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Summary. Glucosinolates are amino acid-derived natural plant products
found throughout the Capparales order. Glucosinolates and their degradation
products have a wide range of biological activities, e.g. in plant defense as
deterrents against insect and fungi. The conversion of amino acids to
aldoximes is a key step in glucosinolate biosynthesis. This step is catalyzed by
cytochromes P450 from the CYP79 family. The post-aldoxime enzymes in the
glucosinolate pathway have high substrate-specificity for the functional group
and low substrate-specificity for the side chain. Therefore, we have been able
to metabolically engineer new glucosinolate profiles into Arabidopsis by
altering the levels of endogenous CYP79s and by introducing exogenous
CYP79s. The approach has great potential for design of metabolically
engineered plants with improved pest resistance and increased nutritional
value.
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Introduction

Glucosinolates are natural plant products characterized by having a thio-
glucose moiety, a sulfonated oxime, and a side chain derived from aliphatic
and aromatic amino acids as well as tryptophan (Fig. 1). Glucosinolates co-
occur with the endogenous thioglucosidases, myrosinases (for review see
Halkier, 1999 and Rask et al., 2000). Following tissue disruption, e.g. as a
consequence of insect feeding, glucosinolates are hydrolyzed by myrosinases.
This leads to the formation of a wide range of biologically active compounds
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including isothiocyanates, nitriles and thiocyanates. The biological activities
of these compounds include inhibition of microbial growth (Mari et al., 1993;
Manici et al., 1997), intermediacy in the biosynthesis of indole phytoalexins
(Pedras et al., 2000), stimulation of oviposition and feeding by specialist
insects (Stadler, 1978; Nielsen 1988) as well as possible deterrent effects
on non-crucifer specialist insects and generalist herbivores. In addition,
glucosinolates are important as flavor compounds, cancer-preventive agents,
and as biopesticides. Brassica vegetables such as e.g. cauliflower, brussels
sprouts, cabbage, broccoli and especially broccoli sprouts contain high
levels of glucosinolates, of which the degradation products have strong
anticarcinogenic properties (Fahey et al., 1997; Zhang and Talalay, 1994).
There is a strong interest in controlling the level of glucosinolates to improve
flavor and nutritional qualities of food crops and to study the physiological
role of glucosinolates in plants, e.g. plant-insect interaction.

In the biosynthesis of the core glucosinolate structure, the first common
step for the precursor amino acids is the formation of the aldoxime structure.
This step is common for glucosinolates and the related group of natural plant
products, the cyanogenic glucosides (Fig. 2). Cytochromes P450 of the CYP79
family have been shown to catalyze the conversion of both aliphatic and
aromatic amino acids to their corresponding aldoximes in the biosynthesis of
cyanogenic glucosides (Halkier et al., 1995; Andersen et al., 2000; Nielsen and
Møller, 2000). Similarly, cytochromes P450 from the CYP79 family have been
shown to catalyze the conversion of both aliphatic and aromatic amino acids
as well as tryptophan to their corresponding aldoximes in the biosynthesis of
glucosinolates (Wittstock and Halkier, 2000; Hull et al., 2000; Mikkelsen et al.,
2000; Hansen et al., 2001a; Reintanz et al., 2001). Formation of the aldoxime
is a key regulatory step in glucosinolate biosynthesis and identification of
the CYP79 enzymes catalyzing this process has provided important tools to
metabolically engineer functional food crops with improved nutritional value
and improved insect and pathogen resistance. In the present review, we will
focus on various aspects of metabolic engineering of glucosinolate profiles
using CYP79 genes.
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Fig. 1. The glucosinolate structure

Fig. 2. Biosynthetic pathways of cyanogenic glucosides and glucosinolates. In the
glucosinolate pathway, it is unknown whether the aldoxime is oxidized to an aci-nitro

compound or to a nitrile oxide
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Structure and taxonomic distribution

Structure

Glucosinolates are derived from few protein amino acids (alanine, leucine,
isoleucine, valine, phenylalanine, tyrosine and tryptophan), and a number of
chain-elongated amino acids derived from methionine and phenylalanine, but
more than 120 different glucosinolates have been identified (for review see
Fahey et al., 2001). Particularly methionine is extensively chain-elongated and
methionine-derived glucosinolates with as much as nine additional methylene
groups have been reported (Kjær and Schuster, 1972). The precursor amino
acids alone would give rise to glucosinolates with simple and branched alkyl
side chains as well as ω-methylthioalkyl, aryl or heterocyclic side chains. After
biosynthesis of the core structure, glucosinolates are subject to secondary
modifications. These include oxidations of the side chain sulfur to sulfinyl
or sulfonyl compounds and loss of the methylthio group, which leads to
the formation of a terminal double bond. Other modifications include
hydroxylation, methoxylation, glucosylation, sulfation and some unusual
derivatives such as the 3-apiosyloxy-4-hydroxybenzylglucosinolate from
Hesperis matronalis (Sørensen, 1990). The secondary modifications are not
limited to the side chain. The presence of sinapoyl derivatives of the
thioglucose moiety has been reported in Raphanus sativa (Linscheid et al.,
1980), as has isoferuloyl derivatives in Barbarea species (Sørensen, 1990). The
diversity of glucosinolates is therefore produced by the combination of several
protein amino acids, variation in chain-elongation for some of these,
and secondary modifications of the glucosinolate side chain and thioglucose
moiety.

Taxonomic distribution

Glucosinolates are found in the order Capparales, which includes the eco-
nomically important oilseed rape, Brassica napus, and e.g. Brassica
cabbages, mustard and the model plant Arabidopsis. A comparison of
nucleotide sequences of the chloroplast rbcL gene and the 18S ribosomal
RNA gene supported the existence of an expanded Capparales order as
suggested by Dahlgren (Dahlgren, 1975; Rodman et al., 1996; Rodman et al.,
1998). This places all glucosinolate-producing species in the Capparales order
with the exception of the genus Drypetes in the Euphorbiaceae.

Among the glucosinolate-containing families in the Capparales order
there is a wide variation in the distribution of glucosinolates. Benzylgluco-
sinolate has been found in most glucosinolate-producing plants, whereas
methyl glucosinolate rarely occurs outside Capparaceae and is close to being
a family-specific glucosinolate (Underhill, 1980). Indole glucosinolates
are found in Brassicaceae, Capparaceae, Tropaeolaceae, Bataceae and Re-
sedaceae (Rodman, 1991; Griffiths et al., 2001). The chain elongated
glucosinolates are restricted to Brassicaceae, Capparaceae and Resedaceae
(Ettlinger and Kjær, 1968). An extensive variation in glucosinolate profiles is
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seen, especially in Brassicaceae where e.g. B. napus has approximately
30 glucosinolates (Sørensen, 1990) and Arabidopsis has 34 different
glucosinolates in 39 different ecotypes (Kliebenstein et al., 2001a). Large
differences in the glucosinolate profiles in the leaves and seeds of the various
ecotypes have provided a powerful tool for QTL-mapping of chain-elongating
and secondary modifying activities (Mithen and Campos, 1996; Kliebenstein
et al., 2001b; Kroyman et al., 2001).

Glucosinolate biosynthesis

Chain elongation

The various extended methionine and phenylalanine precursor amino acids
have all been subjected to the chain elongation reaction. This reaction is
thought to occur by a mechanism similar to the formation of leucine from
acetate and valine (Strassman and Ceci, 1963). First, the amino acid is
deaminated to produce an α-keto acid, which is then extended by con-
densation with acetyl-CoA. Following a rearrangement of the hydroxy group
the dicarboxyacid is decarboxylated leading to the formation of a chain
elongated α-keto acid. Finally, the chain-elongated amino acid is produced
in a transamination reaction. This scheme was proposed solely based
on evidence from in vivo administration of 14C-labeled amino acids and
[2-14C]acetate followed by isolation of 14C-labeled glucosinolates (Matsuo
and Yamazaki, 1964; Chisholm and Wetter, 1964). This scheme was further
supported by 15N feeding studies in Eruca sativa (Graser et al., 2000) and
Arabidopsis (Graser et al., 2001), which also showed that more than 50% of
the nitrogen lost in the initial deamination reaction was reincorporated in the
final transamination reaction.

Synthetic lines of B. napus derived by interspecies crosses with the
parental lines, Brassica rapa and Brassica oleracea, have been used by
Magrath et al. to examine the regulation of glucosinolate biosynthesis
(Magrath et al., 1994). The synthetic lines contained a number of gluco-
sinolates not found in natural B. napus. The lines were used to map two
loci, Gsl-elong-A and Gsl-elong-C that were shown to be involved in the
production of butyl- and pentylglucosinolates, and Gsl-pro that was shown
to regulate production of propylglucosinolates (Magrath et al., 1994). In a
similar strategy, recombinant inbred lines between the Arabidopsis ecotypes
Landsberg erecta and Colombia were used to identify the Gsl-elong-Ar locus,
which was found to regulate the production of butylglucosinolates as opposed
to propylglucosinolates (Magrath et al., 1994; Mithen and Campos, 1996).
Recently, fine scale mapping of the QTL involved in methionine chain-
elongation in Arabidopsis enabled the identification of two members of an
isopropylmalate synthase-like gene family (de Quiros et al., 2000). One of
the genes, MAM-1, encodes a methylthioalkylmalate synthase and controls
whether methionine is chain-elongated with one or two methylene groups
(Kroyman et al., 2001). The function of the other gene, termed MAM-L for
MAM-like, is unknown as heterologous expression in Escherichia coli did not
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result in functional enzyme and/or the correct substrate has not been
identified. However, the high sequence homology to MAM-1 suggests that it
is very likely to be catalyzing a similar reaction. Glucosinolate analysis of
MAM-L knockout lines is likely to answer this question. It is an open question
whether every chain-elongation cycle requires a separate MAM-activity or if
the substrate specificity enables each MAM-enzyme to metabolize a series
of similar substrates. Furthermore, it is puzzling that mutants and ecotypes
deficient in the elongation of trihomomethionine to tetrahomomethionine are
able to produce long-chain, i.e., penta- and hexahomomethionine. A pathway
partially independent from that forming the short-chain methionine-derived
glucosinolates has been suggested (Kroyman et al., 2001).

Aldoxime formation

The first common step for the precursor amino acids is the formation of the
aldoxime structure by the action of cytochromes P450 from the CYP79 family
(Fig. 3). Based on the knowledge from the cyanogenic glucoside pathway and
biochemical characterizations, we have used a functional genomics approach
to identify aldoxime-producing enzymes in the glucosinolate pathway. In
parallel, other groups have identified several of the CYP79 genes in mutant
screens (see below). In the genome of Arabidopsis ecotype Colombia, seven
CYP79s are present: CYP79A2, CYP79B2, CYP79B3, CYP79C1, CYP79C2,
CYP79F1 and CYP79F2. We have successfully expressed and characterized
several of these genes. Recombinant CYP79A2 was able to convert L-
[14C]phenylalanine to the (E)- and (Z)-isomers of phenylacetaldoxime.
CYP79B2 was identified as an EST with homology to the Sorghum bicolor
CYP79A1 (Mikkelsen et al., 2000), and in a screen to find an Arabidopsis
cDNA with the ability to confer resistance to 5-fluoroindole to yeast (Hull
et al., 2000). Both CYP79B2 (Mikkelsen et al., 2000; Hull et al., 2000) and
the homologue CYP79B3 (Hull et al., 2000) were heterologously expressed in
E. coli and both enzymes were shown to convert tryptophan to indole-
3-acetaldoxime.
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Indole-3-acetaldoxime (IAOX) is a potential intermediate in gluco-
sinolate biosynthesis as well as in the biosynthesis of the plant hormone
indole-3-acetic acid (IAA) (for review see Bartel, 1997; Normanly and Bartel,
1999). Accordingly, CYP79B2 and CYP79B3 may act in IAA biosynthesis as
well as in the biosynthesis of indole glucosinolates. CYP79B-specific PCR
primers have been used to investigate the presence of CYP79Bs in non-
glucosinolate producing species. No CYP79Bs was detected in these plant
species, whereas the primers detected CYP79Bs in all the glucosinolate-
producing species that were tested (Bak et al., 1998). Furthermore, only five
families within the Capparales order are known to accumulate tryptophan-
derived glucosinolates (Rodman, 1991; Griffiths et al., 2001). Therefore, it is
unlikely that CYP79-dependent IAOX formation is a general mechanism for
IAA biosynthesis, although it may represent a biosynthetic pathway specific
for species containing indole glucosinolates. Several other pathways for
tryptophan-dependent IAOX formation have been suggested (for review
see Bartel, 1997; Normanly and Bartel, 1999). Although IAOX constitute a
branching point between indole glucosinolates and IAOX-derived IAA, the
role of IAOX in IAA biosynthesis is not yet fully understood.

CYP79F1 was identified in a database search (Hansen et al., 2001a) and
as a recessive knockout mutant characterized by having a bushy phenotype
(bus; Reintanz et al., 2001; supershoot; Tantikanjana et al., 2001). Heterolo-
gous expression of CYP79F1 in E. coli showed that the recombinant enzyme
was able to convert homo-, dihomo-, trihomo-, tetrahomo-, pentahomo- and
hexahomo-methionine to the respective (E)- and (Z)-isomers of the corre-
sponding aldoximes (Hansen et al., 2001a; Hansen, Chen, Glawischnig and
Halkier, unpublished data). CYP79F2 is 88% identical to CYP79F1 on the
amino acid level. When heterologously expressed in Saccharomyces cerevisiae
CYP79F2 has been shown to convert long chain methionine-derived amino
acids penta-, and hexahomomethionine, to the corresponding aldoximes
(Chen, Glawischnig, Naur and Halkier, unpublished data). This shows that
CYP79F1 and CYP79F2 are partly redundant. The mechanism for the regula-
tion at the branching point between continuation of chain-elongation of pre-
cursor amino acids and entrance to the biosynthetic pathway of the core
glucosinolate structure, where CYP79Fs catalyze the first committed step, is
unknown. In CYP79F1 knockouts, the long-chain methionine-derived
glucosinolates accumulate to higher levels than in the wild type (Reintanz et
al., 2001; Hansen et al., 2001a) as does the short-chain methionine precursor
amino acids (Hansen et al., 2001a). This suggests that a combination of
substrate affinity and fluxes between pools is a determining factor for the final
glucosinolate profile. Further studies are required to understand the regula-
tory network behind the accumulation of chain-elongation of aliphatic
glucosinolates.

The CYP79 enzymes presently characterized, are responsible for
aldoxime production for the biosynthesis of all indole-, phenylalanine- and
all chain-elongated methionine-derived glucosinolates found in Ara-
bidopsis. Additional glucosinolates found in Arabidopsis include the
homophenylalanine-derived glucosinolate, phenylethylglucosinolate, but also
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trace amounts of the tyrosine-derived glucosinolate, p-hydroxybenzylglu-
cosinolate (Chen et al., 2001), as well as the methionine-derived methylsul-
finylethylglucosinolate (Kliebenstein et al., 2001a). The substrate specificity of
two closely related CYP79s from Arabidopsis, CYP79C1 and CYP79C2, has
not yet been determined. The transcripts are present at very low levels, which
suggests that CYP79C1 and CYP79C2 are responsible for aldoxime formation
of low abundant glucosinolates such as e.g. the tyrosine-, methionine- or
homophenylalanine-derived glucosinolates. Alternatively, in vivo activities of
the characterized CYP79s could differ from the in vitro activities, in which
case e.g. CYP79F1 may be able to convert methionine to its aldoxime and
CYP79A2 may be able to convert homophenylalanine and possibly tyrosine
to their aldoximes, albeit at very low efficiencies.

Cytochromes P450 are generally known to be located on the cytosolic
side of the ER membrane. CYP79B2 was suggested to be targeted to
the chloroplast when the computer prediction program ChloroP was used
on the N-terminal 22 amino acids (Hull et al., 2000; Celenza, personal
communication). When we apply the two prediction programs Psort and
TargetP v. 1.0 (http://psort.nibb.ac.jp and http://www.cbsdtu.dk, respectively)
neither CYP79B2 nor CYP79B3 are targeted to the chloroplast (Mikkelsen
and Halkier, unpublished data). This lack of consistency indicates that the
predictions are highly questionable. However, translational fusions between
the amino-termini of both CYP79B2 and CYP79B3 with GUS have been
shown to target GUS to the plastids (Celenza, 2001). In addition, the ATR2
Arabidopsis NADPH-cytochrome P450 reductase has been predicted to be
targeted to the chloroplast (Urban et al., 1997). However, according to
ChloroP, neither ATR1, ATR2 nor ATR3 are predicted to be targeted to the
chloroplast (Mikkelsen and Halkier, unpublished data). TargetP predicted
that ATR2 is localized in the chloroplast, but this was at the second lowest
level of confidence indicating that the prediction is highly speculative.
Furthermore, Psort predicted that ATR2 was localized on the ER membrane.
Further studies are needed to conclusively determine the subcellular localiza-
tion of CYP79B2 and CYP79B3.

Formation of thiohydroximic acids

The aldoximes produced by the CYP79s are converted to glucosinolates by a
number of reactions. The first step is the oxidation of the aldoxime. CYP83A1
and CYP83B1 from Arabidopsis have been shown to be able to catalyze the
oxidation of various aldoximes (Bak et al., 2001; Hansen et al., 2001b; Bak and
Feyereisen, 2001). It has been proposed that the aldoxime is first oxidized to
produce an aci-nitro compound or a nitrile oxide compound, which functions
as the acceptor for the thiol donor (Ettlinger and Kjær, 1968). Although the
nature of the product formed by CYP83B1 has not been identified, it does
efficiently conjugate with S-donors to form an S-alkylthiohydroximate (Bak
et al., 2001; Hansen et al., 2001b). In most species, cysteine has been shown to
be the most effective sulfur donor, though methionine has been reported to be
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equally effective in other species (Wetter and Chisholm, 1968). CYP83B1 has
been shown to have high affinity for tryptophan- and phenylalanine-derived
aldoximes (Bak and Feyereisen, 2001), although it does metabolize the ali-
phatic aldoximes with very low affinity (Naur, Bak, Halkier, in preparation).
Similarly, CYP83A1 has high affinity for the aliphatic aldoximes although it
does metabolize the aromatic aldoximes and IAOX with low affinity (Bak and
Feyereisen, 2001; Naur, Bak, Halkier, in preparation). The biochemical data
indicate that CYP83A1 and CYP83B1 are not redundant in the plant under
normal physiological conditions.

Following the oxidation of the aldoxime by the CYP83s and the conjuga-
tion to a sulfur donor, the thiohydroximic acid is formed by cleavage of the S-
alkylthiohydroximate in a reaction thought to be catalyzed by a C-S lyase
(Wallsgrove and Bennett, 1995). No C-S lyase has yet been cloned in the
glucosinolate pathway. Generally, the post-aldoxime enzymes have low
specificity for the side chain and high specificity for the functional group.
However, it remains an open question how many C-S lyases are involved in
the pathway, and whether there are e.g. two non-redundant C-S lyases as is
the case for the aldoxime-metabolizing CYP83s.

Formation of desulfoglucosinolates and glucosinolates

The thiohydroximic acid is further S-glucosylated by a soluble UDPG:
thiohydroximate glucosyltransferase (S-GT) to produce a desulphogluco-
sinolate that subsequently is converted to the glucosinolate by a PAPS:
desulfoglucosinolate sulfotransferase. S-GTs have been purified from several
species (Guo and Poulton, 1994; Jain et al., 1990a). The S-GT purified from B.
juncea was highly specific for the thiohydroximic acid moiety and low
specificity for the side chain of thiohydroximic acids was seen (GrootWassink
et al., 1994). In the study, S-GT activity was shown to be present in all
glucosinolate-producing crucifers examined, whereas all non-glucosinolate
producing plants examined lacked the S-GT activity. An S-GT from B. napus
has been cloned (Grootwassink et al., 1997). Based on sequence homology
a single candidate S-GT has been identified in the Arabidopsis genome
(http://www.biobase.dk/p450/gst.shtml, Petersen et al., 2001). This is in
agreement with the S-GT enzyme having low specificity for the side chain.
Furthermore, S-GTs have high homology to glucosyltransferases involved in
the biosynthesis of cyanogenic glucosides. This suggests that the S-GTs have
evolved from the family of glucosyltransferases, e.g. by gene duplication, and
have differentiated into the S-GTs.

Sulfotransferases purified and characterized from B. juncea, and Lepidium
sativa have been shown to catalyze sulfation of a number of different
glucosinolates (Glendening and Poulton, 1988; Jain et al., 1990b). The
efficiency of the L. sativa sulfotransferase was three fold higher when using
desulfobenzylglucosinolate than when using desulfoallylglucosinolate and
sulfation of other compounds than desulfoglucosinolates was not observed.
This indicates limited substrate specificity and suggests that the enzyme may



288 M. D. Mikkelsen et al.

have a preference for specific desulfoglucosinolate side chain structures and
that more than one sulfotransferase may be needed to cover the range of
glucosinolates found in some species, especially among the Brassicaceae (Jain
et al., 1990b). No sulfotranferase in the glucosinolate pathway have yet been
cloned. However, with the sequencing of the Arabidopsis genome, several
putative sulfotransferases have been identified (Marsolais et al., 2000).
Accordingly, it will be a major task to identify those specific for glucosinolate
biosynthesis.

Secondary modifications

Following the formation of the basic glucosinolate structure a wide range
of secondary modifications may take place on the side chain as well as on
the glucose moiety. These include oxidation, hydroxylation, methoxylation,
desaturation, sulfation and glucosylation. The most powerful tool for dis-
secting the secondary modifications of glucosinolates have been the use of
QTL-mapping in various Arabidopsis ecotypes and in synthetic B. napus lines.
In B. napus, two loci, Gsl-oh-C and Gsl-oh-A, have been shown to regulate
the hydroxylation of several alkenylglucosinolates (Giamoustaris and Mithen,
1996; Parkin et al., 1994). Recent fine scale QTL mapping in Arabidopsis
identified a 2-oxoglutarate-dependent dioxygenase as single candidate gene
for this activity (Kliebenstein et al., in submission). Genetic studies have led to
the proposal of a model where the initial oxidation of methionine-derived
glucosinolates is regulated by alleles of the Gsl-oxid loci, and the oxidation to
alkenyl glucosinolates is regulated by alleles of the Gsl-alk loci (Giamoustaris
and Mithen, 1996). In Arabidopsis, the same conversion of methylsulfinylalkyl
glucosinolates to alkenyl glucosinolates have been shown to be regulated by
alleles at the Gsl-alk locus (Mithen et al., 1995). Furthermore, the Gsl-ohp
locus, responsible for the formation of hydroxypropylglucosinolate was
located close to the Gsl-alk locus (Mithen et al., 1995). Recently, fine scale
mapping of these loci identified three genes, AOP1, AOP2 and AOP3, which
encodes 2-oxoglutarate-dependent dioxygenases (Kliebenstein et al., 2001a,
Hall et al., 2001). No function was assigned to AOP1, but recombinant
AOP2 was shown to catalyze the conversion of 3-methylsulfinylpropyl- and
4-methylsulfinylbutylglucosinolate to the corresponding alkenylglucosino-
lates (Kliebenstein et al., 2001b). Furthermore, recombinant AOP3
was shown to catalyze the conversion of 3-methylsulfinylpropyl- to 3-
hydroxyalkylpropylglucosinolate (Kroymann et al., 2001).

The aldoxime as an evolutionary branchpoint

The IAOX forms a metabolic branchpoint between indole glucosinolates and
IAA, and possibly other indole-derived natural products in the Brassicaceae.
The suggested role for CYP79Bs in IAA biosynthesis is supported by the
increased auxin phenotype of CYP83B1 knockout plants (Barlier et al., 2000;
Bak et al., 2001). Furthermore, CYP83B1 is induced by IAA (Delarue et al.,
1999) and the CYP83B1 promotor contains four putative auxin-responsive
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elements whereas the CYP83A1 promotor does not (Bak and Feyereisen,
2001). This could be a mechanism to limit IAA biosynthesis during periods of
high IAA concentration as CYP83B1 would be induced and IAOX channeled
away from IAA biosynthesis into glucosinolate biosynthesis (Bak et al., 2001).

CYP83B1 and CYP83A1 have a high degree of similarity to the aldoxime-
metabolizing CYP71E1 in the biosynthesis of the cyanogenic glucoside
dhurrin in S. bicolor (Hansen et al., 2001b). This supports the hypothesis of an
evolutionary relationship between the biosynthesis of cyanogenic glucosides
and glucosinolates. According to the hypothesis, the glucosinolate pathway
may have evolved from the cyanogenic glucoside pathway by a mutation in an
aldoxime-metabolizing enzyme (Hansen et al., 2001b). Instead of converting
the aldoxime to a �-hydroxynitrile for the cyanogenic glucoside pathway, a
reactive intermediate was formed, which was detoxified by conjugation with
cysteine, followed by a C-S lyase, a glycosylation and sulfation reaction, all of
which are general detoxification reactions (Hansen et al., 2001b). Further-
more, the myrosinase (a �-thioglucosidase) responsible for hydrolyzing the
glucosinolates, has high homology to the �-glucosidase in the cyanogenic
glucoside pathway, which suggests a possible evolutionary relationship
between the hydrolyzing enzymes (Rodman et al., 1998; Hansen et al., 2001b).

Regulation of glucosinolate biosynthesis

Biosynthesis of specific glucosinolates is regulated both by signaling mol-
ecules and environmental factors. Indole glucosinolates have been shown to
accumulate systemically in plants treated with jasmonic acid, a signal mol-
ecule associated with response to wounding, herbivory and infection
(Doughty et al, 1995). This suggests a role for indole glucosinolates
in wound response (Brader et al., 2001; Mikkelsen and Halkier, unpu-
blished data). Similarly, in B. napus biosynthesis of gluconasturtiin (2-
phenylethylglucosinolate) is specifically induced by salicylic acid, a signaling
compound involved in many plant physiological processes (Kiddle et al.,
1994). The accumulation of indole glucosinolates following jasmonic acid
treatment and infection with certain pathogens may be regulated at the tran-
scriptional level. In agreement with this, CYP79B2 and CYP79B3 are induced
by MeJA treatment (Mikkelsen et al., unpublished data) and CYP79B2
is induced by wounding (Mikkelsen et al., 2000) and by infection with
Pseudomonas syringae (Hull et al., 2000). Brader et al. showed that CYP79B3,
but not CYP79B2, was induced by treatment with jasmonic acid as well as a
cultural filtrate of Erwinia carotovora (Brader et al., 2001). This suggests
specific but different roles for CYP79B2 and CYP79B3, which may not be
physiologically redundant genes.

Metabolic engineering

There is a strong interest in altering levels of specific glucosinolates in crop
plants as certain glucosinolates have desirable and others have undesirable
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properties. The identification and characterization of the Arabidopsis
cytochromes P450 belonging to the CYP79 family, have provided an impor-
tant tool for modulating the profile of glucosinolates derived from protein
amino acids. Overexpression, downregulation, and knockouts of endogenous,
possibly combined with the introduction of exogenous CYP79s makes it pos-
sible to generate custom designed glucosinolate profiles. In the following,
several examples of altered, metabolically engineered glucosinolate profiles in
Arabidopsis will be described.

Metabolic engineering using endogenous CYP79s

CYP79A2 converts phenylalanine to its aldoxime in the biosynthesis of
benzylglucosinolate that is barely detectable in the wild type plant (Wittstock
and Halkier, 2000). This is reflected in the expression pattern of CYP79A2
as evidenced by CYP79A2-promotor-GUS fusion (Hansen and Halkier,
unpublished data). The expression pattern is very similar to the infection
pattern of the bacterial pathogen Xanthomonas campestris (Hugouvieux
et al., 1998). This suggests that CYP79A2 may function as a ‘watchdog’ to
minimize the chance and the extent of infection by producing benzylglu-
cosinolate at the possible entry points of X. campestris i.e. in the hydathodes.
Arabidopsis transformed with a 35S::CYP79A2 construct accumulated as
much as 18nmol/mg dry weight corresponding to approximately 50% of the
total glucosinolate content (Wittstock and Halkier, 2000; Fig. 4).

Arabidopsis expressing a 35S::CYP79B2 construct was shown to
accumulate up to five-fold more indole glucosinolates than wild type
(Mikkelsen et al., 2000). The largest difference was seen for the ‘unmodified’
indole glucosinolates and less for the methoxylated analogues indicating that
the methoxylating activities are rate-limiting. A CYP79B2 knockout line had
the same glucosinolate profile as wild type (Glawischnig et al., unpublished
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Fig. 4. Metabolically engineered glucosinolate profiles in transgenic Arabidopsis plants
transformed with different 35S::CYP79 constructs. Upregulation of endogenous and
introduction of exogenous CYP79s provides a powerful tool for alteration of the
glucosinolate profiles and introduction of novel glucosinolates. The chain-elongation
step might be rate-limiting for the accumulation of glucosinolates derived from chain-
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results). This is most likely due to the functional homologue CYP79B3 that
appears to be expressed at a higher basal level than CYP79B2 (Mikkelsen
et al., unpublished results). Accordingly, a CYP79B2:CYP79B3 double
knockout is required to abolish biosynthesis of indole glucosinolates.
However, if CYP79B2 and CYP79B3 are involved in the biosynthesis of IAA
such a double knockout may be lethal.

CYP79F1 knockout mutants and 35S::CYP79F1 co-suppressing lines
have been shown to have a characteristic bushy phenotype (Hansen et al.,
2001a; Reintanz et al., 2001; Tantikanjana et al., 2001; Hansen and Halkier,
unpublished results). The co-suppressing line was shown to contain 50 fold
more di-homomethionine and 10 fold more tri-homomethionine (Hansen et
al., 2001a). An accumulation of homo- to tetrahomomethionine would be
expected in this line, as CYP79F1 is the only enzyme able to catalyze this
reaction. As a consequence hereof, in both the co-suppressed lines and in the
knockout mutants, an increase of the long-chain methionine-derived gluco-
sinolates was seen. In addition, the knockout mutant was shown to contain
elevated levels of IAA (Reintanz et al., 2001; Tantikanjana et al., 2001). Since
CYP79F1 metabolizes chain-elongated methionine it is possible that the el-
evated IAA levels found in this plant is an indirect effect due to metabolic
stress. Arabidopsis overexpressing CYP79F1 was shown to accumulate at
the most two-times more of the homo- to tetrahomomethionine derived-
glucosinolates (Reintanz et al., 2001; Hansen et al., 2001a). This is significantly
less than for Arabidopsis overexpressing e.g. CYP79A2 or CYP79B2 and most
likely reflects that the rate-limiting step in these lines is the chain-elongation
pathway.

Metabolic engineering using exogenous CYP79s

CYP79A1 catalyzes the conversion of tyrosine to its aldoxime in the biosyn-
thesis of the cyanogenic glucoside, dhurrin in S. bicolor (Halkier
et al., 1995). Arabidopsis transformed with a 35S::CYP79A1 construct was
shown to accumulate high levels of the tyrosine-derived glucosinolate,
p-hydroxybenzylglucosinolate (Bak et al., 1999). The breakdown products of
p-hydroxybenzylglucosinolate are characteristic for the flavor of mustard.
Similarly, CYP79D2 catalyzes the conversion of valine and isoleucine to the
corresponding aldoximes in the biosynthesis of the cyanogenic glucosides,
linamarin and lotoustralin in Manihot esculenta Crantz (Cassava; Andersen
et al., 2000). Arabidopsis transformed with CYP79D2 accumulates the
valine- and isoleucine-derived glucosinolates, isopropyl-glucosinolate and
1-methylpropylglucosinolate (Mikkelsen and Halkier, unpublished data). 1-
methylpropylglucosinolate has not previously been identified in Arabidopsis
and only in very few ecotypes have trace amounts of isopropylglucosinolate
been found (Kliebenstein et al., 2001a). The breakdown products of
isopropylglucosinolate are characteristic for the flavor of capers. This shows
that it is possible to specifically alter the concentrations of not only specific
endogenous glucosinolates but also to introduce novel glucosinolates not
normally present in Arabidopsis.
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Future prospects for metabolic engineering of glucosinolates

Powerful tools for modifying glucosinolate profiles in glucosinolate-producing
plants are now available. Modulating expression levels of endogenous
CYP79s have been shown to have large effects on the glucosinolate profiles.
Introducing new CYP79s have furthermore enabled us to produce new
glucosinolates in Arabidopsis, as exemplified by a mustard- and capers-
flavored Arabidopsis. Future metabolic engineering involving the genes
from the chain-elongating pathway, the aldoxime-forming CYP79s and the
secondarily modifying enzymes, will provide the possibilities of designing crop
plants, which are enriched in desirable glucosinolates and free of undesirable
glucosinolates. This will ultimately result in crop plants with improved
tolerance to pests, improved nutritional values including improved taste and
improved cancer-preventing effects.
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