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     An early demonstration of Buctril (bromoxynil) resistant cotton in the Western U.S.
that place near Phoenix, Arizona in 1993 generated considerable interest by demonstrating the
potential of genetic engineering to provide new weed control technologies to farmers.
Agriculture stands on the threshold of an era of widespread availability of crop plants that have
been genetically engineered to have herbicide resistance and insect tolerance as well as other
agronomically desirable yield and quality traits.  For example, the Weed Science Society of
America recently listed eight transgenic crop species resistant to several herbicides that have
been or will soon be commercialized (Table 1).  Many other herbicide resistant transgenic crops
are currently under development (e.g., Roundup Ready alfalfa, Roundup Ready lettuce, Roundup
Ready rice, Roundup Ready wheat and imidazolinone resistant wheat).

Although the development of herbicide resistant crops (HRC) and insect tolerant crops
are impressive scientific accomplishments, these agronomically important traits are the
proverbial “tip of the iceberg”.  In the long-term, transgenic crop varieties may have improved
tolerance to abiotic stresses such as salinity, temperature extremes, and water stress, as well as,
improved yield and quality characteristics compared to current crop cultivars.  Improved ratios of
amino acids that allow more complete human utilization of foods, such as high lysine corn, and
the production of molecules with human health benefits in food plants such as molecules that
reduce blood cholesterol levels or help protect against cancer are examples of improved quality
characteristics that may be developed.  Crops used for livestock and dairy feed will also be
modified for improved utilization by animals.  Plants will also be used as industrial crops to
produce pharmaceuticals or other valuable molecules.  We may develop new food sources by
genetically modifying plant species not traditionally used as food.  There are probably other
aspects of crop production and crop cultivars that will change in ways we can not foresee at this
time.

     It is relevant for the purposes of this discussion to briefly review how transgenic
herbicide resistant crops are produced.  The first step is to identify genes that confer resistance to
a herbicide.  In recent years, many genetically based examples of herbicide resistance have been
found in weeds and herbicide resistance genes, many derived from soil microorganisms, have
been introduced into crop plants using genetic engineering (Table 2).  To date, useful genes that
confer herbicide resistance have either produced an enzyme that detoxifies a herbicide before it
can cause phytotoxic effects or have produced an enzyme with a modified herbicide binding site
so that the enzyme can continue to function in the presence of the herbicide.  Once a gene is
identified, extensive research is required to determine the regions of the gene that confer
resistance, to find suitable promoters that govern the expression of the herbicide resistance trait
in the desired crop species, and to resynthesize the gene into a form that can be introduced into a
plant cell.  The new genetic trait must then be transferred into plant cells, typically using a “gene
gun” or the Agrobacterium spp. transformation systems, and incorporated into a plant genome.
Once incorporated into the genome, the promoter must function to express the gene so that the
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desired gene product (e.g., a detoxifying enzyme or an enzyme with a modified binding site) is
produced in all plant tissues where it is needed to confer herbicide resistance.

Herbicide resistant (HR) transgenic cells must be selected from millions of non-herbicide
resistant cells following successful gene transfer and whole plants must be regenerated from the
HR cells.  After molecular verification of gene presence and expression, various sexual and
asexual propagation methods are used to obtain and increase the numbers of HR plants and seed.
HR crops then undergo extensive greenhouse and field tests in which the HR trait is incorporated
into agronomically successful crop cultivars and the performance of the resulting varieties is
compared to the recurrent parents for yield and quality.  Field testing also determines how the
HR trait may change commercial weed control and farming practices in various regions,
determines the commercial value of the HR trait, and determines how the HR trait may impact
weed populations and other biological organisms.  The impacts of changes in weed control and
farming practices on physical components in agroecosystems such as soils (e.g., no-till or
reduced tillage crop production to reduce soil erosion) are also studied.  An ecological and
biosafety analysis and review is also conducted and regulatory permits are obtained for large
scale use.  Proprietary and commercial arrangements are made to bring the HR trait to the market
place and after introduction, there is continued monitoring of the HR trait and associated
herbicide use for safety, efficacy and impacts on the environment.

Herbicide resistant crops were among the first genetically modified organisms (GMO) to
reach the market place.  This was because single gene traits are the easiest traits to transfer
between genetically unrelated organisms in contrast to the difficulty of transferring multi-gene
traits or making multiple genetic changes such as those involved in increasing the lysine content
in corn.  The fact that herbicide resistant crops were among the first GMO to be marketed has
influenced the public debate regarding GMO.  The benefits of HRC accrue to farmers and to the
agrochemical and seed companies marketing GMO.  Although HRC can change farming
practices in both economically and biologically beneficial ways, HRC do not directly benefit the
public.  Because there is no direct benefit, a portion of the public (i.e., potential consumers of
HRC) has objected to the introduction of GMO because they believe the benefits do not out
weigh the risks associated with genetic engineering.  This component of the public debate is
exacerbated by a lack of scientific understanding, anti-technology sentiments and the complexity
of the ethical issues involved.  Commercial interests marketing GMO have opposed the labeling
of GMO in part due to these sentiments and in part due to the lack of scientific evidence for
risks that out weigh the benefits of genetic engineering.  Public attitudes will likely change when
there are compelling nutritional and human health benefits associated with the consumption of
genetically modified foods.  Coincidentally, the attitude of commercial interests with respect to
the labeling of GMO may change when these nutritional and human health benefits have value in
the market place.

Lotz et al. (1999) discussed the debate surrounding HRC in Europe and the results of a
technology assessment conducted in the Netherlands that identified four main concerns regarding
HRC.  First, there is uncertainty about the long-term agronomic and ecological impacts of
growing HRC on a large scale.  Second, growing HRC means that weed management may
continue to rely heavily on chemical weed control increasing the dependence of agriculture on
herbicides.  Third, the successful development and marketing of HRC and continued dependence
on herbicides may retard the development of innovative nonchemical weed control methods.
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Fourth, the environmental quality of some of the herbicides for which HRC are being developed
is not considered sufficient by some to warrant development.  In addition to these biological
concerns, there are also concerns about the economic consequences of the development of HRC
(Radosevich et al., 1997).

With the widespread commercialization of transgenic herbicide resistant crops imminent,
it is relevant to consider the potential economic consequences of HRC.  Will HRC reduce the
cost of weed control or reduce economic losses caused by weed interference with crops?
Clearly, for many farmers the potential reduction in hand weeding costs and reduction in yield
losses due to weed interference make the use of HRC and associated herbicides economically
attractive.  However, total seed and weed control costs with HRC and associated herbicides can
be more expensive than existing or older chemical control options so that, depending on weed
populations in their fields, not all farmers will adopt new weed control technologies based on
HRC.  The development of HRC has had economic consequences beyond direct impacts on
farmer’s weed control strategies.  The need for coherent crop seed production and marketing of
HRC in conjunction with the associated herbicides has led to the consolidation of herbicide
manufacturers and crop seed companies.  Seed companies producing transgenic crop seed must
manage the development of more varieties considering all of the possible combinations of
regionally adapted varieties and potential insect and herbicide resistant traits.  The situation
becomes even more complex when the potential traits considered include nutritional and other
quality enhancements.  Will this increased complexity affect the improvement of basic
agronomic traits in transgenic crop varieties?  Competitive marketplace pressures due to the
introduction of HRC has also resulted in consolidation and mergers between other chemical
companies.  The overall increase in economic concentration due to reduced numbers of
independent seed companies, chemical manufactures, and other companies in the portion of the
economy from which farmers purchase equipment and inputs may have long-term consequences
on the cost of farming.

The use of HRC provides several advantages that may facilitate the development of more
sustainable agricultural practices.  As indicated above HRC may reduce the cost of weed control
and may improve the control of previously difficult to control weeds by providing new chemical
control options.  HRC may contribute to integrated weed management by increasing the options
for weed control available to farmers including crop rotation and non-chemical weed control
methods.  HRC often allow the replacement of preemergence herbicides with the use of
postemergence herbicides that facilitate the goals of site-specific management because
treatments can be imposed based on the emergence of weeds.  HRC may promote systems for
minimal tillage and mixed cropping by reducing the soil residual effects of preemergence
herbicides.  Finally, currently used herbicides may be replaced by more environmentally benign
herbicides that are associated with HRC.

Herbicide resistant crops and new selective herbicides provide new postemergence weed
control options that provide increased flexibility in designing weed management programs.  For
example, Roundup Ready (RR) Cotton, BXN Cotton, and Staple herbicide all allow cotton
growers to control broadleaf weeds in seedling cotton during a time period when they were
previously unable to topically apply postemergence herbicides.  The improvements in weed
control have reduced the costs of hand weeding morningglory and other weed species in cotton
and reduced overall weed management costs.  New herbicide technologies often allow easier or
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better control of previously difficult to control weeds without the disadvantages associated with
other herbicides.  For example, sequential Roundup Ultra applications in RR cotton often result
in better control of purple and yellow nutsedge with less injury to cotton than sequential DSMA
and MSMA applications.  Similarly Roundup Ultra use in RR Corn provides a means to control
Johnsongrass without the soil residual effects on rotational crops associated with the use of
Accent (nicosulfuron) or Beacon (primisulfuron).

Herbicide resistant crops and new selective herbicides also increase the ability of farmers
to use crop rotation and non-chemical weed control methods.  HRC can increase the use of
postemergence herbicides such as glyphosate (Roundup Ultra) and glufosinate (Liberty) that
have little or no soil residual and reduce to use of soil applied herbicides with long soil residuals
that restrict crop rotation.  Examples include the use of Roundup for Johnsongrass control in
Roundup Ready corn discussed above and the control of nutsedge spp in Roundup Ready cotton
using Roundup rather than Zorial (norflurazon) which has a long soil residual and does not fit
rotational practices in the Western U.S.  Crop rotation leads to a diversification of weed control
practices, both chemical and nonchemical, that limits the ability of weed species to become
dominant in a field or develop herbicide resistance.  The development of precision guidance
systems for farm implements has removed many of the impediments to using close cultivation
and in-row weeding techniques in row crops such as cotton.  Electro-hydraulic guidance systems
that actively steer implements such as cultivators using a sensing device to detect a furrow or
crop row facilitate precision cultivation.  Improved mechanical weed control also limits the
development of dominant weeds and herbicide resistance because it is generally nonspecific.

Many studies have investigated various levels of herbicide inputs and cultivation for
weed control in cotton and other crops.  In general, both herbicide use and cultivation reduce
crop yield losses caused by weed competition but acceptable control can not be obtained with
cultivation alone.  Poor weed control in the seed row is the major shortcoming of mechanical
weed control.  In cotton, topical applications of Staple herbicide or Roundup Ultra on RR cotton,
or Buctril on BXN cotton followed by sequential post-directed applications now allow growers
to chemically control weeds in the cotton seed row.  These herbicides complement the use of
cultivation with in-row weeders by giving growers the means to control weeds in the cotton seed
row when the cotton is not large enough (i.e., generally less than 10 inches tall) to allow the use
of in-row weeders.  Electro-hydraulic guidance systems and precision cultivation allow close
cultivation without crop damage early in the season and facilitate the use of in-row weeders by
keeping the cultivator precisely aligned on the seed row.  Guidance systems can also reduce the
amount of herbicide used by reducing the width of the postemergence herbicide spray band.  The
combination of the herbicide sprays and precision guided cultivation with in-row weeding tools
that are effective in removing broadleaf weed seedlings in the crop row can greatly reduce hand-
weeding costs associated with annual morningglory species.   Although in-row weeders are less
effective on purple and yellow nutsedge, close cultivation does reduce nutsedge competition with
cotton.  In addition to the substantial saving associated with the elimination of hand weeding
costs, the reduced operator fatigue and greater tractor speeds attained with precision guidance
also increase productivity and reduce cultivation costs.

Although HRC can improve weed management practices they do not change grower
practices with respect to herbicide application.  HRC still require the use of spray rigs or tractor
mounted sprayers for ground applications and airplanes for aerial herbicide applications.
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Growers must still worry about the calibration and maintenance of spray equipment and the
details of herbicide applications such as the selection of nozzle type and size, pressure, spray
volume and adjuvant selection.  In contrast, transgenic bacillus thuringiensis (Bt) Corn or Bt
Cotton produce an insect toxin and thus eliminate the need for some insecticide applications.
This obviously reduces application and insecticide costs and has desirable secondary effects such
as improved management and utilization of beneficial insects in integrated pest management
programs for these crops.  HRC merely represent another mechanism for providing selective
chemical tools to growers and as such supplement the more traditional chemical screening and
herbicide discovery efforts of the agrochemical industry.  For example, Staple herbicide was
developed for selective weed control in cotton by Dupont using traditional methods at about the
same time that Buctril and Roundup resistant cotton varieties were developed by Calgene and
Monsanto, respectively, allowing the use of the associated herbicides in cotton.

In many of the examples discussed above, HRC are associated with an increase in the use
of postemergence herbicides at the expense of preemergence herbicides.  This change in
herbicide use patterns facilitates the goals of site-specific management where weed control
treatments are imposed based on the emergence of weeds.  The use of global positioning systems
coupled with geographical information systems to map the location of weeds by species in a field
may allow the application of selective herbicides only where they are required and may allow the
application of different herbicides depending on the weed species present.  The development of
computer based optical recognition systems would further encourage the use of site-specific
management with postemergence herbicides.  Such systems have the potential to reduce the
overall use of herbicides.  HRC have also been associated with the increased use of no-till,
minimal tillage, and mixed cropping production systems.  The adoption of no-till and reduced
tillage practices in corn and cotton have reduced preemergence herbicide use, soil erosion, and
the off-site movement of preemergence herbicides.  HRC have made possible some forms of no-
till production such as ultra narrow row cotton where cultivation is not possible and topical
postemergence herbicides must be relied upon for weed control.  By reducing reliance on
preemergence herbicides, HRC have also made possible mixed cropping systems where the
residual effects of preemergence herbicides would inhibit the growth of some crop components.
In mixed cropping systems where one crop component is grown for only a portion of the season
(i.e., legumes for nitrogen fixation), the herbicide associated with the HRC provides a means to
selectively kill a component of the crop mixture.  Lastly, some currently used herbicides may be
replaced by HRC and associated herbicides that are more environmentally benign chemicals as
judged by persistence in the environment and effects on other biological organisms.

There are disadvantages associated with the development and use of HRC.  The
successful introduction of resistance to a few herbicides into major crops (e.g., corn, soybeans,
cotton, wheat, and rice) and widespread HRC adoption by farmers will decrease the potential
market for new herbicides and may decrease the market share of existing herbicide products.  For
example, the successful marketing of Roundup Ready soybeans in the Midwestern U.S.
significantly reduced Pursuit sales in the soybean market.  The consolidation of agrochemical
companies, in part due to the costs of developing and marketing GMO, reduces the number of
companies that can develop new herbicide chemistry.  If fewer herbicides are developed and
marketed in the major commodities, there may be fewer herbicides available to be registered for
use in minor crops.  The same economics drive both the development of HRC and new
herbicides, thus many minor crops will not be genetically engineered to be herbicide resistant



2000 Proceedings of the California Weed Science Society (Volume 52) 169

unless technological advances reduce the cost of developing HRC.  The success of HRC with
respect to cost and weed control efficacy may promote continued reliance on chemical weed
control and increase the use of herbicides for crop production.  Thus, the success of HRC may
reduce the economic incentives for the development of non-chemical weed control methods that
are needed to reduce and manage the occurrence of herbicide resistant weeds.

The greatest risk posed by the widespread adoption of herbicide resistant crops and
associated herbicides is the increased risk of developing herbicide resistant weed populations.
Requirements for the development of resistance are that heritable (i.e., genetic) variation for the
herbicide resistance trait exists and that natural selection acts upon the weed population.  The
degree of selection imposed by herbicide use depends on the efficacy of herbicide (i.e.,
effectiveness of weed control), the frequency of herbicide use, and the duration of the herbicide
effect.  The widespread use of HRC can greatly increase the frequency of use of a particular
herbicide (e.g., Roundup Ready crops).  In addition, if normal crop selectivity and HRC result in
the use of the same chemistry or herbicide in several crops in a rotation, the frequency of use
further increases.  If a chemistry or herbicide has both postemergence and preemergence
herbicide activities the duration of the herbicide selection pressure also increases.  These
phenomenon alone and especially together (e.g., imidazolinone use in IMI-corn, bean, and alfalfa
rotations) increase the risk of developing herbicide resistant weeds.  Some weed species may
acquire herbicide resistance through introgression or gene flow between species.  Introgression
has occurred between HR canola and associated Brassica weeds in Canada and the possibility for
introgression between pigweed species for ALS inhibitor resistance has been demonstrated.  In
addition to the development of herbicide resistant weeds, the repeated use and reliance on a few
herbicides in the absence of other control methods as has occurred in no-till cotton and corn will
cause a change over time in the weed species present in fields. Weed species naturally tolerant to
the herbicides used will predominate at the expense of herbicide susceptible species.  Thus, in
the long-term, weed species shifts, herbicide resistant crop plant volunteers, and herbicide
resistant weed species may increase the difficulty of weed management despite the development
of HRC.

Management to avoid weed population shifts and the development of herbicide resistant
weeds or to manage existing herbicide resistant and naturally tolerant weeds involves avoiding
total reliance on a single herbicide or class of herbicide chemistry.  Management strategies
include manipulating herbicide rate where appropriate, alternating herbicides with different
target sites, and using herbicide mixtures (i.e., using different mechanisms of action
simultaneously).  Integrated plant management (IPM) practices are also important in minimizing
the use of chemicals and reducing herbicide selection pressure.  In contrast to chemical weed
control, mechanical weed control is generally non-selective (i.e., does not discriminate between
plant species or genotypes within a species) because all species contacted by steel are killed.
Other IPM practices useful in avoiding the development of herbicide resistant weeds include
limiting seed dispersal of suspected small resistant populations (i.e., eradication) and rotating
crops and associated cultural practices and herbicides.  In the short-term, the economic and
biological success of HRC may suppress the development of innovative non-chemical weed
control methods that may be critical to the long-term success of HRC.

In summary, most occurrences of herbicide tolerant and resistant weeds have proven to
be manageable using integrated plant management practices.  Thus, in the short-term, the
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advantages associated with HRC appear to out weight the risks of developing herbicide resistant
weeds in many crop production systems.  However, questions remain about the long-term effects
of HRC when they are used on a large scale.  How will HRC affect total herbicide use?  How
will HRC affect weed flora and the control of volunteer crop plant problems?  How will the
diversity of weed control methods, both chemical and non-chemical, in major and minor acreage
crops be affected by the wide spread adoption of HRC?  What effects will incorporating multiple
herbicide resistance into a single cultivar have?  Continuous monitoring and cooperation between
industry, government, academic scientists and other members of the public will be required to
realize the full potential of transgenic crops in general and herbicide resistant crops specifically.
The long-term benefits of HRC will depend on the wise use of chemical technologies within the
context of integrated plant management practices.
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Table 1.  Commercialized transgenic crops with herbicide resistance listed by the Weed
Science Society of America in 1998.a

Transgenic Crop
Herbicide
Tolerance Trademark/Company

Estimated Year &
Place
Commercialized

Canola (Brassica napus) bromoxynil BXN Canola - Rhone-Poulencb Europe (1995)

Liberty Link Canola - AgrEvo Canada (1995)
Europe (1995)

glyphosate Roundup Ready Rape -
Monsanto

Canada (1997)
Europe (1998)

Clover (Trifolum repens) bromoxynil CSIRO & New Wales Agriculture Australia (2001)

Corn (Zea mays) glufosinate Liberty Link Corn - AgrEvo USA (1997)

Glyphosate Roundup Ready Corn,
Monsanto & DeKALB Genetics

USA (1997)
Canada (1998)

imidazolinones IMI Corn - American Cyanamid,
Pioneer, Ciba Seeds, Asgrow,
Northrup King

Australia (1998-99)
USA (1997)

sethoxydim SR Corn - BASF/DeKalb
Genetics

USA (1997)
Brazil (1997)

Rice (Oryza sativa) glufosinate Liberty Link Rice - AgrEvo USA (2000-01)
Asia (2000-01)

Soybean (Glycine max) glufosinate Liberty Link Soybean - AgrEvo USA (1998)
Brazil (1998-99)

glyphosate Roundup Ready Soybean,
Monsanto & Asgrow Seeds

USA (1997)
Brazil (1997)
Argentina (1997)

sulfonylureas STS Soybeans - DuPont USA (1993)

glufosinate Liberty Link Sugar Beet -
AgrEvo

Europe (1999-00)Sugar Beets
(Beta vulgaris)

glyphosate Roundup Ready Sugar Beet,
Monsanto

Europe (1997-98)

Tobacco
(Nicotiana tabacum)

bromoxynil BXN Tobacco - Rhone-Poulenc Europe (1997-98)

bromoxynil BXN Cotton - Rhone-Poulenc USA (1997)Upland Cotton
(Gossypium hirsutum)

glufosinate Liberty Link Cotton - AgrEvo USA (2000)

glyphosate Roundup Ready Cotton-
Monsanto

USA (1997)

sulfonylureas 19-51a Cotton - DuPont USA (1997)
aAdapted from: Weed Science Society of America.  1998.  Herbicide Handbook-Supplement to the 7th ed.
Edited by Kriton K. Hatzios.  102 pages.
bRhone-Poulenc and AgrEvo merged in 1999 to form Aventis.
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Table 2.  Gene based examples of herbicide resistance in crops and weeds.

Herbicide Novel gene product Mechanism

triazines (e.g., prometryn, atrazine) Chloroplast D1 protein mutated target

substituted ureas (e.g., diuron) Chloroplast D1 protein mutated target

sulfonylureas (e.g. chlorsulfuron) acetolactase synthase mutated target

imidazolinones (e.g., imazapyr) acetolactase synthase mutated target

pyrimidyl thiobenzoates (e.g., pyrithiobac) acetolactase synthase mutated target

aryloxyphenoxypropanoates (e.g., diclofop) Acetyl coenzyme A carboxylase mutated target

cyclohexanediones (e.g., sethoxydim) Acetyl coenzyme A carboxylase mutated target

glyphosate (e.g. Roundup, Touchdown) EPSPS (5-enolpyruvylshikimate--3-
phosphate synthase)

over expression

glyphosate (e.g. Roundup, Touchdown) EPSPS (5-enolpyruvylshikimate--3-
phosphate synthase)

mutated target

glyphosate (e.g. Roundup, Touchdown) glyphosate oxidoreductase detoxification

bromoxynil (e.g., Buctril) nitrilase detoxification

2,4-D monooxygenase detoxification

glufosinate (e.g., Liberty) N-acetyl transferase detoxification
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