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Summary
The purpose of this review is to outline
the potential of molecular approaches
and techniques to make new contribu-
tions in the general field of weed man-
agement. Firstly, different approaches
through which improved weed control
might be attained are identified. These
encompass methods for improved
chemical, ecological and biological con-
trol, and the development of a better un-
derstanding of problems in weed man-
agement. The technology developed by
molecular biologists and relevant to
weed management is then identified.
Techniques described include those for
molecular genetic analysis, for the dis-
covery and isolation of genes of interest,
for genetic transformation and for intro-
ducing ‘suicide’ genes into plants of in-
terest. Finally, areas where molecular bi-
ology could contribute further to weed
management in future are identified.
Strategies explored include the develop-
ment of improved herbicides and herbi-
cide resistant crops, more competitive
crops, and more effective biocontrol
agents. It is concluded that herbicide-
based approaches are of continuing im-
portance, but that future research efforts
should also focus on preventing the es-
cape of herbicide resistance genes and on
the development of more competitive
crop plants.

Introduction
Molecular biology is widely accepted to
have diverse and important roles in plant
breeding and agricultural biotechnology.
In the general field of weed management,
the major contributions of the science have
been the development of herbicide resist-
ant crops and, to a lesser extent, in the
field of weed population genetics. How-
ever, the potential of molecular biology to
make additional contributions to weed
management has not been explored in the
literature, and the purpose of this review
is to investigate the subject.

The paper begins by asking what weed
scientists, agriculturalists and the custodi-
ans of natural ecosystems would really
like to be able to do in weed management.
What are the major problems they see and
how could they be overcome? In the next
section, the technology developed by mo-
lecular biologists and relevant to weed
management is described, and the unique

opportunities the technology presents are
highlighted. Finally, specific areas are
identified where molecular biology might
make new contributions to weed manage-
ment in future.

The review is based on one prepared
for a workshop held by the CRC for Weed
Management Systems in February 1999.
Though every effort was made to consult
as widely as possible during its prepara-
tion, it should only be regarded as a start-
ing point for further discussion.

General objectives in weed science
In broad terms, weed managers (farmers,
conservationists and weed scientists) aim
to reduce the impact of weeds on crop
yield and/or quality, and on the integrity
of natural ecosystems. A long term objec-
tive is to cause weed seed banks to decline,
to effect weed population control rather
than ‘symptom’ control.

Following discussions with more than
20 different Australian crop and weed sci-
entists, a number of objectives in weed
management were identified. These are
necessarily general and speculative but, if
met, could represent major advances in
weed management.

Improved herbicide efficiency
The herbicide-based approach to weed
management dominated weed science
from the late 1940s to the late 1980s, and
particularly during this latter period as
soil conservation issues rose to promi-
nence (Lovett and Knights 1996). There
are, however, problems associated with a
heavy reliance on herbicides; namely, the
evolution of herbicide resistant weeds and
the adverse effects the chemicals may
have on human health and the environ-
ment in general. The development of her-
bicide resistant crops in recent years has
only served to increase our reliance on
herbicides, and has raised new concerns
over the possible escape of herbicide re-
sistance genes into related weed species
and in volunteer crop plants.

Specific objectives as regards herbicides
and weed management are as follows.
Though meeting these objectives would
further increase our reliance on herbi-
cides, they would, at least in the short
term, offer management advantages.
i. New herbicides that operate through

biochemical mechanisms different

from those targeted already, offering
greater flexibility in the chemical man-
agement of herbicide resistant weeds.
These novel herbicides could be ‘natu-
ral’ toxins, derived from any organism
with biocidal activity; for example,
from plant pathogens.

ii. New selective herbicides, offering the
potential to control particular species
in diverse plant populations.

iii. Herbicides that do not affect non-target
organisms, especially humans.

iv. Herbicides that do not persist in the
soil any longer than is desired for her-
bicide action.

v. Herbicide resistant crops, enabling oth-
erwise broad-spectrum herbicides to be
used selectively. In theory, herbicide
resistance genes could be sourced from
any organism, including herbicide re-
sistant weeds, and could lead to the de-
velopment of improved herbicides
with new modes of action. It is impor-
tant that herbicide resistant crop plants
do not create a weed problem them-
selves as volunteer weeds.

vi. Weeds that are not resistant to herbi-
cides. It is of the utmost importance
that herbicide resistance genes incor-
porated into crops should not escape to
related weed species through out-
crossing, thereby rendering the herbi-
cide concerned ineffective. If related
weeds exist, the transformed crop
plant should be incapable of out-cross-
ing. Alternatively, the herbicide resist-
ance should be designed to be ineffec-
tive in genotypes other than the geno-
type of the herbicide resistant cultivar.

Increased competitiveness
In general terms, farmers would like their
crops and pastures to compete more effi-
ciently with weeds to reduce herbicide us-
age. Genetic strategies that enhance the
ability of crop and pasture species to com-
pete against weeds have not been applied
to any great extent; however, this may
need to change if herbicide-based ap-
proaches become less effective in future.
Three general approaches could lead to
increased competitiveness in cultivated
plants.

i. Improved access to water, nutrients
and light. It is desirable that crop plants
emerge quickly from the seedbed, and
compete aggressively for water, nutrients
and light. Central to this is the develop-
ment of an aggressive, efficient root sys-
tem and a large leaf area. In some situa-
tions, farmers may want their established
crop plants to persist for more than one
year, and crowd out weeds that way.

ii. Crops which utilize allelopathy.
Allelopathy is the suppression of plant
growth by neighbouring plants or their
residues. Though little definitive proof of
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the mechanisms involved is available,
there is a growing body of evidence of real
allelopathic effects which could be impor-
tant for agriculture (Nelson 1996). Wu et
al. (1999) identified several ways that
allelopathy could be used in weed man-
agement: allelopathic cover or smother
crops; allelopathic rotational or compan-
ion crops; toxic extracts from allelopathic
plants; allelopathic mulch or incorporated
crop residues; natural herbicides; and the
breeding of allelopathic crop cultivars
with weed-suppressive potential. For this
latter approach to be useful, allelo-
chemicals would need to be synthesized
and effective early in crop development,
adversely affecting surrounding weeds
during crop establishment.

iii. Exploitation of microorganisms.
Though practically challenging, it may be
possible to better exploit microorganisms
in agriculture. This could be achieved by
enhancing the symbiotic interactions of
crop plants and microorganisms, or by
utilizing free-living microorganisms
which specifically promote the growth of
crop plants. Either way, the crop plants
benefiting from the interaction would
then be relatively more competitive.

Though practically challenging, it may
be possible to improve crop competitive-
ness by enhancing the symbiotic interac-
tions of crop plants and microorganisms,
or by exploiting growth-promoting micro-
organisms.

Improved biological control
Biocontrol agents are regarded here as any
organism which can colonize a target
weed, killing it out-right or rendering it
less fit. The agents required for better
weed control could be bacteria, fungi, in-
sects or other pathogens that specifically
target weeds. Another contribution bio-
logical agents could make is to break
down herbicide residues in the soil, in
situations where this is a problem.

Molecular biology hardware
Molecular biology is the use of molecular
approaches and techniques to characterize
biological phenomena at the molecular
level, leading to an increased understand-
ing of how genes are expressed, give rise
to a specific phenotype, and evolve. Re-
cent technical advances provide new op-
portunities for study in three broad areas;
namely, in all areas of genetics, in gene
discovery, and in the manipulation of
plant genomes through genetic transfor-
mation. In this section, an overview is pro-
vided of the molecular tools which allow
study in these three areas and are relevant
to weed management. A description of the
recently proposed and much publicized
‘Terminator’ technology is also included,
as an interesting example of molecular bi-
ology in action in agriculture.

Developments in the detection of genetic
variation
Advances in molecular biology have seen
the development of a variety of genetic
markers based on polymorphisms de-
tected at the DNA level; namely, Restric-
tion Fragment Length Polymorphisms
(RFLPs) (Botstein et al. 1980, Tanksley et al.
1989), Simple Sequence Repeat poly-
morphisms or microsatellites (SSRs)
(Tautz 1989), Random Amplified Poly-
morphic DNAs (RAPDs) (Williams et al.
1990) and Amplified Fragment Length
Polymorphisms (AFLPs) (Zabeau and Vos
1993, Vos et al. 1995).

These methods are routinely used for
the analysis of plant genomes, in order to
identify markers linked to genes of agro-
nomic interest. Such markers may then be
used in map-based cloning strategies (see
below) or for marker-assisted plant breed-
ing. In this latter approach, selection for
desired genes in breeding programs is
achieved by assaying for the genotype of
linked marker(s), rather than for the trait
of interest. This is especially useful when
the trait of interest is recessive or difficult
to assay.

An alternative application of DNA
markers is in the detection of genetic
variation within plant or animal popu-
lations. This can be useful for the identifi-
cation of particular genotypes, in tax-
onomy, and in measuring levels of genetic
diversity in plant or animal populations,
as is relevant in the study of population
dynamics.

Approaches to gene discovery
Four general approaches are used for gene
discovery; namely, map-based (or posi-
tional) cloning, transposon/T-DNA tag-
ging, protein-protein interaction cloning,
and bioinformatics/genomics. The fol-
lowing summary is based on a review by
Martin (1998).

i. Map-based cloning. A map-based ap-
proach to cloning is one in which molecu-
lar markers closely flanking a gene of in-
terest are used to isolate a DNA fragment
carrying both flanking markers and there-
fore the gene of interest. The development
of genetic maps containing large numbers
of such markers and the recognition that
gene content and order is often conserved
between related species greatly facilitates
this process.

ii. Transposons/T-DNAs. A second ap-
proach to gene cloning is based on gene
‘knockout’ – the inactivation of a given
gene by the insertion of a transposon or of
Agrobacterium transfer DNA (T-DNA)
within the gene sequence. Loss-of-func-
tion mutants so generated are then ana-
lysed to determine the exact location of
the transposon or T-DNA insertion; the
analysis of flanking DNA sequence then

enables researchers to link the interrupted
gene sequence to a particular mutant phe-
notype.

iii. Protein-protein interaction cloning.
Having isolated one gene that plays a cru-
cial role in some biological process, it is
often of great interest to identify genes en-
coding proteins which interact with that
key gene product. This can be achieved
using the yeast two-hybrid system and
protein-protein interaction cloning. In this
process, the protein encoded by the gene
of interest is introduced to yeast and ex-
pressed as ‘bait’. Other sequences from a
cDNA library are introduced to the same
population of yeast cells, as ‘prey’. Any
physical interaction between ‘bait’ and
‘prey’ proteins activates the expression of
a reporter gene and leads to the identifica-
tion of clones encoding the ‘prey’.

iv. Genomics/bioinformatics. The appli-
cation of high volume information tech-
nology to biological databases has created
a paradigm shift in gene discovery. Large
numbers of cDNA sequences are publicly
available for rice and Arabidopsis, and
similar schemes are underway for a vari-
ety of other species. The ability to search
for matches with cDNAs or genes in the
database greatly simplifies the identifica-
tion of transcribed regions within any can-
didate gene, and helps to identify or con-
firm putative functions.

There has also been exciting progress in
the development of new techniques to
analyse gene expression on a genome-
wide basis. These new techniques are
based on emerging DNA chip technology,
which utilizes microscopic arrays of DNA
molecules immobilized on solid surfaces
for biochemical analysis (for reviews, see
Lemieux et al. 1998, and Gerhold et al.
1999). Thousands of gene sequences, char-
acterized or otherwise, are arranged on a
microarray and hybridized to expressed
sequences from biological samples of in-
terest – for example, from roots synthe-
sizing different levels of some allelo-
chemical. The levels of expression of thou-
sands of different genes can then be simul-
taneously compared, leading to the iden-
tification of genes which may play a role
in the phenotypic difference – in this case,
the synthesis of an allelochemical.

Plant design through genetic
transformation
Practically all major crop plants can now
be transformed, using either particle bom-
bardment or Agrobacterium-mediated
transformation. If the current trend to-
wards transgenic crops continues, the ma-
jority of crops plants grown in future may
well be transgenic. There are three differ-
ent ways that genetic engineering can be
used in crop improvement.
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i. The introduction of novel genes. The
first way that genetic engineering may be
used in crop improvement is for the intro-
duction of novel genes to crop plants. Ini-
tially, the genes introduced encoded sim-
ply inherited traits under single gene con-
trol – for example, for virus, herbicide or
insect resistance. However, in recent
years, complex traits under multi-gene
control have been successfully introduced
to plants, for resistance to high and low
temperature, and to excess salinity
(Grover et al. 1998). Provided ‘useful’
genes encoding other ‘useful’ multigenic
traits can be identified, there is no reason
why further multigenic traits should not
be the subject of efforts in genetic engi-
neering.

Importantly, tissue specific promoters
of gene expression are now available in
many crop plants (Gallie 1998), and librar-
ies of plants expressing transactivators of
transgene expression in a tissue-specific
manner are available in Arabidopsis (http:
//brindabella.mrc-lmb.cam.ac.uk/) and
may soon be available in other crop spe-
cies. Thus, an era approaches where re-
searchers will have access to the tools
required for the spatial and temporal con-
trol of transgene expression in plants.

ii. Gene knockout. A second approach to
plant design through genetic engineering
is the gene knockout approach. Current
strategies of effecting gene knockout are
based on insertional mutagenesis using
transposons or T-DNA vectors (see
above).

A variation of gene knockout—or at
least an alternative method of inducing
some ‘loss-of-function’—is through gene
silencing (Gallie 1998). In this approach,
some fragment of the targeted gene is in-
troduced, either in native (sense) or in re-
verse (anti-sense) orientation. Through
some poorly understood mechanism,
RNAs transcribed from these transgenic
sequences suppress the expression of the
target gene.

iii. ‘Gain-of-function’ mutagenesis. A fi-
nal and more recent approach to plant de-
sign is that of ‘gain-of-function’ mutagen-
esis – an approach developed in Drosophila
and now being tested in Arabidopsis (Paul
Keese, personal communication). This ap-
proach seeks to effect genetic change not
by introducing new genes to crop plants,
or through loss-of-function mutagenesis,
but by altering the levels of expression of
genes already present in crop plants.

This is achieved by randomly inserting
the genetic element recognized by a tran-
scriptional transactivator into a crop plant
of interest. When crossed with a plant ex-
pressing the transactivator in a tissue-
specific manner, the expression of neigh-
bouring sequences is up-regulated in a
tissue-specific manner.

Advocates of this approach argue that
the enormous species diversity evident in
nature is based as much on variation in
gene expression as on gene content. They
argue that the genes already present in
crop plant genomes offer enormous flex-
ibility in plant design, and that the intelli-
gent approach to plant design in future
should be to alter the expression of these
genes. An additional advantage of the ap-
proach is that it is more likely to be ac-
cepted publicly than other strategies in
genetic engineering, since it can be argued
that only gene ‘switches’, rather than
genes themselves, are being manipulated
(Paul Keese, personal communication).

‘Terminator’ technology
So called ‘Terminator’ technology is a re-
cent invention of molecular biology of rel-
evance to weed management, and is a spe-
cific example of a wider group of concepts
called Genetic Use Restriction Technolo-
gies (GURTs). The technology is attracting
a great deal of publicity at present and is
worthy of consideration here.

In March 1998, a patent entitled ‘Con-
trol of Plant Gene Expression’ (US Patent
Number 5, 723, 765; Control of Plant Gene
Expression) was awarded to Delta and
Pine Land Company (later to be pur-
chased by Monsanto), covering a strategy
whereby plants are engineered to kill
their own seeds in the second generation.
This technology has since been dubbed
‘Terminator’ technology by the Rural
Advancement Foundation International.
The following summary is based on a
paper published on the internet by
Associate Professor Martha Crouch
(http://www.bio.indiana.edu/people/
terminator.html). The approach is some-
what complex, and has three main stepsA.
i. A gene encoding a seed-killing toxin is

introduced to the crop plant of interest,
under the control of a seed-specific pro-
moter which is only active late in seed
development. To ensure that this
transgenic plant can reproduce for
enough generations to generate com-
mercial quantities of seed, blocking
DNA is introduced between the seed-
specific promoter and the gene encod-
ing the toxin. As long as the blocker
DNA is present, the toxin is prevented
from being expressed.

ii. A gene encoding a ‘recombinase’ en-
zyme is introduced to the same plant.
When expressed, the recombinase ex-
cises the blocker DNA, thereby ena-
bling the expression of the toxin. To

exercise control over the expression of
the recombinase, the promoter linked
to this recombinase gene is repressible;
i.e. able to be repressed by a ‘repressor’
protein.

iii. A third gene, encoding just such a
repressor protein, is introduced to the
plant. It is expressed all of the time, but
its repressive activity can be overrid-
den by the addition of an ‘activator’
compound. In the example given, the
activator compound is tetracycline,
though other possibilities are available.

Thus, whenever tetracycline is ab-
sent, the repressor protein is expressed
and represses the production of the
recombinase enzyme. The blocker
DNA remains in place and no seed-
killing toxin is produced.

To activate the Terminator technol-
ogy, seeds are treated with tetracycline.
The repressor protein loses its repres-
sive activity, and recombinase is ex-
pressed. This enzyme removes the
blocker DNA, leaving the toxin gene
functional and under the control of the
seed-specific promoter.

One application seen for this technology
is for the ‘biological’ protection of plant
variety rights – any company utilizing the
technology would be assured that farmers
growing their crops could not save seed of
their own to sow the following year, but
would have to return to the crop’s devel-
oper to buy it from them. The developers
of the technology also identify a second
application, in preventing the escape of
transgenic crops or their genes.

Solving problems in weed
management with molecular
approaches
In this section, areas where molecular ap-
proaches and technology might contribute
to the general field of weed management
are discussed. The areas identified to have
potential fall into the three main catego-
ries, encompassing chemical, ecological
and biological approaches. The potential
of DNA chip technology to contribute to
the discovery of genes relevant to weed
management is also discussed, together
with issues in intellectual property rel-
evant to molecular biology.

Herbicide efficiency
The increased understanding of plant bi-
ology arising from advances in molecular
biology should facilitate the development
of new, safe, selective herbicides that do
not persist in the environment for longer
than is desired. This research area is as-
sumed to be covered by public and private
research programs the world over, and
will not be explored in this review. Simi-
larly, as more and more plant genes are
isolated and characterized, new mecha-
nisms of herbicide resistance are likely be
identified. Again, this area of research is

Footnote
A Subsequent to the preparation of this ar-
ticle, Monsanto made a public commit-
ment not to commercialize sterile seed
technologies such as Terminator (http://
www. monsanto.com/monsanto/gurt/
default.htm).
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assumed to be well covered and will not
be further discussed.

In the light of concerns about the re-
lease of herbicide-resistant crops, how-
ever, it may be worth discussing a related
area of research – that of ensuring that
herbicide resistance genes do not escape
into the environment. Work is already
underway to investigate the potential for
herbicide resistant canola to outcross to
wild radish (Rieger et al. 1999a,b). If this
turns out to be a genuine possibility, or if
other transgenic crops are found capable
of outcrossing to weeds, new strategies for
the prevention of herbicide resistance es-
cape will be required.

One means of achieving this could be
the inclusion of Terminator technology in
herbicide resistant crops. Terminator
seeds under cultivation will normally
have been treated with tetracycline; the
recombinase gene will have been ex-
pressed and the blocker DNA excised, so
the toxin gene will be under the control of
the seed-specific promoter. Seeds result-
ing from crosses between the herbicide re-
sistant crop and some weedy relative
would be heterozygous for an active toxin
gene, which would express toxin late in
development and render the seed non-
viable.

Another possibility could be the engi-
neering of herbicide resistant plants with
increased susceptibility to a second herbi-
cide or control agent. In this scenario, any
instances of outcrossing to weedy species
would ‘pollute’ the weed population with
some susceptibility factor. Volunteer
transgenics and/or their hybrid progeny
could then be selectively removed by the
second control agent.

Further options available for the pre-
vention of gene transfer to weed species
are presented in a review by Gressel
(1999), published after the preparation of
this report.

One final subject to raise in this section
must be the possibility that chemical con-
trol of the future could target plant repro-
ductive as well as vegetative processes. In
combination, these two strategies might
enable managers to effectively deplete the
weed seed bank, and so achieve the ulti-
mate goal of population management. The
approach of targeting reproductive proc-
esses is already under investigation for the
control of wild oats and selected broad-
leaf weeds, with an inhibitor of meri-
stematic growth being used to inhibit flo-
ral development (Dick Medd, personal
communication). Researchers at CSIRO
Plant Industry are also gaining new
insights into the processes involved in
floral initiation and development (Richard
Richards, personal communication),
thereby raising the question of whether
this knowledge could be exploited to de-
velop broad spectrum or specific inhibi-
tors of flowering. Conceivably, crop

plants could be engineered to be resistant
to this inhibitor if necessary.

Increased competitiveness
It may be possible to improve weed man-
agement by enhancing the ability of crop
plants to compete with weed species. The
three main approaches identified earlier
which could achieve this were improving
the plant’s access to water, nutrients and
light (either through increased plant vig-
our or changed morphology), the utiliza-
tion of allelopathy, and the exploitation of
microorganisms. An additional approach,
that of reducing levels of ‘fitness’ in weed
populations, is also discussed.

i. Improving access to water, nutrients
and light. Improving plant access to light,
water and nutrients is an obvious way to
increase the ability of crop plants to com-
pete with weeds, but has never been ap-
plied to any great extent in breeding pro-
grams. In fact, selection for some of the
traits these programs have sought to de-
velop – for example, for dwarf habit – has
actually served to reduce plant vigour and
competitiveness. The study of factors af-
fecting competitiveness is therefore more
important than ever. Wheat is the only
crop species the author is aware of in
which attributes contributing to plant vig-
our have been studied in detail (for exam-
ples, see Richards 1991, Lemerle et al. 1996,
and Rebetzke and Richards 1999); how-
ever, the principles developed should ap-
ply to at least some other crop species.

Considerable variation in embryo size
and leaf thickness has been identified in
the wheat germplasm (Richard Richards,
personal communication). Research has
shown that genotypes with large embryos
and relatively thin leaves give rise to more
vigorous seedlings with larger first leaves
and roots (Lopez Castanedo et al. 1996).
These seedlings are therefore well placed
to exploit moisture and nutrients early in
development and are likely to be more
competitive with weeds. No genes con-
trolling these traits have yet been mapped.
However, a population segregating for
both embryo size and leaf thickness is be-
ing developed for mapping purposes.
Once identified, linked markers could
then be used to assist in the selection of
these traits.

Coleoptile length is another trait rel-
evant to early vigour and competitiveness
(Liang and Richards 1994). Dwarf habits
have been bred into modern cultivated
wheats, improving markedly the effi-
ciency with which wheat plants yield
grain. However, the genes traditionally
introduced to reduce plant height also re-
duce coleoptile length and, as a conse-
quence, dwarf wheats often suffer poor
emergence and are compromised in their
competitive ability. Alternative dwarfing
genes have been identified which offer the

potential for the development of dwarf
wheats that still produce a long coleoptile
(Rebetzke et al. 1998). Such plants are ex-
pected to emerge vigorously from the soil
and compete better with weeds than cur-
rent wheat cultivars. A DNA marker for
coleoptile length has already been identi-
fied, again offering the potential for
marker-assisted selection. While selection
for the trait may be made relatively easily
using a visual score, it is envisaged that
the linked marker would still be very use-
ful for the pyramiding of different genes
encoding high seedling vigour – for exam-
ple, for the development of genotypes
with both large embryos and long
coleoptiles.

Plant root morphology must be just as
important to overall plant vigour as the
above-ground morphology of crop plants,
and represents another aspect of plant
phenotype which could be manipulated
using methods in molecular plant breed-
ing. However, it is not clear whether there
exists significant variation in root mor-
phology within the different crop species.
Resolving this question will be an impor-
tant first step towards determining the
potential of improving overall plant com-
petitiveness through root morphology. A
comprehensive review of plant competi-
tion underground has been published re-
cently (Casper and Jackson 1997), and
serves to highlight the complexity of the
field. The authors conclude by saying that,
while much is known about the ways
roots respond to their environment, we
are far from linking these responses to the
ways plants affect each other.

A related area of research is that of nu-
trient-use efficiency. In general, ‘weedy’
species take up and use soil nutrients
more efficiently than most crop plants
(Robin Graham, personal communica-
tion), contributing to their relative com-
petitive ability. Genetic variation in the
ability of crop plants to tolerate and utilize
low levels of particular nutrients does ex-
ist in a variety of crop plants (for example,
in cereals; Graham 1984). Therefore, there
would appear to be considerable scope for
improving crop competitiveness via im-
proved nutrient acquisition and use effi-
ciency. However, the area is already at-
tracting considerable interest in the gen-
eral context of production agriculture, and
is not a focus of this review. Interested
readers are referred to a recent review by
Hirsch and Sussman (1999).

One possible ecological approach
which has already attracted some atten-
tion, again in wheat, is the possibility that
annual crops could be grown as biennial
or perennial plants. The major advantage
of this extended life-span would simply be
that crops would not need to be estab-
lished every year – something that might
give them a relative advantage over
weeds.
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In wheat, related species with perennial
growth habit do exist, and programs to
cross these species to cultivated wheats
are already underway at Washington
State University (McGill 1998). The next
step must be to determine the genetic ba-
sis of the perenniality; however, once de-
termined, methods in molecular plant
breeding could be used to develop peren-
nial wheat or other cereals of commercial
quality.

Other more drastic changes to patterns
of crop plant growth may be considered in
future, as functions are determined for
more and more plant genes. One obvious
example would be to engineer plants to
grow in a prostrate pattern at first, to gain
maximum ground cover for weed control
and water use efficiency, before bolting to
producing seed heads which could be
readily harvested – in the manner of some
Brassicaceous plants, for example. Many
genes are known that control plant height
(Gressel 1999, and references therein), and
it is possible that these could be further
exploited in future.

If currently C3 plants are found to pos-
sess much of the genetic hardware for C4
photosynthesis, then it may be possible to
alter the photosynthetic pathways of C3
plants too, through gain-of-function mu-
tagenesis or genetic transformation. C4
plants are especially well adapted to hot,
dry environments with a high light inten-
sity (Bjorkman and Berry 1973). In these
conditions, the C4 pathway could increase
the relative competitiveness of crop plants
currently utilizing C3 photosynthesis.

ii. Allelopathy. The utilization of
allelopathy in crops and pastures pro-
vides another opportunity for ecological
solutions to be developed in weed man-
agement, and represents an area where
molecular biology could make an impor-
tant contribution. Significant variation ex-
ists in the allelopathic potential of a vari-
ety of crop and pasture species, including
cucumber, rice, wheat, barley, Brassica and
Phalaris. In most cases, the genetic basis of
these effects has not been determined, but
is likely to be multigenic.

There are a number of questions which
need to be addressed when considering
the relevance of molecular biology to the
development of allelopathic crops (John
Kirkegaard, personal communication).
Firstly, can the allelopathic potential of
existing crops be better exploited through
changes in farm management strategies?
Allelopathy in crops is by no means com-
pletely understood, and may be better uti-
lized simply by changing the way existing
crops are managed (i.e. through changed
rotations, stubble retention etc.). Such
strategies may provide results ahead of
more expensive genetic solutions.

Secondly, can crops with greater
allelopathic potential be developed using

a conventional breeding approach? The
transfer of genes encoding allelochemicals
from crop progenitors to current crop
cultivars has already been demonstrated
(Wu et al. 1999). In some cases, crops with
greater allelopathic potential could be
bred using existing genetic material and a
conventional approach to breeding. Given
the likelihood that allelopathic potential
is inherited as complex trait, marker-
assisted selection could hasten the process
considerably.

If existing genetic material is deemed
insufficient for effective allelopathy, re-
searchers may consider genetic engineer-
ing. Approaches taken could be to ma-
nipulate one step in a complex pathway,
resulting in increased levels of a desired
compound, or to introduce whole new
pathways into crop plants. Still more
questions would need to be addressed:
What is the allelochemical? How is its
synthesis controlled? How many genes
are required for its synthesis? Can these
be cloned? Can the crop plant be trans-
formed in such a way as to be acceptable
agronomically, with the allelochemical ex-
pressed in the right tissue at the right
time? Will the allelochemical be toxic to
the crop plant itself, or even to consumers
(human or other)? Will the continuous
production of the allelochemical prove ex-
pensive physiologically, and so reduce
yield?

The only example the author is aware
of where answers are possible for several
of these questions is the glucosinolate bio-
synthesis pathway in Brassicaceous
plants. Glucosinolates are known allelo-
chemicals (Brown and Morra 1997) with
recognized potential for use as bio-
herbicides. The pathway leading to their
synthesis is well characterized and the
cloning of the genes responsible in
Arabidopsis is imminent. These genes
could, therefore, be a target for manipula-
tion in future (Halkier and Du 1997).

iii. Interactions with microorganisms.
Except for a few well studied examples
(Rhizobium, mycorrhizal fungi and
Frankia), the symbiotic relationships be-
tween plants and microorganisms in the
soil are poorly understood. They can in-
volve free-living, root-associated or endo-
phytic fungi or bacteria, and can result in
any of the following (Maarten Ryder, per-
sonal communication):
i. the antagonism of pathogens;
ii. the induction of ‘systemic acquired re-

sistance’ (SAR);
iii. increased production of growth-

promoting hormones;
iv. nitrogen fixation;
v. increased access to nutrients; and
vi. growth promotion through some un-

known mechanism (Ogoshi et al. 1997).
There is no doubt that molecular biology
could one day enable the manipulation of

some of the microorganisms involved to
specifically promote the growth of crop
plants, but not weeds (for example,
Phillips and Streit 1998). Further, molecu-
lar biology could enable the design of new
symbiotic relationships, or even systems
whereby microorganisms are employed to
deliver advantageous genes (for example,
herbicide resistance) to target plants.
However, the release of genetically-modi-
fied microorganisms into the environment
would no doubt be controversial, and it
would be difficult to engineer and control
the spread of the microorganisms in the
complex ecology of the soil. A more feasi-
ble approach might be to identify micro-
organisms which already have a beneficial
effect, and then manipulate their inter-
action with the plant via the plant; i.e.
improve the plant’s ability to attract and
sustain an association with beneficial
microorganisms.

iv. Reducing ‘fitness’ in weed popu-
lations. The idea of ‘polluting’ weed
germplasm with some gene which could
make weeds more susceptible to herbi-
cides was mentioned briefly in the section
on chemical management. A logical exten-
sion of this approach could be to ‘pollute’
weed populations with some other ‘unfit-
ness factor’. This could be spread by the
pollen of unfit weeds planted in the popu-
lation for the purpose. A logical conclu-
sion of the idea could be to use the Termi-
nator technology discussed previously as
the lack-of-fitness factor. Pollen carrying
the Terminator gene could be spread
throughout the weed population, and any
seeds arising from fertilization by such
pollen would be killed.

A slight modification of the strategy
could result in the triggering of ‘termina-
tion’ some time after the initial release of
pollen carrying the Terminator gene. Un-
der the current system, termination is trig-
gered by the application of an ‘activator’
compound (tetracycline) to seeds. In weed
populations, why not apply the activator
some years down the track? (The activator
would need to be something besides tetra-
cycline, since the broad-scale application
of the antibiotic could be unrealistic and
unwise). This would give the Terminator
gene a number of years to spread through
the population. And finally, why not add
a ‘fitness’ factor to the cassette carrying the
Terminator gene? This could help the Ter-
minator to spread before its expression
was triggered.

Another approach, similar in principle,
has been proposed for reducing fitness in
insect populations (Pfeifer and Grigliatti
1996) and could conceivably be applied in
weed management. In this approach, a
lack of fitness gene, under the control of
an inducible promoter (again, the use of
the tetracycline-based system would seem
unwise), would be linked to a transposon.
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This construct would be introduced to the
targeted species, for planting amongst
populations in the field. Over several gen-
erations, the construct would be transmit-
ted to the majority of their offspring due
to the nature of transposon spread. Ex-
pression of the lack of fitness factor could
finally be induced by the application of the
activator compound.

The serious inadequacy of the concept
of spreading ‘unfitness’ in a weed popula-
tion is that it is highly unlikely that the
unfitness factor could be introduced to
every plant in the population. Since af-
fected plants would ultimately be less fit
than their wild-type relatives, they would
be out-competed and lost from the popu-
lation. The factor would therefore need to
be repeatedly introduced to the popula-
tion, and it is hard to envisage a scenario
where this would be practicable on a com-
mercial scale.

Biological control
A most important role for molecular biol-
ogy is in the taxonomy of weeds and their
biocontrol agents, as this information
helps match control agents to different
weed biotypes in genetically diverse
populations. Information on the genetic
diversity present in weed populations is
also crucial to predicting population re-
sponses to biocontrol strategies. These
roles for molecular biology in weed man-
agement are already recognized, for ex-
ample in skeleton weed (Chaboudez
1994), and will not be discussed further.

The only other aspect of molecular tax-
onomy which might be worthy of consid-
eration could be commercial-scale diagno-
sis of weed genotypes. This could be con-
ducted on weed plants collected from the
paddock, or on weed seeds collected from
grain samples or the soil. If ever there was
a commercial need to distinguish morpho-
logically similar samples, or to detect un-
desirable genetic material – such as some
herbicide resistance gene – a simple mo-
lecular assay would be ideal.

A controversial application for molecu-
lar biology in weed management could be
in the genetic engineering of more effec-
tive biocontrol agents. Plant-pathogen in-
teractions have already been extensively
studied and characterized at the molecu-
lar level, mostly in response to demand for
disease resistant crops. However, this un-
derstanding of the determinants of patho-
gen virulence could also be used to de-
velop more virulent pathogens, and the
author has no doubt that this would be
possible. Indeed, a number of interesting
strategies for the development of more ef-
fective and safe biocontrol agents have
been proposed (Sands and Miller 1993). A
major concern would be that the super-
virulent pathogen be specific for the target
weed yet never infect it in its native
environment. The agent should also be

incapable of infecting non-target plants,
and of crossing to other microorganisms
to create new transgenic organisms. These
assurances would be difficult to give and,
given the level of community concern
about the release of transgenic crops,
it seems unlikely that transgenic patho-
gens will be released in the foreseeable fu-
ture.

In any case, fungal and bacterial bio-
herbicides already exist for many weed
species, but cannot be exploited because of
limitations in formulation technology.
This is already recognized and work is al-
ready underway to find ways of applying
bioherbicides so that they can actually in-
fect the target plant (Dick Medd, personal
communication).

DNA chip technology
A striking contribution that the field of
molecular biology could make to weed
management would be the identification
and cloning of genes important in weed
management using the emerging DNA
chip technology. The genes which stand
out in this review as amenable to the ap-
proach are those encoding aspects of plant
vigour, perennial habit, and the ability to
synthesize allelochemicals.

The tools required for the work would
be libraries of DNA representing the rel-
evant crop plants, arranged in a micro-
array. These would then be screened with
expressed sequences from plants or tis-
sues expressing the phenotype of interest,
so that hybridization patterns could be
compared with those obtained using
plants or tissues lacking the desired phe-
notype. How soon such screens could be
conducted will depend on the commercial
availability of chips, detection systems,
software and reagents. Though prohibi-
tively expensive at the moment, enthusi-
asm in the private sector suggests afford-
able systems may be available soon
(Lemieux et al. 1998).

Intellectual property issues
Many of the techniques developed in mo-
lecular biology are patented inventions.
This is something often ignored by re-
searchers in the agricultural sector and, in
the many cases where research findings
have no great commercial implications,
this is of little practical importance.

Occasionally, however, a research out-
come is identified with far-reaching com-
mercial implications. This is when serious
problems can arise, with the owners of a
patented technology demanding fees for
its use, a share of any profits, or prohibit-
ing the commercialization of the invention
altogether. In these situations, researchers
regret not having investigated intellectual
property issues more thoroughly, or re-
gret using a patented technique when a
non-patented alternative was available.
For this reason, researchers are urged to

consider issues in intellectual property
whenever they consider using tools in
molecular biology or, indeed, any pat-
ented technology.

Conclusions
Molecular biology is clearly important to
the development of new herbicides and
herbicide resistant crops, and in measur-
ing genetic diversity in populations of
weeds and their various biocontrol agents.
These roles are already recognized in the
scientific community and will continue to
be important in future. Important roles
also exist in the development of safe strat-
egies for herbicide resistant cropping, and
in the breeding of factors for increased
crop competitiveness. While these areas
are under current investigation, there is
considerable scope for the effort to be ex-
panded. There seems little doubt that the
marker-assisted selection of traits for in-
creased crop plant vigour and/or allelo-
pathic potential will become a reality.

The imminent revolution in gene dis-
covery is one major factor identified in this
review which could have far-reaching im-
plications for weed management. The iso-
lation of various genes which affect crop
competitiveness, together with refined
techniques for plant transformation, prob-
ably will enable the development of crops
better able to compete with weeds. Pro-
vided they can be grown commercially
and are accepted by the community, these
crops will have a major impact on weed
control in future.
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