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Gibberellins (GA) represent a key class of
hormone signals that promote plant growth
and development (1). A key part of the Green
Revolution, which saw crop yields more than
double, was the development of new dwarf
varieties, many of which were later found to
have mutations in the GA pathway (2–4).
Thus, understanding GA’s growth regulation
represents a prime target for further increas-
ing crop production. Considerable progress
has recently been made dissecting the molec-
ular basis of GA action (reviewed in ref. 1);
however, despite these advances, it remains
unclear how this key hormone promotes
growth at either the cellular, tissue, or organ
levels of organization. In PNAS, Shani et al.
(5) describe how GA is distributed within
root tissues of the model plant Arabidopsis
thaliana. By developing a fluorescent-labeled
GA, the authors were able to demonstrate
that this key growth-promoting hormone
signal accumulates within a specific root tis-
sue and developmental zone.
The Arabidopsis primary root has a simple

structure composed, along the radial axis, of
concentric layers of epidermal, cortical, endo-
dermal, pericycle, and stele (vascular) tissues;
and along the apical-basal axis of spatially
distinct meristem, elongation, and differen-
tiation zones (see schematic in Fig. 1). Cells
divide close to the root tip in the meriste-
matic zone; then, after stopping dividing and
entering the elongation zone, cells undergo
rapid expansion; cells then eventually cease
growth upon entering the differentiation
zone. Studies have found that mutating com-
ponents of the GA biosynthesis or signaling
pathways results in a significantly shorter
root length (6, 7) because of GA promoting
cell division in the root meristem (8, 9) and
cell expansion in the elongation zone (7, 10).
At the molecular scale, GA promotes

growth by triggering the degradation of
the growth-repressing DELLA proteins. GA
could promote Arabidopsis root growth by
coordinating the simultaneous degradation
of DELLA proteins in every tissue, or alter-
natively, DELLA degradation may only be
required in one or more tissues. Several

pieces of evidence suggest that GA is distrib-
uted unequally between tissues and growth
zones. For example, the root endodermis
has been shown to be particularly important
in GA regulation of root growth: Ubeda
Tomás et al. (8, 10) reported that by tissue
specifically expressing a nondegradable form
of DELLA, root growth was blocked when
GA signaling was prevented within endo-
dermal cells. Recently, direct measurements
of GA metabolites using a mass spectrome-
try (MS)-based approach in the maize leaf
(which has equivalent developmental zones
to the Arabidopsis root) have revealed that
bioactive GA levels are high in the so-called
transition zone where cells cease to divide
and start to expand (11). Nevertheless, di-
rectly determining exactly where the GA
signal accumulated at a cellular level of res-
olution to control organ growth remained
to be resolved until now.
Shani et al. (5) are able to address exactly

where GA accumulated in root tissues by
adopting a state-of-the-art imaging (rather
than MS-based) solution. By attaching a fluo-
rescent tag using variable lengths of an acyl
amide linker to the C6 position of the tetra-
cyclic di-terpenoid structures of GA3 and
GA4, the authors are able to recover several
fluorescent GA-surrogates (termed GA3-Fl
and GA4-Fl) that retained bioactivity. GA3-
Fl and GA4-Fl were also shown to promote
the interaction between the GA receptor
GID1 and its DELLA target using in vitro
coimmunoprecipitation and yeast two-hybrid
assays. Importantly, no breakdown products
of GA3-Fl and GA4-Fl were detected after
incubation with roots, indicating that these
unique GA variants were stable in planta.
Hence, wherever GA3-Fl and GA4-Fl ac-
cumulated was likely to represent the tissue
site of GA.
Using these fluorescent compounds, Shani

et al. (5) showed that GA accumulates within
a specific primary root tissue and develop-
mental zone. After short incubations (∼15
min) with GA3-Fl and GA4-Fl, Arabidopsis
roots were observed to accumulate these GA
variants specifically in endodermal cells

within the elongation zone (see schematic
summary in Fig. 1). In contrast, the pattern
of GA3-Fl and GA4-Fl accumulation was not
observed in the shr-2 radial patterning mu-
tant that lacked an endodermal layer. The
striking endodermal accumulation of GA3-
Fl and GA4-Fl in wild-type roots is in com-
plete agreement with earlier functional stud-
ies (7, 8) and the tissue distribution of the GA
response reporter, RGApro::RGA-GFP (5).
Hence, root endodermal cells in the tran-
sition/elongation zones (that accumulated

Fig. 1. Schematic illustrations of (Left) the tissue orga-
nization and zones within the Arabidopsis primary root,
and (Right) the cellular distribution of the hormone signal
GA. The concentric layers of epidermal, cortical, endo-
dermal, pericycle, and stele (vascular) tissues are color
coded (see key); the GA distribution is denoted in red.

Author contributions: L.R.B. and M.J.B. wrote the paper.

The authors declare no conflict of interest.

See companion article on page 4834.

1To whom correspondence should be addressed. E-mail: malcolm.
bennett@nottingham.ac.uk.

www.pnas.org/cgi/doi/10.1073/pnas.1301609110 PNAS | March 19, 2013 | vol. 110 | no. 12 | 4443–4444

CO
M
M
EN

TA
RY

mailto:malcolm.bennett@nottingham.ac.uk
mailto:malcolm.bennett@nottingham.ac.uk
www.pnas.org/cgi/doi/10.1073/pnas.1301609110


GA3-Fl and GA4-Fl) appear to represent
the cellular/tissue site of GA response. Un-
like the root meristem, cells within the tran-
sition zone can either continue to divide or
expand. This decision influences the rate at
which cells enter the elongation zone and
therefore profoundly impacts root growth
rate, hence explaining its importance as a
target for hormone regulation.
How is this striking root cell-specific

pattern of GA accumulation regulated? It
is well established that the hormone auxin
is actively transported between neighboring
cells, so that the cell-scale regulation of
membrane proteins creates organ-scale auxin
fluxes that control plant development (12).
Despite a recent report that a member of
the NRT1/PTR carrier family can transport
the hormone signals ABA and GA in yeast
(13), and earlier studies suggesting active
transport does occur (14–16), GA transport-
ers functioning in planta remain to be iden-
tified. Shani et al. (5) are able to demonstrate
that GA3-Fl and GA4-Fl are transported
actively (rather than via diffusion) and could
be blocked with metabolic inhibitors or by
lower incubation temperatures. Hence, a sat-
urable, energy-dependent GA transport
pathway appears to exist that controls
GA accumulation in root tissues. GA3-
Fl and GA4-Fl promise to provide invalu-
able tools with which to perform genetic
screens and identify and characterize these
unique classes of GA carriers.
GA distribution also appears to be con-

trolled at the subcellular scale. Shani et al. (5)
observed that GA3-Fl and GA4-Fl accumu-
lated in elongating endodermal cell nuclei
and vacuoles, raising the fascinating ques-
tion: Do distinct GA transporters exist to
fine-tune the hormone’s subcellular distri-
bution? We recently hypothesized that the
subcellular redistribution of GA into vacuoles
plays a crucial role in diluting this growth-
promoting signal as root cells expand, re-
sulting in the cessation of cell growth (10).
Identifying and manipulating the GA car-
riers that mediate this subcellular transport
pathway could provide a novel means to
control the cytoplasmic/nuclear GA concen-
tration, and thus control organ growth.
How can GA regulate root growth by

accumulating in expanding endodermal cells
when it represents just one of several root
tissues? Other studies have also reported that

hormones, like auxin (12) and brassinos-
teroids (17), control root growth by tar-
geting expanding epidermal cells (reviewed
in ref. 18). Because expansion of inner and
outer root tissues is regulated by distinct hor-
mones, communication between tissues may

The present study by
Shani et al. elegantly
illustrates the benefits
of developing
fluorescently labeled
plant hormones.
be required to coordinate organ growth.
Identification of the signals controlling tis-
sue-to-tissue communication will be crucial to
unravel themechanisms coordinating growth.
A clue may come from another observation
by Shani et al. (5) that the gaseous hormone
ethylene blocks the accumulation of GA3-Fl
and GA4-Fl in elongating endodermal cells.
Hence, ethylene may control root growth
by modulating GA response, in part through
down-regulation of GA transport. Ethylene
inhibition of root growth can be blocked by
disrupting the auxin response in every elon-
gation zone tissue (19). It is therefore possible
that ethylene coordinates root growth, in

part, by controlling auxin and GA response
and transport pathways.
In summary, the present study by Shani

et al. (5) elegantly illustrates the benefits of
developing fluorescently labeled plant hor-
mones. By developing such reporters, one
can obtain quantitative cell-scale data on
dynamic hormone levels that was not fea-
sible, or had to be determined indirectly
using previously available methods (11, 20).
Combining such quantitative data with
mechanistic models will accelerate our under-
standing of the regulation of organ growth
(as has recently been demonstrated in refs.
10 and 21). In addition to regulating organ
growth, GA has been shown to affect
many developmental processes, including
seed germination, floral development, and
leaf shape (1). Although Shani et al. (5)
focused their studies on the Arabidopsis
primary root, in the longer term these fluo-
rescent-tagged GA variants will prove in-
valuable tools to understand the diverse
roles of GA in many different plant organs
and species.
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