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RESUMEN 

La vid (Vitis vinifera L.) es una de las especies de plantas más cultivadas en el mundo. Dentro de 

las prácticas agronómicas para su cultivo y mejoramiento se encuentran la poda y el uso de 

portainjertos y de reguladores del crecimiento. En los últimos años ha surgido el interés por el 

estudio de los brasinoesteroides (BRs) en esta especie. Estos son una familia de hormonas vegetales 

derivadas de esteroles que regulan procesos fisiológicos tales como respuestas a estrés biótico y 

abiótico, desarrollo de estomas, control de la senescencia, entre otros. El mayor efecto biológico 

es la promoción del crecimiento mediante división y expansión celular. En el caso de las vides, se 

ha analizado uno de los genes de biosíntesis denominado VvBR6OX1 mediante complementación 

funcional en plantas de tomate. Además, se ha reportado la acumulación de los BRs biológicamente 

activos castasterona y 6-deoxocastasterona en bayas de vid.  

Hasta el momento, genes asociados a la ruta de percepción o señalización de BRs no han sido 

caracterizados en vides. En análisis bioinformáticos del genoma de referencia de Vitis vinifera L. 

fueron encontrados modelos génicos con homología a genes descritos en Arabidopsis para las rutas 

de biosíntesis, percepción y señalización. Esto sugiere que estas serían vías al menos parcialmente 

conservadas entre estas dos especies.  

En esta tesis, se utilizaron distintos tejidos de plantas de vides para cuantificar los niveles 

endógenos de BRs. Se cuantificó diez distintos compuestos con un patrón de acumulación tejido 

específica. Además, se obtuvo el perfil de expresión de los genes de la ruta de biosíntesis de BRs. 

No existe una correlación directa entre la acumulación de transcritos y metabolitos, lo que podría 

dar cuenta de la complejidad de la ruta de biosíntesis y su regulación. 

Por otra parte, se realizaron tratamientos de bayas en el campo con 24-epibrasinólido y B2000 
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(análogo de BRs). Se determinó que ambos compuestos generan incremento en el tamaño de las 

bayas durante la etapa temprana (Fase I de crecimiento). Estos cambios implican incremento en el 

tamaño de las células como pudo observarse en los estudios histológicos. Considerando que para 

la regulación de diversos procesos fisiológicos se ha descrito interacción entre distintas hormonas 

vegetales, en este trabajo se cuantificaron citoquininas en las bayas tratadas en el campo con BRs. 

Se determinó que algunos de los tratamientos promueven el metabolismo de citoquininas, ya sea 

de compuestos bioactivos, intermediarios ribósidos o inactivos glucosilados, generando cambios 

en el contenido y composición de estos. Para entender de mejor forma los cambios generados por 

BRs en las bayas tratadas, se analizó la expresión de genes de las rutas de biosíntesis, percepción 

y señalización encontrando claros patrones de inducción general de la expresión en fases tempranas 

y de represión en fases tardías post-tratamiento. Además, BRs reprimieron la expresión de genes 

del ciclo celular codificantes para ciclinas y quinasas dependientes de ciclinas, mientras que 

promovieron la expresión de un gen que codifica para expansinas. Estos resultados en conjunto 

muestran una compleja regulación del crecimiento en fases tempranas de crecimiento de bayas 

tratadas con brasinoesteroides los que alterarían el metabolismo hormonal y la acumulación de 

transcritos. 

Finalmente, para caracterizar las rutas de percepción y señalización se obtuvo el perfil de expresión 

de los genes encontrados en los análisis bioinformáticos. Con estos datos y considerando que la 

quinasa BIN2 es un regulador clave en señalización de BRs así como una conexión con distintas 

rutas como las de auxinas, ácido abscísico, desarrollo de raíces laterales y estomas, es que se 

decidió continuar la caracterización de este gen. Para ello VvBIN2.1 fue amplificado y clonado en 

un vector de clonación obteniéndose una secuencia consenso. Se realizó un análisis de dominios 

presentes en la proteína que sería generada, así como un estudio de filogenia, determinando que 
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dos de los modelos génicos que codificarían para BIN2 de vides agrupan en el mismo clado que la 

proteína homóloga de Arabidopsis. Luego de esto, se realizó la construcción que permitió 

transformar plantas de Arabidopsis con VvBIN2.1 para realizar estudios funcionales. Los resultados 

obtenidos sugieren fuertemente un rol en el crecimiento para este gen de vides. 

El desarrollo de esta tesis doctoral generó un aporte al conocimiento sobre las funciones de los 

brasinoesteroides en vides, mediante la caracterización de genes pertenecientes a la vía de 

biosíntesis, percepción y señalización de esta hormona, y la cuantificación de distintos metabolitos 

pertenecientes a esta familia de fitohormonas. 
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ABSTRACT 

Grapevine (Vitis vinifera L.) is one of the most cultivated plant species in the world. Among the 

agronomic practices for cultivation and breeding are pruning, the use of rootstocks, and growth 

regulators. In recent years, interest in the study of brassinosteroids (BRs) in this species has arisen. 

These are a family of plant hormones derived from sterols that regulate physiological processes 

such as responses to biotic and abiotic stress, stomatal development, senescence control, among 

others. The most significant biological effect is the promotion of growth through cell division and 

expansion. In the case of grapevines, one of the biosynthesis genes called VvBR6OX1 has been 

analyzed by functional complementation in tomato plants. Besides, the production of biologically 

active BRs castasterone and 6-deoxocastasterone in berries has been reported.  

So far, genes associated with the BRs perception or signaling pathway have not been characterized 

in grapevines. In bioinformatic analyzes of the reference genome of Vitis vinifera L., gene models 

with homology to genes described in Arabidopsis were found for biosynthesis, perception, and 

signaling pathways. This suggests that these would be at least partially conserved pathways 

between these two species. 

In this thesis, different tissues of grapevine plants were used to quantify the endogenous levels of 

BRs. Ten different compounds with a specific tissue accumulation pattern were quantified. Also, 

the expression profile of the biosynthesis pathway genes of BRs was obtained. There is no direct 

correlation between the accumulation of transcripts and metabolites, which could account for the 

complexity of the biosynthesis pathway and its regulation. 
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On the other hand, berry treatments were carried out in the field with 24-epibrassinolide and B2000 

(analog of BRs). It was determined that both compounds generate an increase in the size of the 

berries during the early stage (Phase I of growth). These changes imply an increase in the size of 

the cells, as could be observed in the histological studies. Considering that for the regulation of 

several physiological processes, the interaction between different plant hormones has been 

described, in this work, cytokinins were quantified in berries treated in the field with BRs. It was 

determined that some of the treatments promote the metabolism of cytokinins, either of bioactive 

compounds, riboside intermediates, or inactive glycosylated, generating changes in their content 

and composition. To better understand the changes produced by BRs in the treated berries, the gene 

expression of biosynthesis, perception, and signaling pathways were analyzed, finding clear 

patterns of general up-regulation in early phases and down-regulation in late phase post-treatment. 

Besides, BRs repressed the expression of cell cycle genes encoding cyclins and cyclin-dependent 

kinases and increased one gene coding for expansins. These results together show a complex 

growth regulation in early growth stages of berries treated with brassinosteroids, which would alter 

the hormonal metabolism and accumulation of transcripts.  

Finally, to characterize the perception and signaling pathways, the expression profile of the genes 

found in the bioinformatic analyzes was obtained. With these data and considering that the BIN2 

kinase is a key regulator in signaling BRs as well as a connection with different routes such as 

auxins, abscisic acid, development of lateral roots, and stomata, it was chosen to continue its 

characterization. For this, VvBIN2.1 was amplified and cloned into a cloning vector, obtaining a 

consensus sequence. An analysis of domains present in the protein that would be generated as well 

as a phylogeny study was performed, determining that two of the gene models that would code for  
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BIN2 of grapevines group in the same clade as the Arabidopsis homologous protein. After this, a 

construction that allowed transforming Arabidopsis plants with VvBIN2.1 to perform functional 

studies was carried out. The results obtained strongly suggest a role in growth for this grapevine 

gene. 

The development of this doctoral thesis generated a contribution to knowledge about the functions 

of brassinosteroids in grapevines, through the characterization of genes involved in the 

biosynthesis, perception, and signaling pathway of this hormone, and the quantification of different 

metabolites belonging to this family of phytohormones. 
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Model of study: Vitis vinifera L. 

 

The genus Vitis comprises about 60 botanically related species, within which Vitis vinifera L. is 

the most cultivated in the world (Keller, 2015). All grape species are perennial, polycarpic, and 

deciduous (Keller, 2015). In its wild state, the grapevine has very vigorous growth, compared to 

its domesticated form (Keller, 2015). Modern viticulture has focused on the management and 

improvement of this crop with cultural strategies such as the use of rootstocks, optimization of 

pruning techniques, the application of fertilizers and growth regulators (Gladstone & Dokoozlian, 

2003; Keller, 2015). The development of berry is one the most studied process in this species, due 

to its critical commercial importance for many countries. Chile is in the TOP 9 world producers of 

wine with 249,804 hl, and in the TOP 1 of fresh fruit with 73,294,125 tons produced 

(http://www.oiv.int/es/statistiques/). 

 

Grapevine berry development 

 

The berry development of grapevines follow an double sigmoid curve progression and it is divided 

in three different stages where several metabolic and physiological changes occur (Kennedy, 2002). 

The first stage of growth (I) is characterized by rapid cell division and expansion allowing an 

exponential increase in the size of the berry together with and accumulation of organic acids 

(Coombe, 1995; Kennedy, 2002). During this phase a critical event is the fruit set, defined as when 

ovary compromises to functional fruit development, and berry diameter is between 1.6 and 3.2 mm 

(Dokoozlian, 2000).  
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The second stage (II) is a lag phase where the size of berry is not increase, but the development of 

the embryo and the cover of the seed, accumulation of acids and compounds related to the aroma 

and flavor are initiated (Kennedy, 2002; Conde et al., 2007). The berries maintained its firmness, 

and starts losing chlorophyll (Dokoozlian, 2000). At the end of this stage a rapid increase in 

accumulation of  fructose and glucose initiates from hydrolyzation of sucrose that is translocated 

from the leaves (Kennedy, 2002; Keller, 2015). At the same time the accumulation of pigments 

anthocyanins initiates in red-skinned cultivars (Boss et al., 1996). This last process is known as 

veraison and is a mark of the onset of ripening.  

The signals triggering the ripening or stage III are not well understood yet, but a complex 

interaction  between phytohormones, metabolites as sugars (glucose, fructose and trehalose-6-

phosphate) and environmental factors has been proposed (Kuhn et al., 2014; Kumar et al., 2014; 

Parada et al., 2017). During this period of development, sugar continues accumulating until reaches 

concentration near 1 M of each hexose (Vignault et al., 2005; Deluc et al., 2007; Hayes et al., 

2007). Moreover, berry growth resumes mainly by expansion process, commences the softening 

process, decrease the content of chlorophyll and concentration of organic acids, and accumulates 

flavor and aroma compound (Kennedy, 2002; Conde et al., 2007). The three stages of development 

are represented in Figure 1. 

 

Hormonal control of grapevine berry development 

 

For the understanding of the hormonal control over physiological and metabolic changes that 

occurs during grapevine berry development, one of the most used approaches has been the 

exogenous application of hormones in berries in the field, and global analysis such as 
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transcriptomic and proteomics. During early stages of development (Stage I) the essential role of 

hormones auxins, cytokinins, and gibberellins has been demonstrated in several studies. The auxins 

has a peak during this stage, with high concentrations if IAA in flowers and young berries (Zhang 

et al., 2003). Also, the cytokinins zeatin and zeatin riboside has been detected at high levels in early 

stage I (Zhang et al., 2003). A role in cell division during this stage has been proposed to auxins 

and cytokinins (Zhang et al., 2003; Perrot-Rechenmann, 2010; Fortes et al., 2015). Moreover, 

cytokinins could be key regulator of seedless berry formation by parthenocarpy since treatments 

with 6-benzyladenine induces this process (Lu et al., 2016). The gibberellins concentration also 

are high during this stage, and its balance with auxins has been associated with the process of fruit 

set where the ovary continues the development to the formation of the berry (Gillaspy et al., 1993; 

Godoy, 2013).  

While the development of the berry progresses, the balance of the different hormones changes, and 

at the end of phase II prior to veraison there is a transient increase in ethylene content that could 

be related to ripening initiation (Chervin et al., 2004). However, unlike climateric fruits, ethylene 

is not able to triggered all the changes in the berry during ripening, and a key role in this process 

has been assigned to abscisic acid (ABA) (Coombe & Hale, 1973; Sun et al., 2010a). ABA content 

increases just before veraison and it is accumulated in the skins of berries during ripening (Davies 

et al., 1997; Deytieux-Belleau et al., 2007; Deluc et al., 2009). ABA induces gene expression and 

physiological parameters related to ripening process (Koyama et al., 2010; Sun et al., 2010a; 

Villalobos-González et al., 2016). The exogenous application of ABA in berries advanced the 

coloring process, and increase the berries size (Wheeler et al., 2009). The ripening process could 

be regulated not only by ABA signal but also others hormones and metabolites. Brassinosteroids 

(BRs) are the last hormone that has been associate with promotion of ripening in grapevine 
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(Symons et al., 2006). BRs increase its levels at veraison and maintained high concentration 

through all ripening stage (Symons et al., 2006). Exogenous treatments with BRs have 

demonstrated an increase in anthocyanin and sugars, an advance in coloring of berries, and been 

involved in sugar unloading from leaves to berries  (Luan et al., 2013; Xi et al., 2013; Xu et al., 

2015; Vergara et al., 2018). All the hormonal changes associated to grapevine berry development 

are depicted in Figure 1. 

 

 

 

 

 

 



24 
 

 

FIGURE 1. Berry size and hormonal content through grapevine berry development. Changes 
in berry size are schematized in the three stages of development: formation (Phase I), lag (Phase 
II) and ripening (Phase III). Changes in sugar content are shown in purple curve, where a sharp 
increase starts at veraison and continue during all ripening process (Phase III). Total levels for 
auxins, abscisic acid, brassinosteroids, ethylene, gibberellins and cytokinins are depicted. Veraison 
stage is marked using a dashed line. For details, see the text. Modified from Parada et al., (2017). 
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Brassinosteroids: role in growth promotion and agronomical use 

 

Brasinosteroids (BRs) are a family of polyhydroxylated steroidal plant hormones, discovered in 

seedlings of Pisum sativum L., where it was observed that the exogenous application of corn pollen 

caused the elongation of treated internodes (Mitchell & Whitehead, 1941). The active compound 

was isolated, for the first time, from pollen from Brassica napus and named brassin. Later it was 

determined that this compound was part of a new class of plant-based steroids, and was called 

brassinolide (BL) (Grove et al., 1979). Considering the chemical structure, natural BRs have been 

defined as molecules with 3-oxygenated (20b)-5a-cholestane-22a,23a-diols or their derived 

compounds with alkyl or oxy substituents (Zullo & Bajguz, 2019), and their structure are composed 

by four rings (A, B, C and D), and a side chain (Clouse, 2011). BRs concentration in plants are 

very low, representing 10-12 -10-9 g/g of the fresh weight in plants, generating technical difficulties 

for its isolation (Bajguz & Tretyn, 2003). 

Polyhydroxylated steroidal molecules have evolutionarily conserved hormonal functions among 

animals, algae, fungi, and plants (Thummel & Chory, 2002). In the case of plants, brassinosteroids 

regulate various biological processes such as skotomorphogenesis; vascular differentiation; 

responses to biotic and abiotic stress; stomata development; senescence control and flowering, 

among others (Clouse, 2011; Zhu et al., 2013). Its most significant biological effect is the 

stimulation of growth through the regulation of cell division, cell expansion, and microtubule 

orientation (Azpiroz et al., 1998; Hu et al., 2000; Goda et al., 2004; Pereira-Netto, 2011). A study 

model of growth and development processes is the elongation of the hypocotyl, which is deeply 
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influenced by environmental factors, and endogenous factors such as brassinosteroids 

(Vandenbussche et al., 2005). 

One of the most commonly used BR biosynthesis inhibitors is brasinazole (BRZ), a compound 

derived from triazole (Asami et al., 2000). It has been used in studies with different models such 

as Nicotiana benthamiana (Deng et al., 2015), Fragaria × ananassa (Chai et al., 2013), Cepidium 

sativum (Nagata et al., 2001), Arabidopsis thaliana (Sun et al., 2010b; Das et al., 2016; Li & He, 

2016), Chlorella vulgaris (Bajguz & Asami, 2004), and Vitis vinifera (Symons et al., 2006; Xu et 

al., 2015), among others. It binds and inactivates DWF4, a cytochrome P450 monooxygenase 

enzyme that catalyzes the hydroxylation of the C22 position of the BRs side chains, a step that 

prevents the progression of the biosynthetic pathway (Choe et al., 1998; Chung & Choe, 2013). 

Catharanthus roseus cell cultures treated with BRZ produce less than 6% of BL and CS compared 

to untreated cells, acting as a potent inhibitor (Asami et al., 2001). Considering this background, 

the use of this compound corresponds to a very useful experimental strategy to generate BRs deficit 

in plants such as grapevines, for which there are no gene mutants of hormonal components. 

Histological sections of Arabidopsis hypocotyls showed that the dwarf phenotype observed in 

plants treated with BRZ is due to a reduction in the longitudinal growth of individual cells, and not 

to the number of cells (Asami et al., 2000). On the other hand, the dwarf phenotype and the low 

growth rate of the dwf4 mutant (deficient in BRs), has been related to a reduction in the size of the 

hypocotyl and stem cells, compared to wild ecotypes, and not to the number of cells or cell layers 

(Azpiroz et al., 1998). On the other hand, there are antecedents that suggest that in addition to cell 

expansion, BRs would regulate cell division. An increase in the mitotic index at the root tip of 

onion (Allium cepa) has been observed in response to treatment with epibrassinolide (Howell et 

al., 2007). In addition, Hu et al. (2000) determined that epibrassinolide would promote cell division 
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in cell cultures and adult Arabidopsis plants, inducing the transcription of CycD3 encoding a type 

D cyclin. 

From the agronomic point of view, exogenous applications of BRs have been made in different 

plant species. For example, in green soybeans (Vigna radiata) and wheat (Triticum aestivum sakha 

93), the application of BRs increases the size of the plants and the fresh weight of root and aerial 

tissue (Takahashi et al., 1994; El-feky & Abo-hamad, 2014). In the case of Indian coleus 

(Plectranthus forskohlii), an increase in fresh weight and length of aerial and root tissue was 

reported (Swamy & Rao, 2010). In addition, in different cultivars of rice (Oryza sativa L.), the 

treatment with BRs increases the length of the mesocotyl and coleoptile of the seedlings (Chon et 

al., 2000). Thus, the application of low concentrations of BRs mixed with other products such as 

agrochemicals, herbicides or other compounds has been postulated as a growth-promoting agent 

(Zullo & Adam, 2002). Many different types of BRs analogues have been synthetized to try to 

reduce cost of synthesis of natural BRs, and for increasing the stability in the environment of this 

hormone (Zullo & Adam, 2002). Use of analogues has been used as strategy in plants grown in 

field such as maize and lettuce. Treatments with analogues of castasterone V3/4 and V6/7 in maize 

increase the yield improving the productive parameters of kernel number per ear, and the length of 

ear (Holá et al., 2010). The use of DI-31 (BB16) and DI-100 BR analogues in lettuce also improve 

the yield increasing the fresh weight without changes in nutritional or in the organoleptic properties 

(Serna et al., 2012). 
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Biosynthesis of brassinosteroids 

Brassinosteroids has been isolated from several species of bryophytes, pteridophytes, 

gymnosperms, and angiosperms including mono and dicotyledonous plants (Zullo & Bajguz, 

2019). Until the moment, sixty two compounds of brassinosteroid family have been detected, and 

fifteen biosynthetic precursors have been found in different plants (Zullo & Bajguz, 2019). 

The biosynthesis of BRs requires multiple oxidation steps, which are usually catalyzed by 

cytochrome P450 enzymes (P450s or CYPs) from 24-methylene cholesterol or another precursor. 

Mutants deficient in P450s and 5-reductase involved in the synthesis of BRs have been identified. 

In Arabidopsis, these include constitutive photomorphogenesis and dwarfism (cpd; deficient in 

CYP90A1), dwarf4 (dwf4; deficient in CYP90B1) and deetiolated2 (det2; deficient in a 5-

reductase); and in tomato extreme dwarf (dx; mutant in CYP85A1) (Li et al., 1996; Szekeres et al., 

1996; Choe et al., 1998; Bishop et al., 1999; Bishop, 2007). The mutants deficient in BRs, in light 

conditions, have a dwarf phenotype with dark and folded green leaves, prolonged life cycle, 

reduced fertility, and altered vascular development, while in the darkness they show shorter 

hypocotyls and open cotyledons (Clouse, 2002). This phenotype of mutant plants deficient in BRs 

can only be reverted to a wild phenotype by the exogenous application of BRs (Clouse, 2002). 

The bioactivity of BRs depends on the structure of A or B rings and side chain (Takatsuto & 

Yazawa, 1983; Takatsuto et al., 1987; Brosa et al., 1996; Liu et al., 2017). It has been described 

that for BRs with the same structure for A/B rings, biological activity in decreasing order will be: 

1) the 22a, 23a-dihidroxybrassinosteroids being as active as the 28-homobrassinosteroids, 2) 24-

epibrassinosteroids or 28-norbrassinosteroids, and 3) 26-norbrassinosteroids (Takatsuto & 

Yazawa, 1983; Wada et al., 1983; Kim et al., 2000; Watanabe et al., 2001; Zullo & Bajguz, 2019). 
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For example, it has been reported that catasterone, teasterone, 3-hydroteasterone, typhasterol, 

castasterone (CS), and brasinolide (BL) have an increasing order of biological activity (Fujioka et 

al., 1998). The presence and quantity of these have a profile species- and tissue-dependent (Bajguz 

& Tretyn, 2003). In Arabidopsis, CS and BL are produced, with BL being the most active (Nomura 

et al., 2005). In the case of tomato, CS is the most bioactive BR in vegetative tissue and 6-deoxoCS 

in fruits (Nomura et al., 2005; Yokota, 1997). On the other hand, BL has not been detected in rice, 

and it would use CS as the active BR (Yamamuro et al., 2000; Nakamura et al., 2006). 

The best known routes of biosynthesis of BRs are the “Early C-22 oxidation”, “Late C-6 

oxidation”, and “Early C-6 oxidation” pathways using campesterol as precursor. The early C-6 

oxidation route generates brassinolide as terminal product (Figure 2A), compound that has shown 

the major bioactivity among the BRs (Zullo & Adam, 2002). Also, another routes allows the 

synthesis of C27 BRs using cholestanol as precursor and 28-norcastasterone as terminal product 

(Fujioka & Yokota, 2003) (Figure 2). Another alternative route uses sitosterol to produce 28-

homocastasterone (Joo et al., 2015) (Figure 2B). The production of 28-homobrassinolide from 28-

homocastasterone has also been reported (McMorris et al., 1994) (Figure 2). Until the moment 

several enzymatic step and intermediates in those routes are unknown as can be observed in Figure 

2. Based on the studies conducted so far, in Arabidopsis, peas, and tomatoes, it has been determined 

that the late oxidation pathway of C-6 is predominant (Nomura et al., 2001), which has also been 

suggested in grapevines (Symons et al., 2006). 
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FIGURE 2. Brassinosteroid biosynthesis routes. The different routes of biosynthesis of brassinosteroids are depicted. A) The 
C-22 oxidation pathway are highlighted in blue, the late C-6 are highlighted in purple, and early C-6 oxidation is highlighted in 
green. The final product of those routes is brassinolide, the most biological active BRs known B) Route of 28-homo- BRs using as 
precursor sitosterol. C) Route of synthesis of dolichosterone using 24-Methylene-cholesterol as precursor. Enzymes involved in 
the different steps are shown in red. Dashed lines indicate multiple enzymatic steps. Diagram based on (Fujioka & Yokota, 2003; 
Lee et al., 2010; Joo et al., 2012, Joo et al., 2015; Kim et al., 2018; Youn et al., 2018).

A C B 
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Perception and signaling of brassinosteroids 
 

The perception of BRs is carried out by the transmembrane protein BRASSINOSTEROID 

INSENSITIVE 1 (BRI1), which is a receptor with ubiquitously expressed kinase activity and which 

possesses rich repetitions in leucine residues (Friedrichsen et al., 2000). Once the receptor-

hormone interaction has occurred, the BRI1-ASSOCIATED KINASE 1 / SOMATIC 

EMBRYOGENESIS RECEIVER KINASE 3 (BAK1 / SERK3) co-receptor binds to BRI1 forming 

a heterodimer (Sun et al., 2013). There are proteins with high sequence homology to BRI1, called 

BRL1 (BRI1-LIKE 1), BRL2 (BRI1-LIKE 2), and BRL3 (BRI1-LIKE 3), of which BRL1 and 

BLR3 function as preferentially expressed BR receptors in vascular tissues (Caño-Delgado et al., 

2004; Fukuda, 2004). Once the perception has occurred, a signaling cascade occurs that generates 

the inactivation of the protein kinase BRASSINOSTEROID INSENSITIVE 2 (BIN2) which is 

dephosphorylated by the phosphatases BRI1 SUPRESSOR1 / BSU1-LIKE (BSU1 / BSL). Once 

BIN2 is inactivated, the BRASSINAZOLE RESISTANT 1 (BZR1) and BRASSINAZOLE-

RESISTANT 2 / BRI1-INSENSITIVE-EMS SUPRESSOR 1 (BZR2 / BES1) transcription factors 

are dephosphorylated by the phosphatase PP2A. The accumulation of these transcription factors in 

their active form (dephosphorylated) allows their entry into the nucleus, where they bind to the 

promoters of the response genes to BRs. In the absence of BRs, BRI1 is in an inactive state due to 

its association with BRI1 KINASE INHIBITOR 1 (BKI1), which prevents its association with the 

co-receptor BAK1 (Belkhadir et al., 2006; Choudhary et al., 2012; Belkhadir & Jaillais, 2015). 

They have been identified in different species of plants, mutants insensitive to BRs. At the level of 

perception, mutants were characterized for the BRI1 receptor, bri1 in Arabidopsis (Clouse et al., 

1996), curl-3 (cu-3) in tomato (Koka et al., 2000), d61 in rice (Yamamuro et al., 2000) and lka in 
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peas (Nomura et al., 1999), where they all have a dwarf growth phenotype. Mutants for signaling 

cascade genes have also been identified as bin2 (Li et al., 2001) and bzr1-1D (Wang et al., 2002) 

in Arabidopsis, which have a development phenotype similar to that of mutants in BRs perception 

genes. The phenotype of BRs perception or signaling mutants cannot be reversed by the exogenous 

application of the hormone (Clouse, 2011).  

 

Brassinosteroid in grapes 

Exogenous applications of 24-epibrasinolide have been used in grapevine berries in different 

studies. The treatment increase the total content of anthocyanin in the berries skins, and improved 

the antioxidant capacity (Xi et al., 2013). Same effect on production of anthocyanin was observed 

by Luan et al., (2013). Moreover, they found an increase in soluble sugar content, verifying a role 

for BRs in the regulation of different parameters of maturation in grapes (Luan et al., 2013). In the 

same work, an increase in the expression of several structural and regulator genes involved in the 

anthocyanin biosynthesis, such as transcription factors VvMYBA1 and VvMYBA2, chalcone 

synthase (VvCHS), flavonoid-3’-hydroxylase (VvF3 ́H), dihydroflavonol-4-reductase (VvDFR), 

leucoanthocyanidin dioxygenase (VvLDOX), and UDP-Glc: flavonoid-3-O-glucosyl- transferase 

(VvUFGT) (Luan et al., 2013). Also, it has been described that 24-epibrassinolide treatment on 

berries promoted the enzymatic activity of cell wall “early” acidic and ¨late” neutral invertases (Xu 

et al., 2015), essential enzymes for hydrolyzation of sucrose within the cell wall (Ruan et al., 2010). 

Moreover, Xu et al., (2015) also reported an increase in soluble sugars in the berry, and in the 

expression of mono- and disaccharides transporters VvHT3, 4, 5 and 6. Taken together, Xu et al., 

(2015) proposed that BRs could regulate sugar unloading from the leaves to berries in grapevines. 
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Preharvest foliar spray with BRs on grapes improved several quality parameters at harvest such as 

weight and breadth of berry and cluster, increased total content of phenolic compounds, and 

reduced the rate of softening (Champa et al., 2015). Also, this treatment reduced the degradation 

of total soluble solids and titratable acidity during the storage at low temperature, thus improving 

the post-harvest quality (Champa et al., 2015). Ghorbani et al., (2017) reported that the highest 

yield was obtained when 24-epibrassinolide was applied in post-bloom and veraison stages. The 

color improvement and increase in total content of anthocyanins, in particular the methylated and 

unmethylated di- and tri-hydroxylated derivatives applying 24-epibrassinolide and BRs analog 

B2000 was also reported by Vergara et al., (2018). In recent years, has been reported that 24-

epibrassinolide increase level of expression of genes involved in anthocyanin metabolism 

(VvCHI1, VvCHS2, VvCHS3, VvDFR, VvLDOX, VvMYBA1) under light conditions, suggesting a 

synergic interaction between BRs and light in anthocyanin synthesis (Zhou et al., 2018). Moreover, 

Babalık et al., (2019) found an increase in yield, total phenolic, anthocyanin, and sugar content in 

grapes treated with 24-epibrassinolide. In the same work, an increase in trans-resveratrol, b-

carotene, and ascorbic acid was found, supporting a role of BRs in the production of pigments and 

antioxidants compounds on grapes (Babalık et al., 2019). 

Besides the treatments with exogenous BRs, endogenous high concentration of CS and its direct 

precursor 6-deoxoCS has been quantified during veraison and ripening stage suggesting a role in 

the maturation (Symons et al., 2006). Regarding the biosynthesis pathway of BRs, the VvBR6OX1 

gene coding for the enzyme BRASSINOSTEROID-6-OXIDASE 1 (BR6OX1 / CYP85A1) that 

catalyzes the conversion of 6-deoxocastasterone to castasterone was functional characterized by 

complementation of mutant lines of tomato (Symons et al., 2006).  
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Many of the studies to identify new genes of the biosynthesis pathway, perception and signaling of 

BRs in different plants, have been carried out by heterologous complementation in mutant plants 

of Oryza sativa, Lycopersicon esculentum, and Arabidopsis thaliana for these genes. Studies so far 

suggest that the molecular mechanism of these pathways is conserved between monocotyledonous 

and dicotyledonous plants (Friedrichsen et al., 2000; Yamamuro et al., 2000; Li et al., 2001; 

Shimada et al., 2001; Bai et al., 2007; Holton et al., 2007; Corvalán & Choe, 2017). According 

with preliminary bioinformatic analyzes we performed in the reference genome of Vitis vinifera 

L., several of the genes involved in biosynthesis, perception and signaling of BRs have high identity 

to those described in Arabidopsis suggesting that routes in grapevines could also be conserved. 

Moreover, the bioinformatic analysis of global expression data reported in the Vitis vinifera atlas 

(Fasoli et al., 2012), suggested all these gene models could be expressed in various tissues. 

Although advances have been made in understanding the role of brassinosteroids in the maturation 

of the grapevine berry, information on this species is still scarce. The characterization of the 

biosynthesis, perception and signaling pathways, as well as the understanding of the changes in 

transcripts and metabolites regulated by it, what is the interaction with other hormones, and its 

effect in the early stages of berry development are areas still unexplored. 



35 
 

 

 

 

CHAPTER 2 

PROBLEM STATEMENT: 

HYPOTHESIS AND OBJECTIVES 

 

 

 

 

 

 



36 
 

Hypothesis 

Brassinosteroids participate in the development of Vitis vinifera L. through at least partially 

conserved pathways of biosynthesis, perception and signaling. 

General objective 

To characterize the biosynthesis, perception and signaling pathway of brassinosteroids at the 

transcript and metabolites levels in different tissues and stages of development of grapevines. 

Specific objectives  

1. To determine the profile of transcripts and metabolites accumulation involved in the 

brassinosteroids biosynthesis pathway in different tissues and stages of development of Vitis 

vinifera L. 

2. To characterize morphological, hormonal and transcript changes regulated by brassinosteroids 

in early stages of grape berry development. 

3. To analyze the function of selected genes from the pathway of perception or signaling of 

brassinosteroids in grapevines by complementation in Arabidopsis thaliana. 
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1.  Biological material 

1.1 Bacteria. 

1.1.1 Escherichia coli 

For plasmid propagation, quimiocompetent bacteria strain Escherichia coli One Shot® TOP10 

(F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 Δ lacX74 recA1 araD139 

Δ(araleu)7697 galU galK rpsL (StrR) endA1 nupG) was used (Invitrogen, USA). 

 

1.1.2   Rhizobium radiobacter 

For plant transformation, electrocompetent bacteria Rhizobium radiobacter strain 

GV3101::pMP90 (pTiC58) Rif R, GmR was used . 

 

1.2 Plant material 

1.2.1 Vitis vinifera L. 

Grapevine samples were obtained from plants grown in an experimental field located in Curacaví 

Valley in Chile (33°24'01.0"S 71°03'17.6"W). Samples collected were cv. Cabernet sauvignon and 

cv. Red Globe. 

 

1.2.2   Arabidopsis thaliana 

Arabidopsis thaliana ecotype Columbia (Col-0) seeds were available in our laboratory, and 

mutants bin2 from GABI-Kat collection (accession CS423396) seeds were obtained from 

Arabidopsis Biological Resource Center (ABRC) germplasm (The Ohio State University; 

https://abrc.osu.edu).  
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2. Plasmids 

For cloning DNA fragment VvBIN2.1 amplified by PCR, pGEM®-T Easy (Promega, USA) was 

used. This vector has ampicillin resistance (AmpR) as selection marker in bacteria. 

For directional cloning of DNA fragment VvBIN2.1 amplified by PCR, pENTRTM/SD/D-TOPO® 

vector was used (Thermo Fisher Scientific) to generate the entry clone. This vector has kanamycin 

resistance (KanR) as selection marker in bacteria. 

For recombination in destination vector, pK2GW7 Gateway® vector was used. This vector has 

streptomycin resistance in bacteria (SmR) and kanamycin in plants (NeoR/KanR) as selection 

markers. 

 

3. Culture media 

3.1 Culture media for bacteria 

For E. coli cultivation media Difco™ LB Broth, Miller (Becton, Dickinson and Company, USA) 

supplemented with proper antibiotics according the vector of interest. For preparing solid LB-agar, 

to liquid LB was added 25 g/L from agar-agar (Winkler Ltda., Chile). The antibiotics used were 

100 µg/mL ampicillin (PhytoTech Labs, USA), 50 µg/mL kanamycin, and 100 µg/mL 

streptomycin sulfate (PhytoTech Labs, USA). 

For R. radiobacter, same cultivation media of E. coli was used. The antibiotics used were 50 µg/mL 

rifampicin (PhytoTech Labs, USA), 25 µg/mL gentamicin sulfate (PhytoTech Labs, USA), and 50 

µg/mL streptomycin sulfate (PhytoTech Labs, USA). 
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3.2 Culture media for plants 

Arabidopsis plants cultivated in vitro conditions were grown in MS/2 media that includes 30 g/L 

of sucrose (Merck, USA), 2.1 g/L of MS salts supplemented with vitamins (PhytoTech Labs, USA), 

0.1 g/L of myoinositol (PhytoTech Labs, USA) and 8 g/L of agar-agar (Winkler Ltda., Chile). 

Media was adjusted at pH 5.8 and sterilized. It was supplemented with 50 mg/mL kanamycin for 

selection of transgenic plants. 

 

4. Commercial kits and enzymes 

The following kits were used: 

- NucleoSpin® Gel and PCR Clean-up (Macherey Nagel, Germany) for purification of lineal 

DNA fragments from gel and from PCR reactions. 

- SensiMixTM SYBR® Hi-ROX Kit (Bioline, UK) for real time PCR experiments. 

- pGEM®-T Easy Vector System (Promega, USA) for cloning. 

The following enzymes were used:  

-  T4 DNA ligase (Invitrogen, USA) for ligation of DNA fragments in vectors. 

-  Taq DNA polymerase (Invitrogen, USA) for amplification of DNA fragments by PCR. 

-  Phusion High DNA Polymerase (Invitrogen, USA) for high fidelity amplification of DNA 

fragments by PCR. 

-  SuperScript® II reverse transcriptase (Invitrogen, USA) for synthesis of cDNA from RNA by 

reverse transcription. 

-  Gateway® LR Clonase® II enzyme mix and Proteinase K (Thermo Fisher Scientific, USA) for 

directional cloning of DNA fragments. 

-  RQI DNase (Promega, USA) for RNA treatment with DNase. 



41 
 

- AmbionÔ RNase H (Invitrogen, USA) to degrade RNA:DNA hybrid during cDNA synthesis. 

- RNase A (Sigma-Aldrich, USA) to degrade RNA during genomic DNA extraction. 

 

5. Oligonucleotides 

Specific primers for conventional PCR and RT-qPCR reactions were synthetized by IDT® 

(Integrated DNA Technologies, USA). Details of primers are shown in Table S1. 

 

6. General reagents 

-  Gene Ruler 1 Kb Plus (Thermo Fisher) or 1 Kb Plus (Invitrogen) as DNA weight molecular 

markers. 

-  Buffer 6X loading solution (10 mM Tris-HCl pH 7.6, 0.03 % bromophenol blue, 0.03 % xylene 

cyanol FF, 60 % glycerol, 60 mM EDTA (Thermo Fisher Scientific) for loading nucleic acids. 

- Agarose, buffer TAE 50X, sodium acetate (NaCH3COO), 5% sodium hypochlorite, Tris 

(hydroxymethyl) aminomethane, and ethylenediaminetetraacetic acid (EDTA) were obtained from 

Winkler Ltda., Chile. 

-   GelRed™ 10,000X for nucleic acid staining (Biotium, USA). 

- 5X First-Strand Buffer and dithiothreitol (DTT) for cDNA synthesis were obtained from 

Invitrogen (US). 

- β-mercaptoethanol, spermidine (C7H19N3), cetyl trimethyl ammonium bromide (CTAB, 

C19H42BrN), polyvinylpolypyrrolidone (PVPP), polyvinylpyrrolidone 40 (PVP 40), diethyl 

pyrocarbonate (DEPC) and Triton X-100 were obtained from Sigma-Aldrich (USA). 

-  Liquid nitrogen was obtained from Clean Ice S.A (Santiago, Chile). 
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- Deoxiribonucleotides (dNTPs) dATP, dCTP, dGTP y dTTP were obtained from Promega (US). 

- Sodium chloride (NaCl), calcium chloride dihydrate (CaCl2 · 2H2O), isoamyl alcohol (AIA, 

(CH3)2CHCH2CH2OH), glacial acetic acid (CH3COOH), absolute ethanol (C2H5OH), 

Isopropyl alcohol (CH3CH(OH)CH3), methanol (CH3OH), lithium chloride (LiCl), chloridric 

acid (HCl), potassium hydroxide (KOH), chloroform (CHCl3), potassium chloride (KCl), D(+)-

Glucose (C6H12O6), sodium hydroxide (NaOH), nuclease-free water (molecular biology grade), 

glycerol (C3H8O3), and Tween® 20 were obtained from Merck (USA). 

- Silwett L-77 was obtained from Momentive Performance Materials Inc. (USA). 

 

7. Equipments 

- For room temperature centrifugation, “High Speed Personal Micro-Centrifuge D2012 Plus’’ 

(Scilogex LCC, USA) was used and for centrifugation at 4°C, centrifuge ''Velocity 18R’’ 

(Dynamica Scientific Ltd. (England) was employed. 

- For agitation was used “Bio Vortex V1” (Biosan Ltd., Letonia). 

- To grind the plant tissue homogenizer Precellys 24 (Bertin Technologies, France) was 

employed. 

- For visualization of acid nucleic in agarose gels, a UV transilluminator Vilber Lourmat (France) 

coupled to a digital camera with UV filter Canon Power Shot G6 (Japan). 

- For optical density (D.O) of bacteria cultures and nucleic acid quantification, 

spectrophotometer NanoDrop 2000c (Thermo Fisher Scientific, USA) was used. 

- For the transformation of electrocompetent R. radiobacter, electroporator “MicroPulserTM” 

(Bio-Rad Laboratories, USA) was used. 
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- For PCR reactions a T100Ô thermal Cycler (Bio-Rad Laboratories, Inc., USA) was used. 

- For electrophoresis, was employed a horizontal chamber Wide Mini-Sub Cell GT with a 

PowerPacÔ Basic power supply (Bio-Rad Laboratories, Inc., USA). 

- For real time PCR (RT-qPCR) reactions, Stratagene® Mx3000PTM (Agilent Technologies 

Inc., USA) equipment coupled with MxPr software were used. 

- For incubation of samples at specific temperature was employed a thermoregulated block 

Thermomixer Eppendorf® model 5436 (Sigma-Aldrich, USA). 

- For growth of E. coli in liquid culture was used a shaker incubator Gallenkamp model 10X400 

(UK) at 37 ºC, and for growth in solid media a thermoregulated cabinet incubator Labtech 

Hebro Ltda. (Chile) at 37 ºC was used. 

- For R. radiobacter growth a thermoregulated cabinet incubator Labtech Hebro Ltda. (Chile) at 

28 ºC was used. 

 

8. Softwares, databases and web sites 

For search of Arabidopsis gene information Arabidopsis Information Resource TAIR 

(http://www.arabidopsis.org) was used. A. thaliana seeds were obtained from ABRC germplasm 

stock (https://abrc.osu.edu).  

For primer design, Primer3 platform (http://bioinfo.ut.ee/primer3-0.4.0/) was used, and they were 

checked using NCBI Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and 

IDTÒ Oligo Analyzer program (https://www.idtdna.com/calc/analyzer) for verify they specificity 

and to avoid formation of secondary structure such as hairpin, homodimers and heterodimers 

between primers during PCR reactions. 
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For nucleotide and aminoacid sequence analysis and alignment software MEGA7.0.26 (Kumar et 

al., 2016) and Clustal Omega plastform (https://www.ebi.ac.uk/Tools/msa/clustalo/) were used.  

For verified that gene sequence codes for protein of interest, alignment using BLASTP tool of 

NCBI database (http://www.ncbi.nlm.nih.gov) was used. 

For translate gene sequence to aminoacid sequence was used ExPASy translate tool 

(https://web.expasy.org/translate/). 

Conserved domain or signature in protein were searched using Conserved Domains Database 

(https://www.ncbi.nlm.nih.gov/cdd/) and PROSITE (https://prosite.expasy.org). 

For vector design and analysis was used software Vector NTI® Express (Invitrogen, USA) and 

Benchling platform (https://benchling.com).  

For phylogenetic tree construction using protein sequence Phylogeny platform 

(http://www.phylogeny.fr/) was used.  

For cis-acting regulatory elements search in promoter was used the tool TFBS (transcription factor 

binding site) from PlantPAN3.0 platform (http://plantpan.itps.ncku.edu.tw). 

 

 



45 
 

 

 

 

CHAPTER 4 

METHODS 

 

 

 

 

 

  



46 
 

1. Sampling of Vitis vinifera L.  
 
During seasons 2017 and 2018, grapevine cv. Cabernet sauvignon samples were collected in field 

(Curacaví Valley, Chile). Phenological stages were determined using E-L modified system 

described by Coombe (1995). This is a system that describes 47 numbered states from E-L 1 to E-

L 47, where the first state corresponds to a dormant bud (during winter season) and the last state at 

the end of the fall of the leaves in the following autumn. Berry samples were collected 

approximately every two weeks, from inflorescence in compact state (E-L 15) to harvest (E-L 38) 

(Figure 3). These berry stages sequentially correspond to fruit set (E-L 27), post-fruit set (E-L 29), 

early green (E-L 32), late green (E-L 33), veraison (E-L 36), and harvest (E-L 38). Moreover, the 

following tissues were also collected: two-months-old greenhouse roots, young and mature 

tendrils; young and mature leaves; immature and mature seeds; paradormant and pre-endodormant 

buds; and rachis in the stages post-fruit set, pre-veraison, veraison and harvest. In all the cases, a 

pool of tissue from five different plants was collected, frozen in liquid nitrogen and stored at -80 

°C for further analysis. 

During season 2017 and 2018, grapevine cv. Cabernet sauvignon and cv. Red Globe berries were 

treated with brassinosteroids solutions in the field (Curacaví Valley, Chile). For this, 0.5 mg/L 24-

epibrassinolide (Sigma-Aldrich, USA) and 0.06 mg/L B2000 ((25R)-3β,5-dihidroxi-5α-espirostan-

6-ona, IONA, Chile) were applied by aspersion in selected and marked berries over eight different 

plants. Two type of treatments were realized: 1) pre-flowering treatment (PF), consistent of serial 

application of the brassinosteroid 23 days pre-flowering, 13 days pre-flowering, at flowering and 

20 days post-flowering; 2) flowering treatment (F), consistent of serial application of the 

brassinosteroid at flowering, 8 days post-flowering and 20 days post-flowering. In all the cases, a 

pool of samples was collected from five different plants at fruit set stage (9 days post-flowering) 
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and at early green stage (22 days post-flowering) (Figure 4). Samples were frozen in liquid nitrogen 

and stored at -80 °C for further analysis. 
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FIGURE 3. Phenological stages of grapevine inflorescence and berry cv. Cabernet sauvignon 
sampled. Samples collected were inflorescence (E-L 15), and berries at fruit set (E-L 27), post-
fruit set (E-L 29), early green (E-L 32), late green (E-L 33), veraison (E-L 36), and harvest (E-L 
38). Pool of tissue was collected from five different plants. 
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FIGURE 4.  Representation of flower and berry formation in grapevines. The flower and berry 
formation are illustrated. Berry formation starts post-flowering and includes cell division, cell 
elongation and growth of the seed. Stages of fruit set, early green and late green are highlighted in 
the diagram. Red arrows point out the sampling stages at fruit set (9 dpf) and early green (22 dpf). 
(Modified from Poblete, 2019). 
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2. Bioinformatic search of genes in grapevine databases and primer design 

Search of genes of grapevines with identity to those described in Arabidopsis was made from gene 

data obtained from Arabidopsis Information Resource TAIR (http://www.arabidopsis.org). 

Sequences obtained from this database was used in genomic grapevine database Genoscope 

(http://genoscope.cns.fr) for a WEB-BLAT search. From this analysis information about position 

in the genome, structure, size, virtual cDNA sequence, protein sequence predicted and ID in 

Genoscope code.  Using this code, the coding sequence (CDS) was obtained from Phytozome 

(http://phytozome.jgi.doe.gov) database. Alignment using BLASTP tool of NCBI database 

(http://www.ncbi.nlm.nih.gov) was used for verified that gene sequences code for protein of 

interest. BLAST alignment in grapevine genomic CRIBI database 

(http://genomes.cribi.unipd.it/grape/) was made to obtained ID in version 2 grapevine format 

(details of ID and percent of identity in Table S1). 

After the identity of the sequences was confirmed, specific primers were designed using Primer3 

software (Rozen & Skaletsky, 2000) for the amplification of 100-200 bp.  The primers were 

checked with the IDTÒ Oligo Analyzer program (https://www.idtdna.com/calc/analyzer) for avoid 

formation of hairpin, homodimers and heterodimers between primers during PCR reactions. Oligos 

were sent to synthesis in Integrated DNA Technologies Inc. (IDTÒ). The sequence and Tm of 

primers are shown in Table S1. 
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3. Extraction and manipulation of nucleic acids 

3.1 Plasmid DNA extraction 

For plasmid DNA extraction alkaline lysis method was employed. In first place, bacterial culture 

was grown in liquid LB media overnight with proper antibiotic. Culture was centrifugated at 14,000 

rpm for 1 min and supernatant removed. This step was repeated until pellet was dried. Then, it was 

resuspended with 150 μL resuspension buffer (50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM 

EDTA pH 8.0, deionized water) using vortex. After this, 200 μL of lysis solution (0.2 N NaOH, 

1% w/v SDS, deionized water) was added and mixed by inverting tube 6 times or until solution 

becomes viscous. Then, 300 μL of neutralization solution was added, mixed by inverting the tube 

6 times and centrifugated at 14,000 rpm for 5 min. The supernatant was transferred to a new tube 

and mixed with equal volume of isopropyl alcohol. Solution was incubated at -80 °C for 45 min 

and subsequently, centrifugated at 14,000 rpm for 5 min. The supernatant was discarded and 600 

μL of 70% ethanol was added. Then, solution was centrifugated at 14,000 rpm for 5 min, 

supernatant was removed, and pellet dried for 10-30 min. Finally, pellet was dissolved using 30 μL 

of nuclease-free water. For verification, DNA plasmid was sent to Macrogen Inc. for its 

sequencing. 

 

3.2 Extraction of genomic DNA 

For genomic DNA extraction 100 mg of leaves tissue from V. vinifera or A. thaliana were frozen 

in liquid nitrogen. Samples were mixed with 1 mL of preheated extraction buffer (2% w/v CTAB, 

1.42 M NaCl, 20 mM EDTA,100 mM Tris-HCl pH 8.0, 2% w/v PVP 40, 0.5% β-mercaptoethanol) 

and ground using a homogenizer (Bertin Technologies, France). This mixture was incubated for 

30 min at 60 °C, vortexing every 10 min. Then, 700 μL were transferred to another tube and 500 
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μL of chloroform:isoamyl alcohol (24:1) were added. Samples were centrifugated for 5 min at 

13,000 rpm at 4 °C. The supernatant was transferred to a new tube and previous step repeated. 

Upper phase was mixed with 700 μL of absolute ethanol and 70 μL of 3M sodium acetate pH 5.2 

and maintained at -20 °C overnight. Samples were centrifugated at 4 °C for 20 min at 14,000 rpm. 

Pellet was washed with 500 μL of 70% ethanol and then centrifugated for 5 min at 14,000 rpm at 

4 °C. The pellet was dried and resuspended with 50 μL of nuclease-free water. Finally, 3 μL of 

RNase A (10 mg/mL) were added and incubated at 37 °C for 20 min. 

 

3.3 Extraction of total RNA 

For RNA extraction samples were frozen in liquid nitrogen and ground with mortar. In a 1.5 mL 

tube, 200 mg of sample was added and quickly frozen in liquid nitrogen. Then, it was mixed with 

600 μL of preheated extraction buffer (CTAB 2% w/v, PVPP 2% w/v, 300 mM Tris-HCl pH 8.0, 

25 mM EDTA, 2M NaCl 0.05% w/v, 0.05% spermidine and 2% v/v β-mercaptoethanol). Samples 

were heated in a thermal bath at 65 °C for 10 min, and next incubated twice with a volume of 

chloroform:isoamyl alcohol (24:1), centrifuging at 8,000 rpm for 15 min in cold condition (4 °C) 

each time. Aqueous phase was transferred and centrifugated at 4 °C for 20 min at 14,000 rpm. 

Hereafter, samples were always kept on ice. Supernatant was transferred to another tube, 0.1 

volumes of 3M NaOAc and 0.6 volumes of isopropyl alcohol were added. Mixture was kept at -80 

°C for 45 min and then centrifugated at 14,000 rpm for 30 min at 4 °C. Supernatant was discarded 

and pellet was dissolved in 500 μL of TE buffer pH 7.5. Then, 0.3 volumes of 8M LiCl was added 

and incubated overnight at 4 °C. Next day, samples were centrifugated at 14,000 rpm at 4 °C for 

30 min. Supernatant was discarded and pellet was resuspended in 500 μL of 70% cold ethanol. 

After this, samples were centrifugated at 14,000 rpm for 10 min. Carefully, the ethanol was 



53 
 

discarded, and pellet was dried at room temperature. Finally, the pellet was resuspended in 20 μL 

of DEPC-treated water. 

 

3.4 Quantification of nucleic acids 

Nucleic acids (RNA and DNA) concentration were quantified using spectrophotometer NanoDrop 

2000c (Thermo Scientific). For calibration, nuclease-free water was used and for measurement 1 

μL of nucleic acid sample was deposited in pedestal. The purity of nucleic acid was obtained using 

the absorbance ratios 260/280 and 260/230. 

 

3.5 Total RNA treatment with DNase  

Total RNA was treated with DNase for its further use in cDNA synthesis. For this, 1 μg of total 

RNA was mixed with 1U of RQI DNase (Promega, USA), 1 μL of RQI 10X Buffer (Promega, 

USA), and nuclease-free water to complete a total volume of 10 μL. The reaction was incubated 

for 30 min at 37 °C. Then, for inactivation of DNase, 1 μL of Stop Solution (Promega, USA) was 

added to reaction for its incubation at 65 °C for 10 min. 

 

3.6 Synthesis of cDNA 

DNA-free RNA was used for synthesis of cDNA. For this, 1 μg of RNA treated with DNase was 

mixed with 1 μL of Oligo(dT)15 (Promega, USA) and 1 μL 10 μM of dNTPs. The reaction was 

incubated for 5 min at 65 °C and cooled on ice. Then, 4 μL of Buffer 5X First Strand (Invitrogen), 

2 μL of 0.1 M DTT and 1 μL of 50 U Superscript II reverse transcriptase (Invitrogen) were mixed. 

For each sample, a negative control of reverse transcription was prepared replacing the enzyme 

with nuclease-free water. The reaction was incubated for 50 min at 42 °C and 15 min at 70 °C. 
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Finally, 2U of RNAsa H (Ambion) was added and the reaction was maintained for 20 min at 37 

°C. Integrity of cDNA was verified using VvACT primers for amplified housekeeping gene coding 

for actin protein in grapevines (Table S1). 

 

4. DNA recombinant techniques 

4.1 Quantification of transcripts accumulation using real time PCR  

For real time PCR reactions (qRT-PCR) the SensiMix ™ SYBR Hi-ROX commercial kit 

containing ROX as reference dye and SYBR Green I fluorophore, was used. The reactions were 

made in Mx3000P real time PCR equipment (Stratagene). Before measuring the transcripts levels 

a standard curve for calculate the efficiency of primers in the qRT-PCR reaction was realized. In 

first place, a conventional PCR reaction and visualization in agarose gel was made. Specific PCR 

product was purified using the Macherey Nagel NucleoSpin® Gel and PCR Clean-up kit. The 

purified product concentration was measured using Nanodrop and diluted to final concentration of 

1 ng/µL. Then, a serial dilution from 10-2 to 10-7 was obtained to use them as template for standard 

curve. Each reaction was prepared in 12 µL final volume including 6.25 µL of SensiMix Plus 

SYBR kit, 0.175 µL of each 10 µM primer, 3.4 µL nuclease-free water and 2 µL of template 

(diluted PCR product). In the case of VvBR6OX2, 0.12 µL of each primer was used. A technical 

replicate for each sample was made and samples were amplified using the following program: first 

stage of 10 min at 95 ° C, second stage of 40 cycles including 30 sec at 95 ° C, 1 min at specific 

Tm (view details in Table S1) and 1 min sec at 72 ° C. Then, dissociation curve program of 1 min 

at 95 ° C, 30 sec at 55 ° C and 30 sec at 95 ° C was run. The slope (m) of the standard curve was 
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obtained from the program. It was used to calculate the percent of efficiency of primers in the 

reaction using the formula:    

E = (10-1/m – 1) *100 

     The percent of efficiency for primers is shown in Table S1.  

Then, the accumulation of transcripts using real time were analyzed. Each reaction includes 6.25 

µL of SensiMix Plus SYBR kit, 0.175 µL of each 10 µM primer, 4.4 µL nuclease-free water and 1 

µL of template (cDNA). In the case of VvBR6OX2, 0.12 µL of each primer was used. Three 

technical and three biological replicas were analyzed using the same program described above for 

standard curve. The details of primers are shown in Table S1. Normalization of expression was 

made using VvUBI, a gene validated for grapevines in different previous studies (Loyola et al., 

2016; Muñoz et al., 2014). The gene relative expression was calculated using ΔΔCt method 

described by (Livak & Schmittgen, 2001).The visualization of data were made using Prism 8 

(Graphpad Software Inc). For obtaining data shown in heat map (Figure 10), in first place the gene 

expression at each treatment was normalized against respective controls to obtain the fold change. 

Then, analysis and visualization were made using MatPlot lib2.2 library of Python 3.7 

Programming Language (Phyton Software Foundation) considering the log2(fold change) gene 

expression data. 
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4.2 Polymerase chain reaction (PCR)  

PCR reactions was made in 25 µL final volume, using 2.5 µL of buffer 10 X (-MgCl2), 0.8 µL of 

MgCl2 50 mM, 0.7 µL of dNTPs mix 10 mM, 0.7 µL of each specific primer, 18.5 µL  of nuclease-

free water, 0.1 µL of Taq DNA polymerase (5U/ µL) and 50-500 ng of cDNA or DNA or 2  µL of 

bacterial culture of template. For the amplification a thermal cycle was used following the program: 

first step of initial denaturation (95ºC for 5 min), second step of 38 cycles of denaturation (95ºC 

for 30 sec), hybridization (Tm of primers for 30 sec) and extension (72ºC for 1 min/1000 bp of 

template), and final step of polymerization (72ºC for 10 min). 

 

For cloning process, the PCR was made using a high-fidelity polymerase. Final volume reaction of 

30 µL included 6 µL of HF-5X Buffer, 0.6 µL of dNTP mix 10 mM, 0.5 µL of MgCl2 50 mM, 1.5 

µL of each primer, 18.6 µL of nuclease-free water, 1 µL of template (V. vinifera cDNA) and 0.3 

µL of Phusion HF polymerase (2U/µL). For the amplification a thermal cycle was used following 

the program: first step of initial denaturation (98ºC for 3 min), second step of 38 cycles of 

denaturation (98ºC for 10 sec), hybridization (Tm of primers for 30 sec) and extension (72ºC for 

0.5 min/1000 bp of template), and final step of polymerization (72ºC for 10 min). 

 

4.3 Electrophoresis in agarose gels  

After amplification of DNA fragments, they were separated in a horizontal agarose gel. Gels were 

prepared using 1% agarose dissolved in 1X TAE buffer (2 mM EDTA, 20 mM sodium acetate, 40 

mM Tris-HCl, pH 8.0) and GelRed at final concentration of 1X to stain the DNA fragments. For 

loading samples, 10  µL of PCR product mixed with 6X loading buffer at final concentration of 1X 
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was used. At each gel, Gene Ruler 1 Kb Plus (Thermo Fisher) or 1 Kb Plus (Invitrogen) molecular 

weight marker was added. Samples were run in a horizontal electrophoresis chamber at 100 V for 

38 min filled with 1X TAE buffer as running solution. For visualization of DNA fragments after 

electrophoresis, a UV transilluminator was employed. The gels were photograph using a digital 

camera Canon Power Shot G6 with UV filter. 

 

4.4 Ligation in expression vector and recombination in destination vector 

For ligation of VvBIN2.1 fragment in pGEM®-T Easy Vector (Promega, USA), a reaction with 4 

µL of PCR product, 1 µL of T4 10X Ligase Buffer (Promega, USA), 0.5 µL of pGEM-T vector 

(Promega, USA), 1 µL of T4 DNA Ligase (Promega, USA) and 3.5 µL of nuclease-free water. 

Reaction of ligation was maintained overnight at 16 ° C and then stored at 4 °C.  

For directional ligation of VvBIN2.1 fragment in pENTR™/SD/D-TOPO® Vector (Thermo Fisher 

Scientific) 0.5 µL of vector, 1 µL of saline solution, 3 µL of PCR product and nuclease-free water 

were mixed. Reaction was incubated for 15 min at 22 ° C and then stored at 4 °C. 

For recombination of VvBIN2.1 fragment in pK2GW7 Gateway vector, 157 ng of pENTR™/SD/D-

TOPO® vector containing VvBIN2.1 (entry clone) was mixed with 130 ng of pK2GW7 vector 

(destination vector) and 6 µL of TE buffer pH 8.0. Reaction was maintained two minutes on ice 

and 2 µL pf LR Clonaseä II enzyme (Thermo Fisher Scientific) was added. Reaction was 

incubated at 25 °C for 1 hour. Finally, 1 µL of proteinase K solution (Thermo Fisher Scientific) 

was added to each sample and incubated at 37 °C for 10 min. 
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5. In silico analysis of promoter  

Using the ID for VvBIN2.1 obtained from Phytozome (http://phytozome.jgi.doe.gov) and 

Genoscope (http://genoscope.cns.fr)  grape genome databases, 2000 bp upstream of the start codon 

corresponding to promoter and 5´-UTR was obtained. As the transcription start site (TSS) is 

unknown the region upstream of start codon was considered as promoter region and used for in 

silico analysis. The cis-acting regulatory elements in promoter region were searched using TFBS 

(transcription factor binding site) tool from PlantPAN3.0 platform 

(http://plantpan.itps.ncku.edu.tw). 

 

6. Bacteria transformation  

Escherichia coli 

Competent One Shot® TOP10 E. coli (Thermo Fisher Scientific) keep at -80 °C for its 

maintenance, was thawed on ice by 10 min. For transformation, ligation or recombination product 

was added to 50 µL of competent bacteria culture in sterile conditions. Culture was incubated on 

ice for 30 min, then at 42 °C for 45 sec, and placed on ice. Transformation with pUC19 DNA (10 

ng/µL) was used as positive control. After this, 300 µL of liquid media S.O.C was added and 

incubate at 37 °C for 1.5 hour with agitation. Finally, culture was centrifugated at 4000 rpm for 10 

min and plate into LB media with proper antibiotic (100 µg/mL ampicillin for pGEM-T vector, 

100 µg/mL streptomycin for pK2GW7 vector, 50 µg/mL kanamycin for pENTR™/SD/D-TOPO® 

vector). 
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Rhizobium radiobacter 

Electrocompetent R. radiobacter strain GV3101 was transformed by electroporation method. In 

first place, bacterial cells keep at -80 °C for its maintenance, were thawed on ice by 15 min. A Gen 

Pulser Cuvette (Biorad) was chilled on ice for a couple of minutes and 100 µl of competent R. 

radiobacter and 100 ng of vector of expression. Cuvette was subjected to an electric pulse 25 µF 

of capacitance, 2.4 mV of voltage, 200 W of resistance and 5 msec of duration. After pulse, cuvette 

was maintained on ice for 5 min and then, 1 mL of LB media was added, carefully homogenized 

and transferred the culture to a 1.5 mL tube. It was incubated for 3-4 h at 28 °C with agitation and 

after this, centrifugated at 4000 rpm for 10 min. Excess of supernatant was discarded and 100 µL 

of bacteria resuspended was plate into LB media with antibiotic 50 µg/mL rifampicin, 25 µg/mL 

gentamicin and 50 µg/mL streptomycin. Plates were maintained in darkness at 28 °C for 2 days. 

 

7. Transformation of Arabidopsis thaliana plants 

7.1 Sterilization of Arabidopsis seeds 

In first place, Arabidopsis seeds were sterilized in 1.5 mL tubes using 700 μL of sterile distilled 

water, 300 μL of sodium hypochlorite (5% stock) and one drop of Tween-20® with agitation in 

vortex and shaker for 8 min. Then, a brief spin was made, supernatant was discarded and seed were 

washed with 1 mL of sterile distilled water for 5 min. This wash step was repeated three times. 

After this, seeds were kept in darkness for two days at 4 ° C for stratification. Finally, they were 

plate into MS medium pH 5.8 and maintained in a growth chamber at 22 °C in long photoperiod 

(16 h light/8 h darkness). 

 



60 
 

7.2 Selection of mutant lines bin2/+ 

T-DNA insertional mutant lines bin2 from GABI-Kat collection were obtained from germplasm 

ABRC stock using accession CS423396 (https://abrc.osu.edu; https://www.gabi-kat.de). These 

lines can be selected by its resistance to sulfadiazine antibiotic (4-amino-N-2-pyrimidinylbenzene 

sulfonamide, Sigma-Aldrich, Germany) (Rosso et al., 2003). For selecting resistant lines, a 

sulfadiazine sensitivity curve response was made using wild type Col-0 Arabidopsis seeds. The 

germination was analyzed in a range between 0 to 0.015 mg/mL sulfadiazine using a supplemented 

growth media with the antibiotic. The optimal concentration was determined as the one in which 

germination was not observed, and so used for selecting resistant lines of GABI-Kat collection.  

The seedlings resistant to sulfadiazine were transferred to soil (mix of peat moss and vermiculite 

ratio 2:1), and when true leaves were developed, samples were taken for genomic DNA extraction. 

Genotypification and verification of presence of T-DNA insertion in plants was made using primers 

available at GABI-Kat database based on work reported by Huep et al. (2014). GABI-Kat line 

selected GK-244F08-014390 has been verified as T-DNA insertional mutant for AtBIN2 gene 

(https://www.gabi-kat.de/). Primers details are available at Table S1. Only heterozygous lines 

(bin2/+) were selected for transformation in next experimental steps given that homozygous mutant 

showed a drastic dwarf phenotype with infertility as has been described (Li et al., 2001). 

 

7.3. Transformation of Arabidopsis by floral dip method 

A. thaliana ecotype Col-0 wild type and T-DNA insertion mutant bin2/+ (GABI-Kat collection, 

stock number CS423396) seedlings were grown in growth chamber at 22 °C in long photoperiod 

(16 h light/8 h darkness) and then transferred to soil and maintained in greenhouse conditions at 22 

°C ± 2 °C. As soon as it emerged, the first flower stalk was removed. When plants generated many 
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new inflorescences with a height of 10 cm, and several unopened floral buds, plants were 

transformed using floral dip method (Clough & Bent, 1998). For this, two days prior to 

transformation, a colony of R. radiobacter containing VvBIN2.1 fragment (35S::VvBIN2.1) was 

grown in LB media culture with 50 µg/mL rifampicin, 25 µg/mL gentamicin and 50 µg/mL 

streptomycin antibiotics and incubated at 28 °C with agitation. After this, 1 mL of culture was 

inoculated in 250 mL of LB medium with same antibiotics for 24 h at 28 ºC until reach an OD600 

of 0.7. Then, R. radiobacter culture was centrifugated at 4000 rpm for 30 min at room temperature. 

The pellet was resuspended in 600 mL of sterile infiltration medium (50 g/L sucrose and 500 μL/L 

Silwet L-77). This suspension was transferred to a sterile glass container. The plant´s 

inflorescences were carefully immersed into the suspension during 15 sec. Plants were kept in 

darkness and horizontal position overnight, and next day were restored to vertical position in 

greenhouse conditions. Seeds of plants were collected after 15 days approximately. 

 

7.4 Selection of transformant lines and phenotype analysis 

Seeds obtained on previous step were plate on MS medium supplemented with 50 mg/mL 

kanamycin antibiotic. After, 10-12 days surviving plants were transferred to soil (mix of peat moss 

and vermiculite ratio 2:1). For 5 days they were kept covered with a plastic film which was 

gradually opened to allow the acclimatization of the seedlings. The greenhouse conditions were 

long photoperiod (16 h light/8 h darkness) at 22 °C ± 2 °C. After 5.5 weeks post-germination the 

phenotype was evaluated. Total height of plants, size of rosette and number of siliques produced 

were evaluated in overexpressor plants and compared to wild type and bin2/+ phenotype. Also, 

samples for RNA extraction were taken to cDNA synthesis and verified by PCR amplification the 
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presence of transgene VvBIN2.1 and resistance gene marker nptII coding for neomycin 

phosphotransferase II (gives resistance to kanamycin). 

 
8. Sample fixation and microscopy observation  

Samples of berries were fixed in FAA (37% formaldehyde, acetic acid, ethanol). For this, 3 mm 

transverse sections of berries 20 days post-treatment with brassinosteroids, were cut with scalpel 

and immersed in FAA solution overnight at room temperature. After this, samples were dehydrated 

passing them through an increasing alcohol series, 70% to 100% ethanol and then 100% xylol. 

Then, they were included on Paraplast® (Sigma-Aldrich), cut in 4 μm sections using a microtome, 

mounted on silanized slides, dewaxed in decreasing alcohol series, and finally stained with 

toluidine blue pH 2.3 (Winkler Ltda., Chile) for 15 min and washed with tap water. Images were 

obtaining using Leica DM500 microscope coupled to Leica ICC50W camera and Leica application 

suite version 3.4.0. Cell number were quantified with software ImageJ® (Abràmoff et al., 2004) 

using seven biological replicas. 

 

9. Hormone measurements  

Brassinosteroids 

Brassinosteroids extraction was made using protocol described by Oklestkova et al. (2017) with 

minor changes. For this approximately 5 mg of lyophilizate tissue of grapevines was mixed with 1 

mL of extraction solvent (60% acetonitrile) precooled at 4 °C. Zirconium oxide beads of 2 mm 

were added to the mixture and then, it was homogenized using a vibration mill at 27 Hz of 

frequency for 6 min. Tubes were sonicated for 5 min using an ultrasonic bath and stirred overnight 

at 4 °C in a rotator at 17 rpm. Next day, samples were centrifugated for 10 min at 4 °C at 17,000 
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rpm. Supernatant was transferred to a glass tube (12 x 75 mm) and store at 4 °C. Centrifugation 

was repeated to reextract pellet and increase efficiency using same previous described protocol. 

New supernatant was combined with first portion and 25 pmol of internal standard mix was added 

(D3-brassinolide, D3-epicastasterone, D3-castasterone; Olchemim, Czech Republic). After this, 

purification of brassinosteroids in samples were made using 50 mg DiscoveryÒ DPA-6S cartridges 

(Supelco, USA) activated with 100% methanol and equilibrated with 60% acetonitrile. Samples 

were passed through columns and then evaporated to dryness in vacuo. Samples were reconstructed 

in 50 µl of 100% methanol, charge in vials, and then 2 µl was injected onto UHPLC-MS/MS system 

(Waters MS Technologies, UK). Data was processed using software MassLynxÔ version 4.1. 

(Waters MS Technologies, UK). 

 

Cytokinins 

Protocol used for cytokinin extraction and purification is based on (Dobrev & Kamínek, 2002) 

work. The extraction was made using 2 mg of lyophilizate grapevine berry tissue and modified 

Bieleski buffer extraction (methanol, water and formic acid). To each sample 1 mL of cold 

extraction solution and a mix of internal standards (Olchemim, Czech Republic). Zirconium beads 

were added to the tube and tissue was grinded in bead mil for 3 min at 4 °C at 27 Hz frequency. 

Then, samples were sonicated for 3 min at 4 °C, stirred at 4 °C in a rotator at 17 rpm, and 

centrifugated for 15 min at 4 °C at 17,000 rpm. Supernatant was collected in glass tube (12 x 75 

mm), and then reextraction of pellet was made with same procedure. Both supernatants were 

combined in single glass tube. After this, purification protocol was realized in two steps. In first 

one, SPEEDÔ C18/18 cartridges (Supelco, USA) conditioned with 100% methanol and extraction 
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solution were used. Samples were loaded into columns and eluted in new glass tubes using 

extraction solution. Then, water phase was evaporated in vacuo. In second step, OASIS MCX 

extraction cartridges (Waters MS Technologies, UK) were used. Cartridges were conditioned with 

the following serial solutions: 100% methanol, water, 50% HNO3, water and formic acid. Then, 

samples were loaded mixed with formic acid. After this, cartridges were washed using formic acid 

and water. Finally, cytokinins were eluted using NH4OH and samples were evaporated to dryness 

in vacuo. Samples were reconstructed in 10% methanol, sonicated for 3 min, filter, centrifugated 

for 5 min at 8,000 rpm and charged to vials. Cytokinins were quantified using Xevo TQS (UHPLC-

MS/MS) system (Waters MS Technologies, UK). Data was processed using software MassLynxÔ 

version 4.1. (Waters MS Technologies, UK). 

 

10. Statistical analysis 

For expression gene data from RT-qPCR of grapevine, statistically significant difference between 

treatments compared to control samples were obtained by One-way Anova test and post-hoc Tukey 

method (P ≤ 0.0001) using Minitab Statistical software (Minitab Inc, USA).  
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1. To determine the profile of transcripts and metabolites accumulation involved in the 

brassinosteroids biosynthesis pathway in different tissues and stages of development of Vitis 

vinifera L. 

 

1.1 Quantification of the levels of brassinosteroids during the development of grapevines 

Ten bioactive BRs compounds were detected by UHPLC-MS/MS. The majority of the 

brassinosteroids are accumulated at concentrations lower than 50 pmol/g DW (Figure 5, Tables S2 

and S3). The most widely distributed compound is 28-homocastasterone (HCS), it was detected in 

all tissues and development stages analyzed (Figure 5, Tables S2, and S3). The higher 

concentration of BRs was found in mature leaves with 535 pmol/g DW of 28-norteasterone (28-

norTE), and 455.88 pmol/g DW of HCS (Table S2). The metabolites of castasterone group seem 

to be the most prevalent in grapevines since HCS, 24-epiCS and CS are differently accumulated in 

all tissues studied (Figure 5, Tables S2 and S3). It is interesting to highlight that terminal and most 

bioactive BRs known, brassinolide, was not detected at any tissue but its epimeric form, 24-

epibrassinolide, is accumulated in roots, paradormant and pre-endodormant buds, rachis at 

veraison, and berries in late green and veraison stages (Figure 5, Tables S2, and S3). 
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FIGURE 5. Quantification of brassinosteroids [pmol/g DW] in cv. Cabernet sauvignon tissues 
through development. Brassinosteroids were measured by UHPLC-MS/MS. Three biological 
samples were measured, and each biological replicate corresponds to a pool of tissue collected 
from 5 different plants. 
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1.2 Bioinformatics search for homologous genes of brassinosteroids biosynthesis pathway in 

grapevines and primers designing. 

Seven genes of the BRs biosynthetic pathway were found in the grapevine genome, having high 

percent of identity to those described in Arabidopsis (Table S1). In the case of VvDET2, two genic 

models were found and named VvDET2.1 and VvDET2.2. For all the genes, primers for RT-qPCR 

were designed. The genic models are shown in Table S1, including the % of aminoacidic identity 

compared to its Arabidopsis’ homologues, the Tm and % of the efficiency of designed primers for 

RT-qPCR. 

 

1.3 Analysis of gene expression of the biosynthesis pathway of brassinosteroids in grapevines 

The expression profile for genes of BR biosynthesis was analyzed in different tissues during 

grapevines development using RT-qPCR approaches. CYP90A1 is involved in C-3 oxidation early 

stages of BRs biosynthetic pathway and it is encoded by CPD (Ohnishi et al., 2012). Our analysis 

show that VvCPD is mainly expressed in mature tendrils, young inflorescences, and young leaves 

(Figure 6). In the case of VvDET2.1 and VvDET2.2, they encode putative steroid 5-reductase 

enzymes, acting at the second step of brassinolide biosynthesis path (Li et al., 1997). VvDET2.1 is 

mostly expressed in young leaves and green berries, while VvDET2.2 is preferentially expressed in 

mature tendrils, young inflorescences, young leaves, and green berries (Figure 6). VvDWF4 gene 

encode a putative cytochrome CYP90B1 that catalyzes one of the most critical enzymatic steps 

maintaining homeostasis of BRs (Choe et al., 1998; Fujita et al., 2006), and is expressed in almost 

all tissues analyzed. It´s interesting to point out that while in immature seeds and green berries has 

high levels of VvDWF4 transcript, it drops to nearly undetectable levels in the mature stages in 

these tissues (Figure 6). Moreover, VvDWF4 is expressed at high levels in mature tendrils, flowers 
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at the flowering stage, and young leaves (Figure 6). Genes VvROT3 and VvCYP90D1 encodes for 

P450 cytochromes enzymes ROTUNDIFOLIA3/CYP90C1 and CYP90D1, respectively (Kim et 

al., 2005). These enzymes could participate in intermediates oxidation steps in BRs biosynthesis, 

where ROT3/CYP90C1 could catalyze the conversion of typhasterol (TY) to castasterone (CS) and 

6-DeoxoTY to 6-DeoxoCS (Kim et al., 2005). On the other hand, CYP90D1 could catalyze the 

production of 6-Deoxo3DT and/or 3-Dehydroteasterone (3DT) since TE and 6-DeoxoRE, 

respectively (Kim et al., 2005). VvROT3 is mainly expressed in mature tendrils, immature seeds, 

and green berries while VvCYP90D1 is more expressed in immature seeds and roots. The 

penultimate step for brassinolide biosynthesis both late o early oxidation routes involves the 

conversion of 6-DeoxoCS into CS. It is catalyzed by brassinosteroid-6-oxidase 1 (BR6OX1) 

(Shimada et al., 2001). In the case of grapevines, VvBR6OX1 has almost undetectable transcript 

levels in most tissues analyzed except in immature seeds and green berries (Figure 6). The last step 

in BR biosynthesis for producing brassinolide is brassinosteroid-6-oxidase 2 (BR6OX2) (Shimada 

et al., 2003). In the case of VvBR6OX2, its highest expression was found in seeds, even though it 

is almost eight times higher in the immature state of seed (Figure 6). 
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FIGURE 6. Expression levels of genes involved in BR biosynthesis in cv. Cabernet 
sauvignon grapevines. Expression data was normalized against reference gene VviUBI. Bars are 
the mean ± standard deviation of 3 biological replicates. Each biological replicate corresponds to 
a pool of tissue collected from 5 different plants. 
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2. To characterize the morphological, hormonal and transcripts changes regulated by 

brassinosteroids in early stages of grape berry development. 

For this objective, treatments with exogenous BRs were applied on grapes in field. Two 

commercial BRs were used, B2000 (Iona, Chile) and 24-epibrassinolide (PhytoTechnology 

Laboratories, USA) and two types of treatments were applied, one starting 23 days after flowering 

(23 daf, “PF treatment”) and the second type starting at flowering (“F treatment”). Treatments were 

applied over cv. Cabernet sauvignon and cv. Red Globe berry grapes.  

 

2.1 Morphological analysis of grapevine berries in response to treatments with 

brassinosteroids.  

Twenty days post-flowering (20 dpf), the size of control and treated berries were measured. In the 

case of cv. Cabernet sauvignon, no significant differences were found between control and treated 

berries (Figure 7A, Table 1). On the contrary, significant differences were found in cv. Red Globe 

BR-treated berries compared to control (Figure 7B, Table 1). The treatments with the highest 

promotion of size were B2000 at pre-flowering (B2000-PF) and flowering (B2000-F) and 24-

epibrassinolide at flowering (24-EpiBL-F). The increase was around 3 mm in BR-treated berries 

compared to control representing a mean increment of 38% in size.
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FIGURE 7. Berry size (mm) of grapevine berries treated with brassinosteroids. Box- plot 
showing the size of cv. Cabernet sauvignon (A) and cv. Red Globe (B) berries measured 20 dpf. 
Treatments with 24-epibrassinolide (24-EpiBL) and B2000 were started at pre-flowering (PF) or 
flowering (F) stages. Box-plot show the distribution of data and horizontal lines inside the boxes 
are the median of data (N=100). Asterisks show statistically significant difference between 
treatments compared to control samples obtained by One-way Anova test and post-hoc Tukey 
method (P ≤ 0.0001). Letters above each box-plot indicates grouping information according Tukey 
test and 95% confidence interval. 
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TABLE 1.  Average berry size treated with brassinosteroids. The average size of berries (mm) 
in early green stage (20 dpf) for cv. Cabernet sauvignon and cv. Red Globe was determined 
(N=100).  
 

Treatment Average Cabernet sauvignon 

berry size (mm) 

Average Red Globe size 

berry (mm) 

Control 6.5 ± 0.5 5.9 ± 0.5 

B2000 PF 6.7 ± 0.3 8.8 ± 0.5 

B2000 F 7.0 ± 0.7 8.5 ± 0.6 

24-EpiBL PF 7.0 ± 0.6 7.2 ± 1.2 

24-EpiBL F 7.0 ± 0.6 8.3 ± 0.9 
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2.2 Histological analysis of the development of grapevine berries in response to 

brassinosteroids. 

In cv. Red Globe treated with BRs (described in 2.1) histological analysis was made. Transversal 

sections of berry grapes were obtained and stained with blue toluidine as described in Methods 

section 8. The histological sections were photographed using optical microscopy. For all 

treatments, the increase in the size of cells was found in mesocarp (berry flesh). In Figure 8, the 

images of 24-EpiBL F are shown as representative of changes observed with the other treatments. 

The number of cells per field was calculated using ImageJ® software (Abràmoff et al., 2004). In 

average, 170 ±9.0 cells in 24-EpiBL treated and 413±8.9 in control was counted. So, in BR-treated 

berries there are fewer cells but with a bigger size. Moreover, the exocarp appears more compacted 

in BR-treated than in control berries. 
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FIGURE 8. Grapevine berry cv. Red Globe anatomy treated with 24-epibrassinolide. 
Histological analysis of transverse sections of berries in early green stage (20 dpf). Control samples 
(A, B) and 24-epiBL F treatment samples (C, D) were stained with toluidine blue. ep: epicarp, ex: 
exocarp, ph: phloem, xy: xylem, me: mesocarp. 
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2.3 Characterization of the hormonal profile during the development of grapevine berries in 

response to brassinosteroids. 

For activities 2.2 to 2.5, samples treated with 24-epibrassinolide or B2000 were collected at fruit 

set (9 dpf) and early green (22 dpf) stages to analyze the effect of brassinosteroids in berry 

development. 

 

Brassinosteroids 

Comparing endogenous BRs at fruit set and early green stages in the natural progression of 

development (control samples in both phases), some differences in composition were observed. 

Dolichosterone and 24-epicastasterone decrease to undetectable levels on the second stage 

analyzed (Table S4). Homodolichosterone only accumulates in early green stage in control berry 

samples (Table S4). Decrease of at least 50% in typhasterol and homocastasterone in the second 

date was determined (Table S4). Treatment with B2000 or 24-EpiBL change the proportion of 

different BRs (Table S4). All treatments with brassinosteroid consistently decrease levels of 

typhasterol compared to control samples (Table S4). Regarding castasterone, its content is 

increased either B2000 and 24-EpiBL (Table S4). On the other hand, there is a less evident effect 

of treatments on metabolites profile at early green stage. Levels of brassinosteroids 24-

epicastasterone and castasterone increase by effect of all treatments (Table S4). 

 

Cytokinins 

Plant growth is a complex process involving expansion, differentiation and cell division, and it is 

regulated by crosstalk between hormones like cytokinins, auxins, gibberellins and brassinosteroids 
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(Chung et al., 2011; Jaillais & Vert, 2012; Unterholzner et al., 2015). Considering that, changes in 

the accumulation of other phytohormones in grape berries treated with BRs were evaluated. In the 

case of bioactive cytokinins, a decrease of around 50% in total content in the non-treated berries 

(control samples) associated with normal progression through the development was observed 

(Figure 9A and 9B, Table S5). At fruit set, significant changes in the total content of bioactive CKs 

was observed. Majority of treatments increase levels of total active CKs. In the case of treatment 

with B2000 starting pre-flowering, the content is almost doubled compared to control (Figure 9A, 

Table S5). In early green stage analysis, berries treated with 24-EpiBL at flowering showed higher 

content of bioactive CKs (Figure 9B, Table S5). 

Other intermediates compounds are synthetized in CKs metabolism: 1) ribosides containing a 

ribose sugar substitution in N9 of the purine ring, 2) ribotides in which the ribose moiety has a 

phosphate group, and 3) 5` monophosphates metabolites (Kieber & Schaller, 2014). Regarding 

those compounds, there is a drastic decrease in total content and each metabolite through 

development as is observed in samples collected at fruit set compared to early green (both control 

samples) (Figure 9C and 9D, Table S6). Treatment with B2000 at pre-flowering provoked an 

increase in total intermediate content at fruit set stage (Figure 9C, Table S6). In samples analyzed 

at early green stage, 24-EpiBL F treatment generates higher content of intermediates CKs than 

control (Figure 9D, Table S6). 

Cytokinins can be inactivated by O-glycosylation, and these forms are believed to be storage 

compound that could be converted into active CKs by β-glucosidases enzymes (Kieber & Schaller, 

2014). All the treatments with BRs significantly increase the total content of glycosylated CKs at 

fruit set (Figure 9E, Table S7). The stronger effect is observed in tZROG content in B2000-treated 
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berries (Table S7). In the case of early green stage analysis, the most remarkable changes in total 

content are found in treatments with 24-EpiBL F and B2000 PF (Figure 9F, Table S7). 
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FIGURE 9. Total content of cytokinins [pmol/g DW] in cv. Red Globe berries treated with 
brassinosteroids. Berries samples treated with 24-EpiBL or B2000 were collected at fruit set (9 
dpf) and early green (22 dpf) stages. Bars are the mean total content of bioactive cytokinins (A and 
B), ribosides and 5`monophosphates intermediates cytokinins (C and D) and inactive glucosylated 
cytokinins (E and F) measured by UHPLC-MS/MS. Three biological samples were measured, and 
each biological replicate corresponds to a pool of 30 berries collected from 5 different plants.  
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2.4 Expression analysis of genes involved in the brassinosteroids biosynthesis, perception and 

signaling pathways.  

Changes in gene expression were evaluated in berries treated with BRs sampling at fruit set and 

early green stages. The results were normalized against their control to obtain the fold change and 

expressed as log2 (fold change) for better visualization in a heat map (Figure 10). At fruit set, an 

up-regulation or non-change in biosynthetic, perception, and signaling genes was observed in 

treatments with 24-EpiBL (Figure 10). The last gene of the biosynthesis route, VvBR6OX2, is the 

most induced by 24-EpiBL. Treatments with B2000 provoked in most cases repression in genes 

involved in biosynthesis while a general promotion in the expression of genes related to perception 

and signaling (Figure 10). CPD and DWF4 are critical points for homeostasis regulation of BRs in 

Arabidopsis (Chung & Choe, 2013). Is interesting to point out what VvCPD and VvDWF4, are the 

most affected by treatments with B2000 with a substantial down-regulation (Figure 10). Also, both 

treatments with compounds 24-EpiBL and B2000 started at flowering generate more pronounced 

repression or promotion over gene expression compared to those initiated at pre-flowering stages 

(Figure 10). On the other hand, a general induction in the expression of genes involved in 

perception and signaling was observed with both types of BRs used for treatments.  

The profile of expression at the early green stage is quite different from those observed in the fruit 

set stage of sampling (Figure 10). General repression of biosynthesis, perception, and signaling 

genes in all treatments were observed. VvBR6OX2 and VvBIN2.2 were slightly induced in both 

treatments started at flowering. 
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FIGURE 10. Heat map for expression levels of genes coding for cyclin-dependent kinases 
involved in cell cycle in cv. Red Globe berries treated with brassinosteroids. Berries samples 
treated with 24-EpiBL or B2000 were collected at fruit set (9 dpf) and early green (22 dpf) stages. 
Expression data of each gene was normalized against reference gene VvUBI. Expression data of 
each treatment was normalized against control sample value to obtain the fold change. Gene 
expression is shown as log2(fold change) in a heat map where red colour is down-regulation and 
green colour is up-regulation. Data are the mean of 3 biological replicates. Each biological replicate 
corresponds to a pool of 30 berries collected from 5 different plants.  
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2.5 Analysis of expression levels of target genes of brassinosteroids involved in growth 

processes 

Expression of marker genes related to cell cycle, expansion, and hormonal routes measured in 

activity 2.3 was evaluated. Based on RNA-seq results reported by Godoy (2013), genes with high 

expression during Phase I of berry development was selected for expression analysis. 

For the cell cycle, the level of different cyclin-dependent kinases and cyclins was quantified. 

VvCDKA1 and VvCDKB2.2 genes coding for cyclin-dependent kinases do not change their 

expression in BR-treated berries (Figure 11). In the case of VvCDKB1.2, a significant decrease in 

expression was observed at fruit set with 24-EpiBL PF treatment and with almost all treatments 

compared to control in samples collected at early green stage (Figure 11). Moreover, the levels of 

all genes coding for cyclins evaluated is regulated by BRs-treatments. VvCYCA3.4 is down-

regulated only by the effect of B2000 PF at fruit set but with all treatments at early green phase 

(Figure 12). VvCYCB1.2 expression decrease only by B2000 F at fruit set and with all treatments 

at 22 dpf (Figure 12). VvCYCD3.2 has an earlier response to treatments and decrease with all 

treatments at fruit set and almost everyone at early green (Figure 12). Taken together, in sampling 

points analyzed, a general decrease in expression for some genes coding for cyclin-dependent 

kinases and cyclins in berry samples treated with BRs were found. 

For expansion process, expression of VvEXP8 was evaluated. There was a significant increase in 

the transcripts accumulation of VvEXP8 when berries were treated with 24-EpiBL F (Figure 13). 

In berries at fruit set stage the increase in VvEXP8 levels were around six times compared to control 

(Figure 13A), and two times in the early green stage (Figure 13B). 

Related to cytokinins biosynthesis marker genes, VvADK2 expression was not affected at times 
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evaluated in this work (Figure 14). On the other hand, VvIPT3 was down-regulated at fruit set with 

almost all treatments but is up-regulated by 24-EpiBL PF and B2000 F at early green (Figure 14).  

Cytokinin oxidase/dehydrogenase (CKX) enzymes are involved in cytokinin inactivation by single 

step reaction (Schmülling et al., 2003). Gene VvCKX3 increase its expression at fruit set in 

treatments with 24-EpiBL F. This gene is up-regulated by all treatments at early green compared 

to control (Figure 14). 

Regarding other hormones, gene VvIAA6-like coding for AUXIN-RESPONSIVE 6 PROTEIN-

LIKE, a transcription factor Aux/IAA involved in auxin signaling (Paponov et al., 2008) was 

measured (Figure 15). At fruit set stage there was a significant increase in expression using 24-

EpiBL F treatment (Figure 15A), while in the early green stage there was a decrease in transcripts 

accumulation with 24-EpiBL PF and B2000 PF treatments (Figure 15B). 

In the case of gibberellin homeostasis two genes were measured (Figure 16). In first place, 

VvGA3ox gene coding for GIBBERELLIN 3- b-DIOXYGENASE enzyme involved in last step for 

generation of bioactive gibberellin (Sun, 2008) was evaluated.  At fruit set, there was an increase 

in expression using 24-EpiBL PF, 24-EpiBL F and B2000 PF treatments (Figure 16). During early 

green stage it was observed an opposite response, with a decrease in transcripts accumulation in 

the berries treated with 24-EpiBL PF and B2000 F (Figure 16). 

In second place, it was analyzed the expression of VvGA2ox coding for GIBBERELLIN 2-

OXIDASE enzyme involved in inactivation of gibberellins by oxidation (Sun, 2008). Berries at 

fruit set shown a decrease in expression levels of this gene with the 24-EpiBL PF, B2000 PF and 

B2000 F treatments, while in early green stage was observed a significant increase only with 24-

EpiBL F (Figure 16). 
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FIGURE 11. Expression levels of genes coding for cyclin-dependent kinases involved in cell 
cycle in cv. Red Globe berries treated with brassinosteroids. Berries samples treated with 24-
EpiBL or B2000 were collected at fruit set (9 dpf) and early green (22 dpf) stages. Expression data 
was normalized against reference gene VvUBI. Bars are the mean ± standard deviation of 3 
biological replicates. Each biological replicate corresponds to a pool of tissue collected from 5 
different plants. Asterisks show statistically significant difference between treatments compared to 
control samples obtained by One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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FIGURE 12. Expression levels of genes coding for cyclins involved in cell cycle in cv. Red 
Globe berries treated with brassinosteroids. Berries samples treated with 24-EpiBL or B2000 
were collected at fruit set (9 dpf) and early green (22 dpf) stages. Expression data was normalized 
against reference gene VvUBI. Bars are the mean ± standard deviation of 3 biological replicates. 
Each biological replicate corresponds to a pool of tissue collected from 5 different plants. Asterisks 
show statistically significant difference between treatments compared to control samples obtained 
by One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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FIGURE 13. Expression levels of gene coding for expansin (EXP8) in cv. Red Globe berries 
treated with brassinosteroids. Berries samples treated with 24-EpiBL or B2000 were collected at 
fruit set (9 dpf) (A), and early green (22 dpf) (B) stages. Expression data was normalized against 
reference gene VvUBI. Bars are the mean ± standard deviation of 3 biological replicates. Each 
biological replicate corresponds to a pool of tissue collected from 5 different plants. Asterisks show 
statistically significant difference between treatments compared to control samples obtained by 
One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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FIGURE 14. Expression levels of genes involved in cytokinin biosynthesis in cv. Red Globe 
berries treated with brassinosteroids. Berries samples treated with 24-EpiBL or B2000 were 
collected at fruit set (9 dpf) and early green (22 dpf) stages. Expression data was normalized against 
reference gene VvUBI. Bars are the mean ± standard deviation of 3 biological replicates. Each 
biological replicate corresponds to a pool of tissue collected from 5 different plants. Asterisks show 
statistically significant difference between treatments compared to control samples obtained by 
One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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FIGURE 15. Expression levels of gene coding for transcription factor auxin-responsive 
protein 6-like (IAA6-like) involved in auxin signaling in cv. Red Globe berries treated with 
brassinosteroids. Berries samples treated with 24-EpiBL or B2000 were collected at fruit set (9 
dpf) (A) and early green (22 dpf) (B) stages. Expression data was normalized against reference 
gene VvUBI. Bars are the mean ± standard deviation of 3 biological replicates. Each biological 
replicate corresponds to a pool of tissue collected from 5 different plants. Asterisks show 
statistically significant difference between treatments compared to control samples obtained by 
One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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FIGURE 16. Expression levels of genes involved in gibberellin biosynthesis and catabolism 
in cv. Red Globe berries treated with brassinosteroids. Berries samples treated with 24-EpiBL 
or B2000 were collected at fruit set (9 dpf) (A) and early green (22 dpf) (B) stages. Expression data 
was normalized against reference gene VvUBI. Bars are the mean ± standard deviation of 3 
biological replicates. Each biological replicate corresponds to a pool of tissue collected from 5 
different plants. Asterisks show statistically significant difference between treatments compared to 
control samples obtained by One-way Anova test and post-hoc Tukey method (P ≤ 0.0001). 
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3. To analyze the function of genes selected from the pathway of perception or signaling of 

brassinosteroids in grapevines by complementation in Arabidopsis thaliana. 

 

3.1 Bioinformatics search of homologous genes for brassinosteroid perception and signaling 

pathways in grapevines and primers design 

Eight genes of the biosynthetic pathway of BRs were found in grapevine genome, having high 

percent of identity to those described in Arabidopsis (Table S1). In the case of VvBIN2, three genic 

models were found and were named VvBIN2.1, VvBIN2.2 and VvBIN2.3. For all the genes, primers 

for RT-qPCR were designed. The genic models are shown in Table S1, including the % of 

aminoacidic identity compared to Arabidopsis, the Tm and % of the efficiency of designed primers 

for RT-qPCR. 

 

3.2 Expression analysis of selected genes from the pathways of brassinosteroids 

The expression profile for genes involved in perception and signaling of BRs was analyzed in 

selected different tissues through the development of grapevines by RT-qPCR. VvBRI1 is 

ubiquitously expressed in all analyzed tissues (Figure 17). VvBZR1 and VvBES1 genes, coding for 

transcription factors, are mostly expressed in young developing tissues. Both have a similarly high 

level in the inflorescence (Figure 17). Moreover, the highest expression of VvBES1 was found in 

young leaves while doubled the level compare to VvBZR1 in tendrils (Figure 17). Regarding 

VvBIN2 genic models, they were mostly expressed in tendrils, immature seeds and flowers at 

flowering time. Only VvBIN2.1 was expressed in all analyzed tissues (Figure 17). 
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FIGURE 17. Expression levels of genes involved in BR perception and signaling in cv. 
Cabernet sauvignon grapevines. Expression data was normalized against reference gene VvUBI. 
Bars are the mean ± standard deviation of 3 biological replicates. Each biological replicate 
corresponds to a pool of tissue collected from 5 different plants. 
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3.3 Cloning of genes belonging the brassinosteroids perception and/or signaling pathways. 
 
Protein BRASSINOSTEROID-INSENSITIVE 2 (BIN2) is part of SHAGGY/GSK3-like kinases 

family in plants (Li & Nam, 2002). BIN2 phosphorylates many transcription factors in plants to 

regulate several physiological processes and routes as auxin and ABA signaling, lateral root and 

stomatal development and elongation growth (Cai et al., 2014; Hu & Yu, 2014; Belkhadir & 

Jaillais, 2015). Moreover, in the case of BRs pathway, BIN2 is a negative regulator that 

phosphorylates transcription factors BZR1 and BES1, inactivating them (He et al., 2002; Zhao et 

al., 2002; Belkhadir & Jaillais, 2015). So, this protein is critical regulator between activation and 

deactivation responses to brassinosteroids. In grapevine genome analysis, three genic models 

coding for this protein were found (Table S1). Considering the importance of this protein in 

different physiological process, including growth, and ubiquitous expression profile obtained for 

VvBIN2.1 in activity 3.2 (Figure 17), this gene was selected for further characterization and 

functional analysis.  

 

In silico VvBIN2.1 promoter analysis 

 
Promoter and 5’-UTR of VvBIN2.1 consistent of 2000 bp upstream of the start codon was obtained 

from Genoscope (http://genoscope.cns.fr) and Phytozome (http://phytozome.jgi.doe.gov) 

databases. Analysis using PlantPAN3.0 database (http://plantpan.itps.ncku.edu.tw) revealed that 

principal regulators could be phytohormones ethylene, ABA and BRs, and phytochrome signaling 

pathway with 94, 67, 24 and 67 putative motifs, respectively (Figure 18, Table S8).  
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FIGURE 18. Promoter analysis of VvBIN2.1 cis-acting regulatory elements. In silico analysis 
of VvBIN2.1 promoter using PlantPAN3.0 (Chow et al., 2019). For the analysis 2000 bp upstream 
the start codon was considered as promoter region. Cis-acting elements related to hormonal control, 
circadian clock, phytochrome and sucrose signaling pathways are depicted. 
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Amplification and ligation of VvBIN2.1 in cloning vector pENTR™/SD/D-TOPO® 

Using gene annotation available in Phytozome (https://phytozome.jgi.doe.gov) and Genoscope 

(http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/) databases, primers for amplified 

the coding region (CDS) of VvBIN2.1 were designed (Table S1). A fragment of expected size from 

young leaves cDNA was amplified using high fidelity polymerase (Figure 19A). It was ligated into 

pGEM-T Easy vector and re-amplified to be ligated to pENTR™/SD/D-TOPO® vector. Three 

positive clones were obtained (Figure 19B) and sequenced using universal M13 primers (M13F 

and M13R-pUC).  
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FIGURE 19. Amplification and ligation of VvBIN2.1 in cloning vector. A) A fragment of 1143 
bp was amplified from grapevine cv. Cabernet sauvignon leaf cDNA (H1.1 and H1.3 lanes) using 
high fidelity polymerase through conventional PCR. Samples were run in agarose 1% gel. Ladder 
1 Kb Plus (Invitrogen) B) Positive clones for VvBIN2.1 in pENTR™/SD/D-TOPO® vector (lanes 
K1, K2 and K3). VvBIN2.1 cloned in pGEM-T Easy vector was used as positive control (+). 
Samples were run in agarose 1% gel and visualized by staining with GelRed (Biotium).  Ladder 
Gene Ruler 1 Kb Plus (Thermo Fisher). 
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Nucleotide and protein sequence analysis 

An alignment using MEGA7 software allowed to obtain a nucleotidic consensus sequence of 1143 

bp with 99.7% of identity to annotated sequence (Figure S1). It was converted to aminoacid 

sequence using ExPASy translate tool (https://web.expasy.org/translate/). The 380 aminoacid 

sequence was aligned with Arabidopsis BIN2 protein using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and 90.6% of identity was found.  The presence of 

conserved domains or signatures in protein sequence of VvBIN2.1 were searched using Conserved 

Domains Database (https://www.ncbi.nlm.nih.gov/cdd/) and PROSITE 

(https://prosite.expasy.org). The serine/threonine kinase domain, ATP-binding region, and active-

site signature were found (Figure 20). Based on work published by Youn & Kim (2015), a 

phylogenetic analysis was made to include VvBIN2 kinases. In the analysis were considered the 

experimental sequence obtained for VvBIN2.1 and sequences predicted from databases for 

VvBIN2.2 and VvBIN2.3. In the case of VvBIN2.1 and VvBIN2.2, both grouped in the same clade 

that BIN2 from Arabidopsis (Clade II). Intriguingly, VvBIN2.3 grouped in another clade (Clade I) 

(Figure 21). 
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FIGURE 20. Domain analysis in VvBIN2.1 protein. In silico analysis of domains and signatures 
of VvBIN.2 was made using PROSITE and CCD databases. Serine/Threonine Domain, protein 
kinases ATP-binding region signature and serine/threonine protein kinases active-site signature are 
depicted in yellow, green and, red, respectively. 
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FIGURE 21. Phylogenetic analysis of VvBIN2 protein. Sequences of Shaggy/GSK3-like kinases 
from Arabidopsis thaliana (At), Oryza sativa (Os) and Vitis vinifera L. (Vv) are included in 
analysis. Homo sapiens (Hs) GSK3 kinases A and B were used as outgroup. MUSCLE was used 
for multiple alignment, curation was made using Gblocks and Bayesian inference (100,000 
generations) was selected for phylogenetic tree construction. Work based on Youn & Kim (2015).  
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Recombination in destination vector and R. radiobacter transformation 

With the clones of VvBIN2.1 in pENTR™/SD/D-TOPO® vector, recombination in Gateway 

destination vector pK2GW7 to generate the final expression vector was realized (Figure S2). The 

new construction leave VvBIN2.1 under the control of strong promoter CaMV 35S 

(P35S::VvBIN2.1). By colony PCR, ten positive colonies were selected, as shown in Figure 22A 

(colonies 1, 3, 4, 5, 6, 8, 9, 10, 11, and 12). These were grown in liquid media, and plasmid DNA 

was extracted. Second verification by PCR allowed to selected constructions 1, 4 and 10 for 

sequencing (Figure 22B). 

Finally, construct C3 was chosen to transformed R. radiobacter by electroporation. Five positive 

colonies for VvBIN2.1 were selected for further experiments (C1, C3, C5, C6, and C7) (Figure 23). 

 

 

 

 

 

 

 



100 
 

 

FIGURE 22. Recombination of VvBIN2.1 in pK2GW7 destination vector. A) Selection of 
positive colonies (C1, C3, C4, C5, C6, C8, C9, C10, C11, C12) by colony PCR. VvBIN2.1 cloned 
in pGEM-T Easy vector was used as positive control (+). Samples were run in agarose 1% gel. 
Ladder Gene Ruler 1 Kb Plus (Thermo Fisher). B) Verification of positive plasmid DNA 
containing fragment of 1143 bp (C3, C4, C10). VvBIN2.1 cloned in pGEM-T Easy vector was used 
as positive control (+). Samples were run in agarose 1% gel and visualized by staining with GelRed 
(Biotium). Ladder Gene Ruler 1 Kb Plus (Thermo Fisher). 
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FIGURE 23. Expression vector with VvBIN2.1 in R. radiobacter. A) Selection of positive 
cultures (C5, C6, C7) using 0.5 uL of liquid culture for conventional PCR. B) Selection of positive 
cultures (C1, C3) using 1.0 uL of liquid culture for conventional PCR. VvBIN2.1 cloned in pGEM-
T Easy vector was used as positive control (+). Samples were run in agarose 1% gel and visualized 
by staining with GelRed (Biotium). Ladder Gene Ruler 1 Kb Plus (Thermo Fisher). 
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3.4 Overexpression of selected genes in Arabidopsis thaliana mutant lines 
 
Isolation of bin2/+ lines  

GABI-KAT collection mutant lines bin2 were obtained from germplasm ABRC stock. These lines 

can be selected by its resistance to sulfadiazine.  A sulfadiazine antibiotic sensitivity curve response 

was made using wild type Col-0 Arabidopsis seeds. Germination rate was analyzed in a range 

between 0 to 0.015 mg/mL sulfadiazine-supplemented growth media (Figure 24A). At 3.75*10-3 

mg/mL of sulfadiazine no seed germination was observed, so it was the selected concentration for 

the next experiments (Figure 24A). Mutant lines obtained from ABRC were selected using as 

control wild type Col-0 seeds (Figure 24B). Sulfadiazine-resistant seedlings were then transferred 

to soil.  

Genotypification and verification of T-DNA insertion in plants was made using primers available 

at GABI-Kat database based on work reported by Huep et al. (2014). The T-DNA insertion is 

located in the proximal portion of 5`-UTR of the AtBIN2 gene (Figure 25A). Hybridization position 

of the primers used is depicted in Figure 25A (details in Table S1). The heterozygous lines (bin2/+) 

were selected for transformation by floral dip method since homozygous mutant has shown dwarf 

phenotype with infertility (Li et al., 2001). An amplimer of 1124 bp is obtained in the wild type or 

heterozygous Arabidopsis lines by PCR using Fw and Rv primers, as is exemplified in Figure 25B 

and 25C. The south junction (left border) of T-DNA presence could be verified by PCR using 

o8474 and Rv primers, that amplified a fragment of around 600 bp as is exemplified in Figures 25 

D and 25E.  

The phenotype of 3 weeks post-germination plants is shown in Figure 26. bin2/+ plants have a 

smaller size rosette and height with curved leaves compared to wild type. 



103 
 

 

FIGURE 24. Sulfadiazine antibiotic curve sensitivity in Col-0 wild type Arabidopsis. A) Col-
0 wild type Arabidopsis seed sown in growth media supplemented with sulfadiazine antibiotic 
concentrations ranging 0-1.5*10-2 mg/mL. Photos were taken 10 days post-sowing.  B) Selection 
of GABI-KAT bin2 lines in growth media supplemented with 3.75*10-3 mg/mL sulfadiazine 
antibiotic. Col-0 wild type Arabidopsis were used as control. Photos were taken 10 days post-
sowing.   
 
 
 
 
 
 
 
 
 
 
 



104 
 

 
FIGURE 25. Genotypification and verification of T-DNA insertion strategy. A) The AtBIN2 
gene (At4g18710) in chromosome 4 is schematized depicting the 5´-UTR region in orange, the 
exons and introns in black portion, and 3´-UTR in green. The T-DNA insertion is shown at 
Ch4:10296182 position. The primers used are AtBIN2_genot_Fw (Fw; position 
10295826..10295849), AtBIN2_genot_Rv (Rv; position 10296697..10296720). B) and C) 
Representative amplimer expected for wild type and heterozygous lines for AtBIN2 gene of 1124 
bp. D) and E) Representative amplimer expected of around 600 bp for south junction (left border) 
of T-DNA insertion in mutant lines bin2. Samples were run in agarose 1% gel and visualized by 
staining with GelRed (Biotium). Ladder Gene Ruler 1 Kb Plus (Thermo Fisher). 
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FIGURE 26. Phenotype of Col-0 wild type and bin2/+ Arabidopsis plants 3 weeks post-
germination. The phenotype of Arabidopsis adult plants Col-0 wild type (left) and bin2/+ (right) 
growing in soil at long-day photoperiod is shown. 
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3.5 Functional analysis of genes selected by complementation in Arabidopsis thaliana mutants 
 

In order to overexpress BIN2.1 in planta, the plasmid P35S::VvBIN2.1 was used to transform Col-

0 wild type and bin2/+ mutant plants by the floral dip method. Selection of positive plants was 

made in media with kanamycin and PCR for nptII gene coding for neomycin phosphotransferase 

that gives kanamycin resistance. In total, five transformed plants were obtained (Figure 27). These 

were grown until 5.5 weeks post-germination, and the phenotype was evaluated. Table inside 

Figure 27 summarizes the characteristics that were measure. Col-0 wild type plants have an average 

height of 23 cm and bin2/+ of 13 cm, with average siliques number of 25 and 15, respectively. The 

plants bin2::VvBIN2.1 have an average height of 2.25 cm while Col-0 overexpressor of VvBIN2.1 

(OE VvBIN2.1) only 0.7 cm. bin2::VvBIN2.1 produce in average one silique, and OE VvBIN2.1 

is completely infertile (Figure 27). 
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FIGURE 27. Phenotype of Col-0 wild type, bin2/+ and VvBIN2.1 overexpressor Arabidopsis 
plants 5.5 weeks post-germination. Phenotype of Arabidopsis adult plants Col-0 wild type, 
bin2/+, VvBIN2.1 ectopic expression in bin2/+ (bin2::VvBIN2) and Col-0 (Col-0 OE VvBIN2) 
backgrounds growing in soil at long-day photoperiod is shown. Average height and siliques number 
is summarized in bottom right table. 
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FIGURE 28. Verification of transgene expression in Arabidopsis lines transformed with 
35S::VvBIN2 construction. Presence of VvBIN2.1 in transformant lines was verified using 
specific primers for the grapevine gene that amplified 1143 bp. Line 1: Col-0 OE VvBIN2.1, line 
2: bin2-1::VvBIN2.1, line 3: bin2-2::VvBIN2.1, line 4: bin2-3::VvBIN2.1, line 5: bin2-

4::VvBIN2.1. VvBIN2.1 cloned in pGEM-T Easy vector was used as positive control (+). Samples 
were run in agarose 1% gel and visualized by staining with GelRed (Biotium). Ladder Gene Ruler 
1 Kb Plus (Thermo Fisher). 
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Endogenous levels of brassinosteroids in grapevines 

 

Phytohormone BRs are sterol-derived molecules that regulates growth and stress responses in 

plants (Fujioka & Yokota, 2003; Clouse, 2011). Total sterols in plants comprises 2–3 × 10−3 g/g of 

the plant dry weight while BRs only represent between 10-12 to 10-9 g/g of fresh weight (Bajguz & 

Tretyn, 2003; Benveniste, 2004). Compounds of this family of hormones have been isolated from 

several types of tissues such seeds, pollen, leaves, flowers, and roots (Zullo & Bajguz, 2019). Until 

the moment sixty two different natural BRs and fifteen precursors have been isolated from different 

species of plants that includes angiosperms, gymnosperm, pteridophytes, and bryophytes (Bajguz, 

2011; Zullo & Bajguz, 2019).  

In this thesis were quantified ten BRs in grapevines tissues, and of these, only castasterone has 

been previously reported by Symons et al., (2006) in grape berries. Most part of BRs metabolites 

described in this thesis, are accumulated below 50 pmol/g DW in grapevines, consistent with low 

levels reported for several species were this hormone is accumulated at microgram and nanogram 

levels per kilogram of fresh weight (Bajguz, 2011). The most distributed BRs in grapevines seems 

to be 28-homocastasterone (HCS), that was found in all tissues and developmental stages analyzed. 

The metabolites of castasterone group are the most prevalent in grapevines since HCS, 24-

epicastasterone (24-epiCS), and castasterone (CS) are differently accumulated in all tissues studied 

in this work. CS has been described in 53 plants species, being the BRs present in the largest 

number of plants (Bajguz, 2011).  

It has been described that the young tissues accumulates more BRs than mature ones, and usually 

the highest concentration of BRs have been found in growing tissues such as immature seeds and 

pollen, and reproductive organs (Fujioka et al., 1998; Zullo & Bajguz, 2019).
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In this thesis, different types of BRs showed a tissue- and developmental-specific profile in 

grapevines. The highest levels of BRs were quantified in mature leaves where 28-norteasterone 

(28-norTE) was found at 535.06 pmol/g DW, and HCS was accumulated at 455.88 pmol/g DW. 

Moreover, HCS also reached a high concentration in young leaves with 226.21 pmol/g DW. The 

roots, rachis at pre-veraison, and rachis at harvest accumulates 215.72 pmol/g DW, 214.53 pmol/g 

DW, and 198.89 pmol/g DW of typhasterol (TY), respectively. TY is an intermediary in the early 

C-6 oxidation route that has biological activity itself (Suzuki et al., 1994). The accumulation of TY 

and CS would indicate the early C-6 oxidation biosynthesis pathway is active in grapevines. In the 

case of grapevine seeds, the level of BRs was kept low with a maximum of 15.74 pmol/g DW of 

TY in mature state. It has been described in pea seeds that levels of BL and CS rapidly increase in 

parallel to weight increase, but decrease until undetectable levels in mature dried seeds (Nomura 

et al., 2007). These results are consistent with intermediary TY accumulation in mature seeds of 

grapevines, and CS accumulation in green seeds. Moreover, both immature and mature seeds 

accumulated HCS and 24-epiCS. These compounds were not measured in the research of Nomura 

et al. (2007). The grapevine young tendrils mainly accumulates HCS, while mature tendrils mainly 

accumulates dolichosterone (DS), 28-norTE, and TY. Intermediate BRs teasterone (TE) is 

probably rapidly conjugated, explaining the low levels found in plants (Fujioka & Yokota, 2003). 

In this thesis TE was not detected in any tissue or developmental stage, but 28-norTE was found 

in several tissues, suggesting that route for synthesis of 28-nor-BRs is active in grapevines. This 

route could continue to the synthesis of 28-norCS and/or several intermediates may feed the early 

C-6 oxidation pathway (Joo et al., 2015). Moreover, the quantification of DS suggests that 

alternative route using 24-methylene-cholesterol as precursor is also functional in grapevines. The  

production of CS and 6-deoxoCS in grapevine berry has been previously reported by Symons et 
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al., (2006) during ripening stage. In this work, additional compounds were found in the different 

berry development phases. During fruit set berry it is mainly accumulated homodolichosterone 

(HDS) at 49.87 pmol/g DW; in post-fruit set TY is the most accumulated BRs with 30.76 pmol/g 

DW; in early green stage major metabolites are 24-epiCS with 56.69 pmol/g DW, and DS with 

39.11 pmol/g DW; during late green phase main metabolites are TY with 27 pmol/g DW, and 24-

epiCS with 15.87 pmol/g DW; in veraison main accumulated compound was DS at 53.39 pmol/g 

DW; and in harvest TY was found at 11.94 pmol/g DW. In this last stage, CS was not detected 

unlike reported by Symons et al., (2006).  

The grapevine roots mainly accumulate intermediary TY with 215.72 pmol/g DW, but also was 

quantified DS, HCS, 24-epiBL, and dolicholide. This last BRs has not been studied very well since 

its discovery in the legume Dolichos lablab by Yokota et al. (1982). The high levels of TY in 

grapevine roots are consistent with the reports in other species. In tomato, Arabidopsis and pea 

seedlings have been reported that the intermediates BRs are mainly found in roots. At the same 

time, the active compounds brassinolide (BL) and CS, and its precursor 6-deoxoCS are mostly 

accumulated in leaves (Bancoş et al., 2002).  

The most bioactive BRs and terminal compound of biosynthesis route via campesterol is BL (Zullo 

& Adam, 2002). Its C-24 epimer with biological activity, 24-epibrasinolide (24-epiBL) was first 

identified in pollen of Vicia faba (Ikekawa et al. 1988). It has been detected only in ten species that 

includes Zea mays L., Humulus lupulus L., and Daucus carota spp. sativus L. (Zullo & Bajguz, 

2019). In grapevine samples, BL was not detected at any tissue but 24-epiBL is accumulated at low 

levels below 1.5 pmol/g DW in roots, paradormant and pre-endodormant buds, rachis at veraison, 

and berries in late green and veraison stages.  



113 
 

The results obtained from the quantification of BRs in this thesis allow us a better understanding 

of the metabolism in grapevines. Together with the results obtained by Symons et al., (2006), both 

the early and late C-6 oxidation pathways are active in grapevines, as well as alternative routes that 

allow the synthesis of the 28-norBRs or DS compounds. As in other species, synthesis of BRs is a 

complex process of which there are still several aspects to elucidate.  

 

Tissue- and development-specific expression profile of genes involved in brassinosteroids 

pathway in grapevines 

 

Since BRs are not transport to long distances as other hormones, they act at the local synthesis 

sites. So, for maintaining its homeostasis, the regulation in tomato and pea is mainly exert thorough 

transcriptional control of biosynthesis and inactivating genes (Symons & Reid, 2004; Montoya et 

al., 2005). The expression analysis in Arabidopsis have revealed that each enzyme involved in BRs 

biosynthesis has its own organ- and development-specific profile (Shimada et al., 2003). 

The grapevine genes involved in routes of biosynthesis, perception, and signaling analyzed in this 

thesis showed a tissue- and development-dependent expression. The CPD/CYP90A1 encodes a 

cytochrome P450 with 23α-hydroxylase activity (Szekeres et al., 1996). CPD levels are low during 

first week of Arabidopsis seedling and preferentially expressed in cotyledons and hypocotyls 

(Bancoş et al., 2002). In grapevines VvCPD is mostly expressed in mature tendrils, young leaves, 

inflorescences, and green berries. The DET2 encodes a protein with steroid 5α-reductase (Li et al., 

1997). In the genome of grapevine two genic models were found for VvDET2, named VvDET2.1 

and VvDET2.2. Low levels of VvDET2.1 were detected mainly restricted to young leaves and green 

berries, while higher levels of VvDET2.2 were detected on mature tendrils, young leaves and 
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inflorescences. In Arabidopsis DWF4/CYP90B1 codes for C-22 hydroxylase enzyme involved in 

first committed reaction in biosynthesis of BRs, that has been proposed as flux-determining step 

(Kim et al., 2006). Weak expression and restricted to active growing tissues has been reported for 

this gene in Arabidopsis (Choe et al., 1998; Fujita et al., 2006). The analysis of grapevine tissues 

revealed that VvDWF4 is expressed in almost all tissues with the exception of berry in ripening 

stage. The highest levels were detected in mature tendrils, young leaves, flower at flowering, 

immature seed and green berry, representing a different expression profile to Arabidopsis. 

ROT3/CYP90C1 was shown to catalyze the C-23 hydroxylation for the conversion of TY to CS in 

the C6-oxidation pathway of brassinolide (Kim et al., 2005). Also, this enzyme has been suggested 

as shortcut from (22S,24R)-22-hydroxy-5alpha-ergostan-3-one, and 3-epi-6-deoxocathasterone to 

3-dehydro-6-deoxoteasterone and 6-deoxotyphasterol avoiding campestanol, 6-deoxocathasterone, 

and 6-deoxoteasterone (Ohnishi et al., 2006). ROT3/CYP90C1 transcripts have been reported in 

Arabidopsis as mainly accumulated in roots and in the basis of petals and filaments of stamen (Kim 

et al., 1999; Bancoş et al., 2002). In grapevines, the pattern was different, with higher expression 

in mature tendrils, immature seeds, and green berries. CYP90D1 catalyze C-23 hydroxylation 

reactions from teasterone (TE) to 3-dehydroteasterone (3DT), and/or 6-deoxoteasterone (6-

deoxoTE) to 6-deoxo-3-dehydroteasterone (6-deoxo3DT); or the conversion of cathasterone (CT) 

to TE, and/or 6-deoxocathasterone (6-deoxoCT) to 6-deoxoTE (Kim et al., 2005). CYP90D1, was 

reported as preferentially expressed on roots of Arabidopsis (Bancoş et al., 2002), that is consistent 

with VvCYP90D1 accumulation in grapevine roots. Moreover, this gene is expressed in immature 

seeds of grapes. BR6OX1/CYP85A1 encodes for C-6 oxidase that produces CS (Shimada et al., 

2001; Shimada et al., 2003). Its transcripts are accumulated in roots and hypocotyls of Arabidopsis, 

and in pea seedlings (Bancoş et al., 2002; Castle et al., 2005; Nomura et al., 2007). In the case of 
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grapevines, VvBR6OX1 is accumulated in immature seed, and green berry, showing a profile 

associated with reproductive tissues. Finally, BR6OX2/CYP85A2 encodes for C-6 oxidase that 

produces both CS or BL (Kim, 2005). In Arabidopsis seedlings is more expressed in cotyledons, 

new leaves and tips of roots, while in adult plants its profile is associated with reproductive tissue, 

such as sepals and ovules (Castle et al., 2005). The expression analysis of VvBR6OX2 showed 

accumulation of transcripts only in seeds, with higher level in immature state compared to mature.  

In this thesis, metabolites of BRs family and transcripts involved in its biosynthesis were measured. 

It has been demonstrated that P450 enzymes that participates in BRs biosynthesis, have a broad 

substrate specificity, generating multiple intermediates compounds (Hategan et al., 2011). For this 

reason, it is difficult to establish correlations between transcripts accumulation and metabolites 

content, and more studies are required. Considering that similar metabolites accumulation pattern 

and biosynthetic enzymes have been described in several plants, it has been suggested that BRs 

synthesis is a route evolutionary conserved (Codreanu & Russinova, 2011). 

Evidence obtained in this thesis suggested that these routes would also be conserved in grapevines, 

with profiles of metabolites and transcripts that are specific for each tissue and developmental 

stage. 

 

Negative feedback regulation of brassinosteroid route in grapevine berries 

 

Negative feedback by product brassinolide has been described as a method for keeping homeostasis 

of BRs. BL treatment on Arabidopsis plants repressed expression of CPD, DWF4, ROT3, 

CYP90D1, CYP85A1, and CYP85A2 at least in 90% compared to control plants (Bancoş et al.,  
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2002). Moreover, in treatments with BR biosynthesis inhibitor brassinazole, expression of DET2, 

DWF4, CPD, BR6OX1, and ROT3 genes was up-regulated  (Tanaka et al., 2005). The mechanism 

of regulation involves the binding of BZR1 transcription factor of BRs signaling to motif 

CGTG(T/C)G also called BREE element in 5´UTR or promoter region of BRs biosynthesis genes 

CPD, DWF4, ROT3, and BR6OXs (He et al., 2005). Several genes as points of control could be 

necessary due to the highly networked routes for biosynthesis, ensuring an efficient blocking of 

BRs production through negative feedback (Hategan et al., 2011).  

In this thesis, treatments with 24-epiBL, and BRs analog B2000 were applied on field-grown 

berries, starting at pre-flowering stage (23 days pre-flowering) or at flowering. Samples were 

collected at fruit set and early green stage and changes of expression on genes involved in 

biosynthesis, perception, and signaling of BRs were evaluated. Analyzes at fruit set revealed that 

24-EpiBL up-regulated several genes of biosynthesis, perception, and signaling of BRs. The most 

important effect was over the perception VvBRI1, and signaling VvBIN2.1, VvBIN2.2, VvBIN2.3 

genes, suggesting an early induction that could accelerate the growth responses to BRs.  

Treatment with BRs analog B2000 produced a more intense effect with general repression of 

biosynthesis, and induction of perception and signaling genes. CPD and DWF4, essential for 

maintaining the homeostasis control points (Chung & Choe, 2013), were the most repressed genes 

by B2000. It is also interesting to point out that treatments with 24-epiBL or B2000 started at 

flowering provoked stronger repression or induction of genes involved in BRs pathways compared 

to the treatments initiated in pre-flowering phase. Previously has been reported that application of 

24-epiBL in post-bloom and veraison generated the highest yield (Ghorbani et al., 2017). Thus, 

application of BRs in flowering seems to generate stronger changes at transcripts levels in 

grapevines. The mechanism of transcripts accumulation mediated by B2000 compound remains 



117 
 

unknown, nevertheless, the difference observed between 24-epiBL and B2000 application could 

maybe be explained by major environmental stability of the B2000, but this should be still clarified 

in future research. Furthermore, in berries treated with 24-epiBL or B2000, a decrease in the 

content of the intermediary typhasterol, and an increase in the bioactive BR castasterone in the fruit 

set stage was observed. The gene expression data, together with the metabolites quantification, 

suggest the activation of the BRs biosynthesis pathway in the fruit set stage in berries treated with 

this hormone. On the contrary, at early green stage, a general repression of genes involved in BRs 

metabolism was observed, suggesting a negative feedback regulation mechanism to switch off the 

responses to BRs. Moreover, 24-epiCS and CS content increased in this stage with all applied BRs 

treatments, while TY levels significantly increase in berries with the treatments with 24-epiBL F, 

B2000 PF and B2000 F. Taken together, this results suggested that BRs treatments generate a 

decrease in gene expression and an accumulation of intermediary metabolites of the biosynthesis 

pathways, as well as a possible redistribution of the metabolic flow towards routes that generate 

compounds such as 24-epiCS. However, more studies are necessary to understand precisely how 

BRs regulate their metabolism in grapevines. 

 

Growth-promotion effect of brassinosteroids in early stages of development of grapevines 

berries 

 

The promotion of growth in mono- and dicotyledonous plants by BRs have been widely 

documented (Asami et al., 2000; Chon et al., 2000; Serna et al., 2012; El-feky & Abo-hamad, 

2014; Liu et al., 2017).  
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In this work, the effect of two brassinosteroids, 24-epiBL and analog B2000, was tested over early 

grapevine berry development. In the case of cv. Cabernet sauvignon, no significant differences in 

size were observed when comparing the treated berries with the controls. On the other hand, a 

significant increase in size accompanied by bigger but fewer cells were found in mesorcarp of 

berries treated with both BRs compounds in cv. Red Globe. Moreover, the exocarp seems to be 

more compact in treated berries. This phenotype in cv. Reg Globe led us to analyzed changes in 

hormone content and target gene transcripts accumulation that could explain it. 

In the first place, the levels of cytokinins were measured in these samples. Promotion in general 

cytokinins metabolism was found, quantified as an increase in bioactive compounds, intermediates, 

and inactive glycosylated molecules. The most significant change was the increase in bioactive 

cytokinin tZ and its glycosylated form tZROG. In the early phases of grapevine development, high 

levels of zeatin and zeatin riboside have been previously quantified (Zhang et al., 2003). 

Consistently, an increase in iP and tZ cytokinins by 24-epiBL treatment has been reported in 

tobacco cell cultures (Gaudinovb et al., 1995).  

The effect on cell division by controlling levels of cell cycle genes has been reported (Hu et al., 

2000; Clouse, 2011). The up-regulation of Arabidopsis cyclin CYCD3 expression by BL treatment 

is one of the most known cases (Hu et al., 2000). This type of cyclin connects environmental cues 

with intracellular signals, regulating G1/S transition in the cell cycle (Hu et al., 2000; Pereira-

Netto, 2011). Cytokinin also induces CycD3 transcription in Arabidopsis plants (Riou-khamlichi 

et al., 1999). On the contrary, we found that 24-epiBL and analog B2000 decrease the expression 

of VvCYCD3.2, at fruit set and early green stages. Thus, a complex and yet unrevealed interaction 

between cytokinin metabolites and brassinosteroids mediated by VvCYCD3.2 could be responsible 

for changes in cell size observed in berries treated with BRs. 
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BRs treatments in berries also decrease levels of VvCYC3.4 and VvCYCB1.2. In the case of 

Arabidopsis, CYCB1.1 is up-regulated by BRs to control the meristem size of roots 

(González-García et al., 2011). Thus, the changes in transcripts accumulation of cell cycle genes 

differ from those reported in Arabidopsis. The genes involved in the cell cycle may be induced at 

a different stage of development than those evaluated in this thesis. 

The BRs not only regulated growth by controlling cell cycle but also the cell expansion (Clouse, 

2011). BRs induce the genes encoding xyloglucan endotransglycosylase/hydrolase (XTHs) and 

expansins in tomato, Arabidopsis, and soybean (Clouse & Sasse, 1998). The expression of VvEXP8 

was evaluated in berries treated with BRs. The treatment with 24-epiBL significantly increases the 

level of this gene. It is possible that other expansins that were not evaluated in this work are also 

induced. In this sense, it would be interesting the generation of RNA-seq data in berries treated 

with BRs to analyze all the expansins and cell wall remodeling genes that could explain the growth 

in early stages.  

A relationship between BRs and auxins in growth regulation has also been established, acting 

synergistically to promote hypocotyl elongation in Arabidopsis (Nemhauser et al., 2004). It has 

been found that BR-responsive kinase BIN2 inactivates the repressor AUXIN-RESPONSE 

FACTOR 2 (ARF2), leading to improved growth responses to auxin (Vert et al., 2008). Treatments 

with exogenous BL in Arabidopsis seedlings revealed that some early auxin-inducible genes 

coding for INDOLEACETIC ACID-INDUCED PROTEIN (IAA) are induced by BL without an 

increase of auxin content (Nakamura et al., 2003).  

In grapevine berries treated with BRs, the expression of the VvIAA6-like gene involved in auxin 

signaling was evaluated. Treatment with 24-epiBL started at flowering, induced the expression of 

this gene in fruit set stage, while the treatments with 24-epiBL and B2000 at pre-flowering 
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repressed the expression at the early green phase. More experiments will be necessary to elucidate 

the gene network coregulated by auxin and BRs to control growth in grapevine berries.  

Also, in Arabidopsis has been reported that BRs are key promoter of gibberellin (GA) biosynthesis 

genes (Unterholzner et al., 2015). The BR-responsive transcription factor BES1 binds to a non-E 

motif in promoter of GA biosynthesis genes to up-regulate them, increasing the GA production 

(Unterholzner et al., 2015). Then, the higher levels of GA promote the growth responses in 

Arabidopsis (Unterholzner et al., 2015).  

Seven different enzymes are involved in gibberellin biosynthesis, and the last step is a 3β-

hydroxylation reaction catalyzed by GIBBERELLIN-3-BETA-DIOXYGENASE (GA3ox) to 

produce the biologically active hormones GA4 and GA1 (Sun, 2008). For maintenance of 

homeostasis, the catabolism of bioactive hormones is carried out by the GIBBERELLIN-2-BETA-

DIOXYGENASE (GA2OX) enzyme through a 2-beta-hydroxylation reaction (Sun, 2008). In 

grapevine samples, we evaluate changes in VvGA3ox expression and found that treatments with 

BRs up-regulated this gene. Moreover, the levels of VvGA2ox involved in deactivation of 

gibberellins showed a decrease in its expression at fruit set. There will be interesting to measure 

the GAs content in these samples to corroborate the induction triggered by BRs suggested by  

expression gene analysis. 

 

Role of VvBIN2.1 in growth regulation 

 

At low levels of BRs, the receptor complex form by receptor BRASSINOSTEROID 

INSENSITIVE 1 (BRI1) and coreceptor BRI1-ASSOCIATED KINASE 1/SOMATIC 

EMBRYOGENESIS RECEIVER KINASE 3 (BAK1 / SERK3) is inactive (Friedrichsen et al., 
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2000; He et al., 2005; Belkhadir et al., 2006; Belkhadir & Jaillais, 2015). When the level of BRs 

is high, the activation of receptor complex occurs by a series of phosphorylation and 

transphosphorylation events (Friedrichsen et al., 2000; He et al., 2005; Clouse, 2011). Then, a 

signaling cascade events finished with the dephosphorylation and consequentially inactivation of 

protein kinase BRASSINOSTEROID INSENSITIVE 2 (BIN2) that is sent to degradation via 

proteasome 26S (Clouse, 2011; Belkhadir & Jaillais, 2015). In basal state, BIN2 phosphorylates 

transcription factors BRASSINAZOLE RESISTANT 1 (BZR1) and BRASSINAZOLE-

RESISTANT 2 / BRI1-INSENSITIVE-EMS SUPRESSOR 1 (BZR2 / BES1), inactivating them 

(Zhao et al., 2002; Belkhadir & Jaillais, 2015). Transcription factors are dephosphorylated by 

phosphatase PP2A, and this active form of BZR1 and BES1 enters to nucleus, and binds to the 

promoters of BRs-responsive genes. 

In this complex circuitry, kinase BIN2 is a major regulator. This protein is part of serine/threonine 

GSK3/Shaggy-like kinases family that is constitutively active and it is inactivated in response to 

BRs perception at cell surface membrane (Li et al., 2001; Belkhadir & Jaillais, 2015; Youn & Kim, 

2015). This protein has not been characterized yet in grapevines. In this thesis, in a in silico analysis 

of 5´UTR and promoter region of grapevine VvBIN2.1 several cis-acting regulating elements for 

response to hormones such as ABA, BRs, and ethylene, for circadian clock, and environmental 

signals such as phytochrome signaling were found. This is consistent with the reported kinase role 

of Arabidopsis BIN2 in several pathways. It has been reported that phosphorylation of transcription 

factors ABI5 and SnRK2.3 by BIN2 exerts a positive control in ABA signaling (Cai et al., 2014; 

Hu & Yu, 2014). Moreover, BIN2 phosphorylation of PHYTOCHROME INTERACTING 

FACTOR (PIF4) targets it for degradation via 26S proteasome, thus inactivating cell elongation 

responses during light conditions (Bernardo-García et al., 2014; Belkhadir & Jaillais, 2015).  
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The expression profile of Arabidopsis BIN2 (AT4G18710) is almost ubiquitous with highest levels 

on hypocotyls, seeds, leaves, and flower petals (Klepikova et al., 2016; https://bar.utoronto.ca). 

The genome size is ~500 Mb and ~135 Mb, in grapevine and Arabidopsis (The Arabidopsis 

Genome Initiative, 2000; The French–Italian Public Consortium for Grapevine Genome 

Characterization, 2007), respectively. Moreover, genome expansion in different gene families has 

been reported in grapevines. For example, terpene synthase (TPS) family has 30-40 members in 

Arabidopsis, rice and poplar, while has 89 functional genes in grapevines (The French–Italian 

Public Consortium for Grapevine Genome Characterization, 2007). Thus, is common to find more 

genes coding for the same protein, than those described in model plants such as Arabidopsis. In the 

case of BIN2 we found three genic models in grapevine genome that could code for VvBIN2, and 

they were named VvBIN2.1, VvBIN2.2, and VvBIN2.3. 

VvBIN2.1 is expressed in almost all tissues with the highest levels of transcripts accumulation in 

mature tendrils, flowers, and immature seeds. Also, the expression peaks of VvBIN2.2 are in the 

same tissues that VvBIN2.1, but almost undetectable in young leaves and inflorescence. VvBIN2.3 

showed a similar pattern of expression with maximum levels at inflorescence and seeds immature, 

but also in roots. The expression for different VvBIN2 genic models in seeds and flowers is similar 

to that reported in Arabidopsis. Analyze the expression of grapevine genes involved in 

biosynthesis, perception and signaling of BRs in seedlings and pollen would be interesting 

considering that high accumulation of this hormone has been reported in other species (Bajguz, 

2011; Zullo & Bajguz, 2019). 

Cloning of VvBIN2.1 and consequent sequencing analyses revealed a 1143 bp nucleotide sequence 

with 99.7% of identity to theorical sequence obtained from grapevine databases. Translation to 

protein sequence and alignment with Arabidopsis BIN2 showed a 90.62% of identity between those 
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protein. The domain analysis also showed that main signatures or domain described for other 

serine/threonine kinases is shared in VvBIN2.1. On the other hand, phylogenetic analysis grouped 

VvBIN2.1 and VvBIN2.2 in the same clade that Arabidopsis BIN2. Taken together, all these 

evidences suggested that VvBIN2.1 is the orthologous protein to A. thaliana BIN2. It is remarkable 

that VvBIN2.3 grouped in a different clade of GSK3/Shaggy-like protein. This could be explained 

by several evolutionary changes in this gene allowing its divergence of VvBIN2.1 and VvBIN2.2, 

or by a wrong annotation that should be solved with future updates in grapevine genome databases.  

Mutant bin2 in Arabidopsis showed a phenotype with reduced fertility, downward-curled cauline 

rosette and leaves (Li et al., 2001). Mutant lines isolated in this thesis from GABI-Kat germplasm 

are consistent with this phenotype. When VvBIN2.1 was overexpressed over bin2 or wild type Col-

0 plants, an extreme dwarf with low fertility phenotype was observed. This phenotype is consistent 

with previous reports where BIN2 gene overexpression resulted in Arabidopsis plants with typical 

BRs-deficient dwarf size (Li & Nam, 2002). The results obtained in this thesis could be explained 

by the use of 35S strong promoter that generates very high levels of VvBIN2.1 in plants, that 

inactivates by phosphorylation most part of transcription factors BZR1 and BES1 available, thus 

shutting off the BRs-dependent responses.  

Overall, the in silico analysis and the phenotype observed by VvBIN2.1 overexpression, suggests a 

role for VvBIN2.1 in BRs signaling for controlling the growth. It would be interesting testing this 

same experiment with VvBIN2.1 under the control of the endogenous promoter to evaluate 

phenotype restoration by functional complementation. 
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Importance, limitations and projections of this study  

 

The research so far had focused on the berry ripening process. The BRs 6-deoxocastasterone and 

castasterone were quantified in berries, which led to suggest that the predominant biosynthesis 

pathway in this species would be the late oxidation of C-6 (Symons et al., 2006). In this thesis was 

determined the profile accumulation of ten BRs in different tissues and through the development. 

Besides, several genes of the biosynthesis, perception, and signaling pathways described in 

Arabidopsis were found in the bioinformatic analysis of the grapevine genome. The expression 

profile of these genes demonstrated an accumulation of transcripts that are tissue- and 

developmental stage-dependent. These results represent the broadest characterization of BRs 

biosynthesis carried out until the moment in grapevines. This research may allow in the future to 

understand the mechanisms of transcriptional regulation and a better characterization of the BRs 

routes in grapevines. Moreover, several studies have reported the role of BRs in grapevine berry 

ripening, where the promotion of sugar accumulation, anthocyanin pigments, and antioxidant 

compounds was found (Luan et al., 2013; Xi et al., 2013; Champa et al., 2015; Xu et al., 2015; 

Ghorbani et al., 2017; Vergara et al., 2018; Babalık et al., 2019;). However, the metabolic, 

hormonal, and changes in transcripts levels triggered by BRs in the early stages of berry 

development have not been described until the moment. This thesis provides information on the 

role of BRs in promoting growth in phase I of grapevine berry development. Taken together, the 

quantification of cytokinins and brassinosteroids, the transcripts levels of several genes, and the 

histological analysis in berry samples treated with BRs contributed to elucidate the molecular 

mechanism by which this phytohormone can promote the growth in grape berries. It is suggested 

that BRs treatments in early stages of development would promote growth by cellular expansion, 
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in a complex model that would depend at least on the interaction of BRs, auxins, cytokinins, and 

gibberellins. 

It is also essential to consider the several limitations of this work. First of all, it is necessary to 

carry out BR applications in the field for several years to corroborate its physiological effect in 

changing environmental conditions over the years. For this, the doses and application times must 

be standardized for each of the cultivars, given that differential results could be observed between 

them. As has been reported in the studies of Holá et al., (2010) and Serna et al., (2012) for 

treatments in the field, the application of brassinosteroid analogues could be a better strategy than 

the use of natural compounds that could be less stable in the environment. Consistently, in this 

work, more significant changes at transcripts levels were found using analogue B2000 to treat 

berries, compared to natural compound 24-epiBL. The use of polymers for the slow release of BRs 

seems a promising method to obtain improvements in the yield of species of agronomic interest 

(Serna et al., 2012). Although the exogenous application of hormones in grapevines has improved 

the understanding of their role during berry development, this methodology does not allow to 

establish cause-effect relationships, but rather biological correlations. Since for this species, there 

is no collection of mutant lines, the most used methods to understand hormonal metabolism are 

exogenous treatments and functional complementation of genes in model plants such as 

Arabidopsis (El-Kereamy et al., 2003; Gagne et al., 2006; Koyama et al., 2010; Moreno et al., 

2011; Cheng et al., 2013; Jung et al., 2014; Lu et al., 2016; Jáuregui et al., 2017). Besides, 

transgenesis in long-lived species such as grapevines is a challenging process that can take several 

years. The first stable transgenic grapevine was obtained by Mullins et al. (1990) via somatic 

embryogenesis of rootstocks and has been carried out in some research (Rienth et al., 2012; 

Luchaire et al., 2017). A promising strategy is the use of microvines. This biological model was 
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initially reported by Chaïb et al. (2010). Microvines are somatic variants that carries a mutation in 

Vvgai1 gene involved in gibberellin signaling, generating a miniature version of the plant with 

continuous flowering and fruit generation (Pellegrino et al., 2019; Torregrosa et al., 2019). While 

in a wild type grapevine two years are necessary for the formation of fruit from the differentiated 

inflorescence primordia, in the microvine fruits could be obtained 5-6 months after the sowing 

(Pellegrino et al., 2019). Another strategy that has allowed us to understand better the metabolism 

of different hormones and their importance in diverse physiological processes has been global 

analyzes as proteomic and transcriptomic  (Deluc et al., 2007; Pilati et al., 2007; Giribaldi et al., 

2010; Ziliotto et al., 2012; Cramer et al., 2014; Serrano et al., 2017). So far, this type of analysis 

has not been reported in grapevines treated with BRs. Thus an analysis by RNA-seq would allow 

understanding the global changes in gene expression are, and in particular, which transcription 

factors could be effectors in response to BRs during growth.  

Finally, the incorporation of BRs in agronomic management programs for grapevines will require 

more studies of dose and application times for each variety. Also, mixed applications with other 

growth regulators such as gibberellins, auxins, and cytokinins in early stages, and ethylene and 

abscisic acid in veraison and ripening, should be considered to optimize the use of each of these 

products, and maximize the desired characteristics such as bigger berries, higher anthocyanin 

content, or increase levels of antioxidant compounds. 
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1.   Ten brassinosteroid compounds were quantified in grapevines, and it is suggested that canonical 

and alternative routes for brassinosteroid synthesis are active in this species. 

2.   Castasterone group seems to be the predominant BRs in grapevines due to accumulation of 24-

epiCS, CS, and HCS, in several tissues. 

3.  The most prevalent brassinosteroid is homocastasterone, since it accumulates in all tissues and 

developmental stages analyzed. 

4.   A direct correlation between the metabolite content and the accumulation of transcripts of the 

biosynthesis pathway cannot be established. 

5.   Brassinosteroids promote early growth generating fewer but bigger cells in mesocarp of 

grapevine berries. 

6.   Brassinosteroids promote the general metabolism of cytokinins in early stage of development 

by the production of bioactive, intermediate, and glycosylated molecules. 

7.   Brassinosteroids regulates its metabolism through a negative feedback mechanism that involved 

biosynthesis, perception, and signaling genes. 

8.  Brassinosteroids represses cell cycle at transcripts levels during "fruit set" and "early green" 

stages and could promote growth by induction of expansins. 

9.   Brassinosteroids could promote gibberellin biosynthesis and auxin signaling, thus regulating in 

a complex manner the growth in grapevines berries.
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TABLE S1. Genic model for putative genes involved in BRs biosynthesis pathway in 
grapevines. The code (ID), percentage of aminoacidic identity compared to Arabidopsis, primer 
sequence, Tm and efficiency of primers for RT-qPCR and size of fragment amplified by PCR are 
shown. 
 

Gene/Purpose ID Primer sequence (5´-3´) TM 
(ºC) 

Ef (%) Size 
(bp) 

Reference 

VvBIN2.1 

Cloning 
VIT_210s0003g01480 Fw: 

CACCATGTCCGACGACAAGGAAAT
CT 
Rv: TTATGTGCCTGCTGGGTGGAAA 

59 - 1143 This work 

nptII 

Selection  
- Fw: AAAAGCGGCCATTTTCCACC 

Rv: GATGGATTGCACGCAGGTTC 
 

58 - 598 Loyola R. 
(personal 
communica
tion) 

VvCPD 

qPCR  
VIT_213s0067g00660 Fw: 

GACCAGCCGGATCTTACTTATGG 
Rv: TTCTCAGAGACTCAGTCCACTCC 

58 100 107 This work 

VvDET2.1 

qPCR  
VIT_213s0067g01830 Fw: CACTACAGCTCTTACCATCCATT 

Rv: CCATAAACCCTTGAGCAATGTG 
62 91.7 167 This work 

VvDET2.2 
qPCR 

VIT_219s0014g00080 Fw: GCCCTTTTCCCAGATGAGAG 
Rv: GAGATAACAATGGCAGCATCG 

62 96 140 This work 

VvDWF4 
qPCR 

VIT_204s0023g01630 Fw: 
GAGCTGAAGATGGAAGAGAGGA 
Rv: AGCAAAGAGCAAGCTCAGTACC 

58 99.2 147 This work 

VvROT3 
qPCR 

VIT_204s0023g02650 Fw: AGGCAGCTAGTGTCAACAACAA 
Rv: GACGGTGATGGGTAACTTCTTCC 

57 98.6 200 This work 

VvCYP90D1 
qPCR 

VIT_209s0002g02080 Fw: 
GACTGGCCTTATCAGTTCAACCC 
Rv: 
CCACCCACCTGAATTGAGTAACA 

57 93.8 166 This work 

VvBR6OX1 
qPCR 

VIT_214s0083g01110 Fw: GGGGAGACCACTGAGTTTCTTA 
Rv: TCTAACATGGACTGTGGGTAGC 

58 99.8 191 This work 

VvBR6OX2 
qPCR 

VIT_201s0011g00190 Fw: 
GATAAGCTGGTGGAAGGAACACT 
Rv: 
TAGCCTAACATGTCATCTTGGGTC 

58 102 158 This work 

VvBRI1 
qPCR 

VIT_207s0031g01850 Fw: GGGTCTTTGATTTTTCTGGACC 
Rv: TGTCCCTTGAAGCCTATTGTAG 

58 103.6 192 This work 

VvBIN2.1 
qPCR 

VIT_210s0003g01480 Fw: GGTCTTGAAGCACTACAGCAAC 
Rv: TCAAATCCCTATGGCAAACTCC 

58 101.9 128 This work 

VvBIN2.2 
qPCR 

VIT_212s0028g01810 Fw: CCATCAGTTACATGGCAGAGC 
Rv: TTCAGGGTGACCACATTTGG 

62 99.3 181 This work 

VvBIN2.3 
qPCR 

VIT_214s0060g00600 Fw: CAATAAGTTACATGGCTGAGCG 
Rv: 
CTTCAAGGAGACAACATTAGGGT 

56 104 182 This work 

VvBES1 
qPCR 

VIT_204s0023g01250 Fw: CAAGTCCTGTACCCTCTTACCA 
Rv: CCGCTTTGAACCTCTCGAAGTA 

56 100.4 129 This work 

VvBZR1 
qPCR 

VIT_218s0001g12020 Fw: CTATCGTCTTCCAAAACACTGCG 
Rv: GGAAGTTCCTGCAATCTCAGTT 

56 97.9 142 This work 

VvCDKA1 
qPCR 

VIT_215s0045g00310 Fw: GATCTTCAGGGTATTGGGCACA 
Rv: TCAAGAGCACTCCTGGCAG 

57 95.4 204 This work 
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VvCDKB1.2 
qPCR 

VIT_208s0056g00210 Fw: 
CTCTGAGAGACTGGCATGTCTAT 
Rv: GGCTGTCGAAGTAGGGATGAT 

56 92.5 168 This work 

VvCDKB2.2 
qPCR 

VIT_218s0122g00550 Fw: CCAAACTGGCATGAGTTCCC 
Rv: TTCTTTGCCGAAATCCTCTCTGA 

58 92.1 167 This work 

VvCYCA3.4 
qPCR 

VIT_218s0001g09580 Fw: GATTTTGGTGGATTGGTTGGTGG 
Rv: GTGGAGGGCTGATCTCTTCAT 

56 98.1 185 This work 

VvCYCB1.2 
qPCR 

VIT_208s0040g00930 Fw: 
CCCAAGCCGAGATAAATGAGAAG 
Rv: TCCCTTCTTGGCACAGTCTT 

56 98.4 151 This work 

VvCYCD3.2 
qPCR 

VIT_207s0129g01100 Fw: CCTTCTCCTCTCTGTCATTGCT 
Rv: GCAGTCATCCACATCGTTCTTAC 

56 95.9 172 This work 

VvADK2 
qPCR 

VIT_213s0019g04470 Fw: 
GGTCTTCATGATGAACCTTTCTGCT 
Rv: ACATTATCAGTCTCCCAGCCATG 

57 91.6 150 This work 

VvIPT3 
qPCR 

VIT_207s0104g00270 Fw: 
GGCAGTGCATGAGATCAAGGCTA 
Rv: AGCTTCTCCCATGCTTCATCAGC 

59 93.2 162 This work 

VvCKX3 
qPCR 

VIT_211s0016g02110 Fw: 
CTAGACCGAGTTCACAACGGAGA 
Rv: GGTCCAACGGTCTGGTTTGTC 

58 95.3 161 This work 

VvGA3ox 

qPCR 

VIT_204s0008g04940 Fw: 
GCACTTGTAGTCAATGTTGGAGA 
Rv: GAGGTGAAATCAGGGAATCAGC 

55 94.6 151 This work 

VvGA2ox 

qPCR 

VIT_219s0140g00120 Fw: GCAGGTGATGACAAACGGTCG 
Rv: GCTCTCCTCTCCTTCCATGAGTG 

58 96 151 This work 

VvIAA6-like 

qPCR 

VIT_204s0008g00220 Fw: CTGCTGGCACTGGAAATGAA 
Rv: CGCAATCTCCTCACTGTAGATAC 

55 96.5 166 This work 

VvEXP8 

qPCR 

VIT_213s0067g02930 Fw: CTTGTGGGTATGGCAACTTGTAC 
Rv: GTTAGGAGGGCAGAAGTTTGTG 

56 96.5 182  This work 

VvUBI 

qPCR 

VIT_216s0098g01190 Fw: TCTGAGGCTTCGTGGTGGTA 
Rv: AGGCGTGCATAACATTTGCG 

55 99 99 Muñoz et. 

al, 2014 
Loyola et. 

al, 2016 
VvACT 

PCR 
VIT_200s0183g00010 Fw: ACCAGAATCCAGCACAATC 

Rv: ATGGCCGATACTGAAGATAT 
55 - 474 Loyola R. 

(personal 
communica

tion) 
AtACTIN2 

PCR 
At3g18780 Fw:AACAGCAGAGCGGGAAATTG 

Rv: ACCAATCGTGATGACTTGCC 
58 - 148 Loyola et. 

al, 2016 

AtBIN2_genot 

Analysis mutant 
At4g18710 Fw: 

AAAAAGAAGTTTTCCCACCAAAT 
Rv: 
CAGAACTCAAAACCGTTCAACTTC 
o8747: 
ATAATAACGCTGCGGACATCTACAT
TTT 

  1124 
or 

600 

Huep et al., 
2014 
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TABLE S2. Endogenous content of brassinosteroids [pmol/ g DW] in different tissues of grapevines through development. 
Quantification of different brassinosteroids metabolites by UHPLC-MS/MS is shown. Mean ± standard deviation of 3 biological 
replicates is tabulated. Each biological replicate corresponds to a pool of tissue collected from 5 different plants. 

 
 Brassinosteroid 

metabolite Root Tendril Young Tendril Mature Leaf Young Leaf Mature Bud Paradormant 
Bud pre-

Endodormant Inflorescence 

Dolichosterone 2.68 ± 0.83 <LOD 46.97 ± 10.97 <LOD <LOD <LOD <LOD 105.23 ± 20.14 

Homodolichosterone <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Dolicholide 0.15 ± 0.01 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Homodolicholide <LOD <LOD <LOD <LOD <LOD <LOD 2.13 ± 0.50 <LOD 

28-norteasterone <LOD <LOD 37.59 ± 12.58 34.94 ± 3.50 535.06 ± 63.25 <LOD <LOD <LOD 

Teasterone <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Typhasterol 215.72 ± 51.89 <LOD 33.70 ± 8.95 <LOD <LOD 24.83 ± 2.69 <LOD 74.09 ± 7.53 

Homocastasterone 17.84 ± 8.55 18.89 ± 0.45 3.95 ± 0.31 226.21 ± 26.97 455.88 ± 71.07 53.22 ± 9.45 37.65 ± 4.08 42.50 ± 9.42 

24-epicastasterone <LOD 9.49 ± 2.82 <LOD 10.75 ± 0.21 <LOD 11.75 ± 0.21 16.40 ± 2.25 <LOD 

Castasterone <LOD 0.63 ± 0.27 <LOD <LOD <LOD <LOD <LOD 2.44 ± 0.81 

24-epibrassinolide 1.05 ± 0.19 <LOD <LOD <LOD <LOD 0.15 ± 0.01 0.30 ± 0.06 <LOD 

Brassinolide <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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TABLE S3. Endogenous of brassinosteroids [pmol/ g DW] in different tissues of grapevines through development. Quantification 
of different brassinosteroids metabolites by UHPLC-MS/MS is shown. Mean ± standard deviation of 3 biological replicates is tabulated. 
Each biological replicate corresponds to a pool of tissue collected from 5 different plants. 

 

  

 Brassinosteroid 
metabolite 

Rachis Post 
fruit set 

Rachis pre-
Veraison 

Rachis 
Veraison Rachis Harvest 

Seed 
Immature Seed Mature Berry Fruit Set 

Berry Post-
Fruit Set 

Berry Early 
Green 

Berry Late 
Green Berry Veraison Berry Harvest 

Dolichosterone <LOD <LOD <LOD 20.42 ± 7.56 <LOD 9.45 ± 1.89 <LOD <LOD 39.11 ± 5.25 <LOD 52.39 ± 0.51 <LOD 
                  

Homodolichosterone <LOD <LOD <LOD <LOD <LOD <LOD 49.87 ± 10.94 <LOD <LOD <LOD <LOD <LOD 

Dolicholide <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

    Homodolicholide <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

   28-norteasterone <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD  <LOD 

Teasterone <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Typhasterol <LOD 214.53 ± 17.94 146.25 ± 15.21 198.89 ± 11.28 <LOD 15.74 ± 0.86 <LOD 30.76 ± 11.04 1.16 ± 0.61 27.12 ± 10.67 13.97 ± 3.13 11.94 ± 3.74 

      Homocastasterone 5.63 ± 0.87 9.11 ± 0.30  10.44 ± 0.34 21.22 ± 3.92 1.88 ± 0.20 0.70 ± 0.04 5.62 ± 0.75  2.76 ± 0.45 2.37 ± 0.70 4.75 ± 0.60 2.09 ± 0.79 1.72 ± 0.18 

     24-epicastasterone 10.74 ± 0.69 8.69 ± 2.22 9.92 ± 4.51 10.02 ± 1.59 13.06 ± 1.77 12.42 ± 0.84 <LOD 6.09 ± 1.34 56.69 ± 12.70 15.87 ± 3.18 2.17 ± 0.27 7.75 ± 1.91 

Castasterone 0.51 ± 0.02 <LOD  5.56 ± 1.06 <LOD 1.40 ± 0.36 <LOD 5.42 ± 1.14 4.86 ± 1.02 17.40 ± 1.95 9.65 ± 2.43 3.63 ± 0.19 <LOD 

     24-epibrassinolide <LOD  <LOD 0.54 ± 0.16 <LOD <LOD <LOD <LOD <LOD 0.09 ± 0.00 0.68 ± 0.29 1.10 ± 0.40 <LOD 

Brassinolide <LOD  <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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TABLE S4. Content of brassinosteroids [pmol/ g DW] in berries treated with brassinosteroids. Quantification of different 
brassinosteroids metabolites by UHPLC-MS/MS is shown. Berries samples at fruit set and early green stages were collected. Mean ± 
standard deviation of 3 biological replicates is tabulated. Each biological replicate corresponds to a pool of 30 berries collected from 5 
different plants. 

 

 Fruit set Early Green 
 Brassinosteroid 

metabolite Control  24-EpiBL PF 24-EpiBL F B2000 PF B2000 F Control 24-EpiBL PF 24-EpiBL F B2000 PF B2000 F 

Dolichosterone 49.32 ± 13.99 <LOD 24.07 ± 8.57 <LOD 53.86 ± 12.83 <LOD 13.47 ± 3.43 <LOD 19.53 ± 6.93 <LOD 

Homodolichosterone <LOD <LOD <LOD <LOD <LOD 22.02 ± 4.85 <LOD <LOD <LOD <LOD 

Homodolicholide <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.67 ± 0.28 1.96 ± 0.17 1.31 ± 0.21 

28-norteasterone <LOD 31.76 ± 0.29 <LOD 30.93 ± 7.88 31.04 ± 3.99 <LOD <LOD <LOD <LOD <LOD 

Teasterone <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Typhasterol 86.37 ± 16.79 56.31 ± 2.20 37.79 ± 3.59 33.99 ± 4.66 24.99 ± 2.93 35.01 ± 7.59 25.93 ± 3.88 39.71 ± 5.92 49.43 ± 12.31 42.36 ± 10.41 

Homocastasterone 13.29 ± 2.22 8.96 ± 1.03 31.58 ± 2.77 9.98 ± 0.31 15.41 ± 2.64 6.73 ± 1.93 6.57 ± 0.09 5.94 ± 1.66 3.59 ± 0.20 5.71 ± 0.61 

24-epicastasterone 17.86 ± 3.44 11.48 ± 1.66 26.79 ± 7.91 12.34 ± 2.11 13.91 ± 0.80 <LOD 63.27 ± 14.22 18.47 ± 4.89 12.63 ± 1.28 14.33 ± 0.80 

Castasterone <LOD 2.09 ± 0.43 1.79 ± 0.46 2.05 ± 0.53 <LOD <LOD 2.73 ± 1.08 7.19 ± 2.69 16.51 ± 1.72 8.79 ± 0.90 

24-epibrassinolide <LOD 3.39 ± 0.65 3.70 ± 0.59 <LOD <LOD <LOD 0.26 ± 0.13 1.89 ± 0.64 <LOD <LOD 

Brassinolide <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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TABLE S5. Content of bioactive cytokinins [pmol/ g DW] in berries treated with 
brassinosteroids. Quantification of different bioactive cytokinin metabolites by UHPLC-MS/MS 
is shown. Berries samples at fruit set and early green stages were collected. Mean ± standard 
deviation of 3 biological replicates is tabulated. Each biological replicate corresponds to a pool of 
30 berries collected from 5 different plants. tZ: trans-zeatin, cZ: cis-zeatin, DHZ: dihydrozeatin, 
iP: N6-(D2 isopentenyl) adenine. 

 

 Samples tZ cZ DHZ iP Total content 
 [pmol /g DW] 

Fr
ui

t s
et

 

Berry control  7.31 ± 0.31 <LOD 4.07 ± 1.03 15.03 ± 1.11 26.41 

Berry 24-epiBL PF 8.08 ± 0.68 <LOD 4.16 ± 0.81 6.43 ± 0.80 18.67 

Berry 24-epiBL F 40.41 ± 2.7 <LOD 3.63 ± 0.48 2.83 ± 0.71 46.87 

Berry B2000 PF 45.17 ± 8.29 <LOD 4.93 ± 0.55 10.91 ± 0.35 61.01 

Berry B2000 F 28.82 ± 1.16 <LOD 3.23 ± 0.29 6.15 ± 0.91 38.2 

Ea
rly

 G
re

en
 

Berry control  2.48 ± 0.31 <LOD <LOD 9.26 ± 1.57 11.74 

Berry 24-epiBL PF 4.58 ± 0.63 <LOD <LOD 9.13 ± 1.79 13.71 

Berry 24-epiBL F 14.85 ± 1.81 <LOD 1.00 ± 0.07 10.92 ± 2.22 26.77 

Berry B2000 PF 4.15 ± 0.48 <LOD <LOD 8.03 ± 1.84 12.18 

Berry B2000 F 3.68 ± 0.51 4.4 ± 0.20 <LOD 5.89 ± 1.07 13.97 
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TABLE S6. Content of intermediates cytokinins [pmol/ g DW] in berries treated with 
brassinosteroids. Quantification of different intermediates cytokinin (ribosides and 
5`monophosphates) metabolites by UHPLC-MS/MS is shown. Berries samples at fruit set and early 
green stages were collected. Mean ± standard deviation of 3 biological replicates is tabulated. Each 
biological replicate corresponds to a pool of 30 berries collected from 5 different plants. tZR: trans-
zeatin riboside, tZR5`MP: trans-zeatin riboside 5´monophosphate, cZR: cis-zeatin riboside, 
DHZR: dihydrozeatin riboside, iPR: N6-(D2 isopentenyl) adenine riboside, iPR5`MP: N6-(D2 
isopentenyl) adenine riboside 5`monophosphate. 

 

 Samples tZR tZR5´MP cZR DHZR iPR iPR5´MP Total content  
[pmol /g DW] 

Fr
ui

t s
et

 

Berry control 138.59 ± 23.81 55.79 ± 8.46 6.3 ± 1.92 56.18 ± 10.03 15.27 ± 2.60 78.51 ± 6.73 350.64 

Berry 24-epiBL PF 142.74 ± 18.09 43.21 ± 7.03 4.6 ± 0.75 58.29 ± 6.16 10.58 ± 1.54 51.91 ± 4.12 311.33 

Berry 24-epiBL F 174.47 ± 24.77 26.85 ± 1.44 5.74 ± 1.08 57.92 ± 12.30 18.72 ± 1.83 38.11 ± 10.77 321.81 

Berry B2000 PF 212.46 ± 21.49 79.34 ± 1.25 7.78 ± 1.64 61.7 ± 1.76 13.16 ± 0.76 59.28 ± 2.98 433.72 

Berry B2000 F 203.93 ± 27.25 41.46 ± 4.19 2.46 ± 0.27 39.62 ± 6.39 18.83 ± 1.44 58.22 ± 7.41 364.52 

Ea
rly

 G
re

en
 

Berry control 41.39 ± 6.07 16.45 ± 2.51 0.9 ± 0.07 4.62 ± 0.59 1.75 ± 0.11 9.45 ± 0.88 74.56 

Berry 24-epiBL PF 22.46 ± 3.43 17.39 ± 5.76 0.89 ± 0.14 10.15 ± 1.29 2.07 ± 0.14 <LOD 52.96 

Berry 24-epiBL F 76.31 ± 18.24 45.76 ± 7.94 0.95 ± 0.14 10.92 ± 1.85 16.62 ± 0.77 22.51 ± 2.69 173.07 

Berry B2000 PF 16.41 ± 0.95 29.77 ± 1.8 0.72 ± 0.12 6.17 ± 0.83 0.8 ± 0.04 <LOD 53.87 

Berry B2000 F 9.14 ± 0.44 16.61 ± 2.51 0.54 ± 0.04 5.12 ± 0.69 0.98 ± 0.12 <LOD 32.39 
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TABLE S7. Content of glucosilated cytokinins [pmol/ g DW] in berries treated with brassinosteroids. Quantification of 
different glucosilated cytokinin metabolites by UHPLC-MS/MS is shown. Berries samples at fruit set and early green stages were 
collected. Mean ± standard deviation of 3 biological replicates is tabulated. Each biological replicate corresponds to a pool of 30 
berries collected from 5 different plants. tZOG: trans-zeatin O-glucoside, tZROG: trans-zeatin riboside O-glucoside, cZOG: cis-
zeatin O-glucoside, cZROG: cis-zeatin riboside O-glucoside, cZ9G: cis-zeatin 9-glucoside, DHZOG: dihydrozeatin O-glucoside, 
DHZROG: dihydrozeatin riboside O-glucoside. 

 
 

 

 Samples tZOG tZROG cZOG cZROG cZ9G DHZOG DHZROG Total content  
[pmol /g DW] 

Fr
ui

t s
et

 

Berry control  29.7 ± 4.94 12.62 ± 1.48 <LOD 8.62 ± 1.26 4.53 ± 0.58 2.26 ± 0.21 14.25 ± 3.71 71.98 

Berry 24-epiBL PF 46.15 ± 4.22 16.72 ± 0.83 <LOD 9.69 ± 1.46 5.2 ± 0.37 4.63 ± 0.70 18.73 ± 4.96 101.12 

Berry24-epiBL F 33.3 ± 4.15 15.3 ± 2.74 <LOD 14.05 ± 0.80 3.76 ± 1.05 3.31 ± 0.74 16.31 ± 3.09 86.03 

Berry B2000 PF 51.64 ± 10.74 41.85 ± 4.28 <LOD 12.22 ± 1.72 6.71 ± 0.65 3.37 ± 0.04 10.71 ± 0.75 126.50 

Berry B2000 F 31.25 ± 2.35 62.18 ± 5.87 <LOD 8.64 ± 0.87 5.69 ± 0.94 2.02 ± 0.26 9.12 ± 0.86 118.90 

Ea
rly

 G
re

en
 

Berry control  2.64 ± 0.18 1.62 ± 0.12 1.28 ± 0.39 1.57 ± 0.16 0.67 ± 0.13 0.26 ± 0.02 1.00 ± 0.12 9.04 

Berry 24-epiBL PF 4.2 ± 0.69 1.91 ± 0.14 1.99 ± 0.10 1.4 ± 0.04 1.13 ± 0.20 0.34 ± 0.02 0.97 ± 0.34 11.94 

Berry 24-epiBL F 6.95 ± 0.60 2.61 ± 0.36 4.12 ± 1.11 1.99 ± 0.29 1.95 ± 0.28 0.3 ± 0.05 1.26 ± 0.20 19.18 

Berry B2000 PF 4.48 ± 0.69 2.17 ± 0.18 3.21 ± 0.86 1.12 ± 0.09 1.24 ± 0.21 0.18 ± 0.01 0.85 ± 0.04 13.25 

Berry B2000 F 3.11 ± 0.50 1.62 ± 0.10 1.91 ± 0.19 1.42 ± 0.22 1.01 ± 0.19 0.17 ± 0.03 0.55 ± 0.02 9.79 
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TABLE S8. Promoter analysis of VvBIN2.1 cis-acting regulatory elements. In silico analysis 
of VvBIN2.1 promoter using PlantPAN3.0 (Chow et al., 2019). Putative binding sites for 
transcription factors (TF) are shown. The ID, family of TF, position in the promotor sequence, 
strand, score for analysis (similar score), motif (hit sequence) and predicted function of the TF are 
summarized. 

 
Matrix ID Family Position Strand Similar 

Score 
Hit Sequence Predicted Function 

TF_motif_seq_0
239 

Dof 6 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
302 

bHLH 36 + 1 CAAATg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 36 - 1 cAAATG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
254 

AP2;ERF 44 + 0.8 TTCTA AT3G14230: Ethylene-responsive 
transcription factor; Involved in ethylene 
response and resistance to necrotrophic 
pathogens. 

TF_motif_seq_0
254 

AP2;ERF 56 + 0.8 CTCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_021
1 

C2H2 64 + 1 aACACTc Salt-tolerance zinc finger; involved in abiotic 
stress responses. Probably involved in 
jasmonate (JA) early signaling response. 

TF_motif_seq_0
254 

AP2;ERF 68 + 0.8 CTCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 71 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 110 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 153 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 156 + 1 ATTAC Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
243 

GATA;tify 160 - 1 CTATC  Required for high level, light regulated, and 
tissue specific expression 

TF_motif_seq_0
254 

AP2;ERF 162 + 0.8 ATCAA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
302 

bHLH 164 + 1 CAAATg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
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CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TFmatrixID_019
3 

bZIP 165 - 0.75 aaaTGTGT Abscisic acid responsive elements-binding 
factor 

TFmatrixID_011
6 

Homeodomai
n;bZIP;HD-

ZIP 

176 + 0.92 taaTTATTt acts as a positive regulator of ABA-
responsiveness, mediating the inhibitory effect 
of ABA on growth during seedling 
establishment. 

TFmatrixID_047
1 

Homeodomai
n;HD-

ZIP;bZIP 

176 - 0.99 taATTATt Probable transcription factor that may act in the 
sucrose-signaling pathway. 

TF_motif_seq_0
254 

AP2;ERF 181 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 192 + 0.8 ACCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 210 + 1 ATTAA Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TFmatrixID_012
6 

AP2;B3;RAV 219 - 0.99 tCAACAta Ethylene-responsive transcription factor; 
Protein AUXIN RESPONSE FACTOR 14; 
May be involved in the regulation of gene 
expression by stress factors and by components 
of stress signal transduction pathways 

TF_motif_seq_0
255 

AP2;RAV;B3 220 + 1 CAACA Ethylene-responsive transcription factor 

TF_motif_seq_0
239 

Dof 227 - 1 ACTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 230 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 239 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 250 + 1 ATTAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 252 - 0.8 TATAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 258 - 0.8 TTGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 262 - 1 TAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 273 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 280 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
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and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 291 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 300 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

 
TF_motif_seq_0

239 

 
Dof 

 
306 

 
+ 

 
1 

 
AAAGG 

Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 314 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 317 - 0.8 TATAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 318 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 325 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

330 - 0.8 CATGT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 337 - 0.8 TAGAG AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 345 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 348 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_019
3 

bZIP 358 - 0.75 aaaAGTGT Abscisic acid responsive elements-binding 
factor 

TF_motif_seq_0
239 

Dof 359 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TFmatrixID_021
1 

C2H2 360 - 1 aAGTGTg Salt-tolerance zinc finger; involved in abiotic 
stress responses. Probably involved in 
jasmonate (JA) early signaling response. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

360 + 0.8 AAGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TFmatrixID_025
5 

EIN3;EIL 364 + 0.97 gTGTATcat acting as a positive regulator in the ethylene 
response pathway. 

TF_motif_seq_0
254 

AP2;ERF 372 + 0.8 TTCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 
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TFmatrixID_062
6 

AP2 379 + 0.91 aacCCTTAat Ethylene-responsive transcription factor; May 
be involved in the regulation of gene expression 
by stress factors and by components of stress 
signal transduction pathways 

TF_motif_seq_0
239 

Dof 381 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 384 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 388 - 0.8 TAGTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_062
3 

AP2 390 - 0.9 gtTAAGGatt Ethylene-responsive transcription factor; May 
be involved in the regulation of gene expression 
by stress factors and by components of stress 
signal transduction pathways 

TF_motif_seq_0
239 

Dof 393 + 1 AAGGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 399 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TFmatrixID_003
0 

MYB-related 406 - 0.99 attaTATCTc Transcription factor involved in the circadian 
clock and in the phytochrome regulation. 
Binds to the promoter regions of APRR1/TOC1 
and TCP21/CHE to repress their transcription. 

TF_motif_seq_0
241 

ZF-HD 406 + 1 ATTAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 408 - 0.8 TATAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 411 + 0.8 ATCTC AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 447 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 459 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
239 

Dof 464 - 1 CCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 482 - 0.8 TGGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 485 + 0.8 ATCAA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 
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TF_motif_seq_0
239 

Dof 496 - 1 ACTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 516 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_019
3 

bZIP 523 - 0.75 tcaCATGT Abscisic acid responsive elements-binding 
factor 

TF_motif_seq_0
300 

bHLH 524 + 0.83 CACATg acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
302 

bHLH 524 + 1 CACATg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 524 - 1 cACATG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

525 + 0.8 ACATG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 531 + 0.8 TTCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
243 

GATA;tify 541 + 1 GATAT  Required for high level, light regulated, and 
tissue specific expression 

TF_motif_seq_0
254 

AP2;ERF 542 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 548 + 0.8 GTCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

553 - 0.8 CACAT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

560 - 0.8 CAAGT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 564 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 572 + 0.8 ATCAA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 578 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 597 + 1 ATTAG Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 604 + 1 ATTAA Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 
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TF_motif_seq_0
239 

Dof 610 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 611 - 0.8 AAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
243 

GATA;tify 613 + 1 GATAA  Required for high level, light regulated, and 
tissue specific expression 

TF_motif_seq_0
254 

AP2;ERF 620 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
243 

GATA;tify 637 + 1 GATAT  Required for high level, light regulated, and 
tissue specific expression 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

640 + 0.8 ATGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

645 + 0.8 AAGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 651 + 0.8 AGCTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 658 + 1 AAAGC Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
255 

AP2;RAV;B3 671 + 1 CAACA Ethylene-responsive transcription factor 

TF_motif_seq_0
254 

AP2;ERF 681 - 0.8 AAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 684 + 1 ATTAG Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
239 

Dof 698 + 1 AAGGG Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
034 

(Motif 
sequence 

only) 

701 - 0.7 ggttaGTGGC ABRE3 of barley HVA22 gene; Newly 
designated "A3" by Shen etal., Plant Cell 
8:1107 (1996); G-box; component of ABA 
response complex in HVA22 gene; see S0117 
(ABRE2 of HVA22 gene); see CE1 (coupling 
element 1 = TGCCACCGG); See S000014; 
ABA response complex 
1(ABRC1)=A3(previously designated 
ABRE3)+CE1 (Shen et al., Plant Cell 
8:1107(1996)); 

TF_motif_seq_0
254 

AP2;ERF 711 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 720 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 737 + 1 AAAGC Acts as a negative regulator in the 
phytochrome-mediated light responses. 
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Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 746 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

750 + 0.8 AAGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
302 

bHLH 775 + 1 CAAATg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 775 - 1 cAAATG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

778 + 0.8 ATGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 789 + 0.8 ATGTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 791 - 1 GTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 800 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 805 - 1 GCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 817 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
302 

bHLH 828 + 1 CATTTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 828 - 1 cATTTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 
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TF_motif_seq_0
254 

AP2;ERF 832 - 0.8 TGGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 835 + 0.8 ATCAA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 839 - 1 ACTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 847 - 1 TCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 852 - 0.8 TGGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 859 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 866 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

892 - 0.8 CACTT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
239 

Dof 898 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 912 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 916 - 1 TCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 930 + 1 ATTAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 938 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 944 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
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accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
335 

B3;ARF; 950 + 1 TGTCTc ARF (auxin response factor) binding site 
found in the promotersof primary/early auxin 
response genes of Arabidopsis thaliana (A.t. 

TF_motif_seq_0
239 

Dof 961 - 1 TCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 970 - 0.8 AAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 973 + 0.8 ATGTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 983 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 986 - 1 GTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 998 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1001 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1009 - 1 GCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1019 + 1 AAGGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 1027 + 1 ATTAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
239 

Dof 1046 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
241 

ZF-HD 1061 + 1 ATTAC Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1063 - 0.8 TACAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
302 

bHLH 1065 + 1 CATTTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
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controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1065 - 1 cATTTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
254 

AP2;ERF 1071 - 0.8 AAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1084 + 0.8 ACATG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 1100 - 0.8 TGGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1103 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1106 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
302 

bHLH 1118 + 1 CATTTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1118 - 1 cATTTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
254 

AP2;ERF 1125 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1139 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 1142 + 1 ATTAG Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 1162 + 1 ATTAC Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 1166 - 1 CTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1169 + 0.8 ATCGA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1188 + 0.8 ATCTC AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_017
4 

bHLH 1196 - 0.75 ccaAGTGC Positive regulator of brassinosteroid signaling. 

TF_motif_seq_0
300 

bHLH 1197 + 0.83 CAAGTg acting positively in the phytochrome signaling 
pathway. 
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TF_motif_seq_0
300 

bHLH 1197 - 0.83 cAAGTG acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
302 

bHLH 1197 + 1 CAAGTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1197 - 0.8 CAAGT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1198 + 0.8 AAGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
239 

Dof 1202 - 1 GCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 1208 + 0.8 ATCGA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1227 - 1 GTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1231 - 0.8 TTGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1240 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1251 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
048 

(Motif 
sequence 

only) 

1257 + 0.8 TCCACttgtc ABA-responsive element (ABRE B) found at -
105 to -96 in maize(Z.m.) rab28 (Busk & Pages, 
1997); Maize rab28 is ABA-inducible in 
embryos and vegetative tissues; 

TFmatrixID_019
3 

bZIP 1258 - 0.75 ccaCTTGT Abscisic acid responsive elements-binding 
factor 

TF_motif_seq_0
300 

bHLH 1259 + 0.83 CACTTg acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
300 

bHLH 1259 - 0.83 cACTTG acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
302 

bHLH 1259 + 1 CACTTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1259 - 1 cACTTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
335 

B3;ARF; 1263 + 1 TGTCTc ARF (auxin response factor) binding site 
found in the promotersof primary/early auxin 
response genes of Arabidopsis thaliana (A.t. 

TF_motif_seq_0
239 

Dof 1267 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
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and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TFmatrixID_003
4 

AP2;ERF 1275 + 0.98 aaaaCCGACc Ethylene-responsive transcription factor; May 
be involved in the regulation of gene expression 
by stress factors and by components of stress 
signal transduction pathways 

TF_motif_seq_0
302 

bHLH 1284 + 1 CAACTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1284 - 1 cAACTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
254 

AP2;ERF 1294 - 1 TAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1297 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1321 + 1 ATTAA Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1323 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1326 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1329 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1331 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1335 - 0.8 TAGAA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1344 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 1351 - 0.8 TAAAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TFmatrixID_011
6 

Homeodomai
n;bZIP;HD-

ZIP 

1365 - 0.92 aAATAAtgg acts as a positive regulator of ABA-
responsiveness, mediating the inhibitory effect 
of ABA on growth during seedling 
establishment. 

TF_motif_seq_0
239 

Dof 1398 + 1 AAGGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 
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TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1399 + 0.8 AGGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TFmatrixID_021
1 

C2H2 1425 - 1 tAGTGTt Salt-tolerance zinc finger; involved in abiotic 
stress responses. Probably involved in 
jasmonate (JA) early signaling response. 

TF_motif_seq_0
254 

AP2;ERF 1443 + 0.8 ATCCA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1450 - 0.8 CACTT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
239 

Dof 1451 - 1 ACTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
131 

AP2 1459 - 0.85 cagtgggacACG
TG 

Ethylene-responsive transcription factor 

TF_motif_seq_0
439 

Aux/IAA 1461 - 0.86 gtGGGACa AuxRE (Auxine responsive element ) of pea 
(P.s.) PS-IAA4/5gene; Indoleacetic acid-
inducible genes; domain A; TGA1a is 
preferentially expressed in root tip meristems; 
TGA1a may contribute to the expression of 
GST isoenzymes, especially in root tip 
meristems; 

TFmatrixID_016
0 + 

TFmatrixID_016
4 + 

TFmatrixID_016
9 

bHLH 1465 + 1 gaCACGTgtc Common transcription factor of light, abscisic 
acid (ABA), and jasmonic acid (JA) signaling 
pathways. In cooperation with MYB2 is 
involved in the regulation of ABA-inducible 
genes under drought stress conditions. / ABA 
response///// Promotes the expression of SOM, 
and thus modulates responses to abscisic acid 
(ABA) and gibberellic acid (GA)./// Positive 
regulator of brassinosteroid signaling. 

TFmatrixID_016
0 + 

TFmatrixID_016
4 + 

TFmatrixID_016
9 

bHLH 1465 - 1 gacACGTGtc Common transcription factor of light, abscisic 
acid (ABA), and jasmonic acid (JA) signaling 
pathways. In cooperation with MYB2 is 
involved in the regulation of ABA-inducible 
genes under drought stress conditions. / ABA 
response///// Promotes the expression of SOM, 
and thus modulates responses to abscisic acid 
(ABA) and gibberellic acid (GA)./// Positive 
regulator of brassinosteroid signaling. 

TF_motif_seq_0
302 

bHLH 1467 + 1 CACGTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1467 - 1 cACGTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TFmatrixID_034
8 

Myb/SANT;
ARR-B 

1474 + 0.96 cagcATCTTg Could directly activate some type-A response 
regulators in response to cytokinins. Involved in 
the ethylene signaling pathway in an ETR1-
dependent manner and in the cytokinin 
signaling pathway. 
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TF_motif_seq_0
254 

AP2;ERF 1478 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1484 + 0.8 AGGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
302 

bHLH 1494 + 1 CATCTg Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
302 

bHLH 1494 - 1 cATCTG Positive brassinosteroid-signaling protein/ 
regulates the cold-induced transcription of 
CBF/DREB1 genes. Mediates stomatal 
differentiation in the epidermis probably by 
controlling successive roles of SPCH, MUTE, 
and FAMA. 

TF_motif_seq_0
254 

AP2;ERF 1495 + 0.8 ATCTG AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1505 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
049 

(Motif 
sequence 

only) 

1538 + 0.7 TCCACagtgc BoxII; Light responsive element (LRE) found 
in the parsley(P.c.) CHS-1 (chalcone synthase-
1) gene promoter; Required for light 
responsiveness; nuclear protein binding site; 
Highly conserved in various light inducible 
gene promoters; See S000302; 

TFmatrixID_025
6 

EIN3;EIL 1542 - 0.98 cagTGCATca acting as a positive regulator in the ethylene 
response pathway. 

TF_motif_seq_0
239 

Dof 1566 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1574 - 1 GCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TFmatrixID_002
0 

AP2; ERF 1584 + 0.96 ctaCCGACac Ethylene-responsive transcription factor; May 
be involved in the regulation of gene expression 
by stress factors and by components of stress 
signal transduction pathways 

TFmatrixID_004
0 

B3;ARF 1584 - 0.96 ctaCCGACac Auxin response factor; modulate early auxin 
response genes expression 

TFmatrixID_015
6 

B3;ARF; 1586 + 0.99 acCGACAcc Auxin response factor; modulate early auxin 
response genes expression. Involved in ethylene 
responses. 

TF_motif_seq_0
254 

AP2;ERF 1603 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1615 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 



152 
 

TF_motif_seq_0
241 

ZF-HD 1620 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1638 - 0.8 TTGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1641 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
241 

ZF-HD 1645 + 1 ATTAA Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 1646 - 1 TTAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
241 

ZF-HD 1649 + 1 ATTAA Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1658 + 0.8 ATATA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1659 - 0.8 TATAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1664 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
439 

Aux/IAA 1683 + 0.86 tGTCCCct AuxRE (Auxine responsive element ) of pea 
(P.s.) PS-IAA4/5gene; Indoleacetic acid-
inducible genes; domain A; TGA1a is 
preferentially expressed in root tip meristems; 
TGA1a may contribute to the expression of 
GST isoenzymes, especially in root tip 
meristems; 

TF_motif_seq_0
239 

Dof 1687 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1701 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 1711 - 0.8 TATAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1714 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1718 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1732 - 0.8 TAGTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1737 + 0.8 ATCTT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 
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TF_motif_seq_0
239 

Dof 1738 - 1 TCTTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
151 

VOZ 1743 + 0.75 GCGTAgtagaga
cta 

Transcriptional activator acting positively in 
the phytochrome B signaling pathway. 

TF_motif_seq_0
254 

AP2;ERF 1749 - 0.8 TAGAG AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1759 + 1 AAAGC Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1784 - 0.8 CACAT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
037 

(Motif 
sequence 

only) 

1791 - 0.7 ctagcGTGGC ABA-responsive element (ABRE A) found at -
148 to -139 in maizerab28 (Busk & Pages, 
1997); Maize rab28 is ABA-inducible in 
embryos and vegetative tissues; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1794 + 0.8 GCGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
254 

AP2;ERF 1812 + 0.8 ATTTA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
254 

AP2;ERF 1815 - 0.8 TAGAG AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1824 - 0.8 GACGT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1825 + 0.8 ACGTC ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
241 

ZF-HD 1833 - 1 ATAAT Regulates floral architecture and leaf 
development. Regulators in the abscisic acid 
(ABA) signal pathway that confers sensitivity 
to ABA in an ARF2-dependent manner. 

TF_motif_seq_0
254 

AP2;ERF 1836 + 0.8 ATCCA AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
239 

Dof 1858 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1872 + 1 AAAGG Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1877 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
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accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1883 + 1 AAAGG Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
254 

AP2;ERF 1890 - 0.8 TAGAG AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
048 

(Motif 
sequence 

only) 

1898 - 0.8 gggagGTGGA ABA-responsive element (ABRE B) found at -
105 to -96 in maize(Z.m.) rab28 (Busk & Pages, 
1997); Maize rab28 is ABA-inducible in 
embryos and vegetative tissues; 

TF_motif_seq_0
049 

(Motif 
sequence 

only) 

1898 - 0.7 gggagGTGGA BoxII; Light responsive element (LRE) found 
in the parsley(P.c.) CHS-1 (chalcone synthase-
1) gene promoter; Required for light 
responsiveness; nuclear protein binding site; 
Highly conserved in various light inducible 
gene promoters; See S000302; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1901 + 0.8 AGGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TFmatrixID_017
4 

bHLH 1909 + 0.75 GCACAtgg Positive regulator of brassinosteroid signaling. 

TF_motif_seq_0
300 

bHLH 1910 + 0.83 CACATg acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
300 

bHLH 1910 - 0.83 cACATG acting positively in the phytochrome signaling 
pathway. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1910 - 0.8 CACAT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1911 + 0.8 ACATG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
255 

AP2;RAV;B3 1920 - 1 TGTTG Ethylene-responsive transcription factor 

TF_motif_seq_0
239 

Dof 1943 - 1 CCCTT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
239 

Dof 1956 + 1 AAAGT Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1957 + 0.8 AAGTG ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TF_motif_seq_0
239 

Dof 1962 + 1 AAAGA Acts as a negative regulator in the 
phytochrome-mediated light responses. 
Controls phyB-mediated end-of-day response 
and the phyA-mediated anthocyanin 
accumulation. Not involved in direct flowering 
time regulation. 

TFmatrixID_034
4 

Myb/SANT;
ARR-B 

1963 - 0.99 aaGATTCtct Could directly activate some type-A response 
regulators in response to cytokinins 
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TF_motif_seq_0
254 

AP2;ERF 1963 - 0.8 AAGAT AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 

TF_motif_seq_0
249 

(Motif 
sequence 

only) 

1973 - 0.8 CTCGT ABRE-like sequence (from -199 to -195) 
required foretiolation-induced expression of 
erd1 (early responsive to dehydration) in 
Arabidopsis; 

TFmatrixID_005
4 

AP2;ERF 1978 + 1 cgCCGCCg Ethylene-responsive transcription factor; 
May be involved in the regulation of gene 
expression by stress factors and by components 
of stress signal transduction pathways. Acts as 
an essential integrator of the JA and ethylene 
signal transduction pathways. 

TF_motif_seq_0
254 

AP2;ERF 1990 + 0.8 ATCTC AT3G14230: Ethylene-responsive transcription 
factor; Involved in ethylene response and 
resistance to necrotrophic pathogens. 
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>VvBIN2.1_experimental 

ATGTCCGACGACAAGGAAATCTCTGCCCCTGTTGTTGATGGGAATGATCCTGTCACAGGTCGCATCATT
TCCACCACAATTGGAGGGAAAAATGGGGAGCCCAAACAGACCATCAGTTACATGGCAGAGCGTGTTGT
GGGTACCGGGTCATTTGGAATTGTTTTTCAGGCAAAATGCTTGGAAACTGGAGAGACTGTGGCCATAA
AGAAGGTTTTGCAGGACAGAAGATATAAGAATCGTGAGCTGCAGTTAATGCGCACGATGGATCATCCA
AATGTCATTTCCCTAAAACATTGTTTCTTTTCTACTACAAGTAGAGATGAACTTTTCCTCAACTTGGTAA
TGGAATATGTCCCTGAGACTATGTATCGGGTCTTGAAGCACTACAGCAATGCAAAACAGCGAATGCCT
CTTATATATGTGAAACTTTACACTTACCAAATTTTCAGGGGCCTGGCATATATCCACAGTGTTCCTGGA
GTTTGCCATAGGGATTTGAAGCCTCAAAATCTTCTAGTTGATCCACTTACTCACCAAGTTAAGCTTTGT
GACTTTGGAAGTGCAAAAGTGCTAGTTAAAGGTGAAGCGAACATATCATACATATGTTCTCGTTTCTAC
CGAGCACCTGAACTCATATTTGGGGCCACAGAGTATACAACCTCAATTGATATATGGTCAGCTGGTTGT
GTCCTAGCTGAGCTTCTTCTAGGCCAGCCATTGTTTCCTGGAGAGAATGCAGTGGACCAGCTTGTTGAG
ATTATCAAGGTTCTTGGTACACCAACGCGGGAAGAAATTCGCTGTATGAATCCGAGTTATACTGATTTT
AGGTTTCCACAGATAAAAGCACACCCTTGGCACAAGGTCTTTCACAAGCGAATGCCTCCTGAAGCAAT
TGATCTTGCTTCTCGACTTCTGCAATACTCACCAAGTCTTCGCTGCACAGCTCTAGAAGCATGTGCACA
TCCTTTCTTTGATGAGCTCCGAGAACCCAATGCCCGCCTGCCAAATGGTCGTCCATTACCACCTCTCTTC
AATTTTAAGCAGGAATTATCTGGGGCTTCTCCTGAGCTTGTTAATAAGTTGATACCGGAGCATGTGAGG
AGGCAAATAGGCCTAAGTTTTTTCCACCCAGCAGGCACATAA 

FIGURE S1. Nucleotide consensus sequence for VvBIN2.1. Consensus sequence obtained from 
alignment of sequenced clones in pENTR™/SD/D-TOPO® vector. 
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FIGURE S2. Diagram of pK2GW7 vector destination with VvBIN2.1 cloned. Construction 
used for transformation of Arabidopsis plants. Vector carries marker for streptomycin resistance in 
bacteria (SmR) and kanamycin in plants (NeoR/KanR). VvBIN2.1 is under control of CaMV 35S 
promoter. 
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