained with PIl, white arrows indicate the boundary between the
meristematic and elongation zones of the root. Scale bar 25 um (D)
Quantification of meristem length in six-day-old seedlings. (E) Quantification of
meristem cell number in six-day-old seedlings. ** and *** indicates p-value<0.05
and p-value<0.01 respectively. Statistic analysis in B performed between bri1-
116 and bri1-116;scr-4, scr-4 and scr-4 + BL. Statistic analysis in D-E all
genotypes compared to WT (Col-0).
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BRs promote the differentiation of distal
columella stem cells

To study the functional relevance of the misexpression of QC-associated
genes in BR-related mutants, we investigated whether columella stem cells
(CSCs) undergo abnormal differentiation visualizing starch granules
accumulation (Truernit et al., 2008). In agreement with previous results (Stahl et
al., 2009), 80% of the wild-type plants had a single layer of CSCs and 18% two
layers adjacent to the QC (Figure 6 A, F), whereas 100% of the bri1-116 roots
had a single layer of CSCs (Figure 6 B, F). While starch granules are absent
from wild-type CSCs and only appear in differentiating columella cells, starch
granules occurred in cells at the position of CSCs in bes1-D roots (Figure 6 C,
F) and in plants treated with 4 nM BL (Figure 6 E, F). Conversely, no significant
changes in columella stem cells differentiation where observed in bzr1-D
mutants (Figure 6 D, F). These results show that BRs promote the
differentiation of distal stem cells at the root apex downstream of BESH1,

revealing the importance of BRs in the control of root stem cell dynamics.
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Figure 6. Brassinosteroids promote differentiation of distal stem cells.

(A-E) Confocal images of six-day-old primary root tips mPS-PI stained, (A) Col-
0 (wild-type), (B) bri1-116, (C) besi1-D, (D) bzr1-D and (E) Col-0 treated
continuously with 4nM BL. (F) Quantitative analysis of the effects of BRs in CSC
differentiation. Frequency distribution of the number of cell layers is given
between the QC and the first differentiated columella cells that contain starch

granules (n>50 in each genotype). Scale bar represents 20uM.

To unveil the genetic relationship between BR signaling and key
components of the root stem cell niche maintenance, a genetic and
physiological analysis of mutants with impaired maintenance of columella stem
cells was done. The null bri1-116 mutants were crossed to the null scr-4
mutants (Fukaki et al., 1998), the wox5-1 (Sarkar et al., 2007), the double
plt1plt2 mutants (Aida et al., 2004), and the RBR knock down lines (Rbi)
(Wildwater et al., 2005). Six-day-old double bri1-116;scr-4, bri1-116,;wox5-1, bri1-
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116,plt1plt2 mutant roots showed CSC phenotypes identical to those of the scr-4,
wox5-1, plt1plt2 single mutants (Figure 7 A, B, D, J, K, M, U). Similarly, double
mutants of bes1-D,scr-4, bes1-D;wox5-1 phenotypes resembles scr-4 and wox5-
1 single mutants, respectively (Figure 7 A, B, N, O, U). Exogenous treatment with
BL triggered root exhaustion in scr-4 and plt1plt2 mutants, while wox5-1 mutants
showed a total lack of columella stem cells (Figure 7 E, F, H, |, U). Furthermore,
overexpression of WOX5 led to supernumerary stem cell production (Sarkar et al.,
2007), which persists after exogenous treatment of BL (Figure 9 Q, R, S, U),
suggesting that WOX5 acts downstream of BRs in the control of CSC
differentiation.

Downstream of the SCR patterning gene, the RBR canonical pathway
controls the amount of stem cells (Wildwater et al., 2005). In one hand,
supernumerary stem cells in Rbi knock down seedlings were abolished by
exogenous BL application, displaying a number of layers similar to wild-type but
with increase number of double layers (Figure 7 C, G, U). Similarly, bes1-D;Rbi
double mutants had a decrease in the number of supernumerary stem
cells(Figure 7 P, U). In the other hand, bri1-116;Rbi double mutants showed an
increased in the number of CSC comparing to bri1-116 single mutant (Figure L,
U).

The genetic and physiological analyses suggest that BRs control the CSC
differentiation upstream of SCR, PLT and WOX5 pathways. In contrast, BRs act

in part independently or downstream of RBR.
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Figure 7. Genetic and physiological analysis of stem cell/patterning
components with BR-signaling mutants.

(A-T) Confocal images of mPS-PI six-day-old primary roots stained. (A) scr-4, (B)
wox5-1, (C) Rbi, (D) pltiplt2, (E) scr-4 BL treated, (F) wox5-1 BL treated, (G) Rbi
BL treated, (H, 1) plt1plt2 BL treated, (J) bri1-116;scr-4, (K) bri1-116;wox5-1, (L)
bri1-116;Rbi, (M) bri1-116,plt1plt2, (N) bes1-D;scr-4, (O) bes1-D;,wox5-1, (P)
bes1-D;Rbi, (Q) 35S:WOX5-GR continuously treated with 1 uM of
dexamethasone (DEX). (R) 35S:WOX5-GR treated with 1 uM of DEX and 4 nM
BL continuously, (S) 35S:WOX5-GR treated 4 days with 4 nM BL and 2 days with
both DEX and BL. (T) Col-0 plants treated with 1 uM of brassinazole (BRZ220).
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(U) Frequency distribution of the number of cell layers given between the QC

and the first differentiated columella cells that contain starch granules.

BRI1-mediated signaling appears to control stem
cell homeostasis downstream or independently
of auxin

Auxins control multiple developmental processes, including root patterning
and root cell division and elongation (Overvoorde et al., 2010). Local auxin levels
mediated by both transport and biosynthesis play critical roles in CSC
maintenance by the signaling circuit auxin-WOX5-PLT1(Ding and Friml, 2010).
Moreover, pharmacological treatment with auxin (1-naphthaleneacetic acid
(NAA)) or auxin transport inhibitor (N-1-naphthylphthalamic acid (NPA)),
promotes an increased auxin level in the root tip and promoted CSC
differentiation (Ding and Friml, 2010; Sabatini et al., 1999). To uncover whether
BRs effects in the CSC differentiation were mediated by auxin we block auxin
transport in bri-116 plants with NPA. NPA treatment of Col-0 plants promotes
CSC differentiation concomitantly to the increase levels of DR5:GUS (Figure 8 A-
D). Interestingly, NPA treatment of bri1-116 roots promote expansion of the
DR5:GUS domain but did not promote CSC differentiation (Figure 8 E-H). Thus,
the effect of BRs in the columella stem cell differentiation may be independent or

downstream of auxin.
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Figura 8. BRs maintain columella stem cell identity independently or
upstream of auxins.

(A-H) Confocal images from six-day old seedlings mPS-Pl stained. (A, B)
DR5:GUS seedlings grown in control media. (C, D) DR5:GUS seedlings treated
with 5uM NPA continuously. (E, F) bri1-116;DR5:GUS seedlings grown in control
media. (G, H) bri1-116;DR5:GUS seedlings treated with 5uM NPA continuously.
(A, C, E, G) Confocal images signal from the laser channel, while (B, D, F, H)
images from the transmission channel. Right arrows indicate QC cells, left arrows

indicates CSC. Scale bars represent 20uM.
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BRI1 signhaling controls root growth cell-
autonomously from the dividing cells

Plant growth is achieved by integration of multiple signals, hormone-
mediated growth have been shown to act in specific cell layers to control final
organ size (Ubeda-Tomas et al., 2012). As an example, local expression of gai
(non-degradable DELLA protein) in the endodermis have been shown to control
gibberellin (GA) mediated growth (Ubeda-Tomas et al., 2009). Local expression
of both BRIl and the BR-biosynthetic enzyme CONSTITUTIVE
PHOTOMORPHOGENESIS AND DWARFISM (CPD) in the epidermis is
sufficient to recover dwarfism of BR loss-of-function mutants (Savaldi-Goldstein
et al., 2007). In light of our results, we tested the contribution of BRI1-mediated
signaling in the meristematic cells and to the slowly dividing QC cells by local
expression of the BRI1 receptor under the RP5a promoter, which is specifically
expressed in the meristematic dividing cells (Weijers et al., 2001). Expression of
BRI1 in the meristematic cells of wild-type Col-0 plants, pRP5a:BRI1-YFP;Col-0,
show not apparent effects on root growth, neither in meristem lenght nor cell
number (Figure 9 A, C-D, J, K, L). In contrast, pRP5a:BRI1-YFP expression in
the bri1-116 recovered root growth to WT levels by increasing the meristem
activity (length, cell number) (Figure 9 A-B, E-F, J, K, L). Thus, BRI1-mediated
signaling controls root growth non-cell autonomously from the meristematic
dividing cells. Moreover, the dwarf phenotype of the shoot-apical meristem of
bri1-116 mutants was also recovered (Figure 9 1). The recovery of the aerial part
in pRP5a:BRI1-YFP;bri1-116 was not comparable to Col-0 plants (Figure 9 I),
suggesting that BRI1-mediated signaling in other cell-types is also necessary.
Notably the expression of RP5a was confined to the basal part root meristem,
suggesting that not all meristematic cells are dividing.

Expression of BRI1 receptor under the QC specific promoter WOX5 (Sarkar
et al., 2007), did not have any effect on Col-0 plants nor bri1-116 (Figure 9 A-B,
G-H). Interestingly, exogenous treatment of pWOX5:BRI1-YFP;bri1-116 with BL

promoted meristem length shortening and meristem cell number reduction



60 CHAPTER 2

(Figure 10). Thus, local effect of the BRI1 receptor in the QC cells may be
attenuated, while an excess of ligand (BL application) may overcome this
attenuation exerting a non-cell-autonomous control of the meristematic activities.
BRI1-mediated signaling undergoes continuous endocytosis (Geldner et al.,
2007), and endocytosis impairment enhances BR-signaling (Irani et al., 2012).
All endocytic studies have been carried out in the epidermis root cells due to its
size and easy accessibility. In an attend to test whether similar processes are
occurring in the QC cells we visualized BRI1 endocytosis in pWOX5:BRI1-
YFP;bri1-116. QC cells expressing the BRI1 receptor under the WOX5 promoter
undergo internalization and colocalizes with FM4-64 (Figure 11), suggesting that

in the QC cells BRI1 receptor undergo endocytosis.
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Figure 9. BRI1-mediated signaling control growth non-cell autonomously
from the dividing cells.

(A-H) Six-day-old seedlings counterstained with PI. (A) Col-0, (B) bri1-116, (C-D)
pRP5a:BRI1-YFP;Col-0, (E-F) pRP5a:BRI1-YFP;bri1-116, (G) pWOX5:BRI1-
YFP;Col-0, (H) pWOX5BRI1-YFP;bri1-116. white arrows indicate the boundary
between the meristematic and elongation zones of the root, scale bar :50 uM. (l)
20 day-old seedlings of the indicated genotypes. (J) Root length quantification of
six-day-old seedlings. (K) Meristem length quantification of six-day-old seedlings.
(L) Meristem cell number quantification of six-day-old seedlings. *** indicates p-
value<0.01 between bri1-116 and pRP5a:BRI1-YFP;bri1-116.
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Figure 10. Local activation of BR-signaling in the QC cells controls
meristem size non-cell autonomously.

(A-D) Six-day-old seedlings counterstained with PI. (A) bri1-116;pWOX5:GFP,
(B) bri1-116;pWOX5:GFP continuously treated with 4nM BL, (C) pWOX5:BRI1-
YFP;bri1-116, (D) pWOX5:BRI1-YFP;bri1-116 continuously treated with BL.
White arrows indicate the end of the meristematic zone. (E) Quantification of the
meristem cell length of six-day-old seedlings. (F) Quantification of the meristem
cell number of six-day-old seedlings. ** or *** indicate p-value<0.05 and p-

value<0.01 respectively. Scale bar indicates 50uM.
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FM4-64 C Overlay

Figure 11. Endocytosis of BRI1 receptor in QC cells.

(A-L) Confocal images of QC cells from pWOX5:BRI1-YFP;bri1-116 six-day-old
primary roots. (A, D, G, J) GFP channel, (B, E, H, K) FM4-64 channel, (C, F, |,
L) Overlay of GFP channel and FM4-64 channel. Scale bars: 5 pM.

BRI1-mediated signaling controls columella stem
cell differentiation non-cell autonomously from
the QC cells

Maintenance of the stem cell niche lies on proper signaling from the
rarely dividing QC cells to the surrounding stem cells (van den Berg et al.,
1997). Our results showed that BRs promote CSC differentiation. To further
understand the spatial requirement of BRs to promote stem cell differentiation
we used our local expression lines pWOX5:BRI1-YFP;bri1-116, in combination
with published lines that express BRI1 in the epidermis (pGL2:BRI1-YFP;bri1-
116), the endodermis and QC cells (pSCR:BRI1-YFP;bri1-116) and in the stele
(pSHR:BRI1-YFP;bri1-116) (Hacham et al., 2011).
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Exogenous treatment of Col-0 seedlings with BL promotes both QC
divisions and CSC differentiation, while bri1-116 mutants remain insensitive
(Figure 12 A-D, M). Expression of BRI1 in the GL2, SCR, SHR and WOX5
domain in bri1-116 mutant background, did not change neither the QC cells nor
the columella stem cell differentiation that remain similar to bri1-116 (Figure 12
E-H, M). BL application to bri-116 mutant plants harboring functional BRI1 in;
the QC cells (pPWOX5:BRI1-YFP;bri1-116) or the endodermis and QC cells
(pSCR:BRI1-YFP;bri1-116) promote CSC cell differentiation (Figure 12 K, L, M).
In contrast, plants expressing BRI1 in the epidermis (pGL2:BRI1-YFP;bri1-116)
or in the stele (pSHR:BRI1-YFP;bri1-116) did not undergo CSC differentiation
after BL treatment (Figure 12 |, J, M). Surprisingly, no QC divisions appeared in
none of the treated plants, except for wild-type plants, suggesting that BRI1
signaling does not control QC divisions cell autonomously. Altogether, these
results indicate that local activation of BRI1 signaling in the QC cells promotes
CSC differentiation.
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Figure 12 BRI1- mediated signaling control columella stem cells
differentiation from the QC cells non-cell autonomously.

(A-L) Confocal images of six-day-old primary roots mPS-PI stained. (A) Col-0
(wild-type) untreated, (B) treated with 4 nM BL continuously. (C) bri1-116
untreated and (D) treated with 4 nM BL continuously. (E) pGL2:BRI1-YFP;bri1-
116 untreated and (I) treated with 4nM BL continuously, (F) pSHR:BRI1-
YFP;bri1-116 untreated and (J) treated with 4 nM Bl continuously. (G)
pSCR:BRI1-YFP;bri1-116 untreated and (K) treated with 4 nM BL continuously.
(H) pWOX5:BRI1-YFP;bri1-116 untreated and (L) treated with 4 nM BL

continuously. (M) Frequency distribution of the number of cell layers given
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between the QC and the first differentiated columella cells that contain starch

granules.

Local expression of BES1-D in the QC promotes
QC divisions

Cell-cell communication is an essential feature that integrates stimuli to
further process of developmental responses. In a single cell resolution,
signaling pathways can be attenuated at multiple levels, ie. receptor level,
repression of downstream responding factors. Our results showed that BRs
promote QC divisions, but local expression of BRI1 in the QC cells fail to
promote QC divisions. Thus, we reasoned that the absence of QC divisions can
be due to (i) the attenuation of BRI1-signaling at the receptor level, or (ii) the
requirement of a non-cell autonomous signal from other cell types. To discard
the first possibility we express the neomorphic BES1-D mutant protein,
constitutively active, under the control of WOX5, a QC specific promoter.
Analysis of pWOX5:BES1-D-YFP;Col-0 revealed no changes in root length nor
meristem length (Figure 13 A-C). In contrast, QC cells from pWOX5BES1-D-
YFP;Col-0 lines were divided, compared to wild-type plants (Figure 13 D-G). In
addition, short BL treatment (22h) did not altered pWOX5:GFP expression,
while it activates hyper-proliferation of QC cells in pWOX5:BES1-D-YFP;Col-0
(Figure 13 H-K). Together, local activation of BR-signaling in the QC cells

activates cell divisions, suggesting that QC cells lack BR signaling.
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Figure 13. Local activation of BR signaling promotes QC divisions.

(A, D-K) Confocal images of six-day-old seedlings, counterstained with PI. (A)
Col-0 and pWOX5:BES1-D-YFP;Col-0. (B) Root length quantification, (C)
Meristem length quantification. (D-E) pWOX5:GFP expression, (H-I)
pWOX5:GFP expression after 22 hours BL treatment. (F-G) pWOX5:BES1-D-
YFP;Col-0, (J-K) pWOX5:BES1-D-YFP;Col-0 after 22 hours BL treatment.
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SUMMARY

The quiescent center (QC) maintains the activity of the surrounding stem cells
within the root stem cell niche, yet specific molecular players sustaining the low
rate of QC cell division remain poorly understood. Here, we identified a R2R3-
MYB transcription factor, BRAVO (BRASSINOSTEROIDS AT VASCULAR AND
ORGANIZING CENTRE), acting as cell-specific repressor of QC divisions in the
primary root of Arabidopsis. Ectopic BRAVO expression restricts overall root
growth and ceases root regeneration upon damage of the stem cells,
demonstrating the role of BRAVO in counteracting Brassinosteroid (BR)-
mediated cell division in the QC cells. Interestingly, BR-regulated transcription
factor BES1 (BRI1-EMS SUPRESSOR 1) directly repress and physically
interacts with BRAVO in vivo, creating a bistable switch that modulates QC
divisions at the root stem cell niche. Together, our results define a mechanism

for BR-mediated regulation of stem cell quiescence in plants.
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INTRODUCTION

Cellular quiescence is a temporary and reversible cell cycle arrest
characterized by programmed events that avoid proliferation. However, in
eukaryotes, the molecular determinants for the quiescent state remain unknown
(Cheung and Rando, 2013). Self-renewal of quiescent cells acts as a
replenishment source, e.g. in the hematopoietic case it ensures long term
maintenance of multipotent stem cells throughout the organismal lifespan
(Wilson and Trumpp, 2006). In plants, the root stem cell niche is composed of
different sets of stem cells that give rise to specific root cell lineages, which are
surrounding a group of cells with low proliferation rate termed quiescent centre
(QC) (Scheres, 2007) (Figure 1 A). The QC cells maintains the stemness of
neighbouring cells, which functions as a major signaling hub maintaining the
proliferation/differentiation rates (Cheung and Rando, 2013; Scheres, 2007),
where retinoblastoma (RBR) plays an autonomous control in the regulation of
QC division (Cruz-Ramirez et al., 2013; Wachsman et al., 2011). The proper
balance between quiescence and proliferation ensures organismal longevity
and prevents both genetic damage and stem cell exhaustion (Cheung and
Rando, 2013; Stuart and Brown, 2006).

Plant steroid hormones, Brassinosteroids (BRs), are essential regulators
of plant architecture, growth and development (Zhu et al., 2013). BR perception
through the plasma membrane-localized BRASSINOSTEROID INSENSITIVE 1
(BRI) (Clouse et al., 1996; Kinoshita et al., 2005; Li and Chory, 1997; Wang et
al., 2001), a Leucine-Rich-Repeat Receptor-Like-Kinase (LRR-RKL) protein,
results in mutual transphosphorylation events with several SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK) coreceptors (Karlova and de
Vries, 2006; Li et al., 2002; Russinova et al., 2004). Downstream of BRI1 and
SERKSs, the members of BRASSINOSTEROID SIGNALING KINASE (BSK)
cytoplasmatic kinase family are phosphorylated by BRI1 (Tang et al., 2008).
Subsequent, BSK activation triggers inactivation of BRASSINOSTEROID
INSENSITIVE 2 (BIN2) (Tang et al., 2008) kinase which promotes nuclear
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translocation of BRI1 EMS SUPPRESSOR 1 (BES1) and BRASSINAZOLE-
RESISTANT1 (BZR1) (Wang et al., 2002; Yin et al., 2002) to the nucleus where
they regulate gene expression (Sun et al., 2010; Yu et al., 2011). Despite the
high degree of knowledge existing on the BR-signaling components, how the
regulatory events downstream of BES1 and BRZ1 are translated into specific

developmental outputs remain poorly understood.

The majority of the BR signaling components are ubiquitously expressed
in the plant, yet cell-specific components have not hitherto been identified. The
local action of BRs in stomata patterning and establishment of organ boundary
(Bell et al., 2012; Gendron et al., 2012; Gudesblat et al., 2012; Kim and Wang,
2010) argues for cell specific BR pathways in different organs. In the primary
root, BRs are essential regulators of growth and development (Fabregas et al.,
2013; Gonzalez-Garcia et al., 2011; Missig et al., 2003; Zhu et al., 2013). BRs
promote the division of QC cells at the root stem cell niche, suggesting that
counteracting BR-signaling is a mechanism to preserve the low rates of cell
division in the QC (Gonzalez-Garcia et al., 2011; Heyman et al., 2013), yet cell-

specific repressors of the BR pathway remain to be identified.

In this study, we used a cell-based transcriptomic approach to identify
novel cell-specific regulators of the BR-mediated signaling in the root stem cell
niche. We report the identification of a R2R3-MYB transcription factor, BRAVO
(BRASSINOSTEROIDS AT VASCULAR AND ORGANIZING CENTRE), acting
as cell-specific repressor of BR-mediated divisions in the stem cell niche of the
Arabidopsis root. We have found that BRAVO overexpression under an
inducible promoter represses root growth leading to root growth exhaustion
upon genotoxic stress. BES1 directly represses and physically interacts with
BRAVO in vivo, creating a bistable circuit that modulates the rate of QC
divisions at the root stem cell niche. Our study unveils that the BRAVO/BES1
signaling module defines a novel mechanism for BR-mediated regulation of

stem cell quiescence in plants.
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PREVIOUS RESULTS OBTAINED AT OUR
LABORATORY

A cell-specific transcriptomic approach was conducted to obtain a spatio-
temporal map of the transcriptional response of BRs in the stele. Primary roots
of the stele maker WOODEN LEG (pWOL:GFP) (Mé&hoénen et al., 2000) were
treated with 10 nM Brassinolide (BL, the most active BR compound) at 0.5, 1, 2
and 4 hours. The stele cells were isolated by fluorescent-activated cell sorting
(FACS) of green fluorescent protein (GFP) and subjected to microarrays
analysis (Birnbaum et al., 2005). Further analysis revealed a total of 309
significantly differentially regulated genes (fold change>1.5; p-value<0.01).
Time-course analysis showed a peak of 120 deregulated genes after 2 hour BL
treatment, whereas Gene-ontology (GO) enrichment analysis (Lopez-Bigas et
al., 2008) disclosed cell cycle, histone modification, gravitropism and
phloem/xylem histogenesis among the most enriched categories, in agreement
with previously described BR developmental responses (Zhu et al., 2013). To
further refine our search the CORONA/ATHB15 (Zhiponova et al., 2013)
(pAthb15:YFP) marker that labels a few provascular meristematic cells was
used to perform FACS and microarray analysis after 2 hour of BL treatment

(724 genes, fold change>1.5; p-value<0.01).
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BRAVO defines a BR-regulated transcription
factor specific of root stem cells

We have previously describe the role of BRs in the control of stem cell
homeostasis in the root apical stem cell niche (see chapter 2). Specifically, BRs
regulate both the quiescent center (QC) divisions and the columella stem cell
(CSC) differentiation (Gonzalez-Garcia et al., 2011), yet specific molecular
components controlling this process remain unknown. To identify novel cell-
specific BR-signaling components regulating the stem cell niche, we used a
previously generated dataset of the BRs response in the stele cells labeled by
WOL or ATHB15 (Mahdnen et al., 2000; Zhiponova et al., 2013). Time-course
analysis of the WOL domain showed a peak of deregulation 2 hour after BL
treatment. In order to identify specific genes expressed in the stem cell niche
we used previously publish cell-type specific transcriptomics of the root stem
cell niche (Brady et al., 2007; Nawy et al., 2005). Moreover, to unsure that the
BL-regulated genes were regulated by downstream BR-signaling components
we used previously publish targets of both BES1 and BZR transcription factors
(Sun et al., 2010; Yu et al., 2011). Venn-diagram comparison of genes enriched
at; (i) the vascular initial/quiescent centre (QC), (ii) direct targets of BR-
regulated BES1 and (iii) BZR1 transcription factors and (iv) WOL and ATHB15
genes deregulated identified a single gene that matched all criteria (Figure 1 B).
The gene corresponds to an R2R3-MYB transcription factor, MYB56
(At5g17800), hereafter-renamed BRAVO (BRASSINOSTEROIDS AT
VASCULAR AND ORGANIZING CENTER,).

In agreement with the microarray data, BRAVO expression
(PBRAVO:GFP) appeared to be specific to vascular initial and QC cells of the
root apical meristem (Figure 1 C). BRAVO transcription was downregulated by
BRs in a dose- and time-dependent manner (Figure 1 D, E; Figure 2 A-H, M).
BRAVO repression appeared to be specific to BRs, since exogenous treatments
with different plant hormones previously related to root stem-cell maintenance
failed to significantly modify its expression (Figure 2 K-M). Similarly, BRAVO
protein (pBRAVO:BRAVO-GFP) was localized at the nuclei of vascular initials
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and QC cells and disappeared rapidly upon short-term BL treatment (Figure 1 F,
G). The BR-activated bes7-D mutants that accumulates the active
(dephosphorylated) form of BES1 (BES1-D) (Yin et al., 2002) exhibited a
dramatic reduction in BRAVO levels (Figure 1 C, H; Figure 2 N).. Collectively,
these results show that the BRAVO locus defines a cell-specific component of

the BR signaling pathway at the root stem cell niche of Arabidopsis.

A | B

ST A= 2865 19

2 nrae 1103 16 280

&\ e g% 5 A0
Haar, .
":.*5 i 1 QA
28527, § BRAVO
s y pWOL & pAthb15 ' BES1 targets

Vascular initials/ QC' BZR1 targets

pBRAVO:GFP CTL 24h BL 48h BI

bes 108

pBRAVO:BRAVO.GFP pPBRAVO:GFP

Figure 1. BRAVO encodes a R2R3-MYB transcription factor directly
regulated by BR-regulated BES1 in the vascular initials and the QC cells.
(A) Schematic representation of the root stem cell niche in Arabidopsis thaliana
(Arabidopsis) stem cells (blue) surrounds QC cells (red). (B) Venn diagram of
the deregulated transcription factors in pWOL:GFP and pAthb15:YFP, enriched
in the vascular initials /QC together with BES1 and BZR1 targets; only one gene
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fit all criteria, i.e. BRAVO. (C-H) Six-day-old seedlings counterstained with
propidium iodide (PI). (C) Expression of pBRAVO:GFP is restricted to the
vascular initials and the QC cells (D-E) BL treatment of pBRAVO.GFP, 24 and
48 hours respectively promotes BRAVO repression. (F-G) BRAVO a nuclear
transcription factor repressed after BL application. (H) Reduction of
PBRAVO:GFP expression in the bes1-D mutant background. White arrows point

QC cells. Scale bar in H represents 25um.
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Figure 2. Brassinosteroids control BRAVO expression.

(A-M) Six-day-old seedlings counterstained with propidium iodide (Pl). (A-L)
pPBRAVO-GFP control (A), 0.5 (B), 1 (C), 2 (D), 3 (E), 5 (F) hours after BL
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treatment. (G, H) Continuous treatment with 0.4 and 4 nM BL. (I-J) continuous
treatment with 1M brassinazole (BRZ), (K-L) continuous treatment with 500nM
ABA. (M) 48 hour treatment with NAA and NPA. (N) Relative BRAVO levels of
Col-0, 24, 48 hours, continuous BL treatment and besi1-D root tips.(** p-

value<0.05; *** p-value<0.005). White arrows point QC cells. Error bars + SEM.

BRAVO is a negative regulator of QC divisions

Previous analyses established that BR-activated BRI1 and downstream
BES1 signaling promotes the division of QC cells in the root stem cell niche
(Chapter 2) (Gonzalez-Garcia et al., 2011), yet the mechanism for such
regulation is not known. To determine whether the BR-signaling component
BRAVO controls QC divisions, we analysed loss-of-function bravo mutants in
the primary root apex. Two insertional mutants harbouring a T-DNA fragment in
the second exon displayed a dramatic reduction in BRAVO transcriptional levels
(Alonso, 2003)(Figure 3 A, B), thus being loss-of-function mutants. Microscopic
analysis of primary root tips from six-day-old seedlings revealed a dramatically
increased frequency of QC divisions in both bravo mutants as compared to Col-
0 wild-type (WT) roots (70% vs. 15%; N>100 for each genotype). Moreover, QC
divisions frequency was restored to wild-type levels with the expression of
BRAVO under control of its endogenous promoter in pBRAVO:BRAVO-YFP;
bravo plants. In contrast to the bes1-D, the bravo mutants did not exhibit
defects in the distal stem cell differentiation (Gonzalez-Garcia et al.,
2011)(Chapter 2 and Figure 1 C, E), indicating that BRAVO specifically

functions as a local repressor of QC self-renewal in the primary root.

Defects in the QC patterning or identity have been shown to directly
promote root growth defects (Sabatini et al., 2003), while in other cases over
proliferation or premature differentiation of stem cells did not affect root growth
(Sarkar et al., 2007; Wildwater et al., 2005). Root growth in bravo mutants was

similar to wild-type plants (Figure 4 A, B). Moreover, analysis of six-day-old
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meristems of bravo mutants did not reveal any difference compared to wild-type
plants (Figure 4 C, D). Expression of BRAVO in the provascular cells could
render defects in vascular organization of bravo mutants. Radial sections of six-

day-old bravo roots did not reveal any defects in vascular organization

compared to wild-type plants (Figure 4 E).
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Figura 3. BRAVO represses QC cell divisions.

(A) Schematic representation of T-DNA insertions of bravo mutants in the
BRAVO coding sequence. (B) Relative levels of BRAVO in Col-0 (wild-type)
compared to bravo mutants. *** indicate p-value<0.001. (C) Confocal images of
six-day-old primary root tips mPS-PI stained of the indicated genotypes. CSC
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stands for columella stem cells. (D) Quantification of the frequency of QC
divisions in six-day-old primary root tips of the indicated genotypes (n>100). (E)
CSC layers distribution, represented by the number of cell layers given between
the QC and the first differentiated columella cells that contain starch granules
(n>100).
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Figure 4. Phenotypic analysis of bravo mutants in the primary root.

(A) Six-day-old seedlings of Col-0, bravo-1 and bravo-2. (F) Root length of Col-

0, bravo-1 and bravo-2. (G) Six-day-old roots counterstained with PI, white
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arrow indicates the end of meristematic cells. (H) Quantification of meristem
length of Col-0, bravo-1 and bravo-2. (I) Transverse root sections of six-day-old

col-0, bravo-1, bravo-2 seedlings stained with toluidine blue. Error bars + SEM.

To address the identity of the newly formed cells in bravo mutants, we
used identity markers. Divided cells of bravo express the QC and endodermis
identity marker SCARECROW (Sabatini et al., 2003). A progressive fade-out of
SCR expression over time in the newly rootward QC cells indicates an
asymmetric QC division (Figure 5 A-H)., The fade-out in GFP expression of the
rootward QC cells loosing the QC identity progressively generates new
columella stem cells , in agreement with previous work (Wachsman et al., 2011).
Furthermore, QC markers WUSCHEL-RELATED HOMEOBOX 5 (WOX5)
(Sarkar et al., 2007) and AGL42 (Nawy et al., 2005) were also present in the
divided QC cells of bravo mutants, yet their expression appeared to be below
wild-type levels (Figure 5 I-L, O, P). Moreover expression domains of the
provascular markers pAthb15:YFP and pARF7:GFP did not change in the bravo
mutant background (Figure 5). Altogether BRAVO represents a new negative

regulator of QC divisions.
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Figure 5. Asymmetric QC division on bravo mutants.

(A-D) Confocal images of primary roots from six-day-old seedlings
counterstained with propidium iodide (PI), (E-H) GFP fluorescent signal in white.
(A, E) pSCR:GFP, (B-D, F-H,) bravo; pSCR:GFP. Note the reduced GFP
intensity of the lower QC cells. White arrows point QC cells (right), and newly
formed QC cells (left). (I, K) pWOX5-GFP, (J, L) bravo,pWOX5-GFP. (M)
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PAthb15-YFPps, (N) bravo,pAthb15-YFP,s. (0) ALG42-GFP, (P) bravo,ALG42-
GFP, (Q) pARF7-3GFPys, (R) bravo,pARF7-3GFPs.

BRAVO loss-of-function mutant phenotype resembles that of plants
with excess of BR-signaling, such as the gain-of-function bes1-D (70%) and
plants exogenously treated with BL (0.04 nM; 70%; Figure 6 A-D, M). In
agreement, the additional QC divisions observed in plants with excess of BRs
appeared concomitantly with BRAVO downregulation (Figure 1 C-E). Next, we
investigated whether QC divisions are downstream BES1 or BZR1 in the BR-
pathway. Analysis of RNAi BES1 roots indicated that the BR-mediated QC
divisions are downstream of BES1 (Figure 6 G-H, M). Notably, the mild QC
defects in bzr1-D mutants together with the dramatically reduced BZR1
expression in the QC cells suggest that the BR-mediated QC divisions occur
preferentially downstream BES1 (Figure 6 I, M, Q-S). Additionally, BES1
showed high expression in the QC cells (Figure 6 N-P). Analysis of best-
D/bravo and bri1-116/bravo double mutants pointed to the requirement of active
BES1 in order to promote QC divisions (Figure 6 J, K, M). In the same direction,
local expression of BES1-D in the QC cells in pWOX5:BES1-D-GFP, displayed
a stronger phenotype than bravo mutants. Thus, QC divisions are both
activated by BEST and repressed by BRAVO to preserve quiescence in the root

meristem.
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Figure 6. BR-mediated QC divisions are downstream of BES1

(A-L) Confocal images of primary roots mPS-Pl stained. Col-0 (wild-type
untreated (A) and treated with BL (B). (C) bravo, (D) bes1-D, (E) bri1-116, (F
bri1-116 + BL, (G) RNAi BES1, (H) RNAi BES1 treated with BL, (I) bzr1-D, (J

bravo;bes1-D, (K) bri1-116;bravo, (L) pWOX5:BES1-D-YFP;col-0. (M

Quantification of QC divisions. (N-S) Confocal images of primary root tips
counterstained with propidium iodide (Pl). Untreated pBES1:BES1-YFP (A) and
treated with BL (O, P). Untreated pBZR1:BZR1-CFP (Q, S) and treated with BL
(R). Note the enriched expression of pBZR1:BZR1-CFP in the root epidermis,

)
)
)
)

while no expression is detected in the QC cells.
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Biological significance of the BRAVO pathway in
root development

In the stem cell niche the activation of stress-associated BR-signaling
triggers increased QC division, premature stem cell differentiation that results in
aberrant root growth (Gonzalez-Garcia et al., 2011; Heyman et al., 2013). Our
data indicates that BRAVO acts as a highly regionalized repressor
counteracting BR-mediated divisions in the QC. To further investigate the role
as a repressor of cell division, we expressed BRAVO outside its native
expression domain by generating inducible BRAVO lines. Ectopic induction of
BRAVO led to a 50% reduction in root length of six day-old seedlings and a
reduction of the meristematic cell number (Figure 7 A-D). Furthermore, this
induction led to a significant downregulation of widely expressed cell cycle
regulators such as CYCB1;2, CYCD3;3, CYD2;2, RBR and WEET (Figure 7 E)
concomitantly with BRAVO induction, in agreement with microarray data of BR
responsive genes. Thus, BRAVO can repress cell divisions by downregulating

cell cycle genes.

The continuous renewal of stem cells ensures the proper root growth
and development (Scheres, 2007). In light of our results, we hypothesized that
BRAVO functions in conferring the QC the capacity to overcome external
stresses, i.e. DNA stress (Heyman et al., 2013). Thus, using a radiolabeled drug
(Cruz-Ramirez et al., 2013; Fulcher and Sablowski, 2009; Heyman et al., 2013),
we investigated the role of BRAVO in controlling stem cell regeneration by
chemical induction of DNA damage. Upon bleomycin treatment, wild-type plants
expressing pBRAVO:GFP undergo a downregulation of BRAVO concomitantly
with QC division. This indicates that BRAVO regulates the preceding QC
division necessary to guarantee replenishment of the stem cell compartment
and to promote root growth (Figure 7 F, G). In contrast, bleomycin treatment of
plants that ectopically express BRAVO blocked root growth, and end-up with
organ exhaustion (Figure 7 G, H). Moreover, BRs promoted DNA damage-
mediated death of the QC cells (Figure 8). Hence, BR-mediated regulation of

BRAVO functions to restrict quiescence and ensures the maintenance of
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regeneration potential of stem cells upon damage. Together, these analyses

uncover a novel role for the BR-mediated BRAVO pathway in root development.
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Figure 7. Ectopic BRAVO expression results in reduced and root growth,
and organ exhaustion upon DNA damage.

(A) Six-day-old seedlings of Col-0 and BRAVO estradiol inducible lines #5 and
#26, (mock (M), 20uM estradiol (E)). (B) Root-length measurement of six-day-
old seedlings. Left y axis represents cm (bars), and right y axis represents the
percentage of root shortening (triangles). (C) Six-day-old roots of indicated
genotypes counterstained with PIl, white arrow represents the end of the

meristematic zone. (D) Quantification of meristem length in mock and estradiol-
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induced BRAVO lines. (E) Relative levels of indicated cell cycle genes after
induction of BRAVO overexpression. (F) Expression of pBRAVO:GFP
counterstained with Pl, 4 days-post germination seedlings were treated with
bleomycin for 24 hours (24h bleo) and transfer to free-drug media after 24 hours
(24h bleo, 24h recovery), 48 hours (24h bleo, 48h recovery) and 72 hours (24h
bleo, 72h recovery). (G) Root length after 24 hours bleomycin treatment. (H)

Ectopic expression of BRAVO, same treatments as G. . (* p-value < 0.05).

Scale bars in A represents 1cm, and 50 ym in C.
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Figure 8. DNA damage responses in BR-signaling mutants.
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(A-D) 6 day-old seedlings treated with bleomycin for 24 hours, counterstained
with propidium iodide (Pl). (A) pWOX5:GFP, (B) bes1-D;pWOX5GFP, (C) bri1-
116;pWOX5:GFP. (D) Quantification of QC cell dead. 0 QC, 1 QC and 2 QC,

stays for the number of QC dead cells (incorporated Pl).

WOX5 promotes BRAVO expression.

Local regulators of QC and stem cell activities have been extensively
screen, yet few specific locus have been identified and characterized. WOX5 is
specifically expressed in the QC cells, were non-cell autonomously maintains
the undifferentiation of the CSC (Sarkar et al., 2007). Unlike its homolog in the
shoot apical meristem, WUSCHEL (WUS), wox5-1 loss-of function mutants
grow normally and do not show the pleotropic effects of wus-1 mutants.
Previously, we have shown that BRAVO promotes WOX5 expression in the QC
cells (Figure 5 I-L), not interfering with WOX5 maintenance of the CSC (Figure 3
C-D). We test whether WOX5 was also regulating BRAVO expression in the QC
cells. We used WOX5 dexamethasone (DEX)-inducible overexpression lines,
previously shown to promote dedifferentiation of distal columella stem cells
(Sarkar et al., 2007). Continuous treatment with DEX led to an ubiquitously
expression of BRAVO along the root, and in the newly formed CSC in
35S:WOX5-GR; pBRAVO:GFP plants (Figure 9 A-C). Moreover, short DEX
treatments suggest that this regulation may be direct (Figure 9 E-H). Continuous
treatments with both DEX and BL promote root exhaustion, while short
treatments unveil the antagonistic role of WOX5 and BRs in the regulation of
BRAVO (Figure 9 I-K). Additionally, BRAVO expression in wox5-1 loss-of-
function mutants disappears from the QC cells and remains in the provascular
Figure (L, M). Altogether, WOX5 promotes BRAVO expression in the QC cells.
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Figure 9. WOX5 promotes BRAVO expression

(A-M) Confocal images from primary roots of six-day-old seedlings. 35S:WOX5-
GR;pBRAVO:GFP untreated (A) and treated with 1 uM of dexamethasone
(DEX) continuously. 35S5:WOX5-GR;pBRAVO:GFP untreated (C) and treated
with 1 uM of dexamethasone (DEX) continuously (D) for 22 hours (E-F) and 4.5
hours (G-H). (I) 35S:WOX5-GR;pBRAVO:GFP continuously treated with 1 uM
of DEX and BL. (J) 35S:WOX5-GR;pBRAVO:GFP treated with DEX and BL for
23 hours. (L) pBRAVO:GFP, (M) wox5-1;pBRAVO:GFP.
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BRAVO/ BES1 signaling module establish fine
mechanism for the control of cellular quiescence

Since both BRAVO and BES1 are found in QC cells and drive
antagonistic effects on QC divisions we evaluated whether they regulate each
other to ensure a univocal response. First, we tested whether BES1-D
downregulation of BRAVO is transcriptional. Chromatin Inmunoprecipitation
(ChIP) data showed that BES1-D protein binds to the E-boxes of the BRAVO
promoter (Figure 10 A, B). This transcriptional repression was confirmed by
transactivation assays in Nicotiana benthamiana and it was released in the
presence of BRAVO (Figure 1 H; 4 C). In addition, both ChIP and
transactivation analysis revealed that BRAVO binds to and promotes its own
expression (Figure 4 C, D) demonstrating that BRAVO can be transcriptionally
regulated by both BRAVO and BES1-D. The heterodimerization of BES1-D with
other MYB transcription factors has been previously reported (Li et al., 2009).
We next tested BRAVO/BES1-D heterodimerization by Fluorescence
Resonance Energy Transfer (FRET)- Fluorescence Lifetime Imaging
Microscopy (FLIM) (FRET-FLIM) and by co-immunoprecipitation experiments in
planta. Our results showed that BRAVO interacts with BES1-D
(dephosphorylated form) in the nucleus (Figure 10 E, F).
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Figure 10. BES1 targets, interacts and represses BRAVO expression.

(A) Input enrichment of BES1 targets At3g60550 and BRAVO promoter. (B)
Input enrichment of BRAVO promoter containing E-boxes after ChIP-PCR, PCR
fragments indicated in horizontal axis, E-boxes highlighted in black. (C)
Transient transactivation of pPBRAVO by BES1 and BRAVO in N. benthamiana
leaves. (D) Input enrichment of BRAVO promoter containing E-boxes and MYB-
boxes, bottom; schematic representation of BRAVO promoter containing both
E-boxes and MYB-boxes, star indicates PCR fragments used in ChIP-PCR. (E)
Graphical representation of reduced CFP lifetime in nuclei co-expressing
BRAVO-CFP (cyan fluorescence protein; donor) and BES1-YFP (yellow
fluorescence protein; acceptor), as compared to nuclei expressing BRAVO-CFP
alone; nuclear YFP was used as specificity control. (F) Co-immunoprecipitation
using 35S:BRAVO-GFP, top panel; enriched BRAVO-GFP protein complex after
IP, lower panel; BES1 dephosphorylated form (black arrow) is detected using

anti-BES1 antibodies in the BRAVO-GFP protein immunoprecipitated fraction.
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(**, ***, represent p-value<0.05 and < 0.001, respectively), error bars indicate

+SEM. WB; western blot; IP: inmunoprecipitation.

To assess the biological activity of BRAVO/BES1 interaction bes1-D;
pBRAVO:BRAVO-GFP double mutants were generated. Increased levels of
BRAVO were able to suppress the QC division phenotype of bes1-D, similarly
to the exogenous BL treatment of pPBRAVO:BRAVO-GFP (Figure 11 A-F). In the
same direction, transactivation assays with BES1/BRAVO dimer suppress
repression/activation activities of BES1 and BRAVO (Figure 10 C), respectively.
Altogether, these results show that BRAVO/BES1 proteins heterodimerize in the
QC cells.

Finally, to understand how the opposite effects of BES1 and BRAVO
over the QC divisions are combined into a final QC cell decision, we built a
mathematical model that takes into account the mutual regulations between
BES1 and BRAVO (Figure 11 G, see Methods). Computational results showed
that these interactions drive robustly a univocal response since they ensure
opposite amounts of BRAVO and BES1-D (Figure 11 H). Therefore, a high
amount of free BRAVO arises concomitantly with low amounts of free BES1-D
(i.e. (HIGH, LOW) state) and viceversa (i.e. (LOW, HIGH) state). The (HIGH,
LOW) state arises for low dephosphorylation rates and prevents QC divisions,
whereas the (LOW, HIGH) state arises at higher level of BES1-D (e.g. upon BL
treatment) and induces QC divisions. Most importantly, these states are in
agreement with the extent of BRAVO and BES1-D in the QC of WT plants and
in plants treated with BL.

A sharp transition from the (HIGH, LOW) to the (LOW, HIGH) state
when the dephosphorylation rate increases is indicated by the model (Figure 11
H). This sharp transition involves bistability (Cruz-Ramirez et al., 2012;
Krishnan et al., 2003; Novak et al., 2007) of both states (Figure 11 H). Most
importantly, the transition is relevant since it prevents the existence of states
with similar amounts of BRAVO and BES1-D which, given the opposing

functions of BES1 and BRAVO, would drive an unclear signal as to whether the
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QC needs or not to divide. Taken together, these results provide a mechanism

for BR-controlled QC divisions.
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Figure 11. BES1/BRAVO defines a bistable switch that controls QC

divisions in the root apex.

(A-E) Confocal pictures of primary root from 6 day-old-seedlings, (A-C) mPS-PI
stained, (D, E) counterstained with Pl. White arrows point QC cells. (F)
Quantification of QC divisions. (G) Schematics of the reactions considered in
the model. Production of BES1 and degradation of all molecules is omitted for
simplicity. (H) Amounts of free BRAVO (red) and free dephosphorylated BES1
(green) as a function of the dephosphorylating rate ke.. When free BRAVO is at
high amounts, free dephosphorylated BES1 is almost absent. We term this
state as (HIGH, LOW) (squares). Analogously, when BRAVO is absent, active
dephosphorylated BES1 is at high amounts. We term this state (LOW, HIGH)
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(triangles). The dephosphorylating rate controls a sharp transition between

these two sates.
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SUMMARY

The elucidation of downstream factors from signaling pathways is a
major challenge to understand morphogenetic processes. In this chapter, we
present the identification of BRAVO deregulated genes by using a cell-based
transcriptomic approach. We identify a set of genes deregulated in the divided
QC cells of bravo mutants. This set of genes comprises signaling pathways that
control both stimuli and circadian regulation. Additionally, identification of
BRAVO direct targets using the endogenous expression of BRAVO is
presented. Unfortunately, statistical analysis of genome-wide comparison of
BRAVO inmunoprecipitation compared to wild-type plants did not raise any
specific binding region. Altogether, we identified a set of genes regulated by

BRAVOQO that will unveil the downstream components of the BRAVO pathway.






RESULTS | 101

INTRODUCTION

Genome scale analyses enable to address the function of molecular
players from signaling pathways and the construction of gene regulatory
networks (Hyduke and Palsson, 2010). The recent genome sequencing of a
vast number of model organisms opens new avenues for genome-wide profile.
Until recently, the main profiling source of information came from
oligonucleotide-based microarrays, which required knowledge of the genomic
sequence (Schena et al.,, 1995). The released of the Arabidopsis thaliana
genome (Arabidopsis Genome Initiative, 2000), came accompanied by the
emergence of microarray technologies covering a limited number of loci
(Wisman and Ohlrogge, 2000; Zhu and Wang, 2000). Genome-wide studies in
different organs, developmental stages and in response to stimuli, shed light in
the identification of gene regulatory networks (Goda et al., 2008; Schmid et al.,
2005).

Different approaches have been develop to gain an insight into
developmental or cell-type specific processes, diluted in genome-wide studies
of whole plant or plant parts (Brady et al., 2007). Laser Capture Microdissection
(LCM) proof advantages for selection of cells based on morphology and/or
position, avoiding any specific cell marker (Palovaara et al., 2013). It have been
successfully applied to roots and shoots (Kerk et al., 2003), but it is labor-
intensive, need specialized equipment and yield poor RNA quality relegating its
use in species where not transgenic markers can be generated. Another
method involves the expression of a tagged protein intrinsic to ribosomes under
a tissue-specific promoter, that upon inmunoprecipitation reflects the mRNA that
is being translated (Zanetti et al., 2005). INTACT uses a two-component
transgenic labeling system, with a specific promoter driving a nuclear lamina-
localized GFP with in vivo biotinylated site (nuclear tagging factor) and a biotin
ligase in the same plant. When both are coexpressed biotin —tagged nuclei can
be efficiently isolated from a crude nuclear preparation. It have been
successfully carried in different root cell types (Deal and Henikoff, 2011).

Finally, sorting marked cells using a fluorescent activated cell sorted (FACS)
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has been the most productive strategy for profiling different tissues. It requires
transgenic plants which express a fluorophore in a tissue-specific manner, such
as promoter fusions or enhancer trap lines (Birnbaum et al., 2005). Prior to
FACS sorting, cell walls are digested resulting in protoplasts, this represents the
main disadvantage as the cell isolation disrupts intercellular signaling and could
have an impact on the transcriptional state.  However, it have been
demonstrated that the overall global gene profile remains unchanged after
protoplasting, excluding a small subset of genes (Birnbaum, 2003). To date,
FACS has been the most efficient approach to isolate specific cell-types in
Arabidopsis and it allowed the profiling of all cell-types of the root under both
stressed and non-stressed conditions (Birnbaum, 2003; Brady et al., 2007;
Dinneny et al., 2008; Gifford et al., 2008).

The gain of detail in genome wide profiling have uncovered that whole-
profiling misses many gens that are expressed in a regionalized manner (lyer-
Pascuzzi et al., 2011; Schmid et al., 2005). Surprisingly, gene expression
fluctuations during root development reconsidered the view of development as
not an unidirectional processes (Brady et al., 2007). Cyclic pulses of expression
mark the position of future lateral roots (Moreno-Risueno et al., 2010), a
mechanism that also drives somite formation and neural development
(Kageyama et al.,, 2009). In another example, profiles of apical meristem,
quiescent center and root cap of maize primary roots, revealed the upregulation
of metabolic genes in the root cap (Jiang et al., 2006). The differences between
whole-organ and cell-type specific expression are not limited to the root. In
leafs, isolation of guard cells from mesophyll cells uncovered the expression of
guard cell-specific ABA-responsive genes (Leonhardt, 2004). Isolation of
different cell domains within the shoot apical meristems (SAM), populations of
stem cells surrounded by differentiated cells in the shoot apex, revealed
enrichment of DNA repair and chromatin modification pathways (Yadav et al.,
2009). Thus, the increasing amount of cell-type specific profiling data uncovered
new and specific developmental regulators that shape the final plant body.

To gain an insight in the networks regulating development, two types of

data are needed; (i) MRNA expression data, and (ii) transcription factor binding
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data. Efforts in increasing mRNA expression data resolution have far overcome
transcription factor binding data. Genome-wide identification of binding sites for
different transcription factors identified a wide-range of sites, ranging from less
than 100 to several hundred and up to thousand (Lee et al., 2007; Morohashi
and Grotewold, 2009; Thibaud-Nissen et al., 2006). Interestingly, in most of the
cases reported less than 10% of the genes bound responded transcriptionally to
altered levels of the transcription factor (Lee et al., 2007; Morohashi and
Grotewold, 2009; Zheng et al., 2009). Combination of both expression and
transcription factor binding data have been fruitfully in integrating growth,
patterning, and hormonal pathways (Kaufmann et al., 2010).

The development of novel high-throughput DNA sequencing technologies
provides another degree in the genome-wide profiling. Early RNA-seq studies
identified previously unknown transcript and novel non-coding RNA, while it
provides a deeper view of the eukaryotic genomes (Wang et al., 2009). RNA-
seq in different cell-types and developmental regions of the Arabidopsis roots
detected over 60 novel miRNAs (Breakfield et al., 2012). Recent development
of single cell RNA-seq technologies allowed an unprecedented degree of
resolution, at single cell level (Ramskéld et al., 2012; Tang et al., 2009).
Development of quantitative statistical methods to distinguish biological
relevance from technical noisy in single-cell profiling experiments will allow the
study of transcriptional heterogeneity within homogenous cell-types (Brennecke
et al., 2013; Chang et al., 2008). Massive profiling of single cells revealed the in
vivo transcriptional state of thousands of cells, allowing researchers to address
cell-type heterogeneity (Jaitin et al., 2014).

Here we report, the combination of cell-based sequencing approaches
for; (i) mMRNA expression data of the QC cells in bravo mutant background and
(ii) transcription factor binding of BRAVO in the endogenous expression
domain. In our knowledge, such degree of cell-specificity of a highly

regionalized transcription factor has not been carried out in plants before.
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A cell-based transcriptomic approach to identify
BRAVO regulated genes

Transcriptomic profiling has been a major source of information to unveil
downstream-deregulated genes. To identify genes regulated by BRAVO we
used a cell-based transcriptomic approach. We choose a cell based
transcriptomic because the BRAVO phenotype appear in the QC cells, around
12 cells per root, and reasoned that traditional transcript profiling of seedlings or
roots will experience a dilution effect that will mask BRAVO deregulated genes.
Fluorescence activated cell sorting (FACS) is the most common methodology to
profile specific cellular domains. The FACS methodology implies the generation
of protoplasts prior to flow cytometer, which in total take at least 2.5 hours. To
avoid these long time sample processing we used manual selection of GFP
positive protoplasts, with a microinjection needle, which reduce the sample
processing time. Thus, to elucidate BRAVO downstream deregulated genes six-
day-old roots from pWOX5::GFP and bravo;pWOX5::GFP were protoplasted,
and GFP positive protoplasts were visualized under a fluorescence microscope
to detect and subsequently selected positive protoplasts using a mouth-
pipetting device (Figure 1, see Methods pg.119),). Two independent biological
replicates were selected for sequencing, after quality check of the cDNA
samples prior library generation. Successful cDNA amplification should yield a
peak spanning from 400bp to 9000bp, peaked at ~2000bp, and yielding
approximately 2-7ng of cDNA (Figure 2 A-C).

After sequencing, a quality control analysis was performed on the raw
sequencing data in order to remove the adaptor sequences and obtain high
quality reads, with a minimum length of 25bp. This yield to ~50 million reads per
sample after the quality control. Upon analysis of the high quality reads (see
methods for more information), the HTsFilter, based on global Jaccardi index,
was used to identify the minimum normalized read counts to remove transcripts
with very low and excessively variable expression across samples (Figure 2 D).
As a result, 3.9 read count were used subsequently with TMM to normalize the

read counts.
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Figure 1. Schematic procedure of a cell based RNA-seq to uncover
deregulated genes in bravo mutants. pWOX5:GFP and bravo;pWOX5GFP
seedlings were grown for 6 days vertically in square plates. Protoplasting of root
tips according to (Birnbaum et al., 2005), was performed at room temperature
checking the release of fluorescent cells under the microscope to avoid
excessive digestion time. Subsequently, selection of the GFP positive cells
under the microscope was performed as fast as possible, within 20 minutes
from the moment that QC cells were released, samples were flash frozen using
liquid nitrogen. RNA isolation, cDNA synthesis and library preparation were
performed in a clean bench (see methods for details). Sequencing was
performed using a llumina Mi-seq equipment

(http://www.illumina.com/systems/miseq.ilmn).
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Figure 2. Quality control of amplified cDNA and sequences. (A-C)

Validation of the amplified cDNA using Agilent 2100 Bioanalyzer. (A) A positive

selected sample with a peak extending from 400bp to 9000bp, peaking at

2000bp. (B) Contaminated sample with a broader peak. (C) No amplification in

the negative control. (D) Graphic representation of the HTSFilter analysis,

showing that for s=3.9 the samples have the highest similarity, thus this value

was used as a threshold.
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Identification of BRAVO regulated genes

After quality filtering, the final dataset was analyzed with TCC to identify
differentially expressed transcripts between bravo and wild-type plants, in single
comparisons. As a result, 38 genes appear deregulated (g-value<0.05. p-
value<0.05). A general down regulation was observed in bravo mutants
compared to wild-type plants, were 35 out of 38 genes were down-regulated
and 3 genes up-regulated (Table 1). None of the deregulated genes appear in
datasets generated in response to BRs exogenous treatment (Goda, 2002;
Goda et al., 2008; 2004; Mouchel et al., 2006; Missig et al., 2002; Nemhauser
et al., 2006; 2004; Vert et al., 2005). Nevertheless, we used the cell-type
specific transcriptome in response to BRs (see also Chapter 3) and compare it
to the deregulated genes uncover in the RNA-seq analysis. Surprisingly, 11
genes appear among the deregulated genes (FC>1.2 p-value<0.001), 8 up
regulated and 3 down regulated respectively. Further analysis of the
deregulated genes revealed 8 genes targeted by BES1 or BZR and BL
regulated in our cell-type specific transcriptomics in response to BR. From those
a single gene matches all the criteria; deregulated by BRAVO, target of BES1
and BZR and deregulated in response to BRs. These gene corresponds to
At2g22330, which encodes a cytochrome P450 protein which converts
tryptophan to indole-3-acetaldoxime (IAOx) (Zhao et al.,, 2002), highly
expressed in the QC cells (Table 1). Further analysis of cis-elements in the
deregulated genes uncover an enrichment with p-value<0.05 of both
ATHB5ATCORE and TATA-box motif.
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Gene model description m-value | p-value g-value remarks
Gene Locus
AT1G01470 Late embryogenesis abundant 14 (LEA 14) -5.047 6,90E-06 1,79E-02 1,2
AT1G02920 Glutathione S-tranferase 7 (GSTF 7) -6,224 3,42E-05 4,81E-02
Uridine diphosphateglycosyltransferase
AT1G05680 -7,308 4,98E-06 1,72E-02
(UGT74E2)
AT1G10682 Other RNA -3,454 5,23E-07 3,71E-03
AT1G12080 Vacuolar calcium-binding protein related -3,513 2,43E-06 9,07E-03 | 3,
AT1G13670 Unknown protein -11,052 2,56E-06 9,07E-03 ,
Calcineurin-like metallo-phosphoesterase
AT1G25230 -3,538 4,01E-06 1,22E-02
superfamily protein
AT1G50060 Cysteine-rich secretory protein (CAP) -6,160 2,12E-08 4,40E-04
AT1G52050 Mannose-binding lectin superfamily protein -5,800 5,99E-06 1,78E-02 | 3,
AT1G52070 Mannose-binding lectin superfamily protein -4,170 8,42E-06 1,94E-02 | 3,
AT1G62480 Vacuolar calcium-binding protein related -3,062 2,34E-11 2,75E-07 | 3,
GA-responsive GAST1 protein homolog regulated
AT1G75750 -2,435 1,31E-05 2,79E-02 | 1,2
by BR and GA antagonistcally
AT1G80240 Protein of unknown function, DUF642 -5,585 9,88E-06 4
2,05E-02
AT2G01008 Unknown protein 2,287 2,35E-06 9,19E-03
AT2G16586 Unknown protein 2,233 1,03E-07 8,03E-04
AT2G20670 Protein of unknown function (DUF506) -2,736 1,90E-05 3,38E-02
Cytochrome P450, family 79, subfamily B,
AT2G22330 -4,840 8,73E-11 5,98E-07 | 1,2,3,4
polypeptide 3 (CYCP79B3)
Mitogen-activated protein kinase kinase kinase
AT2G30040 -3,204 2,56E-05 3,88E-02
14 (MAPKKK14)
AT2G33830 Dormancy/auxin associated family protein -6,998 3,29E-14 6,77E-10
AT2G37040 Phenylalanine ammonia-lyase (PAL1) -9,002 1,25E-05 2,37E-02
AT2G43610 Chitinase family protein -4,191 3,42E-06 1,53E-02 | 3,
AT2G46830 Circadian clock associate 1 (CCA1) -6,300 1,52E-05 2,94E-02
AT3G12320 Unknown protein -7,740 2,46E-05 3,88E-02 1
Aluminium induced protein with YGL and LRDR
AT3G15450 -2,610 1,18E-06 4,86E-03 | 3,4
motifs
Glutamine-dependent asparagine synthase 1
AT3G47340 -6,334 1,31E-06 6,41E-03
(ASNT)
AT3G53420
Plasma membrane intrinsic protein 2% (PIP2A) -3,097 4,09E-08 8,71E-04 1,2
AT3G59370
Vacuolar calcium-binding protein related -4,045 1,02E-05 2,32E-02 | 3,
AT4G14130 Xyloglucanendotransglucosylase/hydrolase 15
-4,596 2,62E-07 2,79E-03
(XTH15)
AT4G26320
Arabinogalactan protein 13 (AGP13) -2,870 8,82E-06 2,35E-02
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AT4G27450 Aluminium induced protein with YGL and LRDR
-10,723 4,09E-06 1,26E-02 | 3
motifs
AT4G39260 Cold circadian rhythm, and RNA binding 1
2,585 3,62E-05 4,81E-02
(CCR1)
At5g02230 Haloacid dehalogenase-like hydrolase (HAD) -10,850 3,70E-06 1 53E-02
2-oxoglutarate (20G) and Fe(ll)-dependent
AT5G05600 -7,862 2,52E-05
oxygenase 4,37E-02
AT5G14180 Myzus persicae-induced lipase 1 (MPL1) -11,271 1,28E-06 6,80E-03 | 3,
AT5G16970 Alkenal reductase (AER) -10,191 1,14E-05 3,99E-02
AT5G20230 Blue-copper binding protein (BCB) -4,861 1,10E-05
2,60E-04
Late embryogenesis abundant (LEA) protein-
AT5G54370 -4,766 3,09E-06 1,53E-02 | 3,
related
AT5G65683 WAV3 homolog 2 (WAVH2) -6,922 2,77E-05 4,42E-02 | 1,2

Table 1. Differentially expressed transcripts between bravo and wild-type.
M-value= fold change in logarithmic scale, p-value= p-value calculated during
the exact test, g-value= corresponds to the FDR. Remarks; 1= Bes1 target, 2=
high stringency BZR target, 3=BR-regulated FC<1.2 p-value<0.001 (our
previous arrays, chapter 3), 4= R2R3-type MYB maotif.

Moreover, to investigate whether genes encoding for specific proteins functions
were present in our dataset, we performed gene ontology studies using AgriGo

(http://biocinfo.cau.edu.cn/agriGo) (Du et al., 2010). This analysis revealed that

genes with a function in response to stimuli are over-represented in our dataset,
with further enrichment in the subcategories response to; abiotic stimulus,
external stimulus, stress and chemical induction (Figure 3 A). No GO
enrichment was detected for molecular function nor for cellular components. To
identify possible contaminations in the sample from other cell-types, a clustering
was performed between the normalized counts from the RNA-seq and the
transcriptomic data from different cell-types available (Brady et al., 2007; Nawy
et al., 2005). As a result, BRAVO deregulated genes cluster with S4 domain

corresponding to xylem.
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Figure 3. GO and clustering analysis of BRAVO deregulated genes. (A)
GO analysis of the deregulated genes using AgriGO. (B) Clustering analysis of
BRAVO deregulated genes and cell-type transcriptomic data from(Brady et al.,
2007; Nawy et al., 2005).



RESULTS | 111

Identification of BRAVO direct targets thought a
cell-type specific chromatin inmunoprecipitation
approach

The identification of direct targets of transcription factors, have been a
straightforward strategy to unveil the biological processes regulated by specific
DNA-binding proteins (Busch et al., 2010; Huang et al., 2012; Lee et al., 2007).
While an increasing amount of data elucidates the binding regions thought the
genome with sequencing data or tiling microarrays, none of the current
datasets represents a cell-type, rather a whole seedling. In addition most of the
Chlp assays are conducted using overexpression lines, which may affect
binding affinity by increasing the number of molecules present, and false
positive binding sites. Thus, we aimed to performed cell-type specific chromatin
profiling using pBRAVO:BRAVO-GFP seedlings. First we treated 4-5 day old
seedling with NPA for an additional 4 days, to increase the expression domain,
without affecting the cellular fate (Sabatini et al., 1999). Blocking auxin transport
results in an expansion of the BRAVO domain, thought the respecification of the
distal cell fates (Figure 1 A, B) (Sabatini et al., 1999). ChIP experiments were
performed using root tip samples, and ChIP-PCR of the BRAVO promoter
region was used as a positive control, previously identified as direct target
(Chapter 3) (Figure 3 A). Three independent replicas, from eight pooled ChIP
experiments, were subsequently sequenced for both wild-type plants and
pBRAVO:BRAVO-GFP.
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Figure 4. Schematic procedure of cell-type specific chromatin
inmunoprecipitation (ChIP) approach to identify BRAVO direct targets. (A)
pBRAVO:BRAVO-GFP seedling were grown in vertical using square plates, 4
days after germination seedlings were transferred to plates containing 20uM
NPA. 6 day-old root tips were collected and used for the subsequent steps;
nuclei isolation, ChIP, ChIP-PCR and sequencing (see also methods). (B)
Expression of pBRAVO:BRAVO-GFP in control media (CTL) and increasing
amounts of NPA.
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Analysis of genome wide BRAVO binding sites

After sequencing raw reads were trimmed and the adapters removed in
order to obtain high quality reads (minimum length of 25 bp and a minimum
Phred Quality of 35). The obtained reads were mapped against the Arabidopsis
reference genome with Bowtie2 and only uniquely mapping reads were retained
for further analyses. Despite using several FDR thresholds (ranging from 10 to
0.001) it was not possible to detect any statistically significant peak in the Col-0

samples neither with Homer nor with SPP.

A closer look at the mapping results by mean of genome viewers showed
that the distribution of the reads in the two groups of samples is quite uniform
across the genome and it is very similar between Col-0 and BRAVO. The
promoter region of BRAVO was analyzed and indeed no difference between
pBRAVO:BRAVO-GFP (BR) and the negative control (Col-O_reads) could be
observed (Figure 5). These results might suggest either a lack of specificity of
the antibody used for the ChIP or that the quantity of the immunoprecipitated

DNA was not enough for the analysis.
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Figure 5. ChIP analysis. Screenshot of the MACS viewer for BRAVO

(At5g17800) promoter region. Note no significant peaks were called in the
BR_reads (BRAVO, upper) ChIP, compared to Col-0 (wild-type) ChIP.
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GENERAL DISCUSSION

Brassinosteroid (BRs) are important regulators of plant development, yet
the mechanisms for BR control of these processes have only started to be
elucidated. The present PhD thesis work describes a role for BRs in the control
of the stem cell homeostasis in the Arabidopsis primary root. In particular, it
reports the identification of BRAVO, a novel BR-signaling component controlling
the QC divisions within the stem cell niche. BRAVO is a cell-type specific BR-
signaling component that encodes a R2R3 MYB transcription factor that acts as
a local repressor of the BR-mediated QC divisions. While the positive actions of
steroids in stem cells have been described in animals, in plants those have
remained unknown. Our data shows that BRAVO provides both robustness and
the plasticity to the stem cell niche to respond to environmental challenges

opening new scenarios for cell-type specific signaling events.

First, a new role for BRs in the regulation of the root stem cell niche has
been demonstrated. Genetic and physiological treatment with BRs showed that
BRs acts upstream or independently of both PLETHORA and SCARECROW
pathways in the maintenance of the meristematic activities. Local expression of
BRI1 receptor in bri1-116 loss-of-function mutants showed that BRI1-mediated
signaling controls root growth non-cell autonomously from the dividing cells.
Moreover, BRs promote QC division and columella stem cell (CSC)
differentiation downstream of BES1 transcription factor. Genetic analysis placed
BRs-mediated CSC differentiation upstream or independent of SCR, PLT and
WOX5 pathways. Importantly, BRs control CSC differentiation independently or
downstream of auxins. Local expression of BRI1 in the QC cells non-cell
autonomously promotes CSC differentiation, while expression of BRI1 in the
provascular tissues, endodermis or epidermis did not affect CSC differentiation.
Importantly, local expression of BES1 in the QC cells promotes cell-

autonomously QC divisions. Thus, attenuation of the BRI1 receptor mediated
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signaling may occur in the QC cells preventing BR-mediated cell cycle

progression and subsequent divisions in the QC cells.

Second, the identification and characterization of a new BR-signaling
component acting as a highly regionalized repressor of QC divisions has been
carried out. A metagenomic approach identified BRAVO as a stem cell niche
BR-regulated transcription factor target of both BES1 and BZR transcription
factors. Characterization of bravo mutants revealed that BRAVO acts as a
repressor of QC divisions, and ectopic expression showed that BRAVO controls
divisions within the meristematic cells. Mathematical modeling taking into
account BES1/BRAVO interaction, BRAVO auto activation and repression of
BRAVO by BES, proposed that a bistable switch between two states control
BES1/BRAVO mediated QC divisions. Importantly, BRAVO acts as a DNA-
damage sensor in the QC cells allowing stem cell replenishment after DNA
damage of the stem cells. Together, a new specific branch of the BR-signaling
pathway that maintains the low cell cycle status of the QC has been identified,

while provides a mechanism to rapidly replenish stem cell upon damage.

Third, a cell-based transcriptomic approach was used to identify
downstream targets of the BRAVO pathway. RNA-seq analyses of QC cells in
bravo mutants elucidate cell-response to stimuli as overrepresented gene
ontology in the divided QC cells. Interestingly, a number of response pathways
were deregulated in the divided QC in response to; abiotic stimulus, external
stimulus, stress and chemical stimulus. The deregulated genes by BRAVO
provides a new set of genes controlling the availability of various macro-
micronutrients, pointing out the importance of complex microenvironments
controlling the stem cell niche. The maintenance of the metabolic status in the
stem cell niches has been shown to be crucial in stem cell maintenance (Jasper
and Jones, 2010). Together, complex environmental conditions of the stem cell
niche provide the bases to sense external stimuli and act as a long-term

reservoir of stem cells.
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Altogether, regionalized signaling pathways may account for specific
developmental outputs, providing a broader picture to the present knowledge of

hormone signaling in plants.

Spatial analysis of Brassinosteroids action
during root development

The Arabidopsis root provides an excellent model to study
organogenesis, with a spatio-temporal scenario that allows to easily distinguish
between different root cell-types and developmental zones (Dolan et al., 1993;
loio et al.,, 2008). In multicellular organism, a proper balance between cell
proliferation and cell differentiation shapes final organ growth. In plants, the root
meristems integrate information from hormones and reactive species to shape
their final size (Achard et al., 2009; Garay-Arroyo et al., 2012; loio et al., 2008;
Tsukagoshi et al., 2010; Ubeda-Tomas et al., 2008). BRs have been historically
associated with cell elongation (Kauschmann et al., 1996), but elongation is not
sufficient to explain BR mutants’ phenotype, being additional developmental
defects elusive. Our work and others uncover a role for BRs in meristem
maintenance and cell cycle progression (Gonzéalez-Garcia et al., 2011; Hacham
et al., 2011). In contrast to the balance between CK and GA necessary to
define the final meristem length, BRs act in the speed of the cell cycle of the
dividing cells. Cell cycle defects in BR-mutants were recovered by CYCD3;1
overexpression or silencing of retinoblastoma in loss-of-function bri1-116
mutants. Cell cycle markers defects together with the recovery of bri1-116 loss-
of-function mutants strongly suggest that BR-signaling mediates cell cycle
progression. Interestingly, the effect on cell division and cell elongation takes
part in other plant tissues (Zhiponova et al., 2013), suggesting that BR control

plant growth by modulating both cell expansion and cell division across organs.

The availability of tissue specific promoters shed light to the spatial action
of different hormonal pathways in regulating final root growth. A compilation of
tissue specific expression studies of different downstream hormone controlled

factors, established a scenario were different plant hormones control root
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growth from different cell types. As an example, the elongating epidermal cells
are primary tissue targets of auxin during root gravitropic response (Swarup et
al., 2005), triggering differential root growth. Additionally, the GA response in
the endodermis controls both elongation and meristematic activities (Ubeda-
Tomas et al., 2009; Ubeda-Tomas et al., 2008). BRs perception or biosynthesis
in the epidermal layer of the shoot apical meristem rescues the dwarf plants of
BRs receptor and biosynthetic loss-of-function mutants (Savaldi-Goldstein et al.,
2007). Similarly, expression of BRI1 receptor in the root epidermis rescues root
growth defects of bri1 loss-of-function mutants (Hacham et al., 2011). Our local
expression of BRI1 in the meristematic dividing cells rescuing the plant root
growth points to an additional regulation of BR-mediated root growth in the
dividing cells, were they exert major effects controlling meristem lenght and cell
number. Thus, is tempting to speculate that the dividing epidermal cells are the
driving force of BR-mediated growth. Moreover, local expression of BRI1 in the
QC cells promotes meristem shortening upon BR application. Recently, local
expression of SCR in the QC cells have been shown to coordinate stem cell
division and cell differentiation though the control of auxin biosynthesis in the
QC cells (Moubayidin et al.,, 2013). Whether BRs control SCR activities
autonomously in the QC or act independently of both SCR and auxins remains

an open question.

The correct coordination of root growth involves tissue-to-tissue
communication, to drive a final univocal response. Tissue communication
though plasmodesmata is essential for proper root and lateral root development
(Benitez-Alfonso et al., 2013; Vatén et al., 2011). A number of transcription
factors have been shown to move across different cell-types including; SHORT-
ROOT (SHR) and UPBEAT (UPB) (Nakajima et al., 2001; Tsukagoshi et al.,
2010), but we are far to understand how hormone mediated signals
communicate between tissue layers. Mobile signals set the radial organization
in the vascular cylinder, producing differential accumulation of target mRNAs
that determine different cell fates(Carlsbecker et al., 2010). In the BRs case no

evidence was presented for movement of neither BES1 nor BZR (Hacham et al.,
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2011), and differential accumulation may modulate signaling outputs (Gendron
et al., 2012). Identification of mobile signals coordinating hormonal response will

certainly advance our understanding of root growth plasticity.

Mechanical forces triggered by the rigid plant cell walls encompasses
another level of coordination of growth, thus cell growth of one tissue layer
exerts force to the neighbor cell promoting growth (Coen et al., 2004). BR
regulate a wide range of cell wall enzymes, hence BR regulate mechanical
forces that ultimately drive growth (Sun et al.,, 2010; Yu et al., 2011). BRI1-
mediated signaling in the epidermis could activate cell wall enzymes that
ultimately promote growth of meristematic tissue thought mechanical forces. In
the other hand, been the activation of cell cycle in the meristem a stochastic
event, BRI1 signaling in the dividing cell should have a reduced impact in
mechanical forces. Overall, further studies integrating mechanical forces with
local signaling event should uncover how final growth is shaped. Which
environmental stimuli trigger different plant hormones and how they are
coordinated to provide plasticity to root growth remains an exciting future

question.

The hormone distribution along the different tissues further reinforces the
local action of hormones in different cell types. In this direction, GA levels in the
endodermis correlate with the previously proposed roles (Shani et al., 2013). In
addition, auxin quantification in different cell types (Petersson et al., 2009) and
development of auxin sensors (Brunoud et al., 2012; Sabatini et al., 1999),
correlates with the proposed roles of auxin along development. BRs
concentrations are very low compared to other hormones (Fujioka and Sakurai,
1997), and technical difficulties deprived their quantification in planta. The
development of a fluorescently bioactive BR analog (Irani et al., 2012), enable
the visualization of BRI1 endocytosis in planta. Interestingly, quantification of
BRI1 receptors have been carried out in Arabidopsis roots where higher density
correlates with dividing tissues, whereas lower concentrations were found in QC
cells and differentiation tissues (van Esse et al., 2011). Altogether, BRs control

cell division autonomously from the epidermis and meristematic dividing cells.
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Our results further reinforce the spatial distribution of hormone signaling

pathways that ultimately coordinate growth.

Brassinosteroids control stem cell niche
homeostasis

Continuous root growth requires production of new cells thought
asymmetric divisions of the stem cells (Scheres, 2007). The stem cell niche is
composed by different sets of stem cells surrounding a set of low proliferating
cells termed quiescent cells (QC), which maintain and replenish damaged stem
cells (van den Berg et al., 1997; 1995). The fate of the stem cell can be used as
readout of the QC activity. By looking at the expression of QC—specific markers
and the differentiation of CSC, we found that BRs modulate the activity of the
stem cell niche at the root apex. The ectopic expression of QC identity markers
WOX5, SHR, SCR in plants with increased BR-signaling, and the insensitivity of
bri1-116 loss-of-function mutants to BR-mediated affects on the stem cell niche
suggest that BRs control stem cell niche activities mainly though the BRI1
receptor. Moreover, the specific BRL3/BRL1/BAK1 signalosome fine tunes the
BR-mediated homeostasis of the stem cell niche (Fabregas et al., 2013).
Interestingly, divisions in the QC were not detected in bzr1-D gain-of-function
mutants, suggesting that BRs act in the stem cell niche thought the BES1
signaling branch. In addition, BR treatment or bes7-D gain-of-function mutants
promote CSC differentiation further supporting a specific role of BES1-mediated

signaling in the stem cell niche.

Stem cell maintenance in the root apex have been shown to require; (i)
proper QC patterning by two independent pathways SCR-SHR and PLT, (ii) cell
cycle control by RBR and (i) WOX5 which maintains the CSC non-cell
autonomously thought the CLE40-WOX5-ACR4/CLV1 QC-distal stem cell
regulatory pathway (Aida et al., 2004; Sabatini et al., 2003; Sarkar et al., 2007;
Stahl et al., 2009). The SCR-SHR pathway interacts with RBR, and specifies
asymmetric cell division in the ground tissue stem cell (Cruz-Ramirez et al.,

2012). Analysis of double mutant combinations showed that BRs act upstream
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or independently of the PLT and SCR-SHR pathways in the maintenance of the
CSC. The synergic phenotype of scr-4 and plt1plt2 mutants after BL application,
similarly to wox5-1;scr-4 double mutants (Sarkar et al., 2007), reinforces an
independent role of BRs, SCR-SHR and PLT pathways in the stem cell
maintenance. The unchanged levels of PLT upon BL treatment further reinforce
independent roles of PLT and BRs in the stem cell niche. RBR downregulation
(Rbi) promotes QC self-renewal and CSC proliferation (Wildwater et al., 2005),
bri1-116;Rbi and bes1-D;Rbi double mutants have a decreased proliferation of
CSC similarly to exogenous BL application to Rbi. As discussed above BR
promote cell cycle progression and similarly RBR modulates cell cycle, thus we
can not exclude that the observed phenotypes are due to cell cycle defects and
not specific to the stem cell niche. Interestingly, the lack of functional BRI1
receptor abolishes RBR-mediated QC divisions pointing to an uncoupled role of
BRs in the QC and CSC self renewal.

Our genetic and physiological treatments showed that WOX5 control
CSC differentiation downstream of BRs. Auxin have been shown to repress
WOX5 expression, leading to CSC differentiation. In this context, lower WOX5
levels in bri1-116 should delay CSC differentiation, while gain-of-function
mutants should increase the auxin maximum, restrict WOX5 expression and
accelerate differentiation. As none of these features were observed, BRs have
to play a role on their own in the stem cell niche homeostasis beyond their
interactions with auxin. In agreement, neither auxin exogenous application nor
blocking auxin transport promotes CSC differentiation in bri1-116 mutants
supporting an independent role of BRs in CSC maintenance. Interestingly BRs
promote QC divisions independently of CSC differentiation upon WOX5
overexpression, reinforcing a dual action of BRs in the QC self-renewal and
CSC differentiation.

Spatial analysis of the BR-mediated CSC differentiation pointed to the
local requirement of BRI1 signaling in the QC cells to promote CSC
differentiation. While BRI1 expression in the epidermis recovers root growth and

regulates the activity of AGL42 in the stem cell niche (Hacham et al., 2011), the
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control of the stem cell niche homeostasis requires BRI1 in the QC cells. Our
spatial analyses shows that BRI-signaling mediates stem cell homeostasis

locally.

Altogether, BR-mediated cell cycle defects could be traced back to the
stem cell niche where they promote QC division. Additionally, BRs promote
CSC differentiation independently of the canonical patterning pathways and
auxins. Importantly, both QC divisions and CSC differentiation are independent

processes regulated by BRs.

BRAVO a new BR signaling component that
represses QC divisions

BRs play key roles in cell division associated to developmental
programs such as root meristem (Fabregas et al., 2013; Gonzélez-Garcia et al.,
2011), the formation of organ boundaries (Bell et al., 2012; Gendron et al.,
2012) and stomata patterning (Gudesblat et al., 2012; Kim et al., 2012), yet
novel BR components operating at a cellular scale have not been disclosed.
Our data unveils how BR signaling operate with cellular resolution, and defines
BRAVO as a molecular repressor counteracting steroid mediated divisions in
the stem cell niche. This mechanism ensures the low rates of cell proliferation in
the QC, whereas BRAVO/BES1 bistable behaviour confers the QC cells with
the plasticity to adapt to environmental changing conditions. Collectively, our
results support that BRAVO is a master regulator of cellular quiescence in

plants.

The identification of BRAVO as the single gene appearing in a Venn-
diagram to ascertain stem cell specific BR-signaling components using
fluorescence-activated cell sorting (FACS) coupled to transcriptomics hinted the
potential significance of this locus. Despite that BRAVO gene belongs to a large
multigene family, MYB transcription factors (Dubos et al., 2010), the bravo
knock-out mutants exhibit cell-specific defects at the quiescent center cells of

the root stem cell niche.



GENERAL DISCUSSION | 123

The regulation of quiescence in the stem cell niche, where the
quiescent cells are surrounded by rapidly dividing stem cells, has been a long
outstanding question in developmental biology (Hsu and Fuchs, 2012; Morrison
and Spradling, 2008). In the plant root, the quiescent cells provides short range
signals to maintain stemness of the surrounding cells (van den Berg et al.,,
1997). Our findings represent a major step forward in the present understanding
of how steroids control stem cell division in eukaryotes. The positive actions of
steroids on stem niches is well established across phyla (Ables and Drummond-
Barbosa, 2010; Simdes and Vivanco, 2011) including mammals, and excessive
activation may result in pathologies, such as breast or prostate cancer (Lin et al.,
2010; Risbridger et al., 2010). However little is known about negative regulators
that maintain homeostasis and the long-term function of stem cell niches. In this
context, the identification of a novel negative regulator, BRAVO, that inhibits the
steroid hormonal pathway of the root stem niche will serve as a novel paradigm

that will be of relevance for other stem cell niches, beyond the root.

We propose that BRAVO negatively regulates QC divisions by acting
as a safe-lock to retain QC cells in a mitotic inactive status. The lack of BRs
signaling in the non-dividing QC cells supported by: (i) the specific BRAVO
expression, (ii) the lack of BRs-promoted ERF115 expression (Heyman et al.,
2013), suggests that the activation of the BR-signaling pathway is detrimental
for proper QC function. This notion is further supported by radiolabeled drug
treatment of BR-signaling mutants. Importantly, BRAVO dynamics upon DNA
damage suggest its involvement in promoting quiescence, ensuring proper root
growth regeneration. Oppositely, BRAVO down-regulation would release the
BR-dependent ERF115 expression (Heyman et al., 2013). QC cells are a
reservoir of both, auxin transport and biosynthesis (Overvoorde et al., 2010).
Despite any specific quantification of BRs in planta have been carried out it is
attractive to speculate that low levels of BRs in the QC will result in low
proliferation activities. Understanding the hierarchy of those among other

regulators will further refine our understanding of quiescence.
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Cell response to stimuli is fundamental for proper plant adaptation to
environmental cues, and these reversible responses account for the renowned
plasticity (Siegal-Gaskins et al., 2011). QC cells divide upon stimulation by
hormones (Gonzalez-Garcia et al., 2011; Ortega-Martinez et al., 2007; Scheres,
2007; Zhang et al., 2010), stem cell damage (Heyman et al., 2013) or cell cycle
interference (Cruz-Ramirez et al., 2013; Wachsman et al., 2011) enabling
replenishment of the stem cells upon damage. To preserve the QC function as
a reservoir of stem cells, the transition between divided and non-divided QC
cells should be reversible. The proposed mathematical modelling taking into
account BES1/BRAVO mutual interaction and BRAVO autoactivation results in
a robust response to stimuli that is threshold-like. Upon BR hormone stimuli, the
response switches sharply from quiescence to the induction of QC divisions.
This sharp transition is reversible and can involve bistable behaviour. This
mechanism differs from the SCARECROW/RETINOBLASTOMA bistable circuit
that promotes asymmetric cell divisions in the stem cell niche (Cruz-Ramirez et
al., 2012), where auxin biases the circuit. The mechanism provided by
BES1/BRAVO signaling module gives an example for a selective control of
cellular quiescence in eukaryotes, which may be instructive to investigate

related mechanisms for preventing cancer in humans.

Identification of BRAVO regulated genes

Increasing knowledge of gene regulatory networks controlling
developmental outputs have been crucial for understanding how signaling
pathways coordinate. Identification of deregulated genes upon different
hormone conditions has been pivotal in understanding the molecular nature of
developmental defects (Nemhauser et al., 2006). Recent development of next-
generation sequencing technologies allowed massive profiling without the
microarray limitation of spotted loci. The combination of deregulated gens with
binding regions of transcription factors offers a good approach to elucidate

candidate genes to coordinate specific developmental process.
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By combining both transcript profiling of divided QC cells in bravo, and
binding regions of BRAVO in the endogenous expression domain we aimed to
disclosed downstream players in the BRAVO pathway. Unfortunately, our ChIP-
seq experiments did not raise any specific binding peak after a wide range of
analysis. The technical challenge of ChIP experiments coupled with the low
number of cells containing BRAVO transcription factor may account for the final
negative results. To our knowledge, the analysis of specific binding regions for
cell-type specific transcription factors have not been reported. In contrast,
publish sets of targets are generated with overexpressing lines or transcription
factors ubiquitously expresses. To overcome technical limitations of cell-type
specific ChIP experiments efficient isolation of specific cell populations needs to
be address. The optimization of FACS, INTACT and other methods to recover
higher yields of desiderate low abundant cells represent a major bottleneck. The
requirement of large population of cells, compared to transcript profiling
experiments, together with the optimization of inmunoprecipitation procedure
represents a major challenge in profiling chromatin binding sites of cell-type
specific transcription factors. In contrast, cell-type specific profiling of histone
binding sites, which are enriched proteins compared to transcription factors,

may provide in the future the first steps to overcome technical limitations.

Future perspectives

The role of BRs in different cell-types addresses the existence of cell-
type specific regulators. The identification of the cell-specific BRAVO signaling
pathway opens a new avenue on the spatial control of hormonal signaling. The
proposed role of BRAVO on the regulation of stem cell replenishment, opens a
new scenario were BRs control plant survival through the regulation of stem
cells. Further understanding of the coordination between stem cells and QC
cells, upon stem cell damage will shed light on the mechanistic basis of plants

longevity and adaptation to environmental changing conditions.
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CONCLUSIONS

1. Plant roots use Brassinosteroid signaling in the meristem for
proper root growth and development. In particular:
o BRs control meristematic activities independent or upstream
of PLETHORA and SCARECROW.
o A non-cell autonomous action of BRs from the dividing cells
at the meristem is required for normal root growth.
2. Brassinosteroid signaling controls the stem cell homeostasis at the
root apex.
o BRs control the identity and activity of the quiescent center
(QC).
o BRs promote columella stem cell differentiation upstream or
independently of auxin.
o Local activation of BRI-signaling in the QC cells promotes
columella stem cell differentiation.
3. BRAVO defines a novel cell-type specific BR-signaling component
o BRAVO acts as a repressor of QC divisions.
o BRAVO mediates root regeneration upon external damage of
root stem cells.
o BRAVO interacts with the BR-regulated transcription factor
BES1.
o BRAVO/BES1 establish a ultrasensitive mechanism for the

control of quiescent cells at the stem cell niche.
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MATERIALS AND METHODS

Methods in plant biology

Plant material and growth conditions

Arabidopsis thaliana (L.) Heyhn. was in Columbia (Col-0) background. To avoid
in Enkheim-2 (En-2)

background was introgressed into Col-0 ecotype. In addition to the transgenic

ecotype variability, the bes7-D mutant, originally

lines and high order mutants generated in this work, lines reported in this work

were generated in the publications listed in Table 1.

Table 1. Mutants used in this PhD thesis.

Name Gene Description Comments Reference
bri1-116 At4g39400 BRI strong loss-of- (Li and Chory, 1997)
mutant allele function
besi-D At1g19350 BR-signaling Gain-of- (Yin et al., 2002)
function
bzr1-D At1g75080 BR-signaling Gain-of- (Wang et al., 2002)
function
CYCD3;1o0x At4g34160 Cell cycle overexpressi  (Riou-Khamlichi et al.,
on 1999)
Rbi At3g12280 Cell cycle Knock-down (Wildwater et al.,
2005)
pltipit2 At3g20840 Stem cell loss-of- (Aida et al., 2004)
At1g51190 patterning function
scr-4 At3g54220 Root loss-of- (Fukaki et al., 1998)
patterning function
wox5-1 At3g11260 Stem loss-of- (Sarkar et al., 2007)
homeostasis function
35S:WOX5- At3g11260 Stem inducible (Sarkar et al., 2007)
GR homeostasis overexpressi
on
bravo-1 At5g17800 Stem loss-of- This work
homeostasis function
bravo-2 At5g17800 Stem loss-of- This work
homeostasis function
RNAi BES1 At1g19350 BR-signaling Knock-down  (Yin et al., 2002)
pWOX5:GFP At3g11260 Transcriptional QC maker (Sarkar et al., 2007)
fusion
pSCR:GFP At3g54220 Transcriptional Endodermis/ (Sabatini et al., 1999)
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fusion QC marker
pSHR:SHR- At4g37650 Translational Stele/endod  (Nakajima et al., 2001)
GFP fusion emis
pPLT1:PLT1-  At3g20840 Translational Stem cell (Galinha et al., 2007)
YFP fusion marker
pPLT2:PLT2-  At1g51190 Translational Stem cell (Galinha et al., 2007)
YFP fusion marker
pPLT3:PLT3-  At5g10510 Translational Stem cell (Galinha et al., 2007)
YFP fusion marker
DR5:GUS Transcriptional Auxin (Sabatini et al., 1999)
fusion marker
pBRAVO:GFP At5g17800  Transcriptional (Lee et al., 2006)
fusion
pBRAVO:BRA At5g17800 Translational (Lee et al., 2006)
VO-GFP fusion
pAthb15:YFP  At1g52150 Transcriptional Provascular  (Zhiponova et al.,
fusion marker 2013)
pARF7:GFP At5g20730 Transcriptional Provascular (Rademacher et al.,
fusion marker 2011)
AGL42:GFP At5g62165  Transcriptional QC/vascular (Nawy et al., 2005)
fusion initial marker
pBES1:BES1- At1g19350 Translational Endogenous (Yin et al., 2002)
GFP fusion expression
pBZR1:BZR1- At1g75080  Translational Endogenous (Wang et al., 2002)
CFP fusion expression
pRP5a:BRI1-  At4g39400 Translational Meristematic This Work
YFP fusion expression
pWOX5:BRI1- At4g39400  Translational QC This Work
YFP fusion expression
pWOX5:BES1 At1g19350  Translational QC This Work
-D-YFP fusion expression
pGL2:BRI1- At4939400 Translational Epidermis (Hacham et al., 2011)
YFP fusion expression
pSHR:BRI1- At4g39400 Translational Stele (Hacham et al., 2011)
YFP fusion expression
pSCR:BRI1- At4939400 Translational Endodermis/ (Hacham et al., 2011)
YFP fusion QC
expression
BRAVO At5g17800 Translational Inducible This work
inducible fusion overexpressi
on

Seeds were surface sterilized with 35% sodium hypochlorite, followed by 4
water washes. To synchronize germination, seeds were vernalized for 72 hours
at 4 °C in darkness. Seeds were grown for 6 days in vertically oriented plates

containing %2 Murashige and Skoog (MS) salt mixture (pH=5.7) and 0.8 % of
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agar. Pharmacological treatment were performed in plates adding
hormones/drugs in the media. Hormones used include; brassinolide (BL)
(C2sH4806; Wako, Osaka, Japan), brassinozole (BRZx) gift from T. Nakano
(RIKEN, Japan), N-(1-naphthyl) phthalamic acid (NPA) (Duchefa), 1-
naphthaleneacetic acid (NAA) (Duchefa), Absisic acid (ABA) (Duchefa), B-
Estradiol (Sigma-Aldrich).

Statistical analysis of root measurements

The root lenght, cell lenght and the number of meristem cells of seedlings
grown in vertically orientated plates. Root were scanned and root lenght

measured and analyzed with ImagedJ software (http://imagej.nih.gov/ij/). All

experiments were repeated at least 3 times, measuring 15 different seedling per
replica. The number of epidermal cells in individual cell files was used to gauge
the meristem length. The meristematic zone was defined as the region of
isodiametric cells from the QC up to the cell that was twice the length of the
immediately preceding cell. Student’s t-test was used to show statistical
difference of root lengths. Error bars in the graphic representation show

standard deviations

Methods in molecular biology

Molecular cloning and generation of trangenic lines

Trangenic lines were generated by DNA transformation in wild-type (Col-0)
plants or bri1-116 heterozygous plants. pPR5:BRI1-YFP, pWOX5:BRI1-YFP,
pWOX5:BES1-D-YFP constructs were cloned using recombination Gateway
Multisite Cloning system. DNA sequences were amplified from genomic DNA or
cDNA from wild-type plants. Primers used for all cloning are detailed in table 2.
The purified gene PCR products were placed into the gateway pDONOR221
donor vector by BP reaction mixing 50 fmol of PCR product with 150 ng of the
pDONOR221 and 1 pl of BP clonase enzyme diluted up to 5 pl in TE pH 8.0.

The same procedure was used for promoter sequences placed in the gateway
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P4P1R vector. For tagged YFP a P2RP3 donor vector was used.
Recombination LR reaction was performed by mixing the three sequenced
pDONOR vectors (10 fmol each one) in a three-component 25 fmol pDEST
vector (pB7m34GW) adding 2 pl LR clonase enzyme, diluted up to 8 pl in TE
buffer pH 8.0. For estradiol inducible lines pDONOR221 containing the BRAVO
coding sequence was recombined with pER8-GW. All recombination reactions
were incubated overnight at 25 °C. All LR recombination reactions described
above were transformed into Agrobacterium GV2260 by electroporation.
Agrobacterium was selected by antibiotic resistance and transformed to plants
and described in (Zhang et al., 2006).

Quantitative real-time PCR

Total RNA from root tips was extracted with Plant RNeasy Mini Kit (Qiagen,
Hilden, Germany), DNA contaminations were removed with the DNA-free Kit
(Ambion, Austin, TX, USA) and cDNA synthesized with SuperScript Il Reverse
Transcriptase (Invitrogen), all according to the manufacturer’s instructions.
Oligonucleotides were design with the Primer Express software (Applied
Biosystems by Life Technologies, Carlsbad, CA, USA) and listed in table 2. All
primers efficiencies were evaluated by a dilution series, primers with efficiency
between 1.9-2.1 were used subsequently. PCR products were detected with the
SYBR Green | Master (Roche Diagnostics, Mannheim, Germany).
Lightcycler480 software 1.5.0 release (Roche Diagnostics) was used to
calculate relative change in expression levels, with three technical replicas.
Melting curves analysis at the end of the process and no template controls were
carried out to ensure product-specific amplification without primer-dimer artifacts.
To evaluate genomic DNA contamination, a control reaction was run without

reverse transcriptase.
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Table 2. Primers used in this PhD thesis

133

Primer Sequence (5°-3’) Use
Cloning
BRI1f GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGAAGA Cloning coding sequence in
CTTTTTCAAGCTTCTTTCTC pDONOR221
BRI1r GGGGACCACTTTGTACAAGAAAGCTGGGTATAATTTTC  Cloning coding sequence in
CTTCAGGAAC TTCTTTTATACTC pDONOR221
BES1-Df GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAAA  Cloning coding sequence in
GATTCTTCTATAATTCC pDONOR221
BES1-Dr GGGGGACCACTTTGTACAAGAAAGCTGGGTAACTATG  Cloning coding sequence in
AGCTTTACCATTTCC pDONOR221
pRP5af GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGAATC  Cloning 1.7 kb promoter
CAAATCTCCTTGAGAAA sequence in
pDONORP4P1R
pRP5ar GGGGACCACTTTGTACAAGAAAGCTGGGTAGGAAGCT  Cloning 1.7 kb promoter
CCAACTCCAAGAA sequence in
pDONORP4P1R
pWOX5f GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATTAGCC  Cloning 5 kb promoter
AACGTTACAACTTACAA sequence in
pDONORP4P1R
pWOX5r Cloning 5 kb promoter
GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTCAGAT  sequence in
GTAAAGTCCTCAACTG pDONORP4P1R
pBRAVOf GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTCCATCA  Cloning 2 kb promoter
AAATTATGTGGTTGC sequence in pPDONOR207
pBRAVOr GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTTCTGG Cloning 2 kb promoter
GTTTAGGGATTAAGG sequence in pPDONOR207
BRAVOf GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAATC Cloning coding sequence in
CAAATCTCCTTGAGAAA pDONOR207
BRAVOr GGGGACCACTTTGTACAAGAAAGCTGGGTCGGAAGCT  Cloning coding sequence in
CCAACTCCAAGAA pDONOR207
Genotyping
plt1f ATCCAACCACCTAGTAGCTTACAACGACTC Genotype plt1-4
pltir TCGAGCCACCACCGTACTGGAAACT Genotype plt1-4
plt2f GTTACCTACAGTCGTCACTTGTGC Genotype plt2-2
plt2r ACTCTTGTCTCGTCATGTTTTTCA Genotype plt2-2
JL202 CATTTTATAATAACGCTGCGGACATCTAC Border primer for plt1-4 and
plt2-2 genotyping
wox5-1f TAGATGGAACAGAAGCCTAGATAGGTTAGGA Genotype wox5-1
wox5-1r TCTGTGATGCAAATAGAACTATTCGTTAATG Genotype wox5-1
SalkLBa1 TGGTTCACGTAGTGGGCCATCG Border primer for wox5-1
genotyping
bri1-116f CAT CG G AAC CAT TGT TAT CAAACG TC Genotype bri1-116, PCR
followed by Msel digestion
bri1-116r CAATCT TAACTG GAT TTC TCT GTC Genotype bri1-116, PCR
followed by Msel digestion
bravo-1f TCTCTGCACACACTGACCATC Genotype bravo-1
bravo-1r TTTTGTTACTCCAAATTCCGC Genotype bravo-1
bravo-2f TCCCTTAATCCCTAAACCCAG Genotype bravo-2
bravo-2r CCTGATGCAAGGGTACTATCG Genotype bravo-2
SalkLBb1.3 ATTTTGCCGATTTCGGAAC Border primer genotype

bravo-1 and bravo-2
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ChIP

5'UTR BRAVO promoter, ChIP.

pBRAVOf ATTGAACTTTTGTTTGTCACCATTC

5'UTR BRAVO promoter, ChIP.

pBRAVOf TAGGTACGAAGGGAACATAGTTTTT

E-box /MYB BRAVO promoter, ChIP.

pBRAVOf CACTTAACGTACGTGCAATATCTGT

E-box/MYB BRAVO promoter, ChIP.

pBRAVOr ACAGTCTCGGAAACTCCAAAAA

E-box 2 BRAVO promoter, ChIP.

pBRAVOf GATTATTAGGCCACAATTTGGTAAT

E-box 2 BRAVO promoter, ChIP.

pBRAVOr TTATTCACACACCAAAAGAAATTGA

TSS BRAVO promoter, ChlIP.

pBRAVOf TCTTTCCTCTTCCACCATATAAACA

TSS BRAVO promoter, ChlIP.

pBRAVOr GGGATTAAGGGAAGAGAAACTAAAA

Exon BRAVO promoter, ChIP.

pBRAVOf TGGCATATATGGTAAAAAGATGGAC

Exon BRAVO promoter, ChIP.

pBRAVOr GTAATAGCCACTCCTCATCTTCATC

At3g60550f GGTCTCCTTCTGGTATTTCAAACTT Positive control BES1 ChIP

At3g60550r AGGAACCACCTGATGACACGTA Positive control BES1 ChIP

UBC30f CAAATCCAAAACCCTAGAAACCGAA Negative control ChIP, and
reference for quantitative
PCR

UBC30r AACGACGAAGATCAAGAACTGGGAA Negative control ChIP, and
reference for quantitative
PCR

Real time
Real time PCR, left side T-

BRAVO leftf CTGTTAGCAGCTCATCGAGCC DNA insertion.

BRAVO left ATGACGTGCCAATGGTTCTTG Real time PCR, left side T-

r DNA insertion.

BRAVO TGTTAGCAGCTCATCGAGCCT Real time PCR, right side T-

right f DNA insertion.

BRAVO GATGACGTGCCAATGGTTCTT Real time PCR, right side T-

right r DNA insertion.

CYCB1;2F CCTGAACAAGTCAGAGGTGCT Real time PCR

CYCB1;2R CCTCCTTGAACTCCGGGAAC Real time PCR

CYCD3;3F ACTCAAAGTTGATTCGGAGAAGG Real time PCR

CYCD3;3R ATCGGACTAGCGGGTTGTTG Real time PCR

CYCD2;2F ACAGGAGAGCATTGGGTGTG Real time PCR

CYCD2;2R TCCTGAGATCTTGAAATTGACGGA Real time PCR

RBRf TTGAACAACAGCAGCAGCAACC Real time PCR

RBRr TCTGTTGGCTCGGTTTTAAGGG Real time PCR

WEE1f AGATGCCAATTGCGGAGAGA Real time PCR

WEE1r TCCTGTGAAACTCTCCTGGC Real time PCR
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Chromatin Immunoprecipitation

For ChIP experiments 35S:BES1-D-GFP and wild-type control plants were
grown in half MS under long-day conditions for 6 days. Seedlings were fixed

with 1% of formaldehyde. Nuclei extraction was performed according to (Deal
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and Henikoff, 2011). ChIP experiments using anti-GFP antibodies were
performed according to (Gendrel et al., 2005). Detection of PCR products was
performed using Absolute qPCR SYBR Green mix (Thermo scientific) in a
Biorad termocycler. Three different biological replicas were performed for each
region of interest. BRAVO ChIP were performed using 3 grams of roots tips
expressing pBRAVO:BRAVO-GFP treated 5 days with 20uM NPA, subsequent
steps were conducted as BES1-D ChIP, three biological replicates were

performed.

RNA-seq
Plant material & isolation

The pWOX5:GFP plants and bravo;pWOX5GFP seeds were surface sterilized
in 35% sodium hypochlorite, vernalized for 72 hours at 4C in darkness and
grown on vertically oriented plates, containing %2 Murashige and Skoog (MS)
salt medium, without sucrose and 0.8% agar. Plants were subsequently grown

vertically for 6 days in constant light conditions at 22C and 45% humidity.

QC cells were isolated as previously described(Birnbaum et al., 2005). Briefly,
root tips of the fluorescent marker lines were cut off using a scalpel and
transferred to solution B for protoplasting (0.6 M Mannitol, 10 mM MgCI2, 10
mM KCI, 10 mM CaCl2, 1mg/ml BSA, 0.39 mg/ml MES, pH 5.5, 1.5% Cellulase
R10 (Yakult), 0.1% Pectolyase Y-23 (Yakult). Root tips were protoplasted on a
platform shaker for 50 min, release of protoplasts was facilitated by gently
streaking root tips on a 75 uM cell strainer every 15 min. GFP Cells of interest
were identified by GFP signal (Olympus, stereo zoom binocular microscope)
and washed with solution A (0.6M Mannitol, 10 mM KCI, 10 mM MgCI2, 10 mM
CaCl2, 1 mg7ml BSA, 0.39 mg/ml MES, pH 5.5). After 3 washes, cells were
transferred within 1 ul of solution A in PCR tubes and immediately frozen with

liquid nitrogen.

RNA and cDNA libraries preparation
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RNAs from 3 pooled samples of approximately 100 cells each were extacted
using Qiagen micro RNA extraction following manufactures recommendations.
cDNA preparation and amplification was performed using SMARTer Ultra low
RNA kit for lllumina sequencing following manufactures recommendations, with
X PCR amplification cycles. Libraries were fragmented with the Covaris S2
system using Covaris mircoTUBEs (#cat3520045) and a volume 130ul for
shearing. After fragmentation, the volume was reduced to 44 pl using a
SpeedVac concentrator, and samples were subjected to standard lllumina
library preparation using the NEBNext ChIP-Seq Sample Prep Master Mix Set 1
kit according to the manufacturer's instructions. lllumina PE adapters
multiplexing barcodes were ligated (the amount of adapters was adjusted
according to the amount of input material), and lllumina PE primers (PE PCR
Primer 1.0 and PE PCR Primer 2.0) were used for the PCR enrichment step (15
cycles) of the NEBNext protocol. The final purification step was performed using
AMPure XP beads (Beckman Coulter) rather than columns, and clusters were
generated by following the standard lllumina protocol. Samples were sequenced

on an lllumina MiSeq machine.
Alignment of reads & stadistical analysis

The high quality reads were aligned against the Arabidopsis thaliana reference
genome sequence (TAIR 10) with TopHat (version 2.0.9). The resulting
alignment files were used as input for HtSeq-count (version 0.5.4p2) together
with the TAIR10 annotation file to calculate transcript expression values (read
counts). All stadistical analyses were performed with R using the libraries;
SERE, ArrayQualityMetrix, HTSFilter and TCC. The overall quality of the
experiment was evaluated on the basis of the similarity between replicates by
using several approaches. The algorithm SERE calculates similarity scores
among samples assuming a binomial distribution of the read counts. HTSFilter
was used to identify the minimum normalized read count to remove transcripts
with very low and excessively variable expression across the samples. The final
dataset was composed by all the transcripts passing the HTSFilter step. The

final dataset was analysed with TCC to identify differentially expressed (DE)
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transcripts between bravo;pWOX5:GFP and pWOX5:GFP. TMM normalization
was used to normalize counts across the experiments, then exact test was used
with an FDR treshold of 0.05. A total of 16 transcripts were identified as
differentially expressed. 1 gene and 15 genes resulted up- and down-regulated,

respectively.
Imaging

Confocal microscopy

A FV 1000 confocal microscope (Olympus, Tokyo, Japan) was used. Six-day-
old roots were stained with 10 pg/ml propidium iodide (PI) for 2-5 minutes, and
visualized after excitation by a Kr/Ar 488-nm laser line. Pl and GFP were
detected with a band-pass 570-670 nm filter and 500-545 nm filter, respectively.
For yellow fluorescent proteins, the excitation wavelengths were 488nm and
405 nm, and fluorescence was collected in the ranges of 493-536 nm. Starch
granules in columella cells were visualized by a modified Pseudo-Schiff (mPS)-
Pl staining method (Truernit et al., 2008). Images were processed with ImageJ
(http://imagej.nih.gov/ij/), and assembled with Photoshop CS (Adobe Systems,
San Jose, CA, USA).

Fluorescence lifetime microscopy and data analysis

Fluorescence lifetime of the donor was experimentally measured in the
presence and absence of the acceptor. FRET efficiency (E) was calculated by
comparing the lifetime of the donor in the presence (tpa) or absence (tp) of the
acceptor: E=1-(tpa)/(tp). Statistical comparisons between control (donor) and
assay (donor + acceptor) lifetime values were performed by Student t test.
FRET-FLIM measurements were performed using a FLIM system coupled to a
streak camera. The light source (I = 439 nm) was a pulsed diode laser working
at 2 MHz (Hamamatsu Photonics, Japan). All images were acquired with a 60x
oil immersion lens (Plan Apo 1.4 numerical aperture, IR) mounted on an

inverted microscope (Eclipse TE2000E, Nikon, Japan) coupled to the FLIM
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system. The fluorescence emission was directed back out into the detection unit
through a band pass filter. The FLIM unit was composed of a streak camera
(Streakscope C4334, Hamamatsu Photonics, Japan) coupled to a fast and high
sensitivity CCD camera (model C8800-53C, Hamamatsu). For each nucleus,
average fluorescence decay profiles were plotted and lifetimes were estimated
by fitting data with tri-exponential function using a non-linear least-squares

estimation procedure.
Fluorimetric GUS Assays

For GUS reporter assays, the indicated constructs were transiently expressed in
N. benthamiana leaves using Agrobacterium. Leaf discs were collected 36 h
after agroinoculation, frozen in liquid nitrogen and stored at -80°C until
processing. After protein extraction, 1 mg of total protein was used in replicates
to measure enzymatic activities of individual samples. GUS activity was
measured using the substrate 4-methylumbelliferyl-b-D-glucuronidase as
described (Froidure et al., 2010).

Methods in biochemistry

Co-Immunoprecipitation

Approximately 2 g (1-2 leafs) were ground in liquid nitrogen using a mortar. The
frozen, powdered material was transferred to a 50 mL falcon tube and 2
volumes (20 mL approx.) of extraction buffer was added (50 mM Tris/HCI, pH
7.5, 150 mM NaCl, 1% Triton X-100, and Proteases inhibitors PMSF,
Leupeptine, Aprotinine, Pepstatin A and E-64). After thawing, the powdered
material was homogenized by shaking. The resulting extract was left on ice for
20 min, followed by sonication [15sec/paused/15sec] x 3 times at 10% of
Amplitude Intensity, on ice. Samples were incubated 10 min on ice and
subjected to centrifugation at 10.000 rpm 2 times for 10 min at 4°C. The

resulting supernatant (17,5mL) was incubated, under rotation at 4°C, with 75 pl
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of magnetic beads attached to anti-GFP antibodies (Miltenyi Biotec) for 1 hour.
Magnetic beads with attached proteins were immobilized on a magnetic
separator (MACS, Miltenyi Biotec) and washed 2 times with 200ul extraction
buffer. Bound proteins were eluted from the immobilized beads with 50 ul hot
(95°C) SDS-PAGE loading buffer (1,6% SDS, 0.1M DTT, 5% Glycerol, 0.08M
TrisHCI pH 6.8, Bromophenol blue).

Eluted proteins were separated in 15% acrylamide SDS denaturing gel. Proteins
were transferred to a nitrocellulose membrane (Hybonnd-ECL, GE Healthcare®)
by blotting 1 hour at 100mV on ice under agitation. Membranes containing the
immunoprecipitated proteins were blocked during 1 hour in 3% milk in PBS-T
(0.1% Tween). One membrane was incubated with anti-GFP primary antibody
for 1 hour and the other membrane was incubated with anti-BES1 primary
antibody for 2.5 hours. Both membranes were incubated 1 hour in secondary

anti-rabbit antibody

Methods in cell biology

GUS activity staining

Six-day-old roots were fixed on ice-cold 90% acetone for 20 min on ice, rinsed
with water and incubated with 100nM sodium phosphate buffer (pH 7.2), 10 mM
sodium EDTA, 0.1 % Triton X-100, 1 mg/ml 5-bromo-4-chloro-3indolyl-b-D-
glucuronide (X-Gluc; Duchefa, Haarlem, The Netherlands), 10 mM potassium
Ferrocyanide (K3[Fe(CN)6]) and potassium Ferricyanide K4[Fe(CN)6]).
Penetration of the solution was ensures by 10 minutes vaccum. Finally the
samples were incubated at 37°C until the signal appeared. Samples were
mounted in Chloral-hydrate (8:3:1 chloral hydrate: distilled water:glycerol) and

visualized with upright widefield fluorescence microscope, Axiophot, Zeiss.

Historesin embedding
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Six-day-old seedlings were fixed at 4 °C overnight in 1.25% Glutaraldehyde in
0.1M sodium cacodylate buffer (pH 7.4; Electron Microscopy Science). Fixer
solution was removed by water rinsed (x2). Samples were dehydrated through
increasing graded series of etanol: 30%, 50%, 70%, 90% and 100% etanol
dilutions every 30 minutes. Next, 50% Historesin-I (Technkovit) in etanol
solution was added and incubated for 30 min, followed by Historesin-l 100%
solution wash for 1 hour. New Historesin-l 100% solution was added and
samples were kept at 4 °C overnight. Blocks were done by placing samples into
plastic molds, which were filled with 100% Historesin-Il solution (Technkovit).
Each mold was covered with parafilm and kept overnight at 4 °C to accelerate

their solidification.
Historesin-1 (for 100ml): 100ml Historesin + 1ml Hardener-I
Historesin-1l (for 15ml): 15ml Historesin-1 + 1ml Hardener-l|

Transverse root sections (3uM) were done using a Leica Microtome (Microtome
RM2265, Leica). Sections were stainedwith 0.1% Toluidine blue 0.1M NaPO4
buffer pH 7.0, rinsed and mounted in water for microscopical visualitzation in

Axiophot widefield fluorescence microscope, Axiophot, Zeiss.

Mathematical model

The mathematical model was entirely done by David Frigola and Dr. Marta
Ibafies (Faculty of Physics, Univ. of Barcelona). It is summarize here for overall
clarity of the BRAVO studies. To model the BRAVO-BES1D interaction module,
we considered that BRAVO transcription is repressed by BES1D and activated
by BRAVO, and that BES1D and BRAVO form a heterodimer which is inactive
(i.e. does not bind to the BRAVO promoter). We assumed: (1) transcription is
independently controlled by BES1D and BRAVO, (2) BRAVO autoactivates
itself in a non-cooperative way and BES1-D represses BRAVO non-

cooperatively too, (3) reversible dephosphorylation and phosphorylation of
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BES1, and (4) a constant production rate for BES1. From this, we obtained the
following 17 chemical equations:
ka4 kp+
D+ M= Dy ; Dy + By Dsyp
kg — kp—
Dy + Dy = Dy + Dy + M

Dinr + Do 512? Dy + Dy + M

Dy + Dy 2% Dy + Dop + M
Din +Dop i) Dy + Dop + M

kp_

= By

kp4
1,
M2 g

B d
g5 B35 g

dp
Bd—1>@

}-'1)+ (l(‘

M+By=—(C—g

kp—

where all variables are concentrations of the following molecular species: M
stands for free BRAVO, B for free phosphorylated BES1, By for free
dephosphorylated (active) BES1, C for the BRAVO-dephosphorylated BES1
heterodimer, D; and D, stand for the free binding sites for BRAVO and
dephosphorylated BES1 respectively in the BRAVO promoter, Dy and Dog
correspond to these binding sites bound to BRAVO and dephosphorylated
BES1 respectively. Rates for each reaction are indicated. Explicit mRNA
dynamics with linear mRNA degradation and protein production proportional to
mRNA concentration have been omitted for simplicity. Accordingly, the
production rate of BRAVO protein a stands for the transcription rate times the
translation rate over the BRAVO mRNA degradation rate. The deterministic
stationary solutions computed do not depend on this simplification. a gives the
production rate of BRAVO protein when the binding sites for BRAVO and
dephosphorylated BES1 are free. Hereafter we call this production rate the
basal production rate. &; is the ratio between the production rate of BRAVO
when BRAVO is bound to its promoter over the basal production rate. Therefore,

g;>1 stands for BRAVO auto-activation. £» is the ratio between the BRAVO
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production rate when dephosphorylated BES1 is bound to the BRAVO promoter
over the basal production rate. Notice that €,<1 stands for BES1 repression of
BRAVO transcription. g3 is the ratio between the BRAVO production rate when
both BRAVO and dephosphorylated BES1 are bound to the BRAVO promoter
over the basal production rate. €3<1 and £3>1 stand for inhibition and activation,
respectively, driven when both dephosphorylated BES1 and BRAVO are bound
to the BRAVO promoter, whereas £3=1 indicates that production is not modified

from the basal one.

Using mass action kinetics we can translate these reactions into the following 6

ordinary differential equations

Dy = kn-Ding — kay MDy ;- Dy + Diag = Diont
Do = kp-Dop — k4 BaD2 i Da+ Dap = Diosa
M = a(Dy Dy + 21D 13 Dy + 901 Do + 23Dy a1 Do) + kag— Ding + k- C — kng s MDy — kpy MBy — dyy M
By = kyp B +kg_Dyp+kp C—kpyBy—kpyByDy —kpy MBy; —dg,By
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