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Abstract Gravitropism is explained by the Cholodny—
Went hypothesis: the basipetal flow of auxin is diverted
laterally. The resulting lateral auxin gradient triggers
asymmetric growth. However, the Cholodny—Went
hypothesis has been questioned repeatedly because the
internal auxin gradient is too small to account for the
observed growth asymmetry. Therefore, an additional
gradient in indolyl-3-acetic acid (IAA) sensitivity has
been suggested (Brauner and Hager in Planta 51:115—
147, 1958). We challenged the Cholodny—Went
hypothesis for gravitropism of rice coleoptiles (Oryza
sativa L.) and found it to be essentially true. However,
we observed, additionally, that the two halves of gravi-
tropically stimulated coleoptiles responded differentially
to the same amount of exogenous auxin: the auxin re-
sponse is reduced in the upper flank but normal in the
lower flank. This indicates that the auxin-gradient is
amplified by a gradient of auxin responsiveness. Hor-
mone contents were measured across the coleoptile by a
GC-MS/MS technique and a gradient of jasmonate was
detected opposing the auxin gradient. Furthermore, the
total content of jasmonate increased during the gravi-
tropic response. Jasmonate gradient and increase persist
even when the lateral IAA gradient is inhibited by 1-NV-
naphtylphtalamic acid. Flooding with jasmonate delays
the onset of gravitropic bending. Moreover, a jasmo-
nate-deficient rice mutant bends more slowly and later
than the wild type. We discuss a role of jasmonate as
modulator of auxin responsiveness in gravitropism.
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Introduction

Gravitropism offers the opportunity to study the role of
intracellular communication in signal controlled mor-
phogenesis. It allows to ask how direction is recognized
and transformed into a systemic response of the whole
organ. Perceptive site and effector system are spatially
separated, which means that some kind of spatial
information must be conveyed over a considerable dis-
tance.

It was shown first by Darwin and Darwin (1880) for
phototropism of coleoptiles that the tip transmits spatial
information in basipetal direction towards the growing
tissue. Cholodny (1927) for gravitropism and Went
(1926) for phototropism discovered simultaneously that
the transmitted signal must be a hormone. Later, this
hormone was characterized as indolyl-3-acetic acid
(IAA, Kogl et al. 1934; Thimann 1935).

The Cholodny—Went hypothesis that is traditionally
used to explain gravi- and phototropic bending is based
on the assumptions that a redistribution of auxin results
in a gradient of auxin. This drives a gradient of differ-
ential growth which is the cause for tropistic bending.
The theory has been under continuous debate (see also
Trewavas 1992) mostly for phototropism where
cell-autonomous inhibitor-models starting from the
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Blaauw-theory (Blaauw 1915) or models based on gra-
dients of anti-auxins rather than the growth promoting
hormone auxin resurrect at regular intervals (e. g. Bru-
insma and Hasegawa 1990). On the other hand, the
gravitropic auxin gradient was well established starting
from Dolk (1936) who used a bioassay and ending up
with tracer experiments with radioactively labeled auxin
(Goldsmith and Wilkins 1964; Parker and Briggs 1990;
Iino 1991; Godbolé et al. 2000) or direct measurement of
the distribution of endogenous auxin within the tip
(Philippar et al. 1999). On the basis that the epidermis is
more responsive to auxin than the subepidermal tissue,
MacDonald and Hart (1987) suggested a refinement of
the Cholodny—Went hypothesis. According to their
model, auxin transport and auxin effect might be con-
fined to the epidermis. Thus, the gradient would not
emerge across the whole organ. Instead, it would be built
up locally by auxin influx from the inner tissue into the
epidermis of the lower flank and efflux from the epi-
dermis of the upper flank into the inner tissue.

However, the difference in IAA-content generally
found between the two flanks of a coleoptile was not
more than about 1:2 (Goldsmith and Wilkins 1964;
Parker and Briggs 1990; lino 1991; Godbolé et al.
2000). By contrast, the difference in initial growth rate
between the two halves of a gravitropically stimulated
coleoptile has been found to be more than 12-fold
(Digby and Firn 1976). Moreover, the increase in
growth rate in the lower flank and the decrease in
growth rate in the upper flank are roughly equivalent
(Himmelspach and Nick 2001). Since elongation
growth of rice coleoptile segments is more or less
proportional to the logarithm of auxin concentration
(Wang and Nick 1998), a doubling of auxin concen-
tration would not suffice to cause these observed
changes in growth rate. Furthermore, submersion of
gravitropically stimulated coleoptiles in relatively high
concentrations of auxin causes positive gravitropic
bending (Rorabaugh and Salisbury 1989; Waller 2000;
Edelmann 2001). This suggests that the effect of the
lateral auxin-gradient must be amplified by additional
gradients. We thus asked the following questions: Is
there an additional gradient of auxin responsiveness or
“sensitivity”’ as claimed by Rorabaugh and Salisbury
(1989)? Is there a second factor modulating this sen-
sitivity as postulated by Brauner and Hager (1958)? Is
the auxin gradient necessary at all for the gravitropic
response?

To answer the questions we used rice coleoptiles
(Oryza sativa L. japonica cv. “Nihonmasari®’) as model
system as their ability for gravitropism in submersion
and the lack of a diffusion barrier to auxin (Godbolé et
al. 2000) is ideal for testing the role of auxin gradients in
gravitropism.

We show in the present work that the central state-
ment of the Cholodny—Went hypothesis holds true.
However, we demonstrate that the effect of the auxin
gradient is enhanced by a parallel gradient of auxin
responsiveness. We further show for the first time that

during gravitropic bending a jasmonate gradient devel-
ops opposite to the gradient of auxin. This jasmonate
gradient acts as a positive modulator of gravitropic
curvature.

Materials and methods
Plant material, treatment of seedlings and coleoptiles

Seedlings of rice (Oryza sativa L. ssp. japonica cv. “Ni-
honmasari”, kindly provided by Dr. Osamu Yatou, Ja-
pan) were raised for 5 days at 25°C in photobiological
darkness (wrapped in black cloth and placed in light—
tight black boxes). For curvature assays in the absence
of JA the JA-deficient rice mutant hebiba (Riemann et al.
2003) was utilized for comparison to the isogenic wild
type.

For curvature assays, five rice seeds were fixed with
medical adhesive (“B401”°, Factor II Inc., Lakeside, AZ,
USA), 5 mm below the edge of a microscopy slide taking
care that the embryo was pointing upwards (Fig. 1). The
slides were placed in conventional staining trays and
these in plexiglass boxes (95x95x60 mm). The plexiglass
boxes were filled with deionised water such that the seeds
were only partially covered to ensure optimal germina-
tion in aerobic conditions.

For elongation assays, seeds were sawn on floating
plastic meshes as described in Nick and Furuya (1993).
All manipulations of seedlings described in the following
paragraphs were performed in green safe-light (A=
550 nm).

Fig. 1 Rice coleoptiles after 2 h of gravitropic stimulation at 90°:
curvatures were defined by the tangential line along the most
vertical part of the coleoptile with relation to the slide and the outer
edge of the bent coleoptile tip. Bar=1 cm



Gravitropic curvature, dose-response curves,
bending kinetics

Seedlings fixed on microscopy slides were submerged in
different solutions. For all solutions deionised water was
used. For gravitropic stimulation, the whole staining
tray was tilted by 90°. For determination of curvature
angles, the glass slides with seedlings were photocopied
and the angles measured with a protractor (Fig. 1). The
temperature in the green-light room was 25+3°C. All
points of a given graph were recorded at the same time.

For IAA dose-response curves, seedlings were
gravitropically stimulated for 2 h in H,O as control and
in TAA solutions (Sigma-Aldrich, stock solution
100 mM in absolute ethanol) of the concentrations 0.03,
0.05, 0.1, 0.5, 1, 5, 10, 50 and 100 uM. NPA (1-N-
naphthylphthalamic acid) was synthesized (stock solu-
tion 10 mM in DMSO) according to Thompson et al.
(1973). For NPA dose-response curves, seedlings were
pre-incubated vertically for 1 h and then gravitropically
stimulated for 2 h in H,O as control and in NPA-solu-
tions of the concentrations 0.1, 0.5, 1, 5, 10, 15, 20, 25
and 50 uM.

For bending kinetics in methyl-jasmonate (Me-JA),
seedlings were pre-incubated vertically for 1 h in H,O as
control or in 10 and 50 pM Me-JA (Sigma-Aldrich,
stock solution 10 mM in absolute ethanol) and then
gravitropically stimulated. Samples were measured after
1 and 2 h of gravitropic stimulation. For all curvature
assays all solutions were supplemented with the highest
amount of the solvent added (absolute ethanol or
DMSO) to equalize for its potential effects.

To assess gravitropic curvature in the absence of JA,
the JA-deficient mutant hebiba (Riemann et al. 2003)
was used and compared to the isogenic wild type.
Samples were measured after 1 and 2 h of gravitropic
stimulation, respectively.

To test the involvement of ethylene in the gravitropic
response, coleoptiles were stimulated for 3 h in a moist
chamber which consisted of a Plexiglass box
(30x20x16 cm) with water-soaked tissue paper. The
roots of coleoptiles were allowed to touch the moist
tissue. For the treatment a petri dish with 10 pl of the
volatile ethylene synthesis inhibitor 2,5-norbornadiene
(2,5-NBD, 97%, Sigma-Aldrich) was placed in the
chamber which was closed airtight with adhesive tape.

Elongation assays

From seedlings grown on floating plastic meshes cole-
optile segments of 10 mm length were excised 3—13 mm
below the tip. The segments were incubated under con-
tinuous rotation on a topover shaker in complete
darkness for 1 h in H,O to wash out endogenous auxin.
Subsequently, they were incubated for 4 hin 1 pM NPA
(Fig. 2b) or 10 mM succinate buffer pH 4.0 supple-
mented with 10 uM and 50 pM methyl-jasmonate (Me-
JA) (Fig. 4c). The controls were supplemented with
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Fig. 2 a Concentration dependence of IAA on gravitropic curva-
ture of rice coleoptiles stimulated for 2 h at 90°: values of five
independent experiments are averaged. Since the amplitude of the
control response differed slightly between days of experimentation,
values are plotted as percent of the control. Per experiment and
point 20 coleoptiles were used. Results are the mean £ SE n=35,
invisible error bars fall into symbols. b Concentration dependence
of NPA on gravitropic curvature of rice coleoptiles stimulated for
2 h at 90°. Inset growth increment of 10 mm coleoptile segments
after 4 h of incubation in 1 puM NPA. All results are the
mean = SE, n=20 shown as percent bending of the control.
¢ Decapitation kinetics: seedlings were submerged in water and
gravitropically stimulated. After periods indicated on the abscissa,
they were decapitated by 3 mm and returned for further stimula-
tion up to a total period of 2 h. Results are the mean + SE, n=20

0.01% DMSO (Fig. 2b) or 0.5% ethanol (Fig. 5c), to
equalize all samples for the solvent of NPA and Me-JA,
respectively. For Fig. 4c, 10 mM succinate buffer
pH=4.0 served as control for Me-JA treatment
and10 mM succinate buffer pH 6.0 as control for acid
growth. The length increment was determined under a
stereomicroscope.

Decapitation kinetics

Seedlings glued on microscope slides were gravitropi-
cally stimulated in H,O. Samples were taken after 2, 5, 7,
10, 15, 20, 25 and 30 min and decapitated by 3 mm.
After decapitation, seedlings were returned for further
gravitropic stimulation to a total period of 2 h.
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Fig. 3 a Effect of the a
gravitropic stimulus (GS) on
TIAA-responsiveness of the
upper and lower halves of rice
coleoptiles: coleoptiles were
gravitropically stimulated for
15 and 30 min, cut into
segments and split. Split
segments were incubated in

10 uM IAA (filled bars) and
water (striped bars) for 2 h.
Outward bending is represented
as positive value, inward
bending as negative. Data were
collected cumulatively on
different days. Results are the
mean + standard deviation
n=30. Photos show
representative samples of split

curvature angle [7]

segments that were incubated in H,0
water or 10 uM TAA: vertical

control (left), after 30 min of

gravitropic stimulation (right). b

White bar=5 mm. b Frequency
distribution of curvature angles.
In the water control all halves
bend outwards irrespective of
pre-treatment. In 10 pM TAA,
halves of the vertical control 0
bend inwards. With increasing
time of gravitropic stimulation
(GS) as pre-treatment more and
more upper halves bend
outwards upon incubation in

10 uM TAA. Each box shows 0

the distribution of 30 replicates.
n=number of coleoptile
segment halves

Split-test for IAA-responsiveness

As assay for [AA-responsiveness the split pea-hypocotyl
test of Went and Thimann (1937) was modified. Rice
seedlings were gravitropically stimulated in H,O for 15
and 30 min, i.e. in the period before the onset of bend-
ing. As control, seedlings were incubated vertically in
H,O for 30 min. Coleoptile segments of 10-15 mm
length were excised from 3 mm below the tip. They were
split longitudinally in upper and lower halves (relative to
the gravity vector) leaving a connection at the basal 3—
S mm (see Fig. 3a). To avoid differences in curvature
caused by difference in thickness between the two halves,
only strictly symmetrically cut segments were used. The
segments were split by stabbing the edge of a razor blade
into the lower part of the segment and pushing it to-
wards the top. In a perfectly symmetric cut, the primary
leaf is pushed out at the top of the segment. Subse-
quently the segments were incubated in water or 10 uM
TAA for 2 h under continuous rotation on a topover
shaker in complete darkness. The segments were then
xerocopied and curvature angles of the two halves
measured with a protractor. Images of split segments
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were recorded with a digital camera (Nikon, Coolpix
990).

Hormone extraction

Seedlings were stimulated gravitropically for 15, 30, 60
and 120 min in a moist chamber (not airtight) as de-
scribed above in darkness. Microscopy slides with at-
tached seedling were placed on the cloth such that the
roots touched the water source. After gravitropic stim-
ulation, coleoptiles were split in to upper and lower
halves and after careful removal of the primary leaf
immediately frozen in liquid nitrogen.

For each extraction 40 coleoptile halves were used.
Plant material from liquid nitrogen was immediately
covered with 1 ml of hormone standard containing
30 pmol *H-labelled IAA, 30 pmol *H-labelled ABA,
30 pmol '*C-labelled JA, and 10 pmol *H-labelled
OPDA in methanol. After adding 1 ml diethylether the
samples were heated for 20 min at 50°C in a water bath.
The remaining extract was completely evaporated under
vacuum.



To see whether the JA-gradient develops indepen-
dently of the IAA-gradient, gravitropically induced later
TAA-transport was blocked with 5 uM NPA. Coleop-
tiles were pre-incubated in NPA-solution for 1 h to al-
low sufficient entry of the inhibitor and subsequently
gravitopically stimulated for 1 h. The same was done for
the control in water supplemented with 0.05% of the
solvent DMSO. The vertical control was incubated
vertically in water for 2 h. For harvest and hormone
extraction, coleoptiles were treated as described above.

Hormone analysis

Hormone concentrations were analyzed as described in
Miiller et al. (2002).

Statistics

Data were processed with the program Microsoft Excel
2000. For statistical tests the program SPSS 11.5 was
applied. P values for differences in total hormone con-
tent and segment growth were calculated by a Mann—
Whitney U test. For paired data of hormone contents in
upper and lower flanks the Wilcoxon test was used.

Results
Exogenous IAA and NPA inhibit gravitropic bending

Whether the auxin gradient plays a role in rice coleoptile
gravitropism was tested by flooding the internal
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IAA-gradient with exogenous IAA and by inhibiting
auxin transport with the phytotropin 1-N-naphtylphta-
lamic acid (NPA).

The dose-response curve for the effect of exogenous
IAA on gravitropic bending (Fig. 2a) is characterized by
a broad plateau around the internal IAA concentration
of ca. 0.07-0.1 uM IAA (Riemann et al. 2003, see also
Fig. 4a). For concentrations exceeding 1 uM IAA,
gravitropic curvature gradually decreases. When the
concentration of TAA is increased above 5 uM, an
increasing number of individuals display positive gravi-
curvatures.

The dose-response curve of the NPA-effect on
gravitropic curvature (Fig. 2b) is clearly sigmoidal. One
micromole of NPA inhibits gravitropism by about 80%,
whereas segment growth is not inhibited at this con-
centration (Fig. 2b, inset). For NPA concentrations
exceeding 1 pM, an increasing number of individuals
showed positive gravitropism.

The signal that conveys directional information
moves at a rate similar to auxin

To test whether the operationally defined signal that
originates in the tip and conveys the information on the
direction of the stimulus to the more basal effector zone
travels with a speed expected for TAA flux, intact co-
leoptiles were stimulated for various time intervals. Then
the perceptive tissue was removed. Preliminary experi-
ments had shown that gravitropic sensitivity was con-
fined to the apical 3 mm (data not shown).
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Consequently, when the tip was removed immediately or
briefly after the onset of stimulation, no significant
curvatures were observed (Fig. 2c). However, a signifi-
cant gravitropic curvature occured when coleoptiles
were stimulated for at least 20 min in the non-decapi-
tated state. Since the signal was initiated at the time
point of tilting the coleoptiles to the horizontal, it nee-
ded 20 min to overcome 3 mm and thus traveled with a
speed of 9 mm/h. IAA was found to travel with 10—
12 mm/h in maize coleoptiles (Goldsmith 1967). There-
fore, the signal responsible for gravitropic bending
should be IAA.

Gravitropic stimulation induces a gradient
of TAA-responsiveness

TAA responsiveness in the upper and lower half of
gravitropically stimulated rice coleoptiles was tested
with the pea split test of Went and Thimann (1937). It
should be noted here that responsiveness is not nec-
essarily the same as sensitivity. Sensitivity refers to the
ability to perceive a signal whereas responsiveness is
the ability to respond to a signal. In terms of
Michaelis—-Menten kinetics, sensitivity would corre-
spond to K and responsiveness to vmax. However,
experimentally it is often difficult to discriminate
changes of sensitivity from changes of responsiveness.
Near the threshold of a dose-response curve an ob-
served change in the amplitude of a response could be
caused by a shift of the threshold, but it could also be
caused by a regulation of the amplitude itself
(responsiveness). Since our experimental set-up does
not allow real statements about auxin sensitivity in
sensu strictu versus responsiveness, we will use exclu-
sively the latter term—which should include both—in
the present work.

As shown in Fig. 3a, both segment halves bent out-
wards (represented in Fig. 3a as positive bending) when
rice coleoptiles were kept in water, irrespective of whe-
ther or not they were pre-treated by 15 or 30 min of
gravitropic stimulation. Upon incubation in 10 uM
TAA, the segment halves of the un-stimulated control
bent inwards (represented in Fig. 3a as negative bend-
ing). After gravitropic stimulation the lower half still
bent inwards when incubated in auxin, but the upper
half bent outwards. Comparing the reaction after 15 and
30 min of gravitropic stimulation it is evident that it was
not the degree of individual curvatures that changed
with the time of gravitropic stimulation; it was rather the
frequency of individuals exhibiting this inverse response
of the upper half that increased (Fig. 3b). Thus, the
differential bending of the coleoptile halves seems to be
an all-or-none response.

We conclude from the differential reaction of the two
halves of gravitropically stimulated coleoptiles to the
same amount of exogenous IAA that gravitropic stim-
ulation did not only evoke an IAA-gradient, but also a
gradient of IAA-responsiveness.

Gravitropic stimulation induces a jasmonate gradient

The next question we asked was about the nature of
the gradient in IAA-responsiveness. Could it result
from a gradient of hormones other than auxin? We
analysed the content of IAA, ABA, OPDA and JA by
GC-MS-MS in the upper and lower half of gravi-
tropically stimulated coleoptiles. Kinetics for the dis-
tributions of these hormones during the gravitropic
response are shown in Fig. 4a. The IAA gradient
(Fig. 4a) becomes detectable from 15 min with a ratio
of 40:60 (upper:lower half) at the time points 15 and
30 min and 30:70 at 60 and 120 min. The difference
between the upper and lower halves is significant at the
95%-level except for the 120 min point (Fig. 4a). ABA
(Fig. 4a) displays a gradient at 15 min of gravitropic
stimulation, but this gradient is already present before
stimulation and completely disappears during gravi-
tropic stimulation, which speaks against a direct
involvement of ABA in the gravitropic response. The
only hormone apart from IAA for which a consistent
gradient emerged is JA (Fig. 4a). The total content of
JA rises significantly (99.9% level after 120 min) dur-
ing the time course of gravitropic stimulation. Addi-
tionally, the data show a gradient of 60:40
(upper:lower half) which is oriented opposite to the
IAA gradient. However, only for the 120-min point,
the gradient is significant at the 95%-level. To control
for potential effects of the green safelight used for
handling or drought stress coleoptiles were incubated
for 120 min in the moist chamber but without gravi-
tropic stimulation. No increase in JA-content could be
detected (data not shown). Interestingly, OPDA, a
precursor of JA shows a significant gradient from
30 min of stimulation that is reciprocally oriented to
the JA gradient but diminishes for later time points
(Fig. 4a). This gradient is mainly due to a rapid, but
transient increase of this precursor in the lower flank.
Another interesting point is that OPDA significantly
decreases up to 15 min of stimulation (99% level). This
might be explained by a rapid consumption for JA-
synthesis which is followed by a delayed subsequent
delivery of OPDA (30 min point, Fig. 4a).

Our next issue was to determine whether the
JA-gradient is induced independently by gravitropic
stimulation or just as a downstream effect of the IAA-
gradient. Thus, we checked the JA-distribution after 1 h
of gravitropic stimulation under concomitant inhibition
of auxin transport by 5 uM NPA. Possibly as a conse-
quence of submersion (necessary for the application of
NPA), the overall content of JA was reduced as com-
pared to stimulation under atmospheric conditions
(Fig. 4a). Irrespective of this reduction of JA levels, a
significant (95% level) JA-gradient develops in both
controls and NPA-treated coleoptiles as shown in
Fig. 4b. As NPA completely eliminated the TAA-gradi-
ent in the very same coleoptiles (Fig. 4c) we conclude
that the JA-gradient develops independently of the IAA-
gradient in response to gravitropic stimulation.



Additionally, the total JA content rises significantly
(99% level) during 1 h of stimulation.

Elimination of the JA gradient delays
the gravitropic response

To find out whether the JA-gradient has a function in
gravitropism we tested what happens, when the JA
gradient is eliminated: (1) by flooding the gradient with
exogenous methyl-jasmonate (Me-JA) (2) by comparing
the time course of bending for the JA-deficient rice
mutant hebiba to the wild type.

Ten and fifty micromoles of Me-JA inhibit gravi-
tropic bending (Fig. 5a). Whereas the higher Me-JA
concentration of 50 pM mainly acts by dampening the
amplitude of gravitropic curvature, 10 pM of Me-JA
mainly causes a delay of gravitropic curvature up to
about 1 h. Then bending proceeds with the same rate as
in the control. To see whether the inhibition of curvature
by Me-JA is specific for auxin-dependent growth re-
sponses such as the gravitropic reaction we tested whe-
ther Me-JA inhibits general elongation growth. As
marker activity we used the acid growth response
(Fig. 5¢). In all three acid treatments (pH =4.0) segment
growth was significantly higher (P=0.000) than in the
control with pH 6.0. Acid induced growth was not sig-
nificantly inhibited by 10 uM Me-JA (P=0.435). How-
ever, it was slightly inhibited by 50 uM Me-JA (P=0.04)
but not as much as gravitropism was inhibited by this
concentration (Fig. 5a). Moreover, the difference in
growth between the coleoptile segments treated with
10 um or 50 uM Me-JA is not significant (P =0.285)
(Fig. 5c¢).

Similar to flooding with Me-JA, the complete absence
of JA affects the gravitropic response: It was clearly
delayed in hebiba (Fig. 5b). However, after a strong
initial delay, bending still occured, which means that JA
is not absolutely necessary for gravitropic bending but
mainly seems to accelerate the bending process. Elon-
gation growth did not differ between segments excised
from WT and /b coleoptiles (Fig. 5b, inset).

To test whether ethylene would act as regulator of
gravitropic bending we measured the effect of the eth-
ylene synthesis inhibitor 2,5-norbornadiene (2,5-NBD).
Coleoptiles treated with 2,5-NBD bent more strongly
than the control (significant at 99% level, Fig. 5d).
Thus, ethylene apparently acts as negative modulator of
the gravitropic response.

Discussion

Cholodny—Went: auxin transport and auxin
gradient are necessary

From our results that (1) flooding of coleoptiles with
IAA and NPA (Fig. 2a, b) inhibits gravitropic curva-
ture, (2) that the curvature inducing signal originates in
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Fig. 5 Gravitropic curvature in absence of JA gradient: a Flooding
of JA-gradient with two concentrations (10 uM and 50 uM) of
external Me-JA. b Time course of gravitropic bending in the JA-
deficient mutant hebiba. For a and b mean values from two
independent experimental series are shown. Results are the
mean = SE, n=37 for (a), n=35 for (b). ¢ Influence of 10 and
50 kM Me-JA on acid-induced growth increment of coleoptile
segments within 4 h. Results are the mean + SE, n=20. d Mean
curvature of coleoptiles gravitropically stimulated for 3 h upon
inhibition of ethylene synthesis by 2,5-norbornadiene (2,5-NBD),
n=23. Letters on top of the bars indicate significant differences
between samples as assessed by a Mann—Whitney U test

the coleoptile tip and travels with the speed of auxin
(Fig. 2¢), (3) that a gradient of extractable auxin emer-
ges during the gravitropic reaction (Fig. 4a), we con-
clude and confirm that auxin transport establishing a
lateral auxin gradient is necessary for gravitropism of
rice coleoptiles.

Interestingly, in rice coleoptiles, gravitropism is much
more sensitive to exogenous [AA than elongation
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growth. Whereas the broad optimum for gravitropic
curvature was at around 0.1 pM TAA and significant
inhibition was observed from 1 puM TAA (Fig. 2a),
elongation growth reached its maximum at 3 uM TAA
and was significantly inhibited only from 10 uM IAA
(Wang and Nick 1998; Waller 2000). Salisbury et al.
(1988) found that the growth response to auxin was
enhanced in gravitropically stimulated soybean hy-
pocotyls when compared to controls that were kept
vertically. Thus, gravitropic strimulation increased the
auxin responsiveness of the whole organ. Functionally
this might ensure that the response to a changing
gravitropic stimulus remains fast and flexible and will
not result in overbending.

The inhibition of gravitropic curvature by high con-
centrations of exogenous IAA shows that IAA does
enter the coleoptile and can overrun the gravitropically
induced gradient of endogenous IAA. However, this
result is not as trivial as it might appear at first sight: a
concentration difference by a factor of almost 100 was
necessary to inhibit curvature by 50-70% of the opti-
mum-curvature (Fig. 2a). The inhibition of gravitropic
curvature at these very high concentrations of IAA
cannot be a mere consequence of a general growth
stimulation (which is optimal at 3 pM—Wang and Nick
1998; Waller 2000). Otherwise a much more substantial
inhibition would be expected for IAA concentrations
around 3 pM.

Moreover, starting from 5 pM IAA an increasing
proportion of individuals with inversed gravitropism
was observed. The same phenomenon occurred for
NPA-concentrations that exceed 1 pM. Five micromoles
of NPA has been shown to completely eliminate longi-
tudinal and lateral auxin transport in rice coleoptiles
(Godbolé et al. 2000).

The observation of positive gravitropic bending for
very high concentrations of exogenous IAA or after
complete inhibition of auxin transport are difficult to
explain in the framework of the classical Cholodny—
Went hypothesis. These findings call for an additional
gradient of IAA-responsiveness as already postulated by
Brauner and Hager (1958) and later shown in sunflower
and soybean hypocotyls (Salisbury et al. 1988; Rorab-
augh and Salisbury 1989). Thus, the Cholodny—Went
hypothesis holds true, when the lateral gradient of auxin
is complemented by a lateral gradient of auxin respon-
siveness.

We found a strong and significant gradient of
extractable IAA in gravitropically stimulated coleoptiles
already after 15 min when the first measurement was
taken (Fig. 4a). This is consistent with results from
maize coleoptiles (Iino 1991; Philippar et al. 1999) and
contradicts an older assumption of Briggs (1963), who
postulated that only diffusible, but not extractable auxin
plays a role for the establishment of tropistic curvature.
The ratio of the IAA-gradient of 40:60 (15 min) and
30:70 (60 min) is very similar to that measured with
radioactively labeled IAA administered to the tip of
gravitropically stimulated rice coleoptiles (Godbolé et al.

2000) and similar to published data for corn coleoptiles
(Gillespie and Briggs 1961; Parker and Briggs 1990; lino
1991). At the molecular level, Waller et al. (2002)
showed that the auxin responsive gene OsARF1 is dif-
ferentially expressed in the upper and lower flank of
gravistimulated rice coleoptiles reflecting the auxin gra-
dient.

A gradient of IAA-responsiveness amplifies
the effect of the IAA gradient

Applying the pea split test of Went and Thiemann 1937
we found that gravitropic stimulation induces a quali-
tatively different reaction of the upper and lower cole-
optile halves to the same amount of exogenous auxin
(Fig. 3a). The hormonal response of a plant depends on
effective concentration of and sensitivity to the hormone
within the responsive tissue (Trewavas 1982). If the
hormone is supplied in excess, the sensitivity or in our
case, the responsiveness becomes limiting for the re-
sponse such that differences in responsiveness should
become manifest.

One could argue that the differential response of the
two halves of gravitropically stimulated coleoptiles does
not result from differential IAA responsiveness. Instead
it might be caused by differential growth that was al-
ready triggered upon gravitropic stimulation and just
proceeded after the segments had been split. However,
the coleoptiles are not yet curved after 30 min of stim-
ulation (nor are they after 15 min, when the difference in
the response to auxin is already laid down). Moreover,
as shown by Fig. 2a, differential growth is already
inhibited by the high IAA concentration of 10 pM.
Thus, we conclude that additionally to the IAA gradient
a gradient of I[AA-responsiveness across the coleoptile is
involved in the gravitropic reaction.

The gradient of auxin responsiveness that becomes
manifest in the split-coleoptile assay can also explain the
downward curvatures observed for superoptimal con-
centrations of exogenous IAA (Fig. 2a). Even in the
absence of an auxin gradient, a gradient of auxin
responsiveness should result in a growth differential
between the two coleoptile flanks. It is the upper flank
where auxin responsiveness becomes reduced during
gravitropic stimulation (Fig. 3a). At superoptimal con-
centrations of auxin, the flank with the lower respon-
siveness should experience a stronger stimulation of
growth as compared to that with the higher respon-
siveness that is now inhibited such that the coleoptile
bends downwards. The positive gravi-curvatures ob-
served for high concentrations of the auxin-transport
inhibitor NPA (Fig. 2b) might be caused by a similar
phenomenon, when endogenous auxin, due to impaired
efflux, accumulates to supra-optimal levels.

How is the gradient of IAA-responsiveness brought
about? Figure 3a shows that the lower flank reacts
normally to auxin whereas the upper flank does not re-
act. Thus, it must be assumed that the gradient of



responsiveness is modulated by means of inhibition at
the upper flank not by promotion of the auxin effect at
the lower flank.

JA as modulator of TAA-responsiveness?

What could be the inhibiting factor for IAA respon-
siveness? Analysing the distribution of the four hor-
mones IAA, ABA, OPDA and JA in the two flanks of
rice coleoptiles during the gravitropic reaction we found
that the total JA content rises significantly during the
time course of stimulation and that JA is distributed in a
gradient reciprocally oriented to the I[AA-gradient
(Fig. 4a). The correlation between gravitropic reaction
and rise in JA level is supported by findings of Moseyko
et al. (2002) in Arabidopsis and Kramer et al. (2003) in
wheat seedlings showing that the expression of lipoxy-
genase, which is one of the first enzymes in JA-biosyn-
thesis (Leon and Sanchez-Serrano 1999), is up-regulated
upon gravitropic stimulation. Furthermore, the tran-
script level of the JA-responsive gene GERI1 in the two
coleoptile flanks mirrors the pattern of JA-levels
observed in this study (data not shown). Interestingly,
the JA gradient is accompanied by a gradient of the
JA-precursor OPDA in opposite direction. This gradient
is mainly due to a rapid and transient increase of this
precursor in the lower coleoptile flank (Fig. 4a). Since
JA is generally increasing in both flanks during gravi-
tropic stimulation, the early steps of JA synthesis might
be triggered ubiquitously by gravitropic stimulation.
However, there might be a second level of regulation in a
late step establishing the gradient, when OPDA is con-
verted to the final product JA. This late step seems to be
delayed or impaired in the lower flank, but seems to
work efficiently in the upper flank. Thus, the observed
gradient of JA might be caused by a gradient in the
activity of a late step of JA synthesis (downstream of
OPDA), not by a differential induction of the pathway
as such. In this ontext it might be most relevant to
investigate transcript levels of OsOPR, the enzyme that
metabolizes OPDA. However, it is important to identify
those isoforms of this enzyme that might be involved in
the gravitropic response.

Investigating whether the JA-gradient is induced
independently or as downstream effect of the IAA-gra-
dient we found that 5 pM NPA efficiently suppressed the
establishment of an IAA-gradient (Fig. 4c) but not the
JA-gradient (Fig. 4b). Thus, the JA-gradient is not in-
duced via the IAA-gradient. This result shows also that
the JA-gradient is not sufficient to induce bending since
in the presence of 5 uM NPA the gravitropically induced
JA-gradient is not accompanied by significant curvature
(Figs. 2b, 4b).

What could be the functional relevance of JA in
gravitropism? Overrunning the JA-gradient by sub-
merging coleoptiles in Me-JA and observing the bending
kinetics of the JA-deficient mutant hebiba (Riemann et
al. 2003) we found that in both cases the gravitropic
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response was delayed (Fig. 5a, b). This cannot be due to
a general inhibition of the growth machinery as such,
because segment elongation assays show that IAA-
independent, acid induced growth is not inhibited by
10 uM Me-JA (Fig. 5¢). Fifty micromoles of Me-JA
inhibits acid induced elongation growth only slightly
and much less compared to gravi-curvature (Fig. 5a, c).
Thus, we conclude that it is not the total amount of JA
but its spatial distribution that is relevant for gravitropic
bending. Moreover, the JA-deficient mutant hebiba is
not impaired in growth as compared to the wild type
(Fig. 5b, inset) and auxin-induced growth is even more
pronounced in this mutant (Riemann et al. 2003).
However, as hebiba still shows a gravitropic reaction, JA
is not absolutely necessary for gravitropic bending but it
seems to accelerate the gravitropic response.

Could the JA-gradient be the cause of the gradient of
IAA-responsiveness? IAA induced growth is inhibited
by JA in monocotyledons (Miyamoto et al. 1997). This
is attributed to inhibition of cell wall polysaccharide
synthesis (Ueda et al. 1994, 1995) and pH increase (Ir-
ving et al. 1999). For both processes IAA has been
shown to act antagonistically (Kutschera and Briggs
1987, Brummer et al. 1985). Furthermore, jasmonate
might act by modulating potassium channels (Evans
2003) that are involved in auxin-induced growth and
even differentially expressed in gravitropism of maize
coleoptiles (Philippar et al. 1999). On the molecular level
jasmonate might reduce auxin responsiveness by
recruiting signalling factors such as AXRI1 that are
limiting for auxin signalling (Schwechheimer et al. 2001).
This mutual interaction of hormonal signaling might
provide the conceptual framework to link the observed
jasmonate gradient with the observed gradient of auxin
responsiveness.

Upon submersion rice coleoptiles progressively
switch from auxin towards ethylene control of cell
elongation. In contrast to other plants, where ethylene
acts as inhibitor of elongation diverting cell expansion in
favour of lateral growth (Lang et al. 1982), ethylene acts
as stimulator of cell elongation in the case of rice co-
leoptiles (Imaseki and Pjon 1970). We therefore tested,
whether ethylene under the conditions of the JA-exper-
iment described above, would act as positive modulator
of gravitropism. This experiment was also stimulated by
experiments in rye, where the coleoptile had been re-
moved and the agravitropic primary leaves could be
rendered competent for gravitropism by treatment with
ethylene (Kramer et al. 2003). However, since in rice
coleoptiles the ethylene synthesis inhibitor 2,5-NBD
promoted gravitropic bending (Fig. 5d), ethylene ap-
pears to act as negative modulator of the gravitropic
response and is therefore probably not involved in the
action of jasmonate, at least in our system.

The findings listed above suggest that the growth
differential underlying gravitropic curvature depends on
an IAA-gradient that, in turn, is differentially inhibited
by a gradient of JA. An inhibitor would be most efficient
as amplifier of an activator gradient if it were distributed
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in a gradient that is reciprocally oriented. In other
words, where growth is already badly promoted by IAA,
it would become additionally inhibited. Thus, although
JA is not absolutely necessary (Fig. 5b) nor sufficient for
gravitropic bending, it could be at least part of a
machinery that is responsible for the gradient of TAA-
responsiveness.
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