
Transcriptional Diversification and Functional Conservation
between DELLA Proteins in Arabidopsis
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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 on 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 that revealed specific patterns of expression for each of these genes.
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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 dupli-
cated genes is gene loss (Lynch and Conery 2000), duplicated
copies are released from mutational constraints, enabling
the evolution of new functions (neofunctionalization)
(Ohno 1970; Taylor and Raes 2004). Alternatively, both gene
duplicates can undergo simultaneous reduction of their ac-
tivity thereby maintaining the total capacity of the ancestral
gene (subfunctionalization) (Force et al. 1999).

In addition to providing genetic robustness against dele-
terious mutations through functional redundancy, gene du-
plications 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 pro-
posed 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 un-
derstood in other hormonal pathways, in which signaling is
transduced by a set of structurally and phylogenetically re-
lated proteins that represent branching points in the action
of a single given hormone. Such is the case for protein phos-
phatases type-2C in abscisic acid signaling (Rodriguez 1998),

the arabidopsis response regulators response regulators in
cytokinin signaling (To et al. 2004) and the Jasmonate
ZIM-domain family of proteins involved in jasmonic acid sig-
naling (Chini et al. 2007) among others.

Much work has been devoted to understand the molec-
ular mechanisms that allow the maintenance of gene du-
plicates in model organisms. Nonetheless, of particular
relevance is establishing the extent of the relative contri-
bution 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 b-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 func-
tional divergence. However, large-scale analyses of expres-
sion 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 expression patterns, although no correla-
tion 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
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of paralogs of human transcription factors (TFs): If the DNA
binding site motifs of the TF paralogs are similar, their ex-
pression has diverged, whereas 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 ob-
tained through genomic analyses of duplicated genes, di-
rect experimental evidence for the relative importance
of promoter versus coding-sequence divergence is scarce.
A significant exception is the demonstration that diversi-
fication of cis elements in the promoters have been essen-
tial to solve ‘‘adaptive conflicts’’ in the ancestor of the
duplicated genes (Hittinger and Carroll 2007). For this rea-
son, 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 reg-
ulators: GAI, RGA, RGL1, RGL2, and RGL3. These proteins
accumulate under low GA concentrations and act as re-
pressors of GA-activated processes, whereas a local increase
in hormone concentration triggers proteasome-dependent
degradation of the DELLA proteins, by the concurrent ac-
tion of the GA receptor GID1 and the E3 ubiquitin ligase
SCFSLY1 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 veg-
etative tissues, because 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, be-
cause knockout mutations inRGL2, 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 conserva-
tion between the five DELLA proteins, but also enough dif-
ferences are observed in their N-terminal third that 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 pro-
files, as evidenced by reverse transcriptase-quantitative poly-
merase chain reaction (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.

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 4 �C for 7 days in water
containing 20 lM GA3. Before transfer to MS plates, they
were extensively rinsed with sterile water to remove any
remaining GA3.

Germination took place under continuous white fluo-
rescent light (90–100 lmol m�2 s�1) at 23 �C in a Percival
growth chamber E-30B. Soil-grown plants were kept at 23
�C in cabinets with a 16-h photoperiod.

Construction of Vectors and Generation of
Transgenic Lines
For promoter-swapping experiments, 2-kb promoter re-
gions of RGA and RGL2, which included the 5# untranslated
region, were polymerase chain reaction–amplified from ge-
nomic 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 ATCAGGATGCGA-
GGTTAAGAATGG) and pRGL2-R-HindIII (AAGCTTTTAC-
TT TACTTCATGGGT) for pRGL2.

The PCR products were subcloned into pCR2.1 (Invitro-
gen) and transferred into the multiple cloning site (MCS) of
the Gateway binary vector pSBright (Bensmihen et al. 2004)
by XbaI digestion in case of pRGA to generate pSBright-
pRGA and XbaI/HindIII for pRGL2 to generate pSBright-
pRGL2. The RGA and RGL2 cDNAs were obtained from
the REgulatory Gene Initiative in Arabidopsis consortium
as pDONR201 (Invitrogen) clones. Both cDNAs were subcl-
oned into pSBright-pRGA or -pRGL2 using LR clonase (In-
vitrogen).

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 gen-
erations were selected based on their resistance to glufo-
sinate. 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 con-
struct. 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 A. thali-
ana DELLA amino acid sequences as baits, and representa-
tive 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
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obtained with the PhyML software v2.4.4 (Guindon and
Gascuel 2003) using the Jones, Taylor, and Thorton 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 5

1,000). 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 modi-
fied RNAeasy Mini kit (Qiagen) protocol, where the ground
tissue was previously incubated with 600 ll of RNeasy Lysis
buffer-Polyvinylpyrrolidone (RLT-PVP) buffer (540RLT
buffer from RNAeasy Mini Kit þ 60 ll PVP40 10% þ 6
ll b-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-a genes, have been described previously (Frigerio
et al. 2006).

The primers used for the quantitative PCR analysis of
mRNA levels of GFP, RGA, RGL2, GAI, ATHB16, and AtMYB34
were, respectively, GFPqRT-F (TCATATGAAGCGGCACGA-
CTT) and GFPqRT-R (GATGGTCCTCTCCTGCAC GTA);
RGAqRT-F (ACTTCGACGGGTACGCAGAT) and RGAqRT-
R (TGTCGT CACCGTCGTTCC); RGL2qRT-F (GACGGCGC-
GTAGAGTTCAC) and RGL2qRT-R (TGCATCCCTTGAT-
TAAGCCC); GAIqRT-F (GCTTATGCAGGCTCTTGCG) and
GAIqRT-R (AACCGGAAAACAGGAGGACC); ATHB-16qRT-F
(GCGCCGTTCTT AACGACGAAACAA) and ATHB-16qRT-R
(TAAGAAACTCCCGCCAGTAACCGT); MYB34qRT-F (TTAA-
CCGCGTCGCAAGCAAATACG) 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 Tris–HCl pH
7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid,
1 mM dithiothreitol, 10% glycerol, 1 mM phenylmethane-
sulfonyl fluoride, and 1� complete protease inhibitor cock-
tail [Roche]). Extracts were centrifuged at 13,000 � g for
10 min at 4 �C. Protein concentration in the supernatants
was quantified by the Bradford assay (Bradford 1976).
Aliquots (40 lg) of denatured total proteins were sep-
arated in Precise 8% Tris–N-2-hydroxyethylpiperazine-
N#-2-ethanesulfonic acid–sodium dodecyl sulfate gels
(Pierce) and transferred onto polyvinylidene difluoride mem-
brane (Bio-Rad). RGA–green fluorescent protein (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 RG-
L2-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 (CACCATGGAACACCAAG-
GTTGGAG) and PIF4-R (GGCTCACCAACCT AGTGGTCC)
for PIF4; PIL2-F (CACCATGATGTTCTTACCAACCG) and
PIL2-R (CAGGGAGAATTCCTTCATCTG) for PIL2; PIL5-F
(CACCATGCATCATTTTGTC CCTG) and PIL5-R (GT-
TAACCTGTTGTGTGGTTTC) for PIL5; and SPT-F (CA-
CCATGATATCACAGAGAGAAGAAAG) and SPT-R
(GGACACTGTTCAAGT AATTCG) for SPT.

The PCR products were subcloned into the pENTR/D
vector using the pENTR/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 –XhoI/SalI sites of these vectors.

Constructs were transformed into the AH109 yeast
strain (MATa ura3-52 his3-200 trp1-901 leu2-3,112 gal4D
gal80D LYS2::GAL1UAS-GAL1TATA-HIS3 GAL2UAS- GAL2TA-

TA-ADE2 URA3::MEL1UAS
-MEL1TATA-lacZ), using the lithium ace-

tate/polyethilene glycol 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 autoactiva-
tion activity. Protein extracts were obtained from the trans-
formed yeast cells and western probed with anti-HA
(Roche) and anti-GAL4BD (Santa Cruz) antibodies to en-
sure proper expression of the protein fusions.

Confocal Microscopy
Seedlings were rinsed for 2 min with 10 lg/ml propidium io-
dide (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 detec-
tion, channel 1 was configured between 500 and 540 nm,
and for PI detection, channel 2 was configured between
590 and 660 nm.

Results and Discussion

Phylogenetic Relationships of DELLA Proteins in
Angiosperms
Examination of public gene sequence databases and the
available full genome sequences of several plant species in-
dicates that, unlike in monocots, genes encoding DELLA
proteins in dicots are frequently duplicated. In some cases,
such as the 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 di-
cots and monocots, and analyzed their phylogenetic rela-
tionships. As shown in figure 1A, two large clades (I and II)
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of DELLA proteins can be found in dicots. However, al-
though species in the Rosids genera such as Populus, Pisum,
Medicago, and the Brassicaceae possess members in both
subfamilies, species in the Asterids like Solanum lycopersi-
cum and Latuca sativa posses either only one DELLA pro-
tein or two paralogs, respectively, that always group in
clade I. In these cases, the absence of DELLA proteins as-
sociated 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 du-
plication 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 dif-
ferent species. In fact, the observation of syntenic regions in
the Arabidopsis genome that include the five DELLA genes
(fig. 1B) reveals a possible mechanism for the multiplication
of these genes in the Brassicaceae, involving the rearrange-
ment of large chromosomal fragments.

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 diversi-
fication 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 (fig. 2A). 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 ger-
minate 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 21 independent transform-
ants were isolated, respectively. Given that RGL2 is ex-
pressed 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 the transform-
ants 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 (fig. 2B). None of the transgenes dis-
played 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

FIG. 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 5 1,000). 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; and 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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(RAR2) coding sequences and GFP, and the resulting con-
structs were introduced into the triple knockout line ga1-3
gai-t6 rga-24. Twenty-two and 25 independent transform-
ants 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 sta-
bility was severely reduced after incubation of the seedlings
with 50 lM GA3 for 3 h (fig. 2C). Furthermore, the trans-
genic DELLA fusion proteins displayed nuclear localization
(fig. 2D), and two homozygous lines of each class were se-
lected for further analyses.

Functional Substitution of RGA by RGL2
Loss of GA1, encoding ent-copalyldiphosphate synthase
(Sun and Kamiya 1994), blocks the early steps in GA bio-
synthesis and causes severe dwarfism due to the accumu-
lation 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, because 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 in-
dicates that the RGL2 protein is capable of exerting
RGA function when expressed under control of the RGA
promoter. As shown in figure 3A, expression of RGA under
the 2-kb RGA promoter could complement the loss of RGA
function, to different extent depending on the line exam-
ined. Even more interestingly, expression of RGL2 could also

complement the lack of RGA function to an equivalent ex-
tent, when expressed under the RGA promoter. Such com-
plementation ability was observed not only in leaves and
shoots (fig. 3A and B) but also in etiolated hypocotyls (re-
sults not shown). Actually, the degree of stem dwarfism
rescue was dependent on the age of the plant but not
on the transgenic DELLA used (fig. 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 feedback regulation of GA me-
tabolism genes in tissues in which RGL2 is not normally
expressed, such as hypocotyls, leaves, and shoots (Silver-
stone et al. 1998; Dill and Sun 2001; Frigerio et al. 2006).
RGL2, when expressed under the control of the RGA pro-
moter, was able to restore feedback control of the GA20ox1,
GA20ox2, and GA2ox8 genes, which was lost in the ga1-3
gai-t6 rga-24 mutant (fig. 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 pat-
tern of expression. To confirm this hypothesis, we per-
formed the reciprocal analysis by testing the ability of
RGA to substitute RGL2.

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 germi-
nate 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 lM PAC, whereas these inhibitor

FIG. 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
standard deviation (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-lM 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 lm.
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concentrations reduce germination efficiency of wild-type
seeds to values below 5% (fig. 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 (fig. 4A). More importantly, expression of RGA under
the control of the RGL2 promoter (R2RA lines) also com-
plemented the rgl2-1 to an equivalent extent when com-
pared with RGL2, indicating that RGA and RGL2 proteins
can perform equivalent functions during seed germination,
provided that they are both expressed under the RGL2 pro-
moter. 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 upregulated 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 4B,
both marker genes were induced in rgl2-1 mutant seeds
during germination in GA-limiting conditions, compared
with seeds of the wild type and the transgenic lines express-
ing RGL2 and RGA under the control of the RGL2
promoter.

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 that 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 in-
cubated 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-defi-
cient ga1 mutant, and in its corresponding parental wild
type. Interestingly, although RGA and RGL2 expression lev-
els were equivalent in the wild type during germination
(when seeds are exposed to light), RGL2 expression was
highly predominant in GA-deficient seeds (fig. 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 lM PAC) conditions
(fig. 5B).

Conservation of DELLA Protein Interactions
The results presented here indicate that a major driving
force in the subfunctionalization of DELLA proteins may
in fact rely on different expression patterns arisen after du-
plication, hence pointing to variations in the promoters of

FIG. 3. Complementation by RGL2 of rga loss-of-function mutants. (A) Photograph of 4-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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the DELLA genes as the main cause for the differential roles
of DELLAs in plant development. Common tools for pro-
moter analysis did not allow the identification of specific
sequences that explain the divergent behavior of the DELLA
promoters. However, cluster analysis of the expression of
the five Arabidopsis DELLA genes using the over 100 con-
ditions microarray data available through Genevestigator
(Zimmermann et al. 2004) revealed a topology that faith-
fully reproduces the phylogenetic structure of the DELLA
group (fig. 6; see also fig. 1A), suggesting an intimate link
between the evolution of DELLA function and DELLA gene
expression patterns. This view is coherent with the obser-
vation 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 dupli-
cate 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. 2005). Because the correlation between these two
processes is less clear in Arabidopsis (Blanc and Wolfe
2004), and there is experimental evidence that recently du-
plicated proteins in Arabidopsis undergo rapid changes in
protein activity (Tominaga et al. 2007), we decided to in-
vestigate the extent of divergence in DELLA protein activity
that could have arisen as a result of expression changes.

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: 1) They
have been proposed to regulate gene expression through
protein–protein interactions with TFs of the bHLH family
(de Lucas et al. 2008; Feng et al. 2008); and 2) 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

FIG. 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 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-lM
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.

FIG. 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 20-lM PAC solutions. Error bars
represent SD of three biological replicates.
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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 ger-
mination control (Penfield et al. 2005; Oh et al. 2006, 2009;
Kim et al. 2008). As seen previously, RGA displayed strong
interaction with PIF4, and a similar interaction ability was
also observed for RGL2 (fig. 7). PIF4–DELLA interaction has
been reported to involve the bHLH DNA recognition do-
main, which is highly conserved among members of sub-
family 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 be-
tween RGA and RGL2 and the bHLH proteins PIL5, PIL2,
and SPATULA (SPT), suggesting that DELLAs may interact
with all members of this TF subfamily.

DELLA proteins have been also described to display differ-
ential abilities to interact with the three GID1 receptors in
Arabidopsis, based on yeast two-hybrid analyses (Nakajima
et al. 2006). Taking into account the reported differential
expression pattern of the three Arabidopsis GID1 receptors
and the five DELLA genes, it seems likely that GA signaling is
governed by combinatorial tissue- and stage-specific

FIG. 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) (http://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 color is
proportional to the level of expression, whereas on the right panel, green and red colors indicate lower and higher levels, respectively,
compared with the control situation in each treatment.
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expression patterns of DELLA proteins and most likely also
by subsequent diversification of their interactors.

Therefore, the experimental evidence presented here
demonstrates the existence of at least two levels of regu-
lation that have contributed with different impact to the
evolutionary fixation of diversity in GA signaling: first,
and more critically, the subfunctionalization of DELLA gene
expression patterns (either spatially or in terms of regula-
tory responses), and then a more recent optimization of
protein interactions between DELLAs and different sets
of TFs (and possibly other proteins) within the cellular con-
text defined by the new expression domain for each DELLA
protein. It remains to be assessed if the multiplication of
DELLA genes in Rosids, and especially in the Brassicaceae,
represents an improvement in the plasticity of the
responses mediated by GAs.
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