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Figura 9. Regulación de BRL3 por BES1.  
A. Interacción genética  entre BRL3 y BES1. (B y D) Raíces de plantas transgénicas de  6 días de ProBRL3 -
1719::GUS cruzadas con bes1-D y 35S:BES1-D:GR. (H) Raíz de línea transgénicas de  6 días de ProBRL3 -
1098::GUS cruzadas con bes1-D. Las imágenes fueron tomadas usando microscopio confocal. � (A) En 

la construcción -1719::GUS se observa expresión en  dos filas de células del protofloema y en el QC, (B) 

Las líneas F1 ProBRL3 -1719::GUS x bes1-D mostraron un incremento en la  expresión GUS en las dos 

filas de células del protofloema, así como un ligero desplazamiento hacia la estela y  el QC, (C) El 

tratamiento de plántulas con BL 0.004 nM durante 6 días genero un incremento  en la expresión GUS en 
las dos filas de células del protofloema,  así como un ligero desplazamiento de ésta hacia la estela y el 

QC, (D) Las líneas F1 ProBRL3 -1719::GUS x 35S:BES1-D:GR tratadas durante 6 días con dexametasona, 

presentaron un desplazamiento de la expresión GUS hacia la estela y el QC, (E) En plántulas tratadas 

con BL 4 nM durante 48 horas, el patrón GUS cambia, notándose un desplazándose del mismo hacia la 

estela y el QC, (F) La deleción ProBRL3 -1098::GUS se expresó en  dos filas de células del protofloema, 

(G) Las líneas F1 ProBRL3 -1098::GUS x bes1-D muestran un desplazamiento de la actividad GUS en las 
dos filas celulares del protofloema y (H) El tratamiento de plántulas con 4 nM BL durante 48 horas, 
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<*?� )E� &)�Q��&�MJL�J� *(&*$(*((&$(*&***(($�
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<*?�*)E� &)�Q��&JJ��JM� &&($$*&&$&*&&(*($&*�
<*?��2E� &)�Q��&JJ��JM� &$$&&*($&(($((*$((�
<*?��)E� &)�Q��&JJ��JM� ($&$*(*$$&*(*$$&$$&*&($&�
<*?�(2E� &)�Q��&JJ��JM� &&((($&$*($(&$*&&$$&�
<*?�()E� &)�Q��&JJ��JM� &(**&$&&***&*&&*((*(�
<*?� 2E� &)�Q��&JJ��JM� (((&$$&$$$($(($*(((�
<*?� )E� &)�Q��&JJ��JM� (&&*(&*(&$$$&($*$($�
<*?�*2E� &)�Q��&�L�KJ�� &**$$((*&&*&&*$&&*&*�
<*?�*)E� &)�Q��&�L�KJ�� &($($&$*&$*&$&&&*&&&*�
<*?��2E� &)�Q��&�L�KJ�� $(*($*&$$&&&&*&$*&$*&$&&�
<*?��)E� &)�Q��&�L�KJ�� &$&&*(&*$*&&&$$($&&$�
<*?�(2E� &)�Q��&�L�KJ�� *&$&((*(*(&(**$**$$$�
<*?�()E� &)�Q��&�L�KJ�� &$&&*&&($&&*&***(**�
<*?� 2E� &)�Q��&�L�KJ�� (*&($*(*&(($&(($*(**�
<*?� )E� &)�Q��&�L�KJ�� &$$((&$($($&$&$&($&$�
(J��*2E� &)�Q��&��N3MJ� *($(***$$&&*(((&$($(�
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J(?�()E� &)�Q��&�MK���� ($&&&&($&$$&$$(&$$�
J(?� 2E� &)�Q��&�MK���� &$($((*&$$((*(**((&�
J(?� )E� &)�Q��&�MK���� &*&($&*&($&*&(*($&*�
J(?��2E� &)�Q��&�MK���� &&((($&&**$($&$&*$**�
J(?��)E� &)�Q��&�MK���� &$&$*(($((*(((**$$((�
J(?�22E� &)�Q��&�MK���� *&&**&((**$$&*((&$*&�
J(?�2)E� &)�Q��&�MK���� $$$$***($**&(**(&((***�
J(?�*2E� &)�Q��&�KK���� &**$$&**$*&&(**$&($$&*�
J(?�*)E� &)�Q��&�KK���� ((($($&*$*$*$(&(((**�
J(?J*2E� &)�Q��&�NL���� &($(&$(*(*&$$*(*&**(&�
J(?J*)E� &)�Q��&�NL���� *&&$(&(*&$*&(($$(($�
J(?K*2E� &)�Q��&���M3M� $*(&&($&(*&(*$&$*&*�
J(?K*)E� &)�Q��&���M3M� ($$&$((&((**&*($&$*&�
J(?L*2E� &)�Q��&J��L�J� (*(&(($&$*(*&*&*&(*(�
J(?L*)E� &)�Q��&J��L�J� $&&($(&&&*$*(**&$*&*�
J(?M*2E� &)�Q��&�KJ���� (*(($($(&((*$*(($*((�
J(?M*)E� &)�Q��&�KJ���� *&*&*(&*&&(&&***$***�
J(?M�2E� &)�Q��&�KJ���� &($&&*(&*$*&*(&*$&&�
J(?M�)E� &)�Q��&�KJ���� *&**$$$&$&(**$&&$$&&�
J(?M(2E� &)�Q��&�KJ���� **&&&$$*&&$*(&*&(&**�
J(?M()E� &)�Q��&�KJ���� &$&$((*(&$*$&*($$&((�
J(?M 2E� &)�Q��&�KJ���� ***($&*$*$&*$((&$*$&$(&�
J(?M )E� &)�Q��&�KJ���� &$&**&$*&$$&(&$&(&*�
J(?M�2E� &)�Q��&�KJ���� &*$&$$**&(&&&*$(&**$�
J(?M�)E� &)�Q��&�KJ���� ($(*&&$$$&$&(&&$$&$�
J(?3*2E� &)�Q��&�MJKMJ� $(((&$**&($&**(**(($�
J(?3*)E� &)�Q��&�MJKMJ� **&&&&$$($$*$$$$((&**&�
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(()�*2E� &)�Q��&��M�ML� ($(*($&*$&&($*$($$$&($�
(()�*)E� &)�Q��&��M�ML� &$*($*&&&*$&(&&$$&&$�
(()��2E� &)�Q��&��M�ML� &*(&$&($(&$($$(**($(�
(()��)E� &)�Q��&��M�ML� &$$*&((*&((*&*(*&*(*�
(()�*2E� &)�Q��&�KM��3� &(***&&&$((*****$&*(�
(()�*)E� &)�Q��&�KM��3� &(&$*(((*(((*****$*(�
(()��2E� &)�Q��&�KM��3� *(&&*(***$(*&(&*(*$*�
(()��)E� &)�Q��&�KM��3� &($(*&$(&&$***&(*(**�
(()�*2E� &)�Q��&�����K� &&&&&*&&*&*(($*****(�
(()�*)E� &)�Q��&�����K� $&(*&($&($($$($*&($(�
(()��2E� &)�Q��&�����K� ($*$***$$((&(&((*($(�
(()��)E� &)�Q��&�����K� &$&*$&*(&*(&*$(&*&$$�
(()�(2E� &)�Q��&�����K� &((($(&(&$*(*$*(*&$�
(()�()E� &)�Q��&�����K� (&&&$$*&&$&*&&(**(�
(()J*2E� &)�Q��&���33�� (*(*&*$*$(*&*$**&$$&$&&($�
(()J*)E� &)�Q��&���33�� **($*$*$&$&*(&&$&&(**�
(()J�2E� &)�Q��&���33�� **$(($(***$&&$((&**$�
(()J�)E� &)�Q��&���33�� &$((((&**$(**$(*(*&�
(()J(2E� &)�Q��&���33�� &&($&(*(*&*&&*&$*(**�
(()J()E� &)�Q��&���33�� $(*&&$&*($&*$&&*($(&�
(()K*2E� &)�Q��&�NNJ��� $&($&&$$&&(($($*($(�
(()K*)E� &)�Q��&�NNJ��� &*&((*&*&*&*&&$(&$&�
(()K�2E� &)�Q��&�NNJ��� (*&$&$&&*&&&$*((**$&�
(()K�)E� &)�Q��&�NNJ��� *&**(&*&&&&$*&&&**$(�
(()K(2E� &)�Q��&�NNJ��� $(*(&$$(&$&*((*$*$(*�
(()K()E� &)�Q��&�NNJ��� &&*$*(&((*&&***&*(*$�
(()L*2E� &)�Q��&�K��ML� ($&&&$*&&***$&&*($$(*�
(()L*)E� &)�Q��&�K��ML� &$&$&*&&$&$&(($&$&*�
(* �*2E� &)�Q�K&3JJKL�� &(*(*&**&*$(*$&($&&*�
(* �*)E� &)�Q�K&3JJKL�� &&&$*&$&(&*$($$$($&&�
(* ��2E� &)�Q�K&3JJKL�� $&((&($$*(&$&**$*&$$�
(* ��)E� &)�Q�K&3JJKL�� (&($&*$&$$$(**$((**(�
(* �*2E� &)�Q��&��3L��� *&&($($$(*(*&&($($$(�
(* �*)E� &)�Q��&��3L��� $&**$&$$&$$((**$&$$&(�
(* ��2E� &)�Q��&��3L��� ($&&(*&(*&(*$$$&$*$$�
(* ��)E� &)�Q��&��3L��� ($*&&(*((*(&(**&&$*�
(* �*2E� &)�Q��&�JL�M�� &&*$&&*&(*&($($&*$$$�
(* �*)E� &)�Q��&�JL�M�� $($($$&($&($(****$$($(�
(* J*2E� &)�Q��&M���33� &&$$$*&$$(*(($$(*$$((*�
(* J*)E� &)�Q��&M���33� (*&*($$(($*(***($$($((**�
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(* L*2E� &)�Q��&�N�N3�� $$(**(&*(&($$($&$**$&�
(* L*)E� &)�Q��&�N�N3�� $$(*((*&(&**&$*$&$*(&�
(* M*2E� &)�Q��&�LML��� ($&((*$*$(&$$$(*$&($�
(* M*)E� &)�Q��&�LML��� &&&$*&&$(&*((*$(*$($�
(* M�2E� &)�Q��&�LML��� &$$$&&$(((*(&$&*$$$�
(* M�)E� &)�Q��&�LML��� $$($$($((*&(*$&***(&�
(* M(2E� &)�Q��&�LML��� (($$$($$$*(*(*((**(((�
(* M()E� &)�Q��&�LML��� $**(((*(&((($*&**($(�
�($�*2E� &)�Q��&��KK3J� *(&&(*&(($&&($*$***�
�($�*)E� &)�Q��&��KK3J� &****&&(*&&$*&(&$$*&&�
�($��2E� &)�Q��&��KK3J� &(((*&(*$$$$$($$$$($�
�($��)E� &)�Q��&��KK3J� (&&*&(&(($$$$*$*&(�
�($�(2E� &)�Q��&��KK3J� &(($(($*&($$&(($$&�
�($�()E� &)�Q��&��KK3J� &$$$&&$&&&*$&&*$&*(�
�($� 2E� &)�Q��&��KK3J� &(&($&*($$&&*$$&*$$�
�($� )E� &)�Q��&��KK3J� ($$&$(*&&(($($(*&&$(�
�($�*2E� &)�Q��&�K3�3�� &&$&&*&$&$&&*((*$&$�
�($�*)E� &)�Q��&�K3�3�� *&$&&(&*$&*&$&&*&$$�
�($��2E� &)�Q��&�K3�3�� $***((&*$&&&$((**$$$�
�($��)E� &)�Q��&�K3�3�� $($*&&(*&&**$&&(*&*$�
�($�(2E� &)�Q��&�K3�3�� $$&&(**$(*$$$**(**($((�
�($�()E� &)�Q��&�K3�3�� ***$&$&*&$$($((**$*&$$($($�
�($� 2E� &)�Q��&�K3�3�� &(&&$**(**&$$$&**$*&&*�
�($� )E� &)�Q��&�K3�3�� &*$&$$&$$$&&$$$$$&$**(*$$�
((�*@�$�*2E� &)�Q��&��MNJ3� (*(&&*$(*&&$(*$(*&*(�
((�*@�$�*)E� &)�Q��&��MNJ3� $&$&&&$$&&$$&&$&$&�
((�*@�$��2E� &)�Q��&��MNJ3� *(**$((*(*(((*((**(�
((�*@�$��)E� &)�Q��&��MNJ3� (&$&(&$$$&&$&**&*&�
((�*@�$�(2E� &)�Q��&��MNJ3� $$*$*&&*&*&*$$$(((*(&*(�
((�*@�$�()E� &)�Q��&��MNJ3� *((**(((*($($$&($$$(�
((�*@�$� 2E� &)�Q��&��MNJ3� $&*$&*&($$($((&$&&$*�
((�*@�$� )E� &)�Q��&��MNJ3� $&&$*&*((&*$&$$($$&(�
((�*@�$�*2E� &)�Q��&�NN�L�� *&&$(&&(*&$(*&*&$(*�
((�*@�$�*)E� &)�Q��&�NN�L�� $$$&&$(*&*&&&($&$&$�
((�*@�$��2E� &)�Q��&�NN�L�� *$&&*(&*$&*$$&*$&(*(�
((�*@�$��)E� &)�Q��&�NN�L�� $&*($($&*($&((&*(($�
((�*@�$�(2E� &)�Q��&�NN�L�� (&$*((*&&$&$(&($($$�
((�*@�$�()E� &)�Q��&�NN�L�� &*$&$($&&*$&((*($(*(�
((�*@�$� 2E� &)�Q��&�NN�L�� ((&*$(&*&$&&$*$&$$&$�
((�*@�$� )E� &)�Q��&�NN�L�� &&**&&*&$&&($**$&*&&�
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((�*@�$J�2E� &)�Q��&���K��� **($**(&(&*&($((*&*(�
((�*@�$J�)E� &)�Q��&���K��� ($&&$$$&&$$&&&$$&&�
((�*@�$J(2E� &)�Q��&���K��� ($&&&(**(($&&*(&*&�
((�*@�$J()E� &)�Q��&���K��� (*&($&($(&$&&$**$$&*�
2K��*2E� *(����M�#Jj2&$��K� (($*$((*&$&(*$&(**(*$$*&(�
2K��*)E� *(����M�#Jj2&$��K� $$(((*&($*$$$*$$((**((*&($�
2K��*2E� &)�Q��&����K3� (((*$$&((*$($($*$(($�
2K��*)E� &)�Q��&����K3� (*&(*(($&($$(($$$$$�
2K���2E� &)�Q��&����K3� (&((*&$&$*$*$&&&$&*(�
2K���)E� &)�Q��&����K3� *$*&((&&*&&*&$*&&$&*�
2K��(2E� &)�Q��&����K3� *&(**$$$*(*($(***$&&$$&�
2K��()E� &)�Q��&����K3� *&$**$$&*(((&$(&*(($�
(���*2E� &)�Q��&��3�MJ� *($&$((*&$(&$&$(&*$&�
(���*)E� &)�Q��&��3�MJ� $$*$&&*&($*&((&&*($&�
(@�$�*2E� *(�NLJMK#�j2&$��JK� (*((*(($(&$((($($$�
(@�$�*)E� *(�NLJMK#�j2&$��JK� (&&$&&*&*($&&*&*&*&�
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ZmMYB11, ZmMYB31 y ZmMYB42 en la ruta de la síntesis de lignina 
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Figura 49. Dianas y sitios de unión in vivo e in vitro de los R2R3-MYB ZmMYB11, ZmMYB31 y ZmMYB42. 
A. Dianas específicas y comunes de ZmMYB11, ZmMYB31 y ZmMYB42. B. Árbol generado con las cajas 
AC canonícas AC-I (ACCTACC), AC-II (ACCAACC) y AC-III (ACCTAAC)  (Hatton et al 1995, Lois et al 1989, 
Raes et al 2003), la caja AC extendida propuesta posteriormente ACC(T/A)A(A/C)(C/T)  (Zhong & Ye 
2012), las cajas obtenidas mediante experimentos de SELEX para ZmMYB31 (Fornale et al 2010b) y 
ZmMYB42 (C. Chai. Laboratorio del Dr. E. Grotewold. Unpublished data) y las secuencias consenso in 
vivo obtenidas utilizando el programa MEME. El árbol se generó empleando el programa STAMP con los 
siguientes parámetros: Metric=PCC, alignment=SWU, gap-open=1000, GAP-extend=1000,                               
-nooverlapalign, multiple alignment=PPA y tree=UPGMA.                                                                          
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Los resultados obtenidos en la caracterización del módulo AC-GATA/C indican que 

ZmMYB11, junto con ZmZIM91,  tiene un papel relevante en respuesta de la planta a la 

herida y el aumento en las concentraciones de MeJA. Por tanto, se propone que 

ZmMYB11 y ZmZIM91 estarían involucrados el control de la lignificación mediada por 

Ácido Jasmónico.  

 

 
Figura 72. Modelo propuesto de la regulación de ZmCOMT por MeJA.  
En la figura de la parte superior, se muestra que en ausencia de MeJA, ZmZIM91 y ZmMYB11 se unen al 
promotor de ZmCOMT a través de los motivos GATA/TC y AC repectivamente, que conforman el CRM 
para reprimirlo. En la figura de la parte inferior, se enseña el modelo cuando los niveles de MeJA 
incrementan, donde ZmZIM91 y ZmMYB11 son degradados a través del proteasoma 26S y por tanto la 
expresión de ZmCOMT es activada. 
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ABSTRACT

Brassinosteroids (BRs) are plant hormones, perceived by the plasma membrane receptor BRI1 

and exhibiting essential roles in plant growth and development. two BR receptor like kinases 

AtBRL3 and AtBRL1, have been identified as BRI1 homologous, capable to bind BL, the most 

active BR, with high affinity and expressed in the plant vascular tissue. In addition several 

studies reported a repression of BRI1 and BRL3 after BR treatment. In the case of AtBRL3, 

this study also demonstrated a BR regulated expression pattern in the plant vascular tissue, 

whereas for AtBRL1, BRs did not exhibit a regulatory role. Moreover, the BR regulated 

expression of AtBRL3 in the root vascular tissue has been shown to be dose dependent, 

promoting its expression at low BR levels and repressing and/or altering its spatial 

distribution with increasing concentrations of BRs. Analysing the 5’ flanking region of 

AtBRL3 revealed one BRRE and one E-box, both putative BES1 and BZR1 binding sites. 

Additional investigations uncovered BES1 as the important factor in the AtBRL3 regulation, 

exhibiting its function by directly binding to the BRRE in the 5’ flanking region of AtBRL3.  



INTRODUCTION

Brassinosteroids (BRs) are polyhydroxylated plant steroid hormones that were first identified 

by their ability to elongate plant stems when applied exogenously (Grove et al 1979, Mandava 

1988). Afterwards, mutants affected in BR synthesis or signal transduction also revealed an 

essential role for BRs in cell elongation and differentiation (Fukuda 1997, Yamamoto et al 

1997). So far BRs have been reported to be involved in the regulation of multiple 

developmental and physiological processes, like plant vegetative and reproductive growth and 

development, cell elongation and division, vascular differentiation, senescence, flowering 

time, male fertility, pollen development, seed size, photomorphogenesis and organ 

differentiation as well as modulators of numerous environmental signals (Clouse 1996, 

Clouse 2011, Gonzalez-Garcia et al 2011, Hacham et al 2011, Hao et al 2013, Li & Chory 

1999, Mandava 1988, Ye et al 2010). In a genetic screen performed in the model plant 

Arabidopsis thaliana (Arabidopsis), a BR insensitive loss-of-function mutant (Clouse et al 

1996), carrying a mutation in the BRASSINOSTEROID INSENSITIVE 1 (BRI1) gene has 

been identified. This mutant exhibited severe dwarfism with dark green and epinastic leaves 

and a reduction in apical dominance and fertility (Azpiroz et al 1998, Clouse 1996, Choe et al 

2001, Choe et al 1999, Kauschmann et al 1996, Li et al 1996, Noguchi et al 1999, Szekeres et 

al 1996). This BRI1 gene encodes for a membrane-localized leucine-rich repeat receptor-like 

kinase (LRR-RLK) consisting of an extracellular domain, a single trans-membrane domain, a 

juxtamembrane domain, a cytoplamisc serine/threonine kinase domain and a C-terminal 

regulatory region (Li & Chory 1997). So far more than 200 LRR-RLKs have been identified 

in the Arabidopsis genome (Shiu & Bleecker 2001, Yin et al 2002b), but only few of them 

have been assigned to a function. Moreover, most of these receptors do not have a known 

ligand. Unlike, genetic and biochemical evidence has demonstrated that BRI1 is an essential 

component of a receptor complex that binds brassinolide (BL), the most active BR compound, 

with high affinity (Wang et al 2001). 

Recent structural studies of free BRI1 and its complex with brassinolide confirmed the role of 

BRI1 as a plasma membrane receptor for BRs and provided important insights into steroid 

hormone recognition in plants (Hothorn et al 2011, She et al 2011). Upon direct binding of 

BL to the extracellular domain (Kinoshita et al 2005), BRI1 forms a heterodimer with its co-

receptor BRI1 ASSOCIATED RECEPTOR KINASE 1/SOMATIC EMBRYOGENESIS 

RECEPTOR KINASE 3 (BAK1/SERK3), another LRR-RLK (Li et al 2002, Nam & Li 2002, 



Russinova et al 2004). Subsequently, the BR signal is modulated intracellular in a 

phosphorylation and dephosphorylation manner, ending in the de-phosphorylation of the 

BRI1-EMS-SUPPRESSOR 1 (BES1) and BRASSINAZOLE RESISTANT 1 (BZR1) genes 

(Gampala et al 2007, Li et al 2002, Mora-Garcia et al 2004, Wang et al 2002, Yin et al 

2002a). BES1 and BZR1 are two members of a plant-specific family of basic-helix-loop-helix 

transcription factors that act as homo- or heterodimers (He et al 2005, Li et al 2009, Yin et al 

2002a, Yu et al 2008). De-phosphorylated BES1/BZR1 proteins accumulate in the nucleus, 

where they presumably regulate the transcription of BR-regulated genes (Wang et al 2002, 

Yin et al 2002a).  

Detailed analysis of promoter elements indicated, that both BES1 and BZR1 are able to bind 

BR response elements (BRRE) as well as E-boxes. (Sun et al 2010, Yu et al 2011). Binding of 

BES1 to BRRE elements was shown to be much stronger than to E-boxes, since efficient 

BES1 binding to the latter needs a heterodimer partner (Yin et al 2005).While BRRE elements 

are mostly enriched in BR repressed genes, E-box elements are mostly enriched in BR 

induced genes (Sun et al 2010, Yu et al 2011). In addition it was previously thought that 

BZR1 acts as a transcriptional repressor (He et al 2005) while BES1 acts as a transcriptional 

activator (Yin et al 2005), however, recent global analysis clearly showed that both, BZR1 

and BES1, can function as either activators or repressors. The way how BES1 and BZR1 

regulate their downstream targets is most likely determined by additional promoter sequence 

elements and/or BES1 and BZR1 interacting proteins (Sun et al 2010, Ye et al 2011, Yu et al 

2011).  

Later, AtBRL1, AtBRL2 and AtBRL3, three BR receptor like kinases, have been identified as 

BRI1 homologues in a sequence homology search in the Arabidopsis genome (Cano-Delgado 

et al 2004). Unlike AtBRL2, previously described as VASCULAR HIGHWAY 1 (VH1) (Clay 

& Nelson 2002), AtBRL1 and AtBRL3 encode membrane localized receptors that were able to 

bind BL with high affinity. In addition AtBRL1 and AtBRL3 were also able to complement the 

phenotypic defects in the bri1 mutant when expressed under the BRI1 promoter 

demonstrating that both, AtBRL1 and AtBRL3, are functional BR receptors (Cano-Delgado et 

al 2004, Zhou et al 2004). Moreover, recent structural studies performed, explored the 

mechanism of BR perception by the AtBRL1 receptor (She et al 2013). On the contrary to 

BRI1, which is ubiquitously expressed, AtBRL1 and AtBRL3, exhibit specific expression in 

the vasculature. Analysis of transgenic plants expressing a 1.72 kb promoter fragment of 



AtBRL1 fused to the GUS reporter gene showed AtBRL1 expression in the columella cells of 

the root tip and in the vascular initials in the meristematic zone, where the expression 

continues from the root to the hypocotyls and cotyledons following the midvein. In the case of 

AtBRL3 a 750 bp promoter fragment fused to the GUS reporter gene has been used, 

identifying AtBRL3 expression in the two protophloem cell files at the root elongation zone 

and in the secondary veins at the tip of cotyledons of Arabidopsis seedlings (Cano-Delgado et 

al 2004). This unique expression pattern of AtBRL1 and AtBRL3 in the vasculature suggests a 

role in provascular plant organogenesis via BR signaling. In contrast to the very well 

characterized role of BRI1 in vascular development, the precise role of AtBRL1 and AtBRL3

still remains to be identified. For the BRI1 gene several studies indicated a repression after 

BR treatment (Goda et al 2002, Mussig et al 2002, Sun et al 2010, Vert et al 2005, Yu et al 

2011). Similar results have been obtained for AtBRL3. 

  

In this study, we identified cis-acting elements in the 5’ untranslated region of AtBRL1 

(ProBRL1) and AtBRL3 (ProBRL3), determining their strength and vascular-specific 

expression patterns. In the case of ProBRL3 we were able to demonstrate a dose-dependent 

BR spatial expression pattern, while ProBRL1 expression seemed to be BR independent. In 

general ProBRL3 expression was repressed after applying BL exogenously; only at very low 

BL levels an increase has been detected. This repressed ProBRL3 expression was mainly due 

to the binding of BES1 to a cis-acting BRRE element.  

RESULTS

Promoter analysis of the vascular genes AtBRL3 and AtBRL1

Previous GUS reporter gene assays in transgenic Arabidopsis lines using a 750 bp AtBRL3

promoter fragment and a 1.72 kb AtBRL1 promoter fragment, respectively, demonstrated an 

expression for both genes in the plant vascular tissue (Cano-Delgado et al 2004). In addition 

both are described as functional BR receptors, and since an equilibrated BR signalling has 

been demonstrated to be necessary to maintain proper root meristem length and root growth in 

general (Gonzalez-Garcia et al 2011) it can be assumed that BRs are also able to regulate 

AtBRL3 and AtBRL1 expression in the vascular tissue and especially in the root vascular of 

plants. 

To investigate if BRs exhibit a regulatory function regarding the expression pattern of AtBRL3

and AtBRL1, their genomic regions upstream of their translational start codons have been 



especially analysed in silico for E-boxes and BR response elements (BRRE), since both are 

known to bind BES1 and BZR1 in vivo. Not surprisingly E-boxes and BRRE binding sites 

have been identified in the 5’ flanking regions of AtBRL3 and AtBRL1 analysed. Whereas in 

the ProBRL3 genomic region (Figure 1A) one BRRE binding site (-1441 bp) and one E-box 

(-892 bp) have been detected, the ProBRL1 genomic region (Figure S1A) contained six E-

boxes (-1230, -1184, -1167, 779, 717 and 443 bp) but lacked BRREs. To gain more insights 

into the functional role of these cis BR responding elements, six truncated ProBRL3 (-1719 

bp, -1098 bp, -755 bp, -498 bp, -384 bp and -218 bp) and five truncated ProBRL1 (-1641 bp , 

-978 bp, -790 bp, -479 bp and -334 bp) transgenic lines fused to the histochemical GUS 

reporter gene have been generated (Figure 1A and S1A).  

Expression analysis of ProBRL3::GUS  

To analyse ProBRL3::GUS expression, 6 day old seedlings of two representative and 

independent T3 homozygous lines have been used for each construct generated. The longest 

deletion construct used (ProBRL3-1719::GUS), showed GUS expression in the vascular 

tissues and the tip of the cotyledons, in the SAM, in regions where lateral roots emerge, in the 

differentiation zone and in the two protophloem cell files and the quiescent centre within the 

meristematic zone (Figure 1B. A-D). Removal of a 621 bp region (ProBRL3-1098::GUS) 

eliminated expression in the SAM and in the quiescent centre, but in the vascular tissues and 

tip of the cotyledons, in regions where lateral roots emerge, in the differentiation zone and in 

the two protophloem cell files expression was still visible (Figure 1B. E-H). A similar 

expression pattern has been detected in the construct ProBRL3-755::GUS, even though its 

signal was quite weaker, especially in the two protophloem cell files and in the differentiation 

zone. On the other hand GUS expression was lost in regions where lateral roots emerge 

(Figure 1B. I-L). In the deletion constructs ProBRL3-498::GUS and ProBRL3-384::GUS, 

expression was only detected in the vascular tissues and tip of the cotyledon or in the tip of 

the cotyledon, respectively (Figure 1B. M-P and Q-T). Analysing the shortest construct 

generated (ProBRL3-218::GUS), revealed a complete loss of the GUS reporter gene (Figure 

1B. U-X).  

These results indicate the necessity of a minimal promoter length of around -755 bp for proper 

AtBRL3 expression in the vascular, although the expression pattern differs slightly to the one 

detected in ProBRL3-1719::GUS transgenics. Thus, it can be assumed that elements within 

the 5’ flanking region between -1719 and -1098 bp are controlling AtBRL3 expression in the 



SAM and in the quiescent centre. The loss of AtBRL3 expression in emerging lateral roots in 

ProBRL3-755::GUS transgenics suggests additional relevant elements within the region -1098 

and -755 bp. The three shortest deletion constructs generated are located in different distances 

to the translational starting codon within the 5’UTR, a region generally affecting mRNA 

stability and translation by binding of proteins to regulatory elements. Thus, a strong loss of 

ProBRL3::GUS expression was expected in these transgenic lines. Indeed ProBRL3::GUS

expression was strongly negatively affected in such lines, starting from a complete loss in 

roots (ProBRL3-498::GUS), followed by a loss in the leaf vascular tissue (ProBRL3-

384::GUS) and finally a complete abolishment (ProBRL3-218::GUS). 

Expression analysis of ProBRL1::GUS  

Likewise ProBRL3::GUS, the expression pattern of ProBRL1::GUS was investigated in 6 day 

old seedlings of two representative and independent T3 homozygous lines for each construct 

generated. The longest truncated construct analysed (ProBRL1-1641::GUS) showed GUS 

expression in the vascular tissue and the tip of the cotyledons, in the SAM, in the tip of lateral  

roots and in the differentiation zone but surprisingly no GUS expression was detected in the 

root meristem (Figure S1B. A-D). Removal of 663 bp (ProBRL1-978::GUS) or 851 bp 

(ProBRL1-790::GUS), resulted in a complete loss of GUS expression in the SAM as well as 

in the root tip of lateral roots, whereas in the vascular tissue and tip of the cotyledons and in 

the differentiation zone GUS expression was still present (Figure S1B. E-H and I-L). In 

transgenics ProBRL1-479::GUS and ProBRL1-334::GUS the expression of the GUS reporter 

gene was completely abolished (Figure S1B. M-T), suggesting that within the region -790 and 

-479 bp regulatory elements should be present regulating proper AtBRL1 expression. 

Furthermore the two shortest truncations generated are missing parts of the 5’ UTR, pointing 

out an additional reason explaining the complete loss of AtBRL1 expression.  

BRs affecting the vascular expression pattern of AtBRL3 but not AtBRL1

In recent studies AtBRL3 was shown both, a repressed BR BZR1 putative target (Sun et al 

2010) and a down-regulated BR putative target of BES1 (Yu et al 2011). To investigate the 

effects of BRs onto the expression pattern of AtBRL3, 6 day old seedlings of the previously 

described transgenic lines have been treated with 4 nM BL for 48 hrs. Histochemical GUS 

expression analysis of the BL treated ProBRL3-1719::GUS line, showed similar expression in 

the vein and tip of the cotyledons, in the SAM, in lateral roots, in the differentiation zone and 

in the quiescent centre (Figure 2 A-D), compared to their untreated counterparts (Figure 1B.  



A-D). Though, a striking difference in the expression pattern in the stele of BL treated lines 

has been observed. The GUS reporter gene mirroring AtBRL3 expression showed a highly 

diffused pattern in the stele, making it hardly possible to detect specific expression in the two 

protophloem cell files (Figure 2 D), indicating a regulatory role for BRs in the expression of 

AtBRL3.  

In the other truncated lines (ProBRL3-1098::GUS, ProBRL3-755::GUS, ProBRL3-498::GUS

ProBRL3-384::GUS and ProBRL3-218::GUS) treated with BL, the expression pattern of the 

GUS reporter did not change compared to their untreated counterparts (Figure 2 E-X). 

However, GUS expression in the two protophloem cell files of BL treated ProBRL3-

1098::GUS and ProBRL3-755::GUS transgenics were significantly down-regulated (Figure 2

H and L), supporting recently reported studies in which AtBRL3 has been identified as a 

repressed BES1 and BZR1 target (Sun et al 2010, Yu et al 2011). In addition, only transgenics 

carrying a 5’ promoter fragment larger than -1098 bp showed an alteration in the AtBRL3

expression pattern after BL treatment. Interestingly, the region between -1719 and -1098 bp 

contains a BRRE at position -1441 bp (Figure 1 A), capable of binding BES1 and BZR1. 

Thus, it can be assumed that the modified spatial expression of AtBRL3 in response to BRs, 

was due to the BRRE itself or to other yet unknown cis acting elements within this region 

exhibiting important function in the regulation of AtBRL3. Since AtBRL1 likewise AtBRL3 

was shown to be a functional BR receptor able to bind BL and specifically expressed in the 

vascular (Cano-Delgado et al 2004), it could be assumed that AtBRL1 expression might be 

regulated by BRs as well. Surprisingly, BL treated transgenics of each ProBRL1::GUS 

construct generated, did not show any difference in the expression pattern (Figure S2) 

compared to their untreated counterparts (Figure S1B). Thus, AtBRL1 in contrast to AtBRL3

does not seem to be regulated by BRs. However, this finding coincides with experiment data 

in which AtBRL1 was detected as a non BR regulated BZR1 putative target (Sun et al 2010). 

BRs regulate AtBRL3 dose dependent in the meristem  

To understand how BRs affect the expression pattern of AtBRL3 within the meristem in more 

detail, GUS stained ProBRL3::GUS deletion constructs have subsequently been stained with 

mPS-PI according to (Truernit et al 2008). Investigating ProBRL3-1719::GUS in the 

meristem using the mPS-PI staining technique revealed specific expression of the GUS 

reporter in the protophloem cell layer at the transition zone where undifferentiated 

protophloem start to differentiate as well as in the quiescent centre (Figure 3A. A-C). An 



identical expression pattern of AtBRL3 in the protophloem cell layer was seen in the 

transgenics ProBRL3-1098::GUS and ProBRL3-755::GUS (Figure 3A. F and H), whereas in 

the latter the signal was quite weak. Unsurprisingly, GUS staining  was not detectable in the 

quiescent centre.  

Treating the transgenic line ProBRL3-1719::GUS with 4 nM BL for 48 hrs shifted the GUS 

reporter gene from the protophloem cell layer into the stele and towards the quiescent centre, 

where the GUS reporter was still expressed (Figure 3A. D and E). Due to a highly diffused 

expression pattern of ProAtBRL3::GUS in the stele, its expression at the transition zone, 

where protophloem starts to differentiate, was hardly detectable. Re-screening transgenic lines 

ProBRL3-1098::GUS and ProBRL3-755::GUS after BL treatment using the mPS-PI staining 

technique confirmed the previous unaltered but repressed expression pattern of the GUS 

reporter in the two protophloem cell layers of the meristem (Figure 3A. G and I). These 

results reconfirmed the importance of the region between -1719 and -1098 bp for AtBRL3

expression in the meristem and the assumption that BRs might regulate its expression via the 

BRRE at position -1441 bp.  

Thus, BRs seem to be relevant in regulating the expression pattern of AtBRL3 in the meristem, 

presumably through BES1 and/or BZR1 binding to either the BRRE (-1441 bp) and/or an E-

box (-892 bp) present in the 5’ flanking region of AtBRL3. Knowing the importance for BRs 

in promoting cell elongation and differentiation (Iwasaki & Shibaoka 1991, Yamamoto et al 

1997) and the recently demonstrated dose dependent effects of BRs onto the root meristem 

size and root length in general (Gonzalez-Garcia et al 2011) raised the question: is the AtBRL3

expression pattern in the vascular of the root meristem BR dose dependent as well?  

To prove this hypothesis, ProBRL3-1719::GUS transgenics have been continuously treated 

with different concentrations of BL. Using a very low concentration of BL (0.004 nM) exhibit 

an striking increase in the expression of the GUS reporter in both, the protophleom cell layer 

and the quiescent centre. In addition ProAtBRL3::GUS did not show only expression at the 

transition zone, its expression continued also along the protophloem cell layer towards the 

quiescent centre. A partly shift of ProAtBRL3::GUS into the stele has also been observed 

(Figure 3B. J-L). On the other hand using concentrations higher than 0.004 nM BL repressed 

ProAtBRL3::GUS dose dependently in the two protophloem cell layers and promoted a shift 

into the stele and towards the quiescent centre (Figure 3B. M-Q). Summarizing these results 



indicate a BR dose dependent regulation of AtBRL3 in the meristem, elevating its level at low 

concentrations and successively repressing it by increasing the BL concentration. Moreover 

the reduced specificity in the protophloem cell layer underlies the same parameters when 

increased levels of BL have been used.   

AtBRL3 is regulated by BRs via BES1 

The 5’ flanking region of AtBRL3 contains one BRRE element at position -1441 bp and one 

E-box at position -892 bp (Figure 1A). Both cis acting elements can be bound by BES1 and 

BZR1, transcription factors regulating the transcription of BR regulated genes. This brought 

up the hypothesis that AtBRL3 might be regulated by BRs via BES1 or BZR1. Since low 

levels of BRs seem to promote AtBRL3 expression and BES1 has been previously described 

as an transcriptional activator (Yin et al 2005), it is reasonable that BES1 might be the critical 

factor elucidating this effect. Understanding the functional role of BES1 in the BR regulated 

AtBRL3 expression, ProBRL3-1719::GUS and ProBRL3-1098::GUS have been crossed to 

bes1-D (a BES1 mutant with enhanced BES1 signalling) and to an inducible BES1 line 

(35S::BES1-D:GR). Likewise applying low levels of BL (0.004 nM for 6 days) to ProBRL3-

1719::GUS transgenics, crossed to bes1-D revealed a similar expression pattern for 

ProAtBRL3::GUS in the meristem: increased and continued expression in the protophloem 

cell layer, in the quiescent centre and a partly shift to the stele (Figure 4A. C and D). In 

contrast, ProBRL3-1719::GUS transgenics crossed to the inducible line overexpressing BES1, 

resembled the ProBRL3::GUS expression of transgenics treated with high levels of BL: a shift 

of AtBRL3 into the stele (Figure 4A. B and E). Investigating ProBRL3-1098::GUS crossed to 

bes1-D exhibited a slightly expansion of AtBRL3 expression in the two protophloem cell files, 

contrary to the inhibition observed after treatment with high levels of BL. These results 

strongly indicate a dose dependent BR regulated AtBRL3 expression pattern in the root 

meristem mainly based on BES1 protein levels. Presumably BES1 acts through binding the 

BRRE at position -1441 bp. 

  

BES1 regulates AtBRL3 via binding to the BRRE 

The BRRE at the position -1441 bp present in the 5’ flanking region of AtBRL3 seemed to be 

an important regulatory element in response to BL. In addition an identified E-box at position 

-892 bp might play an additional role in AtBRL3 regulation. However, since BES1 is known 

to bind both BRRE and E-box and previous results already demonstrated a genetic interaction 



of AtBRL3 and BES1, it might be obvious that BES1 regulates AtBRL3 via binding to one or 

the other or to both elements.  

To verify this hypothesis, a chromatin immunoprecipitation and a transient expression 

experiment in Arabidopsis protoplasts have been made. The former showed an enrichment of 

BES1 in the area of BRRE (-1441 bp), whereas in the region between -1098 bp and -755 bp, 

containing the E-box (-892 bp), an enrichment of BES1 was not observed (Figure 4B). This 

indicates that BES1 primarily regulates AtBRL3 through binding the BRRE at position -1441.  

To perform the latter experiment, three truncated AtBRL3 5’ flanking regions (ProBRL3-1719, 

ProBRL3-1098 and ProBRL3-384) have been fused to the Firefly luciferase reporter gene and 

used for co-transfection of Arabidopsis protoplasts together with overexpressed BES1 protein 

(35S::bes1-D:GFP) or GFP alone (35S::GFP) as a control. Co-transfected protoplasts using 

ProBRL3-1719::LUC and 35S::bes1-D:GFP showed a strong reduction in the luciferase 

activity compared to the co-transfected combination using the control. Quantifying the 

activity of the luciferase reporter using ProBRL3-1098::LUC instead of ProBRL3-1719::LUC

revealed also a reduction, although the reduction was low. This slightly reduction was 

probably due to the E-box present at position -892 bp. Otherwise, the ProBRL3-384::LUC

construct did not show much luciferase activity, neither in co-transfection with overexpressed 

BES1 nor in the one with the control (Figure 4C). However, investigating this deletion 

construct using the GUS reporter revealed also a low expression for AtBRL3. In summary 

these results demonstrate a BR regulated expression pattern of AtBRL3 in the root meristem 

which is based on sufficient binding of BES1 to the BRRE at position -1441 bp.  

DISCUSSION

AtBRL3 and AtBRL1 have been described as BRI1 homologues (serine/threonine kinase 

receptors), capable to bind BRs with high affinity and a specific expression in the plant 

vasculature. Using a -750 bp promoter fragment of AtBRL3 for instance, revealed expression 

in the two protophloem cell layers whereas using a 1.72 kb promoter fragment of AtBRL1

showed expression in the columella cells of the root tip and in the vascular initials within the 

meristematic zone (Cano-Delgado et al 2004). Because of the recent demonstrated expression 

in the vascular and close homology to BRI1 it could be assumed that both receptors might 

have a functional role in the vascular development regulated by BRs. Though, a profound 

knowledge how and under which circumstances AtBRL3 and AtBRL1 are expressed and the 



mechanism how their expression pattern in the vascular is regulated waited to be explored. 

For this purpose the identification of regulatory elements and possible factors driving the 

expression of AtBRL3 and AtBRL1 is fundamental. In this study, a detailed expression 

analysis for AtBRL3 and AtBRL1 was conducted and its 5’ regulatory elements essential for 

proper gene expression have been determined. In addition the expression of AtBRL3 in the 

root vasculature underlies a dose dependent BR regulatory mechanism.  

Tissue specific expression of AtBRL3 and AtBRL1

This study demonstrated a highly specific expression pattern for AtBRL3 and AtBRL1

throughout the plant vascular tissue. AtBRL3 for instance, showed expression in the vascular 

tissues and the tip of the cotyledons, in the SAM, in regions where lateral roots emerge, in the 

differentiation zone and in the two protophloem cell files and the quiescent centre within the 

meristematic zone. Moreover the region from -1719 to -1098 bp as well as the region from -

1098 to -755 bp 5’ of the translational start codon has been demonstrated to contain essential 

regulatory elements to drive AtBRL3 in different vascular tissues. The minimal promoter 

length for AtBRL3 has been confirmed to be 755 bp. In transgenics carrying shorter promoter 

constructs than -755 bp, expression in the root was completely abolished and in deletions 

generated close to the translational start codon the expression was completely lost, indicating 

fundamental regions within the 5’ UTR.  

In a similar experimental procedure the expression pattern of AtBRL1 has been investigated, 

demonstrating expression in the vascular tissue and the tip of the cotyledons, in the SAM, in 

the tip of lateral roots and in the differentiation zone of the root. Likewise, regions 5’ of the 

translational start codon necessary for AtBRL1 expression in different vascular tissues have 

been determined between -1641 and -978 bp and between -790 and -479 bp.  

BR regulated expression of AtBRL3 in the root vascular is dose dependent 

Characterising AtBRL3 transgenics in response to 4 nM BL for 48 hrs revealed a shifted 

expression pattern in the root meristem of ProBRL3-1719::GUS lines. Whereas native 

AtBRL3 was expressed at the transition zone of undifferentiated to differentiated protophloem 

in the protophloem cell layer and the quiescent centre, BL treatment drove the expression 

from the protophloem cell layer into the stele and towards the quiescent centre. It is worth 

mentioning that BRs are reported as regulators for vascular differentiation, in particular 

promoting xylem and repressing the formation of phloem (Fukuda 1997). This might explain 



the hardly possible detection in the protophloem cell layer, since BRs repress the formation of 

phloem. The same treatment in ProBRL3-1098::GUS and ProBRL3-755::GUS lines caused a 

significant reduction of AtBRL3 in the protophloem cell layer as well. Interestingly, the 5’ 

region between -1719 and -1098 bp contains a BRRE and the 5’ region between -1098 and -

755 bp an E-box, elements that can be bound by BES1 and/or BZR1.  

Not only BRs are regulating the AtBRL3 expression pattern, moreover this regulated action is 

dose dependent. Likewise the root meristem needs an equilibrated BR signalling to maintain 

its length (Gonzalez-Garcia et al 2011), the expression pattern of AtBRL3 differs significantly 

when subjected to different levels of BL. For instance, very low levels of BL (0.004 nM for 6 

days) increased the expression in the protophloem cell layer at the transition zone and an 

expansion towards the quiescent centre. This concentration used was also recently 

demonstrated to increase the root epidermal cell number in the meristem and by this the size 

of the meristem (Gonzalez-Garcia et al 2011). In addition BRs are known to promote cell 

differentiation (Iwasaki & Shibaoka 1991, Yamamoto et al 1997). Thus, it can be assumed 

that low levels of BRs not only increase the epidermal cell number and size of the meristem 

but also promote the differentiation of phloem. This observation is antagonistic to the reported 

function for BRs in repressing phloem differentiation (Fukuda 1997). However, in the lines 

ProBRL3 -1719::GUS, -1098::GUS and -755::GUS, treatment with elevated levels of BL (�

0.04 nM BL) reduced the GUS expression in the protophloem cell layer, due to both a 

presumably repressed number of differentiated phloem cells and/or to a direct repression 

caused by BRs. 

For the sake of completeness it is noteworthy that similar experiments in AtBRL1 transgenics 

did not change the expression pattern in the lines analysed. This indicates that AtBRL1

expression is not BR regulated. Moreover an additionally study already reported that AtBRL1

was detected as a non BR regulated BZR1 putative target (Sun et al 2010). However it cannot 

be completely ruled out that BRs do not have any functional role in the regulation of AtBRL1. 

BRs regulate AtBRL3 expression through binding of BES1 to a BRRE  

Crossing ProBRL3-1719::GUS with two lines of BES1 exhibiting different expression levels, 

resembled the previous obtained results. Analysing crosses with bes1-D, a dominant negative 

mutant with enhanced BES1 signalling, showed an increased and extended AtBRL3 

expression in the protophloem cell layer. This expression pattern was similar to the one 



obtained from treating ProBRL3-1719::GUS lines with 0.004 nM BL. In contrast analysing 

lines crossed to an inducible BES1 line, overexpressing the BES1 protein, mirrored the 

expression pattern of AtBRL3, obtained after treatment with elevated BL levels. The 

expression was shifted into the stele and reduced in the protophloem cell layer. These results 

not only confirmed the fact that AtBRL3 expression is BR dose dependent but also that the 

essential protein is BES1, and that the protein level of BES1 is the important parameter 

regulating the expression pattern of AtBRL3 in the root meristem.  

The mechanism of AtBRL3 regulation is probably contrary to the very well studied 

mechanism of auxin inducible genes, which are regulated by interaction of two classes of 

transcription factors, the ARFs (auxin-response factors) and its repressors of the AUX/IAA 

family (Lau et al 2008). In genes responding to auxin ARFs bind to auxin response elements 

exhibiting the sequence (G/T)GTC(T/C)(T/C) (Ulmasov et al 1997). As long as the auxin 

concentration is below a certain threshold, members of the AUX/IAA family associate with 

ARFs to keep genes in a repressed state. As soon as auxin levels increases, the AUX/IAA 

factors dissociate and the ARFs are able to activate their target genes (Gutierrez et al 2009, 

Lau et al 2008). In the case of AtBRL3, BES1 seems to act as an activator of AtBRL3 at low 

protein levels by interacting with maybe yet other unidentified proteins, whereas at elevated 

levels BES1 either dissociates from its interactors or they are saturated.  Anyway, BES1 can 

bind to the BRRE as a homodimer with the purpose of suppressing the expression of AtBRL3

in the two protophloem cell files. Moreover high BR levels could also probably increase the 

concentration of the BES1 protein in the stele, thereby changing the spatial distribution of 

AtBRL3. 

In vivo experiments, like ChIP and a luciferase reporter gene assay confirmed the direct 

interaction of BES1 and the BRRE present in AtBRL3. In the former a specific enriched 

accumulation of BES1 at the region where the BRRE is present has been observed, whereas 

the region where an E-box was present, no enrichment has been detected. In addition it has 

been already reported that the binding affinity of BES1 to a BRRE is quite stronger than to E-

boxes, since in the former BES1 does not need a partner to form a heterodimer like in the 

latter (Yin et al 2005). In the luciferase reporter gene assay BES1 was significantly reducing 

the expression of the luciferase reporter in protoplasts co-transfected with ProBRL3-

1719::LUC and 35S::bes1-D:GFP in contrast to co-transfections of ProBRL3-1719::LUC and 

35S::GFP alone. In addition BES1 also reduced the luciferase activity in ProBRL3-



1098::LUC, although the reduction was pretty low. In summary this study clearly 

demonstrated an expression mechanism for AtBRL3 in the root meristem which is BES1 dose 

dependent and mediated by the binding of BES1 to the BRRE present in the promoter of 

AtBRL3. 

Proposing a model how BES1 regulates BRL3 

As demonstrated and discussed previously the BES1 protein level is fundamental for a proper 

AtBRL3 expression pattern in the root meristem. According to the literature BR signalling 

inhibits the biosynthesis of BRs, through repressing the expression of DWF4, CPD and other 

genes involved in BR biosynthesis. This repression is partly regulated by BES1 and BZR1  

(Clouse 2011, Choe et al 2002, Mathur et al 1998, Mora-Garcia et al 2004, Noguchi et al 

1999, Sun et al 2010, Ye et al 2011, Yu et al 2011). In a recent global analysis both proteins 

have been reported to function as either activators or repressors, depending on the specific 

target gene promoter (Sun et al 2010, Yu et al 2011). Based on these results, we propose the 

following model (Figure 5), in which AtBRL3 is regulated in a feedback mechanism of BR 

signaling via BES1 protein levels. At low BR concentrations BES1 is mainly in a 

phosphorylated state. The level of free BES1 is low but it can possible interact with yet 

unidentified partners to promote the expression of AtBRL3 in the protophloem cell layer and 

in addition presumably phloem differentiation. In the presence of high BR levels, BES1 is 

mainly in a dephosphorylated state. Possible BES1 interacting factors important for the 

promoting function of BES1 might be saturated and residual BES1 is able to bind as a 

homodimer to the BRRE, thus repressing AtBRL3 expression.  

MATERIAL AND METHODS

Plant material and growth conditions 

The ecotype Columbia (Col-0) of Arabidopsis has been used to generate the AtBRL3 and 

AtBRL1 transgenics. To avoid ecotype variability, the bes1-D mutant, originally in Enkheim-2 

(En-2) background (Yin et al 2002a), was introgressed into the Col-0 ecotype. Seeds were 

surface sterilized in 35% sodium hypochlorite, vernalized for 72 hours at 4°C in darkness and 

grown on plates containing 1x Murashige and Skoog (MS) salt mixture, 1% sucrose and 0.8% 

agar in the absence or presence of different concentrations of BL (C28H48O6;Wako, Osaka, 

Japan). Plants were grown under fluorescent light (12 hours light/12 hours dark cycles) for 6 

days prior analysis.  



In silico analysis of the promoters 

The search for predetermined regulatory promoter elements was done by the program DNA-

pattern (Thomas-Chollier et al 2008).  

Construction of promoter fusions  

To generate the various AtBRL3 and AtBRL1 promoter fusion constructs (Table S1), 

Invitrogen’s Gateway technology has been used. In the first reaction step pDNOR 221 or 

pDONR207 have been used to generate entry clones. In the second reaction step the 

destination vectors pHGWFS7 (GUS/GFP) and pGWB635 (Firefly Luciferase) have been 

used to generate the expression clones. Transgenic plants (GUS/GFP) were selected for 

resistance to hygromycin and homozygous plants were used for analysis. In addition the 

construction 35S::BES1-D:GFP was generated by using the destination vector pB7m34GW 

and PHTT672 (Renilla luciferase) was bought from Promega.  

Histology and microscopy 

For b-glucuronidase (GUS) detection, 6-day-old seedlings were immersed on ice-cold 90% 

(v/v) acetone, incubated 20 minutes on ice, rinsed 2x in dH2O, infiltrated with GUS (100 mM 

sodium phosphate buffer (pH 7.2), 10 mM sodium EDTA, 0.1% Triton X-100, 1 mg/ml 5-

bromo-4-chloro-3-indolyl- b-D-glucuronide (Xgluc; Duchefa, Haarlem, The Netherlands), 10 

mM potassium ferrocyanide and potassium ferricyanide) and incubated at 37°C for 15 hours. 

Samples were rinsed three times in dH2O and treated with 70% ethanol. Stained roots were 

visualized with an AxioPhot (Zeiss, Jena, Germany) microscope. For a cell type specific 

analysis of the root meristem, GUS stained seedlings were subsequently immersed in 10 % 

acetic acid, supplemented with 50 % MetOH, solution and stained using a modified Pseudo- 

Schiff (mPS)-PI staining method (Truernit et al 2008). Roots were analysed in a FV 1000 

confocal microscope (Olympus, Tokyo, Japan). Images were processed with the Olympus FV 

software. 

Dual Luciferase Expression Assay 

Protoplasts of Arabidopsis were prepared according to Sheen J, 2002 and transfected with 

different AtBRL3 promoter fusions, 35S::BES1-D:GFP, 35S::GFP and 35S::Renilla. For the 

expression assay per se the Dual-Luciferase Reporter Assay System from Promega has been 

used and with the luminometro Centro LB 960 (Berthold) the bioluminescent signal has been 

measured. For each experiment three technical and three biological replicates have been used 



and results were normalized by dividing the activity of the reporter gene (Firefly) with the 

activity of control gene (Renilla). To obtain a normalized value for each group the following 

equation has been used: �Fold Activity = Mean (F/R) treated sample / Mean (F/R) control 

sample(Schagat et al 2007). 

For ChIP experiments 35S::BES1-D:GFP and Col-0 plants were grown in ½  MS (12 hours 

light/12 hours dark cycles) for 6 days. Seedlings were fixed with 1% of formaldehyde and 

nuclei were extracted according to (Deal & Henikoff 2011). ChIP experiments using anti-GFP 

antibodies were performed according to (Gendrel et al 2005). Detection of PCR products was 

performed using Absolute qPCR SYBR Green mix (Thermo scientific) in a Biorad 

thermocycler. Three different biological replicas were performed for each region of interest. 
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FIGURES

Figure 1: In silico and genetic analysis of AtBRL3 transgenics 

Figure 1A: Schematic diagram of the 5’ flanking regions of AtBRL3

The top represents part of the 5’ flanking region of AtBRL3 including the 5’ UTR and an 

intron, labelled in orange and red, respectively. The BRRE at position -1441 bp is tagged in 

red and the E-box at position -892 bp is tagged in blue. The lower part represents the deletion 

constructs generated fused to the reporter genes GFP and GUS. 

Figure 1B: Analysis of generated AtBRL3 transgenics  

A histochemical GUS assay has been performed in 6 day old seedlings of Arabidopsis. Two 

T3 representative homozygous lines of each construct generated have been used to analyse the 

GUS activity in the cotyledons, SAM, root differentiation and meristematic zone. Samples 

have been incubated in a GUS solution for 16 hrs. (A-D) ProBRL3-1719::GUS showed 

expression in the veins and the tip of the cotyledons, in the SAM, in regions where lateral 

roots emerge, in the differentiation zone, in the two protophloem cell files and the quiescent 

centre within the meristem. (E-H) ProBRL3-1098::GUS showed expression in the veins and 

the tip of the cotyledons, in regions where lateral roots emerge, in the differentiation zone and 

in the two protophloem cell files. (I-L) ProBRL3-755::GUS showed quite similar expression 

to ProBRL3-1098::GUS although the expression was weaker, especially in the two 

protophloem cell files and in the differentiation zone. (M-P) ProBRL3-498::GUS was only 

expressed in the veins and tip of the cotyledon. (Q-T) ProBRL3-384::GUS was expressed 

only in the tip of the cotyledon. (U-X) ProBRL3-218::GUS did not show any expression in 

the tissues analysed.  

Figure S1: In silico and genetic analysis of AtBRL1 transgenics 

Figure S1A: Schematic diagram of the 5’ flanking regions of AtBRL1

The top represents part of the 5’ flanking region of AtBRL1 including the 5’ UTR and introns, 

labelled in orange and red, respectively. The E-boxes at position -1230, -1184, -1167, -779, -

717 and -443 bp are tagged in blue. The lower part represents the deletion constructs 

generated fused to the reporter genes GFP and GUS. 

Figure S1B: Analysis of generated AtBRL1 transgenics  

A histochemical GUS assay has been performed in 6 day old seedlings of Arabidopsis. Two 

T3 representative homozygous lines of each construct generated have been used to analyse the 

GUS activity in the cotyledons, SAM, root differentiation and meristematic zone. Samples 



have been incubated in a GUS solution for 16 hrs. (A-D) ProBRL1-1641::GUS showed 

expression in the veins and the tip of the cotyledons, in the SAM, in the tip of lateral roots and 

in the differentiation zone. (E-H) ProBRL1-978::GUS  and (I-L) ProBRL1-790::GUS showed 

expression in the veins and the tip of the cotyledons and in the differentiation zone. (M-P) 

ProBRL1-479::GUS and (Q-T) ProBRL1-334::GUS did not show any expression in the 

tissues analysed.  

Figure 2: BRs regulate AtBRL3 expression pattern 

A histochemical GUS assay has been performed in 6 day old seedlings of Arabidopsis treated 

with 4 nM BL for 48 hrs. Two T3 representative homozygous lines of each construct 

generated have been used to analyse the GUS activity in the cotyledons, SAM, root 

differentiation and meristematic zone. Samples have been incubated in a GUS solution for 16 

hrs. (A-D) ProBRL3-1719::GUS +BL showed expression in the veins and the tip of the 

cotyledons, in the SAM, in regions where lateral roots emerge, in the differentiation zone and 

in the quiescent centre. (D) Instead of expression in the two protophloem cell layers the GUS 

reporter showed diffuse expression in the stele. (E-H) ProBRL3-1098::GUS +BL showed 

expression in the veins and the tip of the cotyledons, in regions where lateral roots emerge, in 

the differentiation zone and (H) a significantly repressed expression pattern in the two 

protophloem cell files. (I-L) ProBRL3-755::GUS +BL showed quite similar expression to

ProBRL3-1098::GUS and exhibited also (L) the significantly reduced expression in the two 

protophloem cell files. (M-P) ProBRL3-498::GUS +BL and (Q-T) ProBRL3-384::GUS +BL 

did not show any difference to the untreated lines analysed. (U-X) ProBRL3-218::GUS +BL 

was not expressed in any tissue analysed. 

Figure S2: BRs do not regulate AtBRL1 expression pattern 

A histochemical GUS assay has been performed in 6 day old seedlings of Arabidopsis treated 

with 4 nM BL for 48 hrs. Two T3 representative homozygous lines of each construct 

generated have been used to analyse the GUS activity in the cotyledons, SAM, root 

differentiation and meristematic zone. Samples have been incubated in a GUS solution for 16 

hrs. (A-D) ProBRL1-1641::GUS +BL showed expression in the veins and the tip of the 

cotyledons, in the SAM, in the tip of lateral roots and in the differentiation zone. (E-H) 

ProBRL1-978::GUS  and (I-L) ProBRL1-790::GUS showed expression in the veins and the 

tip of the cotyledons and in the differentiation zone. (M-P) ProBRL1-479::GUS and (Q-T) 

ProBRL1-334::GUS did not show any expression in the tissues analysed.  



Figure 3: AtBRL3 expression pattern in the root meristem is BR dose dependent  

(A) A histochemical GUS assay has been performed in 6 day old seedlings of Arabidopsis

treated with 4 nM BL for 48 hrs. Two T3 representative homozygous lines of selected 

transgenics have been used to analyse the GUS activity root meristem. Samples have been 

incubated in a GUS solution for 16 hrs and subsequently stained with mPS-PI and imaged 

using a confocal microscope. (PP) protophloem and (QC) quiescent centre (A) ProBRL3-

1719::GUS showed expression in the protophloem cell layer at the transition zone where 

protophloem differentiate and in the QC. (B and C) Transversal images of the meristem and 

the QC in ProBRL3-1719::GUS lines. (D) ProBRL3-1719::GUS + BL was expressed in the 

QC and in a diffused pattern in the stele. (E) Transversal images of the meristem in ProBRL3-

1719::GUS lines treated with 4 nM BL. (F) ProBRL3-1098::GUS and (H) ProBRL3-

755::GUS was expressed in the protophloem. (G) ProBRL3-1098::GUS and (I) ProBRL3-

755::GUS treated with 4 nM BL showed a significantly reduced expression of the GUS 

reporter in the protophloem. (B) A histochemical GUS assay has been performed in 6 day old 

seedlings of Arabidopsis treated with increasing concentrations of BL (0.004 to 4 nM 

continuous treatment). Two T3 representative homozygous lines of ProBRL3-1719::GUS

have been used to analyse the GUS activity in the root meristem. Samples have been 

incubated in a GUS solution for 16 hrs and subsequently stained with mPS-PI and imaged 

using a confocal microscope. (PP) protophloem and (QC) quiescent centre (J) ProBRL3-

1719::GUS treated with 0.004 nM BL showed an increased and expanded expression in the 

protophloem cell layer towards the QC, where the GUS reporter is expressed as well. (K and 

L) Transversal images of the meristem and the QC after treatment with 0.004 nM BL. (M) 

ProBRL3-1719::GUS treated with 0.04 nM BL and (N) ProBRL3-1719::GUS treated with 0.4 

nM BL showed a reduced and misplaced expression in the stele and repression in the QC. (O 

and P) Transversal images of the meristem and the QC after treatment with 0.4 nM BL. (Q) 

ProBRL3-1719::GUS treated with 4 nM BL showed a misplaced and strongly reduced 

expression in the stele.

Figure 4: BES1 regulates the AtBRL3 expression pattern in the root meristem through 

binding the BRRE. 

(A) A histochemical GUS assay has been performed in 6 day old seedlings of 

Arabidopsis. ProBRL3-1719::GUS transgenics crossed to either bes1-D or 35S::BES1-D:GR

lines. Representative lines have been used to analyse the GUS activity in the root meristem. 

Samples have been incubated in a GUS solution for 16 hrs and subsequently stained with 



mPS-PI and imaged using a confocal microscope. (PP) protophloem and (QC) quiescent 

centre (A) ProBRL3-1719::GUS showed expression in the protophloem cell layer at the 

transition zone where protophloem differentiate and in the QC. (B) ProBRL3-1719::GUS

treated continuously with 0.004 nM BL showed an increased and expanded expression in the 

protophloem cell layer towards the QC and in the QC. (C) ProBRL3-1719::GUS crossed to 

bes1-D lines showed increased expression in the protophloem cell layer towards the QC and 

in the QC, similar to transgenics treated with 0.004 nm BL. (D) ProBRL3-1719::GUS treated 

with 4 nM BL for 48 hrs showed expression in the QC and a diffused expression pattern in the 

stele. (E) ProBRL3-1719::GUS crossed to 35S::BES1-D:GR lines showed expression in the 

QC and a diffused expression pattern in the stele, similar to transgenics treated with 4 nM BL 

for 48 hrs. (F) ProBRL3-1098::GUS was expressed in the protophloem. (G) ProBRL3-

1098::GUS treated with 4 nM BL showed a significantly reduced expression in the 

protophloem cell layer. (H) ProBRL3-1098::GUS crossed to bes1-D lines showed expanded 

expression in the protophloem cell layer. 

(B) BES1 was enriched in the 5’ flanking region of AtBRL3 containing the BRRE. 

Resulting data of a chromatin immunoprecipitation (Chip) experiment showed enrichment of 

BES1 in the promoter region of AtBRL3 containing the BRRE (region 1: -1719 to -1098 bp). 

In contrast between the region -1098 and -755 bp, containing an E-box, an enrichment of 

BES1 was not detectable (region 2). As a negative control the 3’UTR and UBC30 have been 

used. Both samples do not show any enrichment of BES1, too.  

(C) BES1 represses AtBRL3 expression through binding the BRRE . 

In a luciferase reporter gene assay protoplasts of Arabidopsis have been co-transfected with 

either ProBRL3-1719::LUC, ProBRL3-1098::LUC or ProBRL3-384::LUC and either 

35S::BES1-D:GFP or 35S:GFP (control) and additionally with 35S::Renilla. Each experiment 

was done in triplicates and obtained data was normalized to the activity of Renilla (Grotewold 

et al., 2000). The ratio was calculated as the ratio of each treatment and the treatment of the 

longest construct used without the repressor. The plotted diagram shows the arithmetic means 

and the standard error of the mean, demonstrating a strong repression of AtBRL3 due to the 

binding of BES1 to the BRRE in ProBRL3-1719::LUC.  

Figure 5: Model of BR perception regarding expression of AtBRL3 

A model based on the obtained results, suggesting an BR auto-regulated mechanism of 

AtBRL3 expression in the root meristem, depending on BES1 protein levels and their binding 

capacity to BRRE within the 5’ flanking region of AtBRL3.  
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Primer sequence
JE pBRL1  AC 5´ ggggacaagtttgtacaaaaaagcaggctaaaatgctactttggc 
JE pBRL1 5 5´ ggggacaagtttgtacaaaaaagcaggcttcatcaacccaagtaac 
JE pBRL1 6 5´ ggggacaagtttgtacaaaaaagcaggcttgtgacctcacttgcc 
JE pBRL1 7 5´ ggggacaagtttgtacaaaaaagcaggctactcctcaattacgcaa 
C pBRL1  5´ ggggacaagtttgtacaaaaaagcaggctagacaacctctgttgtc
JE pBRL1(-26) 3´ ggggaccactttgtacaagaaagctgggtcatttggcacagcaagag
JE pBRL3 0 5´ ggggacaagtttgtacaaaaaagcaggctcgtggggattagttgctga
JE pBRL3 1 5´ ggggacaagtttgtacaaaaaagcaggctggaaaccgaactat 
JE pBRL3 2 5´ ggggacaagtttgtacaaaaaagcaggcttgacgtagagtttga 
JE pBRL3 3 5´ ggggacaagtttgtacaaaaaagcaggctacacgcttcctttat 
JE PBRL3 AC 5´ ggggacaagtttgtacaaaaaagcaggctgtctcatagttttgtc 
JE pBRL3 4 5´ ggggacaagtttgtacaaaaaagcaggctcttgaacaagacttg 
A pBRL3  5´ ggggacaagtttgtacaaaaaagcaggcttggttccggatccgacc
B pBRL3  5´ ggggacaagtttgtacaaaaaagcaggctgagagacaacactgtcg
JE CompBRL3R1R2-3´ ggggaccactttgtacaagaaagctgggtcgttattagcccacaa

Underlines represent additional recognition sequence attB for recombination reaction. 
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Los resultados obtenidos en la caracterización del módulo AC-GATA/C indican que 

ZmMYB11, junto con ZmZIM91,  tiene un papel relevante en respuesta de la planta a la 

herida y el aumento en las concentraciones de MeJA. Por tanto, se propone que 

ZmMYB11 y ZmZIM91 estarían involucrados el control de la lignificación mediada por 

Ácido Jasmónico.  

 

 
Figura 72. Modelo propuesto de la regulación de ZmCOMT por MeJA.  
En la figura de la parte superior, se muestra que en ausencia de MeJA, ZmZIM91 y ZmMYB11 se unen al 
promotor de ZmCOMT a través de los motivos GATA/TC y AC repectivamente, que conforman el CRM 
para reprimirlo. En la figura de la parte inferior, se enseña el modelo cuando los niveles de MeJA 
incrementan, donde ZmZIM91 y ZmMYB11 son degradados a través del proteasoma 26S y por tanto la 
expresión de ZmCOMT es activada. 




