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Abstract Volatile monoterpenes such as 1,8-cineole inhibit
the growth of Brassica campestris seedlings in a dose-
dependent manner, and the growth-inhibitory effects are
more severe for roots than hypocotyls. The preferential
inhibition of root growth may be explained if the
compounds inhibit cell proliferation more severely than
cell elongation because root growth requires both elonga-
tion and proliferation of the constituent cells, whereas
hypocotyl growth depends exclusively on elongation of
existing cells. In order to examine this possibility, BY-2
suspension-cultured tobacco (Nicotiana tabacum) cells
were treated with 1,8-cineole, and the inhibitory effects on
cell proliferation and on cell elongation were assessed
quantitatively. Treatment with 1,8-cineole lowered both the
mitotic index and elongation of the cells in a dose-dependent
manner, and the half-maximal inhibitory concentration (IC50)
for cell elongation was lower than that for cell proliferation.
Moreover, 1,8-cineole also inhibited starch synthesis, with
IC50 lower than that for cell proliferation. Thus, the inhibitory
effects of 1,8-cineole were not specific to cell proliferation;

rather, 1,8-cineole seemed inhibitory to a variety of physio-
logical activities when it was in direct contact with target cells.
Based on these results, possible mechanisms for the mode of
action of 1,8-cineole and for its preferential inhibition on root
growth are discussed.
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Introduction

Monoterpenes are major components of essential oils, and
are wide-spread secondary metabolites in the plant kingdom.
Allelopathic interactions due to monoterpenes may be
common in nature (e.g., Müller, 1970). They inhibit seed
germination and plant growth (Tarayre et al., 1995; Abrahim
et al., 2000), causing morphological and physiological
changes in plant seedlings (Einhellig and Leather, 1988;
Fischer, 1991; Dudai et al., 2000). They inhibit respiration in
isolated mitochondria and mitosis, deteriorate membrane
integrity of treated cells, interfere with cuticular waxes,
enhance transpiration, cause lipid oxidation, and disrupt
microtubules (Duke and Oliva, 2004; Dayan et al., 2000;
Romagni et al., 2000; Schulz et al., 2007; Zunino and
Zygadlo, 2004; Chaimovitsh et al., 2010). Nonetheless, the
molecular mechanism (e.g., primary target point) for the
allelopathic effects of monoterpenes is still obscure.

Koitabashi et al. (1997) and Nishida et al. (2005)
examined the effects of five monoterpenes produced by S.
leucophylla (camphor, 1,8-cineole, α-pinene, β-pinene, and
camphene) on germination and seedling growth of a test
plant, Brassica campestris. The monoterpenes inhibited
growth of B. campestris seedlings in a dose-dependent
manner, and their inhibitory effects appeared to affect root
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growth more severely than hypocotyl growth. The
monoterpenes did not alter the sizes of matured cells in
roots but effectively inhibited DNA synthesis and cell
proliferation in the root apical meristem. These results
suggested that monoterpenes preferentially inhibited
some physiological processes involved in cell proliferation.
Therefore, the observed preferential inhibition of root growth
relative to hypocotyl growth might be explained by the
preferential inhibition of cell proliferation, because root
growth requires both cell proliferation and cell elongation
whereas hypocotyl growth only requires elongation of
existing cells (Obroucheva, 1999). Thus, the different
sensitivities of hypocotyls and roots to monoterpenes could
give us a clue towards understanding their mode of action.

In the present study, we examined the effects of a
monoterpene, 1,8-cineole, on proliferation and elongation
of plant cells by using BY-2 suspension-cultured tobacco
(Nicotiana tabacum) cells as receiver cells. 1,8-Cineole was
chosen because it is easy to handle (it is liquid at room
temperature) and has strong inhibitory effects (Nishida et
al., 2005). Tobacco BY-2 cells were chosen for the
following reasons: (i) In liquid suspension culture, BY-2
cells form small cell clusters composed of several (2–16)
cylindrical cells connected in tandem (Sakai et al., 2004).
Since most of the surface area of individual cells is exposed
directly to culture media, cells are expected to exhibit clear,
synchronous, and homogeneous responses to any com-
pound applied to the culture medium; (ii) BY-2 cells can
exhibit either a high proliferation rate or drastic elongation,
depending on culture conditions. Under conventional
culture conditions, BY-2 cells rapidly proliferate and
multiply up to 100-fold within a week (Nagata et al.,
1992). In contrast, when cultured in an auxin-depleted,
cytokinin-containing medium, they elongate drastically and
accumulate starch without proliferation (Sakai et al., 1996).
Thus, BY-2 cells should provide us with a suitable system
for examining the effects of monoterpene on cell prolifer-
ation and cell elongation; (iii) A protoplast culture system,
in which proliferation and elongation are induced separately
depending on culture conditions (Hasezawa and Syono,
1983), is established. Because protoplasts are suspended
individually without any protection from a cell wall or
neighboring cells (at least initially, i.e., before regeneration
of cell wall), a protoplast culture system may provide us
with a more sensitive way to examine the effects of
monoterpene.

We first examined the effects of 1,8-cineole on growth of
tobacco seedlings to check whether the phenomena ob-
served for B. campestris were also true for tobacco. Then,
appropriate experimental conditions were determined by
using the protoplast culture system. Finally, the effects of
1,8-cineole on cell proliferation and cell elongation were
assessed quantitatively with BY-2 cell cultures. We also

assessed the effects of 1,8-cineole on starch synthesis, as an
example of a physiological activity other than cell prolif-
eration and cell elongation. Based on the results, possible
mechanisms for the differential inhibition of root growth
and hypocotyl growth by monoterpenes as well as the mode
of action of monoterpenes at cellular level are discussed.

Methods and Materials

Plant Materials, Chemicals, and Treatment of Seedlings
with 1,8-Cineole Seeds of N. tabacum (cv. Bright Yellow-2,
from which a BY-2 cell line was established) were sown on
two layers of filter paper (Whatman No. 3, diam 55 mm)
soaked with 3 ml of water in transparent, airtight containers
(5.5 cm diam×9.6 cm height, 230 ml volume, 50 seeds
per container). 1,8-Cineole, purchased from Aldrich
(Milwaukee, WI, USA), was spotted onto a piece of
filter paper (3×6 cm) hanging from the cap of the
container and allowed to volatilize into the airspace
within the container. The doses of 1,8-cineole were
expressed as the theoretical concentrations in the airspace
within the container, which were calculated assuming
that the spotted compounds volatilize completely without
adsorption or leakage. For example, spotting of 17 μl of
1,8-cineole solution (f.w.=154, d=0.921) to filter paper
hanging within the 230-ml container gives final concen-
tration of 440 μM; zero μM (control) indicates no
application of 1,8-cineole liquid. (Note that actual con-
centrations in the airspace may be lower than those
theoretical, calculated values as a result of absorption.
See discussion.) The seeds/seedlings in the containers
were incubated for several days at 23°C under a 14: 10 h,
L:D photoperiod.

Measurement of Seedling and Cell Sizes The lengths of
hypocotyls and primary roots were measured with digital
calipers. Only individuals that successfully germinated
were used for measurements. For determination of cell
size, seedlings were fixed, washed, and cleared according to
the methods of Yadegari et al. (1994). The cortex cells at
the root-hair-forming region (i.e., differentiation/elongation
zone in the upper part of the root) of the primary roots were
observed with a microscope (BX-60, Olympus, Tokyo,
Japan) equipped with Nomarski optics and their sizes
measured.

Determination of Mitotic Index in the Root Apical Meristem -
Root tips (5 mm long) were excised, fixed with FAA
solution (formalin : acetic acid : 50% ethanol=1 : 1 : 18,
v/v/v) for 12 h, rinsed with 0.1 M sodium phosphate
buffer (pH 7.0), and dialyzed against 0.1 M sodium
phosphate buffer containing increasing concentrations of
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sucrose (10, 20, and 30%, successively). The samples were
immersed finally in O.C.T. compound (Sakura Finetech,
Torrance, CA, USA), quickly frozen with liquid nitrogen,
and the frozen, serial sections (7 μm thick) were prepared
using a cryostat (OTE Cryostat, Bright, UK) at -26°C.
Sections were mounted on gelatin-coated slides and air-
dried, as described previously (Tamotsu et al., 1994). They
were stained with 1 μg/ml 4’,6-diamidino-2-phenylindole
(DAPI) without removal of the O.C.T. compound, observed
with a fluorescence microscope (BX-60, Olympus) under
UV irradiation, and the percentages of the cells in a mitotic
phase were counted as described in Nishida et al. (2005).

Protoplast Culture and Treatment with 1,8-Cineole Proto-
plasts were prepared and cultured according to the method
of Hasezawa and Syono (1983) with slight modifications.
BY-2 cells usually were propagated by inoculating 95 ml of
fresh medium with 1.5–2 ml of suspension of stationary-
phase cells at weekly intervals and incubating the culture at
26°C in the dark on a gyratory shaker (130 rpm), as
described by Yasuda et al. (1988). Four-day-old BY-2 cells
were converted to protoplasts by treating them with enzyme
solution (0.4 M mannitol, 1% cellulase YC, 0.1% pectolyase
Y23, pH 5.5) for 90 min at 30°C. The protoplasts were
collected by centrifugation (260g, 2 min), suspended in
0.4 M mannitol solution, centrifuged again, and suspended
in either 2,4-D medium (LS medium containing 3%
sucrose, 0.4 M mannitol, and 0.2 mg/l 2,4-D) or BA-
NAA medium (LS medium containing 3% sucrose, 0.4 M
mannitol, 1.0 mg/l BA, and 0.1 mg/l NAA) at a density of
0.5–1×105 cells/ml. The protoplast suspension was dis-
pensed into 50-ml Erlenmeyer flasks (4.6 ml per flask),
and cultured at 26°C in the dark without shaking. For
treatment with 1,8-cineole, the protoplast-containing
flasks were settled, one-by-one, in transparent, airtight
containers (5.5 cm diam×9.6 cm height, 230 ml volume).
1,8-Cineole was applied either by spotting appropriate
volumes of 1,8-cineole liquid onto a piece of filter paper
hanging from the cap of the container (volatilization
method) or by adding it directly into the culture medium
in the flask (direct-addition method). In both cases, the
caps of the containers were closed immediately after the
application of 1,8-cineole, and the compound was allowed
to volatilize into the airspace within the container. The
final concentrations of 1,8-cineole in the airspace were
calculated assuming that the compound volatilized completely
without adsorption or leakage, as described above.

Cell Culture and Treatment with 1,8-Cineole Seven-day-
old (stationary-phase) BY-2 cells were transferred to
either fresh D-medium (modified LS medium containing
0.2 mg/l 2,4-D) or fresh B-medium (modified LS medium
containing 1 mg/l BA) at a 1:20 dilution, and dispensed into

50-ml Erlenmeyer flasks (9.2 ml per flask). For treatment with
1,8-cineole, the cell suspension-containing flasks were settled,
one-by-one, in transparent, airtight containers described above,
and were fixed to prepare for shaking-culture. 1,8-Cineole was
applied via the direct-addition method only. After the addition
of 1,8-cineole, the caps of the containers were closed
immediately, and the cells were cultured for 2 days at 26°C
in the dark on a gyratory shaker (130 rpm).

Measurements of Mitotic Index, Cell Length, and Starch
Content of the Cells/Protoplasts For measurements of
mitotic index, protoplasts and cells were fixed with 1%
formaldehyde, stained with 1 μg/ml DAPI, and examined
with a fluorescence microscope (BX-60) under UV-
irradiation. For measurements of the cell (or protoplast)
length, samples (with or without fixation with 1%
formaldehyde) were observed with a microscope, photo-
graphed, and the length measured. The starch content of
BY-2 cells was measured according to the method of
Sakai et al. (1996). In short, BY-2 cells present in 1 ml of
cell suspension were collected by centrifugation, con-
verted to protoplasts by incubation for 1 h at 30°C in
enzyme solution (0.4 M mannitol, 1% cellulase YC, 0.1%
pectolyase Y23, pH 5.5), and solubilized by adding 1/10
vols of 10% SDS and incubation for additional 30 min at
37°C. Insoluble materials, including starch granules, were
collected by centrifugation, re-suspended in 1 ml of hot
80% ethanol, and collected again by centrifugation. The
starch was solubilized in hot water, extracted with
perchloric acid, and quantified by the phenol-sulfuric acid
method (Dubois et al., 1956) using a dilution series of
glucose solution as a standard.

Estimation of Half-maximal Inhibitory Concentrations
(IC50) We emploied IC50 value as the parameter to
represent the sensitivities of the biological activities of
interest to 1,8-cineole. The IC50 values were simply
estimated from semi-log graphs of dose–response curves,
without any mathematical model-fitting (Belz et al.,
2005).

Results

Effects of 1, 8-Cineole on the Growth of Tobacco Seedlings In
the absence of 1,8-cineole, germination of tobacco seeds
proceeded rapidly and synchronously under our experimen-
tal conditions. Almost 100% germination was achieved
5 days after sowing, and the length of hypocotyls and
primary roots reached their maximum values by day 10
(data not shown). Thus, the effects of various concentrations
of 1,8-cineole were examined on day 10.
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Germination of tobacco seeds (Fig. 1, top) was largely
unaffected by 1,8-cineole concentrations of 500 μM or less.
The germination rate suddenly dropped to 60% at 1,000 μM,
and further dropped to 12% at 2,000 μM. The concentration
of 1,8-cineole required to lower the germination rate to 50%
of the control value (IC50) was about 1,200 μM. Hypocotyl
growth (Fig. 1, middle) was not inhibited with 1,8-cineole
concentrations up to 200 μM. 1,8-Cineole stimulated
hypocotyl growth slightly in a dose-dependent manner
within this low-concentration range (rs=0.94, P<0.05),
indicating hormesis (Duke et al., 2006; Calabrese et al.,
2009). At higher concentration ranges, 1,8-cineole inhibited
hypocotyl growth in a dose-dependent manner. The IC50 for
hypocotyl growth was about 720 μM. Root growth (Fig. 1,
bottom) was not stimulated by any concentrations of 1,8-
cineole tested; 1,8-cineole shortened root length even in the

low concentration range (≤ 200 μM). The IC50 value for root
growth was 410 μM, indicating that root growth was more
sensitive to 1,8-cineole than was hypocotyl growth.

Next, relative contribution of cell elongation and cell
proliferation to the root-growth inhibition by 1,8-cineole
was examined (Fig. 2). The concentration of 1,8-cineole
was set at 440 μM, where hypocotyl length was almost the
same as the control value, while root length was reduced by
approximately 50% (Fig. 2A). Treatment with 440-μM 1,8-
cineole did not reduce the size of cells in the elongation/
differentiation zone of tobacco roots, but it lowered the
mitotic index in the root apical meristem to less than half
the control value (Fig. 2B), indicating that cell proliferation
in the root apical meristem was selectively inhibited, while
cell expansion in the upper region of the root was largely
unaffected with this concentration.

Thus, the results obtained for tobacco seedlings (i.e.,
preferential inhibition of root growth over hypocotyl
growth, relative insensitivity of cell elongation in the upper
region of the root as compared to cell proliferation in the
root apical meristem) were essentially the same as those
obtained previously for B. campestris seedlings (Koitabashi
et al., 1997; Nishida et al., 2005).

Effects of 1,8-Cineole on the Proliferation and Elongation
of Protoplasts Prepared from BY-2 Cultured Tobacco
Cells We examined the effects of 1,8-cineole on cell
proliferation and cell elongation by using protoplasts
prepared from BY-2 cultured tobacco cells. When cultured
in 2,4-D medium, BY-2 protoplasts proliferated actively
(with mitotic indices of about 3% from day 2 to day 6), but
their sizes did not increase significantly during the culture
period (Fig. 3A). In contrast, when cultured in BA-NAA
medium, they ceased proliferation and elongated drastically
by day 7 (Fig. 3B). Thus, BY-2 protoplasts cultured in 2,4-D
medium and those cultured in BA-NAA medium were
used to examine the effects of 1,8-cineole on cell
proliferation and on cell elongation, respectively. In the
experiments with protoplast cultures, 1,8-cineole was
applied using the two different modes, i.e., the volatilization
method and the direct-addition method (Fig. 4A).

Figure 4B shows the mitotic indices of BY-2 protoplasts
cultured in the presence of various concentrations of 1,8-
cineole in 2,4-D medium for 2 days. In either of the two
application modes, relatively high concentrations of 1,8-
cineole were necessary to lower the mitotic index. With the
protoplast culture system, IC50 values of 1,8-cineole for
proliferation were estimated to be about 2,000 μM for the
volatilization method and 100 μM for the direct-addition
method. Figure 4C shows the length of BY-2 cells cultured
in the presence of various concentrations of 1,8-cineole in
BA-NAA medium for 7 days. Normally, the cell wall
should have regenerated by day 7. In either of the two
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Fig. 1 Effects of various concentrations of 1,8-cineole on Nicotiana
tabacum seed germination and seedling growth. Germination rate
(top), hypocotyl length (middle), and root length (bottom) were
measured on day 10. Each data point for germination rate was
calculated from the results of all 50 individuals contained in a single
container, while each for hypocotyl and root length represents the
average value from 30 individuals that successfully germinated.
Vertical bars represent standard errors. IC50 values calculated from
the data are shown in respective graphs
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application modes, 1,8-cineole lowered cell length in a
dose-dependent manner and completely inhibited cell
elongation at the highest concentration tested (1,000 μM).
IC50 values for cell elongation were about 140 μM for the
volatilization method and 30 μM for the direct-addition
method. These results demonstrate that (i) the direct
addition method was more effective than the volatilization
method, and (ii) in a BY-2 protoplast culture system, cell
elongation was more sensitive to 1,8-cineole than cell
proliferation.

Effects of 1,8-Cineole on Proliferation, Elongation, and
Starch Accumulation of BY-2 Cells We examined the
effects of 1,8-cineole on BY-2 cells that retained intact cell
walls. BY-2 cells proliferate actively without significant
increase of cell volume when cultured in D-medium that
contains 0.2 mg/l 2,4-D, whereas they increase in cell
volume (mostly due to cell elongation) and accumulate a
large amount of starch without proliferation when cultured
in B-medium that contains 1 mg/l BA (Sakai et al., 1996).
Accordingly, BY-2 cells cultured in D-medium were used
to examine the effects of 1,8-cineole on cell proliferation,
while those cultured in B-medium were used to examine
the effects on cell elongation and starch accumulation. As
the differentiation of cells in the two culture media becomes

clear 2 days after transfer (Sakai et al., 1996), measurements
were done on d 2. Based on the results of the experiments
with the protoplast culture system, only the direct-addition
method was used to apply 1,8-cineole.

1,8-Cineole lowered the mitotic index in a dose-
dependent manner, and the IC50 value for proliferation
was about 140 μM (Fig. 5A). 1,8-Cineole also decreased
cell length in a dose-dependent manner (Fig. 5B), and at
high concentrations (120 or 240 μM), the cell size did not
increase as compared to the value at the start of the culture
(105 μm). The IC50 value for cell elongation was about
30 μM, and was lower than the IC50 value for cell
proliferation. 1,8-Cineole also lowered starch content in a
dose-dependent manner. IC50 value for starch accumulation
was about 80 μM and was also lower than the IC50 value
for cell proliferation. These results demonstrate that the
inhibition by 1,8-cineole is not specific to cell proliferation.

Discussion

We found here that the effects of 1,8-cineole on N. tabacum
seedlings were essentially the same as those on B.
campestris seedlings; 1,8-Cineole preferentially inhibited
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Fig. 2 Effects of 1,8-cineole on growth of Nicotiana tabacum
seedlings. A Effects on hypocotyl length and root length. N. tabacum
seedlings were grown in the absence (control) or presence (cineole) of
440 μM of 1,8-cineole for 10 days, and the hypocotyl length (top) and
root length (bottom) were measured. Each datum represents the
average of 20 individuals that successfully germinated. Vertical bars
represent standard errors. B Effects on the cell elongation and cell
proliferation in the affected roots. N. tabacum seedlings were grown in

the absence (control) or presence (cineole) of 440 μM 1,8-cineole for
10 days, and the sizes of matured cells (top) and mitotic index in the
root apical meristem (bottom) were measured. For cell length (top),
each datum represents average value of 60 cells derived from more
than 4 individuals. Vertical bars represent standard errors. For mitotic
index, each datum represents the average value from 8 (control) or 7
(cineole) individuals. Vertical bars represent standard errors. n.s.; not
significant (P>0.05), ***; P<0.001, Student’s t-test
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root growth over hypocotyl growth (Fig. 1). In the affected
roots, cell size in the elongation zone (upper region of the
root) was largely unaffected, whereas cell proliferation in
the root apical region was severely inhibited (Fig. 2). These
results indicate that the mode of action of growth inhibition
by 1,8-cineole is common within the two plant species.
Thus, we consider that tobacco, especially cultured tobacco
cells, can be used as experimental material to examine the
mode of action of 1,8-cineole at the cellular level.

We compared the effectiveness of two modes of
application of 1,8-cineole, i.e., the volatilization method
and the direct-addition method, by using a protoplast
culture system (Fig. 4), and we found that the direct-
addition method was more effective. This result is quite
reasonable when the predicted behavior of the applied 1,8-
cineole is considered. In the volatilization method, applied
1,8-cineole first volatilizes into air and then dissolves into a
liquid phase. Thus, the concentrations of 1,8-cineole that
the cells experience should gradually increase and finally
reach the highest values determined by equilibrium between
the liquid and gas phase. In the direct-addition method, the

cells should experience the highest concentrations of 1,8-
cineole immediately after application of the compound.
Then, concentrations should decline to the lower values
determined by the equilibrium. Thus, in the latter method,
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the actual concentration that the cells experience should be
higher and the time at which the cells experience the
highest concentration should be earlier.

Because protoplasts lose their cell wall and are com-
pletely separated from neighboring cells, we expected that
they might exhibit higher sensitivity to externally added
compounds as compared to cultured cells that have intact
cell walls and neighboring cells. For this reason, initially
we examined the effects of 1,8-cineole on BY-2 cells using
protoplasts (Figs. 3 and 4). However, IC50 values obtained
for protoplasts and intact cells were essentially the same
(compare Figs. 4 and 5), indicating that cell wall and
neighboring cells did not function as a barrier to the
permeation of 1,8-cineole into the cells.

In contrast to our initial expectation, 1,8-cineole
inhibited cell elongation more efficiently than cell prolifer-
ation; the IC50 value for cell proliferation was always
higher than that for cell elongation, irrespective of the
application methods (Fig. 4) or the condition (i.e., presence
or absence of cell wall) of receiver cells (Figs. 4 and 5).
Moreover, 1,8-cineole also inhibited starch accumulation
with an IC50 value lower than that for cell proliferation
(Fig. 5). These results demonstrated clearly that the
inhibitory effect of 1,8-cineole was not specific to cell
proliferation; rather, 1,8-cineole appeared to affect a wide
spectrum of cellular activities in an almost non-specific
manner when target cells were efficiently exposed to the
compound.

Despite numerous reports on inhibitory effects of
monoterpenes, their mechanisms of action remain obscure.
Recently, Chaimovitsh et al. (2010) reported that micro-
tubules are an intracellular target of a monoterpene, citral.
However, they also reported that the effects of citral and
microtubule inhibitor oryzalin on plant seedlings are
different from each other, suggesting that there should be
additional target(s) of the monoterpene. Our observation
that starch accumulation was highly sensitive to 1,8-cineole
(Fig. 5) also suggests the presence of additional target(s), as
starch accumulation itself does not seem so tightly
associated with microtubule function. Then, what is the
plausible target of monoterpenes?

A reduction in respiratory oxygen consumption resulting
from monoterpene treatment has been reported in a number
of studies (e.g., Müller et al., 1968; Peñuelas et al., 1996).
Moreover, monoterpenes affect the respiratory activity of
isolated mitochondria (Müller et al., 1969; Abrahim et al.,
2000, 2003a) via uncoupling of oxidative phosphorylation
and inhibition of electron transfer (Abrahim et al., 2003b).
The lipophilic property of monoterpenes (Weidenhamer et al.,
1993), as well as lipid oxidation and deterioration of
membrane integrity in plant cells exposed to monoter-
penes (Lorber and Müller, 1976; Fischer, 1986; Zunino
and Zygadlo, 2004) suggests that biological membranes,
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Fig. 5 Effects of 1,8-cineole on the proliferation and elongation of
BY-2 cells. A The effects of a range of doses of 1,8-cineole on the
proliferation of BY-2 cells cultured in D-medium are shown. The
mitotic index was examined on d 2. The average values from three
independent experiments are shown. Vertical bars represent standard
errors. B The effects of a range of doses of 1,8-cineole on elongation
(top) and starch accumulation (bottom) in BY-2 cells cultured in B-
medium. Cell length and starch content were examined on d 2. The
average values from three independent experiments are shown.
Vertical bars represent standard errors. In A and B, 1,8-cineole was
applied through the direct-addition method only. The estimated final
concentrations of 1,8-cineole in the airspace (gas phase) were 0 to
240 μM, while the initial concentrations in the culture medium (liquid
phase) immediately after application were 25 times higher. IC50 values
estimated from the data are shown in respective graphs
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including mitochondrial membranes, are the primary
target of monoterpenes. Among all the possible effects
on biological membranes, the deleterious effects on
mitochondrial membranes should cause inhibition of
mitochondrial energy metabolism and result in disturbances
in a wide range of physiological and biochemical processes
within the cell.

Our results rule out the possibility that preferential
inhibition by 1,8-cineole of root growth is explained by
preferential inhibition of cell proliferation; 1,8-cineole
inhibited multiple distinct biological processes (cell prolif-
eration, cell elongation, and starch synthesis) in cultured
cells, and the sensitivity of cell proliferation to 1,8-cineole
was, contrary to our initial expectation, relatively low
(Figs. 4 and 5). Then, in plant seedlings, why is root growth
more sensitive than hypocotyl growth to 1,8-cineole?

One possibility is that the actual concentration of 1,8-
cineole may be higher around roots (liquid/solid phase)
than around hypocotyls (gas-phase). In nature, soil colloids
adsorb volatile monoterpenes in the atomosphere and
exhibit toxicity for several months (Müller and Moral,
1966). Under our experimental conditions for the seedling
assay, monoterpenes within an air-tight container might
absorb to the wet filter paper wad used as supporting
substance, resulting in higher concentrations of the com-
pound around the roots as compared to the concentrations
around the aerial tissues. (This also suggests that the actual
concentrations of 1,8-cineole in the gas-phase should be
lower than the calculated values.) However, root growth
was more sensitive to 1,8-cineole than hypocotyl growth
even when the seedlings were grown under conditions in
which both hypocotyls and roots were in equal contact with
the filter paper, and therefore, the concentration of 1,8-
cineole surrounding the two organs should have been equal
(Nishida et al., 2005). Thus, differences in the actual
concentrations around roots and hypocotyls do not seem to
play a critical role under our experimental conditions.

Another possible explanation is that root surfaces may
have higher permeability to 1,8-cineole as compared to
hypocotyl surfaces, resulting in higher doses of the
compound within root tissues as compared to those within
hypocotyl tissues. The surface of aerial parts of the plant
body is covered with a well-developed cuticle layer, while
that of roots is not (Bessire et al., 2007). In addition, a
permeability assay, based on staining with toluidine blue
dye (Bessire et al., 2007), demonstrated differential perme-
ability (and thus differential development of a cuticle layer)
within a root; in various plant species, the root tip region
that includes the root apical meristem exhibited higher
permeability than that of the upper region of the same root,
which corresponded to elongation/differentiation zone
(unpublished data). Thus, differential permeability due to
differential development of a cuticle layer might be

involved in not only preferential inhibition of root growth
over hypocotyl growth but also preferential inhibition of
cell proliferation in the root apical region over cell
elongation in the upper region of the same root. The
relationship between development of the surface barriers,
such as cuticle layer, and sensitivity to monoterpenes is
now under further investigation.
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