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�To every thing there is a season” (Ecclesiastes, 3),
and interest in plant natural products is certainly
undergoing a renaissance at the present time. This is
particularly true in the case of the natural products of
the Leguminosae, which have long been studied as
important taxonomic markers for this complex and
economically important family (Wink and Water-
man, 1999). In the face of the vast number of natural
products collectively produced by plants, the study
of specific pathways had been viewed as somewhat
esoteric, and attempts to obtain a more global under-
standing of natural product biosynthesis seemed be-
yond easy grasp. Those views have been changing in
recent years due to the realization of the importance
of natural products for plant, animal, and human
health, and the impact of genomics technologies on
all areas of biology. At least 25% of the genome of
Arabidopsis encodes enzymes of metabolism, and
the number may be similar or even higher in le-
gumes, several of which now have extensive genom-
ics resources (Quackenbush et al., 2000; Bell et al.,
2001). Whole genome-level DNA sequence informa-
tion, coupled with improved methods for profiling
natural products, now make possible combined ge-
netic and biochemical approaches for addressing nat-
ural product function, deciphering biosynthetic path-
ways, and engineering novel pathways in transgenic
plants. Several of the following case studies highlight
these approaches.

ALKALOIDS AND NONPROTEIN AMINO
ACIDS (NPAAS)

Within the approximately 650 genera and more
than 18,000 species of legumes, quinolizidine (char-
acteristic of Lupinus species; Fig. 1), dipiperidine,
pyrrolizidine, �-carboline, phenylethylamine, and in-
dole alkaloids have been reported. The Tyr-derived
Erythrina alkaloids appear to be found only in the
large genus Erythrina. NPAAs are also common

within the Leguminosae, with canavanine, pipecolic
acid, and djencolic acid derivatives the most impor-
tant groups. NPAAs are often highly toxic, and are
responsible for several serious human toxicoses,
among the best known of which is lathyrism, a non-
progressive motor neuron disease associated with
high consumption of grasspeas. As early as the 5th
century BC, writers described the irreversible weak-
ness in the legs of the inhabitants of ancient cities
during times of war and starvation, when they were
forced to eat a diet containing a high proportion of
pulses (Retief and Cilliers, 2002). Grasspeas, which
are ideally suited to arid regions such as Ethiopia and
the Indian subcontinent, contain high levels of ODPA
(Fig. 1) in their seeds, and this compound is respon-
sible for the neurological symptoms and also for
deleterious effects on bone formation, particularly in
children. Although low-ODPA lines of grasspea have
been developed through traditional breeding and se-
lection that appear suitable as supplementary mate-
rial for animal feeds (Hanbury et al., 2000), removal
of the neurotoxin from the seed by transgenic ap-
proaches is yet to be reported. More work is needed
on the molecular biology of the biosynthetic path-
ways leading to the many nitrogen-containing nat-
ural products of the Leguminosae.

ISOFLAVONOIDS: NATURAL PRODUCTS FOR
PLANT AND HUMAN HEALTH

Flavonoids are found throughout the plant king-
dom, whereas isoflavonoids are more restricted.
Isoflavonoids are particularly prevalent in the Pap-
ilonoideae subfamily of the Leguminosae, in which
they are widely distributed and function as pre-
formed or inducible antimicrobial or anti-insect com-
pounds, as inducers of the nodulation genes of sym-
biotic Rhizobium bacteria, or as allelopathic agents
(Dixon, 1999). Pterocarpan-type phytoalexins such as
medicarpin and constitutive isoflavone malonyl gly-
cosides (Fig. 1) are typical of the isoflavonoids from
these species. A large body of literature has reported
temporal and spatial correlations between phytoa-
lexin accumulation and disease resistance in le-
gumes, but a role for isoflavonoids in disease resis-
tance has only recently been confirmed by genetic
approaches (Dixon, 2001).
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Isoflavonoids are formed from flavanones (ubiqui-
tously present in plants) by an unusual aryl migra-
tion reaction catalyzed by the cytochrome P450 en-
zyme CYP93C1 (2-hydroxyisoflavanone synthase,
commonly termed isoflavone synthase [IFS]; Steele et
al., 1999; Jung et al., 2000). It would appear that the
IFS gene has arisen independently during evolution
in taxonomically distinct families, because, in addi-
tion to their general occurrence in papilonoid le-
gumes, isoflavonoids have also been reported in a
few members of other families, including the Rosa-
ceae, Chenopodiaceae, Apocynaceae, and Pinaceae.

Isoflavones exhibit estrogenic, antiangiogenic, an-
tioxidant, and anticancer activities (Dixon, 1999;
Dixon and Ferreira, 2002), and are now popular as

dietary supplements (Palevitz, 2000). Genistein (Fig.
1) has been the subject of over 3,600 published stud-
ies (listed in Biological Abstracts) in the last 10 years.
Major sources of isoflavones for humans are seed
products of soybean (daidzein and genistein) and
chickpea (biochanin A, Fig. 1), and the health-
promoting activity of high-soy diets is believed to
reside in their isoflavone components (Setchell and
Cassidy, 1999; Lamartiniere, 2000; Palevitz, 2000).
Epidemiological studies suggest a link between con-
sumption of soy isoflavones and reduced risks of
breast and prostate cancers in humans (Adlercreutz,
1998; Setchell and Cassidy, 1999; Lamartiniere, 2000).

Isoflavones may possess other health-promoting
activities, including chemoprevention of osteoporo-

Figure 1. A small fraction of the biochemical diversity of legumes is shown in this selection of natural products from eight
species. The compounds are seed coat proanthocyanidin from alfalfa (Medicago sativa; 1); formononetin malonyl glucoside,
a constitutive isoflavone conjugate from roots of alfalfa and barrel medic (Medicago truncatula; 2); genistein, an isoflavone
from seeds of soybean (Glycine max; 3); avicin D, a complex triterpene saponin from seed pods of Acacia victoriae (4);
isoliquritigenin, a chalcone from roots of licorice (Glycyrrhiza galbra; 5); glycyrrhizin, a triterpene saponin from roots of
licorice (6); medicagenic acid glucoside, a triterpene saponin from roots of alfalfa and barrel medic (7); medicarpin, a
pterocarpan phytoalexin from fungally infected barrel medic and alfalfa (8); a prenylated isoflavone (lupinol A) from roots
of Lupinus species (9); lupanine, a quinolizidine alkaloid from roots of Lupinus species (10); 3-N-oxalyl-L-2,3-
diaminopropanoic acid (ODPA) from seed of grasspea (Lathyrus sativus; 11); and biochanin A, an isoflavone from seeds of
chickpea (Cicer arietinum; 12).
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sis, and prevention of other postmenopausal disor-
ders and cardiovascular disease (Alekel et al., 2000;
MerzDemlow et al., 2000; Uesugi et al., 2001). A
recent study indicated that a high-soy diet may even
help improve cognitive function in students pre-
sented with a variety of complex mental tasks (File et
al., 2001). Plants containing certain prenylated isofla-
vones have been used by the Zulus of South Africa
for the treatment of impotency, and they appear to be
active in improving erectile dysfunction (a kind of
“phytoviagra”; Drewes et al., 2002).

Is it possible to introduce genistein or other isofla-
vones into vegetables, grains, and fruits for dietary
disease prevention? Soybean IFS has been expressed
in Arabidopsis, corn (Zea mays), and tobacco (Nico-
tiana tabacum). However, in all cases, only small
amounts of genistein glycoconjugates were formed
(Jung et al., 2000; Yu et al., 2000). Limiting factors for
obtaining significant isoflavone accumulation in a
heterologous target plant include limitation of IFS
activity itself, limitation of precursor pools, and,
most importantly, competition between IFS and
other enzymes, such as flavanone 3-hydroxylase, that
use the same substrate (naringenin; Liu et al., 2002).
This competition may be indicative of metabolic
channeling at the branch points for the formation of
the various classes of flavonoids (Winkel-Shirley,
1999). Armed with this knowledge, it should now be
possible to optimize isoflavonoid biosynthesis in
nonlegumes to expand the delivery of dietary isofla-
vones and to develop new sources for the more com-
plex bioactive isoflavonoids.

Important areas for future research on isofla-
vonoids include understanding flux control between
isoflavonoid biosynthesis and competing pathways,
deciphering the physical basis for association of bio-
synthetic enzymes in metabolic channels, and vali-
dating the various health-promoting effects ascribed
to dietary provision of isoflavones. The latter point is
of great importance if transgenic foods with value
added health benefits are ever to make it to the
market place.

TRITERPENE SAPONINS: COMPLEX MOLECULES
WITH COMPLEX ACTIVITIES

All known classes of terpenoids have been re-
ported within the Leguminosae. Particularly interest-
ing are the triterpene saponins, whose biological ac-
tivities can positively and negatively impact plant
traits. Some saponins display allelopathic, antimicro-
bial, and anti-insect activity, but they can also be
toxic to monogastric animals, act as antipalatability
factors, or reduce forage digestibility in ruminants
(Oleszek, 1996; Small, 1996; Oleszek et al., 1999).
Monogastric animals often avoid consuming foods
that contain saponins, and, therefore, development of
saponin-free alfalfa is an agronomic target.

Saponins also have useful pharmacological activi-
ties. Many are anticholesterolemic or can act as ad-

juvants. The roots of the licorice plant (Glycyrrhiza
glabra) are one of the oldest known botanicals in
Chinese medicine. Health beneficial activities include
anti-inflammation, antiulcer, antiallergy, and anticar-
cinogenesis, and the triterpene saponin glycyrrhizin
(Fig. 1) may account for many of these properties,
although licorice also contains bioactive chalcones
(Fig. 1), isoflavans, diketones, and hydroxy-phenols
(Wang and Nixon, 2001). Desert shrubs of the genus
Acacia contain complex triterpene saponins, known
as avicins, within the developing seedpods, where
they presumably protect the seeds from predation.
These compounds, which consist of an acacic acid
triterpene skeleton conjugated to eight sugars and
two linear monoterpenes (Fig. 1), are now under
development as anticancer agents in view of their
ability to induce cell cycle arrest in mammalian cells
(Haridas et al., 2001). Their mode of action in target
cells appears to involve induction of apoptosis by
mitochondrial perturbation.

Most of the steps in the biosynthesis of triterpene
saponins remain uncharacterized at the molecular
level. The model legume barrel medic contains a
complex mixture of saponins (Huhman and Sumner,
2002), including glycosides of medicagenic acid (Fig.
1), some of which have also previously been found in
soybean. The first committed step in their biosynthe-
sis is catalyzed by a specific oxidosqualene cyclase,
�-amyrin synthase. �-Amyrin synthase has been
functionally characterized from several plants, in-
cluding pea (Pisum sativum; Morita et al., 2000) and
barrel medic (Suzuki et al., 2002), and is closely re-
lated to plant cycloartenol synthase involved in sterol
biosynthesis. The steps between �-amyrin and the
various saponin aglycones produced in Medicago and
soybean involve a series of oxidative reactions that,
by analogy to similar reactions in brassinosteroid
biosynthesis, probably are catalyzed by cytochrome
P450 enzymes. The aglycones are subsequently con-
verted to the saponins by the action of a series of
glycosyltransferases (GTs). To date, only a single GT
involved in saponin biosynthesis in soybean has been
characterized biochemically (Kurosawa et al., 2002).
This pathway is a prime candidate for functional
genomics approaches (see below).

Important areas for future research on triterpene
saponins for legume improvement and commercial
exploitation include obtaining a basic understanding
of their biosynthesis from initial cyclization to final
conjugation, discovering regulatory genes for coordi-
nated up-regulation of triterpene pathways, and us-
ing transgenic approaches to learn more about triter-
pene function as a basis for genetic modification
studies.

NATURAL PRODUCTS AFFECTING THE
NUTRITIONAL QUALITY OF FORAGE LEGUMES

Condensed tannins (CTs, also known as proantho-
cyanidins) are polymers or oligomers of flavan-3-ol
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units derived from the flavonoid pathway. They are
common components of seed coats throughout the
plant kingdom. CTs are found in many legumes with
a tree-like habit, and occur in the leaves of some
forage legumes such as bird’s foot trefoil (Lotus cor-
niculatus) and sanfoin (Onobrychis viciifolia). Their
structures can be quite variable, among the common-
est being a series of four to eight linked (-)-
epicatechin units terminating in a catechin unit (Fig.
1), as found in the alfalfa seed coat (Koupai-Abyazani
et al., 1993). CTs most likely play a protective func-
tion within the plant, but are now attracting attention
because of their widespread effects on human health
and ruminant nutrition. They are powerful antioxi-
dants with beneficial effects on cardiac health and
immunity (Bagchi et al., 2000; Lin et al., 2002). CTs
from fruits such as cranberry (Vaccinum macrocarpon)
protect against urinary tract infections (Foo et al.,
2000), and the CTs and their precursors (catechins
and epicatechins) are important for determining fla-
vor and astringency in wines and tea, while at the
same time conferring potential health beneficial ef-
fects to these beverages (Ahmad et al., 2000; Bagchi et
al., 2000). Chocolate contains CTs, and the health-
promoting effects of this important (for some!) di-
etary component is now being publicized by the
industry.

The most important agronomic trait involving CTs
is their ability to prevent the “bloating” characteris-
tics of forage legumes such as alfalfa and white clo-
ver (Trifolium repens) that lack CTs in the consumed
aerial portions (Aerts et al., 1999; McMahon et al.,
2000). Farmers, ranchers, and those city dwellers who
have read Thomas Hardy’s “Far from the Madding
Crowd” will be well aware of the suffering and eco-
nomic loss caused by pasture bloat. CTs bind to
dietary proteins in the rumen and thereby slow down
their rate of degradation, preventing bloat and im-
proving the animal’s nitrogen nutrition by increasing
the amount of dietary protein exiting the rumen
(Aerts et al., 1999; Barry and McNabb, 1999; Douglas
et al., 1999). This can lead to increased body weight
and wool production (Douglas et al., 1999). In addi-
tion to reducing bacterial degradation of proteins in
the rumen, CTs can also slow down protein degra-
dation during ensiling of forage legumes, thereby
improving the nitrogen nutritional value of the feed.

Although the flavonoid pathway has been exten-
sively studied by chemists, biochemists, and geneti-
cists for over 60 years, the enzymatic formation of the
2,3-cis-flavan-3-ol [(-)-epicatechin] unit that forms
the major portion of most CTs has, until recently,
remained a mystery. Mutations in the BANYULS
(BAN, named after the color of a French red wine)
gene in Arabidopsis result in a transparent testa (tt),
associated with a lack of CTs and precocious accu-
mulation of anthocyanins in the seed coat (Devic et
al., 1999). On the basis of this phenotype and the
amino acid sequence similarity of BAN to a reductase

of flavonoid biosynthesis (dihydroflavonol reduc-
tase), it was suggested that BAN encodes leucoantho-
cyanidin reductase (Devic et al., 1999), a yet poorly
characterized enzyme proposed to convert flavan-
3,4-diols to 2,3-trans-flavan-3-ols such as (�)-
catechin, the “starter unit” for CT condensation. It
has now been shown that the BAN genes from Ara-
bidopsis and barrel medic encode a new enzyme,
anthocyanidin reductase, that converts cyanidin to
2,3-cis-(-)-epicatechin (Xie et al., 2002). Therefore, an-
thocyanins are not, as previously believed, only end
products of flavonoid metabolism. Although BAN
expression in barrel medic is primarily limited to
young seed coats, transgenic expression of barrel
medic BAN in tobacco leads to accumulation of CTs
throughout the pigmented portions of the petals,
with concomitant reduction in anthocyanin levels
(Xie et al., 2002). These results suggest that it should
soon be possible to engineer CT accumulation in
forage legumes for protection of animals against pas-
ture bloat.

Lignin is a phenylpropanoid polymer found in all
higher plants, and an important factor affecting cell
wall digestibility in forage legumes. Lignin levels
increase with progressive maturity in stems of many
forage legumes, including alfalfa (Jung et al., 1997).
In addition, the lignin composition often changes
with advanced maturity toward a progressively
higher syringyl to guaiacyl (S/G) ratio, reflecting an
increased degree of methylation of the lignin. Some
studies have linked decreased forage digestibility to
increased S/G ratio as a function of increased plant
maturity (Buxton and Russell, 1988; Grabber et al.,
1992), whereas others have questioned the effect of
lignin composition on digestibility (Grabber et al.,
1997). It has been estimated by the U.S. Dairy and
Forage Research Center that a 10% increase in fiber
digestibility for forage legumes and grasses would
result in an annual $350 million increase in milk/beef
production and a 2.8 million ton reduction in annual
manure solids (http://dfrc.wisc.edu/research).

Genetic manipulation of lignin levels in forage le-
gumes has, to date, targeted just three of the 10 or
more enzymes involved in the formation of the guai-
acyl and syringyl lignin monomers (monolignols).
Antisense reduction of caffeic acid 3-O-
methyltransferase (COMT) to less than 5% of wild-
type values in the tropical pasture legume Stylosan-
thes humilis resulted in no apparent reduction in
overall lignin levels but in a strong reduction in S
lignin (Rae et al., 2001). In vitro digestibility of stem
material in rumen fluid was increased by up to 10%
in the transgenic plants exhibiting strongest COMT
down-regulation. Up to 30% decreases in Klason lig-
nin levels, near elimination of S lignin, and appear-
ance of novel benzodioxane units in the lignin frac-
tion, were observed in transgenic alfalfa in which
COMT down-regulation was targeted using the vas-
cular tissue-specific bean PAL2 promoter (Guo et al.,
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2000; Marita et al., 2003). Forage material from
COMT down-regulated alfalfa plants had signifi-
cantly increased neutral detergent fiber, acid deter-
gent fiber, and in vitro true digestibility. In-rumen
digestibility was increased by up to 4% in a series of
replicated analyses in fistulated steers (Guo et al.,
2001).

Near elimination of caffeoyl coenzyme A 3-O-
methyltransferase (CCoAOMT) activity in transgenic
alfalfa reduced G lignin by up to 50% in some lines,
but had no effect on S lignin (Guo et al., 2000).
CCoAOMT-down-regulated plants had a significant
decrease in overall lignin content and increased neu-
tral detergent fiber, acid detergent fiber, and in vitro
true digestibility. In-rumen digestibility of CCoAOMT-
down-regulated alfalfa forage was increased by up
to 6%.

Antisense down-regulation of cinnamyl alcohol de-
hydrogenase in transgenic alfalfa to approximately
30% of wild-type level led to a red coloration of the
stem and a reduction in lignin S/G ratio primarily
due to a decrease in S units (Baucher et al., 1999). The
most strongly down-regulated plants exhibited in-
creased in situ digestibility of dry matter in cannu-
lated sheep. Taken together, the above studies indi-
cate the success of transgenic approaches for
improvement of forage quality in alfalfa, and new
cultivars incorporating these traits may soon reach
the market.

Major areas for future research on lignins and pro-
anthocyanidins for forage legume improvement in-
clude development of improved analytical methods
for determining the content and composition of poly-
meric phenylpropanoids and flavonoids, under-
standing the exact relationships between lignin and
proanthocyanidin content and composition and for-
age quality, developing better and more predictable
approaches for engineering the lignin polymer, and
understanding all the factors necessary for synthesis
and assembly of proanthocyanidins in leaf tissues.

GENOMICS AND METABOLOMICS AS KEY
TECHNOLOGIES FOR DECIPHERING LEGUME
NATURAL PRODUCT BIOSYNTHESIS

The success of large-scale genome and expressed
sequence tag (EST) sequencing projects has greatly
expanded the scale on which natural product biosyn-
thesis and biological systems in general can be ad-
dressed. Extensive DNA sequence resources are cur-
rently available for soybean (primarily in the form of
EST sequences; http://129.186.26.94/) and barrel
medic (EST and genomic sequence; https://xgi.
ncgr.org/mgi/; http://www.tigr.org/tdb/tgi/mtgi/;
http://www.genome.ou.edu/medicago.html; http://
www.medicago.org/; and http://sequence.toulouse.
inra.fr/). The sequences of many genes encoding en-
zymes of natural product biosynthesis are already

present in these databases. The question is how to
identify them. One answer is to apply functional
genomic approaches that encompass global assess-
ment of the transcriptome and the metabolome. The
comprehensive profiling of large numbers of metabo-
lites can be used to assess gene function and to query
holistic responses of biological systems to external
stimuli (Fiehn, 2002). This approach is the key means
to qualitatively and quantitatively defining the chem-
ical phenotype (chemotype) of a genetically or envi-
ronmentally perturbed biological system.

The current and prevailing opinion is that no single
technique will provide a comprehensive assessment
of the chemically complex metabolome, particularly
when considering the chemical diversity of natural
products; thus, multiple tools must be used (Hall et
al., 2002). These include thin-layer chromatography,
infrared spectroscopy, NMR, gas chromatography/
mass spectrometry (GC/MS), liquid chromatography
with UV or MS detection, liquid chromatography/
MS/MS, capillary electrophoresis, and capillary elec-
trophoresis/MS (Sumner et al., 2002, 2003).

The best methods for chemical profiling of fla-
vonoids and isoflavonoids use HPLC for separation
coupled to UV absorption and/or mass selective de-
tection (Sumner et al., 1996; Lin et al., 2000; Bednarek
et al., 2001; Liu et al., 2002). The need to profile intact
glycosidic conjugates, the relatively high Mr of the
conjugates, and the multiplicity of polar hydroxyl
groups obviate against the use of GC separation be-
cause of the need for extensive derivatization and the
limited m/z range of most commercial GC/MS instru-
ments. In addition to a plethora of reports on the
extraction and identification of individual com-
pounds, specific protocols for the routine profiling of
the flavonoid and isoflavonoid complements of var-
ious legume species, including red clover (Trifolium
pratense), soybean, and lupin, a rich source of preny-
lated isoflavonoids (Fig. 1), have been published
(Graham, 1991; Lin et al., 2000; Bednarek et al., 2001).

Saponins contain poor chromophores; thus, the
preferred method for profiling the triterpene glyco-
side complement of legumes such as alfalfa and bar-
rel medic is reversed-phase HPLC coupled with
electrospray-ionization MS (Huhman and Sumner,
2002; Sumner et al., 2002). Using this technique, it has
been demonstrated that the model legume barrel
medic contains a more complex mixture of triter-
penes than found in the closely related and previ-
ously well-studied species alfalfa. Five different
�-amyrin-derived triterpene aglycones, soyasapog-
enol B, soyasapogenol E, medicagenic acid, heder-
agenin, and bayogenin were found to be the core of
the 27 barrel medic saponins identified (Huhman and
Sumner, 2002).

Analysis of lignin presents far greater technical
challenges than for most other natural products be-
cause it is a complex insoluble heteropolymer. The

Dixon and Sumner

882 Plant Physiol. Vol. 131, 2003



reader is referred elsewhere for a description of the
problems and some current approaches (Dean, 1997;
Lu and Ralph, 1997; Marita et al., 2002). Profiling of
proanthocyanidin polymers is likewise challenging,
and most studies rely on simple chemical extraction
and colorimetric determination (Schofield et al., 2001),
protocols that do not provide structural information.
Structures have been determined for several legume
proanthocyanidins (e.g. Koupai-Abyazani et al., 1993),
but the methods fall far short of high throughput
profiling and new approaches are needed.

The following example outlines the utility of
genomics coupled to metabolomics in deciphering a
biosynthetic pathway, the formation of the �-amyrin-
derived triterpenes in barrel medic, for which the
exact route of biosynthesis is experimentally unde-
termined. In-depth targeted metabolite profiling
with the approaches outlined above is first used to
determine the exact complement of the metabolites of
interest and their potential precursors. The best ap-
proach compares tissues that make the compound(s)
in question with those that do not (Dixon, 2001).
Therefore, the biological system can be a particular
species, set of ecotypes, or group of species. Alterna-
tively, an inducible system such as elicited roots or
cell cultures can be studied. In the case of the triter-
penes, elicitation of cell suspension cultures with
methyl jasmonate results in a striking induction of
the compounds and, presumably, their biosynthetic
enzymes (Suzuki et al., 2002). Based on the metabo-
lite profiles and perhaps already existing knowledge,
a tentative pathway can be proposed; this consists
essentially of P450- and GT-catalyzed reactions in the
case of triterpene saponins (Suzuki et al., 2002). If not
already available, cDNA libraries are then made from
tissues of the plant in which the particular chemistry
is active, and high-throughput EST sequencing per-
formed. In barrel medic, there are more than 250
expressed cytochrome P450s and nearly 300 ex-
pressed GTs, based on EST counting in the more than
30 cDNA libraries sequenced to date. Bioinformatic
approaches such as use of self-organizing maps for in
silico expression analysis of EST libraries, coupled
with DNA array analysis of transcripts from at least
two cell or tissue types (chemical producers and non-
producers), can then provide a shortcut to candidate
gene identification from among, in this particular
case, the approximately 600 candidate P450s and
GTs. The number of candidates revealed in this way
(approximately 20 of each class; L. Achnine and R.A.
Dixon, unpublished data) is small enough for direct
expression studies in a heterologous system such as
Escherichia coli or yeast. When dealing with complex
pathways for which intermediates are unavailable,
parallel approaches such as stable or transient down-
regulation of candidate genes coupled with metabo-
lite profiling may also have to be used.

STRUCTURAL BIOLOGY: A KEY TO THE FUTURE
OF NATURAL PRODUCT BIOSYNTHESIS

Although a bewildering array of plant natural
products exists in nature, most are constructed using
a relatively small number of enzyme types, e.g.
polyketide synthase, terpene cyclase, reductase, acyl-
transferase, O-methyltransferase, etc. A better under-
standing of the relationship between amino acid
sequence and catalytic activity is the key to a better
prediction of function for enzymes of natural product
biosynthesis based on primary DNA sequence in-
formation. This requires knowledge of structure-
function relationships among the various classes of
enzymes involved in natural product biosynthesis.
This knowledge is just beginning to appear. For ex-
ample, the three-dimensional structures of a number
of natural product pathway enzymes from alfalfa,
including three O-methyltransferases of flavonoid,
isoflavonoid, and lignin biosynthesis, have recently
been solved by x-ray crystallography (Zubieta et al.,
2001, 2002). Information of this type not only in-
creases predictive ability for functional genomics, but
also facilitates structure-directed modification of cat-
alytic activity (Jez et al., 2002; Zubieta et al., 2002) for
the generation of novel natural products through in
vivo transgenic approaches or, ultimately, in vitro
combinatorial biochemistry.

CONCLUDING REMARKS

Functional and structural genomics, coupled with
increases in the resolving power of metabolomics, are
poised to make a huge impact on our understanding
of plant natural product biosynthesis, and, therefore,
on our ability to harness nature’s wonderful chemical
diversity for the benefit of humankind. These ap-
proaches take advantage of the rapidly decreasing
costs of DNA sequencing to generate databases for
natural product gene discovery. Legumes will be at
the forefront of these endeavors because these spe-
cies combine emerging genomic accessibility with
chemistry that is of relevance for plant, human, and
animal health.

Genomics will also provide new approaches for
discovering the transcriptional regulators that con-
trol expression of natural product biosynthetic en-
zymes (Meissner et al., 1999). Whereas many will
probably fall into the known classes of transcription
factors currently known to regulate phenylpropanoid
and terpenoid biosynthesis (Dixon et al., 2002; Vom
Endt et al., 2002), new types of factors may perhaps
exist in legumes (e.g. Lindsay et al., 2002). Metabolic
engineering by ectopic expression of transcription fac-
tors (Borevitz et al., 2001; Vom Endt et al., 2002) holds
great promise for exploiting legumes as factories for
production of bioactive secondary metabolites.
Received November 6, 2002; returned for revision December 3, 2002; ac-
cepted December 10, 2002.
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