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Abstract This review covers recent advances in gibberel-
lin (GA) signaling. GA signaling is now understood to
hinge on DELLA proteins. DELLAs negatively regulate
GA response by activating the promoters of several genes
including Xerico, which upregulates the abscisic acid path-
way which is antagonistic to GA. DELLAs also promote
transcription of the GA receptor, GIBBERELLIN INSEN-
SITIVE DWARF 1 (GIDI1) and indirectly regulate GA
biosynthesis genes enhancing GA responsiveness and
feedback control. A structural analysis of GID1 provides a
model for understanding GA signaling. GA binds within a
pocket of GID1, changes GID1 conformation and increases
the affinity of GID1 for DELLA proteins. GA/GID1/
DELLA has increased affinity for an F-Box protein and
DELLAs are subsequently degraded via the proteasome.
Therefore, GA induces growth through degradation of the
DELLAs. The binding of DELLA proteins to three of the
PHYTOCHROME INTERACTING FACTOR (PIF) pro-
teins integrates light and GA signaling pathways. This
binding prevents PIFs 3, 4, and 5 from functioning as posi-
tive transcriptional regulators of growth in the dark. Since
PIFs are degraded in light, these PIFs can only function in
the combined absence of light and presence of GA. New
analyses suggest that GA signaling evolved at the same
time or just after the plant vascular system and before
plants acquired the capacity for seed reproduction. An anal-
ysis of sequences cloned from Physcomitrella suggests that
GID1 and DELLAs were the first to evolve but did not
initially interact. The more recently diverging spike moss
Selaginella has all the genes required for GA biosynthesis
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and signaling, but the role of GA response in Selaginella
physiology remains a mystery.
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Introduction

Gibberellins (GAs) are cyclic diterpenoid molecules that
were first identified as compounds that stimulate the growth
and elongation of rice seedlings (Kurosawa 1926). We now
know there is a large family of different GAs produced in
plants from the precursor geranylgeranyl diphosphate,
but typically only a few are active (Takahashi et al. 1991).
Furthermore, the active GAs can be inactivated by the addition
of methyl, hydroxyl, or other functional groups and local-
ized inactivation is an important regulatory mechanism
(Yamaguchi 2008). GAs affect nearly all aspects of higher
plant growth and development, including germination,
hypocotyl elongation, stem growth, reproductive, organ and
seed development, and circadian and light regulation
(Olszewski et al. 2002). However, it can be argued that GA
signaling is not absolutely required for leaf, stem and root
development, since Arabidopsis plants that lack GA can
form small stature non-self-reproducing plants if seed coats
are removed to promote germination. In addition, GA sig-
naling is not found in the moss Physcomitrella (Hirano
etal. 2007; Vandenbussche et al. 2007; Yasumura et al.
2007); so, some ancient plant cellular processes that have
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been conserved though evolutionary history do not require
GA. On the other hand, if reproduction is considered a
required trait, then for many plants GA signaling is neces-
sary. In some plants, GA is required to induce flowering.
GA is often necessary for petal, stamen and pollen develop-
ment and can be required for seed development and germi-
nation. Perhaps GA signaling first arose in the fine-tuning
of required functions and its role expanded as plants
acquired new traits such as seed production.

Metabolism of gibberellin

One of the first committed steps in the GA biosynthesis
pathway is the formation of ent kaurene by copalyl syn-
thase and ent kaurene synthase (Koornneef and van der
Veen 1980; Wilson et al. 1992). Arabidopsis plants that
have a knockout mutation in the gene encoding copalyl
synthase, gal, are small, dark green, lack petal and stamen
development, and do not flower under short day lengths
(Koornneef and van der Veen 1980; Wilson et al. 1992).
Application of GA precursors to these plants restores
normal growth and development, confirming the role of
copalyl synthase as the first committed step in this pathway.
The production of active GAs involves GA 20-oxidases
(GA200x) and GA 3-oxidases (GA3ox) (reviewed in
Yamaguchi 2008). In contrast, GA 2-oxidases (GA20x) can
inactivate most active GAs. The pools of active GAs are
maintained through a number of feed-back and feed-
forward mechanisms regulating expression of GA20ox and
GA3ox and oppositely regulating GA2ox.

Light, temperature, GA, cytokinin, ethylene signaling,
and spaciotemporal regulation all affect the transcriptional
regulation of genes for GA biosynthesis, catabolism, and
deactivation (reviewed in Yamaguchi 2008). This regula-
tion affects the levels and types of GA species that are pres-
ent, but variability also exists in the sensitivity of tissues to
GA. The complex nature of GA metabolism and signaling
is exemplified by a recent study of flowering in Lolium
(King etal. 2008), and previous observations in rice
(Sakamoto etal. 2001) and Arabidopsis (Jasinski et al.
2005). In Lolium, there are two GAZ2ox genes that are
expressed in a band just below the stem apex (Fig. 1).
These subapically localized GA20x enzymes inactivate
GA, and GA, as the GAs are translocated from leaves to
the shoot apex. However, GA; is resistant to inactivation by
GA20x and can promote flowering. Until spaciotemporal
regulation of GA20x deactivation was understood, the flori-
genic role of GA5 was surprising because GA| and GA, are
more active GAs having higher binding affinity for the GA
receptor. In fact, further down the stem, where GA2o0x is
not expressed, it is mainly GA, and GA, that promote stem
elongation. Therefore, the localized expression of GA2ox
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results in growth promotion by GA, and GA, and floral
induction by GAs. In addition, the two Lolium GAZ2ox genes
are differentially expressed in short day versus long day
growing conditions.

Another recent discovery in GA signaling is the identifi-
cation of additional proteins that inactivate GAs by addition
to, or modification of, the GA molecule. The rice ELON-
GATED UPPERMOST INTERNODE (EUI) protein epox-
idates GAs and is expressed in seeds, seedlings, and just
below the stem apex (Zhang et al. 2008; Zhu et al. 2006). It
also affects starch granule development and gravitropism in
roots. GA;, which is resistant to GA2ox, is also resistant to
epoxidation by EUI. A similar type of epoxidation activity
has been identified below the shoot apex in Lolium (King
et al. 2008). Other forms of gibberellin modification have
been reported, but further research is needed to understand
how these modifications affect activity (Schneider and
Schliemann 1994; Varbanova et al. 2007).

DELLA proteins

DELLA proteins are negative regulators of GA-induced
growth. The short stature of plants that are deficient for GA
is relieved by recessive mutations in genes coding for mem-
bers of the DELLA protein family (Koornneef et al. 1985;
Wilson and Somerville 1995; Peng et al.1997; Silverstone
et al. 1997; Dill and Sun 2001; King et al. 2001; Tyler et al.
2004). There are five DELLA proteins in Arabidopsis
(GAL RGA, RGL1, RGL2, and RGL3) with some overlap-
ping and some unique functions (Peng et al. 1997; Silver-
stone etal. 2001; Lee etal. 2002; Jiang and Fu 2007).
Plants where three or more genes are nonfunctional appear
to exert little if any restraint on GA-induced growth, and
their phenotype is tall and spindly (Achard et al. 2006).
Rice and barley each have one DELLA gene, SLENDER
RICE 1 (SLRI) and SLENDERI (SLRI), respectively.
Mutations in either SLRI result in a slender plant that is
mostly resistant to the effects of GA application (Ikeda
et al. 2001; Chandler et al. 2002).
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GA receptor

The gene for the GA receptor, gibberellin insensitive dwarf
1 (gidl), was identified among a group of rice mutants that
were insensitive to GA, but its function was initially
unknown (Ueguchi-Tanaka et al. 2005). The gid/ mutant
phenotype is also similar to that of GA deficient plants, as
might be expected if a sole GA receptor were knocked out.
Homology-based searches of the rice genome suggest that
there is only one GIDI gene in rice (Ueguchi-Tanaka et al.
2005). In Arabidopsis there are three GIDI-like genes,
GIDla, b, and c (Griffiths et al. 2006). The Arabidopsis
genes have significant functional overlap with some differ-
ences in expression level between tissues. GID1b was
shown to have a higher binding affinity for GA using in
vitro binding assays (Nakajima et al. 2006), but this bind-
ing affinity may not be relevant in vivo, since gidlb single
mutant plants were not noticeably different than other sin-
gle gidl mutants (Griffiths et al. 2006). The triple mutant
gidla,b,c was very small and unable to reproduce. This
plant is smaller than the gal-3 biosynthesis mutant, sug-
gesting that GID1 may contribute to plant development
through a GA-independent pathway. Another explanation is
that, the more extensive growth in gal-3 plants is due to a
small amount of GA that is produced in ga!l-3 plants (Talén
et al. 1990; Silverstone et al. 2001). The observation that
the global transcript expression profile of GA deficient
plants is nearly identical to that of gidla,b,c provides addi-
tional support for the hypothesis that all GA signaling
works through GID1 (Willige et al. 2007).

The GIDI gene was cloned and predicted to encode a
protein of unknown function containing a domain with sim-
ilarity to hormone sensitive lipase, yet lacking a critical res-
idue for lipase function. The protein was expressed in
E. coli and did not have lipase activity. However, GID1 bound
active GA with greater affinity than it bound inactive GAs.

Mechanism of GID1/DELLA signaling

Ueguchi-Tanaka and colleagues have recently uncovered
how the GID1 and DELLA proteins function in GA percep-
tion (Ueguchi-Tanaka et al. 2005, 2007a, b). Based on the
structural homology between GID1 and hormone sensitive
lipases (HSL), they propose that GID1 forms a receptor
pocket that binds to GA. Upon binding GA, the GIDI
protein undergoes a conformational change that allows
interaction between the HSL-like “lid” of the GID1 receptor
pocket and two of the DELLA protein domains, the signa-
ture “DELLA” domain and the THVYNP domain (Fig. 2).
GA becomes enclosed within the pocket as the GID1 “lid”
interacts with SLR1 (Fig. 3). Once the GA/GID1/DELLA
complex is formed, binding to the F-box protein, SLEEPY 1

GA perception Regulatory
GID1 interaction domain
DELLA TVHYNP  pS/TV
SH2-like SAW
Dimerization, Suppression of
GA perception, GA-regulated growth,
degradation degradation

Fig. 2 Domain structure of a typical DELLA protein based on RGA.
Functional domains in the protein structure are in color with the name
of each domain above or below the protein structure. The functional
role of each domain is listed in italics above or below the domain
name. DELLA, TVHYNP, poly serine/threonine/valine (pS/T/V),
Leucine repeat (LR), and VHIID repeats were named for the consensus
amino acids. See text for description of how domain functions were
assigned and for SH2-like and SAW descriptions

(SLY1) is enhanced (Griffiths et al. 2006). This binding
then results in the degradation of DELLAS through the 26S
proteasome. The degradation of DELLAs relieves the
growth suppression caused by DELLAs and results in GA-
induced growth and other GA responses.

The GA/GID1/DELLA model helps to explain previous
results, which were used to define the functional motifs
within DELLA proteins. The DELLA proteins have several
conserved domains that provide clues about how DELLAs
function (Fig. 2). The first domain contains a 27-amino acid
DELLA motif that has a role in GA response. Deletions
within the DELLA domain cause a dwarf phenotype; the
plants have a short stature that is not reversed by GA treat-
ment (Koornneef et al. 1985; Peng et al. 1997, 1999; Dill
et al. 2001; Boss and Thomas 2002; Chandler et al. 2002;
Ikeda et al. 2002; Itoh et al. 2005b). Naturally occurring
mutations resulted in DELLA domain deletions that were
chosen by plant breeders when they created the short stat-
ure, high yielding, wheat, rice and maize cultivars that were
part of the “green revolution” in twentieth century agricul-
ture (Peng et al. 1999; Ogawa et al. 2000; Ikeda et al. 2001;
Hedden 2003). Proteins with DELLA domain deletions
cannot bind GIDI1, and are stable because they are not
degraded as part of the DELLA/GID1 complex through the
proteasome. These stable proteins still function as negative
regulators of GA signaling restraining growth; however, in
agricultural production, this partial growth restraint is
advantageous, because it results in shorter plants that are
high yielding and more resistant to lodging then previous
varieties.

Additional studies examining natural DELLA domain
deletions (Willige et al. 2007) or sirl rice plants that were
transformed with truncated SLRI genes have helped to
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Fig. 3 Model for DELLA function in GA signaling. In the absence of
GA, the DELLA protein is stable and acts as a transcriptional activator
at promoters to turn on transcription of genes such as GID1 and Xerico
that act as negative regulators of GA signaling (a). Many of the genes
regulated by DELLASs contain promoter motifs known to be affected by
ABA regulation, but this observation needs to be experimentally vali-
dated. DELLAs affect GID1 transcription directly, but their effects on
GA biosynthesis and catabolism are indirect. The binding of GA to
GID1, leads to further interaction with DELLAs, F-Box protein (FBP)
and finally proteasomal degradation of DELLAs (b). Since DELLAs
are required for transcription of DELLA regulated genes, these genes
are not expressed in the absence of DELLAs. How DELLA dimeriza-
tion affects function is unknown, but because dimerization domains are
required for activity, DELLA dimers are depicted in the model. Hypo-
thetical model for how posttranslational modification affects DELLA
activity (¢). DELLAs appear in multiple phosphorylated and non-
phosphorylated forms, but it is not known whether phosphorylation is
regulated. It is likely, but not necessary, that SPY modifies a
dephosphorylated form of DELLA. O-GlcNAc modified DELLASs
function as negative regulators of growth, possibly enhancing the inter-
action of DELLAs with DNA-binding proteins. DELLAs modified
with O-GlcNAc interact with GA/GID1, F-Box protein and become
degraded. It is possible that unmodified DELLAs have some activity
(dotted line) in negatively regulating GA signaling since spy rga dou-
ble mutants are more spindly than single mutants (Silverstone et al.
1997)
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delineate the other functional domains of the DELLA pro-
teins (Itoh et al. 2002, 2005b). As described above, the
DELLA and TVHYNP domains function in GA signal rec-
ognition (Fig. 2; Itoh et al. 2002; Willige et al. 2007) by
interacting with the lid of the GID1 receptor. The length of
the “space” region between DELLA and TVHYNP is also
important in GA signal recognition, but the amino acid
sequence is not conserved (Itoh et al. 2002). Deletion of the
pS/T/V domain creates a more active growth suppressor,
suggesting that this is a regulatory domain that does not
affect protein stability, and instead acts as a domain that
regulates GA signal (Itoh et al. 2002). The leucine repeat
(LR) and VHIID domains function in dimerization of the
protein which is important for both GA perception and pro-
tein degradation (Itoh etal. 2002), but it is not known
whether dimerization is required for interaction with GID1.
The C-terminal domains of DELLAs interact with the
F-box proteins, SLY1 of Arabidopsis, and the rice SLY1
homolog, GIBBERELLIN INSENSITIVE DWARF?2 (GID2),
leading to degradation of the DELLAs (Dill et al. 2004;
Gomi et al. 2004). The binding of DELLAs to GID1 and
GA must be essential to degradation, while the binding of
DELLAs to F-box proteins is necessary but not sufficient
for degradation. Proteins with DELLA domain mutations
have an increased affinity for interaction with SLY1 but are
stable and not degraded (Dill et al. 2004). Because DELLA
deletion mutations inhibit protein degradation but continue
to repress growth, it is inferred that other regions of the
protein inhibit growth when they are activated by GA
signaling.

The C-terminal domain of DELLA proteins is conserved
among a larger group of proteins which all contain this
domain, which is named GRAS [GAI, RGA and SCARE-
CROW (SCR)]. There are approximately 33 GRAS
domain-containing proteins in Arabidopsis that function in
various aspects of growth and development and there is
considerable variation in the presence of other motifs
among these proteins (Pysh et al. 1999; Bolle 2004; Tian
et al. 2004). The GRAS domain has two subdomains, SH2-
like and SAW. Although neither were tested by deletion
analysis, both are conserved among DELLA proteins, and
mutations in these regions can affect the repressor function
of the protein. Although the animal SH2-like domain binds
phosphotyrosine-modified proteins, there is no evidence
that any SH2-like domains are functional in plants (Rich-
ards et al. 2000). The function of the SAW domain is
unknown. It is not clear whether the C-terminal domain that
interacts with F-Box proteins is synonymous with the defi-
ned GRAS domain, whether GRAS domains always inter-
act with F-box proteins, or whether GRAS domains have
additional specialized functions. There is a separate rice
GRAS protein, SLR1-likel that is composed primarily of
the C-terminal domain with a shortened pS/T/V and intact
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LR and VHIID domains (Itoh et al. 2005b). GA regulates
the transcriptional expression of SLRI-likel, but not degra-
dation of the protein. Itoh et al. (2005b) propose that this
protein may act as a buffer against the effects of a sudden
increase in GA level. This may be an important function as
the Arabidopsis RGL1 is also resistant to GA-regulated
degradation (Wen and Chang 2002).

DELLA activation

Understanding how DELLAs become activated is one of
the most important issues for understanding GA signaling.
It is unclear how GA activates DELLA while at the same
time causing DELLA degradation through binding of GA/
GID1/DELLA (Fig. 3). It has been proposed that these two
separate functions are the result of GA acting on two differ-
ent domains of the protein. Binding of GA/GID1/DELLA
is dependent on the DELLA domain, while activation by
GA is dependent on the pS/T/V domain. Transgenic plants
that overexpress a DELLA lacking the pS/T/V domain
remained responsive to GA and their protein stability was
not affected suggesting that this domain is activated by GA
but not affected in GA/GID1 binding and degradation (Itoh
etal. 2002). However, transgenic plants containing the
DELLASs lacking pS/T/V were shorter in stature than plants
that overexpress the wild-type protein. Since these plants
were shorter rather than taller, it was hypothesized that the
pS/T/V site is subject to both positive and negative regula-
tion via alternative posttranslational modification of serine
and/or threonine amino acids with phosphorylation or the
addition of N-acetyl glucosamine modification (Itoh et al.
2002). Such modification could determine DELLA protein
interaction partners or localization of the protein. A further
complication to the story is that degradation by the 26S pro-
teasome typically involves phosphorylation of the protein
that is to be degraded prior to interaction with F-Box pro-
teins. Therefore, it is important to examine the posttransla-
tional modification of specific amino acids within each
domain of DELLA proteins.

To examine whether phosphorylation has any role in
DELLA function, Hussain etal. (2005) compared the
effects of serine/threonine kinase and phosphatase inhibitor
treatments on stabilization of the Arabidopsis RGL2
DELLA protein in cultured tobacco cells. Surprisingly,
their results suggested that RGL2 dephosphorylation, and
not phosphorylation, is a necessary step in degradation.
Next, they tested the effects of single serine/threonine to
alanine substitutions on RGL2 stability. Six of these substi-
tutions had greater stability than RGL2, but their GA
repressor function was still active. Since GA signal repres-
sion was still functional, this result does not support the
hypothesis that phosphorylation is key to the GA activation

of DELLAs. The role of tyrosine phosphorylation in RGL2
stability was also tested, but the results were inconclusive
(Hussain et al. 2007). The role of phosphorylation in rice
SLR1 DELLA protein function is also unclear. Both phos-
phorylated and unphosphorylated forms had similar half-
lives after GA application, and showed equal affinity
toward the rice GID2 F-box protein (Itoh et al. 2005a). One
possible explanation for these conflicting results is that
these two SLR1 forms have differential protein interactions
or that GA signaling differentially affects their subcellular
localization. Another possible explanation for these puz-
zling results is that signaling may involve a different type of
serine/threonine posttranslational modification. Modifica-
tion with N-acetyl glucosamine (O-GIcNAc) to serine/thre-
onine amino acids of substrate proteins can function alone
or in competition with phosphorylation to affect protein
function in animals (Hart et al. 2007). In some cases, the
presence of either modification at a single serine or threo-
nine can affect function, while sometimes the status of sev-
eral sites affects function. The SPINDLY (SPY) protein
was identified in a screen for negative regulators of GA sig-
naling and functions as an O-GIcNAc transferase (Jacobsen
et al. 1996; Thornton et al. 1999; Olszewski et al. 2002).
Although the role of this modification in DELLA signaling
has not been established, rice plants with reduced levels of
SPY have increased levels of GA signaling and a change in
the phosphorylation status of SLR1 protein (Shimada et al.
2006). SECRET AGENT is also an O-GlcNAc transferase
and functions redundantly with SPY in some pathways, but
has a minor, if any, role in GA signaling (Hartweck et al.
2006).

Additional experiments are needed to clarify whether
posttranslational modification has a role in DELLA func-
tion, but a hypothetical model suggests a mechanism for
DELLA modification and function (Fig. 3c). Several labs
have shown that wild-type and mutant plants contain non-
phosphorylated DELLAs as well as DELLAs with multiple
phosphorylations (Itoh et al. 2002; Shimada et al. 2006;
Silverstone et al. 2006; Hussain et al. 2007). The ratio does
not change with GA application, but there are more phos-
phorylated or alternative mass forms when the levels of
SPY protein are reduced (Shimada et al. 2006; Silverstone
et al. 2007). It is possible that non-phosphorylated DELLAS
have some suppressive activity without O-GIcNAc modifi-
cation, or that it is a cumulative level of phosphorylation
and O-GlcNAc modification that gives DELLAs sup-
pressive activity; however, this model is speculative, as
O-GlIcNAc modification of DELLAS has not been shown.

Two other proteins of the GRAS family, SHORT ROOT
(SHR) and SCR interact with each other to affect the sub-
cellular localization of SHR and the transcription of SCR
(Cui et al. 2007). The proteins interact through the LR and
VHIID motifs that are also present in the DELLAs. It is
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known that the dimerization of DELLA proteins is impor-
tant for their activity in GA signaling (Itoh et al. 2002). But
it is an open question as to whether DELLA posttransla-
tional modification affects dimerization or whether the for-
mation of heterodimers between DELLAs and/or other
GRAS proteins affect the GA pathway.

GA-regulated transcriptional networks

To learn more about how GA affects growth and develop-
ment, global transcript profiling has been used to identify
genes that are regulated by GA. To discriminate between
genes that are directly regulated by GA and those that
change due to secondary effects, Ogawa et al. (2003) per-
formed a time course with wild-type or gibberellin deficient
germinating Arabidopsis seeds that had been treated with
GA or a control. The transcriptional levels of only a small
number of genes (19) appeared to be affected by GA appli-
cation at either 1 or 3 h. This observation that only a few
genes are affected by GA application has been indepen-
dently verified by researchers performing experiments
involving Arabidopsis seedlings (Nemhauser et al. 2006;
Zentella et al. 2007) and rice aleurone cells (Bethke et al.
2006). Many of the identified genes encode GA biosynthe-
sis enzymes and GID receptors, suggesting that GA homeo-
stasis is of major importance. The small number of
identified genes suggests that GA works mainly through
changes in only a few genes with large effects, through
many genes with changes too small or localized to measure,
and/or through changes that could not be observed in tran-
script profiling, such as posttranscriptional changes to exist-
ing proteins.

Since DELLASs appear to regulate most GA responses,
another way to identify GA-regulated genes is to identify
genes regulated by DELLAS. In an examination of GA defi-
cient plants lacking full DELLA protein expression Cao
et al. (2006) found that 40-60% of the 1,208 GA seed- and
flower-regulated genes are also controlled by DELLAs.
This larger number of genes reflects both primary and sec-
ondary effect transcripts. Most of the co-regulated genes
were unique to either seeds or flowers. In an independent
analysis, Zentella et al. (2007) used an inducible DELLA
with a deletion in the DELLA domain (rga-A17) which sta-
bilized the protein and resulted in dwarf GA-resistant
plants. This inducible construct was used to identify genes
that are primary targets of DELLAs and to avoid secondary
effects of DELLAs on transcription. After induction and
harvesting of 8-day-old seedlings, a small number of genes
(14) were identified that are regulated by both GA and
DELLA. At least 12 of these genes were not tissue specific
because they were found in seedlings (Zentella et al. 2007)
and also in seed and flower data sets (Cao et al. 2006). In
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support of the model that DELLAs are negative regulators
of GA signaling, all were either GA induced and DELLA
repressed (Cao et al. 2006) or GA repressed and DELLA
induced (Cao et al. 2006; Zentella et al. 2007). The func-
tional categories of the 14 co-regulated genes include GA
biosynthesis/signaling, transcriptional regulation, protein
binding, or protein degradation (Cao et al. 2006; Zentella
et al. 2007). The remaining co-regulated genes identified by
Cao et al. (2006) function in metabolism; have DNA/RNA,
ion, or protein binding motifs; or have functions in biotic or
abiotic stress. In another experiment to identify immediate
DELLA transcriptional targets within flowers, DELLA
transcription was induced at the same time as cyclohexa-
mide was applied (Hou et al. 2008). Although most of the
>700 identified genes were unique, the functional category
profiles were similar with previous experiments (Hou et al.
2008). Two of the identified DELLA targets were also
identified by Cao et al. (2006), but none were identified by
Zentella et al. (2007), again suggesting that DELLAs regu-
late different genes at different times and places. One direct
DELLA target encodes a glutaredoxin-like protein that
when over-expressed had floral phenotypes similar to
rga-A17 plants (Hou et al. 2008). Similar to the results of
Zentella et al. (2007), only a portion of the genes affected
by DELLAs were previously identified as being affected by
GA (120 of 806; Hou et al. 2008). Whether all GA signal-
ing functions through DELLAs as suggested by mutant
studies is not clear. As mentioned above, Cao et al. (2006)
found that only 40-60% of GA-regulated genes are also
regulated by DELLAs. However, Zentella et al. (2007)
found experimental difficulties assessing the relative
changes in transcription levels compared to controls, and
they propose that additional experiments will be needed to
answer this question.

It has been postulated that DELLAs function as tran-
scriptional repressors of genes involved in GA signaling
(Olszewski et al. 2002). To test this hypothesis, Zentella
et al. (2007) performed a chromatin immunoprecipitation
(ChIP) experiment with a RGA tandem affinity tagged
fusion protein and performed PCR to determine whether
RGA was associated with the promoters of any of the
DELLA and GA co-regulated genes identified by micro-
array analysis. Eight appeared to be transcriptional targets
of RGA, but additional experiments such as electrophoretic
mobility shift assays will be needed to test whether RGA
binds DNA directly, or through interactions with other pro-
teins. RGA activates transcription of these targets which are
expected to be negative regulators of GA signaling. Inter-
estingly, the putative promoter regions of GID1 genes, but
not GA biosynthesis genes, were enriched by ChIP, demon-
strating a complexity in feedback regulation that needs to
be understood in greater detail. One of the targets of RGA is
Xerico, a gene whose overexpression leads to upregulation
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of ABA levels. This exciting result suggests that one of the
ways that DELLAs act as negative regulators of GA is by
activating the ABA pathway that antagonizes GA signaling.

Interaction of GA and light signaling pathways

Light affects gibberellin biosynthesis, catabolism and
GA response in numerous ways (Olszewski et al. 2002;
Yamaguchi 2008). Recent experiments describe some of
the ways light and gibberellin signaling converge to affect
seedling growth (Alabadi et al. 2008; de Lucas et al. 2008;
Feng etal. 2008). During Arabidopsis germination, the
seed imbibes water and the root radical begins to grow, rup-
turing first the endosperm and then the testa. In darkness,
seedlings demonstrate etiolated growth: the hypocotyl elon-
gates, the cotyledons remain closed and form a hook until
the seedling senses light. PHYTOCHROME INTERACT-
ING FACTOR (PIF) proteins bind to promoter elements
and activate the transcription of genes needed for etiolated
growth. In light, hypocotyl elongation slows, the cotyle-
dons open, and photosynthesis begins. One of the seedling
light sensors is PHYTOCHROME B (PHYB). Upon illu-
mination, PHYB translocates from the cytoplasm to the
nucleus. In the nucleus PHYB and PIFs interact and are
degraded. Without PIF, the genes needed for etiolated
growth in the dark are turned off. PIFs typically have three
conserved domains: a phytochrome interacting domain, a
domain that binds DNA and a separate domain that con-
tains a basic helix—loop-helix domain that can function in
protein—protein interactions. Recent results show that
DELLA proteins bind with PIF3, 4, and 5 and interfere with

(a) (b)

genes for elongation growth

Fig. 4 Model of the interaction between GA and light signaling path-
ways. In the absence of GA and light, DELLA and PIF proteins are sta-
ble and bind together (a). This prevents PIF protein binding to
promoters of genes that promote elongation growth. In the presence of
GA, binding of the GA receptor, GID1, leads to interaction with DEL-
LAs, F-Box protein (FBP) and proteasomal degradation of DELLAs

genes for elongation growth

PIF binding at the promoters of genes for growth in the
dark (de Lucas et al. 2008; Feng et al. 2008). GA promotes
growth by causing the destruction of DELLAs though the
GA/GID1/DELLA interaction, leaving PIF proteins to pro-
mote growth through transcriptional regulation (Fig. 4).
Therefore, PIF-regulated etiolated growth requires both the
absence of light and the presence of GA. In addition, light
signaling through CONSTITUTIVE PHOTOMORPHO-
GENIC 1 (COP1), an E3 ubiquitin ligase, which is part of a
light regulated proteasome complex, and GA signaling
through DELLAs effect the accumulation of LONG HYPO-
COTYL 5 (HYY), a basic leucine zipper transcription factor
that regulates photomorphogenesis (Alabadi et al. 2008).

PIF genes may have additional functions in GA signal-
ing as well. The PIF1/PILS protein binds to G-box elements
within RGA and GAI promoters and induces their tran-
scription (Oh etal. 2007). An interesting question is
whether PIF1 protein binds RGA or GAI protein. If so, it
would create a negative feedback loop, whereby increased
transcription/translation of RGA/GAI would provide
increased RGA/GAI protein to bind PIF1 in the dark. It is
known that PIF1 indirectly decreases the levels of active
GAs, and increases the levels of ABA, a plant hormone that
can function antagonistically to GA (Oh et al. 2007). It is
not known how this indirect action is achieved. There are a
number of other related PIF genes in the Arabidopsis
genome that may act through DELLA proteins in diverse
processes throughout the plant (Castillon et al. 2007). It
will be important to discover whether the PIF/DELLA
example can serve as a general model to explain how
DELLA proteins function indirectly as transcription
factors.

genes for elongation growth

(b). In the absence of DELLAS, PIF proteins bind to promoters of
genes that promote elongation growth. With combined light and GA
signaling, PIFs and DELLAs are degraded, and the PIF-mediated
promotion of growth is abolished (¢). Note that these processes are not
all-or-nothing. The levels of GA and light regulate the amount of
elongation growth through PIF and DELLA proteins

@ Springer
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Interaction of GA and other hormone signaling
pathways

A number of physiological studies have indicated signifi-
cant crosstalk between GA and other plant hormones such
as abscisic acid (ABA), auxin, cytokinin, and ethylene.
However, some microarray experiments suggest that there
is very little crosstalk between hormones (Nemhauser et al.
2006). Some explanations for this inconsistency are dis-
cussed below as the interactions between GA and other
hormones are reviewed.

The relationship of ABA and GA highlights some of the
difficulties in determining how hormones interact in plants.
ABA and GA can have directly antagonistic effects, where
each negatively regulates the transcription of the biosyn-
thetic genes of the other (Gomez-Cadenas et al. 2001; Oh
et al. 2007; Zentella et al. 2007; Gubler et al. 2008; Sawada
et al. 2008; Toh et al. 2008). This direct effect on hormone
levels can make it difficult to distinguish whether a signal-
ing pathway influences only the biosynthesis of the other or
whether the signaling pathway itself interacts with the sig-
naling pathway of the other. Support that the two signaling
pathways interact with each other comes from evidence that
GA and ABA have antagonistic effects on the promoters of
specific genes (Gomez-Cadenas et al. 2001; Xie et al. 20006;
Oh et al. 2007; Zentella et al. 2007; Johnson et al. 2008;
Sawada et al. 2008). Furthermore, global transcript profil-
ing in both Arabidopsis and cereals confirms that many
GA-regulated genes contain both GA- and ABA-responsive
promoter elements (Ogawa et al. 2003; Cao et al. 2006; Xie
et al. 2006; Sreenivasulu et al. 2008). Additionally, the evi-
dence that RGA affects transcription of Xerico which
affects ABA levels demonstrates crosstalk between the sig-
naling pathways (Zentella et al. 2007). However, when hor-
mone treatments were applied to embyroless rice seeds
(Bethke et al. 2006) or when global changes to applied hor-
mones were analyzed in Arabidopsis (Nemhauser et al.
2006), very few genes were regulated by both GA and
ABA. One explanation for these conflicting results is that,
microarray analysis fails to identify the many subtle
transcript changes that are involved in crosstalk between
hormones. An alternative explanation is that, crosstalk is
rare and that DNA-based searching for regulatory promoter
elements leads to a high number of false positive results.

Auxin can positively affect GA biosynthesis (Fu and
Harberd 2003; Wolbang et al. 2007) and application of GA
can positively affect auxin biosynthesis (Nemhauser et al.
2006; Bjorklund et al. 2007; Desgagne-Penix and Sponsel
2008). Conversely, removal of auxin through decapitation
of the apex, or interfering with the auxin signal pathway
results in lower levels of GA in Populus (Bjorklund et al.
2007), Pisum sativum (Ross et al. 2000) and Nicotiana
tabacum (Wolbang and Ross 2001). Just as with ABA, the
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effects of GA and auxin on both biosynthesis and signaling
can be confounding. GA signaling through DELLA pro-
teins is mediated by auxin (Fu and Harberd 2003). Fu and
Harberd (2003) showed that the GA-induced degradation of
DELLA proteins is inhibited in plants with reduced polar
auxin transport; therefore, auxin affects both GA biosynthe-
sis and GA signal responsiveness. Global transcript profil-
ing in Populus stems suggests that there is a great deal of
overlap between GA and auxin signaling (Bjorklund et al.
2007). Over 95% of the transcriptional changes associated
with GA application were included among the changes
induced by IAA application. If this is generally true in other
plants and organs, then it is important to note that auxin
response appears to be under circadian regulation (Covington
and Harmer 2007). Given the fact that much of the tran-
scriptome is affected by the clock (Michael et al. 2008), as
well as that many hormone-specific pathways demonstrate
some circadian patterning (Mizuno and Yamashino 2008),
future studies should view the interaction between auxin
and GA within a circadian context.

GAs and cytokinins also influence each other through
both biosynthesis and response pathways (Weiss and Ori
2007). The interaction of these hormones together with
auxin is particularly important for understanding apical
meristem differentiation (Shani et al. 2006). KNOTTEDI1-
like homeodomain protein family members (KNOX) are
needed to maintain a central nondifferentiating stem cell
zone below the apex and to create peripheral regions where
incipient leaves emerge by cell differentiation. Within the
central zone, KNOX genes repress GA200x, induce GA20x
(Sakamoto et al. 2001; Hay et al. 2002; Chen et al. 2004)
and induce cytokinin biosynthesis gene expression (Rupp
et al. 1999; Hamant et al. 2002; Jasinski et al. 2005; Yanai
et al. 2005), leading to decreased GA and increased cytoki-
nin levels. Polar auxin transport results in the creation of a
site of high auxin concentration in the peripheral zone of
the meristem where the incipient leaf will emerge (Heisler
et al. 2005). When polar auxin transport is elevated, KNOX
gene expression is down-regulated and GA levels increase
and cytokinin levels decrease (Hay et al. 2002). This exam-
ple highlights the need to understand hormone crosstalk in
a specific time and place. In this case, global transcript
analysis would be insufficient for understanding how GAs
and cytokinins interact within the meristem.

Application of an ethylene precursor or increased ethyl-
ene signaling reduces endogenous levels of GAs through
changes in transcription levels of biosynthesis genes and
changes in DELLA protein stability (Achard et al. 2007;
Vandenbussche et al. 2007). The formation of an apical
hook during etiolated growth is regulated by ethylene and
auxin, and is dependant on GA signaling through DELLA
proteins (Achard etal. 2003). Both hormones promote
hypocotyl growth in the light (Peng and Harberd 1997;
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Smalle et al. 1997; De Grauwe et al. 2007). The influence
of ethylene on flowering is also dependent on DELLA pro-
teins (Vriezen et al. 2004; Achard et al. 2007; De Grauwe
et al. 2008;). A global transcript profiling analysis of the
genes induced by GA application to either wild-type or eth-
ylene response mutant plants suggests that ethylene and GA
can have opposite, similar, or differential effects on the reg-
ulation of specific genes (De Grauwe et al. 2007). A recent
tissue-specific transcript meta-analysis suggests that ethyl-
ene and GA have different zones of influence within root
meristems (Dugardeyn et al. 2008). GA affects the apical
tip of the root which contains the meristemic and elonga-
tion zones, and ethylene and auxin influence the elongation
and differentiation zones where root hairs form and elon-
gate. These observations underscore our need to have a
more detailed picture of hormone biosynthesis and signal-
ing in space, circadian time, and developmental time. This
is particularly true given the recent observations that local-
ized expression of GA inactivation genes can influence
flowering as described above.

Evolution of the GA receptor/response system

Three recent papers have explored the evolution of the GA
receptor/response system in plants (Hirano etal. 2007;
Vandenbussche etal. 2007; Yasumura et al. 2007). The
presence of homologs of GID1 and DELLAS in both Physc-
omitrella and Selaginella suggests an early evolutionary
origin for the proteins (Hirano et al. 2007; Yasumura et al.
2007). Physcomitrella is a Bryophyte (moss) and is less
related to modern flowering plants than Selaginella, a
Lycophyte (spike moss) which is one of the first lineages of
vascular plants to diverge from the flowering plant lineage
(Kenrick and Crane 1997; Rensing et al. 2008).
Physcomitrella patens has homologs of DELLA and
GID1 genes, but the proteins do not interact or functionally
substitute for their flowering plants homologs (Fig. 5;
Hirano et al. 2007; Yasumura et al. 2007). However, the
DELLA and GID1 proteins of Selaginella moellendorffii
were able to functionally substitute for SLR1 and GID1 in
rice (Hirano et al. 2007) and the Selaginella kraussiana
DELLA repressed growth in Arabidopsis (Yasumura et al.
2007). S. moellendorffii also contained functional homo-
logs of GID2/SLY1 F-box proteins and GA20ox and
GA3ox (Hirano et al. 2007). It seems that S. moellendorffii
has a functional GA biosynthesis pathway. Some of the
S. moellendorffii GA biosynthesis enzymes were cloned and
expressed in E. coli and shown to be able to catalyze the
synthesis of GA, from precursors. An active species of GA,
GA,, was detected in S. moellendorffii tissues. Application
of active GA to S. moellendorffii caused down regulation of
the GA receptor and biosynthesis genes and degradation of

| Proto-plants

Proto-DELLA
/’ Proto-GID1

Functional
Physcumitreua] -DELLA/GID1

-GA biosynthesis
- feedback reg

Role of GA in
physiology?
Selaginella

When ?

Functional GA signaling
' GA/DELLA/GID1/FBP

Fig. 5 Proposed evolution of GA signaling and response pathway in
plants. Before the divergence of Physcomitrella, GID1 and DELLA
proteins were present, but were incapable of binding to each other.
Sometime after Physcomitrella divergence but before Selaginella
divergence, GA/GID1/DELLA complexes could form and species
such as Selaginella could produce GA,. Although GA-regulated tran-
scriptional feedback control of GA20o0x, GA3ox and GID1 suggests
that GA response is functional in Selaginella, application of GA had no
effect on Selaginella physiology. Whether GA has any physiological
effect in Selaginella or when GA began to have a role in plant growth
and development is unknown

DELLA proteins suggesting that S. moellendorffii also has
a functional GA response pathway providing feedback
response (Hirano et al. 2007). However, GA application did
not appear to have a measurable effect on the physiological
responses in either S. moellendorffii or S. kraussiana
(Hirano et al. 2007; Yasumura et al. 2007). Uniconizole, a
GA biosynthesis inhibitor, reduced the growth of S.
moellendorffii, but application of GA, did not restore
growth. These observations lead to the conclusion that
DELLA and GID1 proteins were the first elements of the
GA signaling system to evolve. The presence of functional
components of the GA signaling system in Lycophytes sug-
gests that GA signaling was acquired during or after diver-
gence of vascular plants from the moss lineage. It will be
important to determine whether GA signaling has any role
in the Selaginella life cycle, and to understand how the GA
signaling system evolved to affect the growth, development
and reproduction of plants.

Conclusion

Recent advances in our understanding of the gibberellin
receptor have suggested a relatively short signaling system
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composed of the receptor and the DELLA negative regula-
tors. DELLA proteins function as partners in protein—pro-
tein interactions to activate or repress transcription. Upon
receipt of the GA signal, GID1 binds to DELLAs and then
DELLASs undergo degradation through the proteasome. GA
signaling also activates DELLAs, but it is not known how
activation is achieved. Many new questions are emerging
from our improved understanding of GA signaling in
plants:

e Does the localized deactivation of GAs occur in tissues
other than the band just below the flowering apex, and do
other types of GA deactivation have a role in develop-
ment?

e Do GIDI, DELLAs, and F-Box proteins have any regu-
lated subcellular localization patterns?

e Is DELLA dimerization important for interaction with

other proteins and do DELLAs heterodimerize?

Why is RGL1 not destabilized by GA?

How are DELLAS activated?

Does all GA signaling occur through DELLASs?

Do DELLAs bind to all members of the PIF family?

Do DELLAs bind other proteins containing basic

helix—loop-helix domains? Does PIF1 bind RGA or

GAI?

e s there circadian regulation of DELLAs or GID1?

e How extensive is hormone crosstalk?

e Are there specific spaciotemporal expression patterns in
GA signaling that are undiscovered?

e Does GA have any role in the life cycle of Selaginella?
How did GA response evolve?
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