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Resum en la llengua del projecte (màxim 300 paraules) 
Els esteroids juguen papers clau en el creixement I el desenvolupament d’eucariotes multicel·lulars. En plantes, 
aquestes hormones, anomenades Brassinosteroides (BRs), estan involucrades en una gran varietat de processos 
biològics essencials per a les plantes. S’han descrit anteriorment dos receptors de BRs del tipus Leucine Rich Repeat 
Receptor Like Kinase  LRR-RLK, BRASSINOSTEROID RECEPTOR LIKE 1 i 3 (BRL1 i BRL3 respectivalemt) que són 
homòlegs al receptor principal BRI1 i són necessaris pel desenvolupament vascular. Tot i que els principals 
components de la senyal ja han estat identificats pel seu homòleg més pròxim, el receptor BRI1, els complexes de 
BRL1 i BRL3 juntament amb els candidats co-receptors així com els components de la ruta de senyalització encara no 
han sigut identificats. Per tal d’entendre millor la funció molecular d’aquests receptors de BRs en la planta aquesta 
tesis doctoral planteja dues aproximacions: 
 
Com a primera aproximació, vaig realitzar un estudi fenotípic del desenvolupament del teixit vascular a la planta model 
Arabidopsis thaliana (Arabidopsis). Disposant d'una amplia bateria de mutants de síntesis de la hormona i 
senyalització del receptor BRI1, vam analitzar quantitativament el seu patró vascular a la tija d'Arabidopsis. Vam 
establir els paràmetres en les plantes silvestres [Col-0 wild type,  (WT)] i els vam analitzar a tots i cadascun dels 
mutants. Això conjuntament amb una col·laboració amb la Dr. Marta Ibañes, física de la Universitat de Barcelona que 
va construir un model matemàtic per simular la formació del patró vascular ens va permetre el·laborar una hipòtesis 
que vam demostrar experimentalment i va ser publicada a la revista PNAS (Ibañes, Fàbregas, Caño-Delgado 2009) 
(veure també addendum; Fàbregas 2010). (Memòria 1). 
Posteriorment vam observar que les plantes knock-out d'aquests dos receptors BRL1 y BRL3 a diferència de BRI1, no 
tenien cap fenotip obvi en el teixit vascular de la planta adulta. Així, a continuació, per entendre quina necessitat té la 
planta de disposar de tres receptors tant altament homòlegs que poden percebre la mateixa hormona, vam utilitzar una 
aproximació bioquímica en col·laboració amb el Prof.  de Vries de la Universitat de Wageningen (Holanda) per tal de 
purificar els complexes dels receptors in vivo i els seus interactors. Això ens ha permès entendre millor el paper 
funcional d'aquests receptors en la planta. Els resultats d’aquests experiments estan resumits en un article en 
preparació que aviat estarà en revisió. (Memòria 2). 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

 

Resum en anglès(màxim 300 paraules) 
Steroid hormones play key roles in growth and development of multicellular eukaryotes. In plant, steroid hormones are 
called Brassinosteroids (BRs) and are involved in a variety of biological processes. Previously described BRL1 and 
BRL3 BR receptors are the closest homologues to the main BRI1 receptor. They have been shown to participate in the 
vascular development of the adult plant shoot stem (Caño-Delgado 2004). While most of the signalling components 
have been already identified for BRI1 main receptor, BRL1 and BRL3 receptor complexes together with the 
downstream signalling components remain still unknown. To better understand the role of these BRs receptors in 
planta we took two different approaches: 
 
First, we analysed the phenotype of the vascular tissue in the model plant Arabidopsis thaliana. We quantitatieveley 
analysed the shoot stem vascular pattern of several Brassinosteroid signalling and synthesis mutants available in our 
lab. First we stablished the parameters to be analysed in the Col-0 Wild type (WT) plants, which were next analysed 
and quantified in the BR mutants. This, together with the collaboration of the physicist Dr. Marta Ibañes from the 
Universitat de Barcelona (UB) who built up a mathematical model that simulated the establishment of the vascular 
pattern, permitted us to elaborate an hipothesis that we demostrated experimentally and was published in the PNAS 
journal (Ibañes, Fàbregas, Caño-Delgado 2009) (veure també addendum; Fàbregas 2010). 
 
Next, we observed that, in contrast to BRI1, the knock-out plants of these two receptors showed no obvious phenotype 
in the vasular tissue of the adult plant. Thus, in order to better understand why the plant need three different and high 
homologous receptors, we took a biochemical approach in collaboration with the Professor Sacco de Vries from 
Wageningen University (WUR) in order to purify the receptor complexes in vivo and their interactors. This allowed us to 
understand better the role of these receptors in the plant. The results are summarized in an article in process that will 
be submitted soon. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
2.- Memòria del treball (informe científic sense limitació de paraules). Pot incloure altres fitxers de qualsevol 
mena, no més grans de 10 MB cadascun d’ells. 
 
MEMÒRIA 1 

1. INTRODUCTION 

1.1.  The plant vascular system 

The plant vascular system is essential for plant growth and development. Long 

distance transport in plants is accomplished by a vascular system composed of two different 

tissues: the xylem, that transports water from roots to aerial organs, and the phloem, through 

which nutrients and photosyntethic compounds and signaling molecules are transported. In 

the model plant Arabidopsis, the shoot vascular tissue is organized in a radial pattern. This 

vascular pattern is first established during embryogenesis as an undifferentiated procambial 

tissue in the innermost part of the plant embryo (Esau, 1977). The procambium (procambium) 

is located inside the epidermal and ground tissue layers (Mahonen et al., 2000). Later in 

development, procambium meristem begin to divide and undifferentiated cells become 

differentiated into xylem centripetally and phloem centrifugally, contributing to the formation of 

collateral vascular bundles (VB) around the procambium (Esau, 1965) (Fig.5A,E,F). 

Moreover, the stem vasculature exhibits a radial organization made by the periodical 

alternation of vascular bundles with the interfascicular fibers and parenchyma, together 

forming the vascular ring (Fig. 5A). 

The use of isolated mesophyll cells of Zinnia elegans (Zinnia), so far the best in vitro 

system to study the differentiation of xylem tracheray elements, has been used to study the 

effects of different hormones during xylem differentiation and to the identification and 

characterization of a good number of genes related to xylem formation (Fukuda, 1997). 

Furthermore, the introduction of the model plant Arabidopsis has been a powerful tool for in 

vivo studies of vascular cell differentiation, pattern formation and development. Arabidopsis is 

also a good system because it can be used to study the differentiation of multiple cell types at 

the organ level unlike the Zinnia system, which is limited to the study of one cell-type 

differentiation. Several studies using Arabidopsis mutants have contributed to the 

understanding of various aspects of vascular development, such as alignment of vascular 



 
 

 

strands, differentiation of primary and secondary xylem, 

division of procambial cells and organization of vascular tissues within the bundles in leaves 

and stems (Ye, 2002). While most of these studies have been focused on xylem 

differentiation, very few of them have been described to specifically affect phloem 

differentiation. Vascular tissues can be visualized by histological staining of anatomical 

sections stained with dyes and also more recently the use of cell-type specific reporters has 

proven to make important contributions to this end. For example promoter fusions of ATHB8 

which are expressed in procambial cells (Baima et al., 2001) or TED3 expressed in the xylem 

cells (Demura and Fukuda, 1994) enables to monitor tracheary element differentiation and to 

introduce foreign gene expression in the xylem tissues. Transgenic Arabidopsis expression of 

theses promoters constructs fuse to reporter proteins (i.e. GFP, GUS) have permitted their 

use to visualize the differentiation of specific vascular cell types (Caño-Delgado Laboratory, 

umpublished). Thus, a powerful approach to study vascular cell differentiation in vivo is the 

use of vascular reporters to isolate mutants with defects in vascular development.  

Isolation of genes that are specifically expressed during vascular differentiation and 

patterning is essential for the study of vascular development because they provide new 

tools for isolation of further genes by molecular and genetic approaches. Several genetic 

studies lead to the identification of a number of mutants affected in xylem differentiation in 

the shoot but none of them lead to a clear understanding of how the vascular pattern is 

established, and what is controlling the arrangement of vascular bundles in the shoot.  

Bellow it is summarized the description of the most relevant vascular genes identified in 

Arabidopsis 

In Arabidopsis inflorescence stems several irregular xylem mutations (irx) were 

identified by screening an EMS mutagenized population looking for mutants with altered 

vascular phenotypes in the shoot inflorescence stem (Turner and Somerville, 1997). Several 

loci of the irx mutants plants showed a significant reduction on secondary wall formation in 

xylem cells IRX3 encodes a catalytic subunit of cellulose synthase and consequently, irx3 

mutants showed a defective cellulose deposition in the secondary cell wall of the xylem 

(Turner and Somerville, 1997). Another mutants with altered pattern of lignification were 

identified, like the eli1 mutant which exhibited ectopic lignification of cells and in which xylem 



 
 

 

cells failed to form continuous strands. ELI1 encodes for a 

catalytic subunit of cellulose synthesis CesA3, which functions are promoting formation of 

continuous xylem strands and cell elongation in the shoot and in the primary root (Cano-

Delgado et al., 2000). Like these two examples, most of the genes identified in similar 

“genetic screenings for xylem mutants” carried in the last decade lead to the identification of 

genes encoding integral components of the plant cell wall, mostly in cellulose and lignin 

biosynthesis. 

Different genetic screening for mutants with alterations in the stem vascular 

patterning  lead to another class of mutants . The identification of hca (high cambial activity) 

mutant, that exhibited a dramatic increase in vascular tissue development. In the hca mutant 

the typically alternate organization vascular bundle/fiber was replaced by a continuous ring of 

xylem/phloem because the increased procambial cell divisions in both the vascular bundles 

and the interfascicular fibers (Pineau et al., 2005). The gene product function of HCA remain 

unknown but they propose it plays a regulating role in  the auxin-cytokinin sensitivity of 

vascular cambial cells. 

On the other hand, screening for vascular patterning mutants led to the identification 

of avb (amphivasal vascular bundles) mutants, in which the normal wild-type collateral 

placement of xylem and phloem in the shoot was disrupted, leading to the formation of 

amphivasal vascular bundles. The xylem completely surrounded the phloem and the ring like 

structure of the vascular tissue in the stele was totally disrupted by the branching of vascular 

bundles that penetrate into the pith (Zhong et al., 1999). Furthermore, it have been shown the 

gain-of-function members of REVOLUTA, a member of the class III HD-ZIP gene family, is 

characterized by adaxialized lateral organs and alterations in the radial patterning of vascular 

bundles in the stem (Emery et al., 2003).  

 

Moreover, screening for vascular patterning mutants in the primary root have lead to 

the identification of a number of mutants. Earlier it has been described the wooden leg (wol) 

mutant (Cano-Delgado et al., 2000), (Mahonen et al., 2000). The WOL locus was define by a 

mutation resulting in a reduced xylem differentiation and cell number in the vascular (van den 

Berg et al., 1995). WOL does not appear to be necessary for metaxylem formation but has a 



 
 

 

more indirect role, xylem differentiation in wol is altered by 

controlling the number of cells in the vascular cylinder. It is known that cytokinin is essential 

for promoting the division of procambial cells. Thus, mutation of the cytokinin receptor 

WOL/CRE gene leads to differentiation of all procambial cells intro protoxylem in the 

Arabidopsis root. Altogether these experiments showed that WOL is localized in procambial 

cells in roots and embryos and it is also involved in promotion of procambial cell division 

(Mahonen et al., 2000). Similarly, the identification of apl mutant (altered phloem 

development) (Bonke et al., 2003) reported the first gene specifically involved in phloem 

patterning. APL encodes a transcription factor required for phloem identity in Arabidopsis and 

it is also suggested that APL has a dual function in promoting phloem differentiation and in 

repressing xylem differentiation, which is corroborated because ectopic APL expression 

inhibits xylem development (Bonke et al., 2003).  

  

To summarize, despite a number of genes implied in vascular cell differentiation and 

patterning have been identified in the primary root and the molecular mechanism for vascular 

architecture within the shoot is mostly unknown, probably because the complex anatomy of 

shoot has hampered the identification of mutants involved in shoot vascular patterning, 

rendering mostly mutants affected in secondary cell wall deposition. In this study, 

experimental analysis in the shoot has been combined with computational modelling to 

attempt the understanding of vascular patterning in the shoot of Arabidopsis. 

 

1.2. Brassinosteroids (BRs) signaling pathway 

 

 Steroid hormones play key roles in growth and development of multicellular 

eukaryotes. In plant, steroid hormones are called Brassinosteroids (BRs) and are involved in 

a variety of biological processes such cell elongation, cell differentiation, male fertility, timing 

of senescence and flowering, leaf development, and resistance to biotic and abiotic stresses 

(Clouse and Sasse, 1998). Unlike animal steroids that are perceived by nuclear receptors, 

plant steroids are perceived by members of the BRI1-family, a plasma membrane-localized 

receptor kinase. The main receptor-kinase protein encoded by the BRI1 



 
 

 

(BRASSINOSTEROID INSENSITIVE 1) was initially identified 

as a Brassinolide-insensitive mutant (Clouse et al., 1996). Brassinolide (BL), the most active 

BR compound, binds directly to the extracelullar domain of LRR-receptor kinase BRI1. 

Downstream components of the BRs signaling pathway have also been identified and studied 

in detail. 

 

On the other hand, it is known that BRs biosynthetic pathways are highly networked. 

Basically, BL synthesis pathway consists in a two parallel routes, the early and late C6 

oxidation pathways. Both pathways are connected at multiple steps and also are linked to the 

early C22 oxidation pathway (Thompson et al., 1981). One of the best studied enzymes in the 

route are CPD and DWARF genes, which mutations leads produce dwarf plants to severe 

developmental defects (Mathur et al., 1998), (Noguchi et al., 1999). 

 

1.3. BRs and vascular cell differentiation 

Currently, there are some evidences that suggest that endogenous BRs are also 

required to entry into Stage III, a differentiation step in zinnia mesophyll cells (Yamamoto et 

al., 2001).  Brassinazole (BRZ) is a chemical specific BR bioynthesis inhibitor, it has been 

shown that BRZ treated Zinnia plants have slight phloem differentiation at expense of xylem 

differentiation. (Nagata et al., 2001). Recently, it has been shown that BRs are a key factor in 

the initiation of both PCD (Programmed Cell Death) in plants and during secondary wall 

formation. It was found recently that the BRs biosynthetic pathway is activated before PCD, 

and that the synthesized BR induces PCD and formation of secondary walls (Kemmerling et 

al., 2007).  

Brassinosteroids also have been shown to play an important role in vascular-cell 

differentiation in Arabidopsis. The identification of novel BRL (BRI1 RECEPTOR LIKE) 

receptors in Arabidopsis, which are specifically expressed in the provascular tissues, revealed 

that BR signal transduction in vascular cells promotes xylem differentiation (Cano-Delgado et 

al., 2004). Nowadays the BRL1 and BRL3 downstream signalling components remain 

unknown. In our lab, we have generated a bri1brl1brl3 triple mutant as a powerful tool to 

further characterize BRL1 and BRL3 specific pathways in the mutant background. It has been 



 
 

 

reported that BR-deficient mutants exhibit reduced xylem and 

fewer vascular bundles (Savaldi-Goldstein et al., 2007) (Cano-Delgado et al., 2004) (Choe et 

al., 1999). Despite all these findings, there are not quantitative studies that dissected the role 

of BRs in vascular patterning. In this study we have characterized a total of eight BRs 

signaling and synthesis mutants and we also set some vascular cell differentiation parameters 

that are further quantified. 

 

1.4. Auxin and vascular development 

 

Auxin is an essential hormone for vascular differentiation and development. It has 

been shown that auxin plays important roles during in during xylem cell differentiation 

(Fukuda, 1997). It has been proposed that auxin, which is polarly transported across the plant 

vascular tissue, induces formation of procambial cells. In the leaf vasculature, the procambial 

cells accumulate auxin and produce a gradual canalization of auxin, which is transported into 

the leaf leading to the formation of the leaf veins (Scarpella et al., 2006). In the shoot it has 

been shown that the auxin efflux carrier PIN1 is expressed in the basal side of procambium 

and xylem cells. Mutations in pin1 results in altered vascular phenotypes with increased 

differentiation of xylem cells. In addition, the reduction in auxin polar transport with 

naphthalene acetic acid (NPA) treatment in the inflorescence stems increase also the 

differentiation and expands the vascular bundles along the vascular ring (Galweiler et al., 

1998), (Mattson et al., 1999). Recently, it has been shown that of auxin efflux carriers 

localization between cells, directs auxin efflux to localizated auxin maxima. In the shoot, these 

auxin maxima leads to the initiation of organ primordial, as secondary meristems in the shoot 

and leafs during the generation of phyllotactic patterns (Marchant et al., 1999), (Przemeck et 

al., 1996), (Reinhardt et al., 2003). 

 

1.5. Auxin and BRs: coordinated action in plant vascular development 

 As described above auxin and BRs can elicit similar physiological effects during plant 

growth, cell division and cell elongation. However, these two hormones functions are different 

and no interchangeable. Several evidences suggest an interaction between the two hormone 



 
 

 

pathways is at the transcriptional level (Hardtke, 2007), (Vert et 

al., 2008)) but the mechanism for this interaction is still unknown. Physiological assays by 

both exogenous hormone applications have suggested that they act in an interdependent and 

synergistic manner (Nakamura et al., 2003). Yang Z et al. show that BRs are required for 

lateral root development in Arabidopsis and that BRs act synergistically with auxin to promote 

lateral root formation, suggesting that BRs promote lateral root development by increasing 

acropetal auxin transport (Bao et al., 2004). On the other hand, it has been reported that BRs 

selectively regulates PIN gene expression in Arabidopsis in a complex manner (Nakamura et 

al., 2004), and that BRs regulated gravitropic responses in the primary root by controlling the 

expression of PIN2 (Li et al., 2005). 

Recently, a putative transcription factor BRX (BREVIS RADIX) gene is strongly 

induced by auxin application but repressed by BL, have suggested a negative feedback loop 

to maintain homeostasis between the two hormone pathways (Mouchel et al., 2006). 

Furthermore, the most directly connection and integration between auxin and BRs pathways 

at the molecular level have arised from the characterization of a BIN2 interacting protein, the 

auxin response factor (ARF2). BIN2 regulates ARF2 binding to DNA and repressor activity, 

while ARF2 is requires for normal BR response (Vert et al., 2008).  

Overall, these studies can be summarized as BRs and auxin signalling pathways are 

complex, BR interact with auxin at the transcriptional level, by co-regulating the expression of 

common targets, at the protein levels, by repressing the DNA binding activity of auxin targets, 

and at the transport level, by regulating PIN expression. 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

2. OBJECTIVES 

 

The main goal of this research project is to understand the molecular mechanism 

for formation and organization of vascular bundles patterning in the plant shoot. The 

complex anatomy of shoot has hampered the search for mutants involved in shoot 

vascular patterning. Often, the mutant phenotypes are stronger in the root than in the 

shoot. However, in this study we combined the quantitative biological analysis of vascular 

phenotypes with mathematical modelling, which permitted us to begin to address the 

principles of vascular patterning in Arabidopsis. 

The specific goals of my research project were: 

1. Characterization of vascular pattern in the shoot in the wild-type, Col-0 background. 

2. Quantitative analysis of vascular patterning in a number of BRs mutants available. 

3.  Phenotypic characterization of vascular patterning in auxin level and auxin transport 

mutants. 

4. Integration of these experimental results in a mathematical model 

(This objective has been done by physicist Dr. Marta Ibañes (Dept. Estructura I Constituents 

de la Materia, Facultat de Física, Univ. de Barcelona) using the experimental datasets 

generated by myself in Objectives 1 to 3. The elaboration of a mathematical model has 

permitted to integrate and understand our results and to address new experiments currently in 

process. 

 



 
 

 

3. RESULTS 

3.1. BR signaling mutants modulate the number of vascular bundles 

Previous studies reported that BR-deficient mutants exhibit reduced xylem 

differentiation (Savaldi-Goldstein et al., 2007). In this study, we characterized the vascular 

patterning in a total of eight mutants with impaired BR signaling and synthesis (Table 1 

Material and Methods). To avoid ecotype variability, all mutants used in the study were in Col-

0 background. We first examine a vast number of Col-0 plants stem sections which show six 

VBs on average in a significant statistically manner (Fig. 1E, 1A, 3C). Afterwards, a 

comprehensive phenotypic analysis of all the mutant stem sections revealed that indeed all 

mutants with reduced BR-signaling or synthesis (bri1-116, bri1-301, bin2, cpd) exhibited a 

reduced number of VBs compared to the WT plants (Fig.1 A,D,F,H,J). In contrast, mutations 

that increase BR-signaling/levels (BRI1ox, Bes1-D, Bzr1, DWF4ox) lead to the formation of a 

higher number of VBs (Figures 1A,C,E,G,I, 3A-C). Altogether, our results show that both 

impaired BR-synthesis and signaling mutants elicit similar alterations on the vascular pattern 

and indicate that BRs promote the formation of VBs. Furthermore, chemical inhibition of BR-

synthesis using brassinazole (BRZ220;Asami, 2000) and by exogenous application of BL 

resulted in similar phenotypes to the ones observed in the genetic BR-mutants. (Fig2 A,B,C). 

Consistently, exogenous application of BL in cpd mutants restored the number of VBs to WT, 

while BRZ220 treated Bes1-D plants showed a reduction in the number of VBs (Fig.2 D) 

supporting our observations of BRs activity and effect in the formation of the vascular pattern. 

 

 3.2. BRs control the number of vascular bundle through provascular cell proliferation 

We next measured the overall number of xylem and interfascicular fiber cells (IF) at 

the base of the procambial ring in the BRs mutants (Fig.5 E,F). We observed a dramatic 

increase in the number of cells in the vascular ring of gain-of-function BR-signaling mutants, 

while loss-of-function BR-mutants had fewer cells than the wild type (Fig. 3F). In addition, a 

good correlation was found between the number of VBs and cells in the vascular ring 

(Fig.3G). These results indicate that BRs promote early procambial cell division, which results 

in larger number of provascular cells when the pattern arises, enabling the formation of more 

VBs.  



 
 

 

By inferring the average diameter of IF cells, we found 

that BR gain-of-function mutants have significantly smaller IF cells than WT (Supp. Fig.1). 

However, and as predicted, no correlation was found between the number of VBs and the 

diameter of the inflorescence stem, indicating that the VB number is not increased for a direct 

consequence of the larger diameter but for a increased hormone levels. Moreover, both BR 

gain-of-function and loss-of-function mutants showed a vascular pattern with VBs spaced 

shorter distances (Supp. Fig.1). 

 

3.3. Auxin levels appear not to modify the number of vascular bundles. 

 

           Because of auxin has been shown crucial during vascular formation, we next analysed 

the role of auxin levels in the vascular pattern of the plant. Thus, we examined the 

vasculature of auxin-overproduction mutants yucca that accumulate about 50% more free 

indole-3-acetic acid (IAA, the most active auxin) than wild-type plants (Zhao et al., 2001). 

Despite the differences in plant anatomy (Fig. 4B), the number o VBs appeared to not be 

modified in yucca compared to the WT plants (Fig. 4D). Supporting this scenario, yucca 

mutants showed similar number of cells to the WT Col-0 (Fig. 4E). Moreover, BRZ220 treated 

yucca plants (auxin gain-of-function mutants) showed a reduction in the number of VBs (Fig. 

2D) supporting the specific effects of BRs in the control of vascular pattern. 

Together, our results indicate that BRs, and not auxin levels, modulate the vascular 

pattern.  

3.4. A mathematical model for vascular patterning in the shoot of Arabidopsis. 

In this scenario, we investigated whether an auxin-based mechanism that can 

elicit auxin maxima would be sufficient to trigger the formation (i.e. number and 

positioning) of VBs along the shoot vascular ring. By considering that auxin maxima 

promote xylem differentiation and the formation of VBs in the shoot, a mathematical model 

for auxin flux across procambial cells and the apoplast was constructed, that takes into 

account polar transport and passive diffusion. 

The model reads: 
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where αaAi ,  stand for auxin in cell i and in the apoplast α, respectively, and space 

has been discretized. αα ii IE , are the efflux and influx permeabilities between cell i and 

apoplast α, which depend on the level of efflux and influx carriers respectively. )(in  runs over 

the apoplast neighbouring cell i, while )(αN  runs over cells surrounding apoplast α. D 

represents the effective diffusion rate.  

As expected from previous studies of auxin distribution in the root and meristems (de 

Reuille et al., 2006); (Heisler and Jonsson, 2007); (Jonsson et al., 2006); (Kramer, 2008); 

(Smith et al., 2006) (Grieneisen et al., 2007), our model shows that appropriate 

asymmetric localization of efflux carriers is able to elicit auxin maxima (Fig. 5B,C). 

Such localization drives fluxes that favour auxin accumulation in certain groups of 

cells, while deplete auxin on their neighbouring cells (Fig. 5B), thereby producing an 

unequal auxin distribution along the vascular ring. We analysed the expression pattern 

of auxin-response element DR5::GUS (Ulmasov et al., 1997) in shoot inflorescence 

stem that exhibit a periodic auxin distribution along the procambial ring (Fig. 5G-I). The 

reporter expression appeared specifically at the vascular bundles in the procambial 

and differentiating xylem cells (Fig. 5G-H). Thereby, our findings indicate that auxin 

maxima along the provascular ring triggers the formation of vascular bundles in the 

shoot. 

To further evaluate the plausibility of our model as being the driving mechanism for 

VB spacing, we analysed the vascular phenotype in plants with defective auxin transport. Our 

model predicted higher amounts of auxin along the provascular ring and a larger number of 

auxin maxima when the levels of efflux carriers are strongly reduced (Fig.5L). In support, 

pin1pin2 double mutants showed increased number of VBs and xylem differentiated cells in 

between VBs compared to the WT control. These results were mimicked by 12 µM NPA-



 
 

 

treated plants (data non shown), in agreement with the 

vascular phenotypes of pin1 mutants and 20 µM NPA-treated plants (Galweiler et al., 1998) 

(Mattson et al., 1999).  

 

To elucidate how the number of VBs is modulated by BRs, we analysed which 

elements can change the number of auxin maxima in the model. Our study shows that two 

elements control the number of VBs: the number of cells in between auxin maxima (i.e. the 

period of the pattern) and the number of cells when the auxin pattern emerges (Fig. 3D,E). 

Thus, if auxin maxima arise closer to each other, more maxima are formed within a ring of a 

fixed cell number. Alternatively, additional auxin maxima arise when the ring is composed of 

higher number of cells. Therefore, we first evaluated the characteristic period of the vascular 

pattern at Z1 in WT plants and BR mutants by measuring the number of xylem cells at the 

base of the VBs and the IF cells at the contiguous IF fiber (Figs.5E, F). Our results show 

similar cell periodicity for WT and BR mutants, albeit BR-loss-of-function mutants show a 

slightly reduced number of cells (Fig. 3H). 

 

FIGURE LEGENDS (see pdf attached) 

 

Figure 1. BRs-signaling mutants modulate the number of vascular bundles. 

From left to right: plant phenotype, cross section at the inflorescence stem at z1 and a detail 

of a VB for the WT Col-0 plants (A), mutants with enhance BR-signalling and/or synthesis 

BRI1ox (C), DWF4ox (D), Bes1-D (E), Bzr1 (F) respectively. The same is shown for mutants 

with reduced BR-synthesis and/or signalling bri1.116 (G), cpd (I), Bin2 (H) and bri1-301 (I). 

Bars are 2cm for plants pictures and 200μm for stem sections pictures. (B) Schematic 

representation of BR-signalling pathway showing BR-receptor BRI1 at the plasma membrane 

and downstream signalling components BIN2, a negative regulator, which control the 

activities of homologous transcription factors BES1 and BZR1. Coordinated action of BZR1, 

that negative feedback regulate the expression of BR-synthesis genes (CPD and DWARF4) 

and BES1 transcription factor maintains BR-signalling in tune. 

 



 
 

 

Figure 2. Modulation of vascular bundle number in plants 

treated exogenous application of BL and BR-synthesis inhibitor BRZ220 . 

From left to right: plant phenotypes for 1µM BRZ220 treated WT plants, non-treated plants WT 

(Col-0) used as a control and 10 nM BL-treated plants (A) Toluidine-blue stained section at 

basal part (Z1) of the inflorescence stem and detail of a VB for the hormone treated plants 

(BRZ220, control, BL). (C) Toluidine-blue stained cross-sections for yucca plants and yucca 

after 1µM BRZ220 treatment.  

 

Figure 3. BRs control the number of vascular bundle through provascular cell 

proliferation. 

(A) Frequency of number of vascular bundle for (A) BR-loss-of-function mutants  bri1-116 

(crosses, n=28) and cpd (triangles, n=26) and (B) BR-gain-of-function mutants  DWF4-ox 

(triangle, n=11) and Bzr1 (diamond,n=15) compared to Col-0 WT (black circles, n=32). 

Average number of VBs (C) and diameter (I) at Z1 for each mutant genotype 

(n=28,26,9,8,32,33,11,13,15,21).  (D,E) Simulation results for the auxin level distribution 

along a ring of few (D) and many (E) cells, mimicking BR-loss-of-function and gain-of-function 

mutants, respectively. Parameter values as in Fig.1A with (D) 80 initial cells dividing up to 100 

cells, and (E) 135 cells dividing up to 250 cells. Average total number of differentiated cells 

along the vascular ring (F,n=10,5,18,4,8) and average number of xylem cells within a vascular 

bundle plus the contiguous interfascicular cells (H, n=39,26,75,47,89) for four BR-mutant 

genotypes and Col-0 WT at Z1. (G) Total number of differentiated cells along the vascular 

ring as a function of the number of vascular bundles in the stem at Z1. Bars represent the 

standard deviation. 

 

Figure 4.Auxin levels do not change the number of vascular bundles. 

(A) Auxin levels along a ring of cells when the amount of auxin is increased five times. The 

reference auxin distribution (Fig.1C) is plotted in yellow. (B) yucca plant. (C) Transverse-

sections of the inflorescence during primary stem development of yucca at Z1. (D) Average 



 
 

 

number of vascular bundles for Col-0 WT (n=32) and yucca 

(n=21). (E) Average total number of differentiated cells along the vascular ring for Col-0 WT 

(n=18) and yucca (n=15). (F) Average stem diameter for Col-0 WT (n=32) and yucca (n=21 

Figure 5. A model for vascular bundle spacing in the shoot of Arabidopsis. 

(A) Schematic representation of the vascular bundle pattern of the Arabidopsis inflorescence 

stem. Procambial ring (yellow), xylem (blue), phloem (orange). 

(B) Auxin maxima (blue) position vascular bundles along the procambial ring of cells. These 

maxima emerge from asymmetric fluxes (grey arrows) driven by polar transport. The arrows 

are plotted outside the ring to make the scheme clear. However, notice that the flow is 

through the ring of cells, which in the model are represented by a single point.  

(C) Simulation results showing auxin distribution along a ring of cells when efflux carriers are 

asymmetrically localized within the ring. (D) Arabidopsis Col-0 plant. The basal, medial and 

apical parts of the inflorescence stem (named Z1, Z2, Z3) are depicted. (E) Transverse-

sections of the inflorescence during primary stem development of WT Col-0. At the basal part 

of the inflorescence stem (Z1), we observed the completion of primary provascular growth, 

procambial cells produce functional xylem and phloem forming the vascular bundles. The 

interfascicular bundles join the bundles forming a ring-like structure. The stem diameter 

(dashed green arrows, Materials and Methods), IF length and IF cells are depicted as 

measured.  (F) Magnification of a vascular bundle. Dark blue circles denote the measured 

xylem cells within a vascular bundle. Light blue circles correspond to the interfascicular cells. 

The inset shows the vascular ring (orange), and pith area (green), two orthogonal diameters 

(black lines). (G) Radial view of DR5::GUS expression in the basal part (Z1) of the 

inflorescence stem. (H) Detail of a vascular bundle showing the GUS expression in the 

provascular and xylem differentiating cells. (I) Trans-longitudinal view showing the continuous 

and periodic expression of DR5::GUS along the shoot inflorescence stem. (J) Auxin level 

distribution along a ring of cells (depicted along a straight line) as cells divide for three 

different time: initially (top), after several cell divisions (middle) and at later times (bottom). 

From a homogeneous distribution, auxin maxima are driven by asymmetric levels of efflux 

carriers. The number of auxin maxima does not change as cells divide. (H) Average number 



 
 

 

of vascular bundles (left) and average number of IF cells (right) 

at Z1 and Z3 sections (n=5). Standard deviation is denoted by bars. (I)  

 

4. CONCLUSIONS 

1.  BRs modulate the number of VBs in the shoot. We have shown that BL control the 

formation of vascular bundles independently of plant growth. 

2. BRs modulate VBs number by promoting provascular cell proliferation in the 

vascular ring.  

3. Auxin levels do not modulate the number of VBs in the shoot, but auxin transport is 

critical for the vascular bundle initiation within the vascular ring.  

4. A mathematical modelling constructed in this study permitted, for the first time in 

biology, to evaluate the performance of plant hormones auxin and BRs in the 

elaboration of the vascular pattern. 

 

Overall, this work show that both auxin transverse polar transport-based and BRs signaling 

can explain the vascular patterning establishment in the inflorescence stem of Arabidopsis 

shoot. 
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MEMORIA 2 

 

1. INTRODUCTION 

Plant steroid hormones brassinosteroids (BRs), are perceived by the plasma membrane 

localized BRASSINOSTEROID INSENSITIVE 1 (BRI1; {Li, 1997 #50}). BRI1 is one the best 



 
 

 

characterized Leucine-Rich-Repeat Receptor-Like-Kinase 

(LRR RLK) proteins of Arabidopsis. Brassinolide (BL) binding occurs at the BRI1 extracellular 

domain. This domain is made of 24 LRRs interrupted by a 70-amino-acid island domain (ID) 

placed between 20th and 21st LRR that creates a surface pocket for ligand binding (1-4). 

Ligand-mediated BRI1 receptor activation results in mutual transphosphorylation events with 

one or several of the SERK (SOMATIC EMBRYOGENESIS RECEPTOR KINASE) 

coreceptors, one of which is SERK3/BAK1 (5-8) after removal of the BKI1 inhibitor protein 

from the plasma membrane {Jaillais, 2011 #78}.  Recent evidence suggests that all of the 

BRI1-mediated signaling passes through the SERK coreceptors {Gou, 2012 #82}. 

Downstream of BRI1 and SERKs, members of the BSK cytoplasmic kinase family are 

activated by transphosphorylation (9) and subsequently transmitted to the nucleus through 

sequential signalling modules that involve phosphorylation of BES1 and BRZ1 transcription 

factors (10, 11) 

The majority of the components of the BRI1 pathway have been identified using forward or 

reverse genetic approaches (12, 13) while more recently structural studies of the extracellular 

domain of BRI1 confirmed the behaviour of BRI1 mutant alleles (3, 14). As an alternative 

approach we have previously employed immunoprecipitation of the GFP–tagged SERK1 

coreceptor (8). This resulted in the identification of BRI1 as well as BAK1, suggesting that at 

least in part, protein-protein interactions mirror genetic ones.  

In Arabidopsis, there are two closely related members of the small BRI1-like family, 

BRASSINOSTEROID RECEPTOR LIKE 1 and 3 (BRL1 and BRL3 respectively). These 

receptors share the overall structure of BRI1 including the ligand-binding ID, and can bind to 

BL with higher (BRL1) or similar (BRL3) binding affinity that the main BRI1 receptor (2, 15). 

While BRI1 is expressed in most if not all cells (16), the expression of BRL1 and BRL3 is 

enriched in the vascular tissues. The bri1brl1brl3 mutant phenotype observed in the 

inflorescence stem suggested a role redundant with BRI1 for these two receptors in 

controlling cell proliferation during vascular bundle patterning (15). While recent work 

suggested that the bri1 mutant phenotypes can be completely restored from the epidermis 

{Savaldi-Goldstein, 2007 #85;Hacham, 2011 #86}, it was of interest to investigate whether the 

BRI1 and the BRL3 receptors share common downstream elements or are indeed part of a 



 
 

 

larger BR signalosome. Therefore, in this work we identified the 

proteins associated with BRI1 and BRL3 using immunoprecipitation and MS/MS (8). For 

BRI1, the BAK1 coreceptor was identified as well as other uncharacterized LRR-RLKs and 

several proteins involved in membrane trafficking. For BRL3, several proteins previously 

reported to interact with BRI1 such as BAK1, AHA1 and BSK1 were found. Interestingly, no 

evidence was found of a direct interaction between BRI1 and BRL3, suggesting that both 

ligand-perceiving receptors form different complexes in different cellular domains. The 

reported genetic redundancy between bri1, brl1 and brl3 mutants (15) can therefore be due to 

interference with the common downstream components such as BAK1 or BSK1. 



 
 

 

 
 

2. OBJECTIVES 

 

1. BRL1 and BRL3 proteins cloning and analysis of the expression pattern of 

these receptors 

2. BRL3 and BRI1 immunoprecipitation of the native receptor complexes in vivo 

3. BRL3 and BAK1 biochemical interaction and functional analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

3. RESULTS 

Protein expression of BRI1-like family members  

In Arabidopsis, BRL1 and BRL3 transcriptional expression is enriched in the vascular tissues 

in contrast to that of BRI1 that appears in most plant cells (15). To reveal the localization of 

BRL1 and BRL3 receptors, the full-length genomic sequence of BRL1 and BRL3 was fused to 

yellow fluorescent protein (YFP) under the control of the native promoters consisting of 

approximately 2Kb upstream of the start codon for BRL1 and BRL3 (ProBRL1:BRL1-YFP and 

ProBRL3:BRL3-YFP). Localization of these receptor fusions in stable T4 homozygous plants 

was compared to the one of ProBRI1:BRI1-GFP plants, previously shown to complement bri1 

null mutants (17). Root analysis of 6-day-old plants reveals the presence of BRI1-GFP in all 

cell files of the root apical meristem (Figure 1A), similar to reported by (16-18). Further up in 

the meristem, a transversal confocal microscopy view shows a predominant BRI1 localization 

at the outer cell files (epidermis/cortex) at the differentiation zone (Figure 1E). In contrast to 

BRI1, the localization pattern for BRL1 and BRL3 receptors is specific to a few cell files. At 

the root apex BRL1 and BRL3 are similarly localized at the quiescent center (QC), columella 

stem cells (CSC) and vascular initials cells of the root meristem (Figure 1B, C). Transverse 

view at the differentiation zone of the root reveals that BRL3 localizes at the phloem-pole 

pericycle (PPP) cells (Figure 1F), whereas BRL1 is absent from these cells (Figure 1G). 

Since the expression of BRL receptors under their native promoters was lower than 

that of ProBRI1:BRI1-GFP lines, additional 35S:BRL3-GFP overexpressing plants were 

established in order to increase the amount of BRL3 protein in the plant (Figure 1D, H; 

Supplemental Figure 1). Notably, these plants exhibited a similar localization pattern to the 

ones expressing BRL3 protein under its native promoter (Figure 1B, D), suggesting additional 

spatial control at the protein level for BRL3. At the elongation and differentiation zone of the 

root, a stele-specific localization was found in 35S:BRL3-GFP plants (Figure 1H).  

In mature plant organs, BRL1 and BRL3 are predominantly localized at leaf venation 

and associated to phloem tissues in the vascular bundles of the shoot inflorescence stem 

(Supplemental Figure 1). Further analysis of 35S:BRL3-GFP plants show a vascular 



 
 

 

expression pattern similar to the ProBRL3:BRL3-YFP native 

lines (Supplemental Figure 1), in agreement with the root data described above. As reported, 

BRI1 localization is predominantly localized in the epidermal cells of the leaves.  In 

35S:BRL3-GFP lines, epidermal expression could also be detected in the root meristem as 

well as in leaves, showing partially overlapping localization with the BRI1 receptor in those 

cells but not in the vasculature (Supplemental Figure 2). 

 

Identification of BRI1-interacting proteins 

Previously identified BRI1 interactors were essential for BR signal transduction in the plant, 

yet the nature of the native BRI1 complex has not been revealed. Here, 10-day-old 

ProBRI1:BRI1-GFP seedlings were used to purify the native BRI1 complex by 

immunoprecipitation (IP) using anti-GFP antibodies immobilized on beads (see Experimental 

Procedures). Wild-type Col-0 (WT) seedlings were used as a control to clean out proteins 

binding non-specifically to the anti-GFP beads. A total of three independent biological 

replicates were done for BRI1 and WT complexes purified in pairs. The resulting peptides 

were measured by Liquid Chromatography Mass Spectrometry (nLCMS) (see Experimental 

Procedures). Quantitative analyses selected a total of 322 statistical significant BRI1 

candidate interactors (p-value < 0.0005; dots above the green curve in Figure 2A). A 

complete list of BRI1 interactors is provided in Supplemental Table S1.  

Our analysis identified BRI1 and its tag GFP, the vacuolar ATPases VHA-A2 and VHA-A3 

(19) and the ATPase 2 (Figure 2B) between the most enriched proteins in the IP (Log Protein 

ratio [BRI1/WT] > 4). Furthermore, known BRI1-interacting membrane proteins were also 

present including BAK1 coreceptor (5, Nam, 2002 #18) and the AHA1 plasma membrane 

ATPase (20). Additional proteins previously related to BR signalling such as DET3 (21), the 

sec14-like protein PATL2 (22), the LRR-RLKs THESEUS, FERONIA, HERCULES (23) and 

the PP2AA1 phosphatase (14) were identified as candidate BRI1 interactors (Figure 2B, 

Supplemental Table S1). These results demonstrate the specificity of the immunoprecipitation 

technique for the identification of key BRI1 interactors and signalling components in the plant. 

Interestingly, a number of uncharacterized signalling proteins including several LRR-RLKs, 

kinases and phosphatases were identified among the most significant BRI1 interactors 



 
 

 

(Figure 2B, Supplemental Table S1). The presence of 

membrane trafficking components such clathrins and other elements of the endocytic 

machinery, several ABC transporters (24), auxin efflux carriers PIN3 and PIN7 (25, 26) that 

appeared significantly represented in the native BRI1 IPs, supports the different 

compartmentalization of the BRI1 receptor among the signalling cascade (27). 

Notably, a large number of the total proteins found after IP are integral membrane proteins, 

while several of them (aprox. 15%) were previously identified as BES1 and/or BZR1 targets  

(28, 29) (Figure 2B). It is important to point out that the IP procedure we employ here is 

optimized to increase the identification of potential interactors rather than reducing the 

number of false positives. Inevitably, this results in a large number of proteins that share a 

common membrane location or are resident in the same subcellular membrane compartment. 

However, a large number of integral abundant membrane proteins (30) are missing, 

suggesting that the enrichment achieved was sufficient. Previously described BRI1 interactors 

such as BKI1 (31) and BSK1 (9) were not detected, presumably because of the transient 

nature of their interactions and neither the BRLs.  

 

Identification of BRL3-interacting proteins 

Given that BRL receptors may confer BR perception in vascular tissue, BRL3 interacting 

proteins were identified using the same methods as above. First, the ProBRL3:BRL3-YFP line 

was used. In this line, the amount of BRL3-YFP protein was undetectable in total protein 

extracts by direct Westerns, yet successfully enriched after IP (Supplemental Figure 3A; 

Figure 5A). Unfortunately, peptide measurement of nLCMS of native BRL3 IPs only yielded a 

few proteins besides the BRL3 bait that includes BRL1, DET3 and clathrin-binding protein 

(Supplemental Figure 3B). To increase the resolution of our approach, 35S:BRL3-GFP over-

expressing lines were subsequently used for IP as exhibited increased BRL3-GFP levels yet 

in a similar pattern as the native BRL3-YFP protein (Figure 1C, D, G, H; Supplemental Figure 

1A, Supplemental Figure 3A, Supplemental Figure 4). Using this line, a total of 253 candidate 

BRL3 interactors were significantly enriched (p-value <0.005; green dots above the blue line 

in Figure 3A). (For the complete list see Supplemental Table S2). The specific peptides found 



 
 

 

for BRL1 in the IPs of both ProBRL3:BRL3-YFP and 

35S:BRL3-GFP lines strongly support the interaction between BRL1 and BRL3 receptors in 

the plant vasculature. 

Previously described components of BR signalling such as BSK1, BSK3 (4) and DET3 as well 

as the BR biosynthesis protein Diminuto (DWF1) {Klahre, 1998 #90} were found among the 

most-likely interactors of BRL3 (Figure 3B). Indeed, the coreceptor BAK1 was purified as a 

highly significant interactor of BRL3. In contrast, BRI1 itself was not detected among the 

BRL3 interactors but was present at a lower level of significance.  

The VHA-A3 and AHA1 ATPases were enriched in BRL3 IPs as well as a group of 

uncharacterized LRR-RLKs and phosphatases (Supplemental Table S2). Trafficking and 

transport related proteins such as clathrins, ABC transporters, sugar transporters and PIN3 

efflux carrier were also present, confirming the presence of BRL3 in similar general trafficking 

pathways compared to BRI1. 

Moreover, about 20% of the proteins identified as BRL3 candidate interactors including BRL1 

and BRL3 receptors, were previously identified as direct targets of BZR1 and/or BES1, further 

supporting their involvement in the BR-mediated signalling pathway. These results 

demonstrate the specificity of our IPs, while unveils a group of common signalling 

components between BRI1 and the BRL3 vascular receptor. 

 

Comparison of BRI1 and BRL3 receptors complexes 

To address to what extent the BR receptor complex composition is distinct in the different cell 

types where BRI1 and BRL3 are present, a comparative analysis between both BRI1 and 

BRL3 receptors pull down lists was carried out (Figure 4A, B).  The analysis yielded a total of 

168 potential interactors (45% of the interactors) unique for BRL3 (Figure 4A, Supplemental 

Table S3) of which half were membrane proteins by GO analysis (Supplemental Table S4). 

Significantly, a total of 201 common proteins, including the coreceptor BAK1, were present in 

both BRI1 and BRL3 IP results (Figure 4A, B), suggesting several common and overlapping 

functions between the two BR pathway receptors (Supplemental Table S5).  Furthermore, a 

list of 379 BRI1-specific partners was generated (Supplemental Table S6) that includes BR 

related proteins such as the PATL2 and THESEUS (Supplemental Figure 5). A summary list 



 
 

 

showing up some of the significant signalling proteins after the 

comparison between BRL3 and BRI1 IP results is shown in Supplemental Figure SP5. A new 

group of LRR membrane proteins identified may unveil potential candidates to be associated 

directly or in close proximity to BRI1. Of those, several proteins were also reported to be 

BES1/BZR1 targets further supporting their involvement in the BR pathway.  

Taken together, the absence of BRI1 receptor in the significant interactor list for BRL3 and 

our results showing that half of BRL3 interactors differ from those ones identified for BRI1 

receptor indicates that BRI1 and BRL3 mostly participate in distinct BR receptor complexes. 

 

BRL3 forms stable hetero-oligomers with BAK1 in vivo 

Next, transient expression in Arabidopsis protoplasts of selected CFP and YFP-tagged 

receptors was performed in order to validate newly identified BRL3 complex interactions. In 

particular, the interactions between BRL3 and BRI1 known interactors such as BAK1 were 

tested by Fluorescence Resonance Energy Transfer (FRET) was combined with 

Fluorescence Lifetime Imaging (FLIM). Positive co-localization of CFP-tagged BRL3 was 

observed in protoplasts expressing BRI1, BAK1, BRL1 and BRL3 proteins fused to YFP. 

FLIM microscopy allowed the selection of certain membrane fluorescence areas where CFP 

lifetime was imaged (Figure 5A).  The average lifetimes of the BRL3-CFP fluorescence of all 

double-transfected protoplasts combinations were measured and compared to the control 

BRL3-CFP protoplasts. Significantly reduced CFP lifetimes were found between the BRL3-

CFP and BAK1-YFP receptor pairs (Figure 5B) confirming their in vivo interaction properties. 

Positive interaction was also detected for BRL3-CFP / BRL3-YFP homodimers, as well as 

BRL3-CFP / BRL1-YFP vascular receptors (Figure 5B). Overall, these results confirm BAK1 

and BRL1 as two new BRL3 interactors in live protoplasts. Finally, the BRI1-BRL3 interaction 

was tested and also this combination showed interaction, although BRI1 scored lower on the 

list of BRL3 interactors. 

To further clarify these results, co-immunoprecipitation in vivo was performed in double 

tagged transgenic plants co-expressing ProBAK1:BAK1-HA and ProBRL3:BRL3-YFP was 

done to further corroborate the observed interactions. The results showed that BAK1 was 

successfully detected in an immunoprecipitated BRL3-YFP sample, demonstrating a positive 



 
 

 

heterodimerization between both receptors in planta (Figure 

6A). Similar results were obtained for BRL1-BAK1 heterodimerization (Fig. X).  These 

experiments validate the BAK1 interaction with BRL1 and BRL3 receptors and highlight the 

efficiency of our 35S:BRL3-GFP line to pull down native complexes with stable interactors in 

the native conditions. 

However, BRI1 receptor using specific anti-BRI1 antibodies could not be detected in 

ProBRL3:BRL3-GFP immunoprecipitated plants (Figure 6B), while it was possible using in 

35S:BRL3-GFP plants (Figure 6C, Supplemental Figure 6). These results are in agreement 

with the MS data where BRI1 appear in the BRL3 complex but is not significant after the p-

value filtering.  

 

Genetic analysis reveals a functional role of BRL1/BRL3/BAK1 receptors in the 

vascular cells 

To address the biological relevance of the observed BRL1 and BRL3 interactions with BAK1, 

a genetic analysis was done using multiple combinations for the BRI1 family receptors with 

the BAK1 coreceptor. Root length analysis for 6-day-old seedlings showed that bak1-3 roots 

have significantly shorter roots than Col-0 WT plants in agreement with what has been 

reported (Figure 7A), whereas brl1brl3 double mutant roots were similar to the WT ones.  

Strikingly, bak1brl1brl3 triple mutants enhanced the bak1-3 short root phenotype (Figure 7A), 

supporting the notion that biochemical interaction between BRL1/BRL3 and BAK1 is required 

for BR-mediated root development.  In contrast, bri1-301brl1brl3 triple mutants did not 

significantly enhance the short bri1-301 mutant root phenotype (Figure 7A), indicating that 

either BRLs redundantly control root growth with BRI1 or that BRLs act independently.  

Supporting this, the same results were found for bri1-116brl1brl3 triple mutants compared to 

the strong allele bri1-116 mutant alone. 

Interestingly, our analysis demonstrates that the BAK1-BRL3-BRL1 complex contributes to 

root architecture confirming the observed biochemical interactions (Figure 7). 

 

FIGURE LEGENDS (see pdf attached MEMORIA 2) 

FIGURE 1. Spatial localization of BR receptors from the BRI1-like family of Arabidopsis. 



 
 

 

 6-day-old seedlings expressing ProBRI1:BRI1-GFP (A,E), 

ProBRL3:BRL3-YFP (B,F), ProBRL1:BRL1-YFP (C,G) and 35S:BRL3-GFP (D,H) in the 

primary root meristem zone. ProBRI1:BRI1-GFP plants ubiquitous expression in the root 

apical meristem (A) and epidermal plus cortical cell layers of the differentiation zone in radial 

optical sections (E). ProBRL3:BRL3-YFP restricted expression pattern in the QC, CSC and 

VIC of the meristem zone (B) and PPP in the differentiation zone (F). ProBRL1:BRLI1-GFP 

plants show provascular expression overlapping with ProBRL3:BRL3-YFP in the meristematic 

zone (C) that do not express in the differentiation zone (G).  35S:BRL3-GFP exhibit vascular 

localization similarly to ProBRL3:BRL3-YFP native line (D). 35S:BRL3-GFP is located in the 

stele of the differentiation zone of the root (H). Abbreviates:  QC (Quiescent Center), CSC 

(Columella Stem Cells), VIC (Vascular Initial Cells), PPP (Phloem Pole Pericycle).  Scale bars 

XX µm.  

 

FIGURE 2. Immunoprecipitation of the BRI1 receptor complex from Arabidopsis 

seedlings. 

Plot represents protein abundance ratios of BRI1 candidate interactors proteins (x axis) 

compared to the negative control Col-0 (A). The intensity of these values has been calculated 

by MaxQuant software. Quantitative analyses selected a total of 322 statistical significant 

BRI1 candidate interactors with p-value < 0.0005 represented as blue dots above the green 

curve (A). The remaining 553 proteins did not meet the cut-off p-value and therefore were 

considered to be less likely BRI1 interactors (A; light blue dots). 

A selected list of BRI1 candidate interactors is provided B.  

 

FIGURE 3. Immunoprecipitation of the BRL3 receptor complex from Arabidopsis 

seedlings. 

BRL3 triplicates results analysed by MaxQuant software with the same parameters that BRI1 

IPs, are plotted (A). Green dots above the curve represent 253 candidate BRL3 interactors 

significantly enriched in the BRL3 sample compared to the Col-0 with a p-value < 0.005 (A). 

The remaining 589 proteins were considered to be less likely BRL3 candidate interactors (A; 

light green dots).  



 
 

 

Previously described components of BR signalling, some 

ATPases, some uncharacterized LRR-RLKs and phosphatases and trafficking and transport 

related proteins were enriched in BRL3 IPs as shown in table B. 

 

FIGURE 4. Comparison of BRI1 and BRL3 receptors complexes. 

Venn diagram representing the statistical significant BRL3 receptor interactors in blue with the 

significant candidate interactors detected for BRI1 receptor in yellow (A). Plot shows protein 

abundance ratios of BRI1 candidate interactors proteins (x axis) compared to protein 

abundance ratios of BRL3 candidate interactors proteins (y axis) (B). Color legend showing 

the common or specific interactors is represented in the upper left side of the plot. 

 

FIGURE 5. FRET/FLIM validation analysis in Arabidopsis protoplasts. 

Fluorescence Resonance Energy Transfer (FRET) was combined with Fluorescence Lifetime 

Imaging (FLIM). Arabidopsis protoplasts transfected with BRL3-CFP alone or co-expressing 

BRL3-CFP with BRL3-YFP, BRL1-YFP, BRI-YFP, BAK1-YFP fluorescence intensity images 

show expression along all the membrane (A, upper panel). Fluorescence lifetime images 

show tau lifetime for CFP represented by colour scale (A, lower panel). 

Graphical representation for significantly reduced CFP Tau lifetimes between the BRL3-CFP 

and BAK1-YFP receptor pairs (B) confirming their in vivo interaction. Reduced lifetime also 

significant for protoplasts co-expressing BRL3 with BRL3, BRL1 and BRI1 membrane 

proteins (B). 

 

FIGURE 6. BRL3 forms stable hetero-oligomers with BAK1 but not BRI1 in vivo. 

Co-immunoprecipitation in vivo using double tagged transgenic plants co-expressing 

ProBAK1:BAK1-HA and ProBRL3:BRL3-YFP.  In these plants, the amount of BRL3-YFP 

protein is almost undetectable in total protein extracts by direct Western (input), yet 

successfully enriched after antiGFP IP (A, upper panel).  

BAK1 is successfully detected by using antiHA antibodies in both, direct Western (input) and 

immunoprecipitated sample, demonstrating a positive heterodimerization between both 

receptors in planta (A, lower panel). 



 
 

 

In ProBRL3:BRL3-YFP line, the amount of BRL3-YFP protein is 

undetectable in total protein extracts by direct Western (input), yet successfully enriched after 

antiGFP IP (B, upper panel). Western Blot with antiBRI1 native antibodies of ProBRL3:BRL3-

GFP plants showed a specific band for BRI1 (B, lower panel). Instead, BRI1 receptor could 

not be detected in ProBRL3:BRL3-GFP immunoprecipitated fraction (B, lower panel) 

In 35S:BRL3-GFP line, the amount of BRL3-GFP protein is shown in total protein extracts and 

enriched after IP by using antiGFP antibodies (C, upper panel). BRI1 protein is detected in 

total protein extract as well as in BRL3-GFP immunoprecipitated fraction (C, lower panel). 

 

FIGURE 7. bak1brl1brl3 triple mutant enhances the bak1-3 short root phenotype  

Root length assay for Col-0, bak1-3, brl1brl3, bak1brl1brl3, bri1-301 and bri1-301brl1brl3 

mutants were measured in 6-day-old seedlings. Results are average +/- S.E. (n=20). 

Experiment was repeated three times with similar results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

4. CONCLUSIONS 

 

In summary, IP combined to LC-MS/MS techniques of widely expressed BRI1 and 

vascular enriched BRL3 receptors in the plant followed by co-immunoprecipitation 

experiments in planta and the genetic analysis of bak1brl1brl3 triple mutants are plausible 

with the formation of native BRL3 / BAK1 receptor complexes, independently of BRI1. 
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