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Gravitropic bending of plant organs is mediated by an asymmetric
signaling of the plant hormone auxin between the upper and
lower side of the respective organ. Here, we show that also an-
other plant hormone, gibberellic acid (GA), shows asymmetric
action during gravitropic responses. Immunodetection using an
antibody against GA and monitoring GA signaling output by
downstream degradation of DELLA proteins revealed an asymmet-
ric GA distribution and response with the maximum at the lower
side of gravistimulated roots. Genetic or pharmacological manip-
ulation of GA levels or response affects gravity-mediated auxin
redistribution and root bending response. The higher GA levels
at the lower side of the root correlate with increased amounts
of PIN-FORMED2 (PIN2) auxin transporter at the plasma mem-
brane. The observed increase in PIN2 stability is caused by a specific
GA effect on trafficking of PIN proteins to lytic vacuoles that pre-
sumably occurs downstream of brefeldin A-sensitive endosomes.
Our results suggest that asymmetric auxin distribution instructive
for gravity-induced differential growth is consolidated by the asym-
metric action of GA that stabilizes the PIN-dependent auxin stream
along the lower side of gravistimulated roots.
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Directional growth as a response to light or gravity (i.e., trop-
isms) is a key adaptation response adjusting plant growth

to the environment. Tropisms are accomplished by asymmetric
elongation of cells within responding organs, which is mediated
by differential distribution of the signaling molecule auxin (1).
Following a gravitropic stimulus, the intercellular transport of
auxin is redirected toward the lower sides of organs, where, in
the stem, the higher auxin concentration stimulates cell elonga-
tion causing upward bending and, in roots, high auxin concen-
trations inhibit elongation; as a consequence, roots bend downward
(2). The directional cell-to-cell auxin transport depends on the
activity of AUXIN RESISTANT1 (AUX1) influx (3) and PIN
efflux transporters (4), as well as on auxin transporters from the
ATP BINDING CASSETTE SUBFAMILY B (ABCB) family
(5). The directionality of auxin flow is determined by polarity of
PIN subcellular localization at the plasma membrane (PM) (6, 7).
A mechanism for initial redirection of auxin fluxes involves
gravity-induced changes in the polarity of PIN localization as
observed for PIN3 in root columella (8–10) or shoot endodermis
cells (11). The initial auxin asymmetry is further propagated from
the root tip by asymmetric degradation of PIN2 at the upper vs.
the lower side of the gravistimulated root (12, 13).
PIN proteins undergo constitutive subcellular dynamics invol-

ving endocytic recycling to different domains at the PM or re-
routing via the prevacuolar compartment to the lytic vacuole for
degradation (12–15). Thus, PIN abundance can be regulated by
changes in trafficking or transcription (16). Several other hormonal

signaling pathways have been shown to affect directionality and
throughput of PIN-dependent auxin fluxes. These include feed-
back regulation of PIN internalization (17, 18) and polarity (19)
by auxin; brassinosteroid (20), cytokinin (21, 22), and ethylene
(23, 24) effects on PIN transcription; as well as cytokinin effects
on PIN degradation (25). Moreover, gibberellin biosynthesis mu-
tants show increased PIN degradation (26).
With respect to the gravitropism, the main focus of the previous

research has been on auxin and, in particular, its asymmetric
distribution. However, in some monocot species, including rice,
maize, and barley, asymmetric accumulation of auxin and gib-
berellic acid (GA) at the lower side of gravistimulated organs has
been reported (27–29), but general validity and physiological
significance of these observations remain unclear.
Here, we show an asymmetric distribution of GA and GA

signaling during root gravitropic growth. Furthermore, we ob-
served that GA increases the levels of PIN auxin transporters at
the PM by inhibiting PIN vacuolar trafficking. These observa-
tions suggest that an interplay between asymmetric auxin and
gibberellin activities modulates and stabilizes auxin fluxes for
root gravitropic responses.

Results and Discussion
Gravity Stimulation Induces Asymmetric GA Distribution and
Response. To test for a role of GA in root gravitropism in
Arabidopsis thaliana, we examined GA distribution following
gravistimulation. As direct measurements of GA distributions
are technically not feasible in intact Arabidopsis roots, we estab-
lished a whole-mount immunodetection of GA in Arabidopsis
root tips by using an antibody raised against BSA-conjugated GA
(for details see Materials and Methods). Control experiments
showed specific binding of the anti-GA antibody to the epider-
mal cells of cell division and elongation zones of the root tip (Fig.
S1 A–G). Much weaker anti-GA signals were detected in the
seedlings in which GA production was inhibited genetically in
the ga1-3 mutant (30) or pharmacologically by uniconazole (Uni)
treatment (31) (Fig. S1 H–J), confirming that a specific labeling
of GA had been detected. As our immunolocalization method is
only reliable for root tips (32), we cannot assess the GA distri-
bution in the more differentiated parts of the root or make

Author contributions: I.H., M.C.E.V.M., T.T., and J.F. designed research; C.L. and M.Z.
performed research; C.L. and M.Z. analyzed data; and C.L., T.T., and J.F. wrote the paper.

The authors declare no conflict of interest.
1Present address: Department of Applied Genetics and Cell Biology, University of Applied
Life Sciences and Natural Resources, 1190 Vienna, Austria.

2To whom correspondence may be addressed. E-mail: tteichm@gwdg.de or marc.
vanmontagu@ugent.be.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1300107110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1300107110 PNAS | February 26, 2013 | vol. 110 | no. 9 | 3627–3632

PL
A
N
T
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental/pnas.201300107SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental/pnas.201300107SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental/pnas.201300107SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental/pnas.201300107SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental/pnas.201300107SI.pdf?targetid=nameddest=SF1
mailto:tteichm@gwdg.de
mailto:marc.vanmontagu@ugent.be
mailto:marc.vanmontagu@ugent.be
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300107110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1300107110


a quantitative comparison between different root tissues such as
endodermis, in which GA is important to control root growth (33).
Following gravistimulation, the originally symmetric GA labeling
became asymmetric with markedly stronger signal at the lower
side of the root and a weaker signal at the upper side after ap-
proximately 3 h (Fig. 1 A–C). This result suggests that gravity
induces asymmetry in GA distribution in gravistimulated root tips.
To verify the antibody-based observations, we analyzed down-

stream GA responses following gravistimulation. GA promotes de-
gradation of downstream regulators, the DELLA proteins, which
depends on cellular GA concentrations (34). Thus, quantitative
analysis of the GFP-tagged DELLA protein REPRESSOR OF
GA1-3 (RGA) in RGA::GFP-RGA seedlings allows monitoring
of the GA response in plant tissues. We observed a significant
(P ≤ 0.05) decrease of the GFP-RGA signal at the lower side of
the root tip approximately 3 h after gravistimulation (Fig. 1 D–

F). This reflects an increase in GA response at the lower side of
the root and is entirely consistent with increased anti-GA sig-
nals there. In summary, GA immunodetection and GA response
monitoring revealed asymmetric GA distribution with higher GA
levels at the lower side of the gravistimulated roots.
Our data reveal that not only auxin (35, 36) but also GA shows

an asymmetric distribution in the gravistimulated root tips. To
compare the kinetics of these events, we monitored the expres-
sion of GA-responsive GA20ox1 (37) and auxin-responsive
GH3.1 genes (38). Following gravitropic stimulation, GA20ox1
expression showed gradual up-regulation (Fig. S2), whereas the

GH3.1 gene showed faster but transient up-regulation of ex-
pression (Fig. S2). Consistently, gravity-induced auxin response
asymmetry as monitored by the DR5rev::GFP (35) or DII-Venus
(36) reporters was established faster than the observed GA
asymmetry, suggesting a chronological order of changes in hor-
mone responses during gravitropism, whereby GA asymmetry
develops only after the initial auxin asymmetry establishment.

GA Action Is Required for Root Gravitropism and Asymmetric Auxin
Distribution. Asymmetry in GA distribution during gravitropism
implies that GA plays a role in root gravitropic responses that
was also suggested by gravitropic defects in GA biosynthesis mu-
tants (26). Therefore, we studied the consequences of manipu-
lating GA levels and GA signaling on root gravitropism in
Arabidopsis. Treatment with the GA biosynthesis inhibitor unicon-
azole, as well as GA depletion in the GA biosynthetic ga1-3 mu-
tant (30) or inhibition of GA signaling in the dominant-negative
DELLA mutant gaiΔ17 (39), consistently caused defects in gravi-
tropic root bending (Fig. 2 A and B). Effects of increased GA
signaling were analyzed in seedlings treated with exogenous GA
and the Arabidopsis pentuple mutant carrying lesions in all five
DELLA repressors acting downstream of GA (40). Also, these
treatments and mutants showed a defect in root gravitropism (Fig.
2 A and B), confirming that manipulation of GA levels and sig-
naling reduce the root gravitropic response.
Root gravitropic bending is accompanied by asymmetric auxin

distribution and response with the maximum at the lower side
of gravistimulated roots (35, 36) that is disrupted in GA bio-
synthesis mutants (26). This asymmetry can be monitored with
auxin response reporters such as DR5rev::GFP (41, 42) showing
increased activity at the lower side of the root (Fig. 2C). Positive
(i.e., GA treatment) and negative (i.e., uniconazole treatment)
manipulations of GA levels interfered with the establishment of
the asymmetric auxin response in the root tip following gravi-
stimulation. Roots treated with GA showed a symmetrically in-
creased signal in the lateral root cap that was not detected in
nontreated roots (Fig. 2 C and D). On the contrary, inhibition of
GA biosynthesis by uniconazole prevented lateral accumulation of
the DR5rev::GFP signal (Fig. 2E). These analyses show that bal-
anced levels of GA are required for gravity-induced asymmetric
auxin responses and for root gravitropic growth.

GA Acts on Root Gravitropism by Regulating Levels of PIN Auxin
Transporters. Next, we assessed a possible mechanism by which
GA interferes with auxin distribution and root gravitropism.
Gravity-induced auxin redistribution requires directional activity
of PIN auxin transporters (4, 6), of which loss-of-function (pin2/
eir1) (43) and gain-of-function (35S::PIN1) (4, 44) alleles show
root agravitropic phenotypes. Notably, interfering with GA bio-
synthesis by uniconazole treatment amplified pin2 defects (Fig.
S3), but largely normalized the severe agravitropic phenotype of
35S::PIN1 roots (Fig. 3B). Similarly, inhibiting GA signaling in
the dominant-negative DELLA mutant gaiΔ17 (39) rescued
normal gravitropic growth in 35S::PIN1 × gaiΔ17 double-mutant
lines (Fig. 3C). These effects of GA on pin mutants suggest that
GA regulates root gravitropism by a mechanism involving PIN
auxin transporters.
The agravitropic phenotype of 35S::PIN1 roots is presumably

caused by the ectopic expression of PIN1 in the root epidermis
cells (6, 45). Immunolocalization studies of 35S::PIN1 roots
showed a known ectopic presence of PIN1 in epidermis cells
(Fig. 3F), whereas gaiΔ17 showed weaker, but overall normal
pattern of PIN1 localization (Fig. 3H). The 35S::PIN1 × gaiΔ17
double mutant exhibited a strongly decreased ectopic presence of
PIN1 in the epidermis (Fig. 3G), correlating with the rescue of
normal gravitropic growth (Fig. 3C). This observation suggests
that GA effects on root gravitropism are related to regulation of
PIN abundance.

Fig. 1. Asymmetric GA distribution and response in gravistimulatedArabidopsis
roots. (A–C) Detection of asymmetric GA localization in gravitropically in-
duced roots immunostained with a GA-specific antibody. Atto647N conju-
gated anti-rat/goat was used as secondary antibody. Seedlings were grown
vertically (A) or gravitropically induced for 3 h (B). Arrows indicate direction
of the gravity vector. The image in the background of B shows enlargement
of the root area that was used for quantification; small rectangles specify
areas where fluorescence signal intensities of upper and lower side were
quantified. (C) Quantification of signals on upper and lower sides of control
and gravistimulated roots by image analysis; data represent means ± SE (n =
8; experiment repeated two times and representative data shown). (D and E)
Arabidopsis RGA::GFP-RGA seedlings were grown vertically (D) or gravi-
tropically induced for 3 h (E); boxes indicate areas used for quantification of
fluorescence signal intensities. (F) Quantification of RGA::GFP-RGA signals
on upper and lower sides of control and gravistimulated roots by image
analysis; data represent means ± SE (n = 8; experiment repeated three times
and representative data shown). *P ≤ 0.05 upper vs. lower side. (Scale bars:
A, B, D, and E, 50 μm.)
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GA Increases PIN Protein Stability by Inhibiting PIN Vacuolar Trafficking.
High GA levels detected at the lower side of gravistimulated roots
(Fig. 1) correlate with higher PIN2 abundance there (12, 35). In
addition, the GA-deficient ga1-3 mutant has been shown to have
lower PIN2 levels (26). GA does not change PIN2 gene expression
(Fig. S4). This, together with the decreased ectopic PIN1 expres-
sion under conditions of inhibited GA signaling in 35S::PIN1 ×
gaiΔ17 roots (Fig. 3G), suggests that GA inhibits turnover of PIN
proteins. To test the effect of increased GA levels on PIN2 protein
amounts independently of PIN transcription, we analyzed PIN2
turnover in TA::PIN2-GFP plants (12) that allow dexamethasone
(DEX)-inducible expression of PIN2. After induction of PIN2 ex-
pression in a TA::PIN2-GFP line for 24 h, DEX was washed out
and seedlings were treated with GA or with DMSO as a control.
The GA treatment dramatically increased PIN2 stability compared
with untreated controls (Fig. 4 A–C).
To investigate if this GA effect is specific for PIN proteins,

we tested for differences in the PM amounts of the auxin influx

carrier AUX1 (46), the auxin transporter P-glycoprotein19
(PGP19/ABCB19) (47), and the aquaporin PLASMALEMMA
INTRINSIC PROTEIN2 (PIP2) (48), and found that they were
not influenced by GA or the GA biosynthesis inhibitor paclo-
butrazol (31) (Fig. S5 A–Q). In contrast, all Arabidopsis PM PIN
proteins—PIN1-GFP (44), PIN2-GFP (12), PIN3-GFP (49),
PIN4-GFP (50), and PIN7-GFP (10)—showed increased and
decreased signals after GA and paclobutrazol treatments, re-
spectively (Fig. S5 R–T). These data indicate that GA specifically
influences the stability of PIN proteins.
The PIN2 protein amount at the PM is regulated by a balance

between vacuolar trafficking-mediated degradation and consti-
tutive recycling back to the PM (14). Trafficking of PIN2-GFP
to the lytic vacuole can be visualized by moving plants to dark,
leading to accumulation of detectable GFP in the vacuoles (51).
In line with previous observations (13), PIN2::PIN2-GFP plants
kept in the dark showed a prominent GFP signal in intracellu-
lar compartments in addition to the PM signal (Fig. 4G). These

Fig. 2. Requirement of balanced GA levels and
signaling for root gravitropism. (A) Pharmacological
treatments and analysis of GA biosynthesis and sig-
naling mutants have been used to study GA effects
on gravitropism. Gravistimulated roots were assign-
ed to one of the eight 45° sectors on a gravitropism
diagram. The length of bars in the diagram re-
presents percentage of seedlings assigned to the
respective sector. (B) The time course of root re-
orientation after gravistimulation was recorded in
the ga1-3 and the pentuple mutant in comparison
with WT seedlings. Data represent means ± SD (n = 8
seedlings per treatment, experiments repeated three
times, representative data shown). (C–E) Arabidopsis
DR5rev::GFP seedlings pretreated with DMSO (GA and
uniconazole solvent) (C), 50 μM GA for 3 h (D), or
10 μM uniconazole for 2 d (E), and subsequently
gravitropically induced for 1.5 h. Graphs show fluo-
rescence profiles of the root tip; the profile represents
fluorescence intensities across a sector measured
above the quiescent center (dotted line); arrows mark
direction of the gravity vector. (Scale bar: 50 μm.)

Fig. 3. GA effects on PIN-mediated root gravi-
tropism. 35S::PIN1 were germinated on one-half MS
medium and subsequently sprayed with DMSO (A)
or 10 μM uniconazole (B). Images were taken 2 wk
after start of treatments. Large arrows indicate di-
rection of the gravity vector and small arrows in-
dicate root growth along the gravity vector after
treatment. gaiΔ17 was introgressed into 35S::PIN1
background, and root growth and immune stain-
ings analysis were performed. (C) Root growth of
WT Landsberg erecta (Ler), 35S::PIN1, 35S::PIN1 ×
gaiΔ17, and gaiΔ17 seedlings is shown. (D–H) Im-
munolocalization of PIN1 was done in root tips of
(E) WT Ler seedlings, (F) 35S::PIN1, (G) 35S::PIN1 ×
gaiΔ17, and (H) gaiΔ17. Quantification of PIN1 sig-
nals in the root epidermis (E–H) is shown in D.
Arrowheads indicate ectopic localization of PIN1 in
the PIN1 overexpression line (F). Heat map provides
a color code of fluorescence signal intensities shown
in E–H. (Scale bars: A and B, 1 cm; E–H, 30 μm.)
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GFP-labeled intracellular compartments were identified as va-
cuoles by experiments that used the endocytic tracer FM4-64 (52).
PIN2::PIN2-GFP plants were kept for 4 h in the dark and stained
for 1 h with FM4-64 to visualize the tonoplast membranes.
Overlay of GFP and FM4-64 fluorescence images showed GFP
signal in the vacuolar lumen (Fig. S6 A–C). In these experiments,
GA treatment resulted in a dramatic decrease of the vacuolar
signal, whereas the PIN2-GFP PM signal was notably increased

(Fig. 4 D, G, and H). Also, Western blot analysis showed an in-
crease of PIN2 protein abundance in GA-treated roots (Fig. 4F).
A complementary experiment in uniconazole-treated plants re-
vealed that low GA levels increase the amount of the GFP signal
in the lytic vacuoles (Fig. 4 E, I, and J) consistent with previous
reports (26). Together, these experiments show that GA increases
stability specifically of PIN proteins by regulating the rate of PIN
trafficking into the lytic vacuole, a process inhibited by high and
promoted by low GA levels.

GA Targets PIN Vacuolar Trafficking Downstream of BFA-Sensitive
Endosomes. The data so far raised the question at what particu-
lar PIN trafficking step GA acts to regulate PIN turnover. Up-
take experiments with the endocytosis marker FM4-64 in ga1-3
and pentuple mutants and in seedlings treated with GA or uni-
conazole did not show any differences vs. untreated WT controls
(Fig. S7A), not supporting a notion that GA acts on endocytosis.
Following endocytosis, PIN proteins are sorted in the endo-

somes for recycling back to the PM or for further trafficking
toward the vacuole (14). The recycling and, to a lesser extent,
vacuolar trafficking are sensitive to the vesicle trafficking in-
hibitor brefeldin A (BFA) (13, 35). BFA treatment aggregates
different types of endosomes and thus allows better visualization
of the endosomal and vacuolar trafficking cargoes, including PIN
proteins (35, 53). GA treatment preceding BFA application in-
creased (Fig. 5 A–C)—whereas low GA levels in uniconazole-
treated roots or in the ga1-3 mutant decreased—the PIN2-GFP
signal in BFA-induced aggregates compared with controls (Fig. 5
D–I). This suggests that highGApromotes and lowGAinhibits PIN
retrograde trafficking somewhere downstreamof theBFA-sensitive
endosomes. A contrasting outcome was seen in similar experi-
ments with another trafficking inhibitor, wortmannin (WM), that
leads to swelling and aggregation of prevacuolar compartments
(13, 54). We did not observe any change of the PIN2-GFP accu-
mulation in WM-induced intracellular aggregations with increased
(i.e., GA treatment) or decreased (i.e., uniconazole treatment,
ga1-3 mutant) GA levels (Fig. S7B).
In summary, these experiments with the use of different

markers and trafficking inhibitors confirmed that GA interferes
with vacuolar trafficking of PIN proteins. GA targets presumably
a trafficking step downstream of BFA-sensitive endosomes to-
ward the vacuole.

Conclusion
PM proteins targeted for degradation are endocytosed and
subsequently hydrolyzed by proteases in the lytic vacuole after
a passage through the early and late endosomes. During gravi-
tropism, the PIN2 auxin transporter is degraded at the upper side
of the root and stabilized at the lower root side, thus contributing
to the asymmetric auxin flow that mediates gravitropic bending
(12, 13, 35). The PIN2 destabilization at the upper side is me-
diated by the low auxin levels and signaling (35), and the initial
increase of PIN2 levels at the lower side is presumably caused by
auxin-mediated inhibition of PIN2 endocytosis (18). Here, we
propose an additional or alternative mechanism for PIN stabi-
lization at the lower side. We detected asymmetry of another
plant signaling molecule, GA, in gravistimulated roots with high
GA levels at the lower side. GA also stabilizes specifically PIN
proteins by inhibiting their trafficking to the lytic vacuole, pro-
viding the possibility that GA contributes to the stabilization of
PIN2 at the lower side of the root and, thus, promotes asym-
metric auxin flow and distribution for gravitropic bending. In line
with this hypothesis, interference with GA levels or signaling
modifies the gravity-induced asymmetric auxin response and
gravitropic bending. On the contrary, GA asymmetry appears to
develop only after the initial gravity-induced auxin asymmetry,
suggesting mutual feed-back regulation of these two pathways.
Based on these different kinetics, auxin may control the early

Fig. 4. GA effects on PIN stability and vacuolar trafficking. (A and B) PIN2
expression was induced in TA::PIN2-GFP seedlings by treatment with 30 μM
DEX for 24 h. After depletion of DEX by washing, roots were mounted with
or without GA and PIN2-GFP signal intensities were recorded after the in-
dicated time points. Roots were treated with DMSO as control (A) or with
50 μM GA (B). To rule out that the DEX-inducible promoter responds to GA,
TA::PIN2-GFP seedlings were treated for 24 h with GA without DEX, but did
not show induction of PIN2-GFP expression. To have a strong PIN2-GFP signal
for quantification, root columella cells were imaged. (C) Total PIN2-GFP
signal intensity at time point 1 h DMSO and GA, respectively, was set to
100%, and relative signal intensity of subsequent time points was calculated
as percentage of total signal intensity at time point 1 h. (D and E) PIN2-GFP
signal at the PM relative to intracellular signal after GA treatment (D) and
after uniconazole treatment (E). A small box of the size of the PM signal was
used to define the region of interest for the PM quantification; the in-
tracellular signal was quantified within a rectangle region of interest cov-
ering the cell volume. The ratio of PM vs. internal signal was measured in
seven cells in a row (n = 8 individual roots). **P ≤ 0.01. (F) Western Blot
analysis of roots treated for 3 h with DMSO or 50 μM GA. (G–J) Vacuolar
targeting of PIN2 was analyzed after treatment [GA and uniconazole (Uni)]
of seedlings in the light and then transferred to the dark for 6 h (G and H) or
3 h (I and J). PIN2::PIN2-GFP seedlings were pretreated with DMSO (GA
solvent) for 3 h (G), 50 μM GA for 3 h (H), DMSO (uniconazole solvent) for 2
d (I), or 10 μM uniconazole for 2 d (J). (Scale bars: A and B, 50 μm; G–J,
25 μm.)
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response of the root to a gravitropic stimulus and GA sub-
sequently maintains gravitropic curvature by stabilizing the PIN-
dependent auxin stream along the lower side of the root. The
emerging picture involves GA as a part of the complex network
consolidating asymmetric auxin action during gravitropic re-
sponses and, possibly, also other auxin-mediated processes, as
suggested by GA requirement for auxin-mediated organ forma-
tion (26).

Materials and Methods
Lines. The pentuplemutant (40) was obtained from the Nottingham Arabidopsis
Stock Centre (ID N16298). ga1-3 (55), gaiΔ17 (39), 35S::PIP2-GFP (56), 35S::
PIN1 (44), DR5rev::GFP (42), AUX1::AUX1-YFP (57), PIN2::PIN2-GFP (12), pin2/
eir1 (43), PIN3::PIN3-GFP (49), PIN4::PIN4-GFP (50), PIN7::PIN7-GFP (42),
PGP19::PGP19-GFP (45), RGA::GFP-RGA (34), and TA::PIN2-GFP (12) were
described previously. Combinations of mutations and reporter lines were
obtained by crossing individual lines. As the GA mutants are in the accession
Landsberg erecta, this ecotype was used as control for analysis of the GA
mutants.

Growth Conditions. Seeds were surface sterilized with 70% (vol/vol) ethanol
supplemented with 0.05% Tween and dried on sterile filter paper. Plants
were grown vertically on one-half Murashige and Skoog (MS) medium, in-
cluding vitamins (Duchefa), with 1% sucrose and 0.5 g/L Mes (pH 5.7), under
a 16 h light/8 h dark photoperiod at 22/18 °C. All experiments were carried
out in the light period including the dark treatments. Gravitropic experi-
ments were performed as previously described (8); detailed information is
provided in S1 Materials and Methods.

Pharmacological Treatments and Experimental Conditions. Chemicals were
applied in solid or liquid MS medium or by spraying 7-d-old seedlings with
BFA [50 mM stock in ethanol; final concentration (f.c.) 50 μM], DEX (30 mM
stock in DMSO; f.c. 30 μM), FM4-64 (2 mM stock in DMSO; f.c. 2 μM), GA3

(100 mM stock in DMSO; f.c. 50 μM), uniconazole (10 mM stock in DMSO; f.c.
10 μM), paclobutrazol (10 mM stock in DMSO; f.c. 10 μM), or WM (10 mM
stock in DMSO; f.c. 30 μM). Mock treatments were done by using equal
amounts of solvent (DMSO), and double treatments were carried out within
a 1-h interval. All independent experiments were performed at least in trip-
licate, with a minimum of eight individual plants. BFA, WM, and FM4-64 were
applied in liquid MS medium for 2 h (BFA), 4.5 h (WM), and 1 h (FM4-64).

Dark treatments were done as described previously (13). To compare
protein concentrations in the lytic vacuole, epidermal cells at the interface of
the meristematic and elongation zone were recorded. For live cell GFP im-
aging, a Leica DM6000 CS, TCS SP5 AOBS confocal laser scanning microscope
was used, and fluorescent signals were quantified by using the integrated
Leica quantification module (LAS AF 2.1.0). Fluorescent measurements were
done on the original Leica image files. Representative images are shown.
Statistics were evaluated with GraphPad QuickCalcs t test (http://graphpad.
com/quickcalcs/index.cfm).

Immunodetection of GA in Roots and Competition Assays. Whole-mount
immunolocalization was done as described previously (58) after a prefixation
step using a freshly prepared 3% N-ethyl-N′-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (Sigma) solution in PBS solution for 1 h (44). Anti-
bodies were diluted as follows: 1:100 BSA (Agrisera), 1:200 DyLight 488
(Agrisera), 1:100 anti-GA3 (Agrisera), and 1:150 for Atto647N-conjugated
anti-rat/goat (provided by Stefan Jakobs, Max Planck Institute for Bio-
physical Chemistry, Göttingen, Germany). Antibody depletion experiments
to identify GA-specific signals were carried out with GA3-BSA conjugate
obtained from Agrisera. Anti-GA antibody and GA3-BSA conjugate were
used in a 1:10 ratio. The setup for antibody depletion was designed with
competition calculator from Agrisera. Antibody and GA3-BSA conjugate
were incubated in 1× PBS solution (24 h, 4 °C, rotator) in a total volume of
225 μL and then used as a primary antibody for immunodetection of GA in
paraformaldehyde-fixed and BSA-blocked root samples. In parallel, non-
depleted serum was used to differentiate between GA-specific and non-
specific signals in the immunolocalization experiments. To distinguish
between the upper and lower side after gravistimulation, we coexpressed
DR5rev::GFP or used the already established bending of the root for orien-
tation. The immunodetection of GA was done in independent triplicates
repeated with eight individual plants. The competition assay with the GA3-
BSA conjugate was performed twice with eight individual plants.

Immunodetection of PIN Proteins in Roots. Automated whole mount protein
immunolocalization was done as described previously (32). The anti-PIN1
rabbit antibody (18) was used at a dilution of 1:500. The whole-mount
protein immunolocalization was repeated three times.

DEX Depletion Assay. TA::PIN2-GFP seedlings were grown on solid one-half
MS for 6 d and transferred to 30 μM DEX-supplemented solid one-half MS
media for 24 h. After washing three times for 20 min in liquid one-half MS
without sucrose, the roots were mounted in 3% glycerine with 50 μM GA3 or
equal amount of GA solvent, and PIN2-GFP signal was recorded after 2, 4,
6, 7, and 24 h. To estimate the possible induction of the inducible DEX
promoter by GA, the TA::PIN2-GFP line was transferred to only GA (50 μM)-
supplemented solid one-half MS media for 24 h and recorded. The experi-
ment was performed in triplicate with a minimum of five individual plants.
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