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Abstract

The distribution of natural growth inhibitors, the raphanusanins (isomers of 3-(methylthio)methylene-2-pyrrolidinethione) and
their precursors (4-methylthio-3-butenyl glucosinolate (MTBG) and 4-methylthio-3-butenyl isothiocyanate (MTBI)), between
illuminated and shaded halves of radish hypocotyls during phototropic curvature was analyzed using a physicochemical assay.
Phototropic stimulation rapidly decreased MTBG content, and abruptly increased contents of MTBI and raphanusanins in the

illuminated halves of radish hypocotyls within 30 min after the onset of unilateral illumination. Content in the shaded halves
was similar to that in dark controls. When MTBG, MTBI, and raphanusanins at endogenous levels were applied unilaterally to
etiolated hypocotyls, MTBI and raphanusanins caused hypocotyls to bend but MTBG showed no activity. Blue illumination

promoted myrosinase (thioglucosidase) activity, which releases MTBI from MTBG, in hypocotyls after 10 min, although enzyme
activity in dark controls did not change. These results suggest that phototropic stimulation promotes myrosinase activity in the
illuminated side of radish hypocotyls, releasing bioactive MTBI from inactive MTBG and simultaneously producing bioactive

raphanusanins. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Evidence that phototropism is not regulated by a
lateral auxin gradient, but instead where unilateral illu-
mination induces the unequal distribution of growth
inhibitors of auxin action, has been obtained for many
plant organs in species commonly used for phototropic
studies Ð oats, maize, radish, sun¯ower, and pea
(Bruinsma et al., 1975; Feyerabend and Weiler, 1988;
Hasegawa and Sakoda, 1988; Sakoda et al., 1988;
Bruinsma et al., 1989; Bruinsma and Hasegawa, 1989;
Hasegawa et al., 1989; Bruinsma and Hasegawa, 1990;

Togo and Hasegawa, 1991; Hasegawa and Yamada,
1992; Yokotani-Tomita et al., 1999).

In radish (Raphanus sativus ) hypocotyls, the distri-
bution of endogenous auxin (indole-3-acetic acid,
IAA) in illuminated and shaded sides of phototropi-
cally stimulated hypocotyls was measured using a phy-
sicochemical assay. The IAA was evenly distributed
over illuminated and shaded sides in either the ®rst or
the second phototropic curvature, and no net exchange
of IAA between peripheral and central cell layers was
observed in these curvatures (Sakoda and Hasegawa,
1989). As candidates for growth inhibitors involved in
phototropism of radish hypocotyls, raphanusanins
were isolated and identi®ed from light-grown radish
seedlings (Hasegawa et al., 1986). Raphanusanins
accumulated at the illuminated side of hypocotyls
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stimulated phototropically and inhibited growth of the
illuminated side (Noguchi et al., 1986; Noguchi and
Hasegawa, 1987; Hasegawa et al., 1987). Lateral appli-
cation of these substances caused di�erential growth,
resulting in bending toward the applied side (Noguchi
et al., 1986). Raphanusanins were ®rst proposed as iso-
mers of 3-methoxy-4-methylthio-2-piperidinethione
(Hasegawa et al., 1986), but were revised as
(3R�,6R�)- and (3R�,6S�)-3-[methoxy(methylthio)-
methyl]-2-pyrrolidinethione based on X-ray analysis
(Harada et al., 1991). Attachment of the methoxy
group at the methylene functionality of 2-pyrrolidi-
nethione resulted during methanol extraction (Kose-
mura et al. 1993). Natural raphanusanins were
determined to be isomers of 3-(methylthio) methylene-
2-pyrrolidinethione (Fig. 1) (Sakoda et al., 1990; Kose-
mura et al., 1993). If phototropism of radish hypoco-
tyls is regulated by natural growth inhibiting
raphanusanins, previous experiments with substituted
raphanusanins must be reexamined. Kosemura et al.
(1993) suggested that 4-methylthio-3-butenylisothiocya-
nate (MTBI), the precursor of raphanusanins, is
released from 4-methylthio-3-butenyl glucosinolate
(MTBG) via myrosinase (thioglucosidase) action, so
some MTBI is spontaneously converted to raphanusa-
nins (Fig. 1).

We studied the lateral distribution of MTBG,
MTBI, and raphanusanins during phototropism
induced by unilateral blue light on radish hypocotyls
and changes in myrosinase activity, which releases
MTBI from MTBG.

2. Results and discussion

The phototropic curvature of etiolated radish hypo-
cotyls was measured under continuous, unilateral blue
illumination (Fig. 2). Hypocotyls began to bend
toward the light source between 30 and 60 min after
the onset of phototropic stimulation, with curvature
peaking 90 min after onset, then decreasing.

The lateral distribution of raphanusanins and pre-

cursors MTBG and MTBI during phototropism of
radish hypocotyls was studied using a physicochemical
assay (Fig. 3). The MTBG content in illuminated
halves of hypocotyls decreased abruptly, reaching a
minimum 60 min after the start of phototropic stimu-
lation while the phototropic curvature was still devel-
oping (Fig. 2), then gradually recovered; MTBG in

Fig. 1. MTBG conversion to MTBI and natural raphanusanins.

Fig. 2. Time course of phototropic response of etiolated radish hypo-

cotyls to continuous, unilateral blue illumination. Values are means

of 10 seedlings2SE.
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both shaded halves and dark controls maintained in-
itial levels. In response to decreasing MTBG, MTBI
rapidly increased in illuminated halves, peaking after
60 min, then decreased. However, MTBI in shaded
halves and dark controls did not change. The amount
of cis-raphanusanin in illuminated halves markedly
increased at 30 min, then gradually decreased after 60
min; a similar pro®le was observed with trans-rapha-
nusanin. The amounts of cis- and trans-raphanusanins
in shaded halves and dark controls remained essen-
tially unchanged. The levels of raphanusanins in illu-
minated halves of hypocotyls at 30 min was about
one-thousandth of that of MTBI Ð comparable to the
ratio (about 0.1%) of the in vitro conversion of MTBI
to raphanusanins in H2O at 258C for 30 min,
suggesting that a very small percent of MTBI is con-
verted to raphanusanins on the illuminated side over a
30 min period.

We tested whether the unilateral application on
etiolated hypocotyls of exogenous raphanusanins
and their precursors at endogenous levels resulted in
their unequal distribution, thus causing hypocotyls
to bend toward the site of application. MTBI
clearly induced hypocotyls to bend, raphanusanins
being less active than MTBI (Table 1). MTBG was
inactive. These results indicate that phototropic
stimulation induces conversion of inactive MTBG to
active MTBI and a very small percent of MTBI is
spontaneously converted to active raphanusanins.

We then studied the activity of myrosinase (thioglu-

cosidase), which releases MTBI from MTBG, in radish
hypocotyls during blue illumination (Table 2), which
markedly promoted myrosinase activity in hypocotyls
even 10 min after onset of illumination, peaking after
30 min, then decreasing. The enzyme activity in dark
controls remained unchanged.

Fig. 3. Lateral distribution of MTBG, MTBI, and cis- and trans-raphanusanins in etiolated radish hypocotyls up to 2 h after onset of unilateral

illumination. w, illuminated halves; Q, shaded halves; *, etiolated hypocotyls. This experiment was repeated three times with similar results.

Table 1

Degree of bending of etiolated radish hypocotyls in continuous dark-

ness, 30 and 60 min after unilateral application of MTBG, MTBI,

and cis- and trans-raphanusanins at endogenous levels. Endogenous

amounts of MTBG, MTBI, and cis- and trans-raphanusanins in etio-

lated hypocotyl halves were 1.5 mg, 0.1 mg, 0.2 ng, and 0.16 ng.

Values are means of seven seedlings 2 SE. This experiment was

repeated three times with similar results

Compound Dosage 30 min 60 min

MTBG 0.0 mg 0.020.1 0.020.1

0.5 0.020.0 0.020.0

1.0 0.120.1 ÿ0.120.1

10.0 0.020.1 0.120.1

MTBI 0.1 mg 2.420.1 4.220.2

0.5 3.820.2 6.220.1

1.0 6.220.1 10.920.3

10.0 7.120.1 12.520.4

cis-Raphanusanin 0.1 ng 0.420.1 1.020.1

0.2 0.920.1 1.420.1

0.5 1.320.2 2.020.1

1.0 2.020.2 2.420.1

trans-Raphanusanin 0.1 ng 0.820.1 1.320.1

0.2 1.220.1 1.720.2

0.5 2.020.1 2.820.1

1.0 3.020.2 4.820.2
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Unilateral illumination thus induces the conversion
of inactive MTBG to active MTBI by enhancing myr-
osinase activity, simultaneously producing physiologi-
cally active raphanusanins. This, in turn, suppresses
the growth of the illuminated side of radish hypoco-
tyls, causing a phototropic response.

Sakoda et al. (1991) reported that raphanusanins are
widespread in the genus Raphanus, but not detectable
in other plant species examined Ð including the Bras-
sica genus belonging to the same Cruciferae family.
The mechanism we propose thus may be restricted to
Raphanus. Other growth inhibitors Ð candidates
involved in phototropism Ð include benzoxazolinone
analogues for maize coleoptiles and 8-epixanthatin for
sun¯ower hypocotyls (Hasegawa et al., 1992; Yoko-
tani-Tomita et al., 1999). We therefore concluded that
di�erent growth inhibitors are involved in plant re-
sponse to phototropic stimulation.

Further work is in progress to determine whether
phototropic stimulation induces myrosinase gene ex-
pression or myrosinase activation.

3. Experimental

3.1. Phototropic experiment

Four-day-old, etiolated radish (Raphanus sativus var.
hortensis f. gigantissimus Makino) seedlings (hypocotyl:
ca 4 cm long) were unilaterally illuminated with blue
light (half band width: 43 nm; lmax: 448 nm) for 120
min at 258C. Incident energy was 0.46 mmol/m2/s at
the plant level. Photographs were taken at 30 min
intervals to determine the curvature of hypocotyls
under a photomorphogenetically inactive intensity
(0.03 mmol/m2/s) of dim green light. Experiments were
repeated three times.

3.2. Determination of MTBG, MTBI, and raphanusanin
levels

After onset of phototropic stimulation, 25 phototro-
pically stimulated hypocotyls were harvested at 0, 30,

60, 90, and 120 min. Hypocotyl sections from 0 to 3
cm below the hook of seedlings were excised and
bisected into illuminated and shaded halves with a
razor under dim green light. Bisected hypocotyls were
immediately frozen in liquid N2 and stored at ÿ408C
until use. Frozen materials were homogenized in 50
vol. of ethyl acetate using a homogenizer, and the
resulting suspension was centrifuged at 3000 rpm to
separate the ethyl acetate layer from residue. Resulting
ethyl acetate solubles were dried over anhydrous
Na2SO4 and evaporated to dryness in vacuo at 358C.
The material was taken up in 10 ml of 10% ethyl acet-
ate in n-hexane, then applied to a silica Sep-pak car-
tridge column (Waters) eluted ®rst with 10 ml of 10%
ethyl acetate in n-hexane; the resulting MTBI fraction
was evaporated to dryness in vacuo at 358C. The Sep-
pak column was eluted with 10 ml of 50% ethyl acet-
ate in n-hexane and the raphanusanin fraction evapor-
ated to dryness in vacuo at 358C. The pellet following
centrifugation was extracted with cold H2O saturated
with phenol and centrifuged at 3000 rpm; the resulting
aqueous layer was partitioned with CHCl3 and centri-
fuged at 3000 rpm. The upper layer (MTBG fraction)
was evaporated to dryness in vacuo at 358C. The
MTBI fraction was subjected to HPLC (TSK gel
Silica-60, Tosoh, Japan, eluted with 5% ethyl acetate
in n-hexane at 1.2 ml/min with detection at 271 nm);
the retention time for MTBI was 6.2 min. The rapha-
nusanin fraction was applied to an HPLC column
(TSK gel ODS-80Ts, Tosoh, Japan, eluted with 20%
CH3CN in H2O at 1.2 ml/min with detection at 325
nm). The retention time of trans-raphanusanin was
10.3 and that of cis-raphanusanin was 17.7 min. The
MTBG fraction was subjected to HPLC (TSK gel
ODS-80Ts, Tosoh, Japan, eluted with 15% MeOH in
H2O (0.01% TFA) at 1.0 ml/min with detection at 340
nm); the retention time of MTBG was 19.8 min.
MTBG, MTBI, and raphanusanins were calculated
from standard curves; overall recovery was about 80%
and all data was corrected based on this. Each exper-
iment was repeated three times.

3.3. Unilateral application of MTBG, MTBI, and
raphanusanins

MTBG, MTBI, cis- and trans-raphanusanins were
isolated from fresh radish root based on the procedure
of Kosemura et a1. (1993). MTBG, MTBI, cis- and
trans-raphanusanins smeared with 0.5 mg lanolin at
endogenous levels were unilaterally applied length wise
from 0 to 2 cm below the hook of seven uniform, 4-
day-old etiolated radish seedlings. Treated seedlings
were incubated in the dark at 258C. Photographs were
taken at 30-min intervals using an infrared camera,
with the degree of bending measured using a photo-

Table 2

Myrosinase activity of radish hypocotyls 0, 10, 30, and 60 min after

blue illumination as indicated by production of MTBI from added

MTBG. Values are means of three experiments2 SE

Time (min) Myrosinase activity in hypocotyls (MTBI ng/ gFW)

De-etiolated Etiolated

0 3.752 0.75 3.752 0.75

10 14.702 3.68 3.832 0.45

30 43.502 3.75 4.282 0.83

60 7.202 1.28 3.382 0.60
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graphic enlarger. Experiments were repeated three
times.

3.4. Myrosinase assay

Myrosinase activity was measured by the production
of MTBI from MTBG. Four-day-old etiolated radish
seedlings were exposed to blue illumination (0.46
mmol/m2/s), and 15 hypocotyl sections from 0 to 3 cm
below the hook of seedlings harvested 0, 10, 30, and
60 min after onset of illumination under dim green
light and frozen in liquid N2. Frozen materials were
ground with 10 mM imidazole±HCl bu�er (6 ml, pH
6.2) in a mortar. The crude extract was centrifuged for
15 min at 10,000 rpm at 48C and the supernatant
ultra®ltered with Mol-cut (Millipore, Mr cut o�: 5000)
at 48C. The resulting residue (>Mr 5000, crude
enzyme fraction) was resuspended in phosphate bu�er
(33 mM, 0.5 ml, pH 7.0) and incubated with MTBG
(0.28 mg) at 308C for 10 min. The resulting solution
was partitioned with an equal vol. of ethyl acetate
twice, and the ethyl acetate layer (MTBI fraction) was
dried under N2. MTBI content was determined as
above, and all experiments were repeated three times.
Myrosinase activity was measured as the liberation of
glucose with a GOD-Perid assay as described by
Bones and Slupphaug (1989); results were comparable
to those of the MTBI production assay.

Acknowledgements

The authors wish to thank the Ministry of Edu-
cation, Science and Culture of Japan for ®nancial sup-
port.

References

Bones, A.M., Slupphaug, G., 1989. Puri®cation, characterization and

partial amino acid sequence of b-thioglucosidase from Brassica

napus L. Journal of Plant Physiology 134, 722.

Bruinsma, J., Hasegawa, K., 1989. Phototropism involves a lateral

gradient of growth inhibitors. Environmental and Experimental

Botany 29, 25.

Bruinsma, J., Hasegawa, K., 1990. A new theory of phototropism Ð

its regulation by a light-induced gradient of auxin-inhibiting sub-

stances. Physiologia Plantarum 79, 700.

Bruinsma, J., Karssen, C.M., Benschop, M., van Dort, J.B., 1975.

Hormonal regulation of phototropism in the light-grown sun-

¯ower seedling, Helianthus annuus L.: immobility of endogenous

indoleacetic acid and inhibition of hypocotyl growth by illumi-

nated cotyledons. Journal of Experimental Botany 26, 411.

Bruinsma, J., Sakoda, M., Hasegawa, K., 1988. Hemmsto� und

Wachstum: growth inhibitors, not auxin, regulate phototropism.

In: Pharis, R.P. (Ed.), Plant Growth Substances. Springer-Verlag,

Berlin, pp. 450±456.

Feyerabend, M., Weiler, E.W., 1988. Immunological estimation of

growth regulator distribution in phototropically reacting sun-

¯ower seedlings. Physiologia Plantarum 74, 185.

Harada, N., Hagiwara, H., Ono, H., Uda, H., Ohba, S., Kubota,

M., Nishiyama, S., Yamamura, S., Hasegawa, K., Sakoda, M.,

1991. Revision of the structure of raphanusanins, phototropism-

regulating substances of radish hypocotyls. Tetrahedron Letters

32 (46), 6757.

Hasegawa, K., Noguchi, H., Iwagawa, T., Hase, T., 1986.

Phototropism in hypocotyls of radish. I. Isolation and identi®-

cation of growth inhibitors, cis- and trans-raphanusanins and

raphanusamide, involved in phototropism of radish hypocotyls.

Plant Physiology 81, 976.

Hasegawa, K., Noguchi, H., Tanoue, C., Sando, S., Takada, M.,

Sakoda, M., Hashimoto, T., 1987. Phototropism in hypocotyls of

radish. IV. Flank growth and lateral distribution of cis and trans-

raphanusanins in the ®rst positive phototropic curvature. Plant

Physiology 85, 379.

Hasegawa, K., Sakoda, M., 1988. Distribution of endogenous

indole-3-acetic acid and growth inhibitor(s) in phototropically

responding oat coleoptiles. Plant and Cell Physiology 29, 1159.

Hasegawa, K., Sakoda, M., Bruinsma, J., 1989. Revision of the the-

ory of phototropism in plants: a new interpretation of a classical

experiment. Planta 178, 540.

Hasegawa, K., Togo, S., Urashima, M., Mizutani, J., Kosemura, S.,

Yamamura, S., 1992. An auxin-inhibiting substance from light-

grown maize shoots. Phytochemistry 31, 3673.

Hasegawa, K., Yamada, K., 1992. Even distribution of endogenous

indole-3-acetic acid in phototropism of pea epicotyls. Journal of

Plant Physiology 139, 455.

Kosemura, S., Yamamura, S., Hasegawa, K., 1993. Chemical studies

on 4-methylthio-3-butenyl isothiocyanate from roots of japanese

radish (Raphanus sativus L.) in connection with raphanusanins,

phototropism-regulating substance of radish hypocotyls.

Tetrahedron Letters 34 (3), 481.

Noguchi, H., Hasegawa, K., 1987. Phototropism in hypocotyls of

radish. III. In¯uence of unilateral or bilateral illumination of var-

ious light intensities on phototropism and distribution of cis- and

trans- raphanusanins and raphanusamide. Plant Physiology 83,

672.

Noguchi, H., Nishitani, K., Bruinsma, J., Hasegawa, K., 1986.

Phototropism in hypocotyls of radish. II. Role of cis- and trans-

raphanusanins, and raphanusamide in phototropism of radish

hypocotyls. Plant Physiology 81, 980.

Sakoda, M., Hase, T., Hasegawa, K., 1990. A growth inhibitor, 3-

(E )-(methylthio)methylene-2-pyrrolidinethione from light-grown

radish seedlings. Phytochemistry 29 (4), 1031.

Sakoda, M., Hasegawa, K., 1989. Phototropism in hypocotyls of

radish. VI. No exchange of endogenous indole-3-acetic acid

between peripheral and central cell layers during ®rst and second

positive phototropic curvatures. Physiologia Plantarum 76, 240.

Sakoda, M., Hasegawa, K., Ishizuka, K., 1991. The occurrence in

plants of the growth inhibitors, the raphanusanins.

Phytochemistry 30 (1), 57.

Sakoda, M., Matsuoka, T., Sando, S., Hasegawa, K., 1988.

Phototropism in hypocotyls of radish. IV. Lateral distribution of

cis- and trans-raphanusanins and raphanusamide in various

phototropisms induced by unilateral broad blue light. Journal of

Plant Physiology 133, 110.

Togo, S., Hasegawa, K., 1991. Phototropic stimulation does not

induce unequal distribution of indole-3-acetic acid in maize

coleoptiles. Physiologia Plantarum 81, 555.

Yokotani-Tomita, K., Kato, J., Yamada, K., Kosemura, S.,

Yamamura, S., Bruinsma, J., Hasegawa, K., 1999. 8-

Epixanthatin, a light-induced growth inhibitor, mediates the

phototropic curvature in sun¯ower (Helianthus annuus L.) hypo-

cotyls. Physiologia Plantarum 106, 326.

T. Hasegawa et al. / Phytochemistry 54 (2000) 275±279 279


