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This study examines how brassinolide (BL) and ethylene inter-
act in the gravitropic response mechanism of maize (Zea mays)
primary roots. When applied exogenously, ethylene increases
the rate of gravitropic curvature in a dose-dependent manner.
This effect of ethylene was confirmed by the fact that AVG, a
specific action inhibitor of ACC synthase, reduces the gravi-
tropic curvature in the presence and absence of BL. Since AVG
did not inhibit BL-increased gravitropic curvature completely,
we investigated the possibility that BL may act on the gravi-
tropic response by ways other than simply through enhanced

ethylene production. We show that BL exhibits some of its
stimulatory effect in the absence of ethylene. In addition, BL
reduces the presentation time and lag period for the gravitropic
response, whereas ethylene increases them. One possible
mechanism of such action is that BL affects protein kinase
activity, since the protein kinase inhibitors, staurosporine and
H89, reduce BL-increased gravitropic curvature. In summary,
BL is involved in the gravitropic response in maize primary
roots via ethylene production, but it acts in a way that differs
somewhat from that of ethylene.

Introduction

Gravitropism is a directional movement of plants in
response to the gravity vector. The mechanism of the
gravitropic response can be explained in terms of per-
ception, signal transduction and asymmetric growth
response, where gravity and several plant hormones are
the signals (Kaufman et al. 1995). Auxins, cytokinins,
and ethylene are hormones known to be involved in the
gravitropic response. Of these, auxin is considered to be
the primary hormone in this response (Kaufman et al.
1995). This is because gravitropism-induced differential
cell elongation is mediated primarily by auxin, whose
lateral redistribution is induced by gravistimulation
treatment (Chen et al. 1999). Up to now, the role of
auxin in the gravitropic response mechanism has been

investigated most extensively in connection with its
transport and gravity-signal transduction (Muday 2001,
Ottenschlage et al. 2003).

Ethylene is also known to play an important role in
the gravitropic response, in spite of the fact that there are
opposing reports based on the relationship between the
gravitropic response and ethylene production (Kaufman
et al. 1985, Harrison and Pickard 1986, Balatti and
Willemoes 1989, Woltering 1991). It has been reported
that ethylene is responsible for decreased starch levels in
the columella cells, and thus, possibly results in inhibi-
tion of the gravitropic response of Arabidopsis roots
(Guisinger and Kiss 1999). In other studies, ethylene
was reported to stimulate the gravitropic response in

Abbreviations — ACC, 1-aminocyclopropane-1-carboxylic acid; AVG, l-alpha-(2-aminoethoxyvinyl)glycine; H89, N-(2-[p-Bromocinnamyl-
amino]ethyl)-5-isoquinolinesulphonamide hydrochloride; TAA, indole-3-acetic acid; NPA, N-(naphth-1-yl)phthalamic acid; TIBA, 2,3,5-

triitodobenzoic acid
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tomato seedlings (Zobel 1973), dandelion plants
(Clifford and Oxlade 1989), and snapdragon spikes
(Philosoph-Hadas et al. 1996). Furthermore, it has been
reported that this hormone redirects etiolated pea shoots
to grow downward rather than upward upon gravistimu-
lation (Burg and Kang 1993). Using the ethylene-
insensitive mutant, ein2-1, Golan et al. (1996) show that
ethylene mediates the positive action of cytokinin in gravi-
tropism of Arabidopsis seedlings. Recently, Madlung et al.
(1999) showed that ethylene is necessary for a full gravi-
tropic response of tomato seedlings, although it did not
exert a primary role in the response. However, to our
knowledge, the effects of ethylene on the gravitropic
response of roots are not so well-established compared
with that of shoots.

Following the isolation of brassinolide (BL) from rape
pollen by Grove et al. (1979), more than 40 brassinoster-
oids (BRs) have been identified. Because they are found
to occur ubiquitously in the plant kingdom, and are
known to exert their roles at lower than micromolar
concentrations, they are now considered to be a sixth
class of plant hormones (Sasse 1990, Sakurai and
Fujioka 1993, Yokota 1997). The roles of BRs in various
events of plant growth and regulation have been
well-characterized (Yokota 1997, Altman 1999, Li and
Chory 1999). Many responses induced by BRs have
been reported to be similar to those induced by auxin.
Furthermore, some auxin-induced responses are syner-
gistically enhanced by BRs. This indicates that both
hormones are interactive in some aspects of plant growth
and development (Yopp et al. 1981, Takeno and Pharis
1982, Cohen and Meudt 1983, Katsumi 1985, Eun et al.
1989, Kim et al. 1990, Fujii et al. 1991, Fujioka et al.
1998, Sasse 1999). BRs are also known to interact with
ethylene. One of the well-known interactions is that BRs
affect ethylene biosynthesis by increasing ACC synthase
activity (Mandava 1988, Sakurai and Fujioka 1993).

It has been reported that the gravitropic curvature of
bean (Meudt 1987) and tomato hypocotyls (Park 1998) is
enhanced by the application of BRs, indicating that BRs
may participate in the regulation of shoot gravitropism.
These findings raise the possibility that BRs may also be
involved in the regulation of root gravitropism. This led
us to examine the effects of BRs on the gravitropic
response in maize (Zea mays) primary roots, a system
whose gravitropic response has been well-characterized.
In our previous work (Kim et al. 2000), we showed that
BL has a stimulatory effect on the gravitropic response,
and that this effect was diminished and/or disappeared in
the presence of auxin transport inhibitors such as NPA
and TIBA. In addition, the stimulatory effect of BL is
more pronounced in the presence of IAA. Thus, it is
possible that the BL effect is auxin-dependent, and
there may be a link between BL and IAA in the
gravitropic response signal transduction pathway.

This current study was undertaken to test the hypoth-
esis that BL may be involved in the root gravitropic
response of maize via TAA-induced ethylene biosynthesis.
In connection with this hypothesis, we attempt to explain
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the mode of BL action in relation to IAA and ethylene in
the gravitropic signal transduction pathway in maize
roots. Here, we show that BL stimulates the gravitropic
response, in part, by eliciting an increase in ethylene
level. We also conclude that BL exerts its role in a
partially different way from that of ethylene in the grav-
itropic response mechanism.

Materials and methods
Plant materials and chemicals

Maize (Zea mays L. cv. Golden Cross Bantam) seeds
were prepared and seedlings were grown as described in
Kim et al. (2000). Seeds were washed several times with
tap water and soaked in distilled water for 24 h. After
soaking, the seeds were placed in trays (27 x 20 x 2.5 cm)
on water-saturated paper towels. To keep the seeds
moist, they were covered with one more layer of water-
saturated paper towels. The trays were then positioned
vertically at 28 £1°C in the dark with 70% RH. After
germination in the dark for 2 days, seedlings with 1.5-2 cm-
long straight primary roots were selected and used for the
experiments.

For treatments of chemicals, stock solutions were
prepared as follows. BL, staurosporine, and H89 were
dissolved in DMSO, while AVG was dissolved in dis-
tilled water. For every treatment and for the control,
the final concentration of DMSO was 0.1% (v/v). At
this concentration, no adverse side-effects were found in
this study. All chemicals used in this study were
obtained from Sigma Chemical Co. (St. Louis, MO,
USA).

Measurement of gravitropic curvature of maize primary
roots

The root caps of seedlings were immersed in the buffer
solution (5 mM MES-Tris, pH 6.8) containing various
concentrations of BRs for 2h with aeration at
25+ 1°C. The hormone-treated roots were then placed
horizontally in a lucent Plexiglas™ container (13 x 9 x
6 cm) for gravistimulation. Using a syringe, ethylene was
injected into a chamber in which the container was
located.

For early kinetics experiments, a closed circuit digital
camera and a computer program, Image-Pro Plus, made
by Yongma (Seoul, Korea) were used. The image of the
root was magnified 10 times on a monitor and recorded
every 1 min for up to 1 h. The angles of curvature were
measured after the gravistimulation treatment, using this
program.

For determination of the presentation time, maize
roots were gravistimulated for 0, 5, 10, 15 and 20 min
after the pretreatment of hormones as above and then
rotated on a clinostat (1 r.p.m) for 30 min. A plot of
curvature vs. the time for gravistimulation was made.
The intercept of the line on the x axis was taken to be
an estimation of the presentation time.
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Measurement of ethylene content

One ml of air was withdrawn with a syringe from a vial
containing 1 ml of potassium phosphate buffer (50 ma7,
pH 6.8) plus the experimental roots and injected into a
gas chromatograph equipped with a column containing
Porapac Q (Shimadzu GC-8A, Japan). Vials containing
the roots plus buffer were incubated at 27+ 1°C in
the dark.

Activity assays of ACC synthase and ACC oxidase

Activity of ACC synthase was assayed as described by
Woeste et al. 1999). Root segments (4 g) were ground on
ice with 8ml of 250 mM potassium phosphate buffer
(pH 8.0) containing 10 uM pyridoxal phosphate, 1 mM
EDTA, 2 mM PMSF, and SmM DTT. The homogenate
was kept for 4min on ice and centrifuged for 15min at
15000 g. One ml of the supernatant was incubated with
SmM S-AdoMet (0.1ml) for 1h at 22°C+1°C and
placed on ice with 0.1ml of 20mM HgCl, and 0.1 ml
of NaOH/NaOCI (1:1) mixture for 10 min. The ethylene
production from this mixture was used for determination
of ACC synthase activity (Lizada and Yang 1979).

The ACC oxidase activity assay was carried out in vivo
according to the method of Wang and Woodson (1989).
Forty root segments were incubated in a 50 mM potas-
sium buffer (pH 6.8) containing 0.1 mM aminoethoxyvi-
nylglycine (AVG) in the presence or absence of
brassinolide (BL). After the incubation, root segments
were washed with distilled water, then infiltrated with
IlmM ACC for 2h at 27+ 1°C in the dark. The ACC
oxidase activity determination was based on ethylene
produced from primary root segments placed in distilled
water for 1 h in the absence of ACC.

Replication of experiments and statistical analysis of data

All experiments for gravitropic curvature and elongation
of maize primary roots were performed at least three
times. In every experiment, 20 primary roots were used.
A P-value of <0.05 was considered to be significant.
To test for significance of the data, mean values were
calculated with Student’s #-test.

Results

BL increases ethylene production and the gravitropic
response

Our previous work shows that BL interacts with IAA in
the activation of the root gravitropic response (Kim et al.
2000). This implies that BL acts at one or more auxin
action site(s). Among these, one possibility is that the BL
participates in the response by affecting IAA-induced
ethylene production. This was tested by examining BL
effects on activities of ethylene biosynthetic enzymes,
including ACC synthase and ACC oxidase. Results
show that BL not only increases ethylene production
synergistically with TAA (Lim et al. 2002), but also
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stimulates the activities of ACC synthase and ACC oxi-
dase in a dose-dependent manner (Fig. [A). At 0.1 pM,
BL increased the activity of ACC oxidase (55%) more
than that of ACC synthase (23%).

Is there any relationship between BL-induced ethylene
biosynthesis and the gravitropic response? To answer
this question, a dose-response analysis of the effect of
BL on ethylene synthesis and the gravitropic response
was performed. The gravitropic curvature and ethylene
content were increased by BL in a dose-dependent
manner, although the patterns of these increases were not
perfectly matched with each other (Fig. 1B). For example,
at 1077 M, BL increased the gravitropic curvature by 33%,
while it enhanced ethylene production by 11%.

These results suggest that ethylene exerts a stimulatory
role in the gravitropic response in primary roots of
maize. In order to test this possibility, we measured the
curvature of roots gravistimulated in the presence of
various concentrations of ethylene. Fig.2 shows that
ethylene increases the gravitropic curvature in a con-
centration-dependent manner. Ethylene at 0.1 pl1™!
increases the curvature by 59%. It did not show any
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Fig. 1. Dose-responses for BL effects on ethylene production and
the gravitropic response. In (A), activities of ACC synthase (®) and
ACC oxidase (O) in maize roots are compared. Activity of ACC
synthase was determined by estimation of ACC content by the use
of crude extracts of roots incubated for 8 h in the presence of
various concentrations of BL. ACC oxidase activity was assayed
using intact root segments incubated in a solution containing 0.1
mM AVG and BL for § h. In (B), dose-responses for BL effects on
the gravitropic response (O) and ethylene production (@) were
examined. Maize roots were placed horizontally for 4 h at room
temperature after preincubation in 5 mM MES-Tris (pH 6.8) buffer
containing various concentrations of BL for 2 h. Symbols denote
mean values + SE of five (A) or four (B) independent experiments.
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Fig.2. Dose-response for ethylene effects on the gravitropic
response (A and B) and elongation (C) in maize roots. The roots
were gravistimulated by placing them horizontally in the presence or
absence of various concentrations of ethylene for 3 h in the light at
room temperature (A). In (B), the same experiments were performed
in the presence of AVG (10 uM) £ BL (0.1 pM). In (C), root lengths
were measured after the roots were incubated in various con-
centrations of ethylene in the presence or absence of AVG (10 puM)
for 3 h. Bars in the graph denote SE of four independent experiments
using 120 segments. Open and closed circles in (B) and (C) denote
treated with AVG + BL and with AVG only, respectively.

further enhancing effect at concentrations greater than
0.1 ul-17" (data not shown), indicating that the effect was
saturated above this concentration. However, the hor-
mone decreased length of the roots in a dose-dependent
manner (Fig.2C). In order to confirm the ethylene
effect, we performed the same experiments as above,
but under conditions where endogenous ethylene was
removed with AVG, a specific inhibitor of ACC
synthase. An optimal dose-response curve of the ethylene
effect is shown in Fig. 2B. It peaks at 0.001 ul1~" (lower
line of Fig.2B). However, ethylene decreased root
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elongation, once again, but to a lesser extent in the
presence of AVG than in its absence. These results
confirm the view that ethylene stimulates the gravitropic
response, although the stimulatory effect is small
(c. 35%) when compared with the effects shown in the
absence of the inhibitor, AVG.

BL-increases the gravitropic response in the presence or
absence of AVG

The possibility that BL exerts its effect via ethylene pro-
duction in the gravitropic response was probed by the use
of AVG. This inhibitor exhibited a maximum inhibitory
effect on ethylene production at 0.03 mM and above.
Upon treatment with 0.1 mM AVG, BL-increased gravi-
tropic curvature was reduced (Fig.3A). The gravitropic
curvature of the control was also reduced. AVG reduced
the gravitropic curvature of the control and BL-increased
curvature by 48 and 20%, respectively (compare 1st and
3rd columns for the control and compare 2nd and 4th
columns for BL-treated). These results support the notion
that BL-increased gravitropic response is mediated by
BL-increased ethylene levels.
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Fig. 3. Effect of AVG on the gravitropic response of maize roots in
the presence or absence of BL. Maize roots were preincubated in
S mM MES-Tris (pH 6.8) buffer in the presence or absence of BL (0.1
uM) and/or AVG (10 uM) for 2 h at room temperature (A). In (B),
the roots were preincubated in solutions containing 5 mM MES-Tris
(pH 6.8) buffer, BL (0-10~7 M)~ ethylene (0.1 pl 1"") and/or AVG
(10 pM) for 2 h at room temperature. After the preincubation, the
roots were placed horizontally for 3 h. Bars in the graph denote SE of
four independent experiments using 120 segments.
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However, the curvature of the roots treated with AVG
and BL was greater than that of the control. This result
means that BL can still stimulate the gravitropic
response in the presence or absence of a low level of
activity of ACC synthase, and that BL-increased gravi-
tropic curvature is not fully inhibited by AVG. However,
it is evident that BL stimulated the gravitropic response,
in part, via an increase in ethylene level. This observation
suggests that BL may affect action site(s) other than
those associated with auxin-induced ethylene production
in the gravitropic response. Therefore, this speculation
was tested by examining the dose-response of the BL
effect on the gravitropic response in the presence or
absence of AVG and/or ethylene. In all cases, the amount
of curvature was increased with increasing BL concentra-
tions (Fig.3B). By increasing its concentration, BL
enhanced the gravitropic curvature, even in the presence
of AVG. This indicates that BL may affect the response
under conditions where the level of endogenous ethylene
is low or absent (seec M in Fig. 3B). This result also shows
that AVG decreased the BL effect, whereas ethylene
increased the effect. This implies that ethylene may influ-
ence the responsiveness of the roots to BL upon gravisti-
mulation. In addition, the stimulatory effect of BL on the
gravitropic response is evident at any concentration of
ethylene applied (upper line of Fig.2B). Taken together,
these results indicate that BL seems to affect the gravitro-
pic response via ethylene, as well as independently.

BL increases the sensitivity of roots to gravity and is
involved early in the gravitropic response process

If BL can exert its role independently, the action modes
of BL and ethylene may be different. In order to test this
assumption, and therefore obtain more information on
the BL effect, we determined if BL affects the sensitivity
of the roots to gravity. As shown in Fig.4A, the presen-
tation time of BL-treated roots was about 1.2 min, while
that of the control roots was about 3.4 min. This result
indicates that the amount of time needed for the gravity
signal to initiate a gravitropic response of the roots is
reduced by BL. This implies that the sensitivity of the
roots to gravity is increased by BL. However, ethylene
caused a delay (ca. 4.6 min) in the presentation time. The
early kinetics for the BL effect on the gravitropic
response was also studied. The lag period for the gravi-
tropic response was about 6.5min for BL treatment,
20.8 min for ethylene treatment, and about 8.5min for
the control (Fig. 4B and Table 1). However, it should be
noted that this inhibitory effect of ethylene was reversed
around 60 min after the gravistimulation treatment, and
thus, the hormone resulted in an increase in the gravi-
tropic curvature response after 60min of treatment,
as shown in Figs1, 2, and 3 (see inset in Fig.4B). In
addition, the initial rate (during 25-40min after the
start of gravistimulation) of gravitropic curvature was
0.46°min~' in the presence of BL while it was
0.29°min""' in the absence of the hormone (Table1).
But again, ethylene reduced the initial rate of the gravi-
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Fig. 4. Effect of BL on the presentation time (A) and early kinetics
for BL effect on the gravitropic response (B). For determination
of the presentation time (A), maize roots were preincubated as
above and gravistimulated for 5, 10, 15, and 20min. After
the gravistimulation, the roots were subjected to clinorotation
treatment for 30min. BL-treated roots are statistically different
from the ethylene-treated roots as determined by Student’s ¢-test at
>0.1. For early kinetic studies (B), the changes of the gravitropic
curvatures of 18 segments were chased using computer-aided CCD
cameras (see Materials and methods). Maize roots were
preincubated in 5mM Mes-Tris buffer (pH 6.8) with or without
10~ M BL or 0.1 pl-17! ethylene for 2 h and placed horizontally for
40 min at room temperature. The inset shows the long-term kinetics
of ethylene effect. The bars in the graphs denote SE of four
independent experiments using 18-20 segments per treatment.

tropic curvature down to 0.18°-min~'. Taken together,
these results indicate that BL tends to increase the sensi-
tivity of the roots to the gravity vector and the early
gravitropic responsiveness of the roots, while ethylene
does the opposite.

Protein kinase inhibitors reduce the BL- and ethylene-
increased gravitropic response in different ways

The BL-increased sensitivity of roots to gravity suggests
that BL is involved in the gravity signal transduction
pathway. To explore this possibility, we studied the
effects of protein kinase inhibitors on the BL-induced
gravitropic response. Staurosporine, an inhibitor of
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Table 1. Effect of BL and ethylene on early kinetics for the
gravitropic response. The changes of the gravitropic curvatures of
roots were monitored by using computer-aided CCD cameras (see
Materials and methods). Maize roots were preincubated in 5mM
Mes-Tris buffer (pH 6.8) with or without 10~ M BL or 0.1 ppm
ethylene and placed horizontally for 40 min at room temperature.
The lag period and rate of initial growth denote the duration from
the initiation of the gravistimulation to the first gravitropic cur-
vature and the increase in the rate of curvature during 25-40-min
period after the start of the gravistimulation, respectively. The SE
was calculated from data of four independent experiments using
18-20 roots per treatment.

Lag period Rate of initial (Degrees min ')
growth (min)

Control 8.504+1.30 0.298 £0.026

+ Ethylene 20.81+£0.21 0.176+0.033

+ Brassinolide 6.50£0.76 0.463 +£0.022

protein kinase activity, decreases the gravitropic curvature
of the control plants by about 75% (Fig.5). Such an
inhibitory effect was also evident in the presence of
ethylene. The amount of inhibition (ca. 90%) was more
than that for BL-treated roots (ca. 75%). In addition, in
the presence of staurosporine, ethylene-induced gravitro-
pic curvature was smaller than that of the control,
whereas BL-treated roots showed greater curvature
than that of the control. A similar pattern of inhibition
was observed when H89, another protein kinase inhibitor,
was applied (data not shown). Taken together, these
results indicate that BL and ethylene exhibit different
patterns of response to protein kinase inhibitors. This
implies that the two hormones exert their roles in differ-
ent ways in the gravity signal-transduction pathway.
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Fig. 5. Effect of staurosporine (STA) on the gravitropic response in
the presence or absence of BL or ethylene. Maize primary roots
were preincubated in solutions containing 5 mM Mes-Tris
(pH 6.8)+107° M STA, in the presence or absence of 107 M BL,
or the roots were preincubated in the same solution except that 0.1
17! ethylene was added or not added instead of BL for 2 h. After
the preincubation, the roots were placed horizontally for 3 h for
gravistimulation treatment. Values in the graphs denote the means =+ SE
of five independent experiments.
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Discussion

There are many reports on hormone interactions in
connection with many physiological processes in plants
(Akiyoshi et al. 1983, Abeles et al. 1992, Liang et al.
1992, Yang et al. 1996, Bethke et al. 1997, Vogel et al.
1998, Ross and O’Neill 2001). In relation to the gravi-
tropic response, we showed that BL increases the
response and that the stimulatory effect is greatly dimin-
ished by auxin transport inhibitors such as NPA and
TIBA (Kim et al. 2000). We also showed that BL inter-
acts with IAA by increasing the sensitivity of the roots to
the auxin in this response. Based on these facts, we have
attempted to unravel the relationship between BL and
IAA in the gravitropic response mechanism more com-
pletely. First, we examined the possibility that BL acts
via auxin-induced ethylene biosynthesis. In this case, BL
increased the activity of ACC synthase (Fig. 1A). This
implies that BL affects ethylene biosynthesis through an
interaction with IAA. This assumption is supported by
the fact that AVG, a specific inhibitor of ACC synthase,
reduces BL-increased gravitropic curvature (Fig.3). In
addition, Lim et al. (2002) reported that BL and IAA
increased ethylene production in a synergistic manner.
Results depicted in Fig. 1A also show that BL increases
the activity of ACC oxidase, another ethylene biosynth-
esis enzyme. However, when the roots were treated with
Co**, an ACC oxidase inhibitor, BL-induced gravitropic
curvature was not reduced significantly (data not shown)
indicating that BL-increased activity of ACC oxidase
may not be a significant factor in the gravitropic
response. In conclusion, we deduced that one of the BL
effects in the gravitropic response mechanism is mani-
fested through auxin-induced ethylene biosynthesis.

Second, we also determined if BL exerts its role in the
gravitropic response in ways other than through ethylene
production. Several lines of evidence show that BL exerts
its effect in gravitropic curvature in the absence or with
very small amounts of ethylene. BL still increased the
gravitropic response in the presence of exogenously
applied AVG (Fig.3A) and ethylene (Figs2B and 3B).
Further, the action mode of the two hormones in the
gravitropic response is different based on the fact that
their respective presentation times and early growth
kinetic parameters for gravitropic curvature initiation
are not the same (Fig.4). The effect of BL also differs
from that of ethylene on the gravitropic response in the
presence of protein kinase inhibitors such as staurospor-
ine and H89 (Fig.5). These two results imply that BL
and ethylene differ in the ways that they modulate the
gravity perception and signal transduction processes in
maize roots. Taken together, it is concluded that BL
interacts with auxin in the gravitropic response by
enhancing ethylene biosynthesis, and that its mode of
action is not entirely different from that of ethylene.

In the present study, we show that ethylene increases
the gravitropic curvature in a dose-dependent manner
(Fig.2A) and that AVG decreases the curvature signifi-
cantly (Fig. 3). These results confirm the observation that
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ethylene plays a positive effector role in the gravitropic
response of maize roots, as also established for tomato
seedlings (Zobel 1973) and hypocotyls (Madlung et al.
1999), dandelion scapes (Clifford and Oxlade 1989),
and snapdragon spikes (Philosoph-Hadas et al. 1996).
Results in Fig. 3B also suggest that ethylene may affect
the responsiveness of roots to BL. If this is true, ethylene
can act as a modulator of BL-increased gravitropic
response. Furthermore, ethylene causes an increase in
the presentation time (Fig. 4A) and shows no stimulatory
effect on the gravitropic response in the presence of the
protein kinase action inhibitor, staurosporine (Fig.5).
These facts strongly suggest that ethylene is involved in
gravity perception and the gravity signal transduction
pathway. Taken together, ethylene seems to be an essen-
tial player in the gravitropic response. However, we are
not convinced that ethylene exerts a primary role in the
response. More evidence is needed to support the
hypothesis that ethylene is required for achievement of
a full gravitropic curvature response in maize roots, as
discussed by Madlung et al. (1999).

In this study, we compared the presentation time in
order to compare responsiveness (or sensitivity) of roots
to gravistimulation treatment based upon suggested sig-
nificance of the presentation time (Casper and Pickard
1989, Kiss et al. 1989, Sack 1991). Recently, Perbal et al.
(2002) points out that the logarithmic (L) model that we
employed in this study, generally does not fit the experi-
mental data that have been published. Instead, they sug-
gest that a hyperbolic (H) model is a more acceptable
model based on comparing correlation coefficients (r) in
roots of many plants including Arabidopsis, Lens culi-
naris, and Lepidium sativum. Our statistical calculation
estimates that r of the control in Fig.4B is 0.962 and
0.986 for the H and L models, respectively. This means
that the L model is more applicable to our experimental
data than the H model is. However, it should be
mentioned that the H model is valuable in explaining
the gravisensitivity with other parameters (Perbal et al.
2002).

In the present study, we found that AVG has a
significant inhibitory effect on the gravitropic response
in maize roots and that this inhibitory effect does not
fully recover, when high concentrations of ethylene
(0.1 pl17") are applied. This could be due to a significant
decrease in the number of endogenous ethylene molecules
that are available for action, such as in ethylene receptor
binding. However, more work is needed to test this
assumption.

Based on results from the present and previous studies,
we propose the following working model. BL increases
the gravitropic response in roots only in the presence of
auxin. It also increases tissue sensitivity to auxin (Kim
et al. 2000). BL acts by stimulating auxin-induced ACC
synthase activity with consequent enhancement in ethy-
lene biosynthesis. The higher levels of ethylene lead to an
increase in gravitropic curvature. At the same time, ethy-
lene enhances the responsiveness of roots to BL during
the gravitropic response. BL plays a regulatory role in
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gravity perception and signal transduction, but it does so
in ways that are independent of ethylene.

This model can now be rigorously tested with roots of
Arabidopsis thaliana because of the availability of BL
perception mutants, such as bril (Li and Chory 1997)
and bakl (Nam and Li 2002). In future work, we will
thus focus on the gravitropic response of Arabidopsis
roots in order to unravel BL’s effects on the gravitropic
response mechanism in relation to the other participating
hormones, namely, ethylene and auxin.
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