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Abstract

Lithospermum erythrorhizon shoots, cultured on phytohormone-free Murashige and Skoog solid medium, produced shikonin derivatives,
whereas shoots cultured in well-ventilated petri dishes, produced small amount. Analysis by gas chromatography revealed the presence of
ethylene in non-ventilated petri dishes where the shoots, producing shikonin derivatives, were cultured. Therefore, the possible involvement of
ethylene in shikonin biosynthesis of shoot cultures was investigated. Treatment of ethylene or the ethylene precursor, 1-aminocyclopropane-
1-carboxylic acid, resulted in increasing shikonin derivatives contents in cultured shoots. Silver ion, an ethylene-response inhibitor, or ami-
noethoxyvinylglycine, an ethylene biosynthesis inhibitor, decreased production of shikonin derivatives in cultured shoots. Our results indicate
that ethylene is one of the regulatory elements of shikonin biosynthesis in L. erythrorhizon shoot culture.
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1. Introduction

The roots of Lithospermum erythrorhizon Sieb. et Zucc.
(Boraginaceae) accumulate shikonin derivatives, which are
red naphthoquinone pigments showing antibacterial [20],
wound-healing [7] and anti-tumor activities [14]. It has been
reported that the biosynthesis and its regulation of shikonin
derivatives in cell suspension culture of L. erythrorhizon were
influenced by various parameters, such as ammonium ion [5],
glutamine [26] and light irradiation [19], which inhibited
shikonin derivatives formation, whereas Cu®* ion [6], methyl
jasmonate [28] and oligogalacturonide [21] induced shiko-
nin derivatives formation. Recently, shoot cultures of L. eryth-
rorhizon established by our laboratory were shown to be
capable of biosynthesizing shikonin derivatives [23]. Shiko-
nin derivatives formation was observed on the stem of shoots

Abbreviations: ACC, 1-aminocyclopropane- 1-carboxylic acid; AVG, ami-
noethoxyvinylglycine; MS medium, Murashige and Skoog’s medium; PAL,
phenylalanine ammonia-lyase.
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cultured on phytohormone-free Murashige and Skoog (MS)
[13] solid medium containing a high concentration of ammo-
nium ion, which was different from result of cell suspension
cultures [5].

LeDI-2, showing the strict dark-specific expression was
isolated to investigate the regulatory mechanism of shikonin
biosynthesis from cell suspension cultures [29]. LeDI-2 was
one of the candidates for the regulatory element of shikonin
biosynthesis and specifically expressed in the roots of intact
plants. The polypeptide sequence presented shared signifi-
cant similarities with some root-specific polypeptides such
as ZRP3 of maize [11]. Northern blot analysis indicated that
LeDI-2 was expressed in the stem of shoot cultures when
producing shikonin [22]. We therefore suggest that these shoot
cultures may be used as an alternative source of plant mate-
rial for biochemical and molecular genetic studies on shiko-
nin formation.

To clarify the regulatory mechanisms of this new model
system of shikonin biosynthesis by shoot culture, effects of
various culture conditions on shikonin derivatives formation
were investigated [23,24]. To stimulate shoot growth, shoots
were cultured in petri dishes equipped with filters for venti-
lation. This treatment led to a new problem showing much
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less formation of shikonin derivatives compared with the shoot
cultures in non-ventilated petri dishes. This phenomenon was
thought to be closely related to the volatile compound(s)
released from shoots cultured in non-ventilated petri dishes.
There is a possibility that these volatile compound(s), such
as jasmonic acid, its derivatives and ethylene, which involved
in the general signal transduction network that induces
enzymes leading low molecular weight defense compounds
[4,28], may induce shikonin derivatives biosynthesis on the
shoots cultured in petri dish. It has been reported that methyl
jasmonate induced shikonin production in cell cultures [28].
However, there have been no reports of induction of shikonin
derivatives by ethylene in L. erythrorhizon cultures.

In order to investigate whether ethylene which generated
in in vitro involved in induction of shikonin derivatives, we
examined the effects of ethylene and ethylene inhibitor on
shikonin derivatives formation in L. erythrorhizon shoot cul-
ture.

2. Results
2.1. Determination of ethylene emission in shoot culture

We have previously reported that the shoots cultured in
the well-ventilated culture vessels, such as petri dish with
membrane filter, MilliSeal® (Millipore) and in flasks covered
with silicone cap, showed lower content of shikonin deriva-
tives than those cultured in petri dish and in flasks covered
with aluminum foil cap [24]. This result indicates that shiko-
nin derivatives formation of in vitro shoot stem was closely
related to the air composition within the culture vessel
changed by the shoot cultures. It was speculated that the pres-
ence of ethylene generated by the shoots was the main cause
in the increase in shikonin derivatives formation. In a prelimi-
nary experiment, detection of ethylene generated by the shoots
cultured in the petri dishes was carried out. Ethylene produc-
tion and shikonin derivatives formation were quantified by
GC and photometer, respectively, at weeks 2 and 4 after shoots
were inoculated into the petri dishes with or without mem-
brane filter. Ethylene emitted from the cultured shoots was
detected in petri dish without MilliSeal®, and the amount of
ethylene and shikonin derivatives increased throughout the
culture period (Fig. 1A). In contrast, ethylene did not accu-
mulate in ventilated petri dishes, and only a trace amount of
shikonin derivatives was detected (Fig. 1B). There was a direct
correlation between ethylene production and shikonin deriva-
tives formation.

2.2. Effect of ethylene and ACC on shikonin derivatives
formation in shoot cultures

In order to clarify the involvement of ethylene in shikonin
derivatives formation, effects of ethylene and ACC on shiko-
nin derivatives formation in shoot cultures were investigated.
The shoots cultured in the petri dish were exposed to two
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Fig. 1. Time course of ethylene and shikonin production in shoots cultured
with (A) or without filters (B). A, two shoots (ca. 4 cm in length) were cul-
tured on MS solid medium (petri dish) at 25 °C for 4 weeks in the dark. B,
two shoots were cultured in petri dish with three holes (ca. 5 mm ¢) sealed
with membrane filters (Millipore)/a cover under the same culture condition
as mentioned in A. Error bar: S.D. (n = 4).

different concentrations of ethylene (10 nl and 10 pl per petri
dish). The shoots treated with ethylene showed higher shiko-
nin derivatives content than those untreated. Especially, treat-
ment of 10 pl ethylene per petri dish enhanced shikonin deriva-
tives formation about threefold compared with the untreated
shoots (Fig. 2).
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Fig. 2. Effects of ethylene on shikonin production in shoot culture. Two shoots
(ca. 2 cm in length) were pre-cultured on petri dish with a hole (ca. 5 mm
@)/a cover sealed with membrane filter on MS solid medium at 25 °C for
1 week in the dark. After pre-culture, ethylene was added to petri dish and
the shoots were cultured for 3 weeks after the administration. Error bar: S.D.
(n=8).
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