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Abstract—Gravitropism, the directed plant growth with respect to the gravity vector, is regulated by auxin and
its polar transport system, several secondary messengers, and by the cytoskeleton. Recently we have shown
that the actin cytoskeleton in the root transition zone of Arabidopsis thaliana (L.) Heynh was rearranged after
gravistimulation (rotation by 90°): the fraction of axially aligned microfilaments decreased and the fraction
of oblique and transversally-oriented microfilaments increased. In the present research we have studied the
effect of ethylene and inhibitors of its synthesis on actin cytoskeleton rearrangement during the gravitropic
response. Application of the ethylene releasing substance ethephon to A. thaliana seedlings led to the disas-
sembly of actin microfilaments as well as their broad angle distribution in cells of the root transition zone.
This actin rearrangement was escaped by treatment with the ethylene synthesis inhibitor aminoethoxyvinyl-
glycine (AVG). Another negative regulator of ethylene, salicylic acid, was shown to disturb actin microfila-
ment rearrangement as well. We conclude that ethylene is essential for the process of actin cytoskeleton rear-
rangement in root cortex cells during the gravitropic bending response.

Keywords: Arabidopsis thaliana, gravitropism, ethylene, cytoskeleton, actin, root, elongation zone, ethephon,
salicilyc acid, aminoethoxyvinylglycine
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INTRODUCTION
Gravitropism is the key response of plants to the

gravity force. Gravitropism is referred to as the
directed growth of plant organs with respect to the
gravity vector. The most widely known demonstra-
tions of gravitropism are the upward growth of shoots
against the gravity direction (negative gravitropism)
and the downward growth of roots co-directional with
the gravity vector (positive gravitropism). The plant
organ gravitropic bending in response to a change of
its position in space is another example of gravitro-
pism. Plants are able to respond to an extremely weak
gravitational impact. Several events are detected at
early stages of the plant gravitropic response: electrical
polarization, formation of polar f luxes and gradients
of auxin and calcium, which together lead to establish-
ment of a new physiological polarity axis within
10 min [1, 2].

Ethylene is another important element in the regu-
lation of the plant gravitropic response. Its effects on

growth processes were first described by Dimitry Nel-
jubow [3]. By that time it was well known that illumi-
nation of laboratory plants with so-called “lighting
gas” caused growth anomalies: growth of shoots was
inhibited, their thickness was increased, and their
growth turned to horizontal. Neljubow showed that
laboratory plant shoots switched to horizontal growth
only after the addition of the “lighting gas” to the fresh
air. Among all components of the “lighting gas”
obtained by oil pyrolysis—hydrogen sulfide, aceth-
ylene, benzene, xylol, naphthalene and ethylene—
only acethylene and ethylene in very low concentra-
tions caused the so-called “triple response”—i.e. hor-
izontal growth, inhibition of shoot elongation and
shoot lateral enlargement.

On one hand, D. Neljubow was the first to establish
that plant growth abnormalities in laboratory condi-
tions were caused by the presence of ethylene in the
“lighting gas”. On the other hand, he discovered a new
phenomenon in plant physiology, namely the switch
of shoot growth direction to the horizontal under the
treatment with ethylene.

The actin cytoskeleton plays an important role in
gravitropism as well. However, its functions differ at

1 The article was translated by the authors.
Abbreviations: AVG—L-α-(2-Aminoethoxyvinyl)glycine; ACC—
1-aminocyclopropane-1-carboxylic acid; fABD2—second actin-
binding domain of fimbrin 1; GFP—green fluorescent protein.
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subsequent stages of the gravitropic response. Micro-
filaments act as a negative regulator of gravitropism at
the gravity perception stage by preventing too fast sta-
tolith sedimentation in the direction of the gravity
force [4, 5]. Later, during the gravity signal transduc-
tion stage and the growth bending response, the actin
cytoskeleton turns into a positive regulator of gravitro-
pism. It is required for vesicular transport resulting in
polar distribution of auxin carriers in the plasma
membrane [6] and it is necessary for modulating cell
extension growth at both sides of the organ [7], by
which the gravitropic bending is being developed.
Nevertheless, the mechanism of regulation of actin
rearrangement during gravitropism is still unclear.

We have shown earlier that Arabidopsis seedling
reorientation with respect to the gravity vector triggered
actin microfilament rearrangement in the root transi-
tion zone [8]. The fraction of axially aligned microfila-
ments decreased while the fraction of oblique and
transversally oriented microfilaments increased. It is
known that in plants the organisation of the actin cyto-
skeleton could be influenced by hormonal status [9, 10].
However, the mechanism of interaction between hor-
mone dynamics and cytoskeleton organisation during
plant gravitropic responses is not yet sufficiently under-
stood [5]. This study is focused on the analysis of effects
of ethylene and inhibitors of its synthesis on actin
microfilament rearrangement during the Arabidopsis
root gravitropic response.

MATERIALS AND METHODS
Plant material and growth conditions. Experiments

were performed with 6-day-old seedlings of Arabidop-
sis thaliana (L.) Heynh, ecotype Columbia 0, trans-
formed with the GFP-fABD2 construct [11], if not
otherwise indicated. GFP-fABD2 plants constitu-
tively express GFP fused with a second (C-terminal)
actin-binding domain of fimbrin 1 (fABD2), allowing
in vivo visualization of the actin cytoskeleton. Plants
were grown in sterile conditions on the surface of
solidified half-strength Murashige-Skoog nutrient
medium (MS/2, Duchefa, the Netherlands) contain-
ing 1% (mass/vol.) sucrose (Ecros, Russia) and
0.35% (mass/vol.) phytagel (Sigma-Aldrich, United
States) in vertically-oriented square Petri plates 120 ×
120 × 17 mm (Greiner Bio-One, Germany). Seeds were
stratified for one day at 4°C, then moved to a MLR-351
climate chamber (Panasonic, Japan) and grown at the
light intensity of 5000 lx provided by FL40SS-W/37 flu-
orescent lamps, in a 16-hour photoperiod at 20°C.

Gravistimulation and treatment of plants. Seedlings
were transferred to a vertically placed objective slide,
covered with a coverslip (24 × 50 mm, Thermo Scien-
tific, Germany) and treated for 30–60 min with 100 μL
of 10 μM salicylic acid, 10 μM aminoethoxyvinylgly-
cine (AVG) or 10 μM 2-chloroethylphosphonic acid
(ethephon) solution in Tris/Mes buffer
(2 mM/4 mM), pH 6.0. Control plants were treated

with the same buffer only. Solutions of salicylic acid
and AVG were prepared from 5 mM stock in water :
DMSO mixture (1 : 1), stored at –20°C. The solution
of ethephon was freshly prepared before every experi-
ment. All chemicals were from Sigma-Aldrich (United
States).

Gravistimulation was performed by a 90° rotation
of objective slides with plants in the vertical plane.

Actin cytoskeleton visualization was performed using
a Leica TCS SP5 inverted confocal laser scanning
microscope (Germany), equipped with a 40× objective
lens with numerical aperture of 1.3 and oil immersion.
Fluorescence was induced with a 488 nm argon laser
(20–35% power) and emission was recorded in the
range of 505–585 nm (gain 80). Optical sections (280 ×
280 μm) were made at 2.48 μm intervals.

Confocal microscopy experiments were carried out
at Research Resource Center “Molecular and Cell
Technologies” of St. Petersburg State University.

Analysis of actin cytoskeleton organization. Maxi-
mal projections of 8–10 optical sections through the
stele and root cortex in the transition zone were made
with Leica Aplication Suite 2010. Actin microfilament
detection and their angle distribution were performed
automatically using the Microfilament Analyzer soft-
ware [12] with the following settings: contrast 1.5, min
length 10 px, diameter 1 px, detection threshold 3×,
angular step 3°.

Five different cells from the root transition zone
were studied in at least 20 different roots per experi-
mental treatment. Automatically detected microfila-
ments were classified as axial, oblique or transverse, if
they formed an angle of, respectively, 0–30°, 30–60°
or 60–90° with the root axis, as shown on Fig. 1. As a
result, axially oriented microfilaments were aligned
parallel to the root apical-basal axis [13], and transver-
sally oriented microfilaments were perpendicular to
the root axis. In case of vertical growth, axial microfil-
aments were co-directed with the gravity vector, and
transversal ones were perpendicular to it. In contrast,
after gravistimulation of plants axial microfilaments
became perpendicular to the gravity vector, and trans-
versal ones became aligned with the gravity direction.
Data on histograms show the abundance (the fraction
in %) of axial, oblique and transversally oriented
microfilaments in confocal images.

Analysis of root growth rates. The root growth rate
of Arabidopsis seedlings was measured using a motor-
ized imaging setup, consisting of a Canon EOS 7D
camera equipped with EF-S 60 mm f/2.8 Macro USM
lens (Canon, Japan) that was moved with precision by
robotized rails (Zaber, Canada) in front of a row of
Petri plates with A. thaliana seedlings at the laboratory
of Prof. K. Vissenberg (University of Antwerp). Root
length was measured from acquired serial images in
ImageJ (NIH, United States).

Statistical data analysis. All experiments were per-
formed in at least three replicates. Statistical data anal-
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ysis was performed in Microsoft Excel and signifi-
cance was estimated using Student’s t-test. Bars on
histograms (Figs. 4 and 5) show the standard error.

RESULTS AND DISCUSSION
The actin cytoskeleton was revealed in all cell types

of Arabidopsis thaliana GFP-fABD2 roots from the root
apical meristem to the elongation zone. Figures 2a, 2e
and 2i show confocal images of the actin cytoskeleton
in the root transition zone of vertically oriented seed-
lings observed for 30–60 min. In stele cells actin
microfilaments were organized into thick bundles with
predominantly axial or oblique orientations. In the
root cortex and rhizoderm the actin cytoskeleton was
organized into thinner filaments which were parallel to
the root axis or even oblique. Filaments directed to lat-
eral plasma membrane were minor. Analysis of actin
microfilament angle distribution in the transition zone
(Figs. 3a, 3b and 3f) showed that the angle distribution
spectrum practically did not change within 30–60 min
of observation. More than 50% of the microfilaments
were oriented along the root axis (Fig. 4).

After a 90°-rotation of plants in the vertical plane
(gravistimulation), we have found a number of changes
in the organisation of actin in the root transition zone
after 15 min of observation (Figs. 2m, 2q and 2u). The
fraction of axially aligned microfilaments decreased
with subsequent increase of fractions of oblique and
transversally oriented microfilaments (see circular
diagrams on Fig. 3j). The same trend persisted after 30
and 60 min of gravistimulation (Figs. 3k and 3o): the
microfilament angle distribution spectrum became
more broad with predominant oblique microfilaments
(Fig. 4). These data confirm and clarify what we have
found previously for actin cytoskeleton rearrangement
during a gravity response [8]. To conclude, the gravit-
ropic response of the A. thaliana root transition zone
is featured by the assembly of actin microfilaments
parallel to the gravity vector.

Ethylene Promotes Actin Cytoskeleton Disassembly 
and Broadens the Spectrum of Actin Microfilament Angle 

Distribution in the Arabidopsis Root Transition Zone
Disturbance of the vertical orientation of axial

organs appears to be a stressful situation for a plant.
Apparently because of that, biosynthesis of the stress
hormone ethylene is activated during plant gravitropic
responses, and inhibitors of ethylene synthesis and
action suppress the gravitropic response [14–16]. On
the other hand, there are data that do not support the
involvement of ethylene in the primary gravitropic
response [17], so it is still the question what the exact
role of ethylene is in gravitropic responses.

At the time, Neljubow [3] payed his attention to the
fact that ethylene treatment affected the “geotropism
properties” of plants and caused the switch of stem
growth orientation from vertical to horizontal, i.e. eth-

ylene is involved into plant gravitropic responses by
triggering the plagiotropic growth of shoots.

Ethephon (2-chloroethylphosphonic acid) is com-
monly used in physiological experiments as the eth-
ylene producer, it is well soluble in water at pH > 4.5
and is easily decayed releasing ethylene.

In our experiments, treatment with ethylene of ver-
tically growing A. thaliana seedlings caused a partial
disassembly of the actin cytoskeleton in the root tran-
sition zone (Figs. 2f and 2j). Small f luorescent aggre-
gates (dots) appeared in the root cortex and in stele,
whereas longer filaments with lengths comparable to
the diameter of the cell disappeared after 30 min of
treatment (Fig. 2f). In addition, the spectrum of actin
microfilament orientation became dramatically broad
after 30 min of treatment with ethylene, which was
characteristic for actin rearrangement in gravistimu-
lated Arabidopsis roots (Figs. 3c and 3g). Among
microfilaments, the oblique orientation was predomi-
nant (Fig. 5a). Despite that, after 60 min of treatment
with the ethylene producer, axially aligned microfila-
ments were most abundant in the root cortex again
(Fig. 5a), like in the vertically-grown control, but the
total number of microfilaments continued to decrease
(Figs. 3c and 3g).

In contrast, treatment with ethephon during gravi-
stimulation had the opposite effect: actin microfila-
ment angle distribution after 30 min of gravistimula-
tion did not differ from the vertically-grown control
(Fig. 5b). Moreover, the fraction of axially aligned
microfilaments increased slightly, and the angle distri-

Fig. 1. Microfilament classification based on their orien-
tation with respect to the root axis of A. thaliana. Axially
oriented microfilaments: 0–30°, oblique: 30–60°, trans-
verse: 60–90°. 
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Fig. 2. Actin cytoskeleton organization in the distal elongation zone of A. thaliana GFP-fABD2 roots. The actin cytoskeleton was
visualized in vivo in the distal elongation zone of 6-day-old seedling roots under vertical growth conditions (a–l) or after gravi-
stimulation (m–x) by 90° rotation in the vertical plane during 0–60 min treatment with Tris/Mes buffer (2 mM/4 mM, pH 6.0)
containing 10 μM ethephon, salicylic acid (SA) or aminoethoxyvinylglycine (AVG). Maximal projections of 8–10 confocal opti-
cal sections through the stele and cortex in the root elongation zone are shown. Either figure demonstrates a typical image from
corresponding experimental series (at least 20 roots for either experiment). Scale bar: 50 μm. 
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Fig. 3. Angle distribution of actin microfilaments in distal elongation zone of A. thaliana GFP-fABD2 roots. Microfilament angle dis-
tribution was analyzed in cortical cells of the distal elongation zone in 6-day-old roots under vertical growth conditions (a–i) or after
gravistimulation (j–r) during 0–60 min treatment with Tris/Mes buffer (2 mM/4 mM, pH 6.0) containing 10 μM ethephon, salicylic
acid (SA) or aminoethoxyvinylglycine (AVG). Analyzis of maximal projections of 8–10 confocal optical sections was performed in
Microfilament Analyzer [12]. Microfilaments were classified as axially oriented, if their inclination to the root axis was 0–30°,
oblique: 30–60°, and transversally oriented: 60–90°. Typical diagrams are shown (at least 20 roots for either experiment). 
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bution spectrum was narrower than in gravistimulated
plants but not treated with ethephon (Figs. 3k and 3l).
Exogenous ethylene presumably inhibited actin cyto-
skeleton rearrangements triggered by gravistimulation.
The fraction of oblique microfilaments increased
(Fig. 5b) and the fraction of transversally oriented
microfilaments decreased by 60 min of gravistimula-
tion with ethylene treatment. The ratio between three
classes of microfilament orientation (Figs. 3l and 3p)
became the same as in control roots after 30 min of
gravistimulation (Fig. 4). In contrast to the vertically
placed roots, where ethylene treatment induced actin
cytoskeleton disassembly within 30 min (diffuse signal
at Fig. 2f), under gravistimulation the degradation of
actin cables, especially of axial orientation, was
delayed for 30 min (Fig. 2v).

To summarize, the treatment of A. thaliana seed-
lings with ethylene induced the disassembly of actin
microfilaments in the root transition zone, which was

more pronounced under vertical growth conditions,
and rendered a broader spectrum of microfilament
directions under gravistimulation. We hypothesize
that ethylene-induced actin cytoskeleton rearrange-
ments could underlie the “ethylene plagiotropism”.

Salicylic Acid Disturbes the (re)organization 
of Actin Microfilaments in Cortical Cells
of the Arabidopsis Root Transition Zone

Inhibitors of ethylene biosynthesis are effective to
study ethylene effects on plant physiological pro-
cesses. AVG, aminooxyacetic acid or rhizobitoxin are
among such chemicals [14], as well as salicylic acid—
an endogenous non-competitive ethylene synthesis
inhibitor [18, 19]. Leslie and Romani showed [18] that
salicylate was able to regulate the synthesis of ethylene
in plant tissues and in concentrations from 1 to 100 μM
effectively inhibited ethylene biosynthesis at the step
of 1-aminocyclopropane-1-carboxylic acid (ACC)
oxidation. In the present study we have applied 10 μM
salicylic acid at pH 6.0.

Figure 2 shows that salicylic acid disturbed the nor-
mal organization of the actin cytoskeleton in root tran-
sition zones of A. thaliana GFP-fABD2 seedlings. This
effect appeared to be short-term in vertical growth
conditions (Figs. 2c, 2g and 2k), but under gravistim-
ulation turned to be prolonged for at least 60 min
(Figs. 2o, 2s and 2w).

Axially aligned actin microfilaments partially dis-
assembled in vertically oriented Arabidopsis seedlings
under 30 min treatment with salicylic acid (Figs. 2c
and 2g). The microfilament angle distribution spec-
trum (Fig. 3d) was noticeably wider than in control
(Fig. 3b). Simultaneously, fractions of oblique and
transversally oriented microfilaments were increased
by 25 and 120%, respectively (Fig. 5c). After 60 min of
treatment with salicylic acid, the ratio between axial,
oblique and transverse microfilaments returned to the
control level (Figs. 2i, 2k; 5c).

During gravistimulation, salicylic acid blocked the
actin cytoskeleton rearrangement (Figs. 2o, 2s and 2w),
however the microfilament angle distribution spectrum
was wider than in control (Figs. 3m and 3q). The micro-
filament angle distribution under gravistimulation
(Fig. 5d) did not differ from the control (Fig. 4), where
axially aligned microfilaments were predominant both
after 30 min and 60 min (Fig. 5d).

To summarize, the treatment with salicylic acid
prevented actin cytoskeleton reorganization induced
by gravistimulation, and transiently disturbed axially
aligned microfilaments under vertical growth condi-
tions.

Matousková et al. [21] studied the effect of salicylic
acid (1 mM) on actin microfilament length distribu-
tion in leaf epidermal cells of A. thaliana. The authors
showed that changes in actin cytoskeleton organiza-
tion in the leaf epidermis caused by the treatment with
exogenous salisylic acid remind responses triggered by

Fig. 4. Classes of microfilaments oriented axially (1),
obliquely (2) or transversally (3) with respect to the root
apical-basal axis in cortical cells of the distal elongation
zone of 6-day-old A. thaliana GFP-fABD2 roots, grown in
vertical position or after gravistimulation for 15–60 min.
Asterisks show significance of differences with the level of
vertically oriented plants (Student’s t-test): * 0.01 < P <
0.05; ** P < 0.01. Bars show the standard error. 
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a pathogen attack. It is interesting to note that the
treatment with phosphatidic acid prevented this saly-
cilate-induced actin rearrangement in the epidermis.
In addition, treatment with actin depolymerization
agents resulted in activation of expression of genes
induced by salicylate, but not by jasmonate. The num-
ber of actin microfilaments in the leaf epidermis cells

dramatically decreased within 10 min of treatment
with salicylate, and continued to decrease in the next
20 min. If the initial effect was minor, then microfila-
ment number inevitably decreased after 40 min of
treatment. Besides that, Matousková et al. [21]
observed the fragmentation of actin cytoskeleton,
especially of thick actin bundles, under salicylate

Fig. 5. Classes of microfilaments oriented axially (1), obliquely (2) or transversally (3) with respect to the root apical-basal axis in
cortical cells of distal elongation zones of 6-day-old A. thaliana GFP-fABD2 roots in vertical growth conditions (a, c, e) or after gravi-
stimulation (b, d, f) during 30–60 min treatment with Tris/Mes buffer (2 mM/4 mM, pH 6.0) containing 10 μM ethephon (a, b),
salicylic acid (SA) (c, d) or aminoethoxyvinylglycine (AVG) (e, f). Asterisks show significance of differences with control vertically
oriented plants (Student’s t-test): * 0.01 < P < 0.05; ** P < 0.01. Bars show the standard error. 
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treatment. After 60 min of salicylic acid treatment the
number of short actin microfilaments was increased by
20%. We have obtained similar results: 30 min treat-
ment with salicylate disturbed the normal actin micro-
filament organization in root transition zone cells,
whereas after 60 min of treatment the actin cytoskele-
ton structure reverted to the initial (Fig. 5c). However,
in contrast to Matousková et al. [21], we have not
found any significant changes in microfilament length
under salicylic acid treatment (and AVG): microfila-
ment length was 3.59 ± 0.02 μm under vertical growth
and 3.57 ± 0.03 μm under gravistimulation.

Salicylic acid prevented the effect of actin cytoskel-
eton rearrangement induced by gravistimulation in
root cortical cells. This mechanism could be explained
by its inhibitory action on the synthesis of ethylene
[18, 20], which is released during a stress response. We
have shown earlier that salicylic acid inhibited root
and shoot gravitropism of corn seedlings [19], while
the treatment with ethrel (active compound—ethep-
hon) restored gravitropism inhibited by salicylate.
These results demonstrated that ethylene was essential
for the normal development of a gravitropic response
in corn roots and coleoptiles.

It is necessary to account for various side activities
of salicylic acid in addition to ethylene synthesis inhi-
bition. Salicylate is involved in plant stress responses,
regulation of vegetative organ growth, seed germina-
tion, photosynthesis, respiration, thermogenesis,
f lower and seed development, senescence and pro-
grammed cell death [22]. The elevation of salicylate
content in tissues led to local phytoalexin synthesis,
pathogen development arrest and cell wall rigidifica-
tion [23]. Hence, it is still an open question whether
the actin cytoskeleton rearrangement under salicylate
treatment is the consequence of ethylene synthesis
inhibition, or whether it is caused by salicylate direct
action, or a combination of both. Therefore, in next
experiments we used a more specific inhibitor of the
ACC-synthase—AVG, a derivative of vinylglycine.

Aminoethoxyvinylglycine Blocks Actin Cytoskeleton 
Rearrangement Induced by Gravistimulation 

in the Root Transition Zone
Aminoethoxyvinylglycine (AVG) is used to study

the role of ethylene in plant physiology in the majority
of studies [16, 24, 25]. AVG specifically blocks the
synthesis of the ethylene precursor ACC from S-ade-
nosylmethionine by the ACC synthase enzyme [26].

In our study the inhibition of ethylene synthesis by
AVG in vertical growth conditions caused a fast
increase in the number of actin microfilaments in the
root transition zone (Fig. 2d) and expansion of micro-
filament orientation spectrum (Fig. 3e) within 30 min.
Axially oriented microfilaments were still predomi-
nant, however their fraction decreased by 10%
(Fig. 5e). This type of actin angle distribution retained
by 60 min of treatment (Figs. 3i and 5e), followed by

an increase of f luorescence (Fig. 2l), which suggests
higher actin polymerization.

AVG clearly blocked actin cytoskeleton rearrange-
ment induced by gravistimulation, which was an
unexpected result. AVG treatment (Figs. 2p and 2t)
after plant rotation by 90° in the vertical plane not
only increased the number of actin microfilaments
and their brightness, but also the type of their angle
distribution was indistinguishable from the control
under vertical growth (Figs. 3n and 3r). This type of
actin cytoskeleton organization was observed both
after 30 and 60 min of gravistimulation in the pres-
ence of AVG, while the fraction of axially oriented
microfilaments decreased (Fig. 5f).

Our experiments show that action of AVG as a
blocker of actin rearrangement under gravistimulation
is notably stronger than the effect of salicylic acid in the
same concentration (10 μM) (Figs. 2g, 2h, 2k, 2l, 2s, 2t,
2w and 2x). On the other hand, exogenous ethylene
stimulated the disassembly of actin microfilaments and
maximally (in comparison with other treatments)
broadened the actin angle distribution spectrum
(Figs. 2f, 2j, 2r, 2v and 2c, 2g, 2l, 2p). These data sup-
port that ethylene synthesis is essential for gravity-
induced actin cytoskeleton rearrangement in Arabidop-
sis root cells.

The mechanism of ethylene effect on the develop-
ment of the gravity response is not exactly known yet.
Several studies reported that ethylene does not play a
significant role in gravitropism and in low amount
only modulates growth, or acts as a mediator in auxin
and brassinosteroid pathways, thus enhancing the
gravitropic response [24, 27]. Later on Muday and
colleagues [28] used Arabidopsis mutants on ethylene
reception and signaling (ethylene resistant1-1 (etr1-1)
and ethylene insensitive2-1 (ein2-1)) and found evi-
dence for two independent pathways of ethylene
involvement into regulation of gravitropism: 1) sup-
pression of gravitropic response in ein2-1 mutants,
and 2) wild type-like development of gravitropic
response in etr1-1. The other study reports that ACC
synthase of Arabidopsis ACS7 is involved into gravit-
ropism and may even serve as the point of cross-talk
with calcium signaling since it is the target for cal-
cium-dependent protein kinases [29].

The first step of the gravity response in roots is
gravity stimulus perception, initiated by statoliths in
columella cells. The involvement of the distal elonga-
tion zone, the so-called transition zone, is also
required in the next step of gravity response in the root
(see [30, 31]). The gravitropic bending is the result of
differential growth in upper and lower parts of this
region. The distal elongation zone was also shown to
be the most active for vesicular transport and polar
auxin transport in basipetal direction, mediated by
PIN2 [32]. Under treatment of Arabidopsis seedlings
with brefeldin A, an inhibitor of auxin polar transport,
brefeldin-induced compartments were most abundant
in the distal elongation zone as well [6, 31]. It was also
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shown that in this region ethylene induced reactive
oxygen species in the apoplast, higher callose deposi-
tion in the cell wall, and reduced cell elongation [33].
In contrast, cell length in the distal elongation zone
was increased in seedlings treated with AVG. We sup-
pose that this explains the increased root growth rate
in Arabidopsis after AVG treatment by 42% in vertical
position and by 14% under gravistimulation (table). It
could be assumed that ethylene is related to differential
growth of gravistimulated roots by regulating cell wall
polysaccharide composition, but due to the fast diffu-
sion, its concentration must equalize shortly within
Arabidopsis root. Actin polymerization/depolymeriza-
tion regulators or ARP2/3 actin-binding proteins
which direct microfilament branching [34] could
serve as other potential targets for ethylene action.

In our experiments an ethylene synthesis block led to
the stabilization of microfilaments in the axial direc-
tion, whereas ethylene treatment, in contrast, induced a
“randomization” of the actin cytoskeleton (Figs. 2f, 2j,
2r, 2v; 3c, 3g, 3l, 3p). This phenomenon is similar to
deep reorganization of microtubules in the root elonga-
tion zone of corn after ethylene treatment, reported by
Baluška et al. [31, 35], however, microtubule rearrange-
ment was not correlated with growth rate.

Actin “randomization”, however, could potentially
have a more important physiological value. It is
known that in cells leaving the root apical meristem, a
fast switch of growth type from “isodiametric” to
extension growth corresponds to the transition of actin
cytoskeleton organization from perinuclear to axial
[31]. Dhonuksche et al. [6] showed, using plants and
yeast and mammalian cell models, that inhibitors of
auxin polar transport—brefeldin A, 2,3,5-triiodben-
zoic acid and 2-(1-pyrenoyl)benzoic acid—disrupted
vesicular transport and PIN traffic in plants, inhibited
auxin eff lux from plant cells and stabilized the actin
cytoskeleton. However, inhibitors of auxin polar trans-
port were not shown to affect actin polymeriza-
tion/depolymerization directly [6]. To conclude, lat-
eral PIN distribution appears to be necessary for lat-
eral redistribution of PINs in columella cells and the
transition zone, and subsequent reorientation of polar
auxin f lux to lateral direction—parallel to the gravity
vector along transversally oriented microfilaments. In

contrast, the stabilization of axial elements of the cyto-
skeleton (i.e. restricted spectrum of microfilament
orientations under treatment with AVG) may reduce
the ability of the root transition zone to develop the
response to gravity. 

To conclude, we propose that the role of ethylene
in the regulation of the root gravitropic response is to
randomize actin microfilament orientation, thus
enhancing the probability of auxin polar transport in
lateral direction.
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