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Classical studies on root hydrotropism have hypothesized the importance of columella cells as well 

as the de novo gene expression, such as auxin-inducible gene, at the elongation zone in hydrotropism; 
however, there has been no confirmation that columella cells or auxin-mediated signaling in the elongation 
zone are necessary for hydrotropism. We examined the role of root cap and elongation zone cells in root 
hydrotropism using heavy-ion and laser microbeam. Heavy-ion microbeam irradiation of the elongation 
zone, but not that of the columella cells, significantly and temporarily suppressed the development of 
hydrotropic curvature. However, laser ablation confirmed that columella cells are indispensable for hydrot-
ropism. Systemic heavy-ion broad-beam irradiation suppressed de novo expression of INDOLE ACETIC 
ACID 5 gene, but not MIZU-KUSSEI1 gene. Our results indicate that both the root cap and elongation 
zone have indispensable and functionally distinct roles in root hydrotropism, and that de novo gene expres-
sion might be required for hydrotropism in the elongation zone, but not in columella cells.

INTRODUCTION

Roots respond to a number of environmental cues such as 
gravity, light, touch, and moisture gradients with gravitro-
pism, phototropism, thigmotropism, and hydrotropism, 
respectively. Root hydrotropism is most likely to play an 
important role in the acquisition of water.1) Studies using 
seedling roots of pea, cucumber, and maize have shown that 
de-tipped roots of pea and maize seedlings display a remark-
able reduction in hydrotropism, and that an endoxyloglucan 
glucosyl transferase gene from pea, PsEXGT and an auxin-
responsive gene from cucumber, CsIAA1, are asymme-

trically expressed in the elongation zone during the root hydro-
tropic response of pea and cucumber, respectively.2–5) More 
recently, we established an experimental system of hydrot-
ropism using Arabidopsis seedling roots, and showed that 
the requirement of root cap cells as well as auxin response in 
root hydrotropism also seemed to be true for Arabidopsis,6,7)

however, there has been no confirmation that columella cells 
or elongation zone are necessary for hydrotropism.

Cell ablation is one of the ways to determine the tissue(s) 
responsible for root hydrotropism. Laser ablation of a 
specific cell type has previously been used to prove the 
necessity of root cap cells in gravitropism.8) Although cell 
ablation is a powerful technique for elucidating the necessity 
of certain cells, difficulty arises in using this technique to 
determine the role of the elongation zone, because laser 
ablation of this tissue results in the root being snapped, and 
it becomes unsuitable for monitoring root curvature. On the 
other hand, high-linear energy transfer (LET) heavy-ion irra-
diation non-destructively inactivates cells through the induc-
tion of DNA double-strand breaks.9) Indeed, it has been 
reported that the effect of heavy-ion microbeam is signifi-
cantly different from that of laser microbeam in silkworm 
eggs.10,11) Recently, a system of heavy-ion microbeam irra-
diation with high precision has been developed.12,13) In this 
context, Tanaka et al. used heavy-ion beam to determine the 
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effect of irradiation on root gravitropism, and suggested that 
the positional effect of irradiation partly differs between 
heavy-ion beam and laser.12) However, the interpretation of 
the effect of this type of treatment remains controversial, 
because there has been no report that examined gene expres-
sion of interest for determining whether heavy-ion irradia-
tion inactivates plant cellular processes.

In this study, we investigated the role of root cap cells and 
elongation zone on root hydrotropism by positional irradia-
tion of heavy-ion and laser microbeam. In addition, we 
examined the auxin-responsiveness by monitoring the induc-
tion of de novo IAA5 expression after systemic irradiation of 
heavy-ion broad-beam.

MATERIALS AND METHODS

Plant materials and growth conditions
Seeds of Arabidopsis thaliana (ecotype Columbia) were 

sterilized with a solution of 5% (v/v) sodium hypochlorite 
and 0.05% (v/v) Tween 20 for 5 min, washed with distilled 

water, and germinated on 0.2% Gellan Gum (Sigma, St. 
Louis, MO) plates containing 1/2 Murashige and Skoog 
(MS) medium (Sigma), as described by Kaneyasu et al.7)

Upon germination, plates were set in a vertical position so 
that the seedlings grew straight along the surface of the 
medium. The seedlings were then placed in an incubator and 
grown at 23°C under continuous light. For all the experi-
ments, we used seedlings with straight roots, 1.0 to 1.5 cm 
in length.

Irradiation with heavy-ion microbeam and broad-beam
The system of collimated heavy-ion microbeam and ras-

ter-scanned broad-beam was installed at Takasaki Ion Accel-
erators for Advanced Radiation Application (TIARA) facil-
ities of Japan Atomic Energy Agency (JAEA), for which the 
setup and irradiation procedure have been described previ-
ously.12–15) In this study, 180-μm diameter microbeam (135 
keV/μm) and 25 cm2 area broad-beam (160 keV/μm) of 18.3 
MeV/u carbon ions were used. For microbeam irradiation, 
six seedlings were aligned on a microchamber composed of 

Fig. 1. Heavy-ion and laser microbeam irradiation of Arabidopsis seedlings. A: Arabidopsis seedlings aligned in 
a microchamber. B: Microscopic image of heavy-ion microbeam irradiated Arabidopsis seedling roots. Blue dotted 
circle at the elongation zone shows the approximate area of irradiation, and the pink circle with a cross indicates 
the center of the irradiated area. C: Schematic representation of the heavy ion and laser irradiation. Blue and red 
dotted circles indicate the sites of the heavy ion microbeam irradiations for elongation zone and columella cells, 
respectively. Small red circles indicate the sites of laser beam irradiation. Laser ablated columella cells were col-
ored yellow. Scale bars in A and B represent 1cm and 100 μm, respectively.
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a coverslip (Matsunami Glass, Osaka, Japan) and a seal 
(TaKaRa Slide seal for in situ PCR, Takara Bio, Shiga, 
Japan). The microchamber was filled with the low-melting 
agar, which is 1/2 MS medium and 0.25% low-melting aga-
rose (SeaPlaque, FMC BioProducts, Rockland, ME), to pre-
vent drying of the seedlings during irradiation. The micro-
chamber (Fig. 1A) was set on a stage which was set on the 
irradiation apparatus.13) The location of the microbeam irra-
diation target was determined using a microscope (TMD300, 
Nikon, Kanagawa, Japan) and Autoscope software, as 
described.14) During irradiation, the target samples were kept 
under microscopic observation (Fig. 1B). For broad-beam 
irradiation, 20–24 seedlings were placed in a 6 cm plastic 
dish (Asahi Techno Glass Corp., Chiba, Japan) without con-
tacting each other, and moistened with the low-melting agar 
to avoid drying. The dish was covered with 8-μm thick Kap-
ton polyimide film (DuPont-Toray, Tokyo, Japan), and the 
samples were systemically irradiated, as described.15)

Laser ablation of columella cells
Seedlings were aligned on a microchamber, as described 

above. Ablation of columella cells were observed in real 
time on the video monitor, and laser light from a pulsed dye 
laser (440 nm) was delivered through a MicroPoint laser 
interface system (Photonic Instruments Inc., St. Charles, IL). 
The intensity of the laser beam was adjusted so that it was 
possible to make a hole in the coverslip. 5 pulses at 50 ms 
intervals were delivered in each irradiation.

Hydrostimulation of Arabidopsis seedlings
Immediately after microbeam irradiation or laser ablation, 

seedlings were recovered from the microchamber and placed 
on medium containing 1% agar and 1/2 MS medium. The 
seedlings were maintained in a vertical position on the agar 
medium for 15 min to remove excess liquid, and then sub-
jected to an agar-based hydrotropism assay, according to the 
method of Kaneyasu et al.,7) except that the agar plates were 
supplemented with 1/2 MS medium. All plates were photo-
graphed using a digital camera (model EOS20D: Canon Inc., 
Tokyo, Japan). Root growth and hydrotropic curvature were 
measured using NIH Image software. Statistical analysis 
was done using the Student’s two-tailed t test.

Induction of auxin-responsive gene expression
After systemic heavy-ion irradiation, seedlings were 

transferred into liquid 1/2 MS medium containing 1 μM 
indole-3-acetic acid (IAA). For mock-treated cultures, an 
equivalent concentration of the vehicle, dimethylsulfoxide, 
was added to the cultures. Then, the seedlings were incubat-
ed in a growth chamber in the dark at 23°C. 1 h after incu-
bation, seedlings were transferred into RNAlater (Ambion, 
Austin, TX) at 4°C until RNA isolation.

RNA isolation and quantitative reverse transcription 
PCR

Total RNA from whole seedlings was extracted using 
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), 
according to the manufacture’s instruction. Following 
DNase treatment, first-strand cDNA synthesis was per-
formed using a ReverTra Ace kit (Toyobo, Osaka, Japan), 
with 1 μg of total RNA as the template. After heat inacti-
vation of the reverse transcriptase at 99°C for 5 min, sam-
ples were diluted with 80 μl of 10 mM Tris-HCl (pH 8.0) 
and stored at –20°C until use. Quantitative reverse tran-
scription PCR was performed using MyiQ and iQ SYBR 

Fig. 2. Effect of local heavy-ion microbeam irradiation on root 
hydrotropism. Cells residing in the columella root cap and elonga-
tion zone were locally irradiated with carbon ions at a dose of 500 
Gy and compared to non-irradiated control seedling roots. Changes 
in hydrotropic root curvature (top) and root growth (bottom) are 
shown. Open circles, control seedling roots; open triangles, roots 
with irradiated columella cells; open squares, roots with irradiated 
elongation zone cells. Data represents the means ± SE of 30 indi-
viduals from two independent experiments. Asterisks indicate sta-
tistically significant differences, as determined by the Student’s 
two-tailed t-test (*, P < 0.05; **, P < 0.01).
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Green Supermix (Bio-Rad Laboratories, Hercules, CA), 
according to the manufacture’s instruction. The sequences 
of the upstream and downstream oligonucleotide primers 
were as follows: 5’-CCGGAGAAAGAACAGTCTCG-3’ 
and 5’-CCAAGGAACATTTCCCAAGG-3’ for INDOLE 
ACETIC ACID 5 (IAA5; At1g15580), 5’-TGACTTCTC-
CGGCGCGTAGC-3’ and 5’-CCAAGCTCCGTTCCAC-
TACC-3’ for MIZU-KUSSEI1 (MIZ1; At2g41660), and 5’-
TCAATCTCATCTTCTTCCGC-3’ and 5’-CAATCGT-
GATGACTTGCCCA-3’ for ACTIN2 (ACT2; At3g18780), 
respectively. Primer annealing and extension reactions 
were carried out at 58°C for 20 sec and 72°C for 20 sec, 
respectively, to amplify IAA5 and ACT2; and at 55°C for 
20 sec and 72°C for 40 sec, respectively, to amplify MIZ1. 
Quantification was performed using a series of dilutions of 
plasmids containing the cDNAs of the respective genes 
being examined.

RESULTS

Effect of heavy-ion and laser microbeam on root hydro-
tropic response

It has been reported that both root cap cells and elongation 
zone play important roles in root curvature during hydrotro-
pism.16) However, to date, there has been no functional evi-
dence showing that these two regions are important for the 
hydrotropism. To investigate the role of columella cells and 
elongation zone in the root hydrotropic response of 
Arabidopsis seedlings, columella root cap and elongation 
zone proximal to the root tip were locally irradiated with 500 
Gy of 180-μm-diamter carbon-ion microbeam (Fig. 1B, C). 
Control Arabidopsis seedling roots responded to a water 
potential gradient and developed orthotropic curvature (Fig. 
2). In contrast, when cells of the elongation zone proximal 

Fig. 3. Hydrotropic response of columella cell-ablated roots. A, B: Micrographs of columella cells before (A) 
and after (B) laser beam ablation. Arrowheads indicate the sites of ablation. Scale bar represents 100 μm. C: 
Changes in hydrotropic root curvature (top) and root growth (bottom) after laser beam irradiation are shown. Open 
circles, control; open triangles, samples with ablated columella cells. Data represents the means ± SE of 21 (con-
trol) and 28 (laser ablated) samples from two independent experiments. Asterisks indicate statistically significant 
differences, as determined by the Student’s two-tailed t-test (*, P < 0.05; **, P < 0.01).
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to the root tip were exposed to carbon-ion microbeam 
irradiation, the hydrotropic response was significantly 
repressed, particularly in the early phase. The overall root 
growth during the corresponding period was less affected by 
irradiation. Unexpectedly, localized carbon-ion irradiation of 
the root cap cells did not affect the development of hydro-
tropic curvature or root growth (Fig. 2). Because this result 
was somewhat contradictory to our previous results that sug-
gested the necessity of root cap cells for the hydrotropic 
response,6) we further investigated the functional role of the 
columella cells by laser ablation. As shown in Fig. 3, laser 
ablation of stories 1 and 2 (the first and second proximal cell 
layers, respectively) of the columella cells severely 
repressed the development of hydrotropic curvature for as 
long as 12 h post-irradiation, indicating that columella cells 
play an important role in the early phase of the hydrotropic 
response. Laser ablation of root cap cells did not affect the 
overall root growth during this period.

Systemic heavy-ion irradiation suppresses de novo 
expression of auxin-responsive gene

We further examined changes in auxin-responsive gene 
expression in the presence of exogenously applied auxin to 
determine whether systemic heavy-ion irradiation with 
broad-beam inactivates irradiated cells, so as to confirm the 
effectiveness of heavy-ions on suppression of de novo gene 
expression. We chose IAA5 gene as a probe, for its expres-

sion is highly sensitive to exogenously applied auxin among 
the IAA genes.17) In the following experiments, we used 
seedlings that did not receive irradiation (cold-run seedlings) 
as a control, to take into account possible effects of the 
experimental procedure on gene expression levels. When 
control Arabidopsis seedlings were treated with 1 μM IAA 
for 1 h, there was a 43.3-fold increase in the mRNA of the 
auxin-responsive gene IAA5 compared to mock-treated cul-
tures (Fig. 4). In contrast, systemic irradiation of Arabidopsis
seedlings with 500 Gy of carbon-ion broad-beam caused a 
8.3-fold increase in the level of IAA5 mRNA, which was sig-
nificantly low when compared to control cultures. We also 
monitored MIZ1 gene whose product is responsible for root 
hydrotropism in Arabidopsis. In contrast to the IAA5, 500 
Gy of carbon beam irradiation caused neither increase nor 
decrease in MIZ1 mRNA level.

DISCUSSION

Generally, a tropic response consists of signal perception, 
signal transduction, and differential growth. Hydrostimu-
lation leads to the rapid degradation of starch inside col-
umella cells, and we recently showed that MIZ1, an essential 
gene for root hydrotropism, is expressed predominantly in 
root cap cells, particularly in columella cells.6,18) The distal 
elongation zone resides in the region of the elongation zone 
that is proximal to the root cap. It has been reported that the 
distal elongation zone is the site of post-mitotic isodiametric 
growth, where rapid differential growth occurs during grav-
itropism.19,20) It is possible that this tissue also plays an 
important role in root curvature during hydrotropism, as the 
region of differential growth during hydrotropism appears to 
be similar to that of gravitropism. In this study, we focused 
on the two above-mentioned tissues for monitoring the effect 
of local irradiation of heavy-ion and laser microbeams.

Previous report showed that 100 Gy irradiation of carbon 
microbeam effectively suppress root gravitropism.12)

However, our preliminary experiment showed that micro-
beam irradiation below 100 Gy was not effective to suppress 
root hydrotropism in Arabidopsis (data not shown), which 
led us to use more massive irradiation. Thus we adopted 500 
Gy as a dose of microbeam and broad-beam irradiation for 
further study. The overall root growth during the correspo-
nding period was less affected by irradiation. Upon incuba-
tion for longer periods of time, seedlings grew towards the 
area of high water potential, whereas overall root growth 
was severely repressed. Previously, it has been reported that 
the root elongation zone is spatially modulated by water 
stress.21) Our results indicate that the region of cells that reg-
ulate root elongation in overall root growth differs from that 
of differential elongation.

Significant suppression of the development of hydrotropic 
curvature by localized carbon-ion irradiation of the elonga-
tion zone indicated that this region was necessary for root 

Fig. 4. Effect of heavy-ion beam irradiation on auxin responsive-
ness. Total RNA was extracted from either broad-beam-irradiated 
or non-irradiated samples and subjected to quantitative reverse 
transcription PCR. The levels of IAA5 and MIZ1 mRNA was nor-
malized to that of ACT2, and is expressed relative to normalized 
transcript levels in non-treated samples, which was set as one. 
Open bars represent non-irradiated samples, grey bars represent 
irradiated samples. Data represents the means and standard error (±
SE) of three independent experiments. A statistically significant 
difference was observed in IAA5 expression levels as determined 
using the Student’s two-tailed t-test (P < 0.05).



Y. Miyazawa et al.378

J. Radiat. Res., Vol. 49, No. 4 (2008); http://jrr.jstage.jst.go.jp

hydrotropism (Fig. 2). Previously, we reported that asym-
metric expression of an auxin inducible CsIAA1 occurred 
during the development of hydrotropic curvature in elon-
gation zone of cucumber seedling roots.5) Moreover, we 
demonstrated that auxin response is necessary for root 
hydrotropism in Arabidopsis.7) Together with the fact that 
IAA5 gene is systemically expressed, and that the de novo
expression of IAA5 gene is suppressed by systemic heavy-
ion beam, it is probable that auxin-responsiveness is also 
suppressed by localized heavy-ion beam irradiation. On the 
other hand, auxin-responsiveness of MIZ1 gene expression 
was not altered by heavy-ion beam irradiation. Considering 
that MIZ1 is predominantly expressed in columella cells, and 
that MIZ1 is not an auxin-responsive gene, our present result 
suggests that the decrease in root hydrotropic curvature by 
heavy-ion beam irradiation is not due to the decrease of 
MIZ1 mRNA level, rather de novo expressions of auxin-
responsive IAA genes at elongation zone might be involved. 
However, our present data do not completely explain the 
necessity of de novo gene expression at the elongation zone 
during root hydrotropism, because heavy-ion beam irradia-
tion could not inactivate the entire auxin-responsiveness of 
IAA5 gene. It is possible that the effect of heavy-ion beam 
on gene expression differs gene by gene and thus the sup-
pression of root bending cannot be explained by the fluctu-
ation of IAA5 gene expression alone. Also, the heavy-ion 
beam irradiation affects cellular activities other than gene 
expressions. So far, not a gene whose expression fluctuates 
during root hydrotropism has been identified. In future stud-
ies, efforts should be made to verify gene expression profiles 
of several genes to explain the above-mentioned issue.

Interestingly, the effect of irradiation to root cap cells on 
root hydrotropic response differed between heavy-ion 
microbeam and laser; the former less affected, but the latter 
significantly suppressed the hydrotropic curvature. Simi-
larly, it was reported that the effects of irradiation of heavy-
ion microbeam on silkworm eggs differed from those of 
laser microbeam.10,11) This apparent contradiction might be 
explained by the difference of the primal target of the beams, 
namely laser affects not only nuclei but also proteins and 
membranes, while the primary target of heavy-ions is 
nuclei.11) If so, it is likely that in columella cells, biological 
process that occurs inside does not require the existence of 
proper cell nuclei, such as de novo gene expression, rather 
the cellular component, which was already existed before 
irradiation, is sufficient for hydrotropism.

In summary, we examined the effect of heavy-ion micro-
beam irradiation as a potential tool for testing the functional 
roles of columella cells and cells of the elongation zone in 
the root hydrotropic response. We found that local irradia-
tion of the elongation zone significantly suppressed the 
development of hydrotropic curvature, whereas local irradi-
ation of the columella cells did not. Using laser ablation, we 
corroborated previous results showing that columella cells 

are necessary for the root hydrotropic response. Moreover, 
we demonstrated that heavy-ion irradiation suppressed de 
novo IAA5 gene expression. By comparing the effects of 
heavy-ion irradiation with laser ablation, we showed that 
during hydrotropism, biological processes of the elongation 
zone and columella cells might differ each other.

ACKNOWLEDGEMENTS

We thank Ms. Yoko Kakimoto (Tohoku University) for 
her assistance, and Prof. Atsushi Higashitani (Tohoku Uni-
versity) for helpful discussions. We also thank the staff at the 
TIARA of JAEA for help with the heavy-ion irradiation. 
This work was supported by the Program for Promotion of 
Basic Research Activities for Innovative Biosciences 
(PROBRAIN) to Y. M., and by Grants-in-Aid for Scientific 
Research (B: No. 16380166) from JSPS, Scientific Research 
on Priority Areas (No. 17051003 and 19039005) from 
MEXT to H.T., and the 21st Century COE Program for Bio-
medical Research Using Accelerator Technology from the 
MEXT to Gumma University. This study was also carried 
out as a part of the “Ground-based Research Announcement 
for Space Utilization”, promoted by the Japan Space Forum.

REFERENCES

1. Takahashi, H. (1997) Hydrotropism: the current state of our 
knowledge. J. Plant Res. 110: 163–169.

2. Takahashi, H. (1994) Hydrotropism and its interaction with 
gravitropism in roots. Plant Soil 165: 301–308.

3. Takano, M., Takahashi, H., Hirasawa, T. and Suge, H. (1995) 
Hydrotropism in roots: sensing of a gradient in water potential 
by the root cap. Planta 197: 410–413.

4. Takano, M., Fujii, N., Higashitani, A., Nishitani, K., 
Hirasawa, T. and Takahshi, H. (1999) Endoxyloglucan trans-
ferase cDNA isolated from pea roots and its fluctuating 
expression in hydrotropically responding roots. Plant Cell 
Physiol. 40: 135–142.

5. Mizuno, H., Kobayashi, A., Fujii, N., Yamashita, M. and 
Takahashi, H. (2002) Hydrotropic response and expression 
pattern of auxin-inducible gene, CS-IAA1, in the primary roots 
of clinorotated cucumber seedlings. Plant Cell Physiol. 43: 
793–801.

6. Takahashi, N., Yamazaki, Y., Kobayashi, A., Higashitani, A. 
and Takahashi, H. (2003) Hydrotropism interacts with gravit-
ropism by degrading amyloplasts in seedling roots of Arabi-
dopsis and Radish. Plant Physiol. 132: 805–810.

7. Kaneyasu, T., Kobayashi, A., Nakayama, M., Fujii, N., 
Takahashi, H. and Miyazawa, Y. (2007) Auxin response, but 
not its polar transport, plays role in hydrotropism of 
Arabidopsis roots. J. Exp. Bot. 58: 1143–1150.

8. Blancaflor, E. B., Fasano, J. M. and Gilroy, S. (1998) Map-
ping the functional roles of cap cells in the response of Ara-
bidopsis primary roots to gravity. Plant Physiol. 116: 213–
222.

9. Blakely, E. A. (1992) Cell inactivation by heavy charged par-
ticles. Radiat. Environ. Biophys. 31: 181–196.



Effect of Heavy-ion Microbeam on Hydrotropism 379

J. Radiat. Res., Vol. 49, No. 4 (2008); http://jrr.jstage.jst.go.jp

10. Myohara, M. (1994) Fate mapping of the silkworm, Bombyx 
mori, using localized UV irradiation of the egg at fertilization. 
Development 120: 2869–2877.

11. Kiguchi, K., Shirai, K., Kanekatsu, R., Kobayashi, Y., Tu, Z.-
L., Funayama, T. and Watanabe, H. (2003) Radiosurgery 
using heavy ion microbeams for biological study: Fate map-
ping of the cellular blastoderm-stage egg of the silkworm, 
Bombyx mori. Nucl. Instrum. Methods Phys. Res. B. 210: 
312–315.

12. Tanaka, A., Kobayashi, Y., Hase, Y. and Watanabe, H. (2002) 
Positional effect of cell inactivation on root gravitropism 
using heavy-ion microbeams. J. Exp. Bot. 53: 683–687.

13. Funayama, T., Wada, S., Yokota, Y., Fukamoto, K., Sakashita, 
T., Taguchi, M., Kakizaki, T., Hamada, N., Suzuki, M., 
Furusawa, Y., Watanabe, H., Kiguchi, K. and Kobayashi, Y. 
(2008) Heavy-ion microbeam system at JAEA-Takasaki for 
microbeam biology. J. Radiat. Res. 49: 71–82.

14. Funayama, T., Wada, S., Kobayashi, Y. and Watanabe, H. 
(2005) Irradiation of mammalian cultured cells with a colli-
mated heavy-ion microbeam. Radiat. Res. 163: 241–246.

15. Hamada, N., Funayama, T., Wada, S., Sakashita, T., Kakizaki, 
T., Ni, M. and Kobayashi, Y. (2006) LET-dependent survival 
of irradiated normal human fibroblasts and their descendents. 
Radiat Res. 166: 24–30.

16. Eapen, D., Barroso, M. L., Ponce, G., Campos, M. E. and 
Cassab, G. I. (2005) Hydrotropism: root growth responses to 
water. Trend. Plant Sci. 10: 44–50.

17. Abel, S., Nguyen, M. D. and Theologis, A. (1995) The PS-
IAA4/5-like family of early auxin-inducible mRNAs in 
Arabidopsis thaliana. J. Mol. Biol. 251: 533–549.

18. Kobayashi, A., Takahashi, A., Kakimoto, Y., Miyazawa, Y., 
Fujii, N., Higashitani, A. and Takahashi, H. (2007) A gene 
essential for hydrotropism in roots. Proc. Natl. Acad. Sci. 
U.S.A. 104: 4724–4729.

19. Baluška, F., Barlow, P. W. and Kubica, Š. (1994) Importance 
of the post-mitotic isodiametric growth (PIG) region for 
growth and development of roots. Plant Soil 167: 31–41.

20. Evans, M. L. and Ishikawa, H. (1997) Cellular specificity of 
the gravitropic motor response in roots. Planta 203: S115–
S122.

21. Sharp, R. E., Poroyko, V., Hejlek, L. G., Spollen, W. G., 
Springer, G. K., Bohnert, H. J. and Nguyen, H. T. (2004) Root 
growth maintenance during water deficits: physiology to func-
tional genomics. J. Exp. Bot. 55: 2343–2351.

Received on December 27, 2007
Revision received on February 19, 2008

Accepted on February 21, 2008
J-STAGE Advance Publication Date: April 15, 2008



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [596.000 795.000]
>> setpagedevice


