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The plant hormones gibberellins (GAs) regulate multiple processes of plant 

development, such as seed germination, photomorphogenesis, vegetative growth, and 

flower and fruit development. Most of this regulation occurs at the transcriptional level, 

through the activity of the DELLAs, which are nuclear-localized proteins subjected to 

GA-mediated proteolitic degradation. DELLAs do not bind DNA directly, but they have 

been shown to interact with DNA-binding transcription factors to regulate their targets. 

Moreover, DELLAs mobilizes distinct set of genes to trigger different GAs responses. 

In Arabidopsis, DELLAs are encoded by five genes, and genetic studies show that each 

DELLA displays specific, but also partially overlapping roles with respect to their 

paralogs. In this Thesis, we have addressed two issues: (1) the contribution of DELLA 

multiplication to the diversification of functions controlled by GAs; and (2) the 

identification of direct targets regulated by DELLAs in etiolated seedlings with special 

attention to those involved in differential growth processes. 

Using combinations of mutants and transgenic lines expressing two phylogenetically 

distant DELLA genes (RGA and RGL2), we have found that these two DELLA proteins 

can perform each otherôs role as long as they are expressed under the reciprocal 

promoters, indicating that DELLA subfunctionalization relies mainly on their 

differential expression patterns. In agreement with this, none of these DELLA proteins 

displayed significant differences in their ability to interact with several bHLH 

transcription factors, again suggesting that the function of each DELLA protein 

probably depends on the set of transcription factors to which they are exposed, and their 

mutual interactions. 

To identify direct DELLA targets, we have performed transcriptomic analyses of dark-

grown seedlings expressing an inducible version of gai-1, a stable, dominant allele of a 

DELLA gene. This approach rendered a list of over 150 genes differentially expressed 

between 30 and 240 min after induction of gai-1. Further in silico analysis of this set of 

targets has confirmed the functional interaction between DELLAs and bHLH 

transcription factors, but has also allowed the identification of additional transcription 

factor families putatively involved in transcriptional regulation by DELLAs. 

The presence of several auxin-related genes among the primary targets of DELLA 

proteins has allowed us to establish a new role for GAs in the modulation of hypocotyl 

gravitropism through the repression of IAA19/MASSUGU2 expression by DELLAs. Our 

results also suggest that this regulatory module fine tunes the auxin-driven gravitropic 

response, providing flexibility under competing tropic stimuli. Moreover, the repression 

of HOOKLESS1 and the auxin efflux carriers PIN3 and PIN7 by DELLAs, is proposed 

as the molecular mechanism to explain the already known physiological regulation of 

apical hook development by GAs. 



 

  

Las hormonas vegetales giberelinas (GAs) regulan múltiples procesos del desarrollo de 

las plantas, como la germinación, la fotomorfogénesis, el crecimiento vegetativo y el 

desarrollo floral. Esta regulación ocurre principalmente sobre la transcripción a través 

de las proteínas DELLA, que son proteínas nucleares sometidas a degradación 

proteolítica inducida por GAs. Las DELLAs no unen DNA directamente pero son 

capaces de interaccionar con factores de transcripción que unen DNA para regular sus 

dianas. Además, las DELLAs movilizan diferentes grupos de genes según el proceso 

que estén controlando. En Arabidopsis, las DELLAs están codificadas por cinco genes y 

los estudios genéticos muestran que cada DELLA realiza funciones específicas pero 

también solapan con otras DELLAs en el control de determinados procesos. En esta 

Tesis hemos abordado dos cuestiones: (1) la contribución de la multiplicación de las 

DELLAs a la diversificación de funciones controlada por GAs y (2) la identificación de 

dianas directas reguladas por las DELLAs en plántulas etioladas, con especial atención 

a aquellas relacionadas con el crecimiento diferencial. 

 

Usando una combinación de mutantes y líneas transgénicas que expresan dos DELLAs 

filogenéticamente alejadas (RGA y RGL2), hemos encontrado que estas dos proteínas 

DELLA pueden suplantar la función de la otra siempre que se expresen bajo el control 

de los promotores recíprocos, lo que indica que la subfuncionalización de las DELLA 

reside principalmente en sus diferentes patrones de expresión. En consonancia con esto, 

ninguna de estas dos proteínas mostró diferencias significativas en su capacidad de 

interaccionar con diferentes factores de transcripción de tipo bHLH, de nuevo 

sugiriendo que la función de cada proteína DELLA depende del grupo de factores de 

transcripción al que se vean expuestas, y su interacción con éstos. 

 

Para identificar dianas directas de las DELLAs, hemos llevado a cabo un análisis 

transcriptómico en plántulas etioladas expresando una versión inducible por choque 

térmico de gai-1, un alelo de GAI resistente a degradación inducida por GAs. Con este 

abordaje se encontraron 150 genes diferencialmente expresados a tiempos cortos tras la 

inducción de gai-1. El análisis in silico de este grupo de genes confirmó la relación 

funcional entre las DELLA y los bHLH, pero además ha permitido la identificación de 

nuevas familias de factores de transcripción que podrían estar implicadas en la 

regulación transcriptional mediada por las DELLAs.  

 

La presencia de varios genes relacionados con auxinas entre las dianas directas de las 

DELLA nos ha permitido encontrar un nuevo papel de las GAs en la modulación de la 

respuesta gravitrópica, a través de la repressión de IAA19 por las DELLA. Nuestros 

resultados también sugieren que este módulo sirve para matizar la respuesta a auxinas 

durante la respuesta gravitrópica, confiriendo flexibilidad bajo situaciones donde se 

enfrenten diferentes estímulos trópicos. Además, la repression de HOOKLESS1, PIN3 Y 

PIN7 por las DELLA, se propone como el mecanismo molecular que explicaría el papel 

ya conocido de las GAs en el control del desarrollo del gancho apical. 



 

 

 

Les hormones vegetals Giberelines (GAs) regulen múltiples processos del 

desenvolupament de les plantes, com la germinació, la fotomorfogénesis, el creixement 

vegetatiu i el desenvolupament floral. Aquesta regulació ocorre principalment sobre la 

transcripció a través de les proteïnes DELLA, que són proteïnes nuclears sotmeses a 

degradació proteolítica induïda per GAs. Les DELLAs no uneixen DNA directament 

però són capaces d'interaccionar amb factors de transcripció que uneixen DNA per 

regular les seves dianes. A més, les DELLAs mobilitzen diferents grups de gens segons 

el procés que estiguin controlant. En Arabidopsis, les DELLAs estan codificades per 

cinc gens i els estudis genètics mostren que cada DELLA realitza funcions específiques 

però també solapan amb altres DELLAs en el control de determinats processos. En 

aquesta Tesi hem abordat dues qüestions: (1) la contribució de la multiplicació de les 

DELLAs a la diversificació de funcions controlada per GAs i (2) la identificació de 

dianes directes regulades per les DELLAs en plántules etiolades, amb especial atenció a 

aquelles relacionades amb el creixement diferencial. 

 

Usant una combinació de mutants i línies transgèniques que expressen dues DELLAs 

filogenéticament allunyades (RGA i RGL2), hem trobat que aquestes dues proteïnes 

DELLA poden suplantar la funció de l'altra sempre que s'expressin sota el control dels 

promotors recíprocs, la qual cosa indica que la subfuncionalizació de les DELLA 

resideix principalment en els seus diferents patrons d'expressió. D'acord amb això, cap 

d'aquestes dues proteïnes va mostrar diferències significatives en la seva capacitat 

d'interaccionar amb diferents factors de transcripció de tipus bHLH, de nou suggerint 

que la funció de cada proteïna DELLA depèn del grup de factors de transcripció al que 

es vegin exposades, i la seva interacció amb aquests. 

 

Per identificar dianes directes de les DELLAs, hem dut a terme una anàlisi 

transcriptómic en plántules etioladas expressant una versió inducible per xoc tèrmic de 

gai-1, un al·lel de GAI resistent a degradació induïda per GAs. Amb aquest abordatge es 

van trobar 150 gens diferencialment expressats a temps curts després de la inducció de 

gai-1. L'anàlisi in silico d'aquest grup de gens va confirmar la relació funcional entre les 

DELLA i els bHLH, però a més ha permès la identificació de noves famílies de factors 

de transcripció que podrien estar implicades en la regulació transcriptional intervinguda 

per les DELLAs.  

 

La presència de diversos gens relacionats amb auxines entre les dianes directes de les 

DELLA ens ha permès trobar un nou paper de les GAs en la modulació de la resposta 

gravitrópica, a través de la repressió de IAA19 per les DELLA. Els nostres resultats 

també suggereixen que aquest mòdul serveix per matisar la resposta a auxines durant la 

resposta gravitrópica, conferint flexibilitat sota situacions on s'enfrontin diferents 

estímuls tròpics. A més, la repressió de HOOKLESS1, PIN3 i PIN7 per les DELLA, es 

proposa com el mecanisme molecular que explicaria el paper ja conegut de les GAs en 

el control del desenvolupament del ganxo apical. 
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1.1. Plant hormones 

 

Pioneering studies during the 19th century demonstrated that plant growth 

processes were regulated by ñsubstancesò with a capacity to move from one part of the 

plant to another. Today, more than one hundred years later, most of these substances 

have been identified as small molecules derived from secondary metabolic pathways. In 

general, these compounds are present at very low concentrations and act either locally, 

at or near the site of synthesis, or in distant tissues. The first few plant regulators 

identified ïthe so-called ñclassical plant hormonesòï are abscisic acid (ABA), auxins, 

gibberellins (GAs), brassinosteroids (BRs), cytokinin (CK), ethylene, jasmonic acid 

(JA), and salicylic acid (SA). Recently a new hormone called strigolactone has been 

discovered and it is possible that there still exist a few more unidentified growth 

regulators of this class. Collectively, these compounds regulate different aspects of plant 

life, from pattern formation to the response against biotic and abiotic stress. Hormones 

have been classically divided into two main categories according to their roles: growth-

related hormones (auxins, gibberellins, brassinosteroids, cytokinin) or stress-related 

hormones (ethylene, jasmonic acid, salicylic acid), but more recent studies have 

established the notion that many of these hormones in fact have an impact in both 

development and stress responses ((Jaillais and Chory, 2010), ((Bari and Jones, 2009). 

Although the physiological function of these compounds has been studied for decades, 

the last 15 years have seen a dramatic increase in our understanding of the molecular 

mechanisms underlying hormone homeostasis, transport and response. As explained 

below, GAs constitute an excellent study model to investigate how plants integrate 

environmental and endogenous information to modulate plant growth, and their 

signaling activity has become the main focus of this thesis. 

 

1.2. Gibberellins 

 

GAs form a big family of diterpenoid compounds found in plants, fungi and 

bacteria of which only a few regulate plant growth. The first GA was originally isolated 

in 1938 as a metabolite from the rice fungal pathogen Gibberella fujikuroi (Sawada) 

Wollenw. Infection of plants by the fungus resulted in exaggerated stem elongation, 

ultimately causing the plant to fall over (Yamaguchi, 2008). Further research showed 
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that GAs synthesized by the fungus were the compounds responsible for the 

exaggerated growth and lodging. In the middle 50s, evidence was found that plants 

could also synthesize GAs, and their role as endogenous growth regulators began to be 

established (Radley, 1956; Phinney BO, 1957). 

To understand the impact that GAs have on plant biology and agriculture, it is 

worth mentioning that the ñGreen Revolutionò in the 1960s and 1970s, was associated 

with the use of new dwarf varieties of rice and other cereals, which now are well-

characterized mutants in GA metabolism and GA signallingsignaling (Peng et al., 

1999). Interestingly, these plants were not only smaller in size (with the associated 

benefits for agriculture, such as increased resources for grain production, higher yield 

per cultured surface, etc), but also displayed higher tolerance to severe weather 

conditions as wind or drought (Peng et al., 1999). 

Molecular-genetic analysis of these varieties, and of equivalent mutants in 

model plants such as Arabidopsis, has shown that GAs not only regulate plant size, but 

also other developmental processes, such as germination and flowering, as well as the 

resistance to different stress factors (Table I.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 1: Biological processes regulated by GAs 

Biological process Phenotype of GA-deficiency Reference 

Germination Impaired germination 
(Lee et al., 2002), (Ogawa 

et al., 2003) 

Photomormophogenesis 
Derepressed photomorphogenesis in 

darkness 

(Alabadí et al., 2004), 
(Achard et al., 2007) 

Vegetative growth (roots, aerial part) Impaired growth 

(Veen, 1980), (Peng et al., 
1997), (King et al., 2001), 

(Fu and Harberd, 2003) 

Floral induction Late flowering 
(Wilson et al., 1992), 

(Blázquez et al., 1998) 

Flower development Retarded growth of floral organs 
(Yu et al., 2004) 

Pollen development Male sterility 
(Wilson et al., 1992), 

(Goto N, 1999) 

Fruit induction Impaired fruit development 
(Garcia-Martinez et al., 
1997), (Singh et al., 2002) 

Abiotic stress Increased tolerance 
(Achard et al., 2008), 
(Achard et al., 2006) 

Biotic stress Increased resistance 
(Navarro et al., 2008) 
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             1.3. Gibberellin metabolism 

 

Gibberellins are synthesized from geranylgeranyl diphosphate (GGDP) through 

a long and complex metabolic pathway which involves several different enzymes and 

cell compartments (Figure I.1). The first step occurs within the plastid, where the 

geranyl-geranyl diphosphate (GGDP) is converted to ent-kaurene through the activity of 

ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase  (KS) ((Sun and 

Kamiya, 1994; Aach H, 1997; Sun, 1997; Helliwell et al., 2001). Ent-kaurene is then 

converted to GA12 by ent-Kaurene oxidase (KO), located in the membrane of the 

plastid, and ent-kaurenoic acid oxidase (KAO), located in the endoplasmic reticulum 

(Helliwell et al., 2001; Nelson et al., 2004; Appleford et al., 2006). Successive steps 

from GA12 to GA4 ïthe main bioactive GA in Arabidopsis thalianaï occur in the 

cytoplasm through the activity of GA 20-oxidases (GA20ox) and GA 3-oxidases 

(GA3ox) (Spray et al., 1996; Itoh et al., 2001; Appleford et al., 2006). GA12 is also a 

substrate for GA 13-oxidases (GA13ox) that will produce GA54 which is a precursor of 

GA1 ï the main bioactive gibberellin in rice (Yamaguchi, 2008). 

GAs are enzymatically inactivated by different means. The best characterized 

process is the 2-oxidation of the bioactive GAs, catalyzed by GA 2-oxidases (GA2ox). 

In fact, these enzymes can also oxidize the C2 of the precursors of bioactive GAs, so 

they also regulate substrate availability for GA3ox during GA synthesis (Thomas et al., 

1999; Schomburg et al., 2003; Lee and Zeevaart, 2005). Another deactivation process 

found in rice is the 16Ŭ,17-epoxydation of GA4 and its precursors (Zhu et al., 2006). 

The rice mutant eui, which lacks the corresponding gene ïEui-, accumulates huge 

amounts of bioactive GAs (Zhu et al., 2006). Another deactivation process more 

recently found in Arabidopsis involves the methylation of C6 carboxyl groups of 

bioactive GAs and their precursors by GA methyltransferases (GAMT). Accordingly, 

ectopic expression of GAMT genes in different plant species causes a GA-deficient 

dwarf phenotype (Varbanova et al., 2007).  In addition, GAs can be converted into 

conjugates in plants (Schneider et al., 1992; Schliemann, 1994). Theoretically, 

conjugation of GAs to glucose might render inactive molecules, but there are no 

experimental data available to date regarding the effect of this process on the 

concentration of bioactive GAs. The discovery of GA-glycosyl transferases and reverse 

genetic studies will help to understand their role on GAs metabolism. 
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The levels of bioactive GAs level are maintained in plants through feedback and 

feedforward mechanisms (Hedden and Phillips, 2000; Olszewski et al., 2002). 

Transcript analysis shows that GA signaling targets GA20ox, GA3ox and GA2ox to 

establish homeostasis. For example expression levels of GA20ox and GA3ox is 

enhanced under GA deficiency conditions whereas expression level decreases after 

exogenous GA treatment (Chiang et al., 1995; Phillips et al., 1995; Yamaguchi et al., 

1998; Xu et al., 1999; O'Neill and Ross, 2002). In contrast, GA2ox are upregulated after 

GA treatment (Thomas et al., 1999).  

Apart from this mechanism where the GA pathway itself regulates bioactive GA 

levels, there are additional internal or external cues that can influence GA homeostasis. 

For instance, several hormones have been shown to affect the expression of GA 

metabolism genes such as GA20ox, GA3ox and GA2ox. Among them, auxins have been 

shown to induce the expression of GA metabolism genes in Arabidopsis (Frigerio et al., 

2006) and other plants resulting in actual changes in GA concentration (Ross et al., 

2000; Wolbang and Ross, 2001; Wolbang et al., 2004). Similarly, brassinosteroids have 

been proposed to induce the expression of AtGA20ox1 (Bouquin et al., 2001). However 

it is not known whether this induction leads to increased levels of bioactive GA 

AtGA20ox1 (Jager et al., 2005). On the other hand, a negative effect has been observed 

of ABA on these GA biosynthetic genes (Schomburg et al., 2003). In the case of 

ethylene both a positive and a negative effect on GA content have been observed 

FIGURE 1: GA biosynthesis and deactivation pathways in Arabidopsis. 

Adapted from Yamaguchi S, 2008 

 

 

Fig I.1: Representation of predicted subcellular localization of GA metabolism enzymes and 

sequence or reations. 

GGDP:geranylgeranyldiphosphate CPS:ent-copalyldiphosphatesynthase; KS,ent-kaurenesynthase; 

ER:endoplasmicreticulum, KO :ent-kaureneoxidase; KAO : ent-kaurenoicacidoxidase; 

GAMT :gibberellin methyltransferase; GA2ox,GA3ox,GA16,17ox,GA20ox:GAoxidases.  

Adapted from Yamaguchi, S. 2008 
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depending on the developmental context (Hoffmann-Benning and Kende, 1992; Achard 

et al., 2007). 

Likewise, environmental cues have been revealed as important modulators of the 

levels of bioactive GAs. Light is among the leading cues affecting developmental traits, 

and several reports have linked light signaling to the regulation of GA biosynthesis in 

seeds, through an increase in GA20ox and GA3ox expression, and repression of GA2ox 

(Yamaguchi et al., 1998; Oh et al., 2006; Seo et al., 2006; Yamauchi et al., 2007). 

Interestingly, the effect of light on GA biosynthesis is the opposite after germination, 

i.e. during seedling development. Illumination of etiolated seedlings causes a very rapid 

decrease in the expression of GA biosynthesis genes, accompanied by a comparable 

increase in the expression of GA2ox genes (Achard et al., 2007; Alabadí et al., 2008). 

Temperature is another important external cue that affects plant development in part 

through the modulation of bioactive GA levels. For instance, it has been shown that in 

dark-imbibed after-ripened Arabidopsis seeds, cold temperatures promote GA synthesis 

through up-regulation of GA20ox2 and GA3ox1 and down-regulation of GA2ox2 

(Yamauchi et al., 2004). Similarly to what happens with light, the effect of temperature 

in seedlings is opposite to the one in seeds: a shift to higher temperatures induces, in the 

hypocotyl, a fast up-regulation of GA20ox1 and GA3ox1 and down-regulation of 

GA2ox1 to promote seedling growth (Stavang et al., 2009). Finally, stress is known to 

decelerate plant growth, and this is, in part, due to a decrease in GA content. It has been 

shown that Arabidopsis plants grown on higher salt concentrations have lower bioactive 

GA content (Achard et al., 2006), and upregulation of GA2ox7 expression has been 

proposed to be cause (Yamaguchi, 2008). All these observations point out that GA 

homeostasis is tightly regulated by different internal and external cues that will help to 

create a final output where optimal GA content is synthesized.  

 

1.4. Gibberellin signaling 

 

Most of the current knowledge of the molecular mechanism of GA signaling 

comes from the availability of mutants affected in their response to GAs. According to 

their phenotypes, three classes of mutants have been isolated in different plant species 

(Figure I.2): (1) Dominant GA-insensitive dwarves such as gai in Arabidopsis, D8 in 

maize, and Rht-B1b/Rht-D1b in wheat (Koornneef, 1985; Harberd and Freeling, 1989; 

Peng and Harberd, 1993, 1997; Peng et al., 1999). Their dominant or semi-dominant 
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behavior was taken as representative of gain-of-function alleles of GA signaling 

elements with a negative role. (2) Recessive GA-insensitive dwarves such as gid1 and 

gid2 in rice or Atgid1 and sly1 in Arabidopsis (McGinnis et al., 2003; Sasaki et al., 

2003; Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006), initially thought to be loss-of-

function alleles of GA signaling elements necessary for GA action. And (3) recessive 

slender mutants such as slr1-1 of rice or the quintuple della mutant of Arabidopsis 

(Ikeda et al., 2001; Feng et al., 2008) that mimick the exaggerated growth caused by 

continuous GA application (Potts, 1985).  

 

 

 

 

 

 

 

 

 

Studies of the above categories of mutants enabled a formal genetic definition of 

the mechanism by which GAs promote growth, long before the molecular basis of this 

mechanism was apparent. In fact the early hypothesis that GAs would act as ñinhibitors 

of a repressorò, formulated upon the study of slender pea mutants (Brian, 1957), has 

been later substantiated by molecular genetic approaches in Arabidopsis and rice 

(Harberd et al., 2009), and has resulted in a model known as the GA-GID1-DELLA 

mechanism of GA response regulation. 

 

1.5. DELLA proteins 

 

GA signaling is fairly simple judging from the limited number of components 

that integrate the pathway. The key components are the DELLA proteins, which act as 

the repressors whose activity needs to be counteracted by GAs. The first DELLA gene 

isolated was GAI from Arabidopsis (Koornneef, 1985), and it was soon realized that 

there were five DELLA paralogs in Arabidopsis (GAI, RGA, RGL1, RGL2 and RGL3) 

and closer relatives, while other plant species would have only one ortholog like SLR1 

in rice (Ikeda et al., 2001). All of them share three common features: (1) a DELLA 

 
 
Figure I.2  Schematic representation of the three classes of GA mutants 

Adapted from Harberd, N et al, 2009 
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domain within the N-terminus; (2) a GRAS region within the C-terminus; and (3) they 

are nuclear localized (Peng and Harberd, 1997; Ikeda et al., 2001; Silverstone et al., 

2001; Lee et al., 2002; Wen and Chang, 2002).  

 

 

 

 

 

 

 

Studies with RGA:GFP fusions in Arabidopsis showed that DELLA proteins 

accumulate in the nuclei of cells with low GA concentration, but they suffer rapid 

destabilization in the presence of GAs (Silverstone et al., 2001). Moreover, GA-induced 

degradation is absolutely dependent on the DELLA motif, so that DELLA mutant alleles 

lacking this motif (such as gai-1 and rga-æ17) are stable even in the presence of GAs 

(Peng et al., 1997; Dill et al., 2001). 

Contrary to rice, where a knockout mutant in the single DELLA gene displays a 

phenotype that resembles constitutive GA activity (Ikeda et al., 2001), redundancy of 

DELLA genes in Arabidopsis requires the combination of multiple knockouts to obtain a 

slender phenotype. Moreover, detailed analysis of single and multiple DELLA mutants 

in this species has revealed both distinct and overlapping functions for individual 

DELLAs in the regulation of plant development.  

For instance, the growth defect caused by GA deficiency (such as in the ga1-3 

mutant) can be partially overcome by a knockout mutation in RGA but not GAI alone, 

although concurrent elimination of the two DELLA genes causes almost complete 

recovery of the wild-type size (Dill and Sun, 2001; King et al., 2001). This indicates 

that both RGA and GAI participate in the control of plant size, with RGA having a more 

prominent role. Interestingly, a different situation is found when analyzing flower 

development. The ga1-3 mutant presents defective flowers with very short immature 

stamens and almost absent petals, which cannot be restored by simultaneous loss of 

RGA and GAI function. Full recovery of flower development can only be attained when 

RGA, RGL1 and RGL2 are inactivated, irrespective of the presence of GAI (Cheng et 

al., 2004). Regarding germination, RGL2 has been proposed as the main DELLA 

protein that needs to be inactivated during GA-induced breaking of dormancy (Lee et 

 
 

Figure I.3: Schematic representation of a DELLA protein 
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al., 2002). This idea was based on the observation that a single knockout of RGL2, but 

not of any other DELLA gene, was able to rescue the germination defect of the ga1-3 

mutant. However, the other DELLA genes have also been found to regulate germination 

under different contexts. For instance, RGA and GAI also participate in far-red light 

mediated repression of germination through the stimulation of ABA biosynthesis 

(Piskurewicz et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These results raise the question of what evolutionary mechanisms have 

prompted the subfunctionalization of DELLA genes in those plant species (such as the 

Brassicaceae) where recent duplications have occurred. 

 

1.6. Gibberellin-induced DELLA degradation 

 

According to the ñinhibitor of an inhibitorò model, DELLA proteins restrain 

plant growth and other GA responses, while GAs exert their activity by releasing 

DELLA repression. As previously stated, this is achieved through the degradation of 

    
 

Figure I.4  Arabidopsis DELLA proteins subfuncionalization.  

Each DELLA is represented with a differen color and the contribution of each one to a determinate 

process is related to the size of typography; the bigger the more important.   
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DELLA proteins, and the GA receptor is an essential component of the degradation 

machinery. 

The soluble GA receptor is encoded by a single gene in rice (GA-INSENSITIVE 

DWARF1, GID1) (Ueguchi-Tanaka et al., 2005), and three paralogs in Arabidopsis 

(GID1a-c) with almost overlapping functions (Griffiths et al., 2006; Nakajima et al., 

2006; Iuchi et al., 2007). The GID1 protein possesses a central pocket that 

accommodates bioactive GAs. Upon binding, GA causes an allosteric change in GID1 

that results in the N-terminus forming a lid to the pocket (Murase et al., 2008; Shimada 

et al., 2008). Once in place, the outer surface of the lid interacts with the DELLA 

protein, specifically with the N-terminal region defined by the DELLA and VHYNP 

domains (Murase et al., 2008) (Fig I.3). The formation of the GA-GID1-DELLA 

complex is thought to induce a conformational change in the GRAS domain of the 

DELLA protein, which then interacts with GID1 and stabilizes the complex (Fig I.5). 

The stabilized complex is then recognized by a specific SCF E3 ubiquitin-ligase 

complex involving the F-box proteins AtSLY1 and AtSNE in Arabidopsis or OsGID2 in 

rice, respectively (McGinnis et al., 2003; Sasaki et al., 2003; Griffiths et al., 2006; 

Willige et al., 2007; Hirano et al., 2010; Ariizumi et al., 2011). In turn, SCF
SLY1/GID2

 

promotes the polyubiquitinylation and subsequent destruction of DELLAs by the 26S 

proteasome (Fig I. 6a) (McGinnis et al., 2003; Sasaki et al., 2003; Dill et al., 2004; Fu et 

al., 2004). Hence, OsGID1 single knockout mutants or AtGID1 triple knockout mutants 

display a severe GA deficiency phenotype which cannot be reverted by GA application, 

suggesting that these are very likely the only GA receptors in plants, at least relevant for 

growth regulation. Interestingly, one of the Arabidopsis GID proteins -AtGID1b- is able 

to interact with DELLA proteins in the absence of GAs because its aminoacid sequence 

forms a partially closed lid independent of the presence of GAs and hence it is able to 

interact and promote the DELLA proteolytic degradation (Yamamoto et al., 2010). 

Soybean (Glycine max) and Brassica napus also have GID1s similar to AtGID1b, 

indicating that these unique GID1s occur in various dicots and may have important 

functions in these plants (Yamamoto et al., 2010). 
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1.7. Transcriptional regulation by DELLA proteins 

 

There are many indications that GAs regulate growth and most of the other 

processes through changes in gene expression. Indeed, one of the earliest molecular 

events associated with GA signaling was the regulation of alpha-amylase gene 

expression in barley aleurone cells (Varner JE, 1965 ). More recently, transcriptomic 

analysis provided a fairly comprehensive view of the different changes and patterns of 

gene expression in response to GAs in different contexts, such as germination, 

vegetative growth and flower development (Ogawa et al., 2003; Cao et al., 2006; 

Nemhauser et al., 2006; Zentella et al., 2007; Hou et al., 2008). Two interesting 

conclusions can be drawn from these analyses. Firstly, GAs regulate distinct sets of 

genes in the different tissues examined and in the different developmental stages (Cao et 

al., 2006). And secondly, all the changes in gene expression in response to GAs are 

mediated by DELLA proteins (Cao et al., 2006). Of course, given that all these 

A 

B  

                       
   
 

Figure I.5  GA-GID-DELLA complex 

 a) Schematic representation of the GA-GID-DELLA complex formation.  

 b) 3D model of the GA-GID-DELLA complex from two points of view.  

Adapted from Murase, K. et al. 2008 
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approaches provide a snapshot of gene expression in a specific moment of a plantôs life, 

they do not distinguish between direct targets for GAs/DELLAs and secondary effects.  

It seemed reasonable that DELLA proteins act as transcription factors, based on 

two additional observations: their C-terminus is similar to that of other GRAS proteins 

like SHORTROOT (SHR) and SCARECROW (SCR), which have been shown to 

regulate transcription (Levesque et al., 2006; Cui et al., 2007); and DELLA proteins 

accumulate in the nucleus (Silverstone et al., 1998; Ogawa et al., 2000). Although there 

is no evidence for direct interaction between DELLA proteins and DNA in vitro, 

chromatin immunoprecipitation (ChIP) experiments with a stable version of RGA have 

shown an association between DELLA proteins and the promoters of a few genes whose 

expression is regulated by GAs (Zentella et al., 2007). Therefore, the most likely 

possibility is that DELLA proteins interact with other DNA-binding transcription 

factors to modify their activity, and the identification of such partners of DELLA 

proteins would be pivotal to understand and manipulate GA signaling. 

An important clue about the identity of such transcription factors was found in 

the study of the repression of photomorphogenesis that GAs exert in etiolated seedlings 

(Alabadí et al., 2004). The systematic analysis of multiple light signaling mutants under 

GA-deficient conditions revealed that only two types of transcription factors were 

required for the regulation of photomorphogenesis by DELLA proteins (Alabadí et al., 

2008): the bZIP protein HY5 (ELONGATED HYPOCOTYL5), and two members of 

the PIF (PHYTOCHROME-INTERACTING FACTOR) family of bHLH transcription 

factors, PIF3 and PIF4.  HY5 and PIFs have opposite roles in light signal transduction: 

while HY5 promotes photomorphogenesis (Ang and Deng, 1994; Lee et al., 2007), PIF 

proteins are required for etiolated growth and the repression of light-induced gene 

expression (Ni et al., 1998; Leivar et al., 2008; Leivar et al., 2009). The observation that 

hy5 mutants were more resistant to the accumulation of DELLA proteins, and pif 

mutants were hypersensitive in the same conditions was a strong indication that 

DELLAs might act through some of these transcription factors. 

Indeed, PIF proteins have been found to interact physically with the LHR1 

domain of DELLA proteins (Fig I.3) and through the bHLH domain, and this 

interaction prevents binding of the transcription factors to their target promoters and 

their subsequent activation (de Lucas et al., 2008; Feng et al., 2008). This important 

finding not only identifies PIFs as a transcription factors through which GAs regulate 

gene expression (Fig I.6), but it also provides a molecular framework for the interaction 
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between GA and other signaling pathways, given that the availability of PIF proteins is 

strictly regulated by light and the circadian clock. 

 

 

 

 

 

 

 

 

 

 

 

The physical interaction of DELLA proteins with other members of the bHLH 

family has been recently proved. DELLA can interact and sequester SPATULA (SPT) 

to control cotyledon expansion (Josse et al., 2011). Similarly, DELLAs can interact with 

ALCATRAZ (ALC) and avoid its function to control fruit patterning (Arnaud et al., 

2010). Thus, inactivation of bHLH proteins through interaction with DELLA proteins 

seems to be a general mechanism of action of GA signaling pathway. 

It is thought that DELLA proteins act as dimmers in planta through the 

interaction with their LHR1 domain (Fig I.3) (Itoh et al., 2002). As mentioned before, 

DELLA proteins belong to the  GRAS family where many transcription factors are 

found. It was recently shown that DELLA can interact with one member of this family, 

SCARECROW-LIKE3 ïSCL3- to control several aspects of plant development such as 

germination, hypocotyls length and root growth (Heo et al., 2011; Zhang et al., 2011). 

But DELLA proteins seem to be able to interact with other protein different than 

transcription factors. This is the case for the interaction of DELLA with the 

JASMONATE ZIM-domain (JAZ) proteins, which are negative regulators of the 

jasmonate signaling pathway (Hou et al., 2010). In the absence of jasmonate, JAZ 

proteins accumulate in the nucleus sequestering the jasmonate-response transcription 

factor MYC2 (Chini et al., 2007). Interaction of DELLA proteins through the N-

terminal region (DELLA domains and LHR1 (Fig I..3)) with JAZ proteins release 

MYC2 protein that can trigger the jasmonate response (Hou et al., 2010). 

         

 
 
Figure 6: Transcriptional regulation by DELLA proteins.  
Schematic representation of how GAs regulate transcription of target genes. 
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Thus, different strategies seem to have evolved for the DELLA control of gene 

expression. Remarkably, the LHR1 domain seems to be most important regarding 

interaction with transcription regulation proteins. Hence, it will be important to identify 

additional interactors of DELLA proteins ïpossibly, but not only, transcription factorsï, 

and also establish the list of direct target genes for DELLA proteins in specific 

tissues/processes. 
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Current knowledge about hormone signaling seems to establish a clear trend for 

future work, whose leitmotiv could be the establishment of the molecular models that 

explain: (1) crosstalk between signaling pathways; and (2) the fact that a single signal 

triggers different specific responses depending on the spatial and developmental 

context. Given the characteristics of GA action described in the previous sections, we 

have chosen GA signaling as a model to address the molecular mechanism for both the 

specificity of GA activity, and also the crosstalk between GA and other input signals.  

For the first question, redundancy of DELLA genes in Arabidopsis offers an 

excellent playground to address the relative importance of promoter vs. coding region 

divergence in the subfunctionalization of duplicated genes, and its impact in GA 

signaling. For the second question, our strategy has been to focus in a particular process, 

known to be concurrently regulated by multiple signals, and dissect the participation of 

GAs at the molecular level. As noted above, cell expansion is a simple process that 

involves several players acting in a single spatial domain. Besides GAs, it is known to 

be regulated by light and by other hormones, including auxin, BRs, and ethylene. But an 

even more interesting situation is that of differential growth, by which the cells in one 

side of the organ expand more, compared to the cells in the opposite side. This results in 

the formation of a curvature, found in tropic responses (phototropism, gravitropismé) 

and in the apical hook of etiolated seedlings. Therefore, our purpose was to identify 

direct targets of DELLA proteins in differential growth and to investigate the 

participation of GAs in this context. 

 Consequently, the objectives of this work were: 

1. To assess the ability of different DELLA proteins to perform each otherôs 

role. This would be addressed by expressing two DELLA genes under the control of the 

reciprocal promoters, and analyzing the ability of the chimeras to complement della 

mutant phenotypes (Chapter 1). 

2. To identify direct target genes regulated by DELLA proteins in etiolated 

seedlings, focusing in those known to be related to the execution of differential growth. 

This would be approached through transcriptomic analysis of an inducible version of 

gai-1 and subsequent molecular studies (Chapters 2, 3 and 4). 
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3.1. Abstract 

Plasticity and robustness of signaling pathways partly rely on genetic 

redundancy, although the precise mechanism that provides functional specificity to the 

different redundant elements in a given process is often unknown. In Arabidopsis, 

functional redundancy in gibberellin signaling has been largely attributed to the 

presence of five members of the DELLA family of transcriptional regulators. Here we 

demonstrate that two evolutionarily and functionally divergent DELLA proteins, RGL2 

and RGA, can perform exchangeable functions when they are expressed under control 

of the reciprocal promoter. Furthermore, both DELLA proteins display equivalent 

abilities to interact with PIF4 and with other bHLH transcription factors with a reported 

role in the control of cell growth and seed germination. Therefore, we propose that 

functional diversification of Arabidopsis DELLA proteins has largely relied on changes 

in their gene expression patterns rather than in their ability to interact with different 

regulatory partners, model also supported by a clustering analysis of DELLA transcript 

profiles over a range of organs and growth conditions which revealed specific patterns 

of expression for each of these genes. 
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3.2. Introduction  

 

Gene duplications are considered as the major source for variation and the 

generation of evolutionary novelties (Ohno, 1970). Although the most common fate for 

duplicated genes is gene loss (Lynch and Conery, 2000), duplicated copies are released 

from mutational constraints, enabling the evolution of new functions (neo-

functionalization) (Ohno, 1970; Taylor and Raes, 2004). Alternatively, both gene 

duplicates can undergo simultaneous reduction of their activity thereby maintaining the 

total capacity of the ancestral gene (sub-functionalization) (Force et al., 1999).  

In addition to providing genetic robustness against deleterious mutations through 

functional redundancy, gene duplications seem also to be at the core of the mechanisms 

that provide an unusually high degree of plasticity and robustness to plant signaling 

pathways (Smith, 1990; Pickett and Meeks-Wagner, 1995; Casal et al., 2004). For 

instance, it has been proposed that the multiplicity of responses triggered by auxin is 

governed by the optimized interaction of more than 20 Aux/IAA-ARF pairs in each cell 

type (Weijers and Jurgens, 2004; Weijers et al., 2005). However, this phenomenon is 

less understood in other hormonal pathways, in which signaling is transduced by a set 

of structurally and phylogenetically related proteins that represent branching points in 

the action of a single given hormone. Such is the case for protein phosphatases type-2C 

in abscisic acid signaling (Rodriguez, 1998), the ARR response regulators in cytokinin 

signaling (To et al., 2004), and the JAZ family of proteins involved in jasmonic acid 

signaling (Chini et al., 2007) among others. 

Much work has been devoted to understand the molecular mechanisms that 

allow the maintenance of gene duplicates in model organisms. Nonetheless, of 

particular relevance is establishing the extent of the relative contribution to the 

functional divergence of paralogous genes of variation in the regulatory sequences 

versus to those in the coding region. The accumulation of polymorphisms in the coding 

regions of amylase (Goto et al., 2005) and fatty-acid desaturase genes (Fang et al., 

2009) in Drosophila, and ß-defensins in mice and humans (Maxwell et al., 2003), 

underscore the importance of rapid variation in the coding sequence of recently 

duplicated genes to generate functional divergence. However, large-scale analyses of 

expression divergence among duplicated genes in yeast, plants and humans, provide a 

less clear-cut view. In particular, it has been shown that half of the recently duplicated 

genes in Arabidopsis  (Blanc and Wolfe, 2004) or rice (Li et al., 2009) have divergent 
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expression patterns, although no correlation is found between expression divergence 

and time since duplication (Haberer et al., 2004). Actually, it is likely that functional 

divergence between duplicated genes occurs through both mechanisms, as suggested by 

the analysis of paralogs of human transcription factors: if the DNA binding site motifs 

of the transcription factor paralogs are similar, their expression has diverged, while two 

paralogs that are highly expressed in a tissue tend to have dissimilar DNA binding site 

motifs (Singh and Hannenhalli, 2008). 

Despite all suggestive evidence based on correlations obtained through genomic 

analyses of duplicated genes, direct experimental evidence for the relative importance 

of promoter vs coding sequence divergence is scarce. A significant exception is the 

demonstration that diversification of cis elements in the promoters have been essential 

to solve ñadaptive conflictsò in the ancestor of the duplicated genes (Hittinger and 

Carroll, 2007). For this reason we chose to analyze the degree of conservation of the 

actual molecular activities of members belonging to a small family of Arabidopsis 

transcriptional regulators. 

In Arabidopsis, functional redundancy in GA signaling has been largely 

attributed to the presence of five members of the DELLA family of nuclear-localized 

transcriptional regulators: GAI, RGA, RGL1, RGL2 and RGL3. These proteins 

accumulate under low GA concentrations and act as repressors of GA-activated 

processes, while a local increase in hormone concentration triggers proteasome-

dependent degradation of the DELLA proteins, by the concurrent action of the GA 

receptor GID1 and the E3 ubiquitin ligase SCF
SLY1

 complex (Dill et al., 2004; Griffiths 

et al., 2006; Nakajima et al., 2006). Molecular genetic analyses have shown that each 

member of the DELLA family performs specific but also overlapping roles in plant 

development. For example, GAI and RGA are the main regulators of cell expansion in 

vegetative tissues, since simultaneous loss of GAI and RGA function suppresses the 

dwarf phenotype of GA-deficient plants to a large extent (Dill and Sun, 2001; King et 

al., 2001). However, male fertility is primarily regulated by RGA (but not GAI), 

together with RGL1 and RGL2 (Cheng et al., 2004; Tyler et al., 2004). On the other 

hand, RGL2 has been proposed to be the main regulator of germination, since knock-out 

mutations in RGL2, but not the other DELLA genes, allow germination of seeds also 

when GA synthesis is impaired (Lee et al., 2002; Tyler et al., 2004). 

Sequence comparisons show a high degree of conservation between the five 

DELLA proteins, but also enough differences are observed in their N-terminal third that 
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might justify their different activities (Hussain et al., 2005). On the other hand, it cannot 

be ruled out that functional specificity of the DELLA genes relies on their different 

expression profiles, as evidenced by RT-qPCR expression analyses of different organs 

(Tyler et al., 2004). To distinguish between these two possibilities, we have examined 

the ability of RGL2 and RGA to perform exchangeable functions, by expressing RGL2 

under the control of the RGA promoter and vice versa.  

 

3.3. Materials and Methods 

 

Plant lines and growth conditions 

Arabidopsis thaliana mutant plants (ga1-3, ga1-3 gai-t6, ga1-3 gai-t6 rga-24, 

and rgl2-1) were all in the Ler ecotype. For germination tests, Ler and rgl2-1 seeds 

were surface-sterilized and sown on sterile Whatman filter papers placed in plates of 

half-strength MS medium (Duchefa) with 0.8% w/v agar and 1% w/v sucrose, and 

stratified at 4°C for 7 days in darkness. ga1, ga1 gai-t6 and ga1 gai-t6 rga-24 seeds 

were sterilized and imbibed at 4ºC for 7 days in water containing 20 µM GA3. Before 

transfer to MS plates, they were extensively rinsed with sterile water to remove any 

remaining GA3. 

Germination took place under continuous white fluorescent light (90ï100 ɛmol 

m
ī2

 sec
ī1

) at 23°C in a Percival growth chamber E-30B. Soil-grown plants were kept at 

23ºC in cabinets with 16-h photoperiod. 

 

Construction of vectors and generation of transgenic lines 

For promoter-swapping experiments, 2-kb promoter regions of RGA and RGL2, 

which included the 5ǋ untranslated region, were PCR amplified from genomic DNA of 

wild-type Ler plants using the pairs of oligonucleotide primers: 

pRGA-F-XbaI (TCTAGATATAACCTCATCCATCTATAG) and pRGA-R-

XbaI (TCTAGATTACAAGATCTGATGGAG) for pRGA; and pRGL2-F-XbaI 

(TCTAG ATCAGGATGCGAGGTTAAGAATGG) and pRGL2-R-HindIII 

(AAGCTTTTACTT TACTTCATGGGT) for pRGL2. 

The PCR products were subcloned into pCR2.1 (Invitrogen) and transferred into 

the MCS of the Gateway
TM

 binary vector pSBright (Bensmihen et al., 2004) by XbaI 

digestion in case of pRGA to generate pSBright-pRGA and XbaI/HindIII for pRGL2 to 
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generate pSBright-pRGL2. The RGA and RGL2 cDNAs were obtained from the REGIA 

consortium as pDONR201 (Invitrogen) clones. Both cDNAs were subcloned into 

pSBright-pRGA or -pRGL2 using LR clonase (Invitrogen). 

The constructs were introduced into the Agrobacterium tumefaciens strain C58 

by electroporation, and these were then used to transform the Arabidopsis ga1 gai-t6 

rga-24 and rgl2-1 mutants by the floral dip method (Clough and Bent, 1998). 

Transgenic seedlings in the T1 and T2 generations were selected based on their 

resistance to glufosinate. Transgenic lines with a 3:1 (resistant:sensitive) segregation 

ratio were selected and at least 19 homozygous lines were identified in the T3 

generation for each construct. Data from two representative lines per construct are 

shown in this work. 

 

Phylogenetic analysis 

Iterative search by tblastn was done on the NCBI public database 

(http://www.ncbi.nlm.nih.gov) with the Arabidopsis thaliana DELLA amino acid 

sequences as baits, and representative full-length sequences were selected. Species-

specific databases were also consulted to determine the number of DELLA genes 

present in each genome. Alignments of protein sequences were done with CLUSTALX 

(Thompson et al., 1997) and only the informative part of the alignments were used for 

subsequent analyses. A phylogenetic tree was obtained with the PhyML software v2.4.4 

(Guindon and Gascuel, 2003) using the JTT amino acid substitution model as indicated 

upon comparison of the different models with Prottest (Abascal et al., 2005). The 

consensus tree was supported by Bootstrap analysis (n=1000). Visualization and 

manipulation of trees were made with TreeView (Page, 1996). 

 

Real-time quantitative RT-PCR 

Total RNA from imbibed seeds was extracted using a modified RNAeasy Mini 

kit (Qiagen) protocol, where the grinded tissue was previously incubated with 600 µl of 

RLT-PVP buffer (540RLT buffer from RNAeasy Mini Kit  + 60 µl PVP40 10% + 6 µl 

ß-mercaptoethanol) followed by a 30 s centrifugation, recovery of the supernatant, and 

application to the lilac column. For adult plant tissues, total RNA extraction was carried 

out as described previously (Frigerio et al., 2006). cDNA synthesis and quantitative 

PCR, as well as primer sequences for amplification of GA metabolism and EF1-Ŭ 

genes, have been described previously (Frigerio et al., 2006).  
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The primers used for the quantitative PCR analysis of mRNA levels of GFP, 

RGA, RGL2, GAI, ATHB16 and AtMYB34 were, respectively: GFPqRT-F 

(TCATATGAAGCGGCACGACTT) and GFPqRT-R (GATGGTCCTCTCCTGCAC 

GTA); RGAqRT-F (ACTTCGACGGGTACGCAGAT) and RGAqRT-R (TGTCGT 

CACCGTCGTTCC); RGL2qRT-F (GACGGCGCGTAGAGTTCAC) and RGL2qRT-R 

(TGCATCCCTTGATTAAGCCC); GAIqRT-F (GCTTATGCAGGCTCTTGCG) and 

GAIqRT-R (AACCGGAAAACAGGAGGACC;) ATHB-16qRT-F (GCGCCGTTCTT 

AACGACGAAACAA) and  ATHB-16qRT-R (TAAGAAACTCCCGCCAGTAACCGT); 

MYB34qRT-F (TTAACCGCGTCGCAAGCAAATACG) and  MYB34qRT-R (TTGAGC 

AATGTGGAGGTCGGAGAA).  

 

Protein extraction and western blot 

Total proteins were extracted by homogenizing seedlings in one volume of cold 

extraction buffer [50 mM TrisïHCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 

10% glycerol, 1 mM PMSF, and 1×complete protease inhibitor cocktail (Roche)]. 

Extracts were centrifuged at 13000 g for 10 min at 4°C. Protein concentration in the 

supernatants was quantified by the Bradford assay (Bradford, 1976). Aliquots (40 ɛg) of 

denatured total proteins were separated in PreciseÊ 8% TrisïHEPESïSDS gels 

(Pierce) and transferred onto PVDF membrane (Bio-Rad). RGA-GFP fusion was 

detected using the monoclonal anti-GFP antibody (clone JL-8) from Clontech. 

 

Yeast two hybrid assay 

For two-hybrid experiments, truncated forms of RGA and RGL2, lacking the 

DELLA domain, were PCR amplified from a first strand cDNA of Ler seedlings using 

the following combinations of oligonucleotide primers: 

RGA1-F (CACCCTGGTTGACTCGCAAGAGAACG) and RGA1-R 

(GTCAAAC 

TCAGTACGCCGCCG) for RGA; and RGL2-F (CACCCTCGTTGACTCTCAGGAG 

ACCG) and RGL2-R (GCCGCGACTCAGGCGAGTTTCC) for RGL2.  

For PCR amplification of the complete coding regions for the PIF4, PIL2, PIL5 

and SPT bHLH factors, the combinations of primers used were: 

PIF4-F (CACCATGGAACACCAAGGTTGGAG) and PIF4-R 

(GGCTCACCAACCT 

AGTGGTCC) for PIF4; PIL2-F (CACCATGATGTTCTTACCAACCG) and PIL2-R 
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(CAGGGAGAATTCCTTCATCTG) for PIL2; PIL5-F (CACCATGCATCATTTTGTC 

CCTG) and PIL5-R (GTTAACCTGTTGTGTGGTTTC) for PIL5; and SPT-F 

(CACCATGATATCACAGAGAGAAGAAAG) and SPT-R (GGACACTGTTCAAGT 

AATTCG) for SPT. 

The PCR products were subcloned into the pENTR
TM

/D vector using the 

pENTR
TM

/D-TOPO
®
 cloning kit (Invitrogen) and mobilized by LR clonase (Invitrogen) 

into the pGBKT7 and pGADT7 Gateway vectors (kindly provided by Marta Boter) 

generated by inserting the Gateway ccdB cassette into the MCS NdeI ïXhoI/SalI sites of 

these vectors. 

Constructs were transformed into the AH109 yeast strain (MATa ura3-52 his3-

200 trp1-901 leu2-3,112 gal4ȹ gal80ȹ LYS2::GAL1UAS-GAL1TATA-HIS3 GAL2UAS- 

GAL2TATA-ADE2 URA3::MEL1UAS-MEL1TATA-lacZ), using the lithium acetate/PEG 

method, and yeast cells containing the different DELLA-BD and bHLH-AD fusion 

combinations were selected on SD-Leu-Trp and SD-Leu-Trp-His-Ade plates. Each 

construct was also transformed with the pGBKT7 or pGADT7 empty vectors to test for 

auto-activation activity. Protein extracts were obtained from the transformed yeast cells 

and western probed with anti-HA (Roche) and anti-GAL4BD (Santa Cruz) antibodies to 

ensure proper expression of the protein fusions. 

 

Confocal Microscopy 

Seedlings were rinsed for 2 min with 10 µg/ml propidium iodide (PI), then 5 min 

with water. Fresh stained seedlings were mounted on slides only with water. Images 

were taken using a Leica TCS SL confocal laser microscope (Leica, 

http://www.leica.com) with excitation at 488 nm. For GFP detection, channel 1 was 

configured between 500-540 nm; and for PI detection, channel 2 was configured 

between 590-660 nm. 

 

3.4. Results and discussion 

 

3.4.1. Phylogenetic relationships of DELLA proteins in Angiosperms 

Examination of public gene sequence databases and the available full genome 

sequences of several plant species indicates that, unlike in monocots, genes encoding 

DELLA proteins in dicots are frequently duplicated. In some cases, such as the 
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Brassicaceae, the genomes contain up to five DELLA genes. To investigate the origin 

and the possible evolutionary history of these duplications, we assembled full-length 

sequences of DELLA proteins from different dicots and monocots, and analyzed their 

phylogenetic relationships. As shown in Figure 1.1A, two large clades (I and II) of 

DELLA proteins can be found in dicots. However, while species in the Rosids genera 

such as Populus, Pisum, Medicago and the Brassicaceae possess members in both 

subfamilies, species in the Asterids like Solanum lycopersicum and Latuca sativa posses 

either only one DELLA protein or two paralogs, respectively, that always group in clade 

I. In these cases, the absence of DELLA proteins associated with clade II could be a 

consequence of the lack of sequence information for these species, although a loss-of-

function mutant identified in S. lycopersicum in the single reported DELLA gene 

displays a phenotype that covers all the functions attributed to GAs in this organism 

(Marti et al., 2007; Bassel et al., 2008; Jasinski et al., 2008). Hence, it is likely that it 

indeed represents the only functional DELLA gene in tomato. 

The presence of two clades of DELLA proteins suggests that the diversification 

of this family was initiated by a duplication of a single ancestor within the Rosids. After 

this event, subsequent independent duplications would have given rise to the variety of 

DELLA proteins present in different species. In fact, the observation of syntenic regions 

in the Arabidopsis genome that include the five DELLA genes (Figure 1.1B) reveals a 

possible mechanism for the multiplication of these genes in the Brassicaceae, involving 

the rearrangement of large chromosomal fragments. 

 

3.4.2. Expression of chimeric versions of DELLA genes 

According to genetic analysis, repeated duplication of DELLA proteins in 

Arabidopsis has been accompanied by certain degree of functional diversification, given 

that mutants in the different DELLA genes are affected only in a subset of responses 

regulated by GAs. 

To determine if this diversification has been caused by changes in the patterns of 

expression of these paralogs, or in the molecular activity of the different DELLA 

proteins, we decided to construct chimeric versions of two representative DELLA 

genes, one from each clade, under the control of their own and the reciprocal promoters 

(Figure 1.2A). 
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RGA and RGL2 were chosen because single loss-of-function mutants in each of 

these genes render a visible phenotype under certain conditions, a prerequisite to score 

the functionality of each chimera. For instance, seeds of the rgl2-1 mutant are able to 

germinate in the presence of paclobutrazol (PAC) (Lee et al., 2002); and mutation of 

RGA in a ga1-3 gai-t6 background rescues the dwarf phenotype caused by the lack of 

GA synthesis in this background (Dill and Sun, 2001).  

Therefore, a 2-kb fragment of the RGL2 promoter was used to drive the 

expression of the RGL2 (R2R2) or RGA (R2RA) coding sequences fused to GFP as a 

visualization marker, and the constructs were introduced into the rgl2-1 mutant. 

Nineteen and twenty-one independent transformants were isolated respectively. Given 

that RGL2 is expressed predominantly in seeds (Lee et al., 2002; Tyler et al., 2004), the 

expression of the corresponding transgenes was measured by RT-qPCR in the seeds of 

  

 

Figure 1.1  Repeated duplication of DELLA genes in dicots.  

(A) Phylogenetic maximum likelihood tree of DELLA proteins displaying two large clades (blue and 

orange). See Material and Methods for details on sequence analysis. Arabidosis proteins are in bold. 

Numbers represent percentage bootstrap value (n=1000). Monocot sequences are depicted in green. (B) 

Syntenic regions in Arabidopsis chromosomes that include DELLA genes. At, Arabidopsis thaliana; 

Bn, Brassica napus; Gb, Gossypium barbadense; Ls, Lactuca sativa; Mh, Malus hupehensis; Mt, 

Medicago truncatula; Os, Oryza sativa; Ps, Pisum sativum; Pt, Populus trichocarpa; Pv, Phaseolus 

vulgaris; Sl, Solanum lycopersicum; Zm, Zea mays. GAH stands for GAI Homolog. gp is the number of 

gene pairs syntenically conserved between the indicated regions. 
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the transformants and, based on their expression level, two homozygous lines from each 

class were selected for further analyses: one representative of the lower-expressing 

lines, and one for the higher-expressing lines (Figure 1.2B). None of the transgenes 

displayed significant expression in tissues in which RGL2 is not expressed (data not 

shown). Similarly, a 2-kb fragment of the RGA promoter was fused to the RGA (RARA) 

or RGL2 (RAR2) coding sequences and GFP, and the resulting constructs were 

introduced into the triple knockout line ga1-3 gai-t6 rga-24. Twenty-two and twenty-

five independent transformants were isolated. The functionality of the constructs was 

tested through the detection of the GFP-DELLA proteins in extracts of 7-day-old 

seedlings and, as expected, their stability was severely reduced after incubation of the 

seedlings with 50 µM GA3 for 3 h (Fig. 1.2C). Furthermore, the transgenic DELLA 

fusion proteins displayed nuclear localization (Fig. 1.2D), and two homozygous lines of 

each class were selected for further analyses. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.2.  Transgenic lines expressing RGA and RGL2 under the control of their own and 

reciprocal promoters.  

(A) Scheme of the constructs used in this study. (B) Expression of RGL2pro::GFP:DELLA transgenes, 

determined by RT-qPCR analysis of GFP in rgl2 mutants. Error bars represent SD of three replicates. 

(C) Production of functional DELLA protein in transgenic lines expressing RGApro::GFP:DELLA in 

ga1 gai-t6 rga-24 mutants, determined by western blot in seedlings with mock and 50 µM GA3 

treatments. (D) Nuclear localization of DELLA proteins in the roots of transgenic plants described in 

(C). Line pRGA-GFP is used as control (Dill et al., 2001). Size bar is 40 µm. 
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Functional substitution of RGA by RGL2 

Loss of GA1, encoding ent-copalyldiphosphate synthase (Sun and Kamiya, 

1994), blocks the early steps in GA biosynthesis and causes severe dwarfism due to the 

accumulation of DELLA proteins, which affect the size of the shoot, the leaves, the 

hypocotyls and other organs (Silverstone et al., 2001). This defect cannot be rescued by 

a mutation of GAI, due to redundancy with RGA, but simultaneous knockout mutations 

of both DELLA genes restores growth almost to the size of a wild type (Dill and Sun, 

2001; King et al., 2001). On the other hand, the endogenous RGL2 gene does not have a 

role in cell expansion, since mutations in this gene do not restore growth (Lee et al., 

2002; Tyler et al., 2004), in agreement with the very low expression of RGL2 in these 

tissues. However, our analysis of the RAR2 lines indicates that the RGL2 protein is 

capable of exerting RGA function when expressed under control of the RGA promoter. 

As shown in Figure 1.3A, expression of RGA under the 2-kb RGA promoter could 

complement the loss of RGA function, to different extent depending on the line 

examined. Even more interestingly, expression of RGL2 could also complement the lack 

of RGA function to an equivalent extent, when expressed under the RGA promoter. Such 

complementation ability was observed not only in leaves and shoots (Figures 1.3A and 

1.3B), but also in etiolated hypocotyls (results not shown). Actually, the degree of stem 

dwarfism rescue was dependent on the age of the plant but not on the transgenic 

DELLA used (Figure 1.3B), an effect that might be caused by the lack of additional 

regulatory sequences lying beyond the 2-kb promoter fragment used in this study.  

RGA is also involved in feed-back regulation of GA metabolism genes in tissues 

in which RGL2 is not normally expressed, such as hypocotyls, leaves and shoots 

(Silverstone et al., 1998; Dill and Sun, 2001; Frigerio et al., 2006). RGL2, when 

expressed under the control of the RGA promoter, was able to restore feed-back control 

of the GA20ox1, GA20ox2 and GA2ox8 genes, which was lost in the ga1-3 gai-t6 rga-

24 mutant (Figure 1.3C). Therefore, the RGL2 protein seems to display the biochemical 

activity characteristic of RGA function, functional divergence of these genes being 

caused, at least in this case, by changes in their spatial pattern of expression. To confirm 

this hypothesis, we performed the reciprocal analysis by testing the ability of RGA to 

substitute RGL2.  
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3.4.3. Functional substitution of RGL2 by RGA 

A major function of RGL2 in seed physiology is revealed by the observation that 

GA-deficient seeds are able to germinate only if RGL2 activity is suppressed, but not 

when any of the other four DELLA genes are mutated (Lee et al., 2002; Cao et al., 

2005). This is particularly evident for instance in the rgl2-1 allele, whose seeds 

germinate in the presence of 20 or even 120 µM PAC, while these inhibitor 

concentrations reduce germination efficiency of wild-type seeds to values below 5% 

(Figure 1.4A). As expected, expression of RGL2 under the control of its 2-kb promoter 

region caused a decrease in germination of rgl2-1 in the presence of PAC, although it 

never reached the values of the wild type (Figure 1.4A). More importantly, expression 

of RGA under the control of the RGL2 promoter (R2RA lines) also complemented the 

    

Figure 1.3.  Complementation by RGL2 of rga loss-of-function mutants.  

(A) Photograph of four-week-old plants grown under long days. (B) Plant height at different ages of 

control plants and plants transformed with RGApro::GFP:DELLA, showing that RGA and RGL2 are 

capable of inhibiting shoot elongation to a similar extent when expressed under the RGA promoter. 

Error bars represent SD (n>15). (C) Expression of GA metabolism genes subject to regulation by 

RGA in shoots, measured by RT-qPCR, showing that RGA and RGL2 complement the loss of RGA 

function. Error bars represent SD of three replicates. Only two representative homozygous transgenic 

lines are shown for each construct, although equivalent results were observed for over 14 lines. 
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rgl2-1 to an equivalent extent when compared to RGL2, indicating that RGA and RGL2 

proteins can perform equivalent functions during seed germination, provided that they 

are both expressed under the RGL2 promoter. This conclusion was confirmed at the 

molecular level by measuring the expression level of ATHB-16 and MYB34 in 

germinating seeds, by RT-qPCR. These genes are normally up-regulated during 

germination and have been proposed to be repressed by RGL2 in imbibed seeds (Ogawa 

et al., 2003; Cao et al., 2006). As shown on Figure 1.4B, both marker genes were 

induced in rgl2-1 mutant seeds during germination in GA-limiting conditions, 

compared to seeds of the wild type and the transgenic lines expressing RGL2 and RGA 

under the control of the RGL2 promoter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

Figure 1.4.  Complementation by RGA of rgl2 loss-of-function mutants.  

(A) Germination of wild type and rgl2 mutant seeds transformed with RGL2pro::GFP:DELLA under 

increasing concentrations of paclobutrazol (PAC). All lines tested germinated with almost 100% 

efficiency in the absence of PAC. n>200 seeds. (B) Expression of germination marker genes in seeds 

imbibed for 11 days in the presence of 20 µM PAC, 6 days after exposure to light. Error bars 

represent SD of three replicates. Only two representative homozygous transgenic lines are shown for 

each construct, although equivalent results were observed for over 12 lines. 
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The observation that the RGA protein can perform the function of RGL2 in 

seeds seems to be in conflict with the fact that RGA is also expressed in seeds, but 

suppression of this gene does not allow germination of GA-deficient seeds (Tyler et al., 

2004; Cao et al., 2005). Where does the specificity of RGL2 function reside in wild-

type seeds? One possibility is that expression of RGA is restricted to cell types in the 

seed which are not relevant for germination. This is unlikely because RGA and GAI 

have indeed been found to contribute to control seed germination under normal 

conditions (Cao et al., 2005). Another possibility is that the RGA and RGL2 promoters 

are differentially regulated under GA deficiency, as suggested by the observation that 

the RGL2 protein is more abundant than RGA in seeds incubated with PAC 

(Piskurewicz et al., 2008). To explore this option, we analyzed the expression of GAI, 

RGA and RGL2 during seed imbibition and germination, in the GA-deficient ga1 

mutant, and in its corresponding parental wild type. Interestingly, while RGA and RGL2 

expression levels were equivalent in the wild type during germination (when seeds are 

exposed to light), RGL2 expression was highly predominant in GA-deficient seeds 

(Figure 1.5A). Besides, elements mediating GA-regulation of the RGL2 promoter would 

lie- within the 2-kb fragment used in the R2R2 and R2RA lines, as confirmed by RT-

qPCR analysis of the GFP fusion transcript in germinating seeds of the transgenic lines 

in mock and GA-deficient (20 µM PAC) conditions (Figure 1.5B). 

 

3.4.4. Conservation of DELLA protein interactions 

The results presented here indicate that a major driving force in the sub-

functionalization of DELLA proteins may in fact rely on different expression patterns 

arisen after duplication, hence pointing to variations in the promoters of the DELLA 

genes as the main cause for the differential roles of DELLAs in plant development. 

Common tools for promoter analysis did not allow the identification of specific 

sequences that explain the divergent behaviour of the DELLA promoters. However, 

cluster analysis of the expression of the five Arabidopsis DELLA genes using the over 

100 conditions microarray data available through Genevestigator (Zimmermann et al., 

2004) revealed a topology that faithfully reproduces the phylogenetic structure of the 

DELLA group (Figure 1.6; see also Figure 1.1A), suggesting an intimate link between 

the evolution of DELLA function and DELLA gene expression patterns.  
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This view is coherent with the observation that at least one fifth of the alterations 

responsible for phenotypic evolution in multicellular organisms reside in regulatory 

regions (Stern and Orgogozo, 2008). 

On the other hand, the study of the expression patterns of duplicate genes using 

microarrays has established a link between expression divergence and coding-sequence 

divergence in animals (Makova and Li, 2003; Conant and Wagner, 2004; Li et al., 

 

            
 

Figure 1.5.  Expression of DELLA genes during seed imbibition and germination.  

(A) Time course of the expression of GAI, RGA and RGL2 during imbibition of wild-type and ga1 

mutant seeds in darkness (shaded area in the graphs) and after exposure to light, determined by RT-

qPCR. (B) Expression of RGL2pro::GFP:DELLA transgenes, determined by RT-qPCR analysis of 

GFP in rgl2 mutants 48 h after exposure of imbibed seeds to light. In this experiment, seeds were 

incubated with mock or 20µM PAC solutions. Error bars represent SD of three biological replicates.  
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2005). Since the correlation between these two processes is less clear in Arabidopsis 

(Blanc and Wolfe, 2004), and there is experimental evidence that recently duplicated 

proteins in Arabidopsis undergo rapid changes in protein activity (Tominaga et al., 

2007), we decided to investigate the extent of divergence in DELLA protein activity 

that could have arisen as a result of expression changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

Figure 1.6. Cluster analysis of DELLA gene expression.  

(A) Expression patterns of DELLA genes during plant development and across tissues. (B) Expression 

of DELLA genes in response to biotic and abiotic stress treatments. Multiple microarray data were 

analyzed with the tools provided by Genevestigator (Zimmermann et al., 2004) 

(https://www.genevestigator.ethz.ch), and the dendrogram displaying the relationships between 

DELLA gene expression patterns was constructed using all the experiments in the database. On the left 

panel, the intensity of the blue colour is proportional to the level of expression, while on the right 

panel, green and red colours indicate lower and higher levels, respectively, compared to the control 

situation in each treatment. 
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Although biochemical activity of DELLA proteins is not yet fully established, at 

least two features have been defined that are intimately linked to the protein sequences: 

(i) they have been proposed to regulate gene expression through protein-protein 

interactions with transcription factors (TFs) of the bHLH family (de Lucas et al., 2008; 

Feng et al., 2008); and (ii) they interact physically with the GID1 GA receptors 

(Nakajima et al., 2006; Ueguchi-Tanaka et al., 2007; Murase et al., 2008). To evaluate 

the degree of conservation of the biochemical properties of these proteins, we examined 

the ability of RGA and RGL2 to interact with PIF4 and also with other bHLH TFs of 

subfamily 15, with a reported role in seed germination control (Penfield et al., 2005; Oh 

et al., 2006; Kim et al., 2008; Oh et al., 2009). As seen previously, RGA displayed 

strong interaction with PIF4 and a similar interaction ability was also observed for 

RGL2 (Figure 1.7). PIF4-DELLA interaction has been reported to involve the bHLH 

DNA recognition domain, which is highly conserved among members of subfamily 15. 

Thus, it is possible that this interaction is not restricted to PIF3/PIF4 but involves other 

members of this gene family. In fact, we observed a strong interaction between RGA 

and RGL2 and the bHLH proteins PIL5, PIL2 and SPATULA (SPT), suggesting that 

DELLAs may interact with all members of this TF subfamily.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

 

Figure 1.7.  Conserved interaction between DELLA proteins and bHLH transcription factors.  

(A) Growth of the yeast cells transformed with the DELLA-GAL4BD and bHLH-GAL4AD 

constructs on SD-Leu-Trp (SD-LT) and SD-Leu-Trp-His-Ade (SD-4) plates. (B) Western blot 

detection of the GAL4BD and GAL4AD fusion proteins using anti-GAL4BD and anti-HA antibodies. 

 




