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known as secondary metabolites (/). Many of these secondary metabolites are
thought to have evolved partly in response to selective pressures for improved
defense mechanisms against a broad assortment of potential threats. Secondary
metabolites with allelopathic potential may be present in all plants and can be
found in most tissues, including leaves, bark, roots, root exudates, flowers, and
fruits (2). These chemicals enter the rhizosphere through leaching from aerial
plant parts (3), volatile emissions (4), root exudation (3,6), and the breakdown of
bark and leaf litter (3). Secondary metabolites in the rhizosphere may operate as
chemical attractants for beneficial soil microbes and fungi (7), deterrents for root
herbivores and pathogens (8), signals to induce pathogen defense responses (9),
or phytotoxins to reduce competitive effects of neighboring plants (5,9). In
addition, plant secondary metabolites may alter soil chemical and physical
properties, such as increasing availability of insoluble soil nutrients or creating
more favorable conditions for root growth (/0). Because plant root exudates
display such a wide array of potential functions, many may have practical
applications in the management of natural and agricultural ecosystems.

Identifying Allelotoxins as Natural Herbicides

There are a number of benefits to identifying and developing plant-
produced compounds as tools for pest management, particularly for the control
of undesirable plants. Plant-produced phytotoxins, or allelochemicals, have the
potential to be more environmentally-benign than traditional synthetic
herbicides (/7). In addition, they are a good source of novel chemicals to
replace existing herbicides for which weeds have developed resistance (/2).
Phytotoxins vary widely in their chemical composition and structure, suggesting
that they have varying modes of action, although currently the exact
mechanisms of many allelochemicals are poorly understood (/3, /4). Further,
allelochemicals cause a variety of physiological effects in susceptible species,
with the potential to inhibit seed germination, seedling establishment, and plant
survival. Thus, many allelochemicals may operate with mechanisms not present
in current commercial herbicides (12).

To date, much of the research on plant-produced allelochemicals for weed
control has focused on allelochemical production in agricultural crops and cover
crops with the aim to develop new cropping systems that control weeds without
costly external inputs (2, /5). However, practical application of these efforts has
been limited, primarily by lack of detailed information on the chemicals
involved, their modes of action, the genetic, physiological, and environmental
controls on their production and activity, and potential mechanisms of resistance
in both weeds and crops (/2). Further, their success may have been limited by
the species examined, which have typically yielded only relatively mild
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eastern Washington and Oregon and in southern Idaho in 1985 (19). These
plants often establish monocultures in their new habitats (20), resulting in lower
native species diversity (27), increased soil erosion (22), and reduced livestock
and wildlife forage quality (23,24).

Ecological Evidence of Allelopathy in Knapweeds

Although the knapweeds are highly successful in North America, they tend
to be relatively minor components of plant communities in their native range.
The predominant theory explaining the success of invasive species in new
habitats is that they are able to compete more successfully for limited resources
because they have evaded their natural enemies (25). However, production of
phytotoxic allelochemicals, novel to North American plants, has been proposed
as an alternative explanation for the success of these invasive knapweeds (26).
These “novel weapons” (27) would be expected to have relatively little effect in

Europe, where neighboring plants would have co-evolved resistance to them, but

may have large effects in North America, accounting for the rapid displacement
of native plant communities by knapweeds. Callaway and Aschehoug (26) first
reported evidence that allelopathy contributes to the invasive success of C.
diffusa using experiments in which activated carbon was added to soil to adsorb
organic compounds. Centaurea diffusa showed stronger negative effects on
grass species from North America than on European congeners.- from
communities where C. diffusa is native, but the effect on North American
grasses was alleviated by addition of activated carbon. This suggested that the
negative effects of C. diffusa on North American grasses were primarily due to
organic compounds produced and secreted in C. diffusa root exudates. Similar
experiments with C. maculosa indicated that root exudates also facilitate C.
maculosa dominance over native North American grasses (2/). When competing
with some North American species, the Centaurea spp. grew less in the presence
of activated carbon, suggesting that removal of allelopathy shifts the balance of
competition in favor of the North American species (27, 26).

Centaurea maculosa, Centaurea diffusa, and Acroptilon repens Produce
Different Allelochemicals

While evidence suggested that Centaurea invasions had an allelopathic
mechanism (2/, 26) no candidate phytotoxic metabolite had been successfully
isolated or characterized from these plants. To address this issue Bais et al. (28)
developed a system where root exudates of in vitro-grown C. maculosa were
collected in sterile MS media. Collected root exudates were assayed to
determine phenotypic effects and effects on germination efficiency of several
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compounds and intermediates of the flavonoid pathway, such as naringenin,
kaempferol, quercetin, (-)-epicatechin, (+)-epicatechin, and (+)-dihydroquercetin
showed little effect on root and shoot growth and general phytotoxic activity
relative to (-)-catechin (4/). Only (+)-epicatechin, another relatively rare
naturally occurring flavonoid (42) was phytotoxic to C. maculosa (41). The (+)
isomer of epicatechin differs from (-)-catechin only in that it is found in a 2,3-cis
relationship as opposed to a 2,3-trans configuration, indicating that it is the
spatial arrangement of (-)-catechin that is specifically recognized and excluded
from internalization by C. maculosa. Indeed, C. maculosa suffers no ill effects
from exogenous exposure to relatively high concentrations of (-)-catechin, but
microinjection of the chemical into the root tip cells is deadly (9). This also
suggests that it is the 2S configuration, present in both molecules, that is

important for phytotoxicity.
& @
EE[ lm

(-)-catechin

o

7,8-benzoflavone

Figure 1. Three invasive knapweeds in western North American secrete three

different allelochemicals. All of these allelochemicals were determined to be

phytotoxic, while the (+)-isomer of racemic catechin and 8-hydroxyquinoline
were found to be antimicrobial as well.
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phytotoxicity of (-)-catechin is partiaily due to its ability to generate free radicals
in the plant and that the ROS/ [Ca®'),,, signal is an essential prerequisite for (-)-
catechin-mediated cell death.

Arabidopsis Provides a Genetically Tractable Model for Studying the
Cellular Effects of (-)-Catechin

To further examine the physiological effects of (-)-catechin on susceptible
species, Bais et al (9) utilized the genomic tools available for studying A.
thaliana to analyze global gene expression in response to (-)}-catechin treatment.
Ten minutes after treatment with (-)-catechin, 10 genes that are implicated in
oxidative stress-activated signal transduction events were upregulated, including
peroxidase ATP21a and calmodulin, a calcium-binding gene. A gene associated
with a steroid sulfotransferase-like protein, o-cystathionase, a chlorophyll
binding protein, a ribosomal protein L9, and four genes lacking homology with
known genes and of undetermined function were also upregulated. Afier an
hour, nearly 1,000 genes were upregulated, many of which are also activated in
response to oxidative stress, including glutathione transferase (GST),
monooxygenase, lipid transfer protein, heat shock protein (HSP), and blue
copper binding protein. Genes encoding enzymes of the phenylpropanoid
(LDOX) and terpenoid phytoalexin pathway (VS) were also among those
induced. While metabolites produced by these enzymes are thought to function
primarily for defense reactions against pathogens and UV, many of them also act
as antioxidants (44). Rather than having a specific intracellular target, the array
of upregulated oxidative stress related genes supports the idea that generation of
oxidative free radicals in the plant is largely responsible for the phytotoxicity of
(-)-catechin. Interestingly, ROS have been implicated in both plant defense and
plant stress (45). They reportedly play a role in signal transduction events that
trigger defense mechanisms, such as the hypersensitive response. However, in
some compatible host/pathogen interactions, ROS accumulate in plant cells
causing damage such as depolarization of cell membranes, lipid peroxidation,
DNA damage, and eventually leading to cell death (13).

Soil Allelochemical Concentrations

An important consideration for the development of allelochemicals as
natural products for weed control is their concentration, activity, and persistence
in soil. Several arguments against the importance of allelopathy in plant
interactions have questioned whether sufficient quantities of phytotoxic
chemicals are produced and maintained in the soil to affect recipient plants, and
whether the microbiological and physical properties of the soil affect the
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