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Herbicide-Resistant Transgenic Crops - A Benefit for
Agriculture

Herbicide resistance was one of the first traits engineered into plants. The main reasons
are: the knowledge of herbicide resistance mechanisms; the availability of genes; the
possibility to use the gene and the herbicide as a marker set to select transformed tissues;
and the commercial interest in such a trait for farmers and agrochemical companies.

Two approaches have been used successfully:

a. Amplification of the target In this case the enzyme that serves as the target for the
herbicide was reintroduced into the crop using strong constitutive promoters to increase
the target level, allowing the plant better to resist the herbicide treatment. Since in most of
the cases this does not give a sufficient level of resistance, a resistant target is introduced
into the crop. This resistant target is obtained either from organisms which are naturally
resistant to the herbicide or by introducing mutations into the target to make it resistant.
Using this approach, crops resistant to glyphosate (Roundup), a total herbicide, or to the
herbicides of the sulfonylurea and imidazolinone families, have reached the market. In the
case of glyphosate, the target is 5-enol-pyruvylshikimate-3-phosphate synthase (EPSPS,
EC 2.5.1.19), which is present in both plants and micro-organisms (23). Genes have
been isolated from several bacteria and plant species. The genes have been mutated to
obtain enzymes resistant to higher doses of glyphosate and introduced into several crops.
The first mutant, produced in Salmonella typhimurium, allowed the first production of a
glyphosate-resistant tobacco plant (5). Another gene was isolated from maize in which
two mutations, known as T-102 and P-106, were introduced to obtain a resistant enzyme
(12). Since the enzyme is located inside the chloroplast, an optimized transit peptide (11)
was linked to the coding region of the enzyme. This gene, controlled by a constitutive
promoter such as that for rice actin, has been introduced into maize, resulting in the
development of glyphosate-resistant maize (20) that is on the market today. In the case
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of soybean and cotton, the CP4 gene isolated from an Agrobacterium strain has been used
to confer glyphosate resistance (15). The target of the herbicides from the sulfonylurea and
imidazolinone families is acetohydroxyacid synthase (EC 4.1.3.18). Plant cells and bacteria
resistant to these herbicides have been obtained (3). A mutated gene is at the origin of this
resistance. Several plants have been made either by transgenesis or through the direct
regeneration of resistant plant tissues (17,19). Their commercial application has, however,
been limited to maize and canola. For a few other herbicides, resistant enzymes have
been obtained and the corresponding genes introduced into plants: this is the situation for
diflufenican acting on phytoene desaturase (14) and for asulam acting on dihydropteroate
synthase (EC 2.5.1.15). In this case, the gene had been introduced into potato to control
parasitic weeds (24). More recently, our team has been working on the introduction of
resistance to the new family of isoxazole herbicides. These herbicides act by blocking
hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27) (16). Several genes from bacteria
or plants, natural or mutated, have been used to introduce resistance into numerous crops
which are under development (1).

b. Metabolic detoxification of the herbicide In this case an enzyme which detoxifies
the herbicide is introduced into the crops. Resistance to the total herbicide phosphinotricine
(Basta, also known as glufosinate), and bialaphos, has been obtained by the introduction
into plant cells of the bacterial enzyme phosphinothricin N-acetyltransferase (PAT or
BAR), isolated from a Streptomyces species and which detoxifies the herbicide (25).
Approximately 40 plant species resistant to these herbicides have been obtained; 36 are
listed in ref. (4). This success is principally because the marker system is one of the
best for the selection of transgenic plant cells in the laboratory. Among those plant
species, canola was the first crop to reach the market in Canada (6). Other herbicide
resistance has been obtained using a detoxification approach: bromoxynil and ioxynil,
which are two herbicides acting on photosystem II. A specific nitrilase was isolated from
Klebsiella ozaenae (21) and introduced into crops such as cotton, canola and tobacco
(7,8). Resistance to glyphosate has also been obtained by a detoxification mechanism. A
glyphosate oxidoreductase (GOX) has been isolated from Achromobacter sp. strain LBAA
(9). When this enzyme is introduced into plants, it confers resistance to the herbicide. It
has been associated with the CP4 gene described above, for commercial applications in
canola and maize (18). More recently, a new detoxification system has been described for
glyphosate; it uses a glyphosate acetyltransferase and has been evaluated with success in
tobacco (2). Detoxification systems have been isolated and evaluated for other herbicides
such as 2,4-D in cotton using a 2,4-D dioxygenase (13).

These two approaches have been used with success up to the commercial level. When
a detoxification system is readily available, it is an easy system to put in place; the level of
expression of the enzyme needed is generally low since it degrades the herbicide. This
has positive aspects when the degradation is complete but may be problematic if new
metabolites are produced. In most cases it is more difficult to obtain a fully resistant crop
plant using the mutated target strategy, probably because of the competition between the
two types of targets present in the plant. Also, it is sometimes difficult to produce a mutated
target which has a good resistance to the herbicide and yet retains full enzymatic activity.

After almost 20 years of experience with this agronomic trait, which has been exploited
under commercial growing conditions for over 5 years, the technology has proven its
robustness. The stability of the introduced genes has been shown under laboratory and
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field conditions over several generations. No significant deleterious effects such as yield
reduction or phytotoxicity have been observed when a fully resistant plant is used. The
trait also has no effect on plant development (flowering time, seed set). One of the
issues raised by environmentalists is the risk of spreading these herbicide-resistant genes
in the environment. Reports have confirmed the transfer of genes through the pollen (22).
However, so far, there has been no report of agronomic problems due to the escape of these
herbicide genes, suggesting that either the rate of spreading is low or it has no agronomic
impact. Another concern is whether the development of such practices will increase the
occurrence of resistant weeds. It seems too early to answer this question. However, it is
possible that changes in the weed flora due to repetitive treatments with the same herbicide
will be more of a problem than development of resistant weeds.

As indicated above, work on herbicide resistance began with the setting up of plant
transformation technologies in 1983. Thus, it is not surprising that herbicide-resistant
crops have been the first to reach the market. In 1994, about 10 years after the first plant
transformation, the first crops resistant to herbicides were authorized for commercialization
in the USA, Canada and Europe. The first commercialization was in 1995 and since that
time the area grown has increased annually. In 2002, herbicide resistance alone represented
75% of the 58.7 million hectares of transgenic crops; another 8% was covered with maize
and cotton resistant to both herbicide and insects (10). This clearly represents a commercial
success.

The reasons for this success are numerous. The use of herbicide-resistant crops
simplifies farming practices; the crops are resistant to the herbicide throughout their life,
enabling flexibility in treatment periods, which can be tailored to good weather conditions
and weed infestation. It also allows the development of no-till practices, thus limiting
soil erosion. In addition to these benefits for the farmer, a significant decrease in the
overall treatment costs has been achieved. These crops also benefit the environment,
since, in addition to the development of no tillage, the total amount of herbicide sprayed
in the environment has decreased, limiting the risk for residues in the crops and in the
environment. Moreover, herbicide-resistance traits will allow the use of more environment-
friendly herbicides, since one of the constraints in the discovery and development of new
herbicides – resistance to the target crops – has been removed.

In the future, the current herbicide-resistance traits already on the market will continue
to develop, more through their expansion into new countries than by an increase of areas in
countries where they are already well used. In parallel, the herbicide-resistant genes will
be introduced into new crops, several of which will soon be commercialized. Moreover,
new herbicide-resistance traits will reach the market as new broad-spectrum herbicides are
discovered.
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