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In Brief

Seeing hormones in action: High-resolution gibberellin

dynamics in nodules
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Imagine watching plant hormones like gibberellin (GA) orches-
trate developmental processes from seed germination to stem
elongation at the cellular level in real time. Using Forster
Resonance Energy Transfer (FRET) biosensors, which permit
single-cell GA measurements in vivo, researchers have unveiled
intricate dynamics of GA in the hypocotyls of Arabidopsis
(Arabidopsis thaliana) (Griffiths et al. 2024) and the root nodules
of Medicago truncatula (Drapek et al. 2024). This visualization illus-
trates how GA accumulates and regulates cell division and elon-
gation in response to environmental cues across different tissues.

FRET biosensors measure molecular interactions by alterations
in the energy transfer between fluorescent proteins due to
changes in protein shape during ligand interaction. The first
FRET biosensor for GA, nuclear-localized Gibberellin Perception
Sensor 1 (nlsGPS1), was developed in 2017 and revealed cellular
GA dynamics during seedling growth induced by light and dark-
ness (photomorphogenesis and skotomorphogenesis) (Rizza
et al. 2017, 2021). Although GPS1 has a high affinity to bioactive
GA, slow reversibility limited its use in studying rapid GA deple-
tion dynamics. Moreover, plants expressing nlsGPS1 showed hy-
posensitivity to the GA biosynthesis inhibitor paclobutrazol,
indicating nlsGPS1 interfered with endogenous GA signalling
(Rizza et al. 2017; Griffiths et al. 2024). Griffiths et al. therefore de-
veloped the second-generation GA biosensor, GPS2, via charge ex-
change between the binding domains, which reduced interaction
with endogenous signaling and enhanced reversibility (Fig. 1A).
GPS2 enabled the discovery of a rapid GA depletion during the
switch to photomorphogenesis, which is critical for limiting fur-
ther cell elongation (Griffiths et al. 2024).

Using GPS2, Drapek et al. visualized the dynamic spatial distri-
bution of GA during nodule formation in M. truncatula. During
early nodule development, GA levels peak in the cortical cells
(Fig. 1B), facilitating cell division to build the new organ while re-
maininglow in the outer cortex and epidermis (Drapek et al. 2024).
This targeted GA localization in only the inner cortex supports the
accumulation of DELLA proteins in the outer cell layers, which are
positive regulators of rhizobia infection and are known to be de-
graded by GA (Fonouni-Farde et al. 2016).

On the other hand, in the mature nodule, GA accumulated in
the nodule meristem (Fig. 1B), correlated with dividing cells
(Drapek et al. 2024). Manipulating GA levels influenced nodule
size, with increased GA levels promoting larger nodules and re-
duced GA leading to smaller nodules, confirming this local GA ac-
cumulation determines the symbiotic organ size (Drapek et al.
2024). These findings indicate that GA’s influence extends beyond
regulating rhizobial infection via DELLA degradation. The sensor
was not observed in the center of the mature nodule, likely be-
cause the oxygen-sensitive nitrogenase requires tightly regulated
oxygen levels (Rutten and Poole 2019), and the fluorophores in
nlsGPS2 need oxygen to mature. Consequently, the authors can-
not conclude GA’s role in the fixation zone, a limitation that
may extend to the use of nlsGPS?2 in studying other anoxic condi-
tions like flooding.

Although lateral roots and nodules shared overlapping devel-
opmental programs, lateral roots exhibit minimal GA accumula-
tion (Fig. 1), highlighting its specific role in nodulation rather
than general organ development (Drapek et al. 2024). GA accumu-
lation also required several key transcriptional regulators in-
volved in nodule development and identity, such as the
transcription factor NODULE INCEPTION (NIN) and its down-
stream elements LIGHT-SENSITIVE SHORT HYPOCOTYL proteins
1and 2 (LSH1/2), and NODULE ROOT 1 and 2 (NOOT1/NOOT?2). In
noot and Ish mutants, the expected GA patterning is lost during
nodule maturation, corresponding with nodules reversion to lat-
eral roots. These findings confirm GA as a positive regulator of
cortical cell division needed for nodule initiation and growth,
and indicate a possible role in the maintenance of organ identity
(Drapek et al. 2024).

FRET biosensors provide a real-time, cell-specific view of GA dy-
namics across various species and tissues. Studies in hypocotyls
and nodules used nlsGPS2 to resolve GA dynamics at the cellular lev-
el, offering insights into GA’s regulation during developmental proc-
esses (Griffiths et al. 2024; Drapek et al. 2024). These findings
highlight GA’s role in determining cell size, cell identity, and organ
size and demonstrate how anabolism and catabolism alter hormone
concentration in response to environmental cues, like light and
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Figure 1. nlsGPS2, a second-generation FRET biosensor for GA. A) Diagram illustrating the engineering of nlsGPS2. Key modifications include the
exchange of 2 pairs of charged residues between the GID1C and DELLA interacting interfaces in the sensor to reduce its ability to dimerize with
endogenous GID1 and DELLA proteins. B) Spatial distribution of GA as visualized by nlsGPS2 as a FRET ratio (1/blue =low GA, 4/red =high GA) and
control fluorescence shown in yellow/brightfield. Bar =100 um; dpg = days post germination; dpi=days post infection. Adapted from Griffiths et al.

(2024), Figure 5, and Drapek et al. (2024), Figure 5.

symbiont, within hours (Griffiths et al. 2024; Drapek et al. 2024).
These results exemplify how cutting-edge tools can offer new in-
sights into hormonal regulation, opening novel avenues for enhanc-
ing plant growth and productivity. However, itis important to note
that hormone concentration may not always directly translate
into signaling activity, since cells can modulate responses by
varying the expression of signaling proteins. As a suggestion
for future work, combining nlsGPS2 with another sensor, such
as a promoter: reporter or DELLA degron sensor (ratiometric flu-
orescent reporters which monitor protein degradation rate),
could help ensure that measured hormone concentrations corre-
spond to cellular responses.
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