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Abstract Plants produce a variety of secondary
metabolites to protect themselves from pathogens and
herbivores and/or to influence the growth of neigh-
bouring plants. Some of these metabolites are toxic to
the producing cells when their target sites are present
in the producing organisms. Therefore, a specific
self-resistance mechanism must exist in these plants.
Self-resistance mechanisms, including extracellular
excretion, vacuolar sequestration, vesicle transport,
extracellular biosynthesis, and accumulation of the
metabolite in a non-toxic form, have been proposed
thus far. Recently, a new mechanism involving
mutation of the target protein of the toxic metabolite
has been elucidated. We review here the mechanisms
that plants use to prevent self-toxicity from the
following representative compounds: cannabinoids,
flavonoids, diterpene sclareol, alkaloids, benzoxazi-
nones, phenylpropanoids, cyanogenic glycosides, and
glucosinolates.
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Abbreviations

ABC ATP-binding cassette

BOA Benzoxazolin-2(3H)-one

CBCA Cannabichromenic acid

DIBOA 2,4-Dihydroxy-2H-1,4-benzoxazin-
3(4H)-one

DIMBOA 2.,4-Dihydroxy-7-methoxy-2H-1,4-
benzoxazin-3(4H)-one

GSH Glutathione

GST Glutathione S-transferease

PDR Pleiotropic drug resistance

THC Tetrahydrocannabinol

THCA Tetrahydrocannabinolic acid

Introduction

Plants produce secondary metabolites for interaction
with their environment. At present, more than 200,000
secondary metabolites have been identified (Hartmann
et al. 2005), providing us with an enormous source of
novel pharmaceutically active agents. A large number
of studies have demonstrated the importance of these
metabolites as plant defence compounds. These
metabolites exert toxic effects on other organisms
by interfering with cell protein function. A few
metabolites interact with the molecules responsible
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for fundamental cellular functions, such as DNA and
the proteins involved in cell division. Many of these
metabolites have been used as anticancer compounds
such as camptothecin, paclitaxel, vincristine, and
podophyllotoxin. To avoid self-toxicity, these plants
have evolved a detoxification mechanism. It is known
that plants employ different mechanisms to eliminate
or modify toxic compounds.

e Excretion of toxic compounds into extracellular
compartments

e Sequestration of toxic compounds into vacuoles

e Biosynthesis of toxic compounds in extracellular
compartments

e Modification of toxic compounds into inactive
forms

In this article, we review several mechanisms that
plants use to avoid self-toxicity from several impor-
tant secondary compounds (Fig. 1), including
cannabinoids, flavonoids, diterpene sclareol, alka-
loids, benzoxazinones, phenylpropanoids, cyanogenic
glycosides, and glucosinolates, in order to exploit
these compounds as defence compounds.

Fig. 1 Major mechanisms
of resistance to self-
produced toxic secondary

Accumulation of cannabinoids in glandular
trichomes on leaves of Cannabis sativa

Cannabinoids, which contain the alkylresorcinol and
monoterpene groups, are unique secondary metabo-
lites found only in C. sativa. Among them,
tetrahydrocannabinol (THC) (Fig. 2), a well-known
cannabinoid, has already been developed as a ther-
apeutic drug (for review, see Mendizabal and Adler-
Graschinsky 2007). Cannabinoids have been reported
to be accumulated only in glandular trichomes
(Fairbairn 1972; Sirikantaramas et al. 2005). Can-
nabinoid acids such as tetrahydrocannabinolic acid
(THCA) (Fig. 2), the precursor of THC, are major
original cannabinoids in fresh C. sativa (Yamauchi
et al. 1967). Several cannabinoid acids (Fig. 2),
including THCA, cannabigerolic acid, and cannabi-
chromenic acid (CBCA), have the ability to induce
cell death of their own cells and of the cells of other
plants, such as tobacco BY-2 cells, suggesting their
role as plant defence compounds (Sirikantaramas
et al. 2005; Morimoto et al. 2007). Recently,
Morimoto et al. (2007) have shown that CBCA and
THCA can cause serious damage to mitochondria
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Fig. 2 Structure of the
compounds mentioned in
this review
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through the mechanism of mitochondrial permeabil-
ity transition. Because of the high toxicity of these
cannabinoids, their biosyntheses must be well-regu-
lated. Studies on the biosynthetic pathway have
identified 2 secreted cannabinoid biosynthetic
enzymes-THCA synthase and cannabidiolic acid
synthase (Sirikantaramas et al. 2005; Taura et al.
2007; for review, see Sirikantaramas et al. 2007a).
THCA synthase, which is responsible for the pro-
duction of THCA, is specifically expressed in
glandular trichomes (Sirikantaramas et al. 2005).
An immunolocalization study of THC using the anti-
THC monoclonal antibody indicated the presence of
THC in the secretory cavity of glandular trichomes,
in the cell wall of secretory cells facing the storage
cavity, and on the surface of secretory vesicles in the
storage cavity but not in the cytoplasm of secretory
cells (Kim and Mahlberg 1997). These findings
suggest that C. sativa produces the toxic THCA
extracellularly rather than intracellularly in order to
avoid THCA toxicity (Fig. 1(1)).

Involvement of transporters in flavonoid
sequestration within vacuoles

Flavonoids (Fig. 2) are a major class of plant
secondary metabolites that include flavonols, antho-
cyanins, proanthocyanidins, and isoflavonoids. The
roles of these compounds in plants include flower
pigmentation, UV protection, intracellular and extra-
cellular signalling, male fertility, and pathogen
defence (Dixon and Steele 1999; Harborne and
Williams 2000). In addition, flavonoids also exhibit
a vast array of medicinal properties, including
antioxidation, anti-inflammatory, and antitumour
activities (Harborne and Williams 2000). It has been
reported that the compartmentalization of anthocya-
nin in vacuoles is required to limit both the mutagenic
and oxidative effects of synthesis pathway interme-
diates (Ahmed et al. 1994; Rueff et al. 1995).
Therefore, these toxic flavonoids must be excluded
from the cytoplasm to prevent cellular damage. A
number of studies have shown the involvement of a
transporter in the vacuolar accumulation of flavo-
noids (for review, see Klein et al. 2006; Rea 2007)
(Fig. 1(2)). Evidence from maize mutants indicates
that anthocyanins are transported into vacuoles
through a vacuolar ATP-binding cassette (ABC)
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transporter (ZmMRP3) (Goodman et al. 2004). In
Arabidopsis, a multidrug and toxic compound extru-
sion (MATE) transporter, namely, TT12, which is
involved in the vacuolar deposition of flavonoids in
the proanthocyanidin-synthesizing cells of the seed
coat has also been identified (Debeaujon et al. 2001).
Recently, a flavonoid/H*-antiporter function has been
suggested for the TTI12 protein (Marinova et al.
2007a).

In addition to the role of transporters in vacuolar
sequestration, glutathione S-transferases (GSTs) have
been known for their ability to detoxify various
compounds, including toxic secondary metabolites
and xenobiotic compounds. These enzymes conjugate
the glutathione tripeptide (GSH) to a broad variety of
substrates. As a result, the GSH-conjugated com-
pound is transported to the vacuole via a tonoplast-
located transporter. Three GSTs, namely, maize Bz2
(Marrs et al. 1995), petunia AN9 (Alfenito et al.
1998), and Arabidopsis TT19 (Kitamura et al. 2004),
have been identified and characterized for their
involvement in anthocyanin accumulation in vacu-
oles. Mutations in the corresponding genes caused
pigment accumulation in the cytoplasm with phyto-
toxic effects (Marrs et al. 1995; Alfenito et al. 1998).
However, Mueller et al. (2000) later showed that
AN9 is a flavonoid-binding protein and is not
involved in the covalent conjugation of GSH to
anthocynanins. They also suggested that AN9 might
serve as a cytoplasmic flavonoid carrier protein, and
the formation of the GSH conjugate might not be
required for transport into the vacuole (Mueller et al.
2000).

Other mechanisms for flavonoid sequestration to
vacuoles have been proposed. Isovitexin (Fig. 2), a
flavonoid glucoside in barley, was readily imported
into isolated barley vacuoles by a ApH-dependent
uptake mechanism (Klein et al. 1996). Marinova et al.
(2007b) demonstrated that intact flavonoid biosyn-
thesis in barley controls the activity of vacuolar
flavonoid/H"-antiporters suggesting an association
between flavonoid biosynthesis and the transport
mechanism. The vacuolar uptake of flavone glucu-
ronides non-conjugated to GSH was mediated by a
multidrug resistance-associated protein (MRP)-like
ABC transporter in rye mesophyll vacuoles (Klein
et al. 2000). The acylation of anthocyanin was also
shown to be important for the vacuolar uptake
mechanism in carrot. It is interesting that vacuoles
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prepared from other plant species did not import
acylated anthocyanin (Hopp and Seitz 1987). These
results suggest the possibility that different plants
employ different mechanisms for flavonoid
sequestration.

Involvement of an ABC transporter in diterpene
sclareol secretion

Sclareol (Fig. 2) is a labdane-type diterpene that is
found on the leaf surface of Nicotiana spp. It exhibits
antifungal properties and also affects plant growth
(Bailey et al. 1975; Cutler et al. 1977). Nicotiana
plumbaginifolia NpPDR1—a plasma membrane
pleiotropic drug resistance-type ABC transporter—
has been identified to be involved in extracellular
sclareol secretion (Jasinski et al. 2001; Stukkens
et al. 2005) (Fig. 1(3)). The induction of NpPDRI1
expression by sclareol has been demonstrated in
N. plumbaginifolia cell culture (Jasinski et al. 2001).
This suggests the presence of a regulation system that
activates the expression of the transporter. This
transporter pumps the toxic metabolite sclareol out
of the cells before it reaches a concentration that is
toxic to the cells. It has been shown that the
expression of this transporter in Arabidopsis leads
to the acquisition of resistance to sclareol (van den
Brule et al. 2002). Sclareol biosynthesis has been
reported to essentially occur in the trichome (Guo and
Wagner 1995) where NpPDRI1 is constitutively
expressed (Stukkens et al. 2005). In addition, sclareol
was also shown to be a possible endogenous substrate
of SpTUR2, an ABC transporter in the aquaphyte
Spirodela polyrrhiza (van den Brule et al. 2002).

Alkaloid detoxification mechanisms
by sequestration

Alkaloids are generally accumulated in specific cell
types because of their toxicity and their probable role
in plant defence responses (Facchini and St-Pierre
2005). Several alkaloids, including berberine, (S)-
reticuline, and lupanine, have been reported to be
accumulated in vacuoles (Deus-Neumann and Zenk
1986; Mende and Wink 1987; Sato et al. 1992)
(Fig. 2). Vesicular transport and vacuolar accumula-
tion are well-known strategies for the control of

toxic alkaloids (Deus-Neumann and Zenk 1984a, b
Martinoia et al. 2000; Wink and Roberts 1998)
(Fig. 1(2) and (4)).

Berberine (Fig. 2), a benzylisoquinoline alkaloid,
is conventionally used as an antidiarrhetic, a bitter
stomachic, and an antimalarial drug (Yamamoto et al.
1993). It also shows strong cytotoxicity to plant cells
that do not produce it, suggesting a species-specific
detoxification mechanism (Sakai et al. 2002). Its
vacuolar transport in Coptis japonica via an H'/
berberine antiporter, which uses the proton gradient
formed by 2 vacuolar proton pumps, namely, vacu-
olar H*-ATPase and pyrophosphatase (PPase), has
been recently reported (Otani et al. 2005). In addition
to the H'-antiporter, ABC transporters have been
suggested to be involved in the vacuolar transport of
several terpenoid indole alkaloids in Catharanthus
roseus, including strictosidine, ajmalicine, catharan-
thine, and vindoline (Roytrakul and Verpoorte 2007).
These findings suggest the involvement of various
transporters in alkaloid detoxification by vacuolar
accumulation.

Sanguinarine (Fig. 2), a toxic benzophenanthridine
alkaloid, exhibits cytotoxic activity by interfering
with the functions of DNA, tubulin, and enzymes
such as Na*/K" ATPase (Bajaj et al. 1990; Kakiuchi
et al. 1987; Scheiner-Bobis 2001; Schmeller et al.
1997). At high concentrations, it strongly inhibits the
growth of cultured cells of Nicotiana and Arabidopsis
(Weiss et al. 2006). This compound is either accu-
mulated in the vacuole or excreted into the cell wall
and the culture medium. It is also potentially
dangerous to the producing cell. Its production can
be induced by both biotic and abiotic elicitors
(Gundlach et al. 1992; Roos et al. 1998; Schumacher
et al. 1987; Villegas et al. 2000). The transport of
vacuolar-accumulated sanguinarine has been reported
to be associated with the endoplasmic reticulum (ER)
via a vesicle (Alcantara et al. 2005). Weiss et al.
(2006) reported a unique recycling mechanism for the
detoxification of excreted sanguinarine. When added
to the cell suspension culture of Eschscholzia
californica, sanguinarine rapidly disappeared from
the culture medium. Concomitantly, the cellular
content of dihydrosanguinarine (Fig. 2), a biosyn-
thetic  precursor of sanguinarine, increased.
Sanguinarine reductase, which catalyses the reduc-
tion of sanguinarine to dihydrosanguinarine, has been
identified. It was concluded that excreted
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sanguinarine from the producing cell is rapidly
reabsorbed and reduced to the less toxic dihydrosan-
guinarine that then undergoes further biosynthetic
reactions (Fig. 1(5)). This mechanism would allow
the producing cells to benefit from this compound
without harming themselves.

Self-resistance due to the presence of the toxic
metabolite-resistant target protein
in camptothecin-producing plants

Camptothecin (Fig. 2), a terpenoid indole alkaloid, is
found in many distantly related plants, including
Camptotheca acuminata, Nothapodytes foetida, and
Ophiorrhiza pumila (Aimi et al. 1989; Govindachari
and Viswanathan 1972; Wall et al. 1966). Its semi-
synthetic derivatives are currently prescribed as
anticancer drugs (for review, see Sirikantaramas
et al. 2007b). It has been shown that camptothecin
exhibits anticancer property by inhibiting DNA
topoisomerase I, a house-keeping enzyme involved
in the regulation of DNA topology (Hsiang et al.
1985). Therefore, a mechanism for the well-regulated
production or detoxification of this compound must
exist in the producing plants. Camptothecin has been
reported to be accumulated in the glandular tric-
homes of leaves and stems of C. acuminata (Li et al.
2002). Subcellular localization studies showed that
camptothecin is accumulated in the vacuole, which is
considered to be a site for avoiding toxicity (Pasqua
et al. 2004; Sirikantaramas et al. 2007c). Interest-
ingly, in the hairy roots of O. pumila (Saito et al.
2001), camptothecin is partially accumulated in the
vacuole and partially excreted to the culture medium
(Sirikantaramas et al. 2007c). Vesicular transport
from the ER was suggested to be involved in
vacuolar camptothecin accumulation (Sirikantaramas
et al. 2007c). In an attempt to understand the
camptothecin excretion process, Sirikantaramas
et al. (2007c) found that camptothecin is excreted
by passive transport depending on the concentration
gradient between the intracellular and extracellular
compartments. Therefore, a cytosolic camptothecin
might be expected to interfere with the function of
DNA topoisomerase I. A hypothesis suggests that a
mutation in topoisomerase I might confer campto-
thecin resistance without the involvement of a
transporter or vesicular transport in camptothecin-
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producing plants; this has been proposed as a self-
resistance mechanism in camptothecin-producing
plants (Sirikantaramas et al. 2007c¢). This hypothesis
is supported by evidence that mutations in topoiso-
merase [ have been observed in camptothecin-
resistant human cancer cells (Takatani et al. 1997,
Pommier et al. 1998; Tsurutani et al. 2002). How-
ever, target mutations as a self-resistance mechanism
have not been reported in plants producing toxic
compounds. Recently, we have been able to confirm
this hypothesis. Point mutations in topoisomerase I
that confer camptothecin resistance in camptothecin-
producing plants have been identified (Sirikantara-
mas, et al. manuscript in preparation). These results
suggest a novel self-resistance mechanism through
the generation of target mutations in plants
(Fig. 1(6)).

Although the mutation of drug targets has con-
tributed to drug resistance in organisms that do not
produce drugs, self-resistance due to the presence of a
drug-insensitive target site has been rarely observed
in producing organisms. Only a few studies have
reported this type of self-resistance in micro-organ-
isms (Kawaguchi et al. 1979; Hughes et al. 1980;
Glockner and Wolf 1984; Thiara and Cundliffe
1988). For example, cerulenin (Fig. 2), an antifungal
antibiotic produced by the fungus Cephalosporium
caerulens, is a potent inhibitor of fatty acid synthase
in various organisms. The producing strain possesses
cerulenin-resistant fatty acid synthase (Kawaguchi
et al. 1979). The homology of the condensing
domains between the cerulenin-resistant type and
cerulenin-sensitive type of fatty acid synthase is very
low suggesting that the enzyme from C. caerulens
might be very different (Tomoda et al. 1984; Inokoshi
et al. 1994).

Modification of self-produced toxic metabolites
into non-toxic forms via glycosylation

Benzoxazinoids such as 2,4-dihydroxy-2H-1,4-benz-
oxazin-3(4H)-one (DIBOA) and 2,4-dihydroxy-7-
methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA)
(Fig. 2) are secondary metabolites found mainly in
Gramineae, including rye, wheat, and maize. They
are stored in the vacuole as glucosides (Osbourn
1996) and are considered as phytotoxins. However,
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the mechanism underlying the phytotoxicity of ben-
zoxazinoids is still unknown. It has been reported that
glycosylation reduces the toxicity of benzoxazinoids
as glucosides have reduced chemical reactivity
(Sicker et al. 2000). Two glucosyltransferases
involved in the last step of the biosynthetic pathway
leading to final glucoside products, namely, DIBOA-
glucoside and DIMBOA-glucoside (Fig. 2), have
been identified (von Rad et al. 2001). Upon tissue
disruption, the specific glucosidase accumulated in
the chloroplast (Cicek and Esen 1998) is brought into
contact with benzoxazinoids resulting in toxic agly-
cones (Fig. 1(7)). As aglycones, DIBOA and
DIMBOA become unstable and thus are degraded
to benzoxazolin-2(3H)-one (BOA) and 6-methoxy-
benzoxazolin-2(3H)-one  (MBOA), respectively
(Fig. 2). These compounds can also act as allelo-
pathic compounds (Barnes et al. 1986; Sicker et al.
2000). In benzoxazinoid-producing plants, it has been
shown that BOA is later detoxified by modification to
nontoxic forms, mainly glucoside carbamate (Fig. 2)
via N-glucosylation and BOA-6-O-glucoside (Fig. 2)
via O-glucosylation as a minor form (Schulz and
Wieland 1999; Sicker et al. 2001).

It has been suggested that reactive phenylpropa-
noids in the lignin biosynthetic pathway are
detoxified and stored as glucoside forms (Vickery
1981) (Fig. 1(7)). Feeding experiments showed that
O’-p-p-glucopyranosyl-caffeic acid and O*-f-p-glu-
copyranosyl-sinapic acid are the storage or
detoxification products of caffeic acid and sinapic
acid, respectively (Meyermans et al. 2000) (Fig. 2).

Cyanogenic glycosides are found in many plants,
including linamarin and lotaustralin in cassava and
dhurrin in sorghum (Huges 1999) (Fig.2). It is
widely accepted that plants produce these compounds
as protective agents against herbivores (Riis et al.
2003; Tattersall et al. 2001). Activation of the
cyanogenic glucosides is catalysed by f-glucosidases
and o-hydroxynitrile lyases resulting in cyanohydrins,
ketones, and toxic hydrogen cyanide (Conn 1980).
Cyanogenic glycosides and 2 degrading enzymes are
separately localized in different compartments and
brought into contact upon tissue disruption for rapid
degradation (Fig. 1(7)). In the leaves of sorghum
seedlings, cyanogenic glycosides are sequestered in
the vacuoles of epidermal cells, whereas the 2
degrading enzymes f-glucosidases and o-hydroxyni-
trile lyases are present almost exclusively in the

underlying mesophyll cells within the chloroplasts
and cytosol, respectively (Kojima et al. 1979; Thayer
and Conn 1981).

Glucosinolates (Fig. 2) are a unique class of
thioglucosides found in the Brassicaceae and related
families (Kjaer 1976; Kliebenstein et al. 2005;
Windsor et al. 2005). These compounds share a
common feature with the benzoxazinones and cya-
nogenic glycosides in the breakdown mechanism
giving rise to toxic compounds. Upon tissue damage,
the glucosinolates are activated by myrosinases, a
specific class of f-thioglucosidases (Rask et al. 2000)
(Fig. 1(7)). Different compartmentalization of gluco-
sinolates and myrosinases has also been reported
(Husebye et al. 2002; Koroleva et al. 2000).

Conclusions and future prospects

Plants have evolved various strategies, including the
production of toxic secondary metabolites, for sur-
viving in the environment. Many of these strategies
often interfere with basic biological units such as
DNA or housekeeping enzymes. To avoid self-
toxicity, toxic metabolites should be compartmental-
ized or removed from sensitive areas such as the
nucleus. These toxic metabolites are generally accu-
mulated in the vacuole, the extracellular cavity of
glandular trichomes, or are excreted extracellularly.
Glycosylation is shown to be an essential modifica-
tion for various types of secondary metabolites. A
variety of transporters are also involved in the
detoxification process. However, the mechanism by
which plants ensure that they are not incapacitated by
the toxic secondary metabolites that they produce
remains to be determined. Coevolution has been used
to explain the relationship between plants and insects.
This concept might be able to explain the relationship
between the biosynthetic pathway and detoxification
mechanism in toxic secondary metabolite-producing
plants.

Antibiotic self-resistance mechanisms, including
drug elimination, drug modification, target modifica-
tion, and drug sequestration, have been extensively
studied (Biggins et al. 2003; Hopwood 2007; for
review, see Cundliffe 1989). These studies have
contributed substantially to the growing problem of
antibiotic resistance among pathogenic bacteria.
Despite a significant increase in the use of plant-
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derived natural products as medicines, the study of
self-resistance mechanisms has been neglected in
plants. Although drug sequestration through vesicles
is assumed, there is no experimental report on the
mechanism employed by secondary metabolite-pro-
ducing plants to avoid the toxicity of important
anticancer drugs such as taxol from Taxus brevifolia
or vinblastine from C. roseus. These compounds
exhibit cytotoxicity by disrupting microtubule
dynamics, which is a basic biological process. In
human cancer cells, a number of reports have shown
that the involvement of a transporter or a mutation in
tubulin confers resistance to these drugs (Ueda et al.
1987; Kavallaris et al. 1997; Ranganathan et al. 1998;
for review, see Gottesman et al. 2002). Understand-
ing the mechanism underlying self-resistance to
medically important toxic compounds in plants that
produce such compounds would also contribute to
understanding the resistance mechanism in other
organisms. In addition, similar to the self-resistance
mechanism achieved by target mutation observed in
camptothecin-producing plants, a comparison of the
targets in plants producing toxic compounds and in
other organisms would provide a deeper insight into
the interaction between a toxic compound and its
target. This information could be exploited for use in
drug design to combat drug resistance in the clinical
field.

Combinatorial biosynthesis, which involves the
combination of genes from different organisms to
produce bioactive compounds (for review, see Julsing
et al. 2000), has yielded promising results for the
further diversification of natural products. Tattersall
et al. (2001) have reported the transfer of the entire
biosynthetic pathway of the cyanogenic glucoside
dhurrin from Sorghum bicolor to A. thaliana. This
study also suggested the genetic engineering of
cyanogenic glucosides into acyanogenic crop plants
for pest control purposes. Therefore, we believe that
understanding the specific self-resistance mecha-
nisms of certain metabolites would facilitate the
development of more sophisticated methods for the
implementation of the combinatorial biosynthetic
approach in different plant species. Further, achieving
self-resistance to self-produced toxic compounds
could prove useful in metabolic engineering.
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