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P lants have been estimated to collectively
synthesize more than 30,000 different

terpenoids, of which many have useful ap-
plications in the manufacture of foods, in-
dustrial compounds, and pharmaceuticals.
Terpenoids are synthesized from the con-
densation, in a head to tail fashion, of 5-car-
bon isoprene (or hemiterpene) units. Major
terpenoid classes include mono-, sesqui-,
and diterpenes, which are mostly secondary
metabolites, as well as tri- and tetraterpenes,
which are generally primary metabolites.
This large family of compounds includes
essential molecules such as carotenoids, gib-
berellins, abscissic acid and brassinos-
teroids, sterols, and the phytol chains of
chlorophylls, tocopherols, and quinones.
However, the vast majority are secondary
metabolites, such as the volatile constituents
of essential oils, and complex molecules like
the anticancer drug paclitaxel that are
thought to act as defensive agents (1).

The large number of useful terpenoids
offers many potentially attractive targets for
genetic engineering. In one of the first suc-
cessful genetic modifications of a plant ter-
penoid pathway, Mahmoud and Croteau (2)
report increasing flux through the monoter-
pene pathway in mint plants, resulting in an
increased essential oil yield. They also im-
proved the quality of the oil by expressing an
antisense derivative of the menthofuran syn-
thase gene to down-regulate synthesis of the
undesirable constituent menthofuran. Their
work builds on a recent major revision in
understanding plant terpenoid metabolism
and represents a useful example of the state
of the art and future directions in meta-
bolic engineering.

Until recently, it was thought that the
synthesis of terpenoids in higher plants
was by a cytosolic route that is derived
from mevalonate. However, during the
past few years it has become clear that
plants also use a parallel plastid pathway
that converts pyruvate and glyceralde-
hyde3- phosphate to 1-deoxyxyulose5-
phosphate (DXP), which is metabolized in
a series of steps to isopentenyl diphos-
phate and dimethylallyl diphosphate—the
common precursors of all terpenoids (3).
This latter pathway, termed the DXPS
pathway, is prevalent in bacteria but has
not been found in fungi or most animals.
Plants use the mevalonate-dependent
pathway to synthesize sesquiterpenes and

triterpenes, whereas other major terpe-
noids derive from the DXPS pathway (3).
Because discovery of the plastidial route
in plants is relatively recent, little is known
of the mechanisms that limit f lux through
the DXPS pathway. The gene encoding
the first step enzyme 1-deoxy-D-xylulose-
5-phosphate synthase (DXPS), has been
constitutively overexpressed in bacteria
and Arabidopsis (4–6). In both cases, in-
creased enzyme activity caused an in-
crease in accumulation of downstream
terpenoids, indicating that DXPS is rate-
limiting. In Arabidopsis plants, abscisic
acid and a-tocopherol were most affected,
increasing 4- and 2-fold, respectively (6).

In mint, it is thought that essential oil
monoterpenes, which accumulate in glan-
dular trichomes (Fig. 1), derive from the
DXPS pathway (7). Because it is generally
undesirable to alter the balance of mono-
terpenes in the oil, manipulations designed
to increase the amount of oil are limited to
enzymes downstream of DXPS, but up-

stream of geranyl diphosphate synthase, the
committed step in monoterpene biosynthe-
sis. Mahmoud and Croteau (2) exploited a
gene that they had previously isolated, en-
coding deoxyxylulose phosphate reductoi-
somerase (DXR), which converts DXP to
2-C-methylerythritol4-phosphate, and con-
stitutes the first committed step in the
DXPS pathway of terpenoid biosynthesis
(8). They substituted a strong constitutive
promoter for the DXR promoter, and in-
troduced the modified DXR gene into pep-
permint plants. The result was striking:
Most transgenic plants accumulated more
oil than control plants, with increases of up
to 50%. Oil increases were also proportional
to DXR activity in the plants and with few
exceptions, the chemical composition of the
oil was indistinguishable from that of con-
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Fig. 1. Confocal image of some glandular trichomes on the surface of mint leaves (looking top down).
The leaf was treated with Nile red, which fluoresces red when it is in a lipophilic environment such as the
oil in the trichome. The faint red background is from chlorophyll fluorescence. Image coutesy of Gert-jan
de Boer.
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trol plants. As a by-product of the experi-
ment, Mahmoud and Croteau also obtained
plants where DXR expression was undetect-
able, presumably because of cosuppression.
These cosuppressed plants had low chloro-
phyll and decreased oil terpene accumula-
tion, a phenotype similar to that of Arabi-
dopsis cla1 mutants, which are defective in
DXPS activity (9). The work of Mahmoud
and Croteau is the first success, to our
knowledge, at increasing yield in an essential
oil crop, and the first demonstration, to our
knowledge, in plants that DRX is a rate-
limiting enzyme of the DXPS pathway. This
observation has implications for increasing
the accumulation of useful terpenoids in
other species.

Based on the success of this experiment,
the question arises as to what extent such
an approach can be extrapolated to the
engineering of other aspects of metabo-
lism in plants. Are single-enzyme manip-
ulations generally useful for increasing or
decreasing accumulation of selected me-
tabolites? Generally, decreasing the accu-
mulation of a compound has been easier
to achieve. One such experiment was
aimed at increasing the oleic acid content
of seed storage lipids to obtain improved
oil quality. In this experiment, Hitz et al.
(10) used cosuppression to reduce the
activity of oleate desaturase in soybean
seeds. As a result, oleic acid accumulated
to almost 90% of the fatty acid seed
content, with a concomitant decrease in
linoleic acid content. In a complementary
example, Shintani and DellaPenna (11)
increased expression of a gene encoding
g-tocopherol methyltransferase, the en-
zyme that converts g-tocopherol (low vi-
tamin E activity) to a-tocopherol (high
vitamin E activity) in Arabidopsis. Seeds of
the transgenic plants inverted the ratio of
the a to the g form, thereby increasing
10-fold the seed vitamin E activity (11).

Attempts at increasing flux by manipu-
lating the activity of single enzymes have
met with mixed success. Most efforts aimed
at increasing flux through biochemical path-
ways have targeted slow steps, where en-
zyme concentration is theoretically limiting,
or regulatory enzymes that catalyze irrevers-
ible reactions and are regulated by specific
effector molecules. Such enzymes often cat-
alyze pathway branchpoints. A good exam-
ple of such efforts is the manipulation of
phytoene synthase activity in plants. Over-
expression of the gene encoding this en-

zyme, which catalyzes the first committed
step in carotenoid biosynthesis, has had very
different biochemical outcomes depending
on where and when the gene was expressed.
Constitutive expression of a tomato cDNA
in tomato resulted in dwarfism and lower
lycopene levels in the fruit (12). These del-
eterious effects were apparently caused by a
reduction in flux through the competing
gibberellin pathway, which had negative ef-
fects on the hormonal balance of transgenic
plants. By contrast, significant increases in
fruit carotenoids were obtained when the
bacterial phytoene synthase gene crtB was
expressed in a fruit-specific manner (13).
Perhaps the most spectacular success was
obtained when the same crtB gene was
expressed in canola seeds, resulting in a
50-fold increase of a- and b-carotene (14).
However, in rice, only phytoene increased
when the daffodil phytoene synthase gene
was expressed in seeds (15). These results
highlight the importance of understanding
the adjoining aspects of metabolism when
manipulating a metabolic pathway.

One of the reasons why overexpression of
rate-limiting enzymes may not result in en-
hanced flux through the pathway is that
catalysis may be down-regulated by feed-
back inhibition. In some cases, it has been
possible to circumvent this level of control.
In one notable experiment, an effector-
insensitive bacterial homolog of a key
enzyme of starch biosynthesis, ADP-glucose
pyrophosphorylase, was introduced into
potato plants. The transgenic potatoes ac-
cumulated up to 60% more starch than
untransformed potatoes, or tubers trans-
formed with an effector-sensitive version of
the enzyme (16). Other attempts were not as
successful. For instance, a feedback-
insensitive regulatory enzyme of the lysine
biosynthetic pathway, dihydrodipicolinate
synthase, was overexpressed in transgenic
plants. Flux through the pathway increased,
but increases in lysine accumulation were
limited by enhanced breakdown (17). In
another case, a feedback-insensitive cytoso-
lic form of acetyl-CoA carboxylase, a regu-
latory enzyme of the fatty acid biosynthesis
pathway, was overexpressed in seeds of
transgenic canola plants. A relatively slight
increase in seed oil was obtained (about
5%), which suggests the existence of addi-
tional mechanisms controlling product ac-
cumulation (18).

Clearly, although single enzymes can
enhance flux, control of multiple steps

may be necessary to achieve net gains in
product accumulation. The principle of
multigenic control of f lux is illustrated by
the work of Ye et al. (19) on increasing
carotenoid accumulation in rice. Because
overexpression in rice seeds of the daffodil
phytoene synthase gene PSY resulted only
in phytoene accumulation, the authors
produced transgenic plants overexpress-
ing PSY, as well as two additional genes,
the daffodil lycopene b-cyclase gene,
LCY-B, and the Erwinia phytoene desatu-
rase gene, crtI. The resulting rice seeds
accumulated high levels of b-carotene
(19). Production of the nutritionally en-
hanced rice, or ‘‘golden rice,’’ has been
hailed as a significant advance in the world
fight against vitamin A deficiency.

Because the activity of multiple enzymes
may need to be increased, to increase flux
through biochemical pathways, there is in-
terest in manipulating regulatory genes such
as kinases or transcription factors to up-
regulate entire pathways. The unresolved
issue, in this respect, concerns the degree to
which all genes in biosynthetic pathways are
coordinately controlled. Several examples
suggest that at least some pathways are
under coordinate control. The accumula-
tion of anthocyanins in maize pericarp re-
quires the activity of two genes, R and C1,
which encode myc- and myb-type transcrip-
tion factors, respectively. Simultaneous ex-
pression of R and C1 in Arabidopsis and
tobacco caused a dramatic increase in an-
thocyanin accumulation, a process that re-
quires the expression of many genes (20, 21).
More recently, a jasmonate-regulated tran-
scription factor gene was isolated from the
rosy periwinkle (Catharantus roseus), a spe-
cies that produces the anticancer terpenoid
indole alkaloids vincristine and vinblastine.
High-level expression of this gene in C.
roseus suspension cells increased the expres-
sion of multiple genes for alkaloid biosyn-
thesis, and media supplementation with a
precursor of the monoterpenoid moiety se-
cologanin resulted in a significant increase
in accumulation of indole alkaloids (22). Of
relevance to the work of Mahmoud and
Croteau (2), a recent study suggests that
induction of monoterpene biosynthesis
genes is coordinated in developing glandu-
lar trichomes of mint, and that oil accumu-
lation is largely controlled at the level of
transcription (23). Thus, it seems likely that
metabolic engineering of plants is poised to
enter a new phase that will draw on many
previously separate lines of enquiry.
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