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REVIEW

The Angiosperm Gibberellin-GID1-DELLA Growth Regulatory
Mechanism: How an “Inhibitor of an Inhibitor” Enables Flexible
Response to Fluctuating Environments

Nicholas P. Harberd,! Eric Belfield, and Yuki Yasumura

Department of Plant Sciences, University of Oxford, Oxford OX1 3RB, United Kingdom

The phytohormone gibberellin (GA) has long been known to regulate the growth, development, and life cycle progression of
flowering plants. However, the molecular GA-GID1-DELLA mechanism that enables plants to respond to GA has only
recently been discovered. In addition, studies published in the last few years have highlighted previously unsuspected roles
for the GA-GID1-DELLA mechanism in regulating growth response to environmental variables. Here, we review these
advances within a general plant biology context and speculate on the answers to some remaining questions. We also
discuss the hypothesis that the GA-GID1-DELLA mechanism enables flowering plants to maintain transient growth arrest,

giving them the flexibility to survive periods of adversity.

INTRODUCTION

The gibberellins (GAs) are diterpenoid compounds found in
plants, fungi, and bacteria, of which only a few actively regulate
plant growth (are bioactive) (see http://www.plant-hormones.
info/gibberellins.htm; Figure 1A). There has been much recent
progress in understanding of the regulation of the biosynthesis
and inactivation of bioactive GAs (reviewed in Yamaguchi, 2008).
The GAs are derived from a basic diterpenoid carboxylic acid
skeleton (Figure 1A). Among features crucial to bioactivity are the
hydroxyl group on C3 and the carboxyl group on C6 (Figure 1A),
lack of which cause loss of activity. In addition, hydroxylation on
C2 causes inactivation and is an important mechanism for
growth regulation in angiosperms (Yamaguchi, 2008). The slight
structural differences between bioactive and inactive GAs is
indicative of the tight fit of bioactive GAs in a specific pocket
feature of the GA receptor. This has important implications that
are explored further below.

The importance of GAs to angiosperm growth regulation is
exemplified by the phenotype of GA-deficient mutants. For
example, the GA-deficient Arabidopsis thaliana ga1-3 mutant
lacks ent-kaurene synthetase A, an enzyme in the GA biosyn-
thesis pathway, and this mutant exhibits a characteristic severe
dwarf phenotype. In addition, ga7-3 mutant seed do not germi-
nate; ga7-3 mutant shoots bear leaves that are shorter and
darker green than the wild type and flower late in long-day
photoperiods (and not at all in short-day photoperiods); and ga7-3
mutant flowers exhibit impaired petal and stamen development
and are male sterile. All of these aspects of the GA-deficient
phenotype can be corrected by exogenous GA (reviewed in
Richards et al., 2001). Mutants such as ga7-3 are GA-sensitive
dwarf mutants (Figure 1B) that are known in a number of
different plant species and typically carry recessive mutations

1 Address correspondence to nicholas.harberd@plants.ox.ac.uk.
www.plantcell.org/cgi/doi/10.1105/tpc.109.066969

that reduce the activity of GA biosynthesis enzymes (Yamaguchi,
2008).

The molecular characterization of various GA response mu-
tants led to the discovery of the GID1 and DELLA proteins, key
components of the molecular GA-GID1-DELLA mechanism that
enables plants to respond to GA. Here, we trace the history of
these discoveries and discuss recent developments that point to
a fundamental role for the GA-GID1-DELLA mechanism in reg-
ulating the growth response of flowering plants to environmental
variables.

GA-OPPOSABLE PLANT GROWTH INHIBITORS

There are several categories of GA response mutants. Initial
interest in such mutants was provoked by the possibility that they
might provide clues as to how plant cells perceive and respond to
the GA signal. For example, the phenotype of GA-insensitive
dwarf mutants is not restored to normal by GA treatments (Figure
1B). Genetic studies of gibberellic acid-insensitive (gai; Arabi-
dopsis), D8 (maize [Zea mays]), and Rht-B1b/Rht-D1b (wheat
[Triticum aestivum]) mutants (Koornneef et al., 1985; Harberd and
Freeling, 1989; Peng and Harberd, 1993; Peng et al., 1997,
1999a) identified common properties: the various mutant alleles
involved act in a genetically dominant fashion and encode active
(altered function) mutant products that confer dwarfism and
reduced GA response. Further groupings of recessive (rather
than dominant) mutations conferring GA-insensitive dwarfism
have more recently been characterized (e.g., McGinnis et al.,
2003; Sasaki et al., 2003; Ueguchi-Tanaka et al., 2005). Finally,
recessive slender mutants exhibit exaggerated growth: tall and
slim, they resemble wild-type plants treated with saturating
levels of GA and remain tall even when GA deficient (e.g., Potts
et al., 1985; Figure 1B).

Studies of some of the above categories of mutant enabled
formal genetic definition of the mechanism via which GA
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Figure 1. GA Structure and Response Mutant Categories.

(A) The structure of a bioactive GA (GA,), showing carboxylic (C6) and hydroxyl (C3) groups that are essential for biological activity, and the C2 site,

hydroxylation of which abolishes biological activity.

(B) Schematic representation of plants in GA-related mutant categories. Normal (wild type) plants respond to exogenous GA (+GA) by increased growth.
GA-sensitive dwarf mutants are GA-deficient (-GA) and grow in response to exogenous GA. GA-insensitive dwarf mutants do not grow in response to
exogenous GA. Finally, slender mutant growth mimics that of GA-treated normal plants, even when additional mutations or chemical growth retardants

cause GA deficiency.

promotes growth, long before the molecular basis of this mech-
anism was apparent. First, analyses of pea (Pisum sativum)
slender mutants led to the proposal that GA works as an
“inhibitor of an inhibitor” (Brian, 1957). This proposal was based
on the observation that slender mutants grow tall irrespective of
GA content (e.g., Potts et al., 1985). According to the inhibitor of
an inhibitor hypothesis, plants contain an endogenous factor that
inhibits growth, and GA promotes growth by overcoming this
factor. Lack of the endogenous growth-inhibiting factor in slen-
der mutants causes them to grow tall even when GA deficient.
Second, genetic analysis of GA-insensitive maize dwarfing
mutations led to an elaboration of the inhibitor of an inhibitor
hypothesis. According to this elaboration, dominant GA-insensitive
dwarfing mutations confer mutant forms of the growth-inhibiting
factor that retain the capacity to inhibit growth but have lost the
capacity to be overcome by GA (Harberd and Freeling, 1989).
Thus, the recessive slender versus dominant GA-insensitive
dwarf mutants could be seen as opposing mutational faces of
the same coin: alternative loss-of-function or altered function
outcomes of mutational change to an endogenous plant growth
inhibitory factor whose molecular identity remained unknown.

As described below, molecular identification of the genes
affected in GA-insensitive dwarf and slender mutants enabled
the discovery of three of the major components of what is now
known as the GA-GID1-DELLA mechanism of GA response
regulation: the DELLA growth inhibitors; the F-box protein com-
ponent of an E3 ubiquitin ligase that specifically targets the
DELLAs for destruction in the proteasome in response to GA; and
the GID1 GA receptor.

MOLECULAR DISCOVERY OF GA-OPPOSABLE PLANT
GROWTH INHIBITORS: THE DELLA PROTEINS

Discovery of the molecular identity of the endogenous plant GA-
opposable growth inhibitory factor resulted from the molecular
cloning of genes encoding what are now known as the DELLA
proteins (or DELLAs), beginning with GAI. The Arabidopsis gai
mutation confers dominant, GA-insensitive dwarfism (Koornneef
et al., 1985; Peng and Harberd, 1993). An insertional mutagen-
esis approach enabled the molecular cloning of gai via isolation
of a Ds transposon inactivated allele (gai-t6; Peng et al., 1997;
Figure 2A). Initial analysis of the amino acid sequence of GAIl
gave little insight into how this protein might regulate GA re-
sponse. However, approximately two-thirds of the GAl molecule
(at the C-terminal end) was found to be related in sequence to the
transcriptional regulator SCARECROW (SCR), suggesting that
GAI might also be a transcriptional regulator (Peng et al., 1997).
More intriguing findings came from the comparison of the DNA
sequences of the GAl and mutant gai alleles. This comparison
showed that the gai open reading frame carries a small in-frame
deletion mutation and thus encodes an altered product, a mutant
gai protein that lacks a 17-amino acid segment (now known as
the DELLA domain, named after its first five amino acids; Peng
et al., 1997; Figure 2A). This finding was particularly significant
because it identified the molecular basis of the altered function
previously ascribed to the products of dominant GA-insensitive
dwarfing alleles. It is the lack of a functional DELLA domain in gai
that causes the reduced GA response of gai mutant plants.
Further experiments showed that the gai-t6 (loss-of-function)
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(A) The Arabidopsis mutant gai allele confers dominant GA-insensitive dwarfism and was derived from the wild-type allele (GA/) via irradiation
mutagenesis (see Koornneef et al., 1985; Peng et al., 1997). gai encodes a mutant gai protein that lacks the DELLA domain (purple section in the GAIl
protein). It is the lack of the DELLA domain that causes the altered function of gai, making it a constitutive growth inhibitor whose activity is not opposed
by GA. Subsequent Ds insertion mutagenesis experiments yielded the gai-t6 allele. This knockout allele does not encode a functional GAI (or gai) protein

and confers a tall, slender (PAC-resistant) phenotype.

(B) The mutant maize D8-1, D8-2023, and wheat Rht-B1b proteins confer dominant GA-insensitive dwarfism. The maize and wheat genomes encode
DELLA proteins (d8 and Rht-B1a, respectively). Maize mutant alleles encode mutant D8-1 (lacks the DELLA domain, domain I, in purple), mutant D8-
2023 (lacks the TVHYNPS domain, domain Il, in orange), and wheat mutant Rht-B1b lacks domain | (see also Peng et al., 1999a).

allele confers partial resistance to the dwarfing effects of the GA
biosynthesis inhibitor paclobutrazol (PAC; Peng et al., 1997), a
characteristic property of slender alleles (e.g., Potts et al., 1985).
Thus, lack of GAIl (in gai-t6) causes PAC resistance (slender
phenotype), while lack of the DELLA domain (in gai) causes a
constitutively active mutant growth inhibitor (gai) whose geneti-
cally dominant action can no longer be opposed by GA (Figure 2A).

Arabidopsis RGA was identified by loss-of-function mutations
conferring partial suppression of the ga7-3 phenotype (a char-
acteristic property of slender alleles; Silverstone et al., 1997)
and shown to encode a protein (RGA) closely related to GAl
(Silverstone et al., 1998). Subsequently, it became clear that the
Arabidopsis genome contains three further GAI/RGA-related
genes: RGL1, RGL2, and RGL3 (e.g., Lee et al., 2002). The
gene products GAIl, RGA, RGL1, RGL2, and RGL3 comprise the
full Arabidopsis complement of what are now known collectively
as the DELLAs.

These findings, together with further analysis, confirmed that
the DELLAs are indeed the previously inferred endogenous GA-

opposable plant growth inhibitors. For example, the lack of such
inhibitors would be predicted to suppress the GA-deficient
mutant phenotype of ga7-3. Accordingly, lack of GAl and RGA
suppresses the dwarfed shoot phenotype normally conferred by
ga1-3 (Dilland Sun, 2001; King et al., 2001), lack of RGL2 permits
GA-independent germination of ga7-3 seed (Lee et al., 2002;
Tyler et al., 2004), while lack of RGA, RGL1, and RGL2 permits
normal stamen and petal growth in ga7-3 flowers (Cheng et al.,
2004; Tyler et al., 2004). In effect, progressive reduction of
DELLA function tends toward complete suppression of all visible
GA-deficient phenotypes exhibited by ga7-3 (Cheng et al., 2004;
Tyler et al., 2004). In addition, the Arabidopsis DELLAs display
both overlapping (e.g., GAl and RGA in stem elongation) and
relatively discrete (e.g., RGL2 in seed germination) GA response
regulation functions. The correspondence between DELLAs and
the inferred GA-opposable growth inhibitor was confirmed by the
demonstration that slender mutants in species other than Arabi-
dopsis carry loss-of-function mutations in GAI/RGA orthologs
(e.g., lkedaetal.,2001; Chandler et al., 2002) and that La and Cry,



mutant alleles of which confer the pea slender phenotype upon
which the original inhibitor of an inhibitor hypothesis was based
(Brian, 1957), correspond to DELLA-encoding genes (Weston
et al., 2008).

The molecular characterization of the Arabidopsis gai mutation
highlighted the importance of the DELLA domain (Figure 2A;
Peng et al., 1997). This importance was further emphasized in
studies of the GA insensitivity of dwarfing mutants of maize (D8-7;
D8-2023) and wheat (Rht-B1b). As with gai, the GA insensitivity of
these mutants is conferred by mutant DELLAs that lack functional
conserved N-terminal domains, termed DELLA (domain I) or
TVHYNPS (domain Il) (Figure 2B; Peng et al., 1999a). Further
studies identified domain | or domain Il mutations in GA-insensitive
barley (Hordeum vulgare) and rice (Oryza sativa) mutants (Chandler
et al., 2002; Asano et al., 2009). In addition, deletion of domain
| of Arabidopsis RGA (as conferred by the rga-A17 transgene)
results in a mutant RGA protein (rga-A17) that, similarly to gai,
confers GA-insensitive dwarfism (Dill et al., 2001). Thus, in a
general sense, mutation of domain | or Il of DELLAs can prevent
GA opposability and confers GA-insensitive dwarfism. We will
return to the biological functions of domains | and Il later in this
review.

The wheat Rht-B1b (and Rht-D1b) alleles are important in
modern agriculture, in that they confer the increased grain yields
of the green revolution varieties containing them (Peng et al.,
1999a). In attempts to further expand the agricultural utility of
domain I mutant DELLAs, the Arabidopsis gai gene was shown to
confer dwarfism when expressed in basmati rice (Peng et al.,
1999a; Fu et al., 2001), and a switchable form of gai was
developed that can be used to induce growth restraint flexibly
as and when required (Ait-ali et al., 2003).

In summary, wild-type DELLAs were identified as GA-opposable
plant growth inhibitors that can be specifically mutated (in
domains | and/or Il) to become growth inhibitors that are resistant
to the effects of GA. However, the mechanism via which GA
overcomes the growth inhibitory effects of wild-type DELLAs was
unknown.

GA PROMOTES PROTEASOME-DEPENDENT
DESTRUCTION OF DELLAs

The stage was now set for in-depth molecular analyses of how
GA overcomes the growth inhibiting effects of the DELLAs. The
first breakthrough came from studies of DELLAs fused to the
green fluorescent protein (GFP), in particular GFP-RGA. GFP-
RGA was shown to accumulate in root cell nuclei and to disap-
pear from those nuclei within a few hours of GA treatment
(Silverstone et al., 2001; Figure 3A). Further studies showed that
GA causes disappearance of cereal DELLAs (e.g., barley SLN1
and rice SLR1; Gubler et al., 2002; Itoh et al., 2002). These
observations suggest that GA overcomes the growth inhibitory
effects of DELLAs by promoting their disappearance. Intrigu-
ingly, GA does not promote the disappearance of DELLA pro-
teins lacking domain | (Dill et al., 2001; Fu et al., 2004), thus
showing that these mutant proteins, whose growth-inhibiting
properties are resistant to GA, are also resistant to GA-promoted
disappearance.
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Figure 3. GA Promotes the Proteasome-Dependent Destruction of
DELLAs.

(A) GA treatment causes disappearance of GFP-RGA from Arabidopsis
root cell nuclei. Right, GA-treated (4 h) pRGA:GFP-RGA roots; left,
control (see also Silverstone et al., 2001).

(B) Schematic representation of the DELLA-SCFSLY1/GID2 interaction. The
DELLA protein (blue) inhibits growth. GA stimulates an interaction
between the DELLA protein and the E3 ubiquitin ligase SCFSLY1/GID2)
resulting in polyubiquitination of DELLA. Polyubiquitination targets the
DELLA protein for destruction by the proteasome.

How then does GA cause the disappearance of DELLAs? One
possibility was that DELLAs are destroyed by the proteasome
(Sullivan et al., 2003). Initial experiments showed that the specific
proteasome inhibitor MG132 inhibits the GA-promoted disap-
pearance of the barley DELLA SLN1 (Fu et al., 2002). Targeting of
proteins to the proteasome occurs via polyubiquitination: the
attachment of a polymeric chain consisting of ubiquitin protein
residues. Polyubiquitination is achieved by E3 ubiquitin ligases,
among which is the so-called SCF complex class (Sullivan et al.,
20083). It is the F-box protein component of the SCF complex that
provides specificity, with each F-box protein having specific
affinity for a particular set of target proteins. Interaction between
SCF and the target protein promotes polyubiquitination and
subsequent destruction of the target by the proteasome. Mo-
lecular genetic analysis of GA-insensitive dwarf mutants identi-
fied an F-box protein (rice GID2/Arabidopsis SLY1) that is part of
a DELLA-interacting E3 ubiquitin ligase that interacts with a
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C-terminal region of the DELLA protein (McGinnis et al., 2003;
Sasaki et al., 2003; Dill et al., 2004; Fu et al., 2004) and that
targets DELLAs for destruction by the proteasome (Figure 3B).

These discoveries enabled a molecular understanding of how
GA overcomes DELLA function and hence promotes growth: the
growth-inhibiting DELLAs are targeted for destruction by the
proteasome in response to GA following polyubiquitination by a
specific E3 ubiquitin ligase of the SCF class (SCFSLY1/GID2) thus
relieving DELLA-mediated growth inhibition. Nevertheless, the
question of how GA promotes the DELLA- SCFSLY1/GID2 jnterac-
tion remained, and it was only with the discovery of the GA
receptor that it became clear how this occurs.

THE GA RECEPTOR INTERACTS WITH DOMAINS | AND 1I
OF THE DELLA PROTEIN

The discovery of the GA receptor (Ueguchi-Tanaka et al., 2005)
was a major advance in understanding of the GA-GID1-DELLA
mechanism. A rice gene (GID1) initially identified by loss-of-
function gid17 alleles (conferring GA-insensitive dwarfism) was
shown to encode a nuclear GA receptor protein (GID1; Ueguchi-
Tanaka et al., 2005). GID1 is localized (at least predominantly) in
the nucleus and acts there as a soluble GA receptor, having high
affinity for bioactive GAs and low or nonexistent affinity for
inactive GAs. Remarkably, GID1 binds specifically with the rice
DELLA SLR1 when both proteins are expressed in yeast in the
presence of bioactive GA. Unlike the case in Arabidopsis, whose
genome encodes multiple DELLAs, SLR1 is the sole DELLA
protein encoded by the rice genome. Accordingly, lack of SLR1
(in a siIr1-1 loss-of-function mutant) suppresses the dwarfism
conferred by a gid1 loss-of-function allele, and SLR1 accumu-
lates in the gid7-1 loss-of-function mutant. Taken together, these
observations suggested that GA potentiates an in planta inter-
action between the GID1 GA receptor and DELLAs and that this
interaction stimulates the GA-dependent destruction of DELLASs,
thus promoting growth (Ueguchi-Tanaka et al., 2005).

Genes encoding multiple GID1-related GA receptors were
discovered in Arabidopsis, and mutants multiply homozygous for
loss-of-function mutations in these genes were shown to exhibit
GA-insensitive dwarfism (Griffiths et al., 2006; luchi et al., 2007;
Willige et al., 2007). Further analysis showed that the GID1-
DELLA interaction specifically involves the conserved N-terminal
domains | and Il of the DELLA protein (Peng et al., 1999a; Griffiths
et al., 2006; Ueguchi-Tanaka et al., 2007; Willige et al., 2007;
Feng et al., 2008), thus finally explaining why mutant DELLA
proteins lacking these domains confer GA insensitivity. In addi-
tion, the GA-stimulated interaction between GID1 and DELLA
itself increases the affinity of DELLA for the SCFSLY1/GID2 E3
ubiquitin ligase (Griffiths et al., 2006), presumably causing in-
creased polyubiquitination of DELLA, subsequent destruction of
DELLA by the proteasome, and the promotion of growth.

Recent crystal structure studies have deepened our under-
standing of the molecular spatial relationships governing the
interactions between GID1, GA, and DELLA. Essentially, the
GID1 protein possesses a central pocket that accommodates
bioactive GA. Polar groups in the bioactive GA molecule interact
directly with GID1 and with water molecules via hydrogen bond-

ing, resulting in tight specificity of fit of bioactive GA within the
pocket. For example, the C3-hydroxyl group (Figure 1A), which is
essential for GA activity, is hydrogen bonded to a specific Tyr
residue in the internal surface of the GID1 pocket via a bridging
water molecule (Murase et al., 2008; Shimada et al., 2008).
Conversely, addition of a 2-hydroxyl group, an in planta mech-
anism for the inactivation of bioactive GAs in angiosperms
(Yamaguchi, 2008), is predicted to cause steric interference
and conformational changes that will not favor receptor binding
(Murase et al., 2008).

Binding of GA causes an allosteric change to GID1, which
results in the N terminus forming a lid to the pocket (Murase et al.,
2008; Shimada et al., 2008). Once in place, the upper surface
of the lid binds with the DELLA protein, specifically with the
N-terminal region defined by domains | and Il (Murase et al.,
2008). The formation of the GA-GID1-DELLA complex is thought
to induce a conformational change in a C-terminal domain of the
DELLA protein that stimulates substrate recognition by the
SCFSLY1/GID2 E3 ubiquitin ligase, proteasomic destruction of
DELLA, and the consequent promotion of growth.

Intriguing recent evidence suggests that overcoming DELLA-
mediated growth inhibition does not equate solely with the
destruction of DELLA. Experiments using mutant plants lacking
the F-box component of the SCFSLY1/GID2 E3 ubiquitin ligase
have indicated that the GA-dependent formation of the GID1-
DELLA complex itself (independently of subsequent protein
destruction) reduces the growth-repressing effects of the
DELLAs (Ariizumi et al., 2008; Ueguchi-Tanaka et al., 2008).
Given that DELLAs inhibit growth by interacting with specific
growth-promoting transcription factors (see below), it is likely
that formation of the GID1-DELLA complex reduces the avail-
ability of DELLAs for interaction with those transcription factors,
thus reducing the resultant growth inhibitory effects. Thus, the
GA-stimulated GID1-DELLA interaction inherently reduces
DELLA-mediated growth repression as well as stimulating
DELLA destruction.

HOW DELLAs INHIBIT PLANT GROWTH

The above advances define the molecular mechanism via which
GA opposes the growth inhibitory properties of the DELLAs, but
they do not explain how DELLAs inhibit growth. Because the
C-terminal domain of DELLAs is closely related to that of SCR
and other transcriptional regulators, it seemed possible that the
DELLAs associate with DNA. However, there are no reports of
direct DELLA-DNA associations. In addition, the moderate de-
gree of promoter enrichment obtained in chromatin immunopre-
cipitation studies (Zentella et al., 2007) suggested that the
association of RGA with gene promoters might involve additional
transcriptional regulators.

Further advances in understanding of how DELLAs inhibit
growth have come from studies of plant light responses. Plant
growth is strongly influenced by the light environment. For
example, the growth of the Arabidopsis seedling hypocotyl
(expansion of the embryonic stem during seed germination and
seedling establishment) is inhibited by light. A number of studies
had previously implicated GA regulation as a component of



light-mediated hypocotyl growth regulation (e.g., Peng and
Harberd, 1997), but it is only recently that the DELLAs have been
shown to contribute to this process. For example, DELLA-deficient
Arabidopsis seedling hypocotyl growth is partially insensitive to
light-mediated growth inhibition (Achard et al., 2007a), and DELLA
deficiency also compromises the shade avoidance response
(whereby plants sense and respond to competing neighbors;
Djakovic-Petrovic et al., 2007). Thus, DELLA-mediated growth
inhibition is a component of light-mediated growth inhibition.

The light signals that elicit hypocotyl growth regulation are first
perceived by photoreceptors and subsequently communicated
to signal-transducing transcription factors, such as PHYTO-
CHROME INTERACTING FACTORS3 (PIF3) and PIF4. Recent
studies identified a physical interaction between a conserved
Leu-heptad repeat in the DELLAs and the DNA recognition
domain of the PIF factors (de Lucas et al., 2008; Feng et al.,
2008). This interaction inhibits the binding of PIF4 to gene
promoter target recognition sequences (de Lucas et al., 2008),
suggesting that DELLAs restrain growth by sequestering PIFs
into inactive protein complexes, thus inhibiting their ability to
promote growth via gene transcriptional activation. These ob-
servations provide a possible general framework for understand-
ing how DELLAs inhibit plant growth. According to this
framework, DELLAs inhibit growth by interfering with the activity
of growth-promoting transcription factors.

ALTERNATIVE (NON-GA) ROUTES TO DELLA-DEPENDENT
GROWTH CONTROL

The above described advances provide a molecular framework
for understanding how GA quantitatively regulates plant growth.
However, it is becoming clear that there are additional, GA-
independent factors that can modulate the growth inhibitory
function of the DELLAs. One such factor is the putative
O-GlIcNAc transferase encoded by SPY (reviewed in Richards
et al., 2001). Loss-of-function spy alleles partially suppress the
dwarf phenotypes conferred by ga7-3, gai, and rga-A17 (Peng
et al.,, 1997, 1999b; Silverstone et al., 1997, 2007). O-GIcNAc
transferases typically catalyze O-GlcNAc modification of target
Ser residues in regulatory proteins. A reduction in SPY activity
(e.g., as conferred by spy alleles) causes an increase in DELLA
protein abundance (as detected antigenically or via GFP-DELLA
fusion), rather than the reduction that might a priori have been
expected for a mutation that causes a reduction in DELLA-
mediated growth inhibition (Shimada et al., 2006; Silverstone
etal., 2007). One plausible explanation for these observations (as
yet unverified) is that O-GlcNAc modification of DELLAs acti-
vates (or enhances) the growth inhibition function of DELLAs.
Modulation of O-GIcNAc transferase activity via environmental
or developmental variables thus provides a potential non-GA
route for growth control via modulation of DELLA activity.

THE GA-GID1-DELLA PLANT GROWTH
REGULATORY MECHANISM

The advances in understanding outlined in the preceding para-
graphs can be summarized as follows (Figure 4): (1) DELLAs are
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growth inhibitors that act (at least in part) by interfering with the
activity of growth-promoting transcription factors. In addition,
the growth inhibitory properties of DELLAs may be enhanced by
O-GlcNAc modification due to SPY. (2) GA binds within the GA
binding pocket of the GID1 GA receptor, causing the folding of a
lid structure to which the N-terminal region of the DELLAs binds.
(3) The GA-GID1-DELLA interaction reduces the growth-
repressing effect of DELLAs, perhaps by reducing their capacity
for interacting with growth-promoting transcription factors. (4) The
GA-GID1-DELLA interaction also stimulates the binding of DELLA
to the SCFSLY1/GID2 E3 ubiquitin ligase. (5) Polyubiquitination of
DELLA by SCFSLY1/GID2 targets DELLA for destruction by the
proteasome, thus finally removing the agent of DELLA-mediated
growth inhibition (Figure 4).

The GA-GID1-DELLA growth regulatory mechanism thus sum-
marized operates in angiosperms and appears to be a relatively
recent innovation in plant evolution, having arisen sometime
between the divergences of the bryophytes and the lycophytes
from the land plant lineage (Hirano et al., 2007; Yasumura et al.,
2007). The most prominent function of the angiosperm GA-GID1-
DELLA mechanism is regulation of the growth of organs following
their definition in shoot and root apical meristems. For example,
the Arabidopsis ga1-3 mutant has both a dwarfed shoot
(Richards et al., 2001) and a short root (Fu and Harberd, 2003),
in part because GA regulates postmeristematic growth of these
organs. In fact, the GA-GID1-DELLA mechanism plays a major
role in the regulation of organ extension growth of shoot and root
and does so via interaction with the auxin signaling pathway:
auxin regulates growth (at least in part) by the modulation of both
GA biosynthesis and GA responsiveness (Ross et al., 2000; Fu
and Harberd, 2003). Recent evidence indicates that GA-GID1-
DELLA regulation of root extension growth is not generally
distributed throughout root cell layers, but operates primarily in
the endodermis (Ubeda-Tomas et al., 2008).

In addition to its major role in modulating extension growth of
plant organs subsequent to their definition in apical meristems,
the GA-GID1-DELLA mechanism also determines some aspects
of developmental patterning. For example, maintenance of
pluripotency in the cells of the vegetative shoot apical meristem
(the group of cells from which arise the aerial parts of angio-
sperms) is in part dependent on dampening of GA-GID1-DELLA
signaling mediated by KNOX transcription factors (Hay et al.,
2002; Jasinski et al., 2005). Conversely, growing (postmeriste-
matic) cells characteristically have activated GA signaling.

THE GA-GID1-DELLA MECHANISM ENABLES A FLEXIBLE
GROWTH REGULATION RESPONSE TO
ENVIRONMENTAL VARIABILITY

Possible reasons why angiosperms might have evolved the GA-
GID1-DELLA mechanism of growth regulation become clear
when one considers the plant life strategy. Plants are sessile
organisms that need to be able to respond appropriately and in
situ to the biotic and abiotic environmental challenges with which
they are faced. There is a particular need to regulate growth in
response to environmental variability, in part because growth is
energetically demanding and in part because growth-driven
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increases in body volume/surface area tend to increase vulner-
ability. Recent studies show that the GA-GID1-DELLA mecha-
nism is highly integrated within the overall angiosperm
informational signaling and response system. We have already
touched upon the relationship between GA-GID1-DELLA and
light signaling in growth regulation. Additional examples come
from studies of the relationship between GA-GID1-DELLA, the
phytohormone ethylene, and plant stress responses. A general
idea emerging from these studies is that the GA-GID1-DELLA
mechanism enables plants to maintain transient growth arrest
and thus to survive periods of adversity.

Ethylene is perceived by the ETR1 family of ethylene receptors,
thus causing inactivation of CTR1 (a Raf kinase-related repres-
sor of ethylene signaling) and resultant accumulation of EIN3 and
EIN3-like ethylene-signaling transcription factors (Guo and
Ecker, 2004). Initial investigations of the relationship between
ethylene signaling and the GA-GID1-DELLA mechanism showed
that ethylene inhibits DELLA-deficient mutant Arabidopsis seed-
ling root growth less than that of the wild type and that ethylene
inhibits the GA-induced disappearance of GFP-RGA via CTR1-
dependent signaling (Achard et al., 2003). In addition, the main-
tenance of the exaggerated apical hook structure typical of
dark-grown ethylene-treated seedlings was shown to be depen-
dent on loss of DELLA-mediated growth inhibition (Achard et al.,
2003; Vriezen et al., 2004). Thus, there is a connection between
ethylene response and the GA-GID1-DELLA mechanism and a

correlation between ethylene-mediated growth inhibition and
DELLA accumulation. The conclusion from these studies is that
ethylene inhibits growth (at least in part) via a DELLA-dependent
mechanism. However, there are circumstances in which ethyl-
ene promotes (rather than inhibits) the growth of light-grown
hypocotyls, and in this case, promotion interestingly is also
accompanied by an accumulation (rather than a depletion) of
GFP-RGA in hypocotyl nuclei (Vandenbussche et al., 2007). It
seems that in this case ethylene still promotes GFP-RGA accu-
mulation, but this accumulation is not translated into growth
inhibition. Thus, the frequently observed negative correlation
between growth and DELLA accumulation is not absolute and
can be broken in specific circumstances. As described above in
the case of the spy mutant phenotype, these observations are
indicative of a physiological role for regulation of inherent growth
inhibitory activity of DELLAs that is independent of DELLA
accumulation.

The close relationships between ethylene signaling and the
GA-GID1-DELLA mechanism continue through stages of the
plant life cycle beyond seedling emergence. For example, recent
studies show that ethylene regulates the transition from vegeta-
tive to reproductive growth, and does so, at least in part, via
interaction with the GA-GID1-DELLA mechanism. The activation
of ethylene signaling results in a reduction in GA levels, and this
delays floral induction via a DELLA-dependent mechanism. In
addition, a lack of DELLAs suppresses the delayed flowering



characteristic of the constitutive ethylene response phenotype
conferred by ctr1 loss-of-function alleles (Achard et al., 2007b).
Further analysis indicates that ethylene likely affects DELLAs
downstream of the EIN3 transcriptional regulator and delays
flowering by repressing the activity of floral meristem identity
genes (LEAFY and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANST; Achard et al., 2007b). These observations identify
the GA-GID1-DELLA mechanism as a previously unknown
bridge between the ethylene signaling pathway and floral mer-
istem identity genes in the regulation of the transition between
vegetative to reproductive growth, probably providing a mech-
anism via which environmental stress regulates that transition.

Several studies have directly implicated the GA-GID1-DELLA
mechanism in regulating the response of plants to environmental
stress. For example, high salinity slows the growth of plants.
Studies with DELLA-deficient Arabidopsis mutants showed that
salt slows growth via a partially DELLA-dependent mechanism
(Achard et al., 2006). Further studies revealed that salt causes a
reductioninin planta bioactive GA levels (Achard et al., 2006) and
that this reduction can be explained, at least in part, by activation
of genes encoding GA-2oxidase, an enzyme that deactivates
bioactive GAs by addition of a hydroxyl group to the 2C position
(Figure 1A; Magome et al., 2008). Thus, salt inhibits plant growth
by reducing bioactive GA abundance, in turn causing accu-
mulation of DELLAs and consequent growth inhibition. Salt-
activated DELLA-dependent growth inhibition presumably has
adaptive significance because plants lacking DELLAs are more
susceptible, whereas plants in which DELLAs accumulate (e.qg.,
ga1-3) are more resistant to the lethal effects of extreme salt
(Achard et al., 2006). These observations indicate that the GA-
GID1-DELLA mechanism provides plants with a means of reg-
ulating growth appropriate to environmental conditions, enabling
a slowing of growth and reduced energetic commitment during
periods of environmental adversity. Achard et al. (2008a) iden-
tified a reduction in reactive oxygen species levels as a possible
mechanism for the restraint of growth and the concomitant
promotion of survival of adverse salinity.

A link between ethylene and the GA-GID1-DELLA mechanism
has also been implicated in the growth responses of rice to
flooding. Flood-tolerant rice survives temporary submergence
via a transient inhibition of growth and carbohydrate consump-
tion that is controlled by an ethylene-responsive factor ERF-type
transcription factor encoded by the Sub1A gene. Submergence
causes ethylene production and the consequent activation of
SubiA. In turn, Sub1A inhibits elongation growth by causing
increased accumulation of the rice DELLA SLR1 and of a related
protein, SLRL1 (Fukao and Bailey-Serres, 2008). SLRL1 is a
protein that inhibits growth but lacks functional domains | and Il
(see above) and thus inhibits growth in a GA-resistant fashion.
Therefore, SLRL1 is functionally analogous to the mutant DELLA
proteins encoded by the mutant gai, D8-1, D8-2023, and Rht-
B1b alleles described above and is a protein that rice has
recruited to function in flooding response. Thus, as shown
previously in Arabidopsis (Achard et al., 2003), ethylene can
inhibit rice growth using a GA-GID1-DELLA-dependent mecha-
nism (via SLR1) and additionally using a DELLA-related non-GA
opposable growth inhibitory protein (SLRL1). Activation of SLR1
and SLRL1 by Sub1A suppresses energy-consuming processes,
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resulting in reduced carbohydrate consumption and inhibited
growth in response to flooding in rice (Fukao and Bailey-Serres,
2008), just as DELLAs inhibit growth in response to salt stress in
Arabidopsis (Achard et al., 2006). These observations suggest
that the GA-GID1-DELLA mechanism provides a general mech-
anism for inhibition of growth and associated resource con-
sumption in response to environmental adversity.

The likelihood that the GA-GID1-DELLA mechanism is indeed
a general mechanism for modulating growth response to the
environment is increased by recent discoveries that it regulates
growth in response to change in a wide variety of environmental
variables. For example, the effects of cold temperatures on plant
growth signaled by the cold-induced CBF1 factor-dependent
pathway are mediated via effects on GA metabolism (and con-
sequently on DELLAs; Achard et al., 2008b), and growth and
developmental responses to phosphate starvation are also
modulated by the GA-GID1-DELLA pathway (Jiang et al., 2007).

An unexpected recent development has been the discovery
that the GA-GID1-DELLA mechanism plays a role in the regula-
tion of plant-pathogen interactions. Studies of the pathogen
responses of DELLA-deficient Arabidopsis plants showed that
DELLA accumulation differentially affects response to different
classes of pathogen. Thus, presence of DELLAs is associated
with susceptibility to virulent biotrophs and with resistance to
necrotrophs, properties that are related to an effect of the GA-
GID1-DELLA pathway on the balance between jasmonic acid
and salicylic acid signaling (Navarro et al., 2008). Although
concordant with previous examples of the GA-GID1-DELLA
mechanism acting as a mediating bridge between different
signaling pathways, these observations were unexpected be-
cause they represent identification of a GA-GID1-DELLA-regu-
lated phenomenon that is not strictly growth related (the
pathogenicity assays used in these experiments involved rela-
tively mature leaves that were no longer in the growing phase). It
is possible that there are additional non-growth aspects of GA-
GID1-DELLA biology that are yet to be discovered.

DOES THE GA-GID1-DELLA MECHANISM HAVE
ADAPTIVE SIGNIFICANCE?

Given that the GA-GID1-DELLA mechanism plays such a prom-
inent role in the response of plants to environmental variables, it
might be expected that possession of this mechanism is selec-
tively advantageous and that variant forms of it might have
adaptive significance. Recent studies monitored the effects of
artificial selection on an experimental wheat population segre-
gating for Rht-B1a and Rht-B1b (wheat DELLA-encoding alleles
conferring tall and dwarf plant phenotypes, respectively; Peng
et al., 1999a; Raquin et al., 2008). Mean plant height increased
steadily with number of generations post the founder population
generation, as did the relative frequency of the RhtB1a allele,
indicating that Rht-B1a was under strong positive selection
throughout the 17 generations of the experiment (Raquin et al.,
2008). At first sight this may seem paradoxical given the well-
documented increases in grain yield conferred by Rht-B1b (see
above), the very increases that were responsible for the use of
the Rht-B1b allele in green revolution wheat varieties. However,
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taller plants presumably compete more effectively for light and
nutrients when grown in heterogeneous populations (as opposed
to the homogeneous populations typical of modern wheat fields).
In addition, the strength of selection against Rht-B1b indicates
that alleles conferring DELLAs resistant to opposition by GA will
be at a competitive disadvantage in many natural environments,
perhaps because the impaired GA opposability imposes a clamp
on the flexibility with which plants can modulate growth in
response to environmental change.

THE GA-GID1-DELLA MECHANISM: OUTSTANDING
ISSUES AND QUESTIONS

As reviewed above, recent research has shown that the DELLAs
are the GA-opposable endogenous plant growth inhibitors
whose existence was first postulated in the late 1950s. We
have summarized the molecular nature of the GA-GID1-DELLA
mechanism, the mechanism via which plants respond to GA, and
argued that this mechanism enables plasticity of growth in
response to environmental variability. We now point out a num-
ber of outstanding issues and questions that are likely fertile
areas for future research.

First, as described above, the recent demonstration that
DELLAs interact with PIF3/PIF4 transcription factors provides a
potential general model for understanding how DELLAs inhibit
growth. However, the degree of specificity of this interaction
remains unclear. The PIFs are a subset of the basic helix-loop-
helix (bHLH) family of transcription factors. Perhaps DELLAs
interact with a wider spectrum of bHLHs than those defined as
PIFs, thus sequestering various bHLHs away from the gene
promoters that they activate. Such a scenario might explain, at
least in part, the pervasive roles that DELLAs appear to play in
angiosperm biology. In addition, since the bHLH transcription
factor PIL5 regulates the expression of DELLA-encoding genes
(Oh et al., 2007), it is possible that DELLAs feedback regulate their
own expression via interaction with bHLH transcription factors.

Second, this review has shown how GA regulates the growth
inhibition function of DELLAs. However, there are increasing
indications that DELLA function can also be modified via routes
that do not directly involve GA. Among these possible routes are
transcriptional regulation of genes encoding DELLAs (e.g., Oh
et al., 2007; Fukao and Bailey-Serres, 2008), posttranslational
activation of DELLAs, and non-GA routes for modulating DELLA
abundance. One possible route for posttranslational activation of
DELLAs is the likely O-GlcNAc transferase activity encoded by
SPY (discussed above), although modulation of this activity has
not yet been shown to regulate DELLA activity differentially
in response to physiological or environmental variables. If
O-GlcNAc modification indeed enhances the growth inhibitory
properties of DELLAs, it is possible that this modification pro-
motes the interaction between DELLAs and PIF3/4 (or other
bHLHSs). A possible point of non-GA regulation of DELLA abun-
dance is the rate of polyubiquitination (and hence destruction) of
DELLAs by the SCFSLY1/GID2 E3 ybiquitin ligase. For example,
transgenic overexpression of SLY7 (presumably causing in-
creased SLY1 availability) promotes growth by increasing DELLA
destruction (Fu et al., 2004). Thus, SLY1 availability can be a

limiting factor in plant growth regulation, and differential regula-
tion of SLY7 expression is potentially a mechanism via which
different plant signaling pathways may (independently of GA)
regulate plant growth by reducing DELLA-mediated growth
inhibition. Future studies will determine the contributions of
these (and other) non-GA routes to the modulation of DELLA
growth inhibitory function.

Another likely important area of future investigation concerns
the role of DELLAs as integrators of growth responses to a variety
of signals. It has been suggested that the GA-GID1-DELLA
mechanism is nodal and provides a mechanism for integrating
multiple input signals into a single growth output (Alvey and
Harberd, 2005). However, many questions remain, not least with
respect to the unraveling of the relative extents to which other
signals (including other hormones) impact upon GA-GID1-
DELLA activity through regulation of bioactive GA biosynthesis
and inactivation, regulation of DELLA susceptibility to GA-
mediated opposition of DELLA activity (interaction with the GA
receptor and/or subsequent degradation), or modulation of
DELLA activity by other means. Furthermore, it is clear that the
GA-GID1-DELLA mechanism is not the sole mechanism for
integration of growth regulation. For example, DELLAs inhibit
hypocotyl growth in response to light, but a DELLA-deficient
hypocotyl is still partially photomorphogenetic (is longer than the
wild type in light but not as long as a dark-grown wild-type
hypocotyl; Achard et al., 2007a; Feng et al., 2008). Thus, there
must be additional response integrators that work in conjunction
with the DELLAs to inhibit hypocotyl growth in response to light.
By extension, it is likely that there are additional integrators that
coordinate the regulation of growth in response to environmental
variables in general, and determining their relationship with the
DELLAs is an important task for the future.

An additional emerging idea concerns the possible relation-
ship between DELLA-mediated growth inhibition and resource
allocation. Essentially, growth inhibition might have adaptive
significance when environmental impacts (both biotic and abi-
otic) threaten resource limitation. Prioritization of resource allo-
cation may result in resources being diverted away from growth
in favor of defense against pathogens or in the adoption of a
strategy that involves reduced resource consumption during a
period of wait for improved environmental conditions. Thus, the
GA-GID1-DELLA mechanism may enable the robust adaptation
of various aspects of angiosperm biology to environmental
threat.

Finally, it is possible that consideration of the meaning of
“growth inhibition” at the cellular level will prove fruitful. The
intriguing potential role of reactive oxygen species in GA-GID1-
DELLA-mediated growth regulation is described above, and this
is likely to be an important area of further investigation. In
addition, plant cell expansion is often characterized as being
the product of opposing forces of (growth-promoting) intracel-
lular turgor pressure and the (growth-inhibiting) turgor-resisting
forces of the cell wall. This view has parallels with the proposal
that growth is regulated by the opposing forces of GA and a GA-
opposable growth inhibitor, the inhibitor of an inhibitor proposal
with which this review began. Could it be that an increase in
DELLA-mediated inhibition of growth equates ultimately to an
increase in the resistance of the cell wall?
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