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We´re all mutants.  

What´s more remarkable is how many of us 
appear to be normal. 

      
 

When you open your mind to the impossible, 
sometimes you find the truth. 
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Chapter 1. General Introduction 
 
1.1 The plant stem cell niche 
 

Stem cells are undifferentiated long-lived cells that divide infrequently (Lee et 
al., 2015). They divide asymmetrically and provide a steady supply of precursor cells 
which continuously give rise to clonally related daughter cells (Sablowski, 2004; Scheres, 
2007; Cheung and Rando, 2013). Stem cells are not only quiescent but also immortal, 
pluripotent and homeostatic (Yu and Zhang, 2014). Precious valued for their medical 
potential, stem cells have attracted much attention from the general public because the 
ethical debate on the use of embryonic stem cells (Sablowski, 2004). The concept of 
stem cells is not recent, being considered the magic cells that repair tissues since at least 
50 years ago. Their capacity for building organs and tissues de novo relies on the 
availability of a proliferative pool of undifferentiated cells (Nawy et al., 2005; Yu and 
Zhang, 2014). Conventionally, stem cells adopt a quiescent state to preserve key 
functional features. Actually, quiescence is considered an actively maintained state in 
which signaling pathways are sustaining a poised state that allows their fast activation 
when is required. The loss of quiescence leads to stem cell depletion affecting tissue 
replenishment (Cheung and Rando, 2013). Both animals and plants present stem cells. 
Fascinatingly, stem cells are especially prominent in plants, and are located in shoot and 
root apices to produce new organs and tissues throughout their entire life cycle 
(Sablowski, 2004). 

The stem cell pools are confined in a specialized microenvironment commonly 
known as stem cell niche (SCN) (van den Berg et al., 1997; Scheres, 2007) which 
produces signals that regulate the balance between self-renewal and cell generation to 
differentiate into new organs (Heidstra and Sabatini, 2014). In animals, the 
organogenesis is completed in the embryo and the adult stem cells maintain the 
germline and repair the damaged tissues when is necessary. Plants have evolved 
differently presenting a plant body that generates after embryogenesis. For this 
purpose, plants show a remarkable capacity for continuous organogenesis to adapt to 
an ever-changing environment (Nawy et al., 2005). The vitality of plants is incredibly 
powerful, so they can live hundreds of years or even more (Yu and Zhang, 2014). This 
amazing miracle depends on the maintenance and differentiation of stem cell 
populations among the plant (Gaillochet and Lohmann, 2015).  

Plants use stem cells to grow and to maintain their development, and a precise 
regulation is required (Sarkar et al., 2007; Heidstra and Sabatini, 2014). The main stem 
cell niches are located within the two primary meristems at the tips of shoots and roots 
and are responsible for plant longitudinal growth (Scheres, 2007).  

The shoot apical meristem (SAM) continuously forms leaves and stems but also 
forms flowers, and the root apical meristem (RAM) is in charge of extending the 
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underground root system. In both meristems, the stem cells are maintained by 
extracellular signals that keep them undifferentiated and dividing (Cheng et al., 2017).  
The SAM is divided into three different zones (Figure 1.1A) conferring to its 
functionality: a central zone protecting the stem cells termed SCN, the peripheral or 
proliferation zone (PZ) which give rise to the lateral organs and the rib zone or 
differentiation zone (DZ) which generates the plant stem (Murray et al., 2012; Heidstra 
and Sabatini, 2014). Below the central zone locates the organizing center (OC), a small 
group of cells which maintains the stem cell fate, providing initials to the PZ and DZ 
where cells divide and differentiate to form the new organs. Cells in the SCN are 
organized in three different layers. L1 and L2 layer cells divide exclusively anticlinally to 
give rise to epidermal tissue and L3 cells divide in all orientations and will develop 
internal tissues. At the inner center of the OC, the stem cells divide rarely maintaining 
the pluripotency (Gaillochet and Lohmann, 2015). The OC signals are in charge of 
maintaining the overlaying stem cells, that will give rise to transit-amplifying cells that 
will eventually differentiate and generate entire organs as leaves and stems (Heidstra 
and Sabatini, 2014).   

In contrast to the SAM, the RAM contains tissue-specific stem cells with a 
stereotyped cellular organization where the stem cells are surrounding an `organizer´ 
region called the quiescent centre (QC) (van den Berg et al., 1997). The QC is formed by 
a small group of four to seven mitotically low active cells which rarely divide and is 
regulated by transcriptional and post-transcriptional mechanisms (Scheres et al., 1994; 
Cheung and Rando, 2013). Defined as infrequently dividing cells, QC cells divide twofold 
less frequently than surrounding stem cells and fourfold less compared to meristem cells 
(Cruz-Ramirez et al., 2013). These cells act as a reservoir that replaces damaged cells 
while preserving the genome from replication errors (Fulcher and Sablowski, 2009; 
Heyman et al., 2013).  

The RAM is composed of different functional domains (Figure 1.1B). Basally, in 
the SCN the QC adjacent stem cells give rise to distinct cell lineages through asymmetric 
divisions. As the root grows cells travel through the PZ before exiting the cell cycle in the 
transition zone (TZ). There, they stop dividing and start elongating in the DZ, where cells 
finally differentiate along the longitudinal axis (Heidstra and Sabatini, 2014). The distal 
stem cells will produce descendants which will differentiate into gravity-sensing 
columella cells (Gaillochet and Lohmann, 2015). 
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Figure 1.1: Organization of the RAM and the SAM.  
A) Schematic representation of the SAM structure showing the different functional 
domains surrounding the OC inside the SCN. B) RAM showing the longitudinal 
organization of the different zones. The stem cell daughters surrounding the QC divide 
in the PZ and pass the TZ to arrive at the DZ to begin the differentiation. Adapted from 
(Heidstra and Sabatini, 2014). 

 
 
Besides SAM and RAM, stem cells can be found in the tips of all lateral branches 

and in the cambium, a secondary meristem that constitutes the vasculature allowing the 
radial growth (Scheres, 2007; Gaillochet and Lohmann, 2015). The non-stopping activity 
of meristems establishes the plant architecture among the remain generation of new 
tissues and structures during their lifetime (Heidstra and Sabatini, 2014). 
 
 
1.2 Root stem cell development in Arabidopsis thaliana 
 

Somatic plant cells have the potential to be induced into pluripotent cells and 
generate a SCN (Gaillochet and Lohmann, 2015). The wonderful capacity of plants to 
form complete organs that contain stem cells go ahead with de novo organogenesis to 
regenerate new SCN to replace lost or damaged tissues (Reinhardt et al., 2003; Sena et 
al., 2009; Cheng et al., 2017). 
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Arabidopsis thaliana (Arabidopsis) roots are a suitable model to study stem cell 
biology and root development due it stereotypical and simple radial pattern. It is made 
of few tissue types which undergo easily visualization under the microscope, giving the 
temporal cell traceability of cell division and elongation (Dolan et al., 1993; Sarkar et al., 
2007; Gonzalez-Garcia et al., 2011). The root tissues are organized in concentric 
cylinders of epidermis, cortex, endodermis and stele, made up of longitudinal cell files 
originated from their initials (Dolan et al., 1993; Scheres et al., 1994; Baum and Rost, 
1996; Baum, Dubrovsky and Rost, 2002; Sarkar et al., 2007) (Figure 1.2). 

 Along the longitudinal axis, the RAM forms the distal root tip that includes the 
root SCN, which is constituted of the QC, columella and lateral root cap cells, which are 
also produced from their initials (Dolan et al., 1993). These tissue types are surrounding 
the QC, where the adjacent stem cells are programmed to divide asymmetrically to 
renew themselves (Scheres et al., 1994). The resulting daughter cells will segregate a 
specified number of times in the meristematic zone before exiting the cell cycle in the 
transition zone (Heidstra and Sabatini, 2014). The QC is the source of stem cell initials, 
and QC cells are pluripotent ones which are originated by the transverse division of a 
hypophyseal cell during the heart stage of embryogenesis (Scheres et al., 1994). 
Adjacent to the QC appears the stele stem cells (SSC) which are also known as vascular 
initials and will give rise to the true conductive vessels in the plants: the xylem and 
phloem (Figure 1.2) (de Rybel et al., 2016). Distally to the QC emerge the columella stem 
cells (CSC), which give rise to columella cells (Dolan et al., 1993). In the SCN the QC cells 
are maintained in a special microenvironment at the G1/S checkpoint in the cell cycle; 
thus, they duplicate infrequently (Jiang and Feldman, 2005). As QC cells could be 
integrators for many processes and requisite for root meristem establishment and 
maintenance, it was proposed that QC cells may send short-range non-cell-autonomous 
signals which help the initials to remain undifferentiated (van den Berg et al., 1997; 
Scheres, 2007). When an asymmetric division of a stem cell occurs, usually a surrounded 
daughter cell remains as a stem cell while another daughter cell that is separated from 
the QC divides (Scheres, 2007). Furthermore, damaged stem cells in the root can be 
replaced by the symmetrical division of an adjacent stem cell that subsequently adopts 
the tissue fate according to positional signals (van den Berg et al., 1997). Instead, the QC 
mitotic quiescence has been correlated with stress insensitivity to replace damaged 
cells, thus contributing to SCN longevity (Heidstra and Sabatini, 2014).  
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Figure 1.2: Schematic Arabidopsis root anatomy.  
Longitudinal section of a root showing cortex, endodermis, and pericycle surrounding 
the vascular tissues. At the root tip, the columella cells, lateral root cap, and the QC are 
well displayed. The epidermal, cortex and endodermal initials are located at the base of 
their respective cell files. Figure adapted from (Lee et al., 2006). 
 
 

The Arabidopsis root SCN is maintained by a transcription factor circuitry with 
radial and apical-basal patterning which allow its correct positioning (Scheres, 2007). 
The double AP2-domain PLETHORA (PLT) transcription factor family are determined in 
response to auxin accumulation and are essential for stem cell specification, establishing 
the SCN during embryogenesis (Aida et al., 2004). PLT protein gradients define stem cell 
programming, mitotic activity and exit to differentiation (Galinha et al., 2007). PLT1 and 
PLT2 are expressed in the QC and are regulated by the auxin concentration in the root. 
Other PLT homologs as PLT3 or BABY BOOM (BBM) are also expressed in the provascular 
cells, QC and columella initials. Redundantly, PLT1, PLT2 and PLT3 control many PIN-
FORMED auxin efflux carriers (PIN) genes expression and polarization in the root 
(Galinha et al., 2007), suggesting a feedback loop between auxin levels and PLTs that 
controls the proximal meristem (Blilou et al., 2005). The distal PLT accumulation in the 
SCN give rises to an overlap with provascular transcription factor SHORTROOT (SHR) and 
its target SCARECROW (SCR) which defines the organizer identity; all together are key 
effectors for stem cell maintenance (Aida et al., 2004; Galinha et al., 2007). SHR and SCR 
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are plant-specific GIBBERELIC ACID INSENSITIVE REPRESSOR OF ga1-3 SCARECROW 
(GRAS) transcription factors (di Laurenzio et al., 1996). SHR is required for asymmetric 
cell division and specification in ground tissues, generating the endodermis and cortex 
tissues during root development. SHR is upstream SCR and induces its transcription. SCR 
is essential for cell division and defines QC identity through its cell-autonomous function 
(Helariutta et al., 2000; Sabatini et al., 2003; Scheres, 2007). In the QC, SCR represses 
the expression of ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1), a cytokinin-response 
transcription factor which promotes cell differentiation via auxin through the 
ANTHRANILATE SYNTHASE BETA SUBUNIT 1 (ASB1), just giving SCR the control of stem 
cell division and differentiation to asses a coherent root development (Moubayidin et 
al., 2013).  

WUSCHEL RELATED HOMEOBOX 5 (WOX5) is a close homolog of the transcription 
factor WUSHEL (WUS) (Sharma, Ramirez and Fletcher, 2003; Sarkar et al., 2007). WUS 
regulates the maintenance of the stem cell pool keeping these cells undifferentiated in 
the shoot meristem while WOX5 preserves QC identity and distal columella cell fate 
managing proximal stem cell maintenance in the RAM. Hence, both proteins achieve 
similar functions at opposite tips of a plant (Sarkar et al., 2007). WOX5 transcript is 
enriched in the QC, and redundantly with SCR, regulates the root stem cell 
differentiation and specifies QC identity (Helariutta et al., 2000; Sabatini et al., 2003). 
Furthermore, the WOX5 protein is found in QC and also in CSC and SSC (Sarkar et al., 
2007; Pi et al., 2015). The REPRESSOR OF WUS1 (ROW1) is a PHD-domain protein which 
keeps the WUS expression confined to the OC in the SAM, and also maintains the WOX5 
within the QC to ensure QC identity in the root (Zhang et al., 2015). WOX5 and the 
signaling peptide CLAVATA3/EMBRYO-SURROUNDING REGION 40 (CLE40) take part in a 
QC and CSC regulators subnetwork, acting CLE40 antagonistically to WOX5 in the 
promotion of the columella cells differentiation (Richards, Wink and Simon, 2015). In 
addition, WOX5 can repress the QC divisions by interacting with and repressing CYCLIN 
D3;3 (CYCD3;3) (Forzani et al., 2014). 

In the Arabidopsis root SCN, our laboratory identified the first cell-specific 
repressor of QC divisions and baptised it BRASSINOSTEROIDS AT VASCULAR AND 
ORGANIZING CENTER (BRAVO) (Vilarrasa-Blasi et al., 2014). BRAVO is an R2R3-MYB 
superfamily transcription factor, belonging to the MYB subfamily 21 that specifically 
expresses at QC and vascular initials, and thrive to maintain the QC homeostasis (Chen 
et al., 2015). MYB genes exist widely in eukaryotes, and in plants are remarkably higher 
than in fungi or animals. In Arabidopsis, the MYB superfamily has the largest number of 
members of any gene family (Riechmann et al., 2000). The plant R2R3-MYB group 
presents two conserved adjacent repeats and participates in biological processes 
inferred in plant development and cell fate (Dubos et al., 2010). The BRAVO protein is 
constituted by 332 aminoacids with a predicted mass of 37 kDa and comprises two 
conserved DNA binding domains: an R2 domain stretch from aminoacids residues 92-
139 (Figure 1.3A) and the R3 domain from 145-190 (Zhang et al., 2013; Vilarrasa-Blasi et 
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al., 2014; Chen et al., 2015). BRAVO was identified after a fluorescence activated cell 
sorting (FACS) study of the robust stele marker WOODEN LEG (WOL) and the provascular 
cell marker ATHB15 with a following microarray analysis after a brassinosteroid (BR) 
treatment. A Venn-diagram of the resulted deregulated genes using BES1 (BRI1-EMS-
SUPPRESSOR 1) and BZR1 (BRASSINAZOLE RESISTANT 1) direct targets to identify the 
specific regulators was carried out, comparing them with a set of vascular initials and 
QC enriched genes (Nawy et al., 2005; Brady et al., 2007) (Figure 1.3B). Only one gene, 
MYB56 (renamed as BRAVO) matched all criteria and was subjected to its 
characterization (Vilarrasa-Blasi et al., 2014). BRAVO is repressed by BES1 (BRI1-EMS-
SUPPRESSOR 1) and the bravo mutants present a typically high dividing QC rate in 
comparison to the wild type (WT) (Figure 1.4). This transcription factor is downregulated 
by BRs in a dose and time-dependent manner and BRAVO protein disappears upon short 
brassinolide (BL) treatments. These results uncovered BRAVO as a cell-specific factor of 
the BR signaling pathway in the root SCN from Arabidopsis (Vilarrasa-Blasi et al., 2014). 
 
 

 
 
 
Figure 1.3: BRAVO encodes an R2R3-MYB transcription factor.  
A) BRAVO protein is made of 332 aminoacids and contains two conserved DNA binding 
domains, an R2 domain stretch from aminoacids residues 92-139 and the R3 domain 
from 145-190 (Chen et al., 2015). B) Venn diagram of the deregulated transcription 
factors in pWOL:GFP and pAthb15:YFP enriched in the vascular initials/QC. BES1 and 
BZR1 direct targets were used to restrict the result, and only BRAVO fit all criteria 
(Vilarrasa-Blasi et al., 2014). 
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Figure 1.4: BRAVO controls QC division 
The bravo mutants present an increased number of QC division. Yellow arrows illustrate 
QC position, and is observed the QC cells divided in the bravo-2 mutants (right) 
compared to the WT (left) In accordance to (Vilarrasa-Blasi et al., 2014). 
 
 
1.3 Hormonal control of stem cell development in plants 
 

Both in plants and animals hormones control every stage of life, being essential 
for cell maintenance and differentiation (Heidstra and Sabatini, 2014). Particularly in 
plants, some studies carried up in the model plant Arabidopsis showed that 
phytohormones play important roles in the maintenance of SCNs in the apical meristems 
(Nawy et al., 2005; Cheng et al., 2017). For a natural plant growth is required a balanced 
rate between the differentiation and the generation of new cells. In this way, cytokinin 
and auxin specifically contribute to an equilibrium between stem cell maintenance, 
proliferation, and differentiation (Galinha, Bilsborough and Tsiantis, 2009). In the 
underground, the development of roots is regulated by a fine hormonal network which 
interacts to maintain the elaborated root structure under fluctuating environmental 
conditions (Takatsuka and Umeda, 2014). 

Auxin signaling is involved in the control of root patterning and promotes cell 
division and elongation (Blilou et al., 2005) through the activity of several PIN auxin 
transport facilitators (Friml and Jones, 2010). Auxin is synthesized in the SAM and 
transported towards the QC in the RAM, where a local auxin maximum is generated 
(Friml et al., 2003). Auxin regulates a broad range of developmental processes that start 
with embryogenesis, the organogenesis of leaves, flowers and lateral roots, being 
responsible of gravitropic responses and apical hook establishment (Benková and 
Hejátko, 2009). At the root tip auxin accumulates in the initials and QC generating a 
gradient along the root that ensures the common distal patterning and QC fate  
(Moubayidin et al., 2009). The level of auxin controls the stem cell homeostasis by 
repressing WOX5 which at the same time regulates PLT1 expression to maintain the 
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proper distal development (Ding and Friml, 2010). Besides, the transcription factors that 
regulate the expression of auxin-responsive genes AUXIN RESPONSE FACTORS (ARFs) 
stimulate PLTs and BBM expression which induces the root cap differentiation (Aida et 
al., 2004; Galinha et al., 2007). Altogether it is established that auxin regulates the SCN 
by promoting distal cell differentiation (Wang et al., 2005; Ding and Friml, 2010), while 
repressing the QC division (Jiang et al., 2003). Instead, auxin induces gibberellin (GA) 
which promotes cell expansion and stimulates root growth (Fu and Harberd, 2003). 

Cytokinin (CK) is another phytohormone that promotes cell differentiation (Dello 
Ioio et al., 2007) and is perceived in the root by the ARABIDOPSIS HISTIDINE KINASE 3 
(AHK3) receptor which activates cytokinin response transcription factors. 
Simultaneously, CKs negatively regulates several auxin transporters limiting auxin 
distribution and allowing cell differentiation (Dello Ioio et al.,  2008; Moubayidin et al.,  
2009; Moubayidin et al., 2013). In this way, CKs induce QC division by repressing the 
auxin maxima (Zhang et al., 2013) while reducing the relative elongation rate and 
blocking the increase of the meristem size (Benková and Hejátko, 2009). In addition, 
AHK3 and SCR interact genetically in the QC demonstrating a key role of SCR in the SCN 
maintenance by suppressing cytokinin signaling in these cells (Moubayidin et al., 2013).  

Gibberellin (GA), BRs and ethylene also function to drive the patterning and 
growth of the SAM. GA regulates germination, shoot and root growth and flowering time 
by controlling cell proliferation through removing DELLA proteins (aspartic acid-glutamic 
acid-leucine-leucine-alanine group of GRAS transcriptional regulators of GA signaling), 
but does not seem to control SCN specifications (Achard and Genschik, 2009). 

BRs regulates the boundary specific genes (Bell et al., 2012) and control root 
growth in a concentration-dependent manner (Lee et al.,  2013), promoting root growth 
at low concentration while inhibiting it at higher concentrations (Kim et al., 2007). 
Microarray analysis also revealed that BRs are key regulators of vascular development 
in roots (Levesque et al., 2006). 

Ethylene has been reported to play an essential role in limiting cell division in the 
QC by inhibiting cell elongation (Ortega-Martínez et al., 2007). It is a gas hormone 
generated naturally by plants that transmit environmental signals caused by drought, 
chilling or pathogen attack (Takatsuka and Umeda, 2014). Ethylene is reported to induce 
senescence and fruit ripening (Kieber, 1997). 

The Abscisic acid (ABA) is a growth-inhibiting hormone that works through 
reducing cell division with the consequent decrease of the cell differentiation rate 
(Zhang et al., 2010). It is involved in responses to environmental stresses as cold, 
osmotic and salt stress and pathogen attacks (Melcher et al., 2010). In the root, ABA 
inhibits the growth at high concentrations while stimulates it at lower, preserving QC 
state and suppressing stem cell differentiation involving MONOPTEROS (MP) and WOX5 
in the process (Zhang et al., 2010; Lee et al.,  2013). 

In higher plants, roots exhibit an indeterminate growth precisely regulated by 
phytohormones, which establish and maintain the different root zones (Figure 1.5) 
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(Takatsuka and Umeda, 2014). In the SCN, auxin and ABA preserve the low mitotic 
activity, while in the proximal meristem auxin and GBs promote the daughter stem cells 
proliferation. Currently is accepted that an intricate hormonal network participates in 
the regulation of root formation and growth from its initiation in the embryo. Basically, 
all hormonal pathways are involved and control different developmental aspects of the 
root meristem formation (Benková and Hejátko, 2009). 

 

 
 
Figure 1.5: Role of plant hormones in the Arabidopsis primary root development.  
In the root tip, the QC is showed in yellow and the surrounding stem cells in green. 
Hormones implied in each process are marked in different colours with their crosstalk 
in several processes of root development (Adapted from (Takatsuka and Umeda, 2014)). 
 

 
1.4 Brassinosteroids control of root stem cell niches 
 

BRs are polyhydroxylated steroid hormones with pivotal roles in a wide range of 
plant growth and developmental processes, such as elongation/expansion in stems and 
roots, regulation of cellular division, tolerance to various environmental stresses, and 
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xylem differentiation during vascular development (Yang et al., 2011). A balanced level 
of BRs control cell cycle progression maintaining the quiescence and a standard cell 
division necessary to maintain the meristem size during the root growth (Gonzalez-
Garcia et al., 2011). The model plant Arabidopsis confers a great illustration of the 
different BR-mediated processes in the different cell types of the primary root (Figure 
1.6A) (Planas-Riverola et al., 2019). They are well known for being the steroids 
hormones of plants, allowing them to adapt to a continue changing world (Lozano-Elena 
and Caño-Delgado, 2019). 

The BR perception happens through a group of Leucine-Rich Repeat Receptor-
Like Kinases (LRR-RLKs) BRASSINOSTEROID INSENSITIVE 1 (BRI1) family receptors in the 
plasma membrane, which originates an intracellular phosphorylation signaling cascade 
(Li and Chory, 1997; Russinova et al., 2004). This cascade transduces the signal to the 
nucleus promoting BES1 and BRASSINAZOLE RESISTANT 1 (BZR1) activation of thousands 
of BR-responsive genes (Sun et al., 2010) driving a reaction which induces the cellular 
expansion and division and in consequence, will give rise to the plant growth (Belkhadir 
and Jaillais, 2015). 

BRs have been related to root growth through the study of the signaling pathway 
mutants and the application of exogenous BL (Müssig, Shin and Altmann, 2003). BR 
receptors complexes function different in the diverse plant tissues under altered 
conditions, and it is important to note that just an excess as much as a lack of BRs are 
both negative for the primary root development (Planas-Riverola et al., 2019). 

BR-insensitive or deficient mutants are defective in root development and size, 
showing a dwarf and short-root phenotype (Chory, Nagpal and Peto, 1991; Mouchel, 
Briggs and Hardtke, 2004). Exogenous BR treatment induces root growth at low levels 
while presenting an inhibitory effect at higher BR concentrations (Müssig, Shin and 
Altmann, 2003). Remarkably, plants treated with BRs showed a premature cell cycle exit 
that embraced meristem size and comprises root growth (Figure 1.6B) (Gonzalez-Garcia 
et al., 2011). Mathematical modelling of the cell length quantification showed that the 
root growth depends on the fine control of cell division, cell elongation and the 
extinction of the cell elongation (Pavelescu et al., 2018). Overall, all the studies revealed 
that an accurate equilibrium of BR levels is mandatory to become a normal plant growth 
and a healthy development. 

In the root SCN, BRs trigger the differentiation of distal stem cells and the QC cell 
division in a cell-autonomous manner, independently of other hormones as auxin and 
ethylene signaling (Gonzalez-Garcia et al., 2011). BR signaling represses BRAVO function 
prompting QC division when is necessary (Vilarrasa-Blasi et al., 2014); however, the 
origin of these signals which activate the BR pathway remains unknown (Planas-Riverola 
et al., 2019). Recent studies revealed that QC division is an autonomous process that 
implies the BRI1 function and a steroid paracrine signal which induces the BES1 
activation in the QC cells to divide them when is required (Lozano-Elena et al., 2018). 
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Nevertheless, further studies of BR transport and production are required to advance 
on this mechanism (Vukašinović and Russinova, 2018). 

 
 

 

 
 
Figure 1.6: BR controls different processes in the primary root.  
A) BRs are key regulators of cell division, cell elongation, and differentiation (Planas-
Riverola et al., 2019). B) Normal cell cycle progression at the root tip regulated by the 
BR signalling pathway, ensuring the balance between stem cell renewal and 
differentiation rates (Gonzalez-Garcia et al., 2011). 
 
 

It is essential to note that only BRs seem to alter the expression of the regulators 
of the SCN, such as SCR and WOX5, for the maintenance of stem cell identity and 
organization (Hacham et al., 2011). An optimal BR level is limiting for auxin 
transcriptional responses (Mouchel et al., 2006)and related to ethylene biosynthesis and 
response in roots (Müssig et al., 2003). BRs and auxins together are reported to be 
involved in the vascular patterning in Arabidopsis stem (Ibañes et al., 2009). It was also 
demonstrated that exists a direct BR-ethylene feedback loop and a complex interaction 
with auxin and ABA, suggesting that BR is involved in multiple hormonal pathways 
(Ephritikhine et al., 1999). However, the analysis of auxin and ethylene resistant mutants 
points to the existence of independent BR-regulated root growth (Clouse, 1996). 
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Recent studies have started to explain the mechanisms of BR-signaling regulation 
in plant adaptation to environmental changes as biotic (De Bruyne et al., 2014) and 
abiotic (Lozano-Durán and Zipfel, 2015) stresses (Planas-Riverola et al., 2019). 
 
 
1.5 Conclusions and perspectives 
 

The concept of cellular quiescence is continuously changing over time. A decade 
ago it was accepted that cells become quiescent by default; currently is believed that 
stem cells adopt a quiescent state to preserve some key functions. Historically, the G0 
phase was assumed as an inactive non-cycling state where cells exited the cell cycle. The 
discovery of a new G0 phase namely the quiescent state where cells re-enter the cell 
cycle in response to normal physiological stimuli opened new insight into the molecular 
control of quiescence. 

The current technical innovations in -omics approaches together with the 
combination of biological experiments and modelling is critically benefiting our 
knowledge of hormonal control of plant development. Besides, the advance in the 
molecular mechanisms involving stem cell quiescence is necessary to understand the 
tissue regeneration mechanisms and its connections with physiological and pathological 
settings during aging. BRs are fundamental pieces for a normal plant development, and 
even more under stress conditions. Controlling the BR signalling response could be a 
strong instrument for understanding plant adaptation and evolution. 
 

Nowadays there is a growing number of known essential genes involved in stem 
cell maintenance. Although much remains to be uncovered about the signals required 
to maintain the quiescence, deciphering the BRs-mediated quiescence regulation may 
lead to new strategies for the natural plant grow and tissue reparation upon injury.  
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Objectives 
 
 

The general objective of this PhD Thesis was to investigate the molecular bases 
of the BRAVO action in the stem cells of the Arabidopsis primary root. To this end, the 
following specific objectives have been accomplished: 
 
 

1. Investigate the role of Brassinosteroids in stem cell division regulated by 
BRAVO. 

 
2. Biochemical characterization of BRAVO complex in vitro and in vivo. 

 
3. Functional characterization of BRAVO interactors by genetic analysis. 
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Chapter 2. Identification of BRAVO interactors 
 
2.1 Introduction 
 

Plant continuous growing requires a robust regulatory network to keep the 
balance between pluripotent stem cells and differentiating daughters (Cheung and 
Rando, 2013). The detailed study of this network provides a unique opportunity for 
comparing the different strategies developed by the animal and plant kingdoms, 
offering us a different light of stem cell behaviour (Heidstra and Sabatini, 2014). 

In living organisms, most cellular functions are carried out through protein 
complexes. That is why the study of the “protein-protein interaction networks” is 
necessary to understand the spatiotemporal protein interaction implied on the diverse 
biological processes (Long et al., 2018). 

Emerging tools in biochemistry have allowed the design of improved techniques 
for the purification of protein complexes for the study of “protein-protein interactions” 
with unprecedented resolution (Long et al., 2018). The increased sensitivity of protein 
purification procedures as immunoprecipitation (IP) and Liquid chromatography–mass 
spectrometry-associated techniques (LC-MS/MS) (Karlova and de Vries, 2006; 
Smaczniak et al., 2012) with the increased sensitivity of mass spectrometers have 
enhanced protein complex detectability (Bensimon et al., 2012; Lee et al., 2012; Pardo 
and Choudhary, 2012). Despite the technical advances, for low abundance protein 
complexes, these biochemical methods remain challenging. 

Bimolecular fluorescence complementation (BiFC) assays are commonly 
engaged to visualize protein interaction in living cells, in which two non-fluorescent 
fragments of a fluorescent protein form a bimolecular fluorescent complex when an 
interaction takes place (Hu, Chinenov and Kerppola, 2002; Lalonde et al., 2008; 
Horstman et al., 2014; Xing et al., 2016). Nowadays we can use other strategies that 
provide stable means of visualization and also quantification in living cells, as Förster 
resonance energy transfer (FRET) (Weidtkamp-Peters and Stahl, 2017). FRET can detect 
protein interaction between fluorophore-tagged candidate proteins by measuring the 
energy transfer from an excited donor to a non-excited acceptor (Förster, 1948; Long et 
al., 2018). To raise weak signals from low expressed proteins under native conditions, 
FRET can be also quantified by measuring the fluorescence lifetime decrease of the 
donor molecules by fluorescence lifetime imaging microscopy (FLIM) (Gadella et al., 
1993). Currently is possible to use in vivo FRET–FLIM to observe cell-type-specific 
conformational changes of protein complexes to reveal spatial partitioning of protein 
interactions concerning the specification of cell fate (Long et al., 2017). The usage of this 
non-invasive approach together with other biochemical tools will provide new 
information while allows us to advance in the knowledge of transcription factors 
complexes at molecular levels. 
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It is known that BES1 protein physically interacts with BRAVO in vivo and 
represses it activity, running as a switch that preserves the QC divisions. That suggests 
that BR signaling represses the BRAVO activity promoting QC divisions (Vilarrasa-Blasi et 
al., 2014). Recent studies provided evidence of the BES1-TPL interaction through the 
EAR motif, which is required to preserve the low QC cell division rates. It has also been 
demonstrated that TPL can bind to the BRAVO promoter (Espinosa-Ruiz et al., 2017). 
That led us to ask whether BRAVO directly interacts with this co-repressor. 

Although PLT1 and PLT2, as well as SHR and SCR, are all crucial for stem cell 
maintenance, these two groups of transcription factors control different enhancer-trap 
markers for the organizing cells and the loss of each group affects the maintenance of 
the stem cell pool at different rates. This difference indicates that the PLT and SHR–SCR 
pathways do not fully converge on the same set of target genes (Scheres, 2007). 

Another component with a direct function in stem cell signaling is WOX5 which 
plays a key role in CSC identity and promotes stem cell fate (Sarkar et al., 2007; Vilarrasa-
Blasi et al., 2014). 

Since all these transcription factors play a significant role in stem cell 
maintenance, we raised the hypothesis of whether BRAVO is a central component of 
this transcriptional network in the SCN. In this context, we started to dissect the cell-
specific gene regulatory network controlled by BRAVO in order to decipher the QC cell 
division mechanism, treating this circuit at both the transcriptional and protein levels. 
To this aim, we identified some putative BRAVO interactors through a native BRAVO 
complex IP and an exhaustive screening in Yeast. 
 
 
2.2 Identification of BRAVO protein complex 
 

In the Arabidopsis plant structure, BRAVO is weakly expressed in seeds, siliques, 
in the plant embryo, shoot apex and in first stages of flowers (Figure 2.1). 

In roots, BRAVO is specifically located in the QC and the vascular initial cells 
(Figure 2.2A,B). To reveal this specific localization, a chimeric protein consisting in the 
full-length sequence of BRAVO protein was fused to a green fluorescent protein (GFP) 
at the C-terminal end, under the control of the native promoter consisting of 2 Kb 
upstream of the start codon of BRAVO (Vilarrasa-Blasi et al., 2014). Root analysis of 6-
day-old plants revealed the presence of pBRAVO:BRAVO-GFP in the nuclei of the QC and 
vascular initials in the root meristem (Figure 2.2C,D). The localization of BRAVO-GFP 
protein fusion in stable T4 homozygous plants was shown to complement bravo 
mutants, as these plants show a similar QC division rate as the WT (Figure 2.2E,F) 
(Vilarrasa-Blasi et al., 2014) thus indicating that an extra copy of BRAVO complement 
the bravo mutation. 
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Figure 2.1: BRAVO expression chart in Arabidopsis plant structure.  
BRAVO developmental map generated by eFP Browser at bar.utoronto.ca 
(https://www.arabidopsis.org/servlets/TairObject?id=134908&type=locus) 
Yellow colour means no expression in the tissue, while red indicates the highest 
expression available. A colour scale is shown on the left down.  
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Figure 2.2: BRAVO expression pattern in the Arabidopsis root tip.  
A) BRAVO expression is restricted to vascular initial and QC cells of the root apical 
meristem. B) Transversal section of pBRAVO:GFP;Col-0 in the root tip, at the end where 
we can just find the QC. C) BRAVO protein is localized at the nuclei of vascular initials 
and QC cells, with a low expression rate. This weak signal is observed in the transverse 
confocal section (D). E) The pBRAVO:BRAVO-GFP exogenous protein complement the 
bravo high QC divided phenotype. A similar weak signal is seen in the transversal section 
in the bravo mutant background (F). Scale bar: 50 µm.  
 

 
Microscopic analysis of BRAVO subcellular localization through transient 

expression of a 35S:BRAVO-GFP construct in Nicotiana benthamiana leaves revealed 
that BRAVO protein is expressed in the nucleus (Figure 2.3A), in comparison with the 
plant transfected with the fusion protein 35S:GFP that express only in cytosol (Figure 
2.3B). Those results are in agreement with previous  localization analysis in Arabidospis 
(Vilarrasa-Blasi et al., 2014). 
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Figure 2.3: BRAVO expression pattern in Nicotiana benthamiana leaf. 
A) Transient expression analysis in N. benthamiana leaves shows that a 35S:BRAVO-GFP 
fusion protein localizes in the nucleus. B) N. benthamiana transfected with 35S:GFP as 
control of transformation displays a cytosol localisation. Scale bar: 50 µm 
 
 

Previously work in the lab led to the identification of BRL3 receptor interactors 
by immunoprecipitation followed by mass spectroscopy analysis, which have been 
essential for understanding BR signal transduction in the plant (Fabregas et al., 2013). 
Here, we decided to take a similar approach to reveal the  nature of the BRAVO complex. 
Thus, order to identify the protein network that regulates the quiescence in the root 
associated with BRAVO, we used IP and LC-MS/MS techniques (Karlova et al., 2006; 
Smaczniak et al., 2012). 

For this purpose, 5-day-old pBRAVO:BRAVO-GFP seedlings were used to purify 
the native BRAVO complex by IP using immobilized anti-GFP antibodies (see Material 
and Methods). As BRAVO is only expressed in the SCN, we craved to collect only the root 
tips. For this aim, we set this reduced growing time to focus only in the primary root QC. 
Decreasing the growing period avoids the development and growth of other root tissues 
that does not express BRAVO protein, thus decreasing the introduction of interferences 
in our system. Col-0 seedlings were used as a control to exclude proteins that could bind 
in a non-specifically manner to the anti-GFP beads (plants with the same ecotype and 
same growth conditions). Furthermore, another control was introduced using 
pBRAVO:GFP seedlings as tagged-protein control to avoid false positives as GFP-
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interactors. A total of two independent biological replicates were done for BRAVO, GFP 
and WT complexes purified together. 

The resulting peptides were measured by LC-MS/MS. Quantitative analyses 
resulted in a selection of 23 statistically significant BRAVO candidate interactors, but 
neither BRAVO nor its GFP-tagged version were found between the enriched protein 
fractions (Figure 2.4). We resolved that peptide measurements by LC-MS/MS of native 
BRAVO IPs only yielded a few proteins besides the BRAVO bait. Among them, we found 
several Jacalin-related-protein, certain Beta-glucosidase and other ribosomal proteins 
(Table 2.1). Jacalin-related proteins are widely distributed carbohydrate-binding 
proteins in the plant kingdom, which play key roles in development and pathogen 
defence (Aguilar et al., 2008). Beta-glucosidase are enzymes which catalyses the 
hydrolysis of terminal non-reducing residues in β-glucosides, being indispensable in the 
carbohydrate metabolism (Aguilar et al., 2008). And the ribosomal proteins are known 
for being necessary in ribosome assembly and protein translation, while being involved 
in pathological processes. Altogether, these components seem to be not related with 
our aim of study, and they could also be noise or false positive results as a consequence 
of the weak native BRAVO expression. 

 
 

 
Figure 2.4. IP of the BRAVO complex from Arabidopsis primary root. 
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Plot shows protein abundance ratios of BRAVO candidate interactors (x axis) compared 
to the GFP negative control pBRAVO:GFP. The intensity of these values was calculated 
using MaxQuant software. The quantitative analyses selected a total of 23 statistically 
significant BRAVO candidate interactors with a t-test <0.05 represented as orange dots. 
The remaining proteins were considered to be less likely BRAVO interactors (blue dots).  
 
 

 
Table 2.1: Summary table of BRAVO candidate interactors obtained by the BRAVO 
complex IP in Arabidopsis primary root. 
 
 
2.3 BRAVO interactors screening in yeast 
 

Given the low yield of in vivo experiments, we decided to carry out an exhaustive 
screening for BRAVO interactors in yeast, using Yeast-two-hybrid (Y2H) screening 
method (Hybrigenics Services S.A.S., Evry, France (http://www.hybrigenics-
services.com)). We performed the ULTimate Y2H (Hybrigenics, UK) experiment which is 
the most optimized version of the Y2H technology to date. It optimized cell-to-cell 
mating protocol guarantees the exhaustive screening of highly complex libraries with 
the BRAVO bait (See Material and Methods). 

The Y2H screening from BRAVO against a seven-days-old Arabidopsis seedlings 
library carried out 88.2 millions of analysed interactions and allowed the identification 
of 37 putative BRAVO partners corresponding to five different proteins (Figure 2.5, Table 

Gene Locus Protein names Protein IDs Gene names Ratio t.test  log Ratio pvalue
AT1G18540 60S ribosomal protein L6-1 Q9FZ76 RPL6A 0,7950 0,0000 -0,0996 6,3594
At1g58270 ZW9 protein Q9SLV3 ZW9 1,2754 0,0000 0,1056 6,2850
AT5G35940 Jacalin-related lectin 41 Q9FGC5 JAL41 1,1632 0,0000 0,0656 4,7139
AT1G66280 Beta-glucosidase 22 Q9C8Y9 BGLU22 1,0700 0,0003 0,0294 3,5720
AT3G09260 Beta-glucosidase 23 Q9SR37 BGLU23 1,0558 0,0003 0,0236 3,5520
AT2G25980 Jacalin-related lectin 20 O80998 JAL20 1,0786 0,0004 0,0329 3,3931
AT1G66270 Beta-glucosidase 21 Q9C525 BGLU21 1,0721 0,0006 0,0302 3,2343
AT3G16460 Jacalin-related lectin 34 O04310 JAL34 1,0638 0,0006 0,0269 3,2155
AT3G57150 H/ACA ribonucleoprotein complex subunit 4 Q9LD90 CBF5 0,9408 0,0007 -0,0265 3,1462
AT1G44910 Pre-mRNA-processing protein 40A B6EUA9 PRP40A 0,9496 0,0014 -0,0224 2,8523
At3g46030 Histone H2B Q9LZT0 H2B 0,9665 0,0024 -0,0148 2,6173
AT3G16450 Jacalin-related lectin 33 O04311 JAL33 1,0696 0,0025 0,0292 2,6093
AT4G33865 40S ribosomal protein S29 Q680P8 RPS29A 0,9414 0,0045 -0,0262 2,3478
AT1G61580 60S ribosomal protein L3-1 P17094 ARP1;RP1 0,9518 0,0053 -0,0215 2,2792
AT1G14320 60S ribosomal protein L10 Q93VT9 RPL10A 0,9544 0,0100 -0,0203 2,0000
AT1G20920 DEAD-box ATP-dependent RNA helicase 42 Q8H0U8 RH42 0,9648 0,0107 -0,0155 1,9697
AT5G02450 60S ribosomal protein L36 Q9M352 RPL36B 0,9599 0,0112 -0,0178 1,9500
AT3G05560 60S ribosomal protein L22-2 Q9M9W1 RPL22B 0,9759 0,0140 -0,0106 1,8530
AT3G16420 PYK10, Jacalin-related lectin 30 O04314 PBP1 1,0553 0,0145 0,0234 1,8387
AT1G27400 60S ribosomal protein L17-1 Q93VI3 RPL17A 0,9622 0,0149 -0,0167 1,8272
AT5G59850 40S ribosomal protein S15a P42798 RPS15AA 0,7609 0,0216 -0,1187 1,6659
At2g44120 60S ribosomal protein L7 P60040 RPL7B 0,9480 0,0259 -0,0232 1,5862
AT1G33790 Jacalin-related lectin 4 Q9LQ31 JAL4 1,1928 0,0262 0,0766 1,5816
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2.2). Only one protein showed very high confidence in the interaction (marked with a 
red A and a black bracket) (Table 2.3). The other fragments represented in the screen 
present the lowest confidence in the interaction that means a possible false positive 
interaction or a hardly detectable by Y2H technique interaction (Table 2.3). 

An interesting results of the Y2S was the identification of the transcriptional co-
repressor TOPLESS (TPL), thus we continue the study and explored the biological 
relevance of the interaction.  
 

 
Figure 2.5: Summary results of the Y2H screening from BRAVO against the Arabidopsis 
thaliana seedlings library.  
Scheme of the Y2H screening result. 
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Table 2.2: Summary table of BRAVO candidate interactors showing the Gene Locus, 
Protein names and IDs. 
 

Table 2.3: Summary table of BRAVO candidate interactors identified by Y2H.  

Gene Locus Protein names Protein IDs Gene names 
AT4G27585 Stomatin-Like protein (SLP1) Q93VP9 SLP1 
AT1G15750 TOPLESS (TPL) Q94AI7 TPL 
AT4G13770 Cytochrome P450 family 83 subfamily A P48421 CYP83A1 
AT4G34450 Coatomer gamma-2 subunit, putative Q0WW26 T4L20.30 
AT2G16060 HB1 hemoglobin 1 (AHB1) O24520 AHB1 
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The eight selected sections corresponding to TPL protein are giving the only interactor 
candidate that showed very high confidence in the protein interaction with the BRAVO 
bait. 
 
 
 
2.4 BRAVO interacts in vivo and in vitro with WOX5, BES1 and TPL transcription factors 
 

In order to confirm the newly identified BRAVO complex interactor, we 
investigated whether BRAVO directly interacts with the co-repressor TPL. In Vilarrasa-
Blasi et al., 2014 was shown by a transient transactivation and a co-IP that BRAVO and 
BES1 directly interact. Knowing the interaction of BRAVO with BES1  and the previous 
results that showed us the interaction between TPL and BES1 through the EAR domain 
(Espinosa-Ruiz et al., 2017), we wanted to test whether it would be possible that all 
these pieces could fit together. We also introduced WOX5 and PLT3, key proteins in the 
QC division control process to help to clarify the BRAVO scenario.  

We analysed the interaction of all these proteins by using in vitro and in vivo 
technics, (i) Y2H assay, (ii) using bimolecular fluorescence complementation (BiFC) in 
Nicotiana benthamiana leaves and (iii) by Fluorescence Resonance Energy Transfer 
(FRET) combined with Fluorescence Lifetime Imaging (FLIM) studies. 
 
 
Yeast two-hybrid assay confirmed BRAVO interaction with TPL 
 

As shown in Figure 2.6A, our results reveal that BRAVO interacts directly with 
TPL, with WOX5 and weakly with PLT3 by Y2H assay. It was previously reported by 
Vilarrasa-Blasi et al., 2014 that BRAVO interacts with BES1. Here, using Y2H we detected 
that BRAVO directly interact with BES1 and stronger with the dephosphorylated and 
active form BES1-D. Nevertheless, BRAVO does not interact with the BES1-EARm, where 
core Leucine residues in the EAR motif were substituted by Alanine. In addition, BES1 
interacts with PLT3, and likewise with TPL in accordance to Espinosa-Ruiz et al., 2017. 
TPL and PLT3 both interact stronger with BES1-D, but do not interact with the BES1-
EARm (Figure 2.6B). 

Altogether, an interaction of BRAVO with TPL, WOX5, PLT3 and BES1 was found 
by Y2H, considering that some of them interact with each other’s, and taking in account 
the importance of the EAR domain from BES1 for it interaction. 
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Figure 2.6: BRAVO interactions by Y2H 
A) Y2H assay showing BRAVO interaction with TPL, WOX5 and with PLT3. B) BES1 was 
observed to interact with BRAVO, TPL, and PLT3 depending on the presence of the EAR 
domain. Yeast cells were grown on the synthetic dropout minimal medium lacking Leu 
and Trp (-LW) or synthetic dropout without Leu, Trp and His (-LWH). 
 
 
BiFC confirm the interaction of BRAVO with BES1 and with TPL 
 

To further confirm the recently detected interactions, a BiFC system was 
designed to assess the observed interaction between BRAVO and WOX5 and the other 
components in planta. BRAVO and WOX5 were fused at their C-and N-terminal with 
either the N- or C- terminal part of an improved version of YFP (it gives a brightest signal 
since it presents a 3X fluorescence tagged protein). The resulting fusion protein were 
transiently expressed in N. benthamiana leaves and analysed using confocal microscopy. 
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The fluorescence was detected 48 h post agroinfiltration and the confocal images let us 
see the BiFC showing BRAVO interaction with BES1 and TPL (Figure 2.7A). Besides, we 
observed the BiFC showing WOX5 interaction with BES1 and TPL (Figure 2.7B). BES1 and 
TPL were assayed as control of positive interaction (Figure 2.7C) in agreement with 
(Espinosa-Ruiz et al., 2017). 

These results confirm the interaction in planta of BRAVO and WOX5 with BES1 
and TPL. Our analysis fails to detect BRAVO interaction with WOX5, suggesting that an 
additional component may be required . 
 

 
 
Figure 2.7: BiFC validation analysis in N. benthamiana leaf epidermal cells 
A) N. benthamiana leaves infiltrated with the BRAVO-eYFPC and both BES1 and TPL-
eYFPN constructs showing nuclear fluorescence. B) N. benthamiana leaves showing 
WOX5 interaction with BES1 and TPL. C) Interaction between BES1 and TPL fused to 
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eYFPC and eYFPN constructs showing nuclear fluorescence was used as a positive 
control of interaction (Espinosa-Ruiz et al., 2017). Scale bar: 50 µm. 
 
 
 
FRET-FLIM ratify the interaction of BRAVO with WOX5 
 

To confirm these results in vivo, we decided to test them by FRET-FLIM, 
measuring the GFP fluorescence lifetime in transiently expressing N. benthamiana leaf 
epidermal cells. FLIM microscopy allowed the selection of certain fluorescence areas 
where mVenus was imaged. The co-localization of Venus-tagged BRAVO with itself 
(Figure 2.8A) was used as control, while positive interaction was observed in leaves 
expressing WOX5 (Figure 2.8B), BES1 (Figure 2.8C),  BES1-D (Figure 2.8D), and TPL 
(Figure 2.8E) fused all of them to mCherry. The average lifetimes of the BRAVO-mVenus 
fluorescence of all double-transfected cells combinations were measured and compared 
to the BRAVO-mVenus control (Figure 2.8A). Significantly reduced fluorescence lifetimes 
were found between all the analysed BRAVO pairs (Figure 2.8K) confirming their in vivo 
interaction. 

Positive interaction was also detected for the WOX5 pairs: WOX5-mV/BRAVO-
mCh (Figure 2.8G), WOX5-mV/BES1-mCh (Figure 2.8H), WOX5-mV/BES1-D (Figure 2.8I) 
and WOX5-mV/TPL-mCh pairs (Figure 2.8J). 

 
Overall, these results confirmed the interaction of BRAVO with WOX5, BES1, 

BES1D and TPL; and the interaction of WOX5 with BRAVO, BES1, BES1D and TPL. Given 
that the transcriptional complex formed by BRAVO and its partners is central for the 
control of stem cell development in plants, in the following experiments, we aimed at 
addressing the biological relevance of these findings. 
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Figure 2.8: BRAVO interact with WOX5, BES1, BES1D and TPL  
FRET-FLIM confocal merged images from N. benthamiana leaf epidermal cells 
transfected with BRAVO-mVenus, alone (A) or co-expressing with WOX5 (B), BES1 (C), 
BES1-D (D) and TPL (E) all fused to mCherry. Interaction of WOX5 with itself (F) or 
interacting with BRAVO (G), BES1 (H), BES1-D (I) and TPL (J) measured by FRET-FLIM. 
GFP fluorescence lifetime τ [ns] was measured in transiently expressing N. benthamiana 
leaf epidermal cells. GFP fluorescence lifetime fitted pixel-wise with a mono-exponential 
model of BRAVO and WOX5 interactions. mV, mVenus; mCh, mCherry. Scale bar: 5 µm. 
K) Fluorescence-weighted average lifetimes of BRAVO and WOX5 interactions fitted 
with a double-exponential model of the indicated samples are summarized in box plots. 
Statistical significance was tested by one-way ANOVA with a Sidakholm post-hoc test. 
Different letters indicate statistically significant differences (p<0.01; n>20). 
 
 



 29 

2.5 Conclusions and perspectives 
 

In summary, FRET-FLIM and Y2H assays show that BRAVO can directly interact 
with WOX5 (Figures 2.6A, 2.8B and 2.8G). It is known that the BES1/TPL complex acts as 
a transcriptional repressor of BRAVO during QC divisions through the BR signalling 
cascade (Vilarrasa-Blasi et al., 2014; Espinosa-Ruiz et al., 2017). By the other side, it has 
been also published that the active BES1 form (BES1-D, dephosphorylated) directly 
interacts with BRAVO (Vilarrasa-Blasi et al., 2014) and that TPL directly interacts with 
WOX5 (Pi et al., 2015). Therefore, it lets us think about the possibility of all these 
components being part of the same transcriptional complex. We found that BRAVO and 
WOX5 can directly interact with BES1, having a stronger interaction with the active form 
BES1-D (Yin et al., 2002) (Figures 2.8C,D, H, I and K). These results are in agreement with 
Vilarrasa Blasi et al., 2014, and support that the EAR domain of BES1 is necessary for 
BES1/BRAVO interaction (Figure 2.6). Our analysis shows that BES1 interacts with WOX5 
in FRET-FLIM (Figures 2.8H,I and K) and in BiFC assays (Figure 2.7B), at a similar level as 
BRAVO (Figures 2.8C, 2.8D, 2.8K and 2.7A), and that this interaction is stronger with 
BES1-D (Figures 2.8H, I and K). Moreover, both BRAVO and WOX5 also interact with the 
co-repressor TPL (Figures 2.6, 2.8E, 2.8J, 2.8K,  and 2.7A,B). 

Overall, our data indicates that BRAVO and WOX5 directly interact and could be 
part of the BES1/TPL transcriptional complex at the SCN. 
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Chapter 3. BES1-TPL interaction is essential for QC divisions in Arabidopsis roots 
 
 
3.1 Introduction 
 

BRs control root growth through regulating several gene expression. The BR 
perception triggers a signaling cascade which leads to the accumulation of BES1 and 
BZR1 in the nucleus, two homologous transcription factors which moderate the 
expression of thousands of developmental key genes, and eventually repress BR 
biosynthesis (Yin et al., 2005). Both transcription factors present a conserved EAR motif 
in the C-terminal region (ERF-associated amphiphilic repression motif) which provide 
the capacity to bind a wide range of different transcription factors families (Guo et al., 
2005; Yin et al., 2005; Oh, Zhu and Wang, 2012). However, BES1 and BZR1 play 
independents roles in other processes such as BES1 attenuation of ABA signaling and 
BZR1 repression of immune signaling (Lozano-Durán et al., 2013; Espinosa-Ruiz et al., 
2017). 

TPL and it TOPLESS-RELATED (TPR) binds a wide range of transcription factors via 
their EAR motifs repressing downstream targets, regulating gene expression in 
hormone-response pathways (Long et al., 2006; Kagale and Rozwadowski, 2011; Wang 
et al., 2013). 

In the root SCN, altered BR levels lead to a signalling cascade which causes cell 
proliferation changes and increases QC division rates through an independent cell-
autonomous pathway (Gonzalez-Garcia et al., 2011; Lee et al., 2015). Although the QC 
cells present a very low division rate (Dolan et al., 1993; Van Den Berg et al., 1995), 
increasing BR levels induce QC division through a fine mechanism controlled by BRAVO 
(Vilarrasa-Blasi et al., 2014). BRAVO acts as a molecular repressor of steroid-mediated 
QC divisions together with BES1, establishing a smooth signaling module which adapt to 
environmental changes, and guarantees the QC low division rates (Vilarrasa-Blasi et al., 
2014). 

Recent studies show evidences of TPL/TPR and BES1/BZR1 control of cell division 
in response to BRs, and we focused in the joint function of TPL and BES1 in BR-regulated 
expression in the root meristem (Espinosa-Ruiz et al., 2017). 
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3.2 TPL regulates QC cell division through BES1-mediated suppression of BRAVO 
 

In the SCN, BRAVO represses QC division in a cell-specific manner (Vilarrasa-Blasi 
et al., 2014). Computational simulations predicted a fine mechanism for BR-controlled 
divisions, indicating that the BRAVO/BES1 interaction defines a switch that control QC 
divisions in the root meristem (Vilarrasa-Blasi et al., 2014). 

In order to understand the role of TPL in BR-mediated control of quiescence, we 
studied the SCN anatomy of six-day-old seedlings using a modified Pseudo Schiff-
propidium iodide staining (mPS-PI (Truernit and Haseloff, 2008)). The confocal images 
showed an increased number of QC divisions in pTPL:TPL plants (plants with an extra 
copy of TPL) with a 25% of the roots presenting all divided QC cells in comparison to the 
5% in the WT (Figure 3.1). Amazingly, no QC divisions were observed in the loss of TPL 
function lines tpl1-1 OX, indicating an important role of TPL in repressing QC divisions. 
The tpl1-1 mutation has a semi-dominant character (Long et al., 2006), and the tpl1-1 
OX lines abolishes the constitutive TPL/TPR proteins response phenotype replicating a 
loss of function (Espinosa-Ruiz et al., 2017). 

Additionally, pTPL:TPL increases the QC division rate in bes1-D plants, showing 
90% of divided QCs (Figures 3.1A,C). Also interesting was the fact that the bes1-D-EARm 
lines present a WT behaviour, indicating the importance of the EAR domain in the BES1 
promotion of the QC division. 
 

To further understand if the TPL effects on QC division are BR-dependent, we 
examined whether the QC division alteration could be rescued in TPL and tpl1-1 OX by 
a treatment with exogenous Brassinolide (BL, the most active BR molecule) which 
resembles an excess of BR signalling. We also tested the lines with a Brassinazole (BRZ) 
treatment, which inhibits the BR signaling response. In the figure 3.1B is observed an 
increased QC division rate in tpl1-1 OX upon BL treatment, while the increased QC 
division of pTPL:TPL plants was partially rescued by the BRZ action (Figure 3.1C). In 
summary, all these results support the idea that there is a cooperative role of TPL and 
BES1 in promoting QC division through the BRAVO pathway. 
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Figure 3.1: TPL regulates QC cell division 
A-B) Confocal images of mPS-PI stained 6-day-old root tips. Red arrows mark the QC 
position. B) Plants treated with 0.4nM BL  or 1 µM BRZ. C) Quantification of the 
frequency of QC divisions in 6–day-old primary root tips observed from median 
longitudinal sections of each line. The percentage of QC divisions is separated in all 
divided and partially divided (n>50 of each genotype) (Espinosa-Ruiz et al., 2017). 
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3.3 TPL and BES1 together repress BRAVO expression 
 

In order to better analyse the effects of TPL in the QC division, the BRAVO GFP 
reporter line was crossed into the TPL lines pTPL::TPL and tpl1-1 OX backgrounds. The 
confocal images of pBRAVO:GFP in the pTPL::TPL roots showed a decrease GFP signal in 
comparison to the WT, indicating that an increase of TPL levels leads to the BRAVO 
repression in its native domain (Figure 3.2A). Unluckily, the pBRAVO:GFP was silenced 
in the tpl1-OX lines and it was not possible to quantify the GFP expression of BRAVO on 
these plants. 

To confirm the BRAVO reduction in these plants, Western Blot analyses were 
carried out in pBRAVO:GFP plants under WT and pTPL::TPL backgrounds. In addition, 
these lines were treated with BL, known to repress BRAVO expression in the SCN. The 
results confirmed that TPL decreases the BRAVO signal similar as previously reported in 
WT in response to a BL treatment (Figure 3.2B). Furthermore, BL also supresses BRAVO 
expression under pTPL::TPL background, indicating that BL causes an additive effect in 
the suppression of BRAVO expression by TPL. 
 
 

 
 
 
Figure 3.2: TPL and BES1 repress BRAVO expression 
A) Confocal images of PI-stained 6-day-old roots. GFP-tagged expression is shown in 
green. BRAVO expression is restricted to vascular initial and QC cells of the root apical 
meristem. Scale bar: 30 µm. B) Western Blot of pBRAVO:GFP expression level in WT and 
pTPL::TPL background roots. The antibody anti-RPT5 was included as loading control 
(Figure adapted from (Espinosa-Ruiz et al., 2017). 
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3.4 Conclusions and perspectives 
 

The transcription factor BES1 is a fundamental piece in the BR signalling pathway, 
functioning as transcriptional regulator of many plant basic processes. Recently it has 
been demonstrated that its anciently conserved EAR domain is necessary for its 
transcriptional activity leading to the binding to others key components, such as the co-
repressor TPL (Oh et al., 2014; Espinosa-Ruiz et al., 2017). In addition, using biochemical 
and genetical approaches, it has been demonstrated that TPL and BES1 form a complex 
which suppresses BRAVO expression and altogether function as an activation 
mechanism for QC division (Espinosa-Ruiz et al., 2017). 

Altogether, these data unveil a novel cell-specific function of BES1-TPL together 
in the SCN, however, further studies will bring us closer to understand the fine QC cell 
division regulation mechanisms in plants. 
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Chapter 4. BRAVO and WOX5 interaction is essential for stem cell fate 
 
 
4.1 Introduction 
 

A proper balance between stem cell quiescence and proliferation ensures 
organismal longevity and prevents both genetic damage and stem cell exhaustion 
(Stuart and Brown, 2006; Cheung and Rando, 2013). Whereas it is not an essential 
characteristic that defines stem cells, the loss of quiescence results in cell depletion and 
the incapacity of tissue replenishment after damage (Cheung and Rando, 2013). 
Currently is accepted that plant cells adopt the quiescent state to preserve key 
functional features. 

Whereas exists plenty information about the mechanisms that maintain the 
quiescence and contribute to the QC identity, less is known about the responsible 
authors of the QC cell division upon environmental changes. 

BRAVO is a cell-specific repressor of BR-mediated divisions in the SCN which 
transcription is downregulated by BRs in a dose and time-dependent manner. It is also 
known that BRAVO functions to restrict quiescence and ensures the maintenance of 
regeneration potential of stem cells upon damage (Vilarrasa-Blasi et al., 2014). 

WOX5 maintains stem cells in the root meristem while the loss of WOX5 function 
triggers terminal differentiation in distal stem cells and proximal meristem. Conversely, 
gain of WOX5 function blocks differentiation of distal stem cell descendants that 
normally differentiate (Sarkar et al., 2007). Accordingly, WOX5 expression in the QC is 
required for root meristem development. 

BRAVO and WOX5 are two important transcription factors that maintain the 
homeostasis in the SCN by repressing the QC division. The expression of BRAVO is 
directly repressed by BES1, together with its corepressor TPL (Vilarrasa-Blasi et al., 2014; 
Espinosa-Ruiz et al., 2017). Remarkably, WOX5 levels are oppositely regulated by BRs 
than in BRAVO (Gonzalez-Garcia et al., 2011; Vilarrasa-Blasi et al., 2014). Although 
BRAVO and WOX5 are two specific repressors of the QC division which have been long 
studied, their molecular interaction and its significance has not been founded yet. 
Knowing that BRAVO and WOX5 can directly interact biochemically, we decided to 
evaluate the role of BRAVO and WOX5 together in the QC cells division and find their 
joint role in the SCN maintenance.  
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4.2 BRAVO and WOX5 reinforce each other at the root stem cell niche 
 

Our previous results uncover the interaction between BRAVO and WOX5. As 
both transcription factors are localized at the stem cell niche of the Arabidopsis root, we 
decided to investigate their molecular connection. We analysed their inter-dependence 
on the expression levels in the SCN by crossing wox5 and bravo mutants with 
pBRAVO:GFP and pWOX5:GFP reporters. Initially, we quantified the GFP intensity by 
measuring a REGION OF INTEREST (ROI) that comprises the SCN as indicated in Figure 
4.2. 

WOX5 expression is reported to be decreased in the bravo mutant (Vilarrasa-
Blasi et al., 2014) revealing that BRAVO controls WOX5 expression. The BRAVO 
expression reported by pBRAVO:GFP in the WT appears specifically in the QC and first 
vascular initials as previously described by Vilarrasa-Blasi et al, 2014 (Figure 4.1B). While 
an increment of BRAVO occurs in the bravo background (Figure 4.1C), in the wox5 
background we can detect a reduction of the BRAVO expression in QC cells (Figures 4.1D 
and 4.1P) that suggest that WOX5 promotes the expression of BRAVO in the QC.  

On the other side, the pWOX5:GFP expression appears restricted to the QC with 
a rough in the vascular initials (Figure 4.1E), and the bravo mutants presented a 
substantial reduction of WOX5 levels (Figures 4.1F and 4.1P). These results support that 
BRAVO is required to maintain normal WOX5 levels in the QC.  

In addition, the increased and expanded expression of WOX5 domain toward the 
QC and vascular cells in the wox5 background (Figure 4.1G), similar that appears on the 
double mutants (Figure 4.1K), suggest that WOX5 restricts its own expression in the QC, 
and BRAVO regulation on WOX5 is upstream the regulation WOX5 makes on itself. 
Accordingly, the results showed that WOX5 can induce BRAVO expression but only in 
the BRAVO native domain. 

Finally, both bravo;pBRAVO:GFP and wox5;pWOX5:GFP lines displayed increased 
levels of GFP compared to the WT controls (Figures 4.1C,G and P), thus indicating that 
both transcription factors are negatively regulating themselves. 
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Figure 4.1: BRAVO and WOX5 reinforce each other at the root stem cell niche 
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A) Schematic representation of wild-type root of Arabidopsis indicating the cell types 
mentioned in this study. B-O) Confocal images of PI-stained 6-day-old roots. GFP-tagged 
expression is shown in green. B-D) pBRAVO:GFP in WT (B), bravo-2 (C) and wox5-1 (D) 
knockout backgrounds. E-G, K) pWOX5:GFP in the WT (E), bravo-2 (F), wox5-1 (G) and 
bravo-2 wox5-1 (K) knockout backgrounds. H-J) pBRAVO:GFP treated with BL in WT (H), 
bravo-2 (I) and wox5-1 (J) knockout backgrounds. L-O) pWOX5:GFP treated with BL in 
WT (L), bravo-2 (M), wox5-1 (N) and bravo-2 wox5-1 (O) knockout backgrounds.  P) 
Quantification of the GFP fluorescence signal of the roots in B-O. Boxplot indicating the 
ratio between each mutant versus its WT in the same conditions. (n>25, 3 biological 
replicates, *P<0.05 Student´s t-test for each genotype versus WT. Scale bar: 50 µm). The 
grey circles denote fold changes in promoter expressions obtained from the 
mathematical model, indicating that it can account for all the tendencies found 
experimentally. All fold-changes are computed with respect to the WT genotypes, which 
is set to 1 and hence is not plotted. The model parameters have been selected to adjust 
to the QC where WOX5 is expressed and not to the whole SCN. Accordingly, parameter 
values yielding stronger reductions of BRAVO promoter expression in the QC than in the 
SCN of wox5 mutants have been chosen. In collaboration with Isabel Betegón. 
 
 

It has been reported that the expression of both transcription factors is regulated 
by BRs in opposite directions (Gonzalez-Garcia et al., 2011; Vilarrasa-Blasi et al., 2014). 
Therefore, we wondered what could happen with the expression of both genes in the 
mutant backgrounds in response to BL. The confocal images upon BL treatment 
indicated that the BRAVO expression was dramatically reduced in the WT and the 
mutants (Figures 4.1H,I,J), being the signal almost disappeared. Contrary, in pWOX5:GFP 
lines the GFP levels showed a notorious increment in the single and double mutants 
(Figures 4.1L, N, P,O). 

 
We found that when roots were grown with BL the changes in BRAVO and WOX5 

promoters expression in bravo mutant, wox5 mutant and double bravo wox5 compared 
to the WT exhibited the same trends as when plants were grown in control media 
without BL. Nevertheless, we noticed that the changes between the WT and bravo 
mutant were attenuated in the presence of the BL, maybe caused by the BRAVO 
decrement upon BL treat. Altogether our results suggest that the regulation of BRAVO 
and WOX5 are not significantly altered upon a BL treatment. 
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Figure 4.2: ROIs designed for the GFP fluorescence quantification 
A, B) Confocal images of PI-stained 6-day-old roots. pBRAVO:GFP (A) and pWOX5:GFP 
(B) GFP-tagged expression is shown in green. Insets show the GFP channels that were 
used for the quantification. Only the area inside the yellow circle was used for the GFP 
quantification. 
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4.3 The BRAVO-WOX5 complex can drive robustness 
 

The previous results indicate an intricate regulation between BRAVO, WOX5 and 
active BES1 both at the transcriptional and protein levels. We constructed a 
mathematical model (Methods) to evaluate a minimal set of interactions between 
BRAVO, WOX5 and active BES1 that, by including the formation of heterodimers 
(BRAVO-WOX5 and those of BRAVO and WOX5 with active BES1 each) (Figures 2.5, 2.6 
and 2.7), can account for the gene expression we observe in the QC (Figures 3.2 and 
4.2). This mathematical model was performed by physician Josep Mercadal led by Marta 
Ibañes with our experimental results in a collaboration with our laboratory (a 
multidisciplinary teamwork with the Physic department from UB). Previously reported 
interactions, such as repression of BRAVO by dephosphorylated BES1, self-activation of 
BRAVO (Vilarrasa-Blasi et al., 2014), and activation of WOX5 by active BES1 (Gonzalez-
Garcia et al., 2011) were also included (Figure 4.3). 

In the model, WOX5 (or through a downstream target) transcriptionally 
represses itself and activates BRAVO expression (Figure 4.3A). Each of these two 
transcriptional regulations models is in an explicit and direct manner the regulations 
suggested by WOX5 and BRAVO expressions in the wox5 mutant and in the WOX5 
overexpression line (Figure 4.1P). Moreover, these two transcriptional regulations 
together with the formation of the heterodimer BRAVO-WOX5 can account for the 
remaining regulations found in the bravo mutant. Specifically, in this model the 
formation of the BRAVO-WOX5 complex sequesters the WOX5 protein and hence 
impedes this protein from activating BRAVO expression and from repressing its own 
expression. Thus, BRAVO and WOX5 expressions are respectively enhanced and 
diminished in the absence of a functional BRAVO protein, as found in the bravo mutant 
(Figure 4.1P). 

Furthermore, the model interactions indicate that BRAVO is unable to activate 
WOX5 expression outside of its domain, in agreement with the results of the BRAVO 
overexpression line (Figure 4.3, (Vilarrasa-Blasi et al., 2014)). 

In addition, these model interactions drive that the wox5 and double bravo wox5 
mutants have the same changes in WOX5 expression, as found experimentally (Figure 
4.1P). 
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Figure 4.3: Regulatory interactions predicted by the mathematical model 
A) Schematic diagram depicting the interactions between active BES1, BRAVO and 
WOX5 of the mathematical model described in Methods. Normal arrows indicate 
activation, while arrows with blunt ends indicate inhibition. Dashed arrows indicate 
inhibition by heterodimer formation, while thick arrows indicate transcriptional 
regulation. B-F) Fold-changes in stationary protein levels for WT and bravo and wox5 
mutants for (B) BRAVO, (C) WOX5, (D) BES1, (E) BRAVO-BES1 and (F) WOX5-BES1. Single 
mutants induce an increase in the protein levels of the non-mutated protein, thus 
suggesting a compensatory role of these proteins. Fold-changes are computed with 
respect to the WT, which is set to 1. The corresponding values when the level of BR 
signaling is high (mimicking a BL medium) are shown in Figure 4.4. 
 
 

At high levels of BRs, the amounts of BRAVO and WOX5 that are not forming a 
heterodimer become low, partially due to the binding to BES1 which is 
dephosphorylated at a higher rate (Figure 4.4). Thus, the model indicates that the 
heterodimers of BRAVO and WOX5 with active BES1 need to have a functional role at 
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regulating BRAVO and WOX5 expression (Figure 4.4A) in order to account for the 
expression changes found in the mutants when grown with BL (Figure 4.1P). 
 

 
Figure 4.4: Protein fold changes predicted by the mathematical model when BR 
signaling is high 
A-E) Fold-changes in stationary protein levels for WT and bravo and wox5 mutants when 
the level of BR signaling is high (β=104) for (A) BRAVO, (B) WOX5, (C) BES1, (D) BRAVO-
BES1 and (E) WOX5-BES1. Fold-changes are computed with respect to the WT with low 
BR signaling (β=10-1), which is the one used in Figure 4.3. 
 
 
 

These modelling suggest that in the WT, BRAVO and WOX5 protein 
concentrations are strongly dependent on the formation of the BRAVO-WOX5 
heterodimer and that this can provide robustness to the WT plant by enabling it with a 
compensation mechanism. 

Specifically, in case of absence of either BRAVO or WOX5, the other protein 
(WOX5 or BRAVO, respectively) increases in amount (Figures 4.3B-F). This increase can 
be a mechanism to compensate the lack of one (but not both) of these proteins. 
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4.4 BRAVO and WOX5 are required to preserve QC identity and stem cell maintenance 
 

As BRAVO and WOX5 are expressed at the QC and both are repressors of the QC 
division, we aimed to understand their joint function in controlling QC divisions. For this 
purpose, we evaluated the root tips in the single mutants and in the bravo-2 wox5-1 
double mutants (Figure 4.5). The SCN anatomy was studied in six-day-old seedlings 
through the root staining and the confocal analysis of the images was used to measure 
the frequency of QC divisions and CSC layers. 

We observed an increased number of QC divisions in bravo and wox5 single 
mutants compared to WT (Figures 4.5A,B,C and E) in agreement with (Forzani et al., 
2014; Vilarrasa-Blasi et al., 2014). Strikingly, the bravo-2 wox5-1 showed the 100% of QC 
cells undergoing divisions (Figures 4.5D and E) indicating that BRAVO/WOX5 are 
essential to preserve the cellular quiescence at the root SCN. 

Besides, the joint role of BRAVO/WOX5 in the differentiation of the surrounding 
stem cells was studied in the CSC, as WOX5 has been proposed to repress CSC 
differentiation in a non-autonomous manner (Sarkar et al., 2007), while no data is 
available regarding BRAVO. The CSC differentiation was analysed by quantifying the 
number of the CSC layers (the number of cell layers between the QC and the first 
differentiated columella cells that contain starch granules). In agreement with previous 
results (Stahl and Simon, 2010), the mainly population of the wild-type plants show a 
single layer of CSCs, and around a twenty-percentage present two layers of CSCs 
adjacent to the QC. The bravo-2 was similar to the wild-type, with an 80% of roots 
presenting only one CSC layer (Vilarrasa-Blasi et al., 2014). But something different 
occurs with wox5-1. It was previously suggested that WOX5 is necessary for CSC fate. 
The wox5-1 mutant lack a distinguishable CSC layer because of their disorganization of 
the tip, and in this mutant CSCs could only exist transiently just after a QC cell division 
(Sarkar et al., 2007; Richards et al., 2015). 

Our analysis of bravo-2 wox5-1 showed a high percentage of plants that present 
no CSC layer, but also around a twenty percent of individuals that showed one layer. 
Both wox5-1 and the double mutant exhibited the CSC differentiated and consequently 
stored starch granules abnormally. The descendants of the CSC are the columella cells 
and appears distal to them, and the accumulation of starch ensures an energy storage 
while providing the capacity of gravity detection and allows gravitropism. In the root 
tips confocal photos, we can see how the WT accumulated starch granules in the 
columella cells, and so did the bravo-2 mutants. Interestingly, the double mutant root 
tips accumulated starch granules not only in the columella cells but also in the DSC layer, 
identical to the wox5-1 (Figure 4.5A-D). 

In summary, the genetic analysis indicates that bravo wox5 mutants show the 
same CSC differentiation as wox5 single mutants (Figure 4.5F), whereas no CSC 
differentiation phenotype was observed in bravo mutants (Figure 4.5F), corroborating 
that BRAVO does not control CSC differentiation (Vilarrasa-Blasi et al., 2014). 
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Together, our results indicate that BRAVO/WOX5 function is confined to the QC 
cells of the SCN. 

 

 
Figure 4.5: BRAVO and WOX5 are required to preserve the QC identity and stem cell 
maintenance. Alterations in the meristem result in differences between the mutants.  
A-D) Confocal microscopy images of median longitudinal sections of 6-day-old wild type 
(left) and mutants (right) root tips mPS-PI stained, grown in MS medium under long day 
conditions. Black arrows indicate QC cells and white arrows indicate CSC. Scale bar: 50 
µm. E) Quantification of the frequency of QC divisions in 6–day-old primary root tips 
observed from median longitudinal sections of wild type and the singles and double 
mutant bravo-2 wox5-1. The percentage of QC divisions is separated in all divided and 
partially divided. F) Quantitative analysis of the CSC differentiation in the single and 
double mutants compared with the wild type. Frequency distribution of the number of 
cell layers is given between the QC and the first differentiated columella cells that 
contain starch granules. In collaboration with Isabel Betegón. Data were obtained from 
n>30 seedlings of each type.  
 

To evaluate the local contribution of BRAVO precisely to QC division, we 
introduced the pWOX5:BRAVO-YFP transgene into WT and bravo backgrounds (Figure 
4.6 A,B). Due the WOX5 promoter high expression compared with the ones endogenous 
BRAVO promoter, the WOX5-drived expression of BRAVO resulted in its local 
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overexpression in the QC. The confocal images comparing BRAVO weak expression 
under its endogenous promoter with it enhanced expression in the pWOX5:BRAVO-YFP 
lines are shown in Figures 4.6A,C. When BRAVO is locally overexpressed using the WOX5 
promoter, a strong increase in QC division rate was observed in the WT background 
(Figure 4.6F). However, in the bravo backgrounds, this line mostly never divides it QC.  

In order to evaluate whether BL promotes QC cells division, we designed the 
assay in both lines. Upon application of exogenous BL, we observed a dramatic increase 
in the QC division rate for those plants expressing pWOX5:BRAVO-YFP in the bravo 
background but not in the WT background (Figures 4.6D,E,F). This indicates that BRAVO 
signaling in the QC alone is not sufficient to promote QC divisions, but rather additional 
external signaling is required. The fact that overexpression of BRAVO in the QC results 
in an outsized increase in QC division, with resembles to normalize with exogenous BL 
addition, indicates that BRAVO itself and not only the hormone is the limiting factor of 
QC division. 
 

 
Figure 4.6: BRAVO is a limited factor in the QC division 
A) pWOX5:BRAVO-YFP transgene into WT and B) bravo backgrounds. C) 
pBRAVO:BRAVO-GFP; Col-0 line. D) pWOX5:BRAVO-YFP; Col-0 and E) pWOX5:BRAVO-
YFP; bravo2 after 4nM BL treatment. Scale bar: 50 µm F) Quantification of the frequency 
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of QC divisions in 6–day-old primary root tips observed from median longitudinal 
sections of pWOX5:BRAVO-YFP into WT and bravo backgrounds, in normal conditions 
and until BL 4nM treatment. 
 
 
 
 
4.5 BRAVO and WOX5 at the stem cell niche are essential for root survival 
 

To divide the QC is an ancient strategy that contribute to the primary root stem 
cell pool regeneration. While loss-of-function of QC specific genes has little or no impact 
on normal root growth (Gonzalez-Garcia et al., 2011; Cruz-Ramirez et al., 2013; 
Vilarrasa-Blasi et al., 2014; Lozano-Elena et al., 2018) we found that bravo wox5 double 
mutants show slightly but significantly shorter primary roots than the WT (Figures 
4.7A,B). 

In addition, upon exogenous BL treatment, the short root phenotype of the 
double mutant is accentuated, suggesting that local action of these transcription factors 
at the SCN is required to overall BR-mediated root growth (Figure 4.7B). 

However, these differences in the root growth seems not to affect the normal 
plant development, and the single and double mutants showed a similar adult rosette 
phenotype as the WT (Figure 4.7C). 

 

 
Figure 4.7: bravo and wox5 mutants phenotypes 
A) Six-day-old seedlings of WT, bravo, wox5 and bravo wox5 mutants growing vertically 
under long day conditions. Scale bar: 10 mm. B) Root length of 6-day-old WT and bravo 
wox5 mutants in control (black) and after BL treatment (grey; n>30, 3 replicates). Error 
bars indicate the standard error. *P<0.05, **P<0.01, ***P<0.001 (Student´s t-test) C) 
24-day-old WT, bravo, wox5 and bravo wox5 plants grown under long day conditions. In 
collaboration with Isabel Betegón. Scale bar: 5 cm. 
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To study if the differences in the root length are consequence of differences in 
the meristem size, we measured the meristem length in each genotype (Figure 4.8A-D). 
However, no significant differences were found in the meristematic cell number of none 
of the single or double mutants compared to the WT (Figure 4.8E). 

These results support that the double mutant bravo wox5-1 shows a defective 
columella differentiation together with a QC usually divided, indicating an additive effect 
of the both parental lines that should imply a genetic interaction between the two 
transcription factors in the same pathway. 
 

 
Figure 4.8: Meristem analysis of bravo-2, wox5-1 and bravo-2 wox5-1 mutants in the 
primary root of Arabidopsis thaliana 
A-D) Confocal images of 6-day-old seedling roots stained with PI. Arrows indicate the 
boundary between the proximal meristem and the elongation zone of the root (the size 
of the PM region). Scale bar: 50 µm. E) Average number of epidermal cells in the root 
meristem of Col-0, bravo-2, wox5-1 and bravo-2 wox5-1 double mutant plants at 6 DAG. 
The data shown are means ± standard error (SE) (n = 30) (*P < 0.05, t-test). 

A B C D 
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As the quiescence of stem cells in the bravo wox5 roots is lost, we hypothesised 
that the stem cell renewal capacity of these plants is compromised. 

The renewal of stem cells ensures proper root growth and development 
(Scheres, 2007), and the QC is involved in this process. Given that, BRAVO and WOX5 
proteins are localized in the QC and both present a key role in the stem cell 
development, we evaluated their cooperative contribution to stem cell regeneration 
after a chemical induction of DNA damage.  

As it is known that most stem cells are selectively killed after a DNA damage 
(Fulcher and Sablowski, 2009), we used bleomycin (Bleo), a chemotherapy drug that 
causes double-stranded DNA breaks (Yi et al., 2014) in order to induce a DNA damage. 
Bleo injury especially vascular stem cells and prompts QC division (Fulcher and 
Sablowski, 2009; Vilarrasa-Blasi et al., 2014). 

The low division rate of the QC cells makes them less vulnerable to damage, as 
they are the cell reservoir to replenish stem cells when necessary (Heyman et al., 2013). 
Bleo treatment causes SSC death visible after 24h (Figures 4.9A-D and I) and root 
exhaustion observable after 72 hours of recovery in ~40% of WT plants and similar to 
single mutants bravo and wox5 (Figure 4.9J).  

Surprisingly, although the double mutant bravo wox5 suffers the same damage 
than the WT after the 24h treatment (Figures 4.9A,D and I), the majority of the roots 
appeared exhausted after recovery (~70%, Figures 4.9H and J).  

Thus, in the single mutants a compensatory mechanism seems to participate 
between BRAVO and WOX5 as no change in percentage of recovery is found compared 
to the WT. Whereas in the bravo wox5 double mutants showed compromised root 
survival upon DNA damage. 
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Figure 4.9: BRAVO and WOX5 are required for the QC identity and stem cells 
maintenance 
Confocal images of the root apical meristem of PI-stained 5-day-old roots of WT, bravo-
2, wox5-1 and bravo-2 wox5-1 mutants after 24 hours of 0.6 μg/ml bleomycin treatment 
(A-D) and 72 hours recovery in control medium (E-H). I) Quantification of the damage 
produced in the plant root meristems after 24 hours of bleomycin treatment (n>80, 5 
replicates). J) Quantification of root survival evaluated by the percentage of exhausted 
roots of each genotype after 24 hours of bleomycin treatment and 72 hours of recovery 
in control medium (n>40, 5 replicates). In collaboration with Isabel Betegón. 
Error bars indicate standard error. Scale bar: 50 μm. 
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The QC cells act as a population of healthy stem cells that will replenish the 
damaged ones to guarantee primary root survival under prolonged stress (Van Den Berg 
et al., 1997; Heyman et al., 2013; Vilarrasa-Blasi et al., 2014; Efroni et al., 2016; Lozano-
Elena et al., 2018). The increased root exhaustion found in the double mutant bravo 
wox5, where the QC is always divided, suggests that its strong QC division may drive the 
lack of healthy stem cells in the QC. This would adversely imply that these cells become 
unable to renew the damaged ones in case of injury.  

Since the limited stability of bleomycin, we decided to use zeocin in following 
experiments to investigate the specific death of root initials. Zeocin is a drug of the 
bleomycin family and likewise mimic DNA damage induced by ROS (Fulcher and 
Sablowski, 2009). 

We found that the genotoxic stress caused by zeocin treatment triggers the 
decay of BRAVO levels in the QC and SSC, and the increase of WOX5 towards the 
provascular cells (Figure 4.10A-B; as described in (Heyman et al., 2013; Vilarrasa-Blasi et 
al., 2014). The decrease in BRAVO expression and the migration of WOX5 to the 
provascular cells (Figure 4.10A-B) is similar to the one observed upon BL treatment 
(Figures 4.1H and L) (Gonzalez-Garcia et al., 2011; Vilarrasa-Blasi et al., 2014). 

 

 
 

Figure 4.10: Effect of genotoxic stress in BRAVO and WOX5 expression 
A-B) Confocal images of the root apical meristem of PI-stained 5-day-old roots of 
pBRAVO:GFP (A) and pWOX5:GFP (B) after 24 hours of 15 μM zeocin treatment. GFP-
tagged expression is shown in green. Scale bar: 50 µm. 
 

Altogether the results obtained seem to indicate that BRAVO and WOX5 together 
are required to maintain the QC homeostasis to deal with external damage. Specifically, 
they are involved in the plant recovery after a DNA double strand break in the SCN. That 
may suggest that the vascular initial renewal is being controlled from the QC. Anyway, 
due to the limited stability of the genotoxic drugs, more assays should be carried out to 
support our findings. 
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To advance in the characterization of the bravo-2 wox5-1 mutants and based on 
the lack of information available for BRAVO function in Arabidopsis, we investigated the 
development of bravo-2 and wox5-1 single mutants alongside the double mutant under 
long day growth conditions.  

As it is known that BRAVO is expressed in the plant embryo, shoot apex and in 
first stages of flowers (Figure 2.1), we explored the shoot, stem and flowers of these 
plants along the growing time. 

Compared with the WT, both bravo-2 single mutant and the double mutant 
showed early flowering in 4-week plants while the WT and wox5-1 single mutant 
flowering at the same time (Figure 4.11A-D). Thus indicating that that BRAVO acts as a 
negative regulator of flowering (Figure 4.11E), in agreement with (Chen et al., 2015) 
while WOX5 seems not to be implied. 

 
 
Figure 4.11: BRAVO is a negative regulator of flowering 
A-D) External phenotype of the adults mutants growing in a greenhouse. The bravo-2 
single mutant and the double mutant show an early flowering phenotype in 4-week 
plants under LD conditions. E) Rosette leaf number of flowering plants (n=25). Asterisk 
indicates significant difference of mutant plants to WT (t-test, P<0.05). 
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4.6 Conclusions and perspectives 
 

BRs are the steroid hormones from plants and are required for a normal growth 
and development. They control cell elongation and proliferation, and a balanced BR 
signalling is needed for an optimal root growth (Gonzalez-Garcia et al., 2011). BRAVO is 
a specific repressor of the QC division which acts in response to Brassinosteroids 
(Vilarrasa-Blasi et al., 2014) while WOX5 is expressed in the QC and controls the 
differentiation of the distal cells (Sarkar et al., 2007; Pi et al., 2015). When the BRs 
signalling pathway is activated in response to an external stress, BRAVO decreases it 
expression to lead the QC division and renovation of the stem cells (Vilarrasa-Blasi et al., 
2014). However, plants treated with BL shows that WOX5 increases its expression not 
only in its proper domain but also it expands to the vascular cells (Gonzalez-Garcia et al., 
2011). This opposite behaviour of this pair of key regulators of the SCN homeostasis, 
together with the same specific cell localisation, gave us rise to think in a possible joint 
role in the stem cell division repression and in the vascular development. In the QC our 
results showed that BRAVO and WOX5 are required together to maintain the quiescence 
state. When both genes are missing the QC always divides. In the columella cells WOX5 
have a key role while BRAVO seems no to be implied. More up in the root WOX5 seems 
to be implied in the vascular differentiation presenting different phenotypes when is 
missing, changing when adding BL. To assess this function, we induced chemically a 
genetic damage to all the mutants. The results indicate that BRAVO and WOX5 together 
are implied in the proximal stem cell recovery in response to a DNA damage, leading to 
tissue regeneration when is necessary. Going through the aerial sector of the plant, we 
investigated the behaviour of the mutants, since BRAVO is expressed in shoot apex and 
flowers. Our results evidenced that BRAVO is a negative regulator of the flowering, being 
necessary for a proper blooming time in adult plants. With this observation we 
demonstrate a fundamental repression role of BRAVO along the plant body. BRAVO 
repress flowering in SAM and QC divisions in RAM, maintaining the plant homeostasis 
and quiescence in standard conditions. However, more studies are necessary to 
elucidate the molecular pathways of both processes, signalling and other key regulators 
implied.  

The concurrence of quiescence and continue division in stem cells occurs in 
plants and animals and safeguards the replacement of damaged cells under stress 
conditions ensuring the organismal longevity. But when the balance between 
quiescence and differentiation broke, the correct development of the organism 
wobbles. All together our results provide evidence that BRAVO and WOX5 have a joint 
function in the QC division and in the proximal stem cell recovery in response to a DNA 
damage. 
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Chapter 5. Sailing into the ancient stem cell niche 
 
5.1 Introduction 
 

The evolution of land plants transformed our continental environment. The 
terrestrial plants evolved 450 millions of years ago from an ancestral charophycean alga, 
from which they inherited a bunch of biochemical and cell biological attributes 
(Delwiche and Cooper, 2015). The observation of the main characteristics of our 
contemporary plants, in comparison with the extant charophytes, makes us consider 
that probably some environmental adaptations as the radiation or drought tolerance, 
evolved previously to land plants (Hori et al., 2014). It also should be deliberated that 
roughly of our currently terrestrial plant gene families were originated from a 
charophycean ancestor (Ju et al., 2015).  

Additional adaptations to land, as biochemical and physiological variations, along 
with a complex life cycle with alternations between multicellular haploid and diploid 
generations that facilitate spores spreading, evolved in the ancestral land plant (Bower, 
1908; Bowman et al., 2017). 

 

 
Figure 5.1: Phylogenetic tree of land plant evolution 
Monophyletic land plants are nested within a charophycean algal grade. The red line 
refers to the bryophyte relationships which remain unresolved (Bowman et al., 2017). 
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The early-diverging extant land plants are the bryophytes, which lack true roots 
and real vascular tissues. This group is formed by three divisions of non-vascular 
terrestrial plants, branded as liverworts, mosses and hornworts (Figure 5.1).  

However, these relics present key innovations of land plant evolution: a 
multicellular diploid sporophyte, a gametophytic SAM, a sporophytic SAM, and cell fate 
specializations providing morphological and physiological terrestrial adaptations 
(Bowman et al., 2017). 

 
Liverworts develop short, small sporophytes, whereas hornworts develop long, 

slender sporophytes. To aid in spore dispersal, liverworts utilize elaters, whereas 
hornworts use pseudoelaters (Campbell, 1905). Liverworts are monophyletic and 
conserve ancestral characters. Besides, they exhibit a low rate of chromosomal 
evolution with no evidence of ancient polyploidy (Berrie, 1960). Furthermore, the 
molecular evolution within the Marchantiopsida is slower in comparison to other 
liverwort lineages (Villarreal A. et al., 2016). 

The Marchantiopsida clade is characterized by a complex thalloid gametophyte. 
One of its representative members, Marchantia polymorpha (Marchantia) has been 
selected as a model due its fast growth, its easy genetic manipulation in the laboratory 
(Ishizaki et al., 2016), the fact that presents a small non-redundant and sequenced 
genome and the availability of extensive literature (Bowman et al., 2016).  

Strikingly, the chromosome number of all extant liverwort lineages is nine, which 
means the absence of ancient duplications (Heitz, 1927; Berrie, 1960). That in 
comparison with other sequenced land plants reveals that Marchantia presents a lower 
genetic redundancy in most regulatory pathways, with a portion of its genome predicted 
for the ancestral land plant (Bowman et al., 2017). This makes this plant ideal for the 
study of gene evolution. 

The Marchantia genome contains 394 genes classified into 47 TF families, also 
present in other plant lands, which constitute the 2.1% of protein-coding genes 
(Bowman et al., 2017). 

The phylogenetic analysis of some TF families revealed four distinct recurring 
evolutionary patterns exemplified by clades of the MYB TF family (Bowman et al., 2017). 
The pattern two is exemplified by three clades with a phylogenetic relationship of R2R3-
MYB transcription factors (Figure 5.2) (Bowman et al., 2017). 
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Figure 5.2: Phylogenetic connection of R2R3-MYB TFs in different organisms from 
Chlamydomonas until today Arabidopsis model plant. 
Green clades refer to developmental processes while yellow ones concern to secondary 
metabolism processes (Bowman et al., 2017). 
 
 
5.2 Evolutionary analysis of BRAVO 
 

The development of a body scheme through embryogenesis implies a fine 
synchronization of cell fates according to their positions along the embryo axes. In 
animal model organisms, the egg cells accessibility has allowed the careful study of the 
primary patterning (Breuninger et al., 2008). In higher plants however, the zygote is 
quite inaccessible making difficult its investigation. The high degree of plant genetic 
redundancy also difficult the study of the regulatory mechanisms.  
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Fortunately, Arabidopsis displays an invariant cell division patterning during 
early embryogenesis, which allows the apical and basal learning of the lineages derived 
from each daughter cell (Dolan et al., 1993). 

Transcription factors (TFs) are essential regulators of gene expression. Typically 
constituted of at least two domains, one domain has an activation/repression function, 
and another is a DNA binding domain. These domains collaborate in controlling 
physiological and biochemical processes by modulating the transcription of target genes 
(Ptashne, 1988). Depending on the variety of the DNA-binding domain, the TFs are 
classified into different families or superfamilies. 

In Arabidopsis genome sequence have been identified over 1600 TF genes which 
represent around the 6% of the total gene number (Riechmann et al., 2000). The largest 
gene family described in Arabidopsis is the MYB superfamily (Riechmann and Ratcliffe, 
2000). 

In eukaryotes there are a broad extent of MYB genes, suggesting that them are 
very ancient (Yanhui et al., 2006). Amazingly, plants present a higher number of MYB 
genes than existing in other organisms (Riechmann et al., 2000). 

Plant MYB proteins are divided into three groups: R2R3-MYB, with two adjacent 
repeats; R1R2R3-MYB, with three adjacent repeats; and a heterogeneous group of MYB-
related proteins, which usually contain a single MYB repeat (Rosinski and Atchley, 1998; 
Jin and Martin, 1999; Stracke et al., 2001; Yanhui et al., 2006). 

The most studied are the R2R3-MYB genes, which are involved in multiple 
physiological and biochemical processes with key roles in primary and secondary 
metabolism, cell fate and identity, plant development, and responses to biotic and 
abiotic stresses (Jin et al., 2000; Nesi et al., 2001; Yanhui et al., 2006; Dubos et al., 2010). 
The Arabidopsis R2R3-MYB superfamily encompasses 126 members that can be grouped 
into 24 subfamilies (Figure 5.3) (Dubos et al., 2010). 

According to this classification, BRAVO (originally named MYB56) belongs to the 
subfamily 21 (S21), which consists of six additional members, being MYB110 and MYB69 
the closest relatives. 

BRAVO presents two conserved DNA binding domains consisting in the two 
adjacent repeats, an R2 domain stretch from aminoacids residues 92-139 and an R3 
domain from 145-190. These domains are SANT (switching-defective protein 3 (Swi3), 
adaptor 2 (Ada2), nuclear receptor co-repressor (N-CoR), transcription factor (TF)IIIB)) 
type (Figure 5.4), which are highly conserved motifs with a strong similarity to the DNA-
binding domains (DBD) of MYB-related proteins (Aasland, Stewart and Gibson, 1996). 
SANT domain consists of three α-helices each of which contains a corresponding, bulky 
aromatic residue (Boyer, Latek and Peterson, 2004).  

Although SANT domains present similar sequence and structure to the DBD from 
MYB, there are evidences that indicate that SANT evolved other roles additionally to 
DNA binding, such as performing as ‘molecular sensors’ (Boyer, Latek and Peterson, 
2004). 
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Figure 5.3: Schematic representation of the different R2R3-MYB subgroups.  
The tree was inferred using the neighbor-joining method and 1000 bootstraps with 
putative amino acid full length MYB sequences with Clustal X2 software (Dubos et al., 
2010). 
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Figure 5.4: Conserved SANT DNA-binding domain in MYB transcription factor family 
(https://apps.araport.org/thalemine/). 
 
 
 

Phylogenetic reconstruction of the plant BRAVO proteins and its homologues 
show the relationship between BRAVO and other R2R3 MYB TF superfamily members in 
other plant clades (Figure 5.5). To generate this phylogeny, proteins from genomes of 
completely sequenced plants species were used. 

The homologues and orthologs consisting of proteins from the evolutionary 
clades as bryophyte included Marchantia polimorpha, Physcomitrella patens and 
Sphagnum fallax and a Tracheophyte member as Selaginella moellendorffii. The study 
also took in account plant species of agronomic interest including Angiosperms as 
Brachypodium distachyon and Oryza sativa; Panicoideae as Sorghum bicolor and Zea 
mays; Eudicot as Solanum lycopersicum and Brassicaceae as Arabidopsis lyrate, ending 
with our organism from study Arabidopsis thaliana var Columbia (Col-0). 
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Figure 5.5: Phylogenetic tree of BRAVO MYB56 protein and homologues across 
different plant species.  
BRAVO phylogenetic tree including all Arabidopsis homologues and its orthologs in 
species of agronomic and evolutionary interest. Orthologs protein sequences were 
retrieved from Phytozome, aligned with CLUSTALW and the tree constructed using the 
neighbour-joining (NJ) method with MEGA. Internal branch support was estimated with 
100 bootstrap replicates. 
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5.3 Evolutionary analysis of WOX5 
 

In eukaryotes subsist a big amount of transcription factors families with 
fundamental evolving concerns. A good example is the homeobox (HB) superfamily, in 
charge of controlling first stages patterning (Gehring et al., 1990). The animal HOX 
transcription factors are HB proteins first identified in Drosophila melanogaster which 
are involved in the main body axis patterning (Gehring, 1993). In plants, HB transcription 
factors acquire multiple roles. The WUSCHEL (WUS) related homeobox transcription 
factor family (WOX) is a plant-specific subclade of the eukaryotic HB superfamily with a 
conserved DNA-binding homeodomain (van der Graaff, Laux and Rensing, 2009) (Figure 
5.6). 
 

 

 
Figure 5.6: Conserved DNA-binding homeodomain in WOX transcription factor family 
(https://apps.araport.org/thalemine/). 
 

The WOX family members are considered key regulators in plants, specialized in 
developmental processes as embryonic patterning, stem cell maintenance and organ 
formation (Haecker et al., 2004; Van der Graaff et al., 2009). 

The phylogenetic tree of the plant WOX proteins can be divided into three clades, 
termed the WUS clade, the intermediate and the ancient clade (Figure 5.7) (Van der 
Graaff et al., 2009). The ancient clade consists on WOX13-related genes and is present 
in green algae and all land plant genomes (Figure 5.8). The WUS and the intermediate 
clades derived from the ancient clade and function in transcriptional repression (Ohta 
et al., 2001) or transcriptional activation through an acidic domain (Ma and Ptashne, 
1987). 

The Arabidopsis WUS is located in the same clade as WOX5 and the rest of 
WOX1-7 proteins, in the WUS clade (Table 5.1) (Van der Graaff et al., 2009). This clade 
contains only protein sequences from flowering plants, being specific to seed plants. 



 61 

This comes to say that WUS and WOX5 did not appear until the divergence of 
gymnosperms and angiosperms (Nardmann et al., 2009). 

 

 
 
Figure 5.7: Phylogenetic tree of WOX family proteins 
A) Relationship of WOX family to other HB members. The WOX family is highlighted red. 
Other HB protein families consisting exclusively of proteins from one of the three 
kingdoms are coloured in green (plants), blue (animals) and cyan (fungi), respectively. 
B) The WOX protein family Branch width corresponds to support values; the A. thaliana 
proteins are shown in red. The three subclades are color-coded, WUS/WOX1-7 (WUS) in 

a) Homeobox domain containing superfamily 

b) WOX family 

100.0 

Intermediate clade 
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purple, WOX8, 9, 11, 12 (intermediate) in orange and WOX10, 13, 14 (ancient) in green 
(Van der Graaff et al., 2009). 
 

WOX proteins of the WUS clade appear to be able to functionally complement 
other members. The members, except the WOX4 cambium stem cell regulator, can 
substitute for WUS function in shoot and floral stem cell maintenance (Dolzblasz et al., 
2016). The specific function of individual WOX-family proteins is most probably 
determined by their spatiotemporal expression pattern and probably also by their 
interaction with other proteins, which may repress their transcriptional activity (Van der 
Graaff et al., 2009).  

WUS clade members take part in stem cell maintenance both in SAM either in 
RAM and contribute to developmental processes such as embryo patterning and 
reproductive development (Sarkar et al., 2007). 

The critical role of WUS and WOX5 in stem-cell maintenance has been 
demonstrated by loss-of-function mutants and are shown to be replaceable in the 
regulation of stem-cell maintenance between shoot and root (Sarkar et al., 2007). This 
function is conserved in angiosperms, but in gymnosperms, there is only a single 
WOX5/WUS homolog which manages all the functions (Nardmann et al., 2009).  

In Arabidopsis, WOX2 is essential for apical patterning and is regulated by WOX8 
and WOX9 (Wu, Chory and Weigel, 2007), but in Picea abies (Norway spruce) the WOX2 
is expressed during apical patterning (Palovaara and Hakman, 2009). 

The intermediate clade contains the A. thaliana WOX8, 9, 11 and 12 proteins, 
and it is commingled between the other two clades. WOX8 and WOX9 are crucial in early 
embryogenesis patterning (Breuninger et al., 2008). 

The ancient clade represents the earliest diverging WOX genes and comprises 
the A. thaliana WOX10, 13, and 14 proteins, which the particularity to include WOX 
sequences from green algae and from the moss Physcomitrella patens (Van der Graaff 
et al., 2009). Thus indicating that at least one WOX gene must already have been present 
in the common ancestor of the ‘green lineage’ (Van der Graaff et al., 2009). WOX13 is 
required in fertility and flowering (Deveaux et al., 2008). 
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Table 5.1: Summary table of WOX protein family expression domains and function in 
Arabidopsis (Van der Graaff et al., 2009). 
 
 

The WOX proteins manage strategic developmental courses in plants, but only a 
few members have been fully characterized, and barely in seed plants (Van der Graaff 
et al., 2009). 

The members of the WUS clade coordinate several key signaling pathways, 
operating as repressors either than activators of other gene expressions. For this 
purpose, they usually present three conserved motifs at their carboxy-terminal end 
which allows them to execute it job.  

The first one is the canonical WUS-box motif, essential for both functions, and 
implied in the interaction with TPL/TPR co-repressors (Ikeda et al., 2009; Pi et al., 2015; 
Dolzblasz et al., 2016). Certain members as WUS, WOX5 and WOX7 additionally present 
an EAR domain to interact with other transcription factors while acting as a repression 
motif (Long et al., 2006; Ikeda et al., 2009; Nardmann et al., 2009).  

And other members including WUS, WOX4, WOX5, WOX6 and WOX7 also 
contain an acidic domain which functions as a eukaryotic transcriptional activation 
domain (Ma and Ptashne, 1987). 
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Figure 5.8: Phylogenetic tree of the WOX clades 
(Haecker et al., 2004; Breuninger et al., 2008). 
 

Other proteins as WOX3 and WOX11 also function as repressors even though 
they lack EAR motif (Ikeda et al., 2009). Altogether, reveal that WOX proteins act as 
transcriptional repressors although presenting different functional domains. 
 

It will be essential to explore the role of all family members including the poor 
studied ancient WOX clade, and not only in flowering plants. Including a wide range of 
plant species will support the understanding of how the diverse utilities have evolved 
(Van der Graaff et al., 2009). 
 
 
 
5.4 Evolutive WOX evaluation in Marchantia 
 

With the aim to advance in the understanding of the SCN in plants, we studied 
the WOX functions during the evolution, acutely in old clades and non-flowering plants. 
Until now, WOX research has been mainly focused on flowering plants like Arabidopsis 
and Oryza sativa (rice), but current research is going further. Old clades and non-
flowering plants could give us abundantly information about how embryonic patterning 
evolved and they accomplish their function, and will support the understanding of how 
the diverse utilities have progressed (Van der Graaff et al., 2009). 

 As WOX proteins of the WUS clade appear to functionally complement other 
members (Dolzblasz et al., 2016), we asked whether the study of an ancestral WOX could 
provide us critical information while complementing the function of the contemporary 
ones. 

We decided to use Marchantia polymorpha (Marchantia) as a model since being 
suitable for easy genetic manipulation and fast growth. It is fully sequenced, presents 
only nine chromosomes and there is a lot of literature available about studies of gene 
evolution in Marchantia. 
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The Marchantia WOX (MpWOX) belongs to the ancient clade, which let us to 
study the WOX evolution along the time. In our lab there is a line of research ongoing to 
understand the role of MpWOX in plant development. Actually, we have evidences of 
the modification of Marchantia thallus area when altering the MpWOX. Our aim is to 
understand the role of MpWOX in the meristems and how WOX controls the 
proliferative activity. For this purpose, our lab generated the overexpression MpWOX 
line (35S:MpWOX-GFP) and was introduced into Arabidopsis plants by floral dipping 
(Martín Mecchia, Figure 5.9D).  

We studied the root meristem of the 35S:MpWOX-GFP line and compared with 
our working lines wox5-1 mutants (Figure 5.9B) and the overexpressor 35S:WOX5-GR 
lines (Figure 5.9C). Even though the overall root morphology does not seem to be 
affected in 35S:MpWOX-GFP line, the QC division rates showed similarities between 
both overexpression 35S:WOX5-GR and 35S:MpWOX5-GFP lines (Figure 5.9D), with the 
main of roots presenting the QC non divided (Figure 5.9E). These results demonstrated 
that MpWOX, like AtWOX5, repress QC divisions and play an important role in SCN 
maintenance, while seems not to be implied in columella differentiation. 
 

 
Figure 5.9: MpWOX repress QC division 
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A-D) Confocal microscopy images of median longitudinal sections of 6-day-old wild type 
(left) and mutants (right) root tips mPS-PI stained, grown in MS medium under long day 
conditions. White arrows indicate QC cells. E) Quantification of the frequency of QC 
divisions in 6–day-old primary root tips observed from median longitudinal sections of 
wild type and the mutants and overexpression lines. The percentage of QC divisions is 
separated in all divided and partially divided. Data were obtained from n>20 seedlings 
of each type (in collaboration with Mar Ferreira Guerra). Scale bar: 30 µm. 
 
 

To advance in the characterization of MpWOX, we analysed the 35S:MpWOX5-
GFP line beyond the QC state. 

The roots of 35S:MpWOX-GFP showed a nuclear localisation of the GFP signal 
(Figure 5.10A). These seedlings exhibited a high GFP signal among the whole root (Figure 
5.10B), and particularly root tips displayed the GFP more noticeable in the endodermis, 
cortex and epidermis (Figure 5.10C), some signal in the columella (also initials) and in 
the stele (Figure 5.10D).  

Likewise, we plant these seedlings on soil to observe it developmental process 
along the time, and we detected that the 35S:MpWOX5-GFP adult plants are noticeable 
smaller, with weak leaf deformations (Figure 5.10F) in comparison to WT plants (Figure 
5.10E). That seems to indicate that an overexpression of MpWOX deregulate the normal 
growth pattern, since it could not let the cells divide properly. 
 

 
Figure 5.10: MpWOX is nuclear and support a normal shoot development 
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A) Lupa 20X images of 35S:MpWOX-GFP roots. B-D) Confocal microscopy images of 
median longitudinal sections of 6-day-old 35S:MpWOX-GFP root tips mPS-PI stained. B) 
20X, C-D) 60X. Scale bars: 50 µm. 
E-F) Arabidopsis plant rosettes growing on soil under long day conditions in greenhouse, 
WT (E) and 35S:MpWOX-GFP plants (F). 
 
 

With the aim to decipher the function of native MpWOX in Marchantia, in 
parallel to the previous experiments, in our lab were generated KO mutant lines of 
MpWOX using CRISPR/Cas9 method and knock down MpWOX lines created by using 
microRNAs (Martín Mecchia, and Mar Ferreira PhD ongoing work). 
 

Since MpWOX seems to behave like AtWOX5 in SCN maintenance, we asked 
whether MpWOX5 could complement WOX5 mutation. With this aim, we transformed 
Arabidopsis plants with a construct containing MpWOX under the native WOX5 
promoter in Arabidopsis to study the effect at the SCN.  

The preliminary results in the first transformation line pWOX5:MpWOX-GFP in 
the wox5-1 mutant background (T1) showed plants that look smaller than the WT 
(Figure 5.11).  

The seeds from these plants will be collected to select the T2 next generation 
with antibiotic to continue with our characterization. 

 
 

 
 

Figure 5.11: MpWOX control shoot development 
Plant rosettes growing on soil under long day conditions in greenhouse. The 
pWOX5:MpWOX-GFP; wox5-1 T1 plants (left) looked smaller than the WT (right). 
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5.5 Conclusions and perspectives 
 

The study of the ancient genes is a highly valuable tool to understand how they 
departed, improved, and function nowadays, giving us an openminded vision of them 
primitive commitment. We aimed to advance in the deep understanding of the SCN with 
an emphasis in BRAVO and WOX. The selection of the ancestral plant Marchantia 
polymorpha due to its fast growth and its easy genetic manipulation in the laboratory, 
gave us an ideal model for the study of gene evolution. The lack of information about 
BRAVO and WOX5 in other intermediate species, with or without agricultural interest, 
lead us to investigate them since the origins. As we aspired to progress in the molecular 
mechanisms that implies the division of stem cells, we hunted into their ancestral 
members, wishing to find some clues. 

 
The study of the evolution in the MYB TF family is extremely complex due its high 

number of MYB genes remaining, and their implication in numerous physiological and 
biochemical processes related to primary and secondary metabolism, development, and 
responses to stress. In contrast, in the WOX family we found a nice point to start. Plenty 
information available about the classification and phylogeny with some members just 
studied. Specifically, the WUS clade protein complementation could provide us key 
analytical information, while complementing the function of our WOX contemporary 
ones, to explore the role of the ancient in our present days. 

 
Although we have just started with these experiments, there are more people in 

our lab working to advance in this knowledge. Further studies would be necessary to 
elucidate the origin and regulation of the primitive SCN. 
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Chapter 6. General discussion 
 

Brassinosteroids are main regulators of plant stem cells, being essential in key 
developmental processes. Nowadays there are many well-known critical genes implied 
in stem cell maintenance, however much remains to be uncovered about the 
mechanisms required to maintain this mystic quiescence. 

The present PhD manuscript describes the configuration of BRAVO protein 
complex in Arabidopsis stem cell niche, while demonstrates that BRAVO-WOX5-BES1 
are part of a main regulator network that comprises BRAVO-WOX5 heterodimers, and 
together contribute to cell specific regulation of BR-controlled quiescence in root stem 
cell niches. 
 
 
6.1 The challenging identification of BRAVO partners 
 

Increasing knowledge of protein regulatory networks controlling developmental 
outputs have been crucial for comprehend how signaling pathways coordinate. Most 
cellular functions of living organisms are managed by protein complexes, and clarify the 
spatiotemporal protein interactions is fundamental to advance in the understanding of 
biological processes (Long et al., 2018). 

We started this endeavour with the aim to advance in the molecular mechanism 
of the BRAVO pathway, in the approach of BRAVO repressing the QC division to lead 
stem cells divide or not to divide. So we wanted to know the team partners that allow 
BRAVO to perform its particular function.  

The combination of innovative biochemical tools confers us a good approach to 
elucidate candidate proteins implied in the specific organization in developmental 
processes. The improved sensitivity of new protein purification protocols like 
immunoprecipitation bound to mass spectrometers has enhanced the protein complex 
recognition (Smaczniak et al., 2012).  

We planned to explore the composition of BRAVO protein complex from 
Arabidopsis primary root in vivo by IP and LC-MS/MS techniques.  

Unfortunately, the strategy IP of BRAVO native complex did not raise any specific 
protein interaction after a wide range of analysis (and many days including uncountable 
hours of lab work). We got 23 putative candidate corresponding to several Jacalin-
related-protein, certain Beta-glucosidase and other ribosomal proteins; but neither 
BRAVO nor its GFP-tagged version were found between the enriched protein fractions. 
We found out that these not related proteins should be noise emerging from the 
complex biochemical procedure. 

The technical challenge of IP experiments combined with the low number of cells 
containing BRAVO, together with the extremely low rate of native BRAVO expression, 
hampered the purification of the native complex in vivo.  
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To overcome technical limitations, we conducted an exhaustive screening for 
BRAVO interactors with the currently fashionable Yeast-two-hybrid method to increase 
the sensitivity of our approach. We designed a meticulous screening in yeast against an 
Arabidopsis seedling library, which would carry millions of interactions out. And this 
time we match a unique protein which a high rate of confidence, termed TOPLESS (TPL). 

We expected to find more than one protein, including BES1 previously 
demonstrated to be a BRAVO interactor. But, again, the low BRAVO expression made it 
really difficult. 

Having one highly motivated interactor candidate we proceed to test it in vivo 
and in vitro. And to improve the setup, in addition to TPL we also introduced BES1, 
WOX5 and PLT3, key proteins in the QC division control process to help to clarify the 
BRAVO scenario. 

Exploiting emerging techniques in biochemistry as Y2H, BiFC and FRET-FLIM, 
the previous result was confirmed by molecular techniques in vitro by Y2H assays and 
in vivo using FRET-FLIM and BiFC in Nicotiana benthamiana leaves.  

We provide evidences that BRAVO, a member of the huge R2R3 MYB family, 
interacts with WOX5, an homeobox superfamily protein.  

This work further demonstrate that BRAVO also directly interacts with TPL, PLT3 
and BES1, considering that some of them interact with each other’s, and taking in 
account the importance of the EAR domain from BES1 for it interaction.  

Hence, our analysis indicates a possibility of all these components being part of 
the same transcriptional complex at the SCN. 
 
 
6.2 Brassinosteroids control QC divisions trough BRAVO interactors BES1 and TPL  
 

BRs modulate stem cell niche activity at the root apical meristem trough a 
complex transcription factor circuitry, inciting QC division rates through an independent 
cell-autonomous pathway (Gonzalez-Garcia et al., 2011; Lee et al., 2015). 

Moreover, the BR signalling cascade leads to the activation of BES1 and BZR1 in 
the nucleus, activating other development related genes (Yin et al., 2005). 

Interestingly, increasing BR levels in plant stimulate QC divisions, suggesting that 
BRs act in the stem cell niche trough the BES1 signalling pathway. An increase of QC 
divisions was observed in plants with an extra copy of TPL, while no divisions occur in 
the loss of TPL function mutants, indicating an important role of TPL in repressing QC 
divisions.  

Remarkably, a BR treatment promote QC divisions in plants without TPL while 
the treatment with BRZ, the inhibitor of the BR signalling response rescued the high 
division rate of TPL plants. We demonstrate that TPL effects on the QC division in the 
stem cell niche are BR-dependent, and this could be related with the hormone 
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imbalance effects in the whole plant, which finally lead to cell division and 
replenishment in case of necessity.  

Our genetic and biochemical analysis showed a cooperative role of BES1 and TPL 
in promoting QC division. Increasing BR levels induce QC division through a fine 
mechanism which is accurately controlled by BRAVO. The results establish that TPL 
regulates QC cell division through BES1-mediated suppression of BRAVO, and in 
response to BRs, the last step seems to be the promotion of the QC division. 
 
 
6.3 BRAVO and WOX5 together sustain the fine stem cell maintenance mechanism 
 

Through a meticulous genetical and mathematical evaluation, we revealed that 
BRAVO and WOX5 interaction is essential for stem cell fate. Of particular interest is the 
fact that BRAVO and WOX5 reinforce each other at the root stem cell niche. This was 
surprising, since WOX5 levels are oppositely regulated by BRs than in BRAVO (Gonzalez-
Garcia et al., 2011; Vilarrasa-Blasi et al., 2014). The exhaustive analysis of the expression 
pattern of both genes in all the simple and double KO mutants, support that BRAVO is 
required to maintain normal WOX5 levels in the QC. In addition, our data are coherent 
with the fact that WOX5 can induce BRAVO expression but only in the BRAVO native 
domain.  

Consistent with our hypothesis, a mathematical model predicted that WOX5 
transcriptionally represses itself and activates BRAVO expression, taking in account the 
heterodimers and complex formation. In this scenario, the model interactions indicate 
that BRAVO is unable to activate WOX5 expression outside of its domain, in agreement 
with the results of the BRAVO overexpression line. We show a regulatory network of our 
interactions predicted by the mathematical model. We added the protein fold changes 
predicted by this model when changing the BR concentrations due to the BR signalling 
cascade in different situations and we observed better correlation of BRAVO and WOX5 
protein concentrations when one of them are absent. But not when both are out. The 
exact reasons for these differences are still not clear. This mechanism could be a 
compensation mechanism. During the time I have been out from the lab, more assays 
were carried out to advance in this intricate paradigm. And the hypothesis has changed 
over the time with the provision of new evidences as an evolutionary state of the 
parameters, improving our first steps in this long way (as maths usually do). 

Since in the bravo wox5 the quiescence of stem cells roots is lost and the QC 
cells are always stressed with the QC always divided, we hypothesised that the stem 
cell renewal capacity of these plants should be compromised. In this way we found 
that genotoxic stress induces the BRAVO expression decrease along with the migration 
of WOX5 to the provascular cells. This behaviour is similar to the one observed upon 
BL treatment, indicating that BRAVO and WOX5 together are required to maintain the 
QC homeostasis to deal with external damage. 
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6.4 The study of the evolution of BRAVO and WOX5 could answer some questions 
 

And finally, to give a lovely end (and perhaps also beginning to my beautiful 
story), in the chapter 5 we delve into evolution with the aim to comprehend the 
primitive organisation and function of our present root SCN. In the MYB TF family we 
found it tremendously complicated due its high number of MYB genes outstanding and 
their implication in numerous physiological and biochemical processes. In addition them 
are related to primary and secondary metabolism, development, and responses to 
stress. Antagonistically, the WUS clade protein complementation could resolve us some 
questions while complementing the function of our WOX contemporary ones. Using 
Marchantia polymorpha for first time in our lab thanks to its easy genetic manipulation 
and growth facilities, provides us a fantastic tool to understand the beginnings of the 
stem cell organisation long time ago. It has been just the early stages; further studies 
would be necessary to elucidate the origin and regulation of the primitive SCN. And so 
will be continued in the Ana Caño´s wonderful lab. 
 
 
 
6.5 FUTURE PERSPECTIVES 
 

The role of BRs in the activation of the QC division response have been broadly 
studied, with the identification of many key factors implied in the pathway. In the 
BRAVO signalling pathway regulated by BRs, we demonstrated the cooperation between 
BES1, TPL and WOX5 main factors, giving new perspectives on the stem cell division in 
the root meristem.  

We proposed a mathematical model which comprises all the results obtained 
experimentally in the lab, constructed by the selection of many possible scenarios. Even 
though this model can be still refined and further used to predict other developmental 
circumstances, to adapt to an ever-changing environment. It supposes the elucidation 
of the stem cell molecular mechanisms which open new insights on the spatial control 
of hormonal signalling.  
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Conclusions 

 

The present PhD dissertation reveals genetic and biochemical evidences for the 

molecular interaction of BRAVO and WOX5 transcription factors and it implication in 

root growth and development. In particular we found that: 

 

1) BRAVO biochemically interacts with WOX5, BES1 and TPL, taking part of a BR-

mediated transcriptional complex at the root SCN. 

 

2) BRAVO and WOX5 together specifically repress QC division, yet BRAVO appears no to 

contribute to the differentiation of columella stem cells. Together with BES1-TPL all 

these TFs contribute to cell specific regulation of BR-controlled quiescence in root stem 

cell niches.  

 

3) BRAVO and WOX5 interaction is essential for stem cell fate and both cooperate in 

root growth and development from the QC cells. 

 

4) Upon DNA damage, the double mutant bravo-2 wox5-1 exhibit a worse recovery than 

individual mutant plants, suggesting that both proteins participate in the QC as 

repressors of vascular proliferation during the damage. Genotoxic stress compromises 

the renewal capacity of the plants, and the always QC divided denoted that BRAVO and 

WOX5 action is required to maintain the QC homeostasis to deal with external damage. 

 

5) Finally, we studied the MYB and WOX functions among the evolution with the aim to 

advance in the understanding of the SCN in plants. The available data suggest that the 

conserved domains of both TFs are maintained among the time with fundamental 

evolving concerns. In addition, our initial results suggest that MpWOX repress QC 

divisions, implying that the gene may play an important role in SCN maintenance, laying 

the foundations for the current BR-mediated repression of QC divisions. 
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Materials and Methods 

 
Plant Material and growth conditions 

Arabidopsis WT and the mutants and transgenic lines are in the Columbia (Col-0) 

ecotype background. The Arabidopsis lines used in this thesis are summarized in Table 

7.1. Seeds were surface sterilized for 10 min in 35% commercial bleach and 0.08% Triton 

X-100, washed four times with sterile distilled water and imbibed at 4°C for two days in 

darkness. The seedlings were grown in soil (Metromix 200) or Petri square dishes 

oriented vertically on 0.5 Murashige-Skoog (MS) salt mixture without sucrose, pH 5.7, 

and additionally supplemented with vitamins (0.1 mg L-1 pyridoxine, 0.1 mg L-1 nicotinic 

acid), and 0.8% plant agar. All plants were grown at 22°C and 70% humidity under long 

day conditions (16/8 h light/dark cycle) and a light intensity of 105l mol photons m2/s. 

 

 

Table 7.1: Arabidopsis plant lines used in this thesis 

 

 

 

 

Name Description Reference 

Col-0 (WT) Wild type, ecotype Columbia-0 - 
bravo-2  Knock out mutant. Stem cell homeostasis Vilarrasa et al., 2014 
wox5-1 Knock out mutant. Stem cell homeostasis Sarkar et al., 2007 
bravo-2 wox5-1 Knock out mutant. Stem cell homeostasis This work 
35S:WOX5-GR Inducible Overexpression mutant Sarkar et al., 2007 
35S:BRAVO-Ei Inducible Overexpression mutant Vilarrasa et al., 2014 
pBRAVO:GFP QC/VI expression marker. Transcriptional fusion Lee et al., 2006 
pWOX5:GFP  QC expression marker. Transcriptional fusion Sarkar et al., 2007 
bravo-2;pBRAVO:GFP QC/VI expression marker. Transcriptional fusion This work 
wox5-1;pBRAVO:GFP QC/VI expression marker. Transcriptional fusion This work 
35S:WOX5-GR;pBRAVO:GFP QC/VI expression marker. Transcriptional fusion This work 
pTPL:TPL-HA;pBRAVO:GFP QC/VI expression marker. Transcriptional fusion Espinosa et al., 2017 
bravo-2;pWOX5:GFP QC expression marker. Transcriptional fusion Vilarrasa et al., 2014 
wox5-1;pWOX5:GFP QC expression marker. Transcriptional fusion This work 
bravo-2 wox5-1;pWOX5:GFP QC expression marker. Transcriptional fusion This work 
35S:BRAVO-Ei;pWOX5:GFP QC expression marker. Transcriptional fusion This work 
pWOX5:BRAVO-GFP Transgenic line with BRAVO overexpression in the QC This work 
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Hormones and drug treatments 

For Brassinolide (BL) treatment, BL (C28H48O6; Wako, Osaka, Japan) previously dissolved 

in ethanol was added to MS medium to prepare plates at a final concentration of either 

4nM or 0.04nM from a 10 μM stock.  

For treatments with the brassinosteroid synthesis inhibitor Brassinazole (BRZ, Sigma), it 

was previously prepared a 10 mM stock diluted in DMSO and added to MS medium at a 

final concentration of 1 μM.  

For genotoxic assays, seedlings were transferred to vertical plates supplemented with 

0.6 µg/ml bleomycin (Sigma) or 15 µM zeocin (Duchefa Biochemie) 4 days after sowing. 

For recovery, plants were transferred back to control medium after 1 day of growth in 

bleomycin-containing medium and analyzed under a confocal microscope after 72h. 

 

Characterization of the mutant phenotype 

The single mutant homozygous lines were selected by genotyping. The double mutant 

bravo wox5 was generated by crossing the bravo and wox5 single mutants. BRAVO and 

WOX5 inducible lines were genotyped and enhanced expression confirmed by qPCR. The 

primers used for genotyping are listed in Table 7.2. For primary root length evaluation, 

pictures were taken on plates using a Nikon D7000 camera and root length was 

measured by using  ImageJ (http://rsb.info.nih.gov/ij/) and MyROOT (Betegón-Putze et 

al., 2019) software.  

Unpaired Student’s t-test was used for statistical analyses at P indicated in the text. 

 

Molecular cloning and generation of transgenic lines 

Transgenic lines were generated using recombination Gateway Multisite Cloning System 

(thermofisher), and the DNA sequences were amplified from Col-0 WT plants. The LR 

recombination reaction were transformed into competent DH5a strain E.coli cells by 

heat shock. Later, the LR reaction were transformed into Agrobacterium GV2260 strain 

by electroporation. Agrobacterium was selected by antibiotic resistance (Rifampicin, 

Kanamycin and Hygromycin) and transferred to Col-0 plants by floral dipping as 

described in (Zhang et al., 2006).  
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Confocal Microscopy and Quantification of Fluorescence Signal 

Confocal images were taken with a FV 1000 Olympus confocal microscopy equipped 

with a multi Argon laser and a Diode-Laser line. PI was detected after 10 µg/ml 

Propidium iodide (PI) staining with  570-670 nm band-pass filter, and the GFP signal was 

detected with a 500-545 nm filter. For fluorescence quantification, pictures were taken 

using the same laser settings within the experiments, the Integrated Density value 

obtained from each plant with ImageJ was used. The relative average pixel intensity was 

obtained by relativizing each serie to the wild type GFP expression. The quantified area 

was selected with a ROI that contained the SCN (Figure 4.2). The laser settings for 

pBRAVO:GFP and pWOX5:GFP are different, as WOX5 has a stronger expression than 

BRAVO. The analysis of QC cell division and CSC differentiation was carried out by 

imaging 6-day-old fixed roots through a modified pseudoSchiff (mPS-PI) staining method 

(Truernit and Haseloff, 2008). Then seedlings were mounted into microscope slides with 

Hoyer’s solution (0.6 g/ml arabic gum, 4 g/ml chloralhydrate and 0.4 g/ml glycerol). QCs 

were detected with the confocal microscope with a 60X water-immersion objective. For 

stem cell damage quantification due to bleomycin effect, the percentage of damaged 

roots was determined after 24h of treatment. This is a qualitative classification 

depending on the amount of death cells in the vasculature, identified by the 

incorporation of PI inside the cells: no damage means that cells did not uptake PI; 

damage indicates that cells in the stem cell niche and in the vascular system were 

stained with PI. For meristem cell quantification the seedling roots were imaged under 

the confocal using a 20X objective. Images were obtained with the Olympus FV 

(Olympus, Tokio, Japan) and analized using ImageJ software. 

 

DNA, RNA extraction and cDNA synthesis 

For genotyping the plant DNA was extracted following a rapid DNA extraction protocol 

(Kasajima et al., 2004) for PCR analysis. DNA concentration and purity were assessed 

with a Nanodrop (ThermoFisher) spectrophotometer. For Real time RT-PCR analysis, 

seeds were sowed over a sterile nylon mesh (Sefar) in square plates. Roots from 6-day 

old seedlings were collected in a flow hood using a sterile razor blade and transferred 

to sterile cold tubes with glass beads, and crushed into fine powder with liquid Nitrogen 

using a TissueLyser (Quiagen). All RNA extractions and cDNA synthesis were done as 
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described by manufacturers. The total RNA was isolated from the frozen powder 

samples using the RNeasy Plant Mini Kit (Qiagen). After the RNA extraction, a DNAse 

treatment was applied with the DNA-free Kit (Ambion) according manufacturer’s 

instructions. The quality of the RNA was analysed by using Bioanalyzer (Agilent). Super-

Script III reverse transcriptase (Invitrogen) was used to synthesize the first-strand cDNA 

with oligo (dT) primers and 1 mg of total RNA. Quantitative PCR was then performed 

from 10 ng of cDNA with SYBR green I master mix (Roche) on Roche Real-Time PCR 

LightCycler 480 in  

96-well plates following the manufacturer’s instructions. ACTIN2 was selected as 

housekeeping reference gene in qRT–PCRs for data quantification. One house-keeping 

gene as a reference strategy was used to quantified differential expression in mutants 

compared to wild-type levels. Primers used for qRT–PCR are listed in Table 7.2. 

 

 

Table 7.2: List of primers used in this study 

 

Immunoprecipitation 

Five-day-old root tips of each sample (Col-0 WT, pBRAVO:GFP and pBRAVO:BRAVO-GFP) 

were grinded (approximately two grams) with liquid nitrogen using sterilized pestle and 

mortar. The proteins were extracted with three volumes of extraction buffer (50mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1%NP40 and protease inhibitor cocktail Mix) and 

sonicated with the needle sonicator 3 times on ice to prevent the breakdown of 

proteins. Then samples incubated on ice for 30 minutes to extract the proteins 

completely and subjected to 20 minutes of centrifugation at 20.000 rpm at 4°C twice. 

Name Sequence (5’-3’) Description 
bravo-2 F TCCCTTAATCCCTAAACCCAGC genotyping bravo mutation Forward primer 
bravo-2 R CCTGATGCAAGGGTACTATCG genotyping bravo mutation Reverse primer 
wox5-1 F ATCTCATAAACCATGCATCGG genotyping wox5 mutation Forward primer 
wox5-1 R TCGCTGGTTCCGATATACAAC genotyping wox5 mutation Reverse primer 
LBb1.3  ATTTTGCCGATTTCGGAAC T-DNA border primer 
RTBRAVO F CTGTTAGCAGCTCATCGAGCC RT-PCR BRAVO Forward primer 
RTBRAVO R ATGACGTGCCAATGGTTCTTG RT-PCR BRAVO Reverse primer 
RTWOX5 F TGATCTGTTTCGAGCCGGTC RT-PCR WOX5 Forward primer 
RTWOX5 R AAACATTCTTGCTCTCTATCTTGCC RT-PCR WOX5 Reverse primer 
ACTIN2 F CTGGATCGGTGGTTCCATTC RT ACTIN2 Forward primer, Reference for q-PCR (housekeeping) 
ACTIN2 R CCTGGACCTGCCTCATCATAC RT ACTIN2 Reverse primer, Reference for q-PCR (housekeeping) 
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The supernatant was filtered through a miracloth filter to remove the cell debris. 

Samples were incubated with 50 μl of GFP magnetic microbeads (Miltenyi Biotec) for 

one hour under rotation in the cold room. Magnetic beads with the interacting proteins 

were immobilized on a magnetic separator (MACS, Miltenyi Biotec) and rinsed 4 times 

with 200 μl extraction buffer containing 0.1% NP40 first and second with 500 μl 50mM 

NH4HCO3 (twice). Bound proteins were eluted from the immobilized beads with 50μl 

elution buffer (at 95 °C) in low binding Eppendorf. Three independent biological 

replicates were prepared.  

Preparation of Immunoprecipitation samples for Mass Spectrometry: 

Samples were reduced with 500mM DTT in 50mM NH4HCO3 pH8 for 2 hours at 60ºC in 

thermomixer. Next step was the alkylation with 750mM iodoacetamide in 50mM 

NH4HCO3 pH8 for 2 hours at 22°C in thermomixer in the darkness. 200mM cysteine in 

50mM NH4HCO3 pH=8 was added to stop the reaction. Finally, the samples were 

digested overnight on a shaker with trypsin sequencing grade at room temperature in 

the darkness.  

Peptides were extracted by sonication and 10% (v/v) trifluoroacetic acid was added to 

the extracts to decrease the pH up to 3. Then were cleaned up with C18 columns to 

concentrate the samples. Peptide samples were measured by nLCMS as described in (Lu 

et al., 2011) and analysed with Bioworks (van Esse et al., 2008) . 

 

Maxquant analysis 

For a quantitative analysis of the data, peak intensities were determined and normalized 

by the MaxQuant software (Cox and Mann, 2008; Cox et al., 2011). MaxQuant 

algorithms were used to calculate the intensity levels of peptides found in the triplicates 

of the IPs for Col0, pBRAVO:GFP or pBRAVO:BRAVO-GFP genotypes. The output data 

resolved Intensity Based Absolute Quantification values (iBAQ) for all the proteins 

present in the BRAVO complex and the WT control. Perseus software was further used 

for filtering and statistical analysis of the MaxQuant output (Hubner et al., 2010; Peng 

et al., 2012; Smaczniak et al., 2012). Previously published Detergent Membrane 

Resistant Domains protein content data (Borner et al., 2005) was crossed to the high 

confidence list of putative interactors where few were detected and removed from the 

list. 
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MS data statistics 

For identifying differently expressed proteins we evaluated the log ratio between two 

conditions (the average of ratios within the three replicates) and consider all proteins 

than differ by more than an arbitrary cut off value to be in sample and not in the control. 

Col-0 WT control data was loaded as one group separately from the pBRAVO:GFP or 

pBRAVO:BRAVO-GFP dataset and T-student test was applied. The “Vulcano Plot” graph 

summarized both fold-change and t-test criteria. It is a scatter-plot of the negative log 

10 (transformed p- values) against the Log 10 protein ratios. The ratio between Sample 

and Control is named “t-test difference” and represented in Log10 scale (Protein 

abundance ratio (Sample / Control)). X-axis represents protein abundance ratio 

(Sample/Control) in Log10 scale. Y-axis represents total peak intensity in Log10 scale. 

Perseus uses both the p-values and the ratio to determine whether the ratio observed 

significantly differs from the control one.  

 

Yeast Two-Hybrid screening Analysis 

The ULTImate Y2H (Yeast two-hybrid) screening was performed by Hybrigenics Services 

S.A.S., Evry, France (http://www.hybrigenics-services.com) using BRAVO cDNA as bait 

(aminoacids 1–323) against a library constructed from seven-days-old seedlings cDNA. 

88 million clones (9-fold the complexity of the library) were screened using a mating 

approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mata) and L40DGal4 (mata) 

yeast strains as previously described (Fromont-Racine, Rain and Legrain, 1997). 37 His+ 

colonies were selected on a medium lacking tryptophan, leucine and histidine, and 

supplemented with 10 mM 3-aminotriazole to handle bait autoactivation. The prey 

fragments of the positive clones were amplified by PCR and sequenced at their 5’ and 3’ 

junctions. The resulting sequences were used to identify the corresponding interacting 

proteins in the GenBank database (NCBI) using a fully automated procedure. Hybrigenics 

provides interaction results associated with a Predicted Biological Score (PBS). This 

global score represents the probability of an interaction being nonspecific and is divided 

into four categories, from A (highest confidence) to D (lowest confidence). A fifth 

category (E) specifically flags interactions involving highly connected prey domains 

previously found several times in screens performed on libraries derived from the same 

organism. Finally, several of these highly connected domains have been confirmed as 
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false-positives of the technique and are now tagged as F. The PBS scores have been 

shown to positively correlate with the biological significance of interactions (Rain et al., 

2001; Wojcik, 2002). 

 

 

 

Yeast two-hybrid assay  

The full lengths CDs of BRAVO and WOX5 cloned into pDONR221 were recombined into 

bait Gateway vectors derived from pGBKT7 and pGADT7 plasmids (Clontech). The 

complete proteins of TPL, BES1, BES1-D and BES1-EARm (Espinosa-Ruiz et al., 2017) in 

both pGBKT7 and pGADT7 plasmids were provided by Dr Salomé Prat (CNB-CSIC). The 

PLT3-pGBKT7 and PLT3-pGADT7 plasmids were kindly provided by our collaborator Dr 

Yvonne Sthal (Heinrich-Heine University). Analysis of protein-protein interactions by 

Yeast two-hybrid assays were performed with the GAL4 Two-Hybrid System (Clontech, 

Mountain View, CA). Appropriate plasmid combinations were transformed into the 

yeast strain AH109 by the lithium acetate protocol and reporter gene activation was 

assayed by selection on SD-LWH plates. Interactions were observed after 4 days of 

incubation at 28°C. 

 

Transient expression in Nicotiana benthamiana for FLIM measurements 

Preparation of transiently expressing Nicotiana benthamiana leaves and induction of 

fusion proteins tagged with either mVenus or mCherry by application of Estradiol was 

carried out as described in (Bleckmann et al., 2010). 

 

Acquisition of FLIM data 

Fluorescent lifetime imaging microscopy (FLIM) data acquisition was carried out using a 

confocal laser scanning microscope (LSM780 inverted microscope, Zeiss) equipped 

additionally with a time-correlated single-photon counting device with picosecond time 

resolution (Hydra Harp 400, PicoQuant). mVenus was excited at 485 nm with a pulsed 

(32 MHz) diode laser at 1.2 µW at the objective (40 x water immersion, C-Apochromat, 

NA 1.2, Zeiss). The emitted light was collected through the same objective and detected 

by SPAD detectors (PicoQuant) using a narrow range bandpass filter (534/35, AHF). 
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Images were taken at 12.5 µs pixel time and a resolution of 138 nm/pixel in a 256x256 

pixel image. A series of 40 frames was merged into one image and analysed using the 

Symphotime software package (PicoQuant). 

 

 

 

Analyses and presentation of FLIM data 

The fluorescent lifetime of the collected photons in each merged image was analysed 

using the Symphotime software (PicoQuant). For this, a ROI covering the whole nucleus 

was created to reduce background fluorescence. All photons in this ROI were used to 

build a histogram of the fluorescence decay. A double-exponential fit model was used 

to approximate the intensity-weighted average fluorescence lifetime t [ns] of all 

photons of the ROI. The instrument response function was measured with KI-quenched 

erythrosine and used for reconvolution in the fitting process (Weidtkamp-Peters and 

Stahl, 2017). The data from replicate measurements was summarized in box plots 

created in Origin 9.0 (OriginLabs). Boxes represent the 25th to 75th percentile. The 

square represents the mean value and the line represents the median. Outliers are 

marked by a x. Statistical significance was tested by one-way ANOVA with a Sidakholm 

post-hoc test. Different letters indicate statistically significant differences (p < 0.01). 

For the creation of FLIM images, photons from individual pixels of a merged image were 

analysed for fluorescent lifetime using the Symphotime software (PicoQuant). A mono-

exponential fit model was used, as the photon number in each pixel was too low for a 

double-exponential model (Stahl et al., 2013). The individual pixels are colour-coded 

according to their fluorescence lifetime. 

 

Bimolecular fluorescence complementation assay (BiFC) 

The full lengths CDs of BRAVO and WOX5 were inserted by LR-reaction (Invitrogen) into 

pBiFC binary vectors containing the N- and C- terminal YFP fragments (YFPN43 and 

YFPC43) using the Gateway cloning technology. The complete proteins of BES1 and TPL 

in both pYFPN43and pYFPC43 plasmids were kindly provided by our collaborator Dr 

Salomé Prat (CNB-CSIC). Resulting vectors were introduced into Agrobacterium 

tumefaciens GV3101 strain by electroporation. The A. tumefaciens transformants were 
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grown in YEB (Yeast Extract Beef) media containing antibiotics and were syringe 

infiltrated into leaf epidermal cells of 2-week-old N. benthamiana plants prior to 

microscopy observation (OD600nm=1) (Occhialini et al., 2016). The p19 protein was used 

to suppress gene silencing. Infiltrated leaves were imaged two days after infiltration. 

Images were captured using a laser scanning confocal microscope (Olympus Fluoview 

FV1000). Microscopy images were processed using ImageJ software. The BiFC 

experiments each comprised three biological replicates and each replicate included at 

least three leaves from individual plants confirming the positive signals for each pair, 

and representative images are shown in the figures. 

 

 

Mathematical Model 

We modelled BRAVO (M), WOX5 (W) and active BES1 (B, hereafter BES1) protein 

concentration dynamics through coupled ordinary differential equations and computed 

the stable stationary state of the dynamics. The mathematical model was entirely done 

by David Frigola, Josep Mercadal and Dr. Marta Ibañes (Faculty of Physics, Univ. of 

Barcelona). It is summarized here for overall clarity of the BRAVO-WOX5 behaviour. In 

the model, BRAVO activates itself and is independently activated by both free WOX5 

and the complex WOX5-BES1, while is independently repressed by free BES1 and the 

complex BRAVO-BES1. WOX5 is assumed to act as its own repressor and is 

independently activated by free BES1 and the complex WOX5- BES1. BES1 is activated 

by BR signalling through the function f(β). Finally, all proteins can form heterodimers 

through pair-wise interactions, which are assumed to remain bound. The model 

equations for the non-dimensional variables read (see Supporting Information Text for 

the dimensional model):  
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Each equation sets the balance between the production and destruction of each protein 

species and results correspond to the stable stationary states. mRNA dynamics are 

assumed to be much faster and are set quasi-stationary. Therefore, the term of 

production of protein is proportional to the gene expression (i.e. promoter activity) and 

is PM and PW for BRAVO and WOX5 respectively. The terms that are proportional to λ 

set the sequestration due to the formation of each heterodimer, being λ the 

nondimensional rate of BRAVO-BES1 complex formation, and the ε accompanying them 

is the relative strength of formation of each heterodimer with respect to λ. The last term 

in the rate equations correspond to linear degradations of the variables and parameters 

δ are ratios of degradation rates. 

The promoter PM and PW activities are written each as the product of independent 

regulations, each of Michaelis-Menten type (terms within parentheses). Since results 

are only computed at the stationary state, the heterodimer dynamics are not explicitly 

modelled and the regulations through heterodimers are simplified by assuming the 

heterodimer to be proportional to the product of the proteins forming it (see supporting 

Information Text). Hence, for instance, the second term within parentheses in PM 

denotes the non-independent regulation (e.g. occur at the same DNA binding sites) that 

both WOX5 (W) and the WOX5-BES1 complex (proportional to WB) do on BRAVO 

expression. The parameters α and γ represent default production rates of BRAVO and 

WOX5, respectively, and the parameters ε inside the promoter functions represent fold-

changes in activity, with ε<1 indicating repression and ε>1 activation. The 354 

parameters h, p, q, r and s represent threshold values at which the corresponding 
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proteins begin to activate or repress. BES1 is produced with a basal rate β0 and is 

activated by BR signalling, with β as a control parameter.  

A table with the values of each parameter and a more detailed description of the model 

and assumptions can be found in the Supplementary Information Text. 

To make the comparison between model results and experimental data we computed 

PM and PW using the values of M, W and B of the stable stationary state of the above 

equations. Loss of function mutants were modelled according to the previous dynamics 

except for the mutated protein (X), for which its rate equation was eliminated, and its 

value was set to 0 (X=0) at all times. The stable stationary dynamics of these new 

reduced set of equations of the mutant was computed and used to compute PM and 

PW in the mutant. 

To find the stationary stable solutions of the dynamics we set to zero the three 

differential equations and solved the remaining system of algebraic equations 

numerically with custom-made software and using the fsolve routine embedded in 

Python (Python Software Foundation, https://www.python.org/), which uses a 

modification of Powell's hybrid method for finding zeros of a system of nonlinear 

equations. 

 

Phylogenetic analysis 

To generate the phylogenetic tree of the BRAVO protein and homologues, the amino 

acid sequences of BRAVO in Arabidopsis and homologues on other organisms were 

used. The sequences were aligned with CLUSTALW 1.8.3 (Thompson, Higgins and 

Gibson, 1994) and improved manually. Trees were constructed with the neighbour-

joining (NJ) method using MEGA (Kumar et al., 2001). Internal branch support was 

estimated with 100 bootstrap replicates. 
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