
Introduction

Plants continuously balance growth with survival. Unlike 
motile organisms, plants must adjust development in place 
as light, temperature, water status, nutrient availability, 
and biotic pressure fluctuate. Gibberellins (GAs) are 
among the most potent growth-promoting phytohor-
mones, controlling seed germination, cell expansion and 
division, organ elongation, phase transitions, and aspects 
of reproductive development (Olszewski et al. 2002; Sun 
2011). GA biology is also inseparable from agricultural 
history: semi-dwarf “Green Revolution” alleles that alter 
GA metabolism or GA responsiveness increased lodging 
resistance and yield stability in cereals (Peng et al. 1999; 
Sasaki et al. 2002; Alabadi and Sun 2025).

A defining mechanistic feature of GA signaling is that 
it operates largely by de-repression. DELLA proteins—

members of the GRAS family of nuclear regulators—act as 
central repressors of GA responses. When DELLA activity 
is high, growth-promoting transcriptional programs are 
restrained; when GA signaling is high, DELLA repression 
is relieved. In the canonical pathway, bioactive GA binds 
the soluble receptor Gibberellin Insensitive Dwarf1 (GID1), 
enabling formation of a GA–GID1–DELLA complex that 
recruits SCF-type ubiquitin ligases. DELLA proteins 
are ubiquitinated and degraded by the 26S proteasome, 
allowing GA-responsive growth programs to proceed 
(McGinnis et al. 2003; Dill et al. 2004; Murase et al. 2008).

Over the last decade, the simple “DELLA equals deg-
radation” narrative has been refined in several ways. 
First, mechanistic interaction studies established that 
DELLAs are not sequence-specific DNA-binding factors. 
Instead, they act as transcriptional co-regulators that bind 
diverse transcription factors and signaling components, 
thereby reshaping gene regulatory networks (Davière and 

MINI-REVIEW

Beyond proteolysis: the GA–GID1–DELLA module as a tran-
scriptional control hub in plants
Atul Singh1, Monoj Sutradhar2, Shiva Sai Prasad1, Gurudayal Ram Guru3, Satendra Singh4, 
Pramod W Ramteke5,*
1 Department of Agriculture, Koneru Lakshmaiah Education Foundation, Green Fields, Vaddeswaram, A.P. – 
522302, India.

2 Department of Interdisciplinary Research and Discovery, Koneru Lakshmaiah Education Foundation, Green 
Fields, Vaddeswaram, A.P. – 522302, India

3 Centre for Tissue Culture Technology, SHUATS, Prayagraj 221007, India
4 Department of Bioinformatics and Computational Biology, SHUATS, Prayagraj 221007, India
5 Department of Molecular Biology and Genetic Engineering, RTM Nagpur University, Nagpur 440010, India

Gibberellins (GAs) promote growth and developmental transitions 
throughout the plant life cycle. A hallmark of GA action is the control of DELLA proteins, 
master repressors of GA responses. In the canonical pathway, bioactive GA binds the 
soluble receptor GID1, enabling formation of a GA–GID1–DELLA complex that recruits 
SCF-type E3 ubiquitin ligases (e.g., SLY1/SNE (SNEEZY; also called SLY2) in Arabidopsis 
and GID2 in rice) and triggers ubiquitination and 26S proteasome-mediated DELLA 
degradation (McGinnis et al. 2003; Dill et al. 2004; Gomi et al. 2004; Ariizumi et al. 2011). 
However, recent work shows that GA can neutralize DELLA output beyond simple pro-
teolysis. Structural analyses reveal proteolysis-independent suppression of DELLA by 
GA–GID1 binding (Ariizumi et al. 2008; Dahal et al. 2025), chromatin studies show that 
phosphorylation can activate DELLA by promoting histone H2A binding at chromatin, 
and nutrient starvation studies identify ATG8-dependent autophagic DELLA degradation 
during dark skotomorphogenesis. Together, these findings support a hub model in which 
DELLA output depends on abundance, conformation, post-translational modifications, 
interaction partners, and chromatin engagement. We highlight how this expanded view 
of the GA–DELLA module informs precision strategies for crop improvement that tune 
growth–stress trade-offs with reduced pleiotropy.
Acta Biol Szeged 69(2):89-98 (2025)

ABSTRACT	
autophagy
chromatin
gibberellin
hormone crosstalk
ubiquitin-proteasome

KEY WORDS

Volume 69(2):89-98, 2025
Acta Biologica Szegediensis

http://abs.bibl.u-szeged.hu/index.php/abs

Submitted
14 decmber 2025
Accepted
07 February 2026
*Corresponding author
E-mail: pwramteke@gmail.com

cta
iologica

zegediensis
DOI:10.14232/abs.2025.2.89-98

89

ARTICLE INFORMATION

https://abs.bibl.u-szeged.hu/index.php/abs
https://doi.org/10.14232/abs.2025.2.89-98


Achard 2016; Alabadi and Sun 2025). Second, chromatin 
biology has entered the picture: DELLA proteins can in-
fluence promoter states by directly engaging chromatin 
components or recruiting chromatin regulators (Huang 
et al. 2024; Li et al. 2023). Third, non-canonical routes 
of DELLA neutralization and turnover have been dis-
covered, including autophagic DELLA clearance under 
starvation and proteolysis-independent suppression of 
DELLA output by GA–GID1 binding (Zhang et al. 2025; 
Dahal et al. 2025).

A cluster of recent studies is particularly relevant for 
an updated mini-review. First, high-resolution structural 
work clarified how GA–GID1 assemblies can suppress 
DELLA output both by promoting ubiquitination and by 
directly reshaping DELLA interaction surfaces (Dahal et 
al. 2025). Second, chromatin mechanisms provide direct 
routes for tuning DELLA activity: phosphorylation can 
enhance DELLA binding to histone H2A and promoter 
regions (Huang et al. 2024), and in rice DELLA repression 
can be maintained through recruitment of chromatin 
modifiers that establish repressive chromatin states (Li 
et al. 2023). Third, alternative clearance routes have 
been discovered: under starvation in darkness, GA can 
drive ATG8-dependent autophagic DELLA degradation 
to enable skotomorphogenesis (Zhang et al. 2025). To-
gether, these findings shift the emphasis from DELLA 
abundance alone to DELLA activity, interaction capacity, 
and context-specific clearance.

This focused mini-review summarizes (i) how GA 
availability is translated into DELLA control via GID1 
and SCF machinery, (ii) how DELLA proteins regulate 
transcription through partner proteins and chromatin, 
(iii) mechanisms that modulate DELLA activity beyond 
canonical proteasomal turnover, and (iv) implications for 
crop improvement strategies that aim to tune growth–
stress trade-offs with minimal pleiotropy.

The canonical GA–GID1–DELLA pathway

Bioactive GAs are produced and inactivated through a 
conserved enzymatic network. Key late biosynthetic steps 
include oxidation reactions catalyzed by GA20-oxidases 
and GA3-oxidases, whereas GA2-oxidases convert bio-
active GAs to inactive forms (Olszewski et al. 2002). GA 
levels therefore reflect a balance between biosynthesis and 
catabolism, both of which are regulated developmentally 
and in response to environmental cues (Fig. 1).

GA metabolism is also embedded in feedback. When 
GA signaling is strong, transcriptional programs often re-
duce further GA accumulation by repressing biosynthetic 
genes and/or inducing catabolic genes; conversely, when 
GA signaling is low, biosynthesis can be upregulated. The 

net effect is homeostasis—stabilizing the growth state 
in fluctuating environments. For engineering, however, 
feedback means that interventions at a single enzymatic 
step can be partially compensated elsewhere. In prac-
tice, phenotypes can therefore be conditional, appearing 
strongly in one environment and weakly in another.

The identification of GID1 as a soluble GA receptor 
was a turning point for GA biology. In rice, gid1 mutants 
exhibit GA-insensitive dwarfism, and GID1 proteins bind 
GA and interact with DELLA proteins in a GA-dependent 
manner (Ueguchi-Tanaka et al. 2005). Structural stud-
ies revealed that GA binds in a pocket within GID1 and 
is covered by an N-terminal “lid” or switch region. Lid 
closure upon hormone binding exposes a surface that 
engages the conserved DELLA region of DELLA proteins, 
thereby coupling hormone binding to repressor recogni-
tion (Murase et al. 2008; Shimada et al. 2008).

Most angiosperms encode multiple GID1 paralogs. 
In Arabidopsis, GID1A, GID1B, and GID1C act partially 
redundantly but show distinct expression patterns and 
ligand affinity profiles. Receptor diversity provides a 
plausible route for tissue-specific sensitivity: different 
cell types can display different GA thresholds for DELLA 
neutralization, depending on which receptor paralogs are 
expressed and how strongly they bind bioactive GA. This 
concept is useful for translational work because it suggests 
that receptor tuning can shift growth decisions without 
necessarily changing GA pools (Griffiths et al. 2006).

After GA–GID1 binds DELLA, the complex becomes 
a preferred substrate for SCF-type ubiquitin ligases. In 
Arabidopsis, SLEEPY1 (SLY1) encodes an F-box protein 
that acts as the substrate recognition subunit of an SCF 
complex promoting DELLA ubiquitination (McGinnis et 
al. 2003). Loss-of-function sly1 mutants are GA-insensitive 
because DELLA repressors persist. Conversely, biochemi-
cal and genetic evidence showed that SLY1 targets DELLA 
proteins such as RGA and GAI for GA-stimulated ubiqui-
tination and 26S proteasome degradation (Dill et al. 2004). 
In rice, GID2 plays an analogous role (Gomi et al. 2004).

Mechanistically, the requirement for GA–GID1 
binding provides specificity. DELLA proteins are not 
constitutive SCF substrates; rather, GA–GID1 binding 
changes DELLA conformation and/or exposes surfaces 
that facilitate productive recognition by the ubiquitination 
machinery. This coupling helps prevent inappropriate 
DELLA destruction when GA levels are low, preserving 
the ability to restrain growth. It also explains why muta-
tions that impair GA–GID1 binding stabilize DELLAs and 
cause GA-insensitive dwarf phenotypes across species 
(Murase et al. 2008; Alabadi and Sun 2025).

The “inhibitor of an inhibitor” logic of GA–DELLA 
signaling has two practical consequences. First, GA 
responses can be rapid: the pathway removes a pre-
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existing repressor rather than waiting for synthesis of 
new transcription factors (Harberd et al. 2009). Second, 
the system is readily reversible: when GA levels fall, 
DELLA synthesis and reduced turnover allow repressors 
to accumulate again, re-establishing growth restraint. 
These properties make the GA–GID1–DELLA module 
an effective controller of growth plasticity.

Early structural work established the basic recogni-
tion mechanism by solving the crystal structure of a 
GA–GID1–DELLA ternary complex, revealing how the 
GID1 lid covers the hormone and how DELLA motifs 
are presented to the receptor (Murase et al. 2008; Shi-
mada et al. 2008). More recent structural analyses have 
begun to explain why DELLA inactivation is not always 
equivalent to DELLA destruction. A 2025 study reported 
cryo-EM structures of GA-bound GID1A with full-length 
Arabidopsis RGA, including a complex containing the 
SCF substrate adaptor SLY1 and ASK1, and showed that 
GA–GID1 binding can suppress DELLA output through 
both proteolysis-dependent and proteolysis-independent 
mechanisms (Dahal et al. 2025). An earlier study also 
reported proteolysis-independent downregulation of 
DELLA output by GA without immediate DELLA de-
struction (Ariizumi et al. 2008).

These findings support a broadened view: GA can 
neutralize DELLA output through multiple routes, includ-
ing destabilization (canonical), conformational masking/
competition (proteolysis-independent), and in specific 
contexts, alternative clearance pathways such as autophagy 
(Zhang et al. 2025). In other words, GA is not merely a 
trigger for DELLA destruction; it can be a trigger for 
DELLA disengagement from downstream regulators, 
which may precede or even substitute for degradation 
in some cellular contexts (Fig. 1).

DELLA proteins as transcriptional control hubs

DELLAs are GRAS family regulators with two broad 
functional regions. The N-terminal region contains 
conserved motifs (including the DELLA and TVHYNP 
motifs) required for GA–GID1 interaction, as revealed by 
structural studies (Murase et al. 2008). The C-terminal 
GRAS domain provides multiple protein–protein interac-
tion surfaces that support binding to transcription factors, 
co-regulators, and chromatin modifiers. Because DELLA 
proteins possess several interaction interfaces and can 
bind many partners, they behave as hubs that translate 

Figure 1. Canonical GA–GID1–DELLA signaling and dual modes of DELLA suppression. Bioactive GA binds the soluble receptor GID1, enabling 
GA–GID1 association with DELLA proteins. The complex recruits SCF E3 ligases (e.g., SLY1/GID2), promoting DELLA ubiquitination and 26S pro-
teasome degradation. Recent structural data also support a proteolysis-independent mechanism in which GA–GID1 binding remodels DELLA 
interaction surfaces and weakens binding to downstream transcriptional regulators.
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GA status into shifts in transcriptional network behavior 
(Davière and Achard 2016; Alabadi and Sun 2025).

A hub architecture also explains pleiotropy. If a protein 
interacts with many regulators, altering its abundance 
or activity can produce broad phenotypic effects. The 
agricultural success of semi-dwarfing alleles illustrates 
that pleiotropy can be beneficial when it shifts plant archi-
tecture toward lodging resistance and yield stability (Peng 
et al. 1999), but it also underscores the need for precise 
tuning in modern breeding where target environments 
and management practices are diverse (Fig. 2).

Because DELLAs do not bind DNA in a sequence-
specific manner, they regulate transcription by influencing 
other DNA-binding proteins and chromatin states. Four 
non-exclusive mechanisms are frequently invoked. First, 
DELLAs can sequester transcription factors away from 
DNA. Second, DELLA binding can inhibit transcription 
factor activation domains or interfere with recruitment of 
co-activators. Third, DELLAs can reshape multi-protein 
complexes on promoters, changing transcriptional potency 
without fully removing the factors. Fourth, DELLAs can 
recruit chromatin regulators to impose (or maintain) re-
pressive promoter states, effectively “locking” some gene 
expression programs until DELLA output is neutralized.

At the transcriptome level, DELLA output is often 

reflected in coordinated changes in genes involved in 
cell wall remodeling, cell cycle control, and hormone 
metabolism, consistent with the central growth role of GA. 
Because DELLAs participate in feedback on GA metabo-
lism, DELLA-dependent transcription can both interpret 
and reshape GA status. Quantitative aspects of DELLA 
action—how strongly a DELLA constrains transcription 
factor function, how long it remains bound at chroma-
tin, and how it competes with other co-regulators—are 
therefore likely to be as important as simple presence or 
absence (Alabadi and Sun 2025; Davière and Achard 2016). 
Early genome-wide analyses defined DELLA-dependent 
GA transcriptional targets and feedback regulation of GA 
metabolism (Zentella et al. 2007).

It is therefore useful to distinguish DELLA abundance 
from DELLA output. Protein abundance is an important 
determinant of output, but so are partner availability, 
post-translational modifications, and chromatin context. 
This distinction becomes particularly important when 
interpreting experiments or breeding phenotypes where 
DELLA levels change only modestly but downstream 
transcription changes substantially (Huang et al. 2024; 
Dahal et al. 2025).

The integration of GA with light signaling is one of the 
best-studied examples of DELLA hub function. PHYTO-

Figure 2. DELLA as an integrative transcriptional control hub. DELLA proteins interact with multiple regulatory modules, including light/PIF, 
BR/BZR1, and JA/JAZ–MYC networks. DELLA output can also be tuned by post-translational modifications, chromatin association (e.g., histone 
H2A binding; recruitment of PRC2/HDAC), and alternative turnover such as ATG8-dependent autophagy. The combined network implements 
context-dependent growth–stress trade-offs.
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CHROME INTERACTING FACTORs (PIFs) are bHLH 
transcription factors that promote elongation growth 
and shade avoidance. DELLAs interact directly with PIFs 
and antagonize their ability to promote elongation. The 
coordinated regulation of Arabidopsis development by 
light and GA provided early evidence that DELLA–PIF 
interactions are a core mechanism for gating elongation 
(Feng et al. 2008; de Lucas et al. 2008).

DELLA–PIF regulation is not limited to sequestra-
tion. DELLAs can also reduce PIF protein abundance 
through the ubiquitin–proteasome system, providing an 
additional layer of repression beyond direct inhibition of 
transcriptional activity (Li et al. 2016). The existence of 
both activity inhibition and protein abundance control 
at the PIF node illustrates a broader point: DELLA hubs 
can impose multi-layer control on key transcriptional 
regulators, thereby sharpening growth decisions in re-
sponse to GA status.

Brassinosteroids (BRs) promote cell expansion and 
organ elongation, and BR and GA outputs are often 
synergistic. Molecular crosstalk occurs directly at the 
level of transcriptional regulators. The BR-responsive 
transcription factor BZR1 interacts with DELLAs, and this 
interaction mediates direct signaling crosstalk between 
BR and GA pathways (Li et al. 2012). A practical inter-
pretation is that BR can drive a growth transcriptional 
program, while GA reduces DELLA constraint to allow 
BZR1 and related factors to execute that program. A shared 
transcription module integrating BR, GA, and light has 
been described, linking BR/GA signals with phytochrome 
inputs (Bai et al. 2012). Consistent with this view, GA–BR 
crosstalk at the DELLA–BZR1 node can tune growth and 
stress-response outputs in a context-dependent manner 
(Gallego-Bartolomé et al. 2012).

For systems thinking, DELLA–BZR1 crosstalk demon-
strates how a single hub can harmonize multiple growth 
signals. If BR is high but GA is low, DELLA repression 
can prevent costly elongation. If both hormones are high, 
repression is relieved and growth proceeds. Such gating 
prevents incoherent outputs in a fluctuating environment 
and contributes to the robustness of growth control.

Defense signaling frequently antagonizes growth. 
Jasmonates ( JAs) are central regulators of defense and 
wound responses, with JAZ proteins acting as repres-
sors and MYC transcription factors acting as activators 
of JA responses. DELLA proteins can bind JAZ proteins, 
enabling GA status to modulate JA signaling outputs. 
In Arabidopsis, DELLAs were shown to bind JAZ and to 
promote a transcriptional module involving WD-repeat/
bHLH/MYB complexes, linking growth and defense 
regulation (Qi et al. 2014). JA signaling can also interfere 
with the GA–DELLA–PIF growth cascade and prioritize 
defense over growth (Yang et al. 2012).

DELLAs also intersect with MYC2, a key JA-responsive 
transcription factor. DELLA–MYC2 interaction contrib-
utes to regulation of specialized metabolism; for example, 
DELLA interaction with MYC2 influences sesquiterpene 
synthase gene expression in Arabidopsis (Hong et al. 2012). 
These examples support the view that DELLAs do not 
simply suppress growth; they re-prioritize transcrip-
tional programs based on hormone context, potentially 
shifting investment toward defense-associated outputs 
when GA is low.

Beyond transcription factor binding, recent evidence 
supports direct chromatin engagement by DELLAs. In 
Arabidopsis, phosphorylation of the DELLA protein RGA 
was shown to activate DELLA output by promoting 
binding to histone H2A at chromatin and increasing 
association with target promoters (Huang et al. 2024). 
This mechanism provides a clear example of how DELLA 
activity can increase without a corresponding increase 
in protein abundance. In principle, phosphorylation-
dependent chromatin binding couples external cues (for 
example, stress-activated kinase pathways) to GA output 
by tuning promoter residence time of DELLAs.

In rice, DELLA-mediated repression can be maintained 
through chromatin modification. The rice DELLA pro-
tein SLR1 was shown to form a tripartite complex with 
Polycomb-repressive complex 2 and a histone deacety-
lase, which together establish a silent chromatin state at 
GA-inducible genes; GA signaling and SLR1 loss disrupt 
this state, enabling gene induction (Li et al. 2023). This 
finding is important for crops because it suggests that 
DELLA output can include a memory-like chromatin 
component, potentially making GA responses more 
switch-like in certain tissues.

The interaction and chromatin mechanisms described 
above converge on a unifying concept: DELLA proteins 
function as context-dependent gates that raise or lower the 
probability that growth-promoting transcriptional states 
will be adopted. When DELLA output is high, multiple 
growth regulators (e.g., PIFs, BZR1-associated factors) 
are constrained, and chromatin at GA-inducible loci may 
remain in repressive states. When GA neutralizes DELLA 
output, these constraints are removed, and transcription 
factor networks can shift rapidly toward growth. Because 
the set of DELLA partners differs between tissues and 
developmental stages, the same change in GA can yield 
different transcriptional outcomes in different contexts.

Beyond canonical SCF-proteasome degradation: 
tuning DELLA output

Most plants encode multiple DELLA paralogs that act 
redundantly to some extent, but can show specialization 
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in expression and partner interactions. This architecture 
increases robustness, yet it also implies that global ma-
nipulation of GA signaling often produces pleiotropy. 
Tissue-specific or stage-specific modulation of particular 
DELLA paralogs is therefore an appealing strategy for 
tailoring phenotypes.

GA signaling is embedded in feedback loops that 
regulate GA biosynthesis and catabolism, contributing to 
homeostasis (Olszewski et al. 2002; Gao et al. 2011). From 
an applied perspective, feedback means that phenotypes 
can drift across environments or developmental stages. 
For example, a genotype with increased GA sensitivity 
might compensate by inducing GA catabolism, reducing 
the net effect under certain conditions. Designing durable 
traits therefore benefits from measuring both GA levels 
and DELLA output in relevant environments.

In addition to ubiquitination, DELLA proteins are 
regulated by post-translational modifications (PTMs) 
that can affect stability, localization, partner binding, 
and chromatin association. A synthesis of PTM mecha-
nisms and concepts is provided by Blanco-Touriñán and 
colleagues (Blanco-Touriñán et al. 2020). PTMs enable 
graded control: rather than switching DELLA fully “on” 
or “off” by changing abundance, cells can modulate 
DELLA potency through modifications that change 
how strongly DELLAs bind partners or chromatin. For 
example, SUMO conjugation of DELLAs can restrain 
growth in a GA-independent manner under stress (Conti 
et al. 2014). In addition, O-fucosylation by SPINDLY can 
enhance DELLA activity and modulate interactions with 
other growth regulators (Zentella et al. 2017).

From a network perspective, PTMs are attractive 
because they provide a route for other signaling path-
ways (e.g., stress-activated kinases or nutrient-responsive 
modification enzymes) to tune GA responsiveness without 
changing GA concentration. This can generate rapid, 
reversible modulation of growth restraint. For example, 
if a stress cue increases a modification that strengthens 
DELLA–chromatin binding or DELLA–partner binding, 
growth can be restrained even if GA levels are not drasti-
cally reduced. Conversely, removing such modifications 
could enable rapid growth recovery. These concepts sug-
gest that PTM enzymes and their upstream regulators may 
be underappreciated breeding targets for context-specific 
control (Blanco-Touriñán et al. 2020).

Phosphorylation-dependent activation of RGA via 
histone H2A binding is a concrete example of this rheostat 
model (Huang et al. 2024). Mechanistically, phosphoryla-
tion may expose or stabilize chromatin-binding interfaces, 
increasing promoter residence time. Conceptually, PTM-
based control offers a rapid route for integrating stress 
signaling with GA responses because PTMs can change 
on timescales faster than transcriptional reprogramming 

of GA metabolism.
A striking recent advance is the demonstration that 

GA can promote DELLA clearance via autophagy in a 
specific physiological setting. Under nutrient starva-
tion in darkness, GA-induced seed germination and 
skotomorphogenesis were shown to depend in part on 
ATG8-dependent autophagic degradation of DELLA 
proteins in Arabidopsis (Zhang et al. 2025). GA promoted 
nuclear export of DELLA proteins and ATG8, increased 
their co-localization in autophagosomes, and stimulated 
autophagosome formation. These data support a non-
canonical route for DELLA turnover that complements 
SCF-proteasome degradation.

Autophagic DELLA degradation is conceptually in-
formative because it couples hormone signaling to a 
major cellular recycling pathway. During early growth 
in darkness, seedlings depend on internal reserves. Au-
tophagy recycles macromolecules and supports energy 
homeostasis, while GA drives developmental progression. 
Linking GA signaling to autophagic removal of a growth 
repressor may ensure that developmental transitions 
proceed even under resource limitation, while simultane-
ously mobilizing resources to support growth.

The existence of alternative degradation routes also 
has methodological implications. Experiments that infer 
GA signaling solely from proteasome inhibitors or ubiq-
uitination assays may miss context-specific autophagic 
contributions. Conversely, breeding and engineering 
strategies that target ubiquitination components may not 
fully control DELLA output in conditions where autoph-
agy participates. Future work defining when autophagy 
dominates, and how it interacts with SCF-proteasome 
turnover, will be important for a unified quantitative 
model of DELLA regulation.

Structural and biochemical work indicates that GA-
bound GID1 can suppress DELLA output without immedi-
ate destruction by reshaping DELLA interaction surfaces 
and weakening binding to downstream regulators (Dahal 
et al. 2025). This mechanism implies that DELLA abun-
dance is not always a faithful proxy for DELLA activity. 
From a practical standpoint, interpreting phenotypes 
may require functional readouts such as transcriptional 
targets, partner occupancy, or chromatin association, 
especially in cases where GA levels change rapidly or 
where DELLA PTMs tune activity.

Network integration: environment-dependent 
outputs of the GA–DELLA hub

Many environmental stresses reduce growth. GA–DELLA 
signaling provides an efficient mechanism to implement 
this: stresses frequently reduce bioactive GA levels, in-
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crease DELLA abundance or activity, and restrain elonga-
tion and other growth outputs. This restraint conserves 
resources and can improve survival. Conversely, when 
conditions are favorable, GA-mediated suppression of 
DELLA output enables rapid growth and developmental 
progression.

DELLAs also integrate multiple hormone and envi-
ronmental signals beyond GA itself. A foundational study 
demonstrated that DELLAs integrate environmentally 
activated phytohormonal signals, helping explain how 
diverse inputs converge on growth restraint (Achard et 
al. 2006). Subsequent work provided mechanistic bases 
for this integration at the interaction level: DELLAs 
bind regulators from multiple hormone pathways and 
environmental signaling circuits (Davière and Achard 
2016; Harberd et al. 2009). Thus, GA can be viewed as 
a controller that adjusts the effective strength of other 
pathways by modulating a shared transcriptional gate.

Light quality and photoperiod shape GA metabolism 
and responsiveness, and DELLA–PIF interactions gate 
light-regulated elongation programs (Feng et al. 2008; Li 
et al. 2016). In shade avoidance, increased GA signaling 
can amplify elongation, whereas DELLA accumulation 
can prevent elongation when resources are limiting. This 
gating is important because uncontrolled elongation can 
reduce mechanical stability and divert resources from 
reproduction.

Temperature also influences elongation and devel-
opmental timing. Although a full thermomorphogenesis 
review is outside the scope of this mini-review, the central 
idea is that GA–DELLA outputs depend on temperature-
sensitive networks and that DELLA hubs are positioned 
to translate these networks into growth decisions. In 
practical terms, this means that GA-related traits selected 
in one climate may behave differently in another, empha-
sizing the importance of multi-environment phenotyping.

Abscisic acid (ABA) promotes stress tolerance and 
often suppresses growth. GA and ABA frequently act 
antagonistically, particularly during germination. Under 
water deficit, reduced GA levels and enhanced DELLA 
output contribute to growth restraint and can support 
stress-adaptive transcription. From a breeding perspective, 
this creates a trade-off: genotypes with strong GA re-
sponsiveness may perform well under irrigation, whereas 
genotypes with higher DELLA restraint may better toler-
ate drought at the cost of maximal growth.

The hub view offers a route to reconcile this trade-off. 
Rather than globally increasing DELLA output, one can 
aim to increase DELLA-mediated restraint only under 
stress or in specific tissues. For example, modulating 
DELLA chromatin association (Huang et al. 2024) or 
using stress-responsive promoters for DELLA expression 
could, in principle, restrain growth during drought while 

permitting growth recovery after stress release.
Nutrient limitation constrains growth and can shift 

hormone signaling priorities. The discovery of GA-
triggered autophagic DELLA degradation under starva-
tion suggests that plants can reconfigure DELLA control 
depending on physiological state (Zhang et al. 2025). In 
some contexts, retaining DELLA repression may conserve 
resources; in others, especially during germination or 
establishment, removing DELLA may be required for 
developmental progression.

This context dependence implies that GA sensitivity 
should be evaluated not only under optimal nutrition but 
also under nutrient-limited conditions that resemble field 
realities. It also suggests that breeding for nutrient use 
efficiency may inadvertently select for altered GA–DELLA 
behavior, because growth rate, resource allocation, and 
hormone regulation are tightly coupled.

Biotic stress responses often antagonize growth, and 
DELLA hubs can contribute to this antagonism by inter-
acting with defense regulators. DELLA interaction with 
JAZ proteins and with MYC2 provides routes for coordi-
nating growth and jasmonate-dependent programs (Qi et 
al. 2014; Hong et al. 2012). Whether DELLA stabilization 
improves resistance depends on the pathosystem and 
the environment, but the mechanistic principle is that 
DELLA-dependent constraint on growth can accompany 
re-prioritization toward defense-associated transcription.

For crop systems, the key metric is frequently yield 
stability rather than maximal resistance. Semi-dwarfing 
alleles already illustrate that increased DELLA restraint 
can stabilize performance by preventing lodging. In a 
similar way, moderate DELLA-based restraint might 
stabilize yield under combined stresses by preventing 
excessively aggressive growth that becomes unsustain-
able under pathogen pressure or resource limitation. 
Testing this idea requires integrated phenotyping that 
measures both defense outcomes and yield components 
across environments.

Translational relevance: crop improvement 
through DELLA tuning

The Green Revolution demonstrated that GA pathways 
are high-leverage targets for plant architecture. In rice, 
the semi-dwarf sd1 allele corresponds to a defect in GA 
biosynthesis that lowers GA levels and reduces plant height 
(Sasaki et al. 2002). In wheat, Reduced height (Rht) alleles 
encode DELLA variants that reduce GA responsiveness, 
leading to semi-dwarfism and improved lodging resistance 
under high input agriculture (Peng et al. 1999; Alabadi and 
Sun 2025). These examples illustrate two major interven-
tion strategies: reduce GA input (biosynthesis) or reduce 
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GA signal output (DELLA responsiveness).
Importantly, these alleles are not simply “growth 

reducing.” By shifting biomass allocation and increasing 
harvest index, they improved yield stability and allowed 
crops to exploit fertilizer inputs without lodging. However, 
their pleiotropic effects can be context dependent. For 
example, altered emergence traits or seedling vigor can 
be problematic in some environments. This underscores 
why modern DELLA engineering should aim for precision 
rather than maximal stabilization.

Beyond height, GA–DELLA signaling influences 
branching/tillering, root system architecture, flower-
ing time, seed germination and dormancy, and responses 
to abiotic stress. Because DELLAs are hubs, modifying 
their output can affect multiple traits simultaneously. 
For example, semi-dwarfing alleles that stabilize DELLA 
activity can change seedling vigor, canopy architecture, 
and resource allocation, which may in turn influence 
root development and stress resilience. This breadth 
can be exploited, but it also demands careful multi-trait 
evaluation.

This breadth can be exploited, but it also demands 
careful evaluation. A DELLA intervention that improves 
lodging resistance may inadvertently alter flowering time 
or seedling emergence. Conversely, modest changes in 
root architecture may have large effects on water and 
nutrient acquisition, which can feed back to hormone 
levels and further modify growth. Therefore, trait-based 
design should be supported by mechanistic knowledge 
of which DELLA paralogs and partners dominate in the 
tissues of interest.

Genome editing expands the design space for GA–
DELLA manipulation. One strategy is cis-regulatory tun-
ing: editing promoters or enhancers to adjust expression 
of DELLA genes, GID1 receptors, or GA metabolism genes 
in specific tissues or developmental stages. Because coding 
sequences remain intact, native interaction specificity is 
preserved while dosage changes shift the growth–restraint 
balance. Tissue-specific promoters can, in principle, re-
duce GA responsiveness in stems while preserving GA 
functions needed in reproductive tissues or germination.

A second strategy is to tune receptor sensitivity. Be-
cause GID1 receptors set the coupling between GA and 
DELLA neutralization, altering receptor dosage or ligand 
affinity could shift the GA concentration needed to sup-
press DELLA output. Receptor tuning may be particularly 
useful where GA metabolism is constrained by other 
developmental processes.

A third, more ambitious strategy is interface engi-
neering guided by structural insight. Recent structures 
show that GA–GID1 can suppress DELLA in proteolysis-
independent ways by remodeling DELLA interaction sur-
faces (Dahal et al. 2025). In principle, modifying DELLA 

or GID1 interfaces could decouple some outputs from 
others—for example, retaining enough DELLA function 
to restrain stem elongation while allowing adequate GA 
responsiveness in seeds or roots. However, because DEL-
LAs interact with many partners, interface changes can 
have unpredictable network effects and must be validated 
across multiple tissues and environments.

Chromatin mechanisms suggest additional interven-
tion points. In rice, DELLA-mediated repression can be 
maintained via recruitment of chromatin modifiers (Li 
et al. 2023). In Arabidopsis, phosphorylation increased 
DELLA–chromatin binding (Huang et al. 2024). These 
results imply that manipulating chromatin regulators that 
collaborate with DELLAs could tune GA responsiveness 
without altering GA levels or DELLA abundance directly. 
Such strategies might be attractive when breeders wish 
to preserve hormone homeostasis while adjusting tran-
scriptional thresholds.

Because GA–DELLA outputs are environment de-
pendent, any DELLA-based trait should be tested across 
representative climates, nutrient regimes, and stress com-
binations. Second, partial and tissue-specific perturbations 
are usually more robust than strong constitutive changes. 
Third, feedback on GA metabolism can attenuate inter-
ventions, so measuring GA levels, receptor expression, 
and DELLA activity can help diagnose why a genotype 
behaves differently across environments (Olszewski et 
al. 2002; Gao et al. 2011). Fourth, phenotyping should 
include traits beyond height. Seedling emergence, root 
architecture, phenology, and stress recovery dynamics 
often determine yield stability.

Where possible, it is valuable to monitor transcrip-
tional or biochemical markers of GA–DELLA output (for 
example, expression of GA-responsive genes or DELLA-
regulated modules) to connect genotype to mechanism. 
Such mechanistic phenotyping can shorten breeding cycles 
by revealing whether a candidate allele shifts GA input 
(hormone levels), signal perception (receptor sensitivity), 
or transcriptional gating (DELLA output).

Conclusions and outlook

The GA–GID1–DELLA module is a prototypical plant 
hormone signaling system built on de-repression. Canoni-
cally, GA binding to GID1 enables DELLA recognition by 
SCF ubiquitin ligases and 26S proteasome degradation, 
thereby derepressing growth (McGinnis et al. 2003; Dill 
et al. 2004; Murase et al. 2008; Harberd et al. 2009). This 
logic explains how plants can rapidly shift gene expression 
and growth in response to changes in GA levels.

Recent work broadens this canonical view. GA–GID1 
can suppress DELLA output in a proteolysis-independent 
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manner (Ariizumi et al. 2008; Dahal et al. 2025), DELLA 
activity can be tuned via chromatin association and phos-
phorylation (Huang et al. 2024), DELLA repression can be 
maintained through recruitment of chromatin modifiers 
(Li et al. 2023), and in specific physiological settings GA 
can promote DELLA degradation via autophagy (Zhang 
et al. 2025). Together, these findings strengthen the view 
that DELLA proteins are integrative hubs whose output 
depends on abundance, conformation, modifications, 
interaction partners, and chromatin engagement.

For crop improvement, the hub view suggests that 
precision tuning will outperform blunt stabilization. 
The most promising interventions are likely to be those 
that adjust DELLA output in the right tissue, at the right 
time, and under the right environmental conditions. With 
expanding structural insight, chromatin mechanisms, 
and genome editing capacity, the GA–DELLA module 
remains a compelling target for rational design of growth 
and yield stability traits.
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