Chapter 3

Transgenic Crops for Herbicide Resistance
Stephen O. Duke and Antonio L . Cerdeira

3.1

Introduction

A year after the introduction of the first commercial transgenic crop (Flavr Savr™
tomato with a longer shelf life) in 1994, transgenic, herbicide-resistant crops
(HRCs) were introduced (Table 3.1) with the introduction of bromoxynil- (3,5dibromo-4-hydroxybenzonitrile) resistant cotton and glufosinate- [2-amino-4(hydroxymethylphosphinyl)butanoic acid] resistant canola. Bromoxynil resistance
had little market penetration during the years when it was available. The next year,
1996, marked the introduction of the first glyphosate- [TV-(phosphonomethyl) glycine] resistant (GR) crop (soybean). Other GR and glufosinate-resistant crops were
introduced in the subsequent years. GR crops now represent well over 80% of all
transgenic crops grown worldwide (James 2008). Accordingly, this chapter will
deal primarily with GR crops. Several reviews (e.g., Duke 2005; Duke and Cerdeira
2005; Cerdeira and Duke 2006) and two books (McClean and Evans 1995; Duke
1996) are available on the topic of HRCs, but this rapidly evolving topic requires
timely updates.
Before the advent of transgenic crops, there was both controversy and optimism
about their potential impact on farming, human health, and the environment (e.g.,
Goldberg et al. 1990; Duke et al. 1991). W e have now (early 2009) had 14 years of
experience with HRCs over vast areas in many parts of the world, providing a
wealth of information on the utilization of this technology, as well as the impacts of
HRCs on the environment. This review will deal, in part, with these topics as they
apply to HRCs
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Table 3.1 Transgenic herbicide-resistant crops that have been
deregulated (approved for sale) in North America
Herbicide
Crop
Year approved
Bromoxynil3
Cotton
1995
Canola
2000
Glufosinate
Canola
1995
Maize
1997
2004
Cotton
Riceb
2006
Soybean
Glyphosate
1996
Canola
1996
Cotton
1997
Maize
1998
Sugarbeet0
1999
Alfalfad
2005
a
Removed from market
deregulated, but not commercialized
c
Removed from market, but reintroduced in 2008
d
Returned to regulated status in 2007 by court

3.2
3.2.1

Present HRCS and Their Impact
Commercially Available HRCs

In 2008, after 14 years of HRCs, there are only nine different HRCs being grown in
the US (Table 3.1), and only a few of these are grown in other countries. From 1995
until 2000, one or two new HRCs were introduced to the market every year, after
which the number of introductions has dwindled, with only a single new H R C in
occasional subsequent years.
The adoption rate of GR soybean was rapid in the US (Fig. 3.1), currently
representing more than 90% of the area planted in soybean. The adoption rate of
GR soybean in Argentina was even more rapid, reaching almost 90% adoption
within 4 years of introduction (Penna and Lema 2003). Adoption of this HRC has
also been rapid in other parts of South America.
Both cotton and maize have varieties that are either stand-alone GR varieties or
varieties that combine GR and transgenic Bt (.Bacillus thuriengensis toxin) traits for
insect resistance. In both the crops, there are also stand-alone Bt toxin varieties. To
generate the data in Fig. 3.1, adoption rates of the two types of GR varieties must be
added. GR cotton adoption was initially similar to that of soybean, but it has
stabilized at about 70% (Fig. 3.1), partly because of the adoption of glufosinateresistant cotton in places where it fits the weed problems better than GR cotton. The
economics for GR maize was not quite as good as with existing weed management
methods when it was first introduced, but its adoption in the US is now rising
rapidly and has almost caught up with that of cotton (Fig. 3.1). Relatively little GR
canola is grown in the US, but about 90% of the canola grown in Canada was
GR canola in 2006 (Dill et al. 2008). Of the canola grown in the US, 62% was GR
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Fig. 3.1 US adoption rate of glyphosate-resistant crops. Data from: http://www.ers.usda.gov/Data/
BiotechCrops

and 31% was glufosinate-resistant in 2005 (Sankula 2006). After a false start in
1999, GR sugar beet was reintroduced in 2008, with an unprecedented adoption rate
of about 60% for the initial year of availability and an anticipated 95% adoption rate
in 2009 (Thomas Schwarz, Beet Sugar Development Foundation, pers. comm). The
adoption rate was limited by the availability of transgenic seed. GR alfalfa was
introduced and well accepted by farmers in 2005, but deregulation was challenged
in court by organic alfalfa growers in 2007, resulting in the removal of the product
from the market.
Glufosinate-resistant crops are also available (Table 3.1), but they have garnered
a much smaller fraction of the HRC market. Their biggest market penetration is
with canola in the US. Glufosinate-resistant cotton has been adopted at high rates in
the US state of Texas. Partly owing to the evolution of GR weeds, glufosinateresistant crop adoption is increasing. Crops with both GR and glufosinate resistance
are being made available.
The economics for the biotechnology industry with HRCs is also good. HRCs
offer profits from both a "technology fee" added to seed costs and for the purchase
of the herbicide. No other type of transgenic trait offers this opportunity for dual
profits from the seed and a chemical upon which the value of the gene is dependent.
There has been some consideration of linking expression of transgenic traits to a
chemical inducer of transgene expression (e.g., Jepson et al. 1998), but farmers
would be unlikely to pay much for such a chemical, and the cost of applying the
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inducer would probably skew the economics away from such a strategy, unless the
value of the trait was large.

3.2.2

Herbicide Resistance in HRCs

Plants can be made resistant to herbicides or other phytotoxins by a number of
mechanisms. The molecular target site of the herbicide can be modified so that it no
longer binds it and is thereby resistant. One or more herbicide-inactivating or
herbicide-degrading enzymes can be introduced to or increased in a plant. The
plant can be altered to have a mechanism that prevents the herbicide from reaching
the molecular target site (increased sequestration, or decreased uptake or translocation). All three mechanisms have been described in weeds that have evolved
resistance to herbicides. Metabolic inactivation or degradation is the principle
mechanism in most cases of natural crop resistance to selective herbicides.
The first two approaches have been useful in producing commercial HRCs.
Glyphosate's molecular target site is an enzyme of the aromatic amino acid pathway (the shikimate pathway). This enzyme, 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS), is highly sensitive to glyphosate (Duke 1988), and there are
apparently no other good inhibitors of the enzyme. All plant EPSPS is sensitive to
glyphosate, making it a nonselective herbicide that can be used to kill almost all
weed species. Some fungi and bacteria also have EPSPS, and there are bacterial
versions of the enzyme that are very resistant to glyphosate. A gene encoding
Agrobacterium sp. EPSPS, the CP4 gene, has been used as a transgene for almost
all GR crops (Cerderia and Duke 2007). In some maize varieties, a maize EPSPS
gene modified by site-directed mutagenesis has been used as the transgene in GA21
varieties (Dill 2005). In canola, a gene from the soil bacterium
Ochrobactrum
antropi that encodes a glyphosate-degrading enzyme (glyphosate oxidoreductase,
GOX) has been used with the CP4 EPSPS. This enzyme catalyzes the degradation
of glyphosate to aminomethylphosphonic acid (AMPA) and glyoxylate, both relatively innocuous compounds.
The CP4 EPSPS alone makes soybean approximately 50-fold less sensitive to
glyphosate (Nandula et al. 2007) (Fig. 3.2). CP4 and GOX genes together provide
about the same level of resistance to canola (Nandula et al. 2007). Despite a
generally high resistance factor, there can be problems if the transgene promoter
is not sufficiently active in reproductive tissue, as appeared to be case in some of the
first GR cotton varieties (Pline et al. 2002a,b; Pline-Srnic 2005; Yasuor et al. 2006;
Dill et al. 2008). This problem was solved by using a promoter that is stronger in
reproductive tissues. A similar, but lesser problem, has been reported in some maize
varieties (Thomas et al. 2004).
Under some environmental circumstances, glyphosate can cause leaf damage in
GR soybean (e.g., Reddy and Zablotowicz 2003), although this is a rare occurrence
from which the crop eventually recovers. The degradation product of glyphosate,
AMPA, is a weak phytotoxin (Hoagland 1980). Reddy et al. (2004) correlated
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Glyphosate (kg ae/ha)
Fig. 3.2 Response of glyphosate-resistant (GR) Asgrow 4603RR and nonGR HBKC 5025 soybean in the one- to two-trifoliolate leaf (22-day-old, 45-cm tall) growth stage to glyphosatepotassium 3 weeks after treatment. Mean values of nine replications are plotted. From Nandula
et al. (2007)
mild phytotoxicity in glyphosate-resistant (GR) soybeans to high levels of A M P A
formed from high-glyphosate-dose applications. Applications of A M P A alone that
resulted in the same endogenous A M P A concentrations caused the same level of
phytotoxicity.
Papers have been published supporting the view that glyphosate impairs growth
of GR crops under some conditions because of effects on micronutrient status (e.g.,
Jolley et al. 2004; Bott et al. 2008). Glyphosate chelates divalent metal cations
(Duke 1988), which could limit their availability when the glyphosate levels are
very high and the divalent metal cation concentration is very low. Conversely,
binding of Ca 2 + , Mn 2 + , or Fe + can reduce the efficacy of glyphosate (e.g., Schonherr
and Schreiber 2004; Bernards et al. 2005). The pH can strongly influence how
tightly each cation species is chelated to glyphosate. There have been exceedingly
few reports of nutrient deficiencies in the huge areas in which GR crops are grown.
Considering the very disproportionate abundance between the number of molecules
of glyphosate that would reach the soil and the number of divalent cations available
for binding, it seems implausible that glyphosate would have a significant effect on
the availability of essential minerals in G R crops. However, if a plant had a
borderline mineral deficiency, chelation in vivo might cause a problem. The proper
experiments have not been conducted to determine if this possibility could cause a
significant problem in the field. Ozturk et al. (2007) reported that glyphosate
inhibits ferric reductase in plant roots, suggesting that this effect would cause
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iron deficiency in GR crops. However, this work was carried out with glyphosatesensitive sunflower and the assay was an in vivo assay performed hours after
treatment with high concentrations of glyphosate so that there was no way to
determine if the effects were direct or indirect. These studies should be repeated
with GR crops to answer this question.
Root-associated microbes are involved in plant mineral nutrition (e.g., Jakobsen
et al. 2002). Some of these microbes are glyphosate-sensitive (e.g., Moorman et al.
1992). Some of the glyphosate applied to foliage is exuded by roots (e.g., Coupland
and Caseley 1979; Laitinen et al. 2007). Thus, mineral nutrition could be altered by
adverse effects on root-associated microflora. However, considering that nutrient
deficiency problems have not been a commonly reported problem with GR crops
after more than 10 years of adoption over vast areas, the potential mineral nutrition
problems reported by only very few laboratories are of questionable impact in the
field.
Glyphosate is toxic to Bradyrhizobium
japonicum
(Moorman et al. 1992).
Several studies have indicated that there is potential for reduced nitrogen fixation
in GR soybeans, but yield reductions due to such an effect have not been documented in the field when glyphosate is used at the label rate (Zablotowicz and
Reddy 2004, 2007).
The no longer used bromoxynil-resistant crops owed their resistance to a transgene of microbial origin (Klebsiella ozaenae) that converts the benzonitrile to a
nonphytotoxic benzoic acid derivative (Stalker et al. 1996). This gave the crops a
more than tenfold level of resistance. Bromoxynil is an older category of selective
herbicide that inhibits photosynthesis by binding the D1 protein of photosystem II
(Devine et al. 1993).
Glufosinate is a synthetic version of the natural product, phosphinothricin. It is
not accepted by organic farmers, partly because it is chemically synthesized as a
racemic mixture, and the D enantiomer of the racemic mixture is not a natural
compound. It acts by inhibition of glutamine synthetase, thereby causing accumulation of toxic levels of ammonium ion and indirectly stopping photosynthesis
(Lydon and Duke 1999). It is considered a broad-spectrum herbicide, but is not
quite as effective in some situations as glyphosate. One of the microbes that
produce phosphinothricin, Streptomyces hygroscopicus, has an enzyme that inactivates phosphinothricin and glufosinate by acylating it. The gene (bar) encoding this
enzyme, phosphinothricin N-acetyltransferase (PAT), is used as a transgene for
glufosinate-resistant crops (Vasil 1996). In addition to the HRC use, the bar gene
has been used extensively as a selectable marker.

3.2.3

Impacts on Weed Management

Nothing has had more impact on weed management in such a short time period as
GR crops, except perhaps the introduction of synthetic, selective herbicides. Several factors have contributed to the strong acceptance of GR technology. A strong
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argument can be made that glyphosate is the most effective and useful herbicide
available (Duke and Powles 2008b). It is a slow-acting, highly translocated, foliarly
applied product that kills weeds by inhibiting a molecular target site that is ubiquitous to all plants, EPSPS (Duke et al. 2003a). Its slow action allows translocation to
meristematic tissues, ensuring that all growing points, including subterranean ones,
are killed. It has very good environmental safety characteristics (see Sect. 3.2.5) in
that it is highly nontoxic, does not easily move to ground or surface water, and has a
relatively short half-life in soil. Before GR crops, it could only be used in places
without crops or with methods that avoided crop contact. G R crops opened the door
to widespread utilization of this exceptional herbicide directly on field crops.
In addition to the generally profound economic advantages to using GR crop/
glyphosate technology (Gianessi 2005, 2008; Clewis and Wilcut 2007), this technology simplifies weed management (Bonny 2008). The farmer can often rely on
only glyphosate applied once or twice during a growing season for weed control,
rather than using a complicated strategy of both soil-incorporated and foliarly
applied herbicides, involving multiple herbicides with different molecular target
sites. Since glyphosate is used only as a postemergence herbicide, the farmer can
wait to see what kind of weed problem emergences before spraying. Tillage can
often be reduced or eliminated, creating both environmental (see below) and
economic benefits. The benefits of this technology are not farm size dependent. A
small farmer who farms only on weekends might derive more benefits, as this
technology is more forgiving than traditional methods of weed management. Thus,
one does not have to hire pest management consultants for prescription recommendations in order to obtain excellent weed control at a reasonable cost. This technology is also useful to farmers who grow multiple GRCs, in that they can apply one
herbicide to multiple crops. Prior to GRCs, a particular herbicide could rarely be
used on more than one crop.
Initially, weed management with GR crop technology was excellent, as indicated by the rapid adoption. But, the specter of the evolution of GR weeds is
jeopardizing reliance on this weed control method (Powles 2008a). Although
Bradshaw et al. (1997) gave reasons why the evolution of GR resistance was
implausible, the first report of an evolved GR weed occurred the same year as
their paper (Heap 1997). Since then, the number of cases of evolved G R resistance
has grown at a steady pace all over the world (Table 3.2, Fig. 3.3), and about half of
the cases have occurred in GR crops, where the selection pressure is intense
(Fig. 3.3). In most of the other cases, resistance evolved in vineyards or orchards
in which glyphosate was sprayed several times a year for several consecutive years.
The levels of evolved resistance of weeds to glyphosate are much lower than
that of G R crops, usually in the range of two- to tenfold. The most common
mechanism of resistance in these evolved biotypes is reduced translocation (e.g.,
Lolium spp., Conyza spp.) (Preston and Wakelin 2008), although mutations in
EPSPS that provide marginal resistance have also occurred in Eleucine
indica
(Baerson et al. 2002) and some populations of Lolium spp. (Wakelin and Preston
2006; Perez-Jones et al. 2007). In at least some evolved GR Conyza, increased
numbers of EPSPS transcripts may also contribute to resistance (Dinelli et al. 2008).
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Table 3.2 Occurrence of evolved GR weeds by species, year, and country
Species
Year
Location
Amaranthus palmeri
2005
USA
Amaranthus rudis
2005
USA
Ambrosia artemisifolia
2004
USA
Ambrosia trifida
2004
USA.
Conyza bonariensis
2003
South Africa
2004
Spain
2005
Brazil
2006
Columbia
2007
USA
Conyza canadensis
2000
USA
2005
Brazil
2006
China, Spain
2007
Czech Republic
Digitaria insularia
2006
Paraguay
2008
Brazil
Echinochloa colona
2007
Australia
Eleusine indica
1997
Malaysia
2006
Colombia
Euphorbia heterophylla
2006
Brazil
Lolium multiflorum
2001
Chile
2003
Brazil
2004
USA
2006
Spain
2007
Argentina
Lolium rigidum
1996
Australia
1998
USA
2001
South Africa
2005
France
2006
Spain
Parthenium hysterophorus
2005
Columbia
Plantago lanceolata
2003
South Africa
Sorghum halepense
2005
Argentina
2007
USA
Urochloa panicoides
2008
Australia
Source: From the International Survey of Herbicide-Resistant Weeds: http://
www.weedscience.org/In.asp and Vila-Aiub et al. (2008)

Nature abhors a vacuum. In addition to the evolution of GR weeds, when farmers
rely on glyphosate year after year, other species of weeds can fill the ecological
niches vacated by the species that are easily managed with glyphosate. The process
of weed species shifts in GR crop fields has been documented (e.g., Reddy 2004;
Owen 2008). Some of these species have a low level of natural (not evolved)
resistance, and others can avoid glyphosate by germinating later in the growing
season or having a broad germination pattern throughout the season. One potential
mechanism of some species that are naturally resistant is enhanced conversion of
glyphosate to A M P A (Reddy et al. 2008).
The advent of evolved GR weeds and shifts to naturally GR or glyphosateavoiding weeds has made the GR crop/glyphosate weed management package less
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Fig. 3.3 Incidence of species that have evolved resistance to glyphosate by year
effective in some locales. Application rates and number of applications of glyphosate in GR crops have increased. Herbicides, in addition to glyphosate, are being
used with GR crops. New herbicide-resistant crops are being developed to have
resistance to glyphosate, plus resistance to another herbicide or class of herbicides
that might be effective on weeds that are not controlled by glyphosate. Other
options for coping with GR weeds and weed shifts are resistance management
strategies that involve approaches such as alternation of herbicides, utilization of
altemative/or residual herbicides in conjunction with glyphosate, and use of cultivation (e.g., Gustafson 2008; Neve 2008; Werth et al. 2008).
The effects of HRCs on weed management is in a constant state of flux because
of weed dynamics, economics, and changes in the availability of both old and new
weed management tools. GR crops have been a valuable asset for weed management and will probably continue to be, even as GR weeds evolve and weed species
shift. The effective longevity of this technology will depend, in part, on how wisely
it is used (Powles 2008a).

3.2.4 Impacts on Food and Feed
One of the concerns of those opposing transgenic crops is that the transgene will
alter the quality and/or safety of the consumable part of the plant. This could occur
through the protein from the transgene being toxic, through a metabolic product of

142

S.O. Duke and A.L. Cerdeira

the enzyme encoded by the transgene being toxic, through pleiotropic effects of the
transgene, through alteration of expression of nontransgenic genes by the position
of the transgene in the genome or through more indirect effects. For regulatory
approval, transgenic crops are scrutinized to a far greater level than conventional
crops using analytical, nutritional, and toxicological methods (Atherton 2002;
Malarkey 2003; Konig et al. 2004), although some have proposed that even more
extensive tests be done by metabolomic, proteomic, and transcriptomic analysis to
detect potential unintended effects of the transgene and its insertion on food safety
and quality (Kuiper et al. 2002; Cellini et al. 2004).
In a safety evaluation for the CP4 EPSPS enzyme introduced into soybean
to provide glyphosate resistance, Harrison et al. (1996) found the protein to be:
(1) nontoxic to mice when consumed at doses thousands of times higher than
potential human exposure; (2) readily degraded by digestive fluids; and (3) not
structurally or functionally related to any known protein allergens or toxins, based
on amino acid sequence homology searches.
The potential allergenic properties of the protein products of transgenes must be
determined before approval. These data are provided to regulatory agencies, but
publications on this topic are scarce. However, there are a few published studies
showing no allergenic properties of transgene products associated with HRCs. Sten
et al. (2004) in a study with soybean-sensitized patients, found that the allergenicity
of 10 GR and eight nonGR soybean cultivars were not different. Chang et al. (2003)
found no significant allergenicity to rats of the CP4 EPSPS gene product conferring
glyphosate resistance. On the basis of both an analysis of published literature and
experimental studies, Herouet et al. (2005) concluded that there is a reasonable
certainty of no harm resulting from the inclusion of the gene for glufosinate
resistance in human food or in animal feed.
Most of the tests have simply examined HRCs for equivalence in food quality to
nonHRCs. Health Canada's review of the information, presented in support of the
food use of refined oil from glufosinate-resistant canola line HCN92, concluded
that such refined oil does not raise concerns related to safety. Health Canada is of
the opinion that refined oil f r o m canola line HCN92 is as safe and nutritious as
refined oil from the current commercial varieties (http://www.hc-sc.gc.ca/foodaliment/mh-dm/ofb-bba/nfi-ani/e_nf7web00.html). The nutritional properties of
glufosinate-resistant sugar beets and maize grains were found to be essentially
equivalent to nontransgenic cultivars in feeding studies with swine and ruminants
(Daenicke et al. 2000; Bohme et al. 2001); similar results have been produced with
glufosinate-resistant rice in swine feeding studies (Cromwell et al. 2005).
Studies with GR maize line GA21 evaluated the compositional and nutritional
safety of maize line GA21 compared to that of conventional maize (Sidhu et al.
2000). Compositional analyzes were conducted to measure proximate, fiber, amino
acid, fatty acid, and mineral contents of grain and proximate, fiber, and mineral
contents of forage collected from 16 field sites over two growing seasons. No
significant differences were found. Similarly, Tutel'ian et al. (2001) found no
compositional differences between conventional maize and maize line GA21. The
nutritional safety of maize line GA21 was also evaluated by Sidhu et al. (2000) in a
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poultry feeding study. Results from the poultry feeding study showed that there
were no differences in growth, feed efficiency, adjusted feed efficiency, and fat pad
weights among chickens fed with GA21 grain or with parental control grain. These
data taken together demonstrate that GR GA21 maize is as safe and nutritious as
conventional maize for food and feed use.
The occurrence of mycotoxins, specifically aflatoxin, contamination is of concern with maize cultivation in warm climates subject to preharvest moisture stress.
Studies by Reddy et al. (2007) indicated increased incidence of aflatoxin contamination in GR compared to conventional maize in 1 year out of four. But, in 1 year
out of four, fumonisin levels were higher in nonGR maize than in G R maize. The
observed effects were thought to be due to differences in how the crops were grown,
rather than due to glyphosate or the transgene.
Several other studies have found no substantial difference in the nutrient content
of GR and nontransgenic crops. These studies include maize (Ridley et al. 2002;
Autran et al. 2003), soybean (Padgette et al. 1996), wheat (Obert et al. 2004), and
cotton (Nida et al. 1996). In the Autran et al. (2003) study, the characteristics of
glyphosate- and glufosinate-resistant maize in different foods (e.g., beer, hominy,
oil, grits) were compared and found not to be substantially different from the
respective, nontransgenic parental lines.
Lappe et al. (1999) reported reductions of isoflavone levels on GR soybean
varieties in the absence of glyphosate (i.e., a pleiotropic effect of the CP4 gene).
However, this study was not done by comparing isogenic lines. Padgette et al.
(1996) found no effects of the transgene on isofl avone content of soybean. Glyphosate targets the shikimate pathway (Duke et al. 2003a), and the estrogenic isoflavones of soybeans are products of this pathway. Glyphosate resistance from the
CP4 EPSPS gene is not always complete (Pline et al. 2002a,b), and glyphosate
preferentially translocates to metabolic sinks such as seeds (Duke 1988). Therefore,
we reasoned that at relatively high and late applications of glyphosate to GR
soybeans, a reduction of the content of these compounds could occur. In a wellreplicated field study at two sites, hundreds of kilometers apart, no significant
effects of glyphosate on isoflavones were found at the highest and latest legal
application rates (Duke et al. 2003b).
Table 3.3 summarizes most of the published results of animal feeding studies
with GR crops. All the studies support the view that food from GR crops is
substantially equivalent to nontransgenic crops. In addition to these studies, no
evidence of the CP4 gene or its protein product could be detected in pork from
swine fed with GR soybean meal (Jennings et al. 2003). N o effects on GR soybeans
could be found on the immune system of mice (Teshima et al. 2000).
HRCs, being highly resistant to the herbicide to which they have been made
resistant, could also contain levels of the herbicide or its metabolite(s) that exceed
the legal tolerance levels. Surprisingly, little has been published on herbicide residues
in HRC foods. Most of what we know is from studies with nonHRC crops. However,
herbicide residue data must be supplied for regulatory approval of HRCs.
Glyphosate acid and its salts are moderately toxic compounds in EPA toxicity
class II. Glyphosate (either the anion or the isopropylamine salt) is practically

Table 3.3 Some results of animal feeding studies with glyphosate-resistant crops
Crop
Animal
Result
Reference
Rat
No effect
Maize
Hammond et al. (2004)
No effect
Healy et al. (2008)
Swine
Maize
No effect
Hyun et al. (2004)
Cattle
No effect
Maize
Erickson et al. (2003)
Maize
Dairy cattle
No effect
Donkin et al. (2003)
No effect
Ipharraguerre et al. (2003)
No effect
Grant et al. (2003)
Maize
Poultry
No effect
Sidhu et al. 2000
Soybean
Rat
No effect
Zhu et al. 2004
No effect
Hammond et al. (1996)
No effect
Appenzeller et al. (2008)
Soybean
Mice
No effect
Brake and Evenson (2004)
Soybean
Swine
No effect
Cromwell et al. (2002)
Soybean
Dairy cattle
No effect
Hammond et al. (1996)
Soybean
Catfish
No effect
Hammond et al. 1996
Soybean
Poultry
No effect
Hammond et al. (1996)
No effect
Taylor et al. (2007)
Rainbow trout
Canola
No effect
Brown et al. (2003)
Canola
Poultry
No effect
Taylor et al. (2004)
cattle
Alfalfa
No effect
Combs and Hartnell (2008)
Sheep
Sugarbeet
No effect
Hartnell et al. (2005)

nontoxic by ingestion, with a reported acute oral L D 5 0 of > 5 , 0 0 0 mg k g - 1 in the rat
(Vencill 2002). The trimethylsulfonium salt of glyphosate is more toxic, with an
oral L D 5 0 of about 705 mg k g - 1 . It is not a restricted use pesticide and is a bestselling weed killer for home use. Animals do not contain the herbicide molecular
target site (EPSPS) of glyphosate.
Occasional reports of severe effects of ingestion of formulated glyphosate occur
(e.g., Stella and Ryan 2004); however, the glyphosate molecule itself is considered
one of the most toxicologically benign herbicides available. Williams et al. (2000)
extensively reviewed the toxicology literature on glyphosate and its metabolites and
concluded that under present and expected conditions of use, glyphosate does not
pose a significant health risk to humans.
In a testing program to detect whether GR soybeans had been sprayed with
glyphosate or not, Lorenzatti et al. (2004) found glyphosate and A M P A in green,
immature seeds. Both glyphosate and its degradation product, A M P A, were found
in mature, harvested seeds of different GR soybean varieties grown in widely
separated geographical regions (Duke et al. 2003b). Even though the glyphosate
applications were at legal, but at relatively high rates and late timing, the residues
were within the established tolerance levels. We were surprised to find higher
A M P A than glyphosate levels since at that time plants were thought to degrade
glyphosate very little, if at all (Duke 1988; Duke et al. 2003a). Subsequently, we
found that some legume plant species readily convert glyphosate to A M P A (Reddy
et al. 2008). In a study conducted earlier, but published later (Arregui et al. 2004),
similar levels of glyphosate were found in harvested seed of GR soybeans, but these
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scientists found much lower A M P A levels. W e have found no publications on
glyphosate residues in GR crops other than soybean.
Glufosinate is not a restricted use pesticide and is sold for home weed control in
the USA. Its acute oral toxicity in rats is an L D 5 0 of ca. 2.2 g k g - 1 . Glufosinate
chemically resembles glutamine, a molecule used to transmit nerve impulses in the
brain. Ebert et al. (1990) concluded in an extensive review that glufosinate is safe
under conditions of recommended use. Similarly, Hack et al. (1994) also concluded
from their studies that glufosinate is unlikely to cause health effects of either users
or consumers when used as directed, although the herbicide target site, glutamine
synthetase, is also found in animals.
In a study to determine if glufosinate applied to glufosinate-resistant maize and
canola could lead to an increase in herbicide residues or to the formation of new
metabolites, Ruhland et al. (2004) found that L-glufosinate was in the form of
known metabolites and the parent compound in both maize and canola. The highest
content was in the leaves, and the lowest in the grains. No levels were found above
the established tolerance levels.
A last, but understudied, aspect of food quality and HRCs is their influence on
contamination of food with poisonous weed seeds. Weed seeds can be the sources
of toxic compounds (e.g., Powell et al. 1990). HRCs are generally more weed-free
than conventional crops, resulting in less foreign matter, including weed seeds, in
the harvested product (Canola Council of Canada 2001; Shaw and Bray 2003).
Therefore, there is less likelihood of significant contamination of harvested food
with toxic weed seeds in HRCs than with conventional crops.

3.2.5 Environmental

Impacts

There are numerous possible environmental effects of HRCs. These can be either
positive or negative. They can be associated with the transgene or with the herbicide to which the transgene is linked. But, ultimately, potential environmental
impacts of HRCs must be compared with the impacts of the technologies that
they replace. All the published studies and analyses of this type have found that
the environmental benefits of substituting HRCs for conventional crops are usually
substantial (e.g., Wauchope et al. 2002; Nelson and Bullock 2003; Bennett et al.
2004; Amman 2005; Brimner et al. 2005; Brookes and Barfoot 2006; Cerdeira and
Duke 2007; Cerdeira et al. 2007; Kleter et al. 2007, 2008; Devos et al. 2008;
Gardner and Nelson 2008; Shiptalo et al. 2008). Of course, the potential benefits
vary with the HRC, the geographic location of use, the way the farmer uses the
HRC, and different components of environmental impact. Since nature is not static,
the environmental impact will change with time as farmers using HRC technology
adjust their methods to deal with changing weed and other problems.
Whether HRCs have increased or decreased herbicide use in terms of the amount
of material used per hectare of crop can be argued either way, depending on many
factors. However, in terms of environmental impact this factor is not useful, as the
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relative toxicity and environmental fate of glyphosate or glufosinate compared with
the herbicides that they replace in HRCs can be large. Glyphosate and glufosinate
have relatively low mammalian toxicity (Ebert et al. 1990; Giesy et al. 2000;
Williams et al. 2000), compared to many of the herbicides that they can replace
when used with transgenic crops. Glyphosate, in particular, has lower acute toxicity
than aspirin or many other commonly ingested compounds.
In a study, using acute mammalian toxicity data, Gardner and Nelson (2008)
compared the number of L D 5 0 doses per unit area that were decreased by GR crops
in the United States. Depending on the crop and the location, they calculated that
conventional weed management with other synthetic herbicides could result in as
much as 3,000 more L C 5 0 doses per hectare with maize, more than 375 with cotton,
and more than 90 with soybean. An example of some of their data with cotton is
provided in Fig. 3.4. They concluded that GR technology has a positive environmental effect. In a European study, Devos et al. (2008) found that use of G R maize
and glufosinate-resistant maize would lower the pesticide occupational and environmental risk or weed management. The main benefits were due to the lower
potential of these chemicals to contaminate groundwater and their lower acute
toxicity. Glyphosate gave slightly greater reductions than glufosinate. Their calculations were done with the assumption that other herbicides would not be used with
glyphosate nor glufosinate. However, glyphosate is increasingly used with other
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Fig. 3.4 Increase in LD50 doses per hectare of herbicides needed if GR cotton were not available
in the US. From Gardner and Nelson (2008)
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herbicides in GR crops because of evolved glyphosate resistance and shifts to
naturally resistant weed species.
Neither glyphosate nor glufosinate are problematic pesticides in the context
of surface and groundwater contamination of the herbicides that they replace
(reviewed by Duke and Cerdeira 2005; Cerdeira and Duke 2006; Borggaard and
Gimsing 2008). Glyphosate does not move well in soil because of its strong
sorption to soil minerals (e.g., Mamy and Barriuso 2005). Furthermore, in most
soils, it degrades more rapidly than the herbicides that it replaces (e.g., Mamy et al.
2005). In addition to microbial degradation, both glyphosate and A M P A can
undergo nonbiological degradation in soil (Barrett and McBride 2005), although
the relative contribution of the two types of processes is unknown.
Concern over A M P A contamination of groundwater has recently been expressed
(Mamy et al. 2005, 2008). A M P A is more persistent than glyphosate in the
environment, and it more readily leaches in soil (Mamy et al. 2008; Simonsen
et al. 2008). Both glyphosate and A M P A are leached from soil containing high
phosphate levels than soil with low levels (Simonsen et al. 2008). The relative
toxicities of A M P A versus contaminants from conventional herbicide use have not
been adequately analyzed.
Fuel utilization associated with weed management has been reduced by GR
crops because of reduced tillage and fewer trips across the field to spray herbicides
(reviewed by Cerdeira and Duke 2006). Bennett et al. (2004) estimated that there
would be a 50% fossil fuel savings in growing sugar beet in Europe by switching to
GR crops. Brookes and Barfoot (2006) estimated that G R crop use in 2005
worldwide reduced carbon emissions approximately the same as the removal of
four million family automobiles from the road.
Effects of the herbicides used with HRCs on nontarget organisms are a concern.
Obviously, since glyphosate is a herbicide, glyphosate drift to nontarget plants can
be harmful (e.g., Bellaloui et al. 2006). This is not a new problem, as there have
been problems with herbicide drift since the advent of herbicides that are sprayed.
Concentrations reaching nontarget plants are generally only a small fraction of the
recommended dose for weed control. At very low doses that one might expect with
drift, herbicides can often stimulate growth, activate host defense systems against
pathogens, or enhance nitrogen utilization, depending on the herbicide (reviewed
by Duke et al. 2006). The phenomenon of a stimulatory effect at subtoxic concentration of a toxin is termed hormesis. Glyphosate clearly enhances growth of plants
at very subtoxic application rates (e.g., Schabenberger et al. 1999; Wagner et al.
2003; Cedergreen et al. 2007; Velini et al. 2008). But, at least in barley, the effect is
not sustained over time (Cedergreen 2008). The mechanism(s) of herbicide-caused
hormesis is poorly understood and may well differ between herbicides with different molecular target sites.
Perhaps, the greatest damage done by conventional agriculture, other than taking
land out of its natural state, has been caused by tillage. The primary reason for
tillage has been weed management. Glyphosate use in GR crops has resulted in
significantly reduced tillage, especially in soybean and cotton (Fig. 3.5) (American
Soybean Association 2001; Penna and Lema 2003; Dill et al. 2008; Locke et al. 2008;
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Fig. 3.5 Comparison of US tillage practices in glyphosate-resistant (GR) and nonGR soybean
(a) cotton (b) from 2002 through 2006 as a percentage of hectares planted. From Dill et al.
(2008)

Powles 2008b). Even in some nonGR crops, reductions in the price of glyphosate
and the increases in the cost of diesel fuel have favored conservation tillage rather
than traditional tillage (Nail et al. 2006). Reduced tillage sometimes reduces soil
compaction (Koch et al. 2003; Shukla et al. 2003). To our knowledge, this aspect of
the influence of HRCs has not been studied. However, as both evolved and naturally
resistant GR weeds increase, some farmers of GRCs are returning to occasional tillage
for more complete weed management.
There is concern about the potential of HRCs to create new weed problems,
either themselves becoming a weed or the HR transgene escaping to relatives, either
feral crops or related species, to create new weed problems. Gene flow to native
populations of species with which the HRC can crossbreed could result in unwanted
agricultural and/or environmental effects.
The HR transgene confers no advantage where the matching herbicide is not
sprayed, so the HR crop is no more likely to invade a natural habitat than the nonHR
crop. None of the crops that have been made herbicide resistant with transgenes are
crops that become weeds outside of agricultural fields. However, HRCs are sometimes problems in agricultural fields in which the same herbicide is used in
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subsequent years with a different HRC. This has already been a problem with GR
crops (e.g., York et al. 2004; Soltani et al. 2006; Beckie and Owen 2007), requiring
the use of herbicides other than glyphosate to control the "volunteer" GR crop.
Gene flow to nontransgenic crops of the same species has been a commercial and
political problem, but not an environmental threat. Organic farmers cannot retain
the organic status of their crops if transgene presence is above a set limit, nor can
crops be sold to markets that require the product to be nontransgenic if transgenic
occurrence is above the level set the regulatory jurisdiction. For crops like soybean,
outcrossing is not a problem, but considerable outcrossing can occur with maize,
rice, sugar beet, and canola. Substantial gene flow can occur between HR and
nonHR canola (e.g., Hall et al. 2000; Reiger et al. 2002; Mallory-Smith and Zapiola
2008). Outcrossing may account for the contamination of nontransgenic rice with
the glufosinate-resistant gene (Vermij 2006), even though glufosinate-resistant rice
has only been grown experimentally. To our knowledge, no herbicide-resistant
transgenes have been found to be a problem in nonherbicide-resistant maize,
although there is significant potential for this to happen (Allnutt et al. 2008).
There has been considerable controversy about whether Mexican maize landraces
are contaminated with transgenes (reviewed by Cerdeira and Duke 2006). No gene
flow from transgenic to nontransgenic cotton has been reported in cultivated fields,
but it should occur because of insect pollination. Gene flow from GR alfalfa
to organic alfalfa was the ostensible reason for its re-regulation. Flow of a GR
transgene from bentgras being evaluated for commercial use to nontrangenic bent
grass occurred rapidly, and mitigation efforts have not been effective (MallorySmith and Zapiola 2008; Zapiola et al. 2008).
A much bigger concern is the potential effect of gene flow from HRCs to weedy
relatives. The only environmental aspects of transgenic crops that are not also
associated with nontransgenic crops are those associated with the transgenes. HR
transgenes offer no advantage in natural ecosystems where the herbicide is not
used, but when coupled with transgenes imparting traits that would improve fitness
in a natural ecosystem (e.g., insect or drought resistance), the HR trait would
improve the likelihood of introgression of the gene into the unintended recipient
species (see below). Once a transgene escapes to another species, it is unlikely that
it could be eliminated in the population by human efforts. Indeed, removal of a GR
transgene from a nontransgenic population of bentgrass has not been accomplished
with the mitigation methods used (Zapiola et al. 2008).
Gene flow or introgression involves the movement of a gene or genes into a
sexually compatible species. This type of gene flow is also termed vertical gene
flow. The first generation is generally not very fit (e.g., Scheffler and Dale 1994),
but subsequent backcrosses to the noncrop species will eventually fully introgress
the transgene into this species. Yearly spraying of the herbicide to which the
transgene confers resistance should facilitate the process by selecting only crosses
with the transgene and removing competing weeds to give the unfit Fi and usually
the F2 generations a significant survival advantage.
Transmission of HR transgenes could make weedy relatives of the H R C much
more problematic for the farmer. This has not happened with soybean, cotton, and
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maize, presumably because there are few or no weedy species with which they are
sexually compatible in the places in which they are grown.
Canola outcrosses with several weedy related Brassica species, including related
Brassica crops (e.g., cabbage, cauliflower, broccoli, etc.). These crosses are generally quite unfit, but introgression of a GR transgene from canola to its weedy
relative, bird rape (Brassia rapa) has occurred in field situation, and the introgressed gene appears to be stable in the population, even in the absence of spraying
glyphosate (Warwick et al. 2008). A potential exists for a transgene to move from
through compatible relative (a bridge species) to a third Brassica species to increase
the means by which a GR gene could spread (Brown and Brown 1996).
Work by Darmency et al. (2007) indicates that gene flow from sugar beets to
weedy beets is sufficient to cause problems for the farmers growing HR beets within
a few years if herbicides are not rotated. However, the degree of outcrossing that
they measured varied considerably between lines of transgenic beets, years, and
field locations.
Rice outcrosses readily with feral rice (e.g., red rice), as well as weedy related
species. Nontransgenic, imidazolinone (IMI) herbicide-resistant rice created by
selection in cell culture (Tan et al. 2005) was commercialized in the USA in
2002. Outcrossing to produce IMI-resistant weeds occurs (e.g., Shivrain et al.
2007). The incidence of IMI-resistant weeds in rice is growing in locations where
IMI-resistant rice is grown (Valverde 2007), although whether this is due to evolved
resistance or gene flow is unclear in most cases, because IMI resistance evolves
quickly in some species when exposed to this herbicide class (Heap 2008). We can
expect that gene flow from rice to feral rices and to sexually compatible species will
occur with any transgene, including those imparting herbicide resistance.
Keeping HRCs out of areas in which sexually compatible species exist is a
daunting task. For example, transgenic, GR and glufosinate-resistant canola are not
approved as crops in Japan, but the seed can be imported for processing. Saji et al.
(2005) found these HRCs growing along routes to processing plants in Japan.
There is considerable literature on strategies and technologies for mitigating or
eliminating vertical gene flow (reviewed by Gressel 2002; Cerdeira and Duke
2006). Much of this literature deals with simply reducing movement of the genes
to plants other than the transgenic crop (e.g., Devos et al. 2005). However, if the
gene would pose a potential problem in a natural environment, a fail-safe approach
would be preferable. Strategies coupling one or more technologies such as genetic
use restriction technology genes to make transmission of a functional transgene
impossible (Oliver et al. 1998) or linking the HR transgene to one that would confer
unfitness to a wild plant (e.g., genes that prevent shattering or dormancy; Al-Ahmad
et al. 2004; Gressel and Al-Ahmad 2004) have the potential for fulfilling this need.
In the latter approach, the HR gene(s) should be in the same construct as the
unfitness gene(s) to keep the genes from segregating.
Lastly, some have voiced concern that there could be gene flow from HRCs and
other transgenic crops to totally unrelated organisms (horizontal gene transfer),
especially soil or gut microbes (e.g., Bertolla and Simonet 1999; Giovannetti 2003),
from degraded HRCs in the field or through ingestion of food composed of GRCs.
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Almost all of the transgenes currently used for HRCs are from soil microbes. These
genes are much more likely to be transferred to unrelated microbes from the natural,
microbial sources than from HRCs (Kim et al. 2005). Levy-Booth et al. (2008)
found that degradation of the cp4-epsps transgene from GR soybean leaf material in
the soil was rapid, but could still be detected in soil after 30 days. Degradation of
the transgene and a natural soybean gene in soil were similar. Dale et al. (2002)
concluded that there is no compelling argument that there would be any more
likelihood of such gene transfer transgenic crops than from nontransgenic crops.
There has so far been no credible evidence of gene transfer from transgenic crops to
microbes (Dunfield and Germida 2004), although some have criticized detection
methods (e.g., Nielsen and Townsend 2004). Nevertheless, after 14 years of growing these crops on huge areas, there have been no reports of transgenes being
transferred to microbes of any type.

3.2.6 Herbicide-Resistant Crops and Crop Disease
There are some untended benefits of GR crops and perhaps glufosinate-resistant
crops. Both glyphosate and glufosinate are fungitoxic (reviewed by Duke et al.
2007). Thus, when used at full application rates, these herbicides may, under some
circumstances, be providing sufficient protection from plant pathogens to prevent
crop damage or to preclude spraying with a fungicide. Perhaps, the most carefully
studied example is that of glyphosate effects of Asian rust in GR soybeans (Feng
et al. 2005, 2008), in which glyphosate applications to GR soybeans reduced rust
infection and damage, both as a preventative and a curative (Fig. 3.6) treatment.
However, in many field situations, the optimal timing of glyphosate application for
effective weed management is unlikely to also be most effective for rust control
(Bradley and Sweets 2008). The effects of glyphosate on reducing this disease will
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Fig. 3.6 (a) Curative activity for Asian rust in glyphosate-resistant soybeans sprayed with
glyphosate (Glyp, l x at 0.84 kg AE ha" 1 ) at 1, 3 or 6 days after inoculation (DAI), wateT and
fungicide A (carbendazim + flusilazole) at 1 DAI. (b) Curative activity as a function of glyphosate
dose (0.5x, 1 x or 2x) from spray application at 3 DAI, surfactant (1 g L" 1 MON 0818) or water
alone at 1 DAI. From Feng et al. (2008)
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Table 3.4 Reports of glyphosate interactions and lack of interactions with plant disease in
glyphosate-resistant crops
Disease
Effect
Crop
References
Reduces
Feng et al. (2005, 2008)
Soybean
Phakopsora pachyrhizi
Fusarium spp
Increases
Kremer et al. (2005)
No effect
Lee et al. (2003)
S. sclerotiorum
Increases
Nelson et al. (2002)
Increases
Sanogo et al. (2001), Nijiti et al. (2003)
F. solani
Reduces
Cotton
Rhizoctonia solani
Pankey et al. (2005)
Puccinia triticina
Reduces
Feng et al. (2008), Anderson
Wheat
and Kolmer (2005)
Increases
Larson et al. (2005)
Sugarbeet
Rhizoctonia solani
Increases
Larson et al. (2005)
Fusarium oxysporum
probably increase as glyphosate use increases, both in application rates and number
of applications, because of the evolution of GR weeds and weed species shifts to
more naturally GR weeds.
On the other hand, glyphosate treatment is known to predispose nontransgenic
plants to plant disease by more than one mechanism associated with the mechanism
of action of glyphosate as a herbicide (reviewed by Duke et al. 2007), although
these mechanisms should not exist in GR crops. There are many reported cases of
exacerbation of plant disease symptoms with glyphosate, but these studies have
generally been done with glyphosate-susceptible plants (reviewed by Duke et al.
2007). Nevertheless, there are a few reports of this phenomenon in GR crops
(Table 3.4). Likewise, there are reports of reduced crop disease with glyphosate
(Table 3.4). Thus, the interaction of glyphosate, fungal plant diseases, and GR crops
is variable, depending on the crop, the disease, and perhaps the timing of herbicide
application and infection. Also, differences in cultural practices between HRCs and
nontransgenic crops can influence plant disease (e.g., Lee et al. 2005). Glyphosate
effects on root exudates and soil moisture can influence root-borne soybean diseases (Kremer et al. 2005; Means and Kremer 2007; Means et al. 2007). Larson
et al. (2005) found the that several factors, including the disease isolate, whether or
not the crop was sprayed with glyphosate, and the variety of GR sugar beet
determined whether there was increased disease with the GR crop. In a recent
review, Powell and Swanton (2008) concluded that there was insufficient information from realistic field studies to determine whether glyphosate influences
Fusarium spp. diseases in GR crops.

3.3
3.3.1

Coming Herbicide-Resistant Crops
Transgenes for Herbicide Resistance

Many transgenes have been reported and/or patented for the production of HRCs.
Only a few of them are listed in Table 3.5. Technology is at a stage at which
resistance to any herbicide can be imparted by transgene technology. Yet, only
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Table 3.5 Some of the transgenes that have been used for making crops resistant to herbicides
or classes of herbicides
Herbicide or herbicide class Gene source and gene product
References
Microbial degradation enzyme
Llewellyn and Last
2,4-D
(1996), Bisht et al.
(2004)
Surov et al. (1998)
Asulam
Resistant microbial dihydropteroate
synthase
Dalapon
Buchanan-Wollaston
Microbial degradation enzyme
et al. (1992)
Behrens et al. (2007),
Dicamba
Microbial degradation enzyme
Herman et al.
(2005)
Matringe et al. (2005)
Hydroxyphenylpyruvate
Microbial, herbicide-resistant HPPD
dioxidase (HPPD)
inhibitors
Paraquat
Chloroplast superoxide dismutase
Sen Gupta et al. (1993)
Phenmedipham
Microbial degradation enzyme
Streber et al. (1994)
Phytoene desaturase (PDS) Genes from microbes and the aquatic
Sandmann et al.
inhibitors
weed Hydrilla encoding resistant PDS
(1996), Arias et al.
(2005)
Li and Nicholl (2005)
Protoporphyrinogen oxidase Resistant microbial PPO and resistant
(PPO) inhibitors
Arabidopsis thaliana PPO
three types of HRCs have been marketed; crops resistant to bromoxynil, glufosinate, and glyphosate, utilizing only five transgenes. Considering the huge economic
impact of the GR crops, one would expect that other HRCs would have been
marketed. Considerable effort and expense was put into development of HRCs
that resist both hydroxyphenylpyruvate dioxygenase- and protoporphyrinogen
oxidase-inhibiting herbicides (Li and Nicholl 2005; Matringe et al. 2005), yet the
decision was apparently made to postpone or terminate plans to commercialize
these HRCs. Devine (2005) attributed the few HRCs making it to the market place
to the high cost of developing and getting regulatory approval of HRCs.
Further complications are international trade issues and the impact on the
existing registration of the herbicide to which they are made resistant. Realistically,
none of the herbicides on the market to which crops can be made resistant offer the
advantages of glyphosate (Duke and Powles 2008b) or perhaps even glufosinate,
both relatively safe, broad-spectrum herbicides.
In addition to the few number of herbicides used (only two), the number of crops
represented among all the currently available HRCs is few (Table 3.1). This is
partly because the cost of obtaining approval of HRCs is considered too great for
minor crops (Devine 2005). However, this does not explain the absence of GR
wheat and rice and glufosinate-resistant wheat, where the market could be very
large, worldwide. GR wheat was almost marketed in North America, but concern
over acceptance of wheat products from this source in Europe prevented it being
marketed. A similar concern slowed the acceptance of GR sugar beets until 2008.
The horrendous problems with outcrossing of rice with weedy feral and other
species of may be related to GR rice being unavailable.
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Table 3.6 Recently deregulated HRCs (http://www.aphis.usda.gov/brs/not_reg.html) that are not
yet on the market and HRCs that have recent approval for field-testing in the USA (http://www.isb.
vt.edu/cfdocs/fieldtests 1 .cfm)
Herbicide(s)
Crop
Company
Resistance gene(s)
Petition for deregulation
Soybean® Glyphosate and ALS Pioneer
Glyphosate acetyltransferase and a modified
inhibitors
soybean ALS
Glyphosate and
Bayer Crop Maize EPSPS modified by site-directed
Cotton
glufosinate
Sci.
mutagenesis and bar gene
Glyphosate and ALS Pioneer
Maize
Glyphosate acetyltransferase and a modified
inhibitors
maize ALS
Approval for field-testing
Glyphosate/
Pioneer
Alfalfa
sulfonylureas
Soybean Glyphosate/dicamba Monsanto
Glufosinate/dicamba Monsanto
Glyphosate
Pioneer
Glyphosate/isoxazole MS
Not available
Glufosinate
MS
Not
avaiable
Glyphosate
Pioneer
Maize
HybriGene,
Bentgrass Glufosinate
LLC
deregulation approved

Glyphosate acetyltransferase and a modified
plant ALS
CP4 EPSPS and a demethylase
CP4 EPSPS and a demethylase
Glyphosate acetyltransferase
Technologies
Technologies
Glyphosate acetyltransferase
Phosphinothrichin acetyl transferase

Many types of HRCs have gotten to the point of being field-tested, but few have
proceeded to be deregulated (approved for commercial use). Table 3.6 lists products for which deregulation has been applied, as well as recently approved
applications for field-testing in the USA. This information on the USDA/APHIS
website provides the best indication of what new products are in the offing.
Considering that many of these crops have glyphosate resistance, we consider
these products separately.

3.3.2

Glyphosate-Resistant

Crops

Considering the enormous success of GR crops and the fact that glyphosate is now a
generic herbicide, other companies have discovered or created new glyphosateresistant transgenes and, in at least one case, are going forward with the commercialization process. This crop uses an artificially evolved glyphosate-resistant gene
(Castle et al. 2004; Siehl et al. 2005). A gene from the soil bacterium Bacillus
licheniformis, which encoded a weak glyphosate /V-acetyltransferase (GAT) was
put through 11 iterations of gene shuffling to increase its activity by almost
four orders of magnitude. Properties of the resultant G A T are described by Siehl
et al. (2005, 2007). Plants made resistant to glyphosate with this transgene were
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ca. 100-fold more resistant to glyphosate than to nontransgenic lines (Green et al.
2008). Other glyphosate-inactivating enzymes are apparently encoded by genes of
soil microbes, because there are other routes of degradation or inactivation. For
example, a C-P lyase that converts glyphosate to inorganic phosphate and sarcosine
is found in several bacteria, including Arthrobacter
spp., Rhizobium spp., and
Pseudomonas spp. (Kishore and Jacob 1987; Liu et al. 1991; Dick and Quinn
1995). Not all bacterial C - P lyases will degrade glyphosate (White and Metcalf
2004). A good C-P lyase transgene for use in GR crops has apparently not yet been
developed. A microbial transgene-encoded EPSPS with some properties that might
be superior to that used in commercialized GR crops is available (Vande Berg et al.
2008). Thus, transgenes for glyphosate resistance are available for companies that
do not have GR crops.

3.3.3

Other Herbicide-Resistant

Crops

Crops with both the GAT gene and a gene for resistance to acetolactate synthase
inhibitors are in the final stage of development (Green et al. 2008), including testing
for food safety (Table 3.6) (McNaughton et al. 2007). Monsanto is developing a
dicamba (3,6-dichloro-2-methoxybenzoic acid) resistance trait (Table 3.6) that
detoxifies this herbicide by demethylating it (Herman et al. 2005; Behrens et al.
2007). Dow Agroscience has developed HRCs with resistance to broadleaf-killing
auxinic herbicides like 2,4-D [(2,4-dichlorophenoxy)acetic acid] and grass-killing
aryloxyphenoxypropionate herbicides such as diclofop ((±)-2-[4-(2,4-dichlorophenoxy) phenoxy]propanoic acid). These crops are apparently being field-tested, but
there is no specific information on the APHIS website as to what genes are being
used. Thus, we have left them out of Table 3.6. A recent abstract mentions that a
transgene encoding an a-ketoglutarate-dependent dioxygenase is used to confer
resistance to these two herbicide classes (Simpson et al. 2008). A patent had been
filed for such a unique bacterial (Ralstonia eutropha)-derived
transgene by Dow
Agroscience in 2005 (Wright et al. 2005).

3.4

The Future of HRCs

The future of HRCs will be influenced by the development of other approaches to
weed management. Availability of acceptable new technologies that are economically competitive with HRCs may eventually stem their rapidly increasing adoption. There are other strategies for using transgenes for weed management (Gressel
2002; Duke 2003, 2006) including enhancing crop competitiveness and allelopathy,
and enhancement of weed biocontrol agents. There is little likelihood of these
approaches having a significant effect in the next decade, but ultimately they
could have substantive impacts.
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To some extent, regulatory requirements regarding environmental impacts of
weed management methods will affect this scenario. The increasing costs of
meeting the requirements for deregulation of transgenic crops and the conflicting
regulatory processes in different parts of the world have hampered the adoption of
HRCs. Eventual harmonization of this process could benefit this technology.
There are many other factors that could have an impact on the future of HRCs,
such as the amount of biofuel crops that will be grown (Baylis 2008). Since these
crops are not meant for human consumption, and, in some cases, could not be used
for human or animal consumption, the regulatory requirements for deregulation
of H R C biofuel crops may be simplified and less costly to fulfill. Indeed, GR
sugarcane is being developed in Brazil (http://monsanto.mediaroom.com/index.
php?s = 43&item = 656). Still, the issue of herbicide resistance management and
gene flow will be as important for these crops as for those meant for human and
livestock consumption.
Agriculture has clearly found HRCs to be of great value, but their utility is being
eroded by the evolution of GR weeds and weed species shifts in GRCs. Both of
these processes are the result of over reliance on this highly effective technology.
Some of the new HRCs that are to be introduced will help cope with this situation,
but we see overreliance on glyphosate continuing to undermine its effectiveness.
The unique properties of glyphosate as a herbicide (Duke et al. 2003a; Duke and
Powles 2008b), almost necessitate that its utility be preserved for future harvests
(Duke and Powles 2008a; Powles 2008a). It will be shame to see the evolution of
GR weeds continue unabated, as the strategies for preventing it are well known.
Finally, the future of HRCs has been and may continue to be affected by public
opinion. For example, transgenic crops have made meager inroads in Europe for
this reason. Even though Europeans grow almost no transgenic crops, they buy
substantial amounts of transgenic crops grown elsewhere for animal feed. At the
time of this writing, this situation does not appear to be changing significantly. In
countries such as Australia and those of South America, resistance to transgenic
crops has waned considerably and adoption is increasing rapidly. W e expect
available HRCs to be almost universal outside of Europe and perhaps a few small
areas of resistance within a few more years.

References
Al-Ahmad H, Galili S, Gressel J (2004) Tandem constructs to mitigate transgene persistence:
Tobacco as a model. Mol Ecol 13:697-710
Allnutt TR, Dwyer M, McMillan J, Henry C, Langrell S (2008) Sampling and modeling for
quantification of adventitious genetically modified presence in maize. J Agri Food Chem
56:3232-3237
American Soybean Association (2001) Conservation tillage study, American Soybean Association, St. Louis, MO, USA. http://www.soygrowers.com/ctstudy/ctstudy_files/frame.htm.
Accessed 24 Dec 2008
Amman K (2005) Effects of biotechnology on biodiversity: herbicide-tolerant and insect-resistant
GM crops. Trends Biotechnol 23:388-394

3 Transgenic Crops for Herbicide Resistance

157

Anderson JA, Kolmer JA (2005) Rust control in glyphosate tolerant wheat following application of
the herbicide glyphosate. Plant Dis 89:1136-1142
Appenzeller LM, Munley SM, Hoban D, Sykes GP, Malley LA, Delaney B (2008) Subchronic
feeding study of herbicide-tolerant soybean DP-356043-5 in Sprague-Dawley rats. Food
Chem Toxicol 46:2201-2213
Arias RS, Netherland MD, Atul P, Dayan FD (2005) Biology and molecular evolution of
resistance to phytoene desaturase inhibitors in Hydrilla verticillata and its potential use of
produce herbicide-resistant crops. Pest Manag Sci 61:258-268
Arregui MC, Lenardon A, Sanchez D, Maitre MI, Scotta R, Enrique S (2004) Monitoring
glyphosate residues in transgenic glyphosate-resistant soybean. Pest Manag Sci 60:163-166
Atherton KT (2002) Safety assessment of genetically modified crops. Toxicology 181-182:421-426
Autran JC, Benetrix F, Bloc D, Burghart P, Chaurand M, Combe N, Melcion JP (2003) Composition
and technological value of genetically modified and conventional maize. Sci Aliments 23:223-247
Baerson SR, Rodriquez DJ, Tran M, Feng Y, Biest NA, Dill GM (2002) Glyphosate-resistant
goosegrass. Identification of a mutation in the target enzyme 5-enolpyruvylshikimate-3phosphate synthase. Plant Physiol 129:1265-1275
Barrett KA, McBride MB (2005) Oxidative degradation of glyphosate and aminomethylphosphonate by manganese oxide. Environ Sci Technol 39:9223-9228
Baylis A (2008) Biofuels: What impact on crop protection and seeds now? Outlooks on Pest
Manag 19:270-274
Beckie HJ, Owen MDK (2007) Herbicide-resistant crops as weeds in North America. CAB Rev 2,
No. 044, pp 22, http://www.cabi.org/cabreviews/default.aspx?LoadModule=Review&
ReviewID=33 801 &site= 167&page= 1178
Behrens MR, Mutlu N, Chakraborty S, Dumitru R, Jiang WZ, LaVallee BJ, Herman PL, Clemente
TE, Weeks DP (2007) Dicamba resistance: Enlarging and preserving biotechnology-based
weed management strategies. Science 316:1185-1188
Bellaloui N, Reddy K, Zablotowicz RM, Mengistu A (2006) Simulated glyphosate drift influences
nitrate assimilation and nitrogen fixation in non-glyphosate-resistant soybean. J Agri Food
Chem 54:3357-3364
Bennett R, Phipps R, Strange A, Grey P (2004) Environmental and human health impacts of
growing genetically modified herbicide-tolerant sugar beet: a life-cycle assessment. Plant
Biotechnol J 2:273-278
Bernards ML, Thelen KD, Muthukumaran RB, Penner D, McCracken JL (2005) Glyphosate
interaction witth manganese in tank mixtures and its effect on glyphosate absorption and
translocation. Weed Sci 53:787-794
Bertolla F, Simonet P (1999) Horizontal gene transfers in the environment: natural transformation
as a putative process for gene transfers between transgenic plants and microorganisms. Res
Microbiol 150:375-384
Bisht NC, Burma PK, Pental D (2004) Development of 2, 4-D-resistant transgenics in Indian
oilseed mustard (Brassica juncea). Curr Sci 87:367-370
Bohme H, Aulrich K, Daenicke R, Flachowsky G (2001) Genetically modified feeds in animal
nutrition. 2nd communication: Glufosinate tolerant sugar beets (roots and silage) and maize
grains for ruminants and pigs. Arch Anim Nutrit 54:197-207
Bonny S (2008) Genetically modified glyphosate-tolerant soybean in the USA: adoption factors,
impacts and prospects: a review. Agron Sustain Dev 28:21-32
Borggaard OK, Gimsing AL (2008) Fate of glyphosate in soil and the possibility of leaching to
ground and surface waters: a review. Pest Manag Sci 64:441-456
Bott S, Tesfamariam T, Candan H, Cakamak I, Romheld V, Neumann G (2008) Glyphosateinduced impairment of plant growth and micronutient status in glyphosate-resistant soybean
{Glycine max L.). Plant Soil 312:185-194
Bradley KW, Sweets LE (2008) Influence of glyphosate and fungicide coapplications on weed
control, spray penetration, soybean response, and yield in glyphosate-resistant soybean.
Agron J 100:1360-1365

158

S.O. Duke and A.L. Cerdeira

Bradshaw LD, Padgette SR, Kimball SL, Wells BH (1997) Perspectives on glyphosate resistance.
Weed Technol 11:189-198
Brake BG, Evenson DP (2004) A generational study of glyphosate-tolerant soybeans on mouse
fetal, postnatal, pubertal and adult testicular development. Food Chem Toxicol 42:29-36
Brimner TA, Gallivan GJ, Stephenson GR (2005) Influence of herbicide-resistant canola on the
environmental impact of weed management. Pest Manag Sci 61:47-52
Brookes G, Barfoot P (2006) Global impact of biotech crops: Socio-economic and environmental
effects in the first ten years of commercial use. AgBioForum 9:139-151
Brown J, Brown A (1996) Gene transfer between canola (Brassica napus L. and B. campestris L.)
and related species. Ann Appl Biol 129:555-560
Brown PB, Wilson KA, Jonker Y, Nickson TE (2003) Glyphosate tolerant canola meal is
equivalent to the parental line in diets fed to rainbow trout. J Agri Food Chem 51:4268^272
Buchanan-Wollaston V, Snape A, Cannon F (1992) A plant selective marker gene based on the
detoxification of the herbicide dalapon. Plant Cell Rep 11:627-631
Canola Council of Canada (2001) An agronomic and economic assessment of transgenic canola.
http://www.canola-council.org/
Castle LA, Siehl DL, Gorton R, Patten PA, Chen YH, Cho BS, H-J DN, Wong J, Liu D, Lassner
MW (2004) Discovery and directed evolution of a glyphosate tolerance gene. Science
304:1151-1154
Cedergreen N (2008) Is the growth stimulation by low doses of glyphosate sustained over time?
Environ Poll 156:1099-1104
Cedergreen N, Streibig JC, Kudsk P, Mathiassen SK, Duke SO (2007) The occurrence of hormesis
in plants and algae. Dose-Response 5:150-162
Cellini F, Chesson A, Colquhoun I, Constable A, Davies HV, Engel KH, Gatehouse AMR,
Kaerenlampi S, Kok EJ, Leguay JJ, Lehesranta S, Noteborn HPJM, Pedersen J, Smith M
(2004) Unintended effects and their detection in genetically modified crops. Food Chem
Toxicol 42:1089-1125
Cerdeira AL, Duke SO (2006) The current status and environmental impacts of glyphosateresistant crops: a review. J Environ Qual 35:1633-1658
Cerdeira AL, Duke SO (2007) Environmental impacts of transgenic herbicide-resistant crops.
CAB Rev: Perspectives in Agri Vet Sci Nutri Nat Res 2:#033, pp, 14, http://www.cabi.org/
cabreviews/default.aspx?LoadModule=Review&ReviewID=31919167&page= 1178
Cerdeira AL, Gazziero DLP, Duke SO, Matallo MB, Spadoto CA (2007) Review of potential
environmental impacts of transgenic glyphosate-resistant soybean in Brazil. J Environ Sci
Health, Part B: Pest Food Contam Agri Wastes 42:539-549
Chang HS, Kim NH, Park MJ, Lim SK, Kim SC, Kim JY, Kim JA, Oh HY, Lee CH, Huh K,
Jeong TC, Nam DH (2003) The 5-enolpyruvylshikimate-3-phosphate synthase of glyphosatetolerant soybean expressed in Escherichia coli shows no severe allergenicity. Mol Cell 15:20-26
Clewis SB, Wilcut JW (2007) Economic assessment of weed management in strip- and conventional-tillage nontransgenic and transgenic cotton. Weed Technol 21:45-52
Combs DK, Hartnell GF (2008) Alfalfa containing the glyphosate-tolerant trait has no effect on
feed intake, milk composition, or milk production of dairy cattle. J Dairy Sci 91:673-678
Coupland D, Caseley JC (1979) Presence of 14C activity in root exudates and guttation fluid from
Agropyron repens treated with 14C-labeled glyphosate. New Phytol 83:17-22
Cromwell GL, Lindemann MD, Randolph JH, Parker GR, Coffey RD, Laurent KM, Armstrong
CL, Mikel WB, Stanisiewski EP, Hartnell GF (2002) Soybean meal from Roundup Ready or
conventional soybeans in diets for growing-finishing swine. J Anim Sci 80:708-715
Cromwell GL, Henry BJ, Scott AL, Gerngross MF, Dusek DL, Fletcher DW (2005) Glufosinate
herbicide-tolerant (LibertyLink) rice vs. conventional rice in diets for growing-finishing swine.
J Anim Sci 83:1068-1074
Daenicke R, Aulrich K, Flachowsky G (2000) Investigations on the nutritional value of sugar
beets and sugar beet leaf silage of isogenic and transgenic plants for muttons. VDLUFASchriftenreihe 55:84-86

3 Transgenic Crops for Herbicide Resistance

159

Dale PJ, Clarke B, Fontes EMG (2002) Potential for the environmental impact of transgenic crops.
Nat Biotechnol 20:567-574
Darmency H, Vigouroux Y, De Garambe T, Gestat R-MM, Muchembled C (2007) Transgene
escape in sugar beet production fields: data from six years farm scale monitoring. Environ
Biosaf Res 6:197-206
Devine MD (2005) Why are there not more herbicide-tolerant crops? Pest Manag Sci 61:312-317
Devine MD, Duke SO, Fedtke K (1993) Physiology of herbicide action. PTR Prentiss-Hall,
Englewood Cliffs, NJ, USA, p 441
Devos Y, Reheul D, De Schrijver A, Cors F, Moens W (2005) Management of herbicide-tolerant
oilseed rape in Europe: a case study on minimizing vertical gene flow. Environ Biosaf Res
3:135-148
Devos Y, Cougnon M, Vergucht S, Bulcke R, Haesaert G, Steurbaut W, Reheul D (2008)
Environmental impact of herbicide regimes used with genetically modified herbicide-resistant
maize. Transgen Res 17:1059-1077
Dick RE, Quinn JP (1995) Glyphosate-degrading isolates from environmental samples: occurrence and pathways of degradation. Appl Microbiol Biotechnol 43:545-550
Dill GM (2005) Glyphosate-resistant crops: history, status and future. Pest Manag Sci 61:219-224
Dill GM, CaJacob CA, Padgette SR (2008) Glyphosate-resistant crops: adoption, use and future
considerations. Pest Manag Sci 64:326-331
Dinelli G, Marotti I, Bonetti A, Catizone P, Urbano JM, Barnes J (2008) Physiological and
molecular bases of glyphosate resistance in Conyza bonariensis biotypes from Spain. Weed
Res 48:257-265
Donkin SS, Velez JC, Totten AK, Stanisiewski EP, Hartnell GF (2003) Effects of feeding silage
and grain from glyphosate-tolerant or insect-protected corn hybrids on feed intake, ruminal
digestion, and milk production in dairy cattle. J Dairy Sci 86:1780-1788
Duke SO (1988) Glyphosate. In: Kearney PC, Kaufman DD (eds) Herbicides - chemistry, degradation and mode of action, vol III. Marcel Dekker, New York, USA, pp 1-70
Duke SO (ed) (1996) Herbicide-resistant crops. CRC Press, USA, p 420
Duke SO (2003) Weeding with transgenes. Trends Biotechnol 21:192-195
Duke SO (2005) Taking stock of herbicide-resistant crops ten years after introduction. Pest Manag
Sci61:211-218
Duke SO (2006) The use of transgenes for weed management. J Plant Dis Protect 20:3-10 Spl Iss
Duke SO, Cerdeira AL (2005) Potential environmental impacts of herbicide-resistant crops. In:
Collection of biosafety reviews, vol 2. International Centre for Genetic Engineering and
Biotechnology, Trieste, Italy, pp. 66-143
Duke SO, Powles SB (2008a) Editorial: glyphosate-resistant weeds and crops. Pest Manag Sci
64:317-318
Duke SO, Powles SB (2008b) Glyphosate: a once in a century herbicide. Pest Manag Sci
64:319-325
Duke SO, Holt JS, Hess FD, Christy AL (1991) Herbicide-resistant crops. Comments from CAST,
No 1999-1, Council for Agricultural Science and Technology, Ames, IA, USA, p. 24
Duke SO, Baerson SR, Rimando, AM (2003a) Herbicides: glyphosate. In: Plimmer JR, Gammon
DW, Ragsdale NN (eds) Encyclopedia of agrochemicals. John Wiley, New York, USA
http://www.mrw.interscience.wiley.com/eoa/articles/agrll9/frame.html
Duke SO, Rimando AM, Pace PF, Reddy KN, Smeda RJ (2003b) Isoflavone, glyphosate, and
aminomethylphosphonic acid levels in seeds of glyphosate-treated, glyphosate-resistant
soybean. J Agri Food Chem 51:340-344
Duke SO, Cedergreen N, Velini ED, Belz RG (2006) Hormesis: Is it an important factor in
herbicide use and allelopathy. Outlooks Pest Manag 17:29-33
Duke SO, Wedge DE, Cerdeira AL, Matallo MB (2007) Interactions of synthetic herbicides with
plant disease and microbial herbicides. In: Vurro M, Gressel J (eds) Novel Biotechnologies for
Biocontrol Agent Enhancement and Management. Springer, Dordrecht, The Netherlands,
pp 277-296

160

S.O. Duke and A.L. Cerdeira

Dunfield KE, Germida JJ (2004) Impact of genetically modified crops on soil- and plant-associated
microbial communities. J Environ Qual 33:806-815
Ebert E, Leist KH, Mayer D (1990) Summary of safety evaluation toxicity studies of glufosinate
ammonium. Food Chem Toxicol 28:339-349
Erickson GE, Robbins ND, Simon JJ, Berger LL, Klopfenstein TJ, Stanisiewski EP, Hartnell GF
(2003) Effect of feeding glyphosate-tolerant (Roundup-Ready events GA21 or nk603) corn
compared with reference hybrids on feedlot steer performance and carcass characteristics.
J Anim Sci 81:2600-2608
Feng PCC, Baley GJ, Clinton WP, Bunkers GJ, Alibhai MF, Paulitz TC, Kidwell KK (2005)
Glyphosate inhibits rust diseases in glyphosate-resistant wheat and soybean. Proc Natl Acad
Sci USA 102:17290-17295
Feng PCC, Clark C, Andrade GC, Balbi MC, Caldwell P (2008) The control of Asian rust by
glyphosate-resistant soybeans. Pest Manag Sci 64:353-359
Gardner JG, Nelson GC (2008) Herbicides, glyphosate resistance and acute mammalian toxicity:
simulating an environmental effect of glyphosate-resistant weeds in the USA. Pest Manag Sci
64:470-478
Gianessi LP (2005) Economic and herbicide use impacts of glyphosate-resistant crops. Pest Manag
Sci 61:241-245
Gianessi LP (2008) Economic impacts of glyphosate-resistant crops. Pest Manag Sci 64:346-352
Giesy JP, Dobson S, Solomon KR (2000) Ecotoxicological risk assessment for Roundup herbicide.
Rev Environ Contam Toxicol 167:35-120
Giovannetti M (2003) The ecological risks of transgenic plants. Rivista Biol 96:207-223
Goldberg RJ, Rissler J, Shand H, Hassebrook C (1990) Biotechnology's Bitter Harvest: Herbicidetolerant crops and the threat to sustainable agriculture. Environental Defense Fund, New York,
USA 73 p
Grant RJ, Fanning KC, Kleinschmit D, Stanisiewski EP, Hartnell GF (2003) Influence of glyphosate-tolerant (event nk603) and corn rootworm protected (event MON863) corn silage and
grain on feed consumption and milk production in Holstein cattle. J Dairy Sci 86:1707-1715
Green JM, Hazel CB, Forney DR, Pugh LM (2008) New multiple-herbicide crop resistance and
formulation technology to augment the utility of glyphosate. Pest Manag Sci 64:332-339
Gressel J (2002) Molecular biology of weed control. Taylor & Francis, London, UK, p 504
Gressel J, Al-Ahmad H (2004) Methods and transgenic plants for mitigating introgression of
genetically engineered genetic traits from crop plants into related species. US Patent Appl Publ
US Der No 889 737, abandoned App US 2004-774 388 20040210
Gustafson DI (2008) Sustainable use of glyphosate in North American cropping systems. Pest
Manag Sci 64:409-416
Hack R, Ebert E, Ehling G, Leist KH (1994) Glufosinate ammonium-some aspects of its mode of
action in mammals. Food Chem Toxicol 32:461-470
Hall L, Topinka K, Huffman J, Davis L, Good A (2000) Pollen flow between herbicide-resistant
B. napus volunteers. Weed Sci 48:688-694
Hammond BG, Vicini JL, Hartnell GF, Naylor MW, Knight CD, Robinson EH, Fuchs RL,
Padgette SR (1996) The feeding value of soybeans fed to rats, chickens, catfish and dairy
cattle is not altered by genetic incorporation of glyphosate tolerance. J Nutri 126:717-727
Hammond B, Dudek R, Lemen J, Nemeth M (2004) Results of a 13 week safety assurance study
with rats fed grain from glyphosate tolerant corn. Food Chem Toxicol 42:1003-1014
Harrison LA, Bailey MR, Naylor MW, Ream JE, Hammond BG, Nida DL, Burnette BL, Nickson
TE, Mitsky TA, Taylor TA, Fuchs RL, Padgette SR (1996) The expressed protein in glyphosate-tolerant soybean, 5-enolpyruvylshikimate-3-phosphase synthase from Agrobacterium sp.
strain CP4 is rapidly digested in vitro and is not toxic to acutely gavaged mice. J Nutr
126:728-740
Hartnell GF, Hvelplund T, Weisbjerg MR (2005) Nutrient digestibility in sheep fed diets containing Roundup Ready or conventional fodder beet, sugar beet, and beet pulp. J Anim Sci
83:400-407

3 Transgenic Crops for Herbicide Resistance

161

Healy C, Hammond B, Kirkpatrick J (2008) Results of a 13-week safety assurance study with rats
fed grain from corn rootworm-protected, glyphosate -tolerant MON 88017 corn. Food Chem
Toxicol 46:2517-2524
Heap IM (1997) The occurrence of herbicide-resistant weeds worldwide. Pest Sci 51:235-243
Heap IM (2008) International survey of herbicide resistant weeds, http://www.weedscience.org/
In. asp
Herman PL, Behrens M, Chakraborty S, Chrastil BM, Barycki J, Weeks DP (2005) A threecomponent dicamba O-demethylase from Pseudomonas maltophilia, Strain DI-6: gene isolation, characterization, and heterologous expression. J Biol Chem 280:24759-24767
Herouet C, Esdaile DJ, Mallyon BA, Debruyne E, Schulz A, Currier T, Hendrickx K, van der Klis
R-J, Rouan D (2005) Safety evaluation of the phosphinothricin acetyltransferase proteins
encoded by the pat and bar sequences that confer tolerance to glufosinate-ammonium herbicide
in transgenic plants. Regul Toxicol Pharmacol 41:134-149
Hoagland RE (1980) Effects of glyphosate on metabolism of phenolic compounds: VI. Effects of
glyphosine and glyphosate metabolites on phenylalanine ammonia-lyase activity, growth, and
protein, chlorophyll, and anthocyanin levels in soybean (Glycine max) seedlings. Weed Sci
28:393-400
Hyun Y, Bressner GE, Ellis M, Lewis AJ, Fischer R, Stanisiewski EP, Hartnell GF (2004) Performance of growing-finishing pigs fed diets containing Roundup Ready corn (event nk603), a
nontransgenic genetically similar corn, or conventional corn lines. J Anim Sci 82:571-580
Ipharraguerre IR, Younker RS, Clark JH, Stanisiewski EP, Hartnell GF (2003) Performance of
lactating dairy cows fed corn as whole plant silage and grain produced from a glyphosatetolerant hybrid (event NK603). J Dairy Sci 86:1734-1741
Jakobsen I, Smith SE, Smith FA (2002) Function and diversity of arbuscular mycorrhizae in
carbon and mineral nutrition. In: van der Heijden MGA, Sanders IR (eds) Mycorrhizal
Ecology. Springer, Berlin, pp 75-92
James C (2008) International service for the acquisition of agri-biotech applications. http://www.
isaaa.org/resources/publications/briefs/37/pptslides/Brief37slides.pdf
Jennings JC, Kolwyck DC, Kays SB, Whetsell AJ, Surber JB, Cromwell GL (2003) Determining
whether transgenic and endogenous plant DNA and transgenic protein are detectable in muscle
from swine fed Roundup Ready soybean meal. J Anim Sci 81:1447-1455
Jepson I, Martinez A, Sweetman JP (1998) Chemical-inducible gene expression systems for plants
- a review. Pest Sci 54:360-367
Jolley VD, Hansen NC, Shiffer AK (2004) Nutritional and management related interactions with
iron-deficiency stress response mechanisms. Soil Sci Plant Nutr 50:973-981
Kim YT, Kim SE, Park KD, Kang TH, Lee YM, Lee SH, Moon JS, Kim SU (2005) Investigation
of possible gene transfer from leaf tissue of transgenic potato to soil bacteria. J Microbiol
Biotechnol 15:1130-1134
Kishore GM, Jacob GS (1987) Degradation of glyphosate by Pseudomonas sp. PG2982 via a
sarcosine intermediate. J Biol Chem 262:12164-12168
Kleter GA, Bhula R, Bodnaruk K, Carazo E, Felso AS, Harris CA, Katayama A, Kuiper HA,
Racke KD, Rubin B, Shevah Y, Stephenson GR, Tanaka K, Unsworth J, Wauchope RD, Wong
S-S (2007) Altered pesticide use on transgenic crops and the associated general impact from an
environmental perspective. Pest Manag Sci 64:479^188
Kleter GA, Harris C, Stephenson G, Unsworth J (2008) Comparison of herbicide regimes and the
associated potential effects of glypyosate-resistant crops versus what they replace in Europe.
Pest Manag Sci 64:479-488
Koch HJ, Pringas C, Scherer J (2003) Conservation tillage for sustainable sugarbeet production in
Germany - environmental and phytopathological aspects. Zuckerindustrie 128:810-813
Konig A, Cockburn A, Crevel RWR, Debruyne E, Grafstroem R, Hammerling U, Kimber I,
Knudsen I, Kuiper HA, Peijnenburg AACM, Penninks AH, Poulsen M, Schauzu M, Wal JM
(2004) Assessment of the safety of foods derived from genetically modified (GM) crops. Food
Chem Toxicol 42:1047-1088

162

S.O. Duke and A.L. Cerdeira

Kremer RJ, Means NE, Kim S (2005) Glyphosate affects soybean root exudation and rhizosphere
microorganisms. Int J Environ Anal Chem 85:1165-1174
Kuiper HA, Noteborn HPJM, Kok EJ, Kleter GA (2002) Safety aspects of novel food. Food Res Int
35:267-271
Laitinen P, Ramo S, Siimes K (2007) Glyphosate translocation from plants to soil - does this
constitute a significant proportion of residues in soil? Plant Soil 300:51-60
Lappe MA, Bailey EB, Childress C, Setchell KDR (1999) Alterations in clinically important phytoestrogens in genetically modified, herbicide-tolerant soybeans. J Med Food
1:241-245
Larson RL, Hill AL, Fenwick A, Kniss AR, Hanson LE, Miller SD (2005) Influence of glyphosate
on Rhizoctonia and Fusarium root rot in sugar beet. Pest Manag Sci 62:1182-1192
Lee CD, Penner D, Hammerschmidt R (2003) Influence of formulated glyphosate and activator
adjuvants on Schlerotinia schlerotiorum in glyhphosate-resistant and susceptible Glycine max.
Weed Sci 48:710-715
Lee CD, RennerKA, Penner D, Hammerschmidt R, Kelly JD (2005) Glyphosate-resistant soybean
management system effect on Scleroinia stem rot. Weed Technol 19:580-588
Levy-Booth DJ, Campbell RG, Gulden RH, Hart M, Powell JR, Klironomos JN, Pauls KP,
Swanton CJ, Trevors JT, Dunfield KE (2008) Real-time polymerase chain reaction monitoring
of recombinant DNA entry into soil from decomposing Roundup Ready leaf biomass. J Agri
Food Chem 56:6339-6347
Li X, Nicholl D (2005) Development of PPO inhibitor-resistant cultures and crops. Pest Manag Sci
61:277-285
Liu C-M, McLean PA, Sookdeo CC, Cannon FC (1991) Degradation of the herbicide glyphosate
by members of the family Rhizobiaceae. Appl Environ Microbiol 57:1799-1804
Llewellyn D, Last D (1996) Genetic engineering of crops for tolerance to 2,4-D. In: Duke SO (ed)
Herbicide-Resistant Crops. CRC Press, Boca Raton, Florida, USA, pp 159-174
Locke MA, Zablotowicz RM, Reddy KN (2008) Integrating soil conservation practices and
glyphosate-resistant crops: impacts on soil. Pest Manag Sci 64:457-469
Lorenzatti E, Maitre MI, Argelia L, Lajmanovich R, Peltzer P, Anglada M (2004) Pesticide
residues in immature soybeans of Argentina croplands. Fresenius Environ Bull 13:675-678
Lydon J, Duke SO (1999) Inhibitors of glutamine biosynthesis. In: Singh BK (ed) Plant Amino
Acids: Biochemistry and Biotechnology. Marcel Dekker, New York, USA, pp 4 4 5 ^ 6 4
Malarkey T (2003) Human heath concerns with GM crops. Mut Res 544:217-221
Mallory-Smith C, Zapiola M (2008) Gene flow from glyphosate-resistant crops. Pest Manag Sci
64:428-440
Mamy L, Barriuso E (2005) Glyphosate adsorption in soils compared to herbicides replaced with
the introduction of glyphosate resistant crops. Chemosphere 61:844-855
Mamy L, Barriuso E, Gabrielle B (2005) Environmental fate of herbicides trifluralin, metazachlor,
metamitron and sulcotrione compared with that of glyphosate, a substitute broad spectrum
herbicide for different glyphosate-resistant crops. Pest Manag Sci 61:905-916
Mamy L, Gabrielle B, Barriuso E (2008) Measurement and modeling of glyphosate fate compared
with that of herbicides replaced as a result of the introduction of glyphosate-resistant oilseed
rape. Pest Manag Sci 64:262-275
Matringe M, Sailland A, Pelissier B, Roland A, Zind O (2005) p-Hydroxyphenylpyruvate dioxygenase inhibitor-resistant plants. Pest Manag Sci 61:269-276
McClean GD, Evans G (eds) (1995) Herbicide-resistant crops and pastures in australian farming
systems. Bureau of Resource Sciences, Australia, p 294
McNaughton J, Roberts M, Smith B, Rice D, Hinds M, Schmidt J, Locke M, Brink K, Rood T,
Layton R, Lamb I, Delaney B (2007) Comparison of broiler performance when fed diets
containing event DP-356043-5 (Optimum GAT), nontransgenic near-isoline control or commercial soybean meal, hulls, and oil. Poult Sci 86:2569-2581
Means NE, Kremer RJ (2007) Influence of soil moisture on root colonization of glyphosate-treated
soybean by Fusarium species. Commun Soil Sci Plant Anal 38:1713-1720

3 Transgenic Crops for Herbicide Resistance

163

Means NE, Kremer RJ, Ramsier C (2007) Effects of glyphosate and foliar amendments on activity
of microorganisms in the soybean rhizosphere. J Environ Sci Health, Part B: Pest Food Contam
Agri Wastes 42:125-132
Moorman TB, Becerril JM, Lydon JM, Duke SO (1992) Production of hydroxybenzoic acids by
Bradyrhizobium japonicum strains after treatment with glyphosate. J Agri Food Chem
40:289-293
Nail EL, Young DL, Schillinger WF (2006) Diesel and glyphosate price changes benefit the
economics of conservation tillage versus traditional tillage. Soil Till Res 94:321-327
Nandula VK, Reddy KN, Rimando AM, Duke SO, Poston DH (2007) Glyphosate-resistant and
-susceptible soybean (Glycine max) and canola (Brassica napus) dose response and
metabolism relationships with glyphosate. J Agri Food Chem 55:3540-3545
Nelson DS, Bullock GC (2003) Simulating a relative environmental effect of glyphosate-resistant
soybeans. Ecol Econ 45:273-278
Nelson KA, Renner KA, Hammerschmidt R (2002) Cultivar and herbicide selection affects
soybean development and incidence of Sclerotinia stem rot. Agron J 94:1270-1281
Neve P (2008) Simulation modeling to understand the evolution and management of glyphosate
resistance in weeds. Pest Manag Sci 64:392-401
Nida DL, Patzer S, Harvey P, Stipanovic R, Wood R, Fuchs RL (1996) Glyphosate-tolerant cotton:
The composition of the cottonseed is equivalent to that of conventional cottonseed. J Agri Food
Chem 44:1967-1974
Nielsen KM, Townsend JP (2004) Monitoring and modeling horizontal gene transfer. Nat Biotechnol 22:1110-1114
Nijiti VN, Myers O, Schroeder D, Lightfoot DA (2003) Roundup Ready soybean: glyphosate
effects on Fusarium solani root colonization and sudden death syndrome. Agron J
95:1140-1145
Obert JC, Ridley WP, Schneider RW, Riordan SG, Nemeth MA, Trujillo WA, Breeze ML, Sorbet
R, Astwood JD (2004) The composition of grain and forage from glyphosate tolerant wheat
MON 71800 is equivalent to that of conventional wheat (Triticum aestivum L.). J Agri Food
Chem 52:1375-1384
Oliver MJ, Quisenberry JE, Trolinder NLG, Keim DL (1998) Regeneration of genetically modified whole plant from plant cell transfected with DNA sequence comprising regulatory
regions and genes for phenotype-regulating protein, recombinase, and genetic repressor. US
Patent 283 604
Owen MDK (2008) Weed species shifts in glyphosate-resistant crops. Pest Manag Sci 64:377-387
Ozturk L, Yazici A, Eker S, Gokmen O, Romheld V, Cakmak I (2007) Glyphosate inhibition of
ferric reductase activity in iron deficient sunflower roots. New Phytol 177:899-906
Padgette SR, Taylor NB, Nida DL, Bailey MR, MacDonald J, Holden LR, Fuchs RL (1996)
The composition of glyphosate-tolerant soybean seeds is equivalent to that of conventional
soybeans. J Agri Food Chem 126:702-716
Pankey JH, Griffin JL, Colyer PD, Schneider W, Miller DK (2005) Preemergence herbicide
and glyphosate effects on seedling disease in glyphosate-resistant cotton. Weed Technol
19:312-318
Penna JA, Lema D (2003) Adoption of herbicide tolerant soybeans in Argentina: an economic
analysis. In: Kalaitzandonakes N (ed) Economic and environmental impacts of agrotechnology. Kluwer-Plenum Publ, New York, USA, pp 203-220
Perez-Jones A, Park K-W, Polge N, Colquhoun J, Mallory-Smith CA (2007) Investigating the
mechanisms of glyphosate resistance in Lolium multiflorum. Planta 226:395-404
Pline WA, Wilcut JW, Duke SO, Edmisten KL, Wells R (2002a) Tolerance and accumulation of
shikimic acid in response to glyphosate applications in glyphosate-resistant and conventional
cotton (Gossypium hirsutum L.). J Agri Food Chem 50:506-512
Pline WA, Viator R, Wilcut JW, Edmisten KL, Thomas J, Wells R (2002b) Reproductive
abnormalities in glyphosate-resistant cotton caused by lower CP4-EPSPS levels in the male
reproductive tissue. Weed Sci 50:438-447

164

S.O. Duke and A.L. Cerdeira

Pline-Srnic W (2005) Technical performance of some commercial glyphosate-resistant crops. Pest
Manag Sci 61:225-234
Powell JR, Swanton CJ (2008) A critique of studies evaluating glyphosate effects on diseases
associated with Fusarium spp. Weed Res 48:307-318
Powell RG, Plattner RD, Suffness M (1990) Occurrence of sesbanimide in seeds of toxic Sesbania
species. Weed Sci 38:148-152
Powles SB (2008a) Evolved glyphosate-resistant weeds around the world: lessons to be learnt. Pest
Manag Sci 64:360-365
Powles SB (2008b) Evolution in action: glyphosate-resistant weeds threaten world crops. Outlooks
Pest Manag 16:256-259
Preston C, Wakelin AM (2008) Resistance to glyphosate from altered translocation patterns. Pest
Manag Sci 64:372-376
Reddy KN (2004) Weed control and species shift in bromoxynil- and glyphosate-resistant cotton
(Gossypium hirsutum) rotation systems. Weed Technol 18:131-139
Reddy KN, Zablotowicz RM (2003) Glyphosate-resistant soybean response to various salts of
glyphosate and glyphosate accumulation in soybean nodules. Weed Sci 51:496-502
Reddy KN, Duke SO, Rimando AM (2004) Aminomethylphosphonic acid, a metabolite of
glyphosate, causes injury in glyphosate-treated, glyphosate-resistant soybean. J Agri Food
Chem 52:5139-5143
Reddy KN, Abbas HK, Zablotowicz RM, Abel CA, Koger CH (2007) Mycotoxin occurrence and
Aspergillus flavus soil propagules in a corn and cotton glyphosate-resistant cropping systems.
Food Additives Contaminants 24:1367-1373
Reddy KN, Rimando AM, Duke SO, Nandula VK (2008) Aminomethylphosphonic acid accumulation in plant species treated with glyphosate. J Agri Food Chem 56:2125-2130
Reiger MA, Lamond M, Preston C, Powles SB, Roush RT (2002) Pollen-mediated movement of
herbicide resistance between commercial canola fields. Science 296:2386-2388
Ridley WP, Sidhu RS, Pyla PD, Nemeth MA, Breeze ML, Astwood JD (2002) Comparison of the
nutritional profile of glyphosate-tolerant corn event NK603 with that of conventional corn (Zea
mays L.). J Agri Food Chem 50:7235-7243
Ruhland M, Engelhardt G, Pawlizki K (2004) Distribution and metabolism of D/L, L- and
D-glufosinate in transgenic, glufosinate-tolerant crops of maize (Zea mays L. spp. mays) and
oilseed rape {Brassica napus L. var. napus) (dagger). Pest Manag Sci 60:691-696
Saji H, Nakajim N, Aono M, Tamaoki M, Kubo A, Wakiyama S, Hatase Y, Nagatsu M (2005)
Monitoring the escape of transgenic oilseed rape around Japanese ports and roadsides. Environ
Biosaf Res 4:217-222
Sandmann G, Misawa N, Boger P (1996) Steps toward genetic engineering of crops resistant
against bleaching herbicides. In: Duke SO (ed) Herbicide-resistant Crops. CRC Press, USA,
pp 189-200
Sankula S (2006) Quantification of the impacts on U.S. agriculture of biotechnology-derived crops
planted in 2005 national center for food and agricultural policy. Washington, USA 110 p
Sanogo S, Yang XB, Lundeen P (2001) Field response of glyphosate-tolerant soybean to herbicides and sudden death syndrome. Plant Dis 85:773-779
Schabenberger O, Kells JJ, Penner D (1999) Statistical tests for hormesis and effective dosage in
herbicide dose-response. Agron J 91:713-721
Scheffler JS, Dale PJ (1994) Opportunities for gene transfer from transgenic oilseed rape (Brassica
napus) to related species. Transgen Res 3:263-278
Schonherr J, Schreiber L (2004) Interactions of calcium ions with weakly acidic active ingredients
slow cuticular penetration: a case study with glyphosate. J Agri Food Chem 52:6546-6551
Sen Gupta A, Heinen JL, Holaday AS, Burke JJ, Allen RD (1993) Increased resistance to oxidative
stress in transgenic plants that overexpress chloroplast Cu/Zn superoxide dismutase. Proc Natl
Acad Sci USA 90:1629-1633
Shaw DR, Bray CS (2003) Foreign material and seed moisture in glyphosate-resistant and
conventional soybean systems. Weed Technol 17:389-393

3 Transgenic Crops for Herbicide Resistance

165

Shiptalo MJ, Malone RW, Owens LB (2008) Impact of glyphosate-tolerant soybean and glufosinate tolerant corn production on herbicides losses in surface runoff. J Environ Qual 37:401^-08
Shivrain VK, Burgos NR, Anders MM, Rajguru SN, Moore J, Sales MA (2007) Gene flow
between Clearfield rice and red rice. Crop Protect 26:349-356
Shukla MK, Lai R, Ebinger M (2003) Tillage effects on physical and hydrobiological properties of
a Typic Argiaquoll in central Ohio. Soil Sci 168:802-811
Sidhu RS, Hammond BG, Fuchs RL, Mutz JN, Holden LR, George B, Olson T (2000) Glyphosatetolerant corn: the composition and feeding value of grain from glyphosate-tolerant corn is
equivalent to that of conventional corn (Zea mays L.). J Agri Food Chem 48:2305-2312
Siehl DL, Castle LA, Gorton R, Chen YH, Bertain S, Cho H-J, Keenan R, Liu D, Lassner MW
(2005) Evolution of a microbial acetyltransferase for modification of glyphosate: a novel
tolerance strategy. Pest Manag Sci 61:235-240
Siehl DL, Castle LA, Gorton R, Keenan RJ (2007) The molecular basis of glyphosate resistance by
an optimized microbial acetyltransferase. J Biol Chem 282:11446-11455
Simonsen L, Fomsgaard IS, Svensmark B, Spliid NH (2008) Fate and availability of glyphosate
and AMPA in agricultural soil. J Environ Sci Health, Part B: Pesticides Food Contaminants
Agri Wastes 43:365-375
Simpson DM, Wright TR, Chambers RS, Peterson MA, Cui C, Robinson AE, Richburg JS, Ruen
DC, Ferguson S, Maddy BE, Schreder EF (2008) Dow AgroSciences herbicide tolerance traits
in corn and soybean. Proc N Central Weed Sci Soc, Champaign, IL, USA
Soltani N, Shropshire C, Sikkema PH (2006) Control of volunteer glyphosate-tolerant maize (Zea
mays) in glyphosate-tolerant soybean (Glycine max). Crop Protect 25:178-181
Stalker DM, Kiser JA, Baldwin G, Coulombe B, Houck CM (1996) Cotton weed control using the
BXN™ system. In: Duke SO (ed) Herbicide-resistant crops. CRC Press, Boca Raton, FL,
pp 93-105
Stella J, Ryan M (2004) Glyphosate herbicide formulation: A potentially lethal ingestion. Emerg
Med Australas 16:235-239
Sten E, Skov PS, Anderson SV, Torp AM, Olesen A, Bindlsley-Jensen U, Poulsen LK, BindsleyJensen C (2004) A comparative study of the allergenic potency of wild-type and glyphosatetolerant gene-modified soybean cultivars. Acta Pathologica Microbiologica Immunologica
Scandinavica 112:21-28
Streber WR, Kutschka U, Thomas F, Pohlenz H-D (1994) Expression of a bacterial gene in transgenic plants confers resistance to the herbicide phenmedipham. Plant Mol Biol 25:977-987
Surov T, Aviv D, Aly R, Joel DM, Goldman-Guez T, Gressel J (1998) Generation of transgenic
asumlam-resistant potatoes to facilitate eradications of parasitic broomrapes (Orobanche spp.)
with the sul gene as the selectable marker. Theor Appl Genet 96:132-137
Tan S, Evans RR, Dahmer ML, Singh BK, Shaner DL (2005) Imidazolinone-tolerant crops:
history, current status and future. Pest Manag Sci 61:246-257
Taylor ML, Stanisiewski EP, Riordan SG, Nemeth MA, George B, Hartnell GF (2004) Comparison of broiler performance when fed diets containing Roundup Ready (event RT73), nontransgenic control, or commercial canola meal. Poultry Sci 83:456-461
Taylor M, Hartnell G, Lucas D, Davis S, Nemeth M (2007) Comparison of broiler performance and carcass parameters when fed diets containing soybean meal produced from
glyphosate -tolerant (MON 89788), control, or conventional reference soybeans. Poult Sci
86:2608-2614
Teshima R, Akiyama H, Okunuki H, Sakushima J, Goda Y, Onodera H, Sawada J, Toyoda M
(2000) Effect of GM and non-GM soybeans on the immune system of BN rats and B10A mice.
Shokuhin Eiseigaku Zasshi 41:188-193
Thomas WE, Pline-Srnic WA, Thomas JF, Edmisten KL, Wells R, Wilcut JW (2004) Glyphosate
negatively affects pollen viability but not pollination and seed set in glyposate-resistant corn.
Weed Sci 52:725-734
Tutel'ian VA, Aksiuk IN, Sorokina EI, Aleshko-Ozhevskii IP, Gapparov MM, Zhminchenko VM,
Kodentsova VM, Nikol'skaia GV (2001) Medical and biological assessment of genetically

166

S.O. Duke and A.L. Cerdeira

modified corn line MON 810 resistant to European corn borer and line GA 21 resistant to
glyphosate: a chemical study. Voprosy Pitaniia 70:25-27
Valverde BE (2007) Status and management of grass-weed herbicide resistance in Latin America.
Weed Technol 21:310-323
Vande Berg BJ, Hammer PE, Chun BL, Schouten LC, Carr B, Guo R, Peters C, Hinson TK,
Beilinson V, Shekita A, Deter R, Chen Z, Samoylov V, Bryant CT, Stauffer ME, Eberle T,
Moellenbeck DJ, Carozzi NB, Koziel MG, Duck NB (2008) Characterization and plant
expression of glyphosate-tolerant enolpyruvylshikimate phosphate synthase. Pest Manag Sci
64:340-345
Vasil IK (1996) Phosphinothricin-resistant crops. In: Duke SO (ed) Herbicide-resistant crops.
CRC Press, Boca Raton, FL, pp 85-91
Velini ED, Alves E, Godoy MC, Meschede DK, Souza RT, Duke SO (2008) Glyphosate applied at
low doses can stimulate plant growth. Pest Manag Sci 64:489-496
Vencill WK (ed) (2002) Herbicide Handbook, 8th edn. Weed Science Society of America,
USA, p 493
Vermij P (2006) Liberty Link rice raises specter of tightened regulations. Nat Biotechnol
24:1301-1302
Vila-Aiub MM, Vidal RA, Balbi MC, Gundel PE, Trucco F, Ghersa CM (2008) Glyphosateresistant weeds of South American cropping systems. Pest Manag Sci 64:366-371
Wagner R, Kogan M, Parada AM (2003) Phytotoxic activity of root absorbed glyphosate in corn
seedlings (Zea mays L.). Weed Biol Manag 3:228-232
Wakelin AM, Preston C (2006) A target-site mutation is present in a glyphosate-resistant Lolium
rigidum population. Weed Res 46:703-705
_
Warwick SI, Legere A, Simard M-J, James T (2008) Do escaped transgenes persist in nature? the
case of an herbicide resistant transgene in a weedy Brassica rapa population. Mol Ecol
17:1387-1395
Wauchope RD, Estes TL, Allen R, Baker JL, Hornsby AG, Jones RL, Richards RP, Gustosfson DI
(2002) Predicted impact of transgenic, herbicide tolerant corn on drinking water quality in
vulnerable watersheds of the mid-western USA. Pest Manag Sci 58:146-160
Werth JA, Preston C, Taylor IN, Charles GW, Robets GN, Baker J (2008) Managing the risk of
glyphosate ressistance in Australian glyphosate-resistant cotton production systems. Pest
Manag Sci 64:417-421
White AK, Metcalf WW (2004) Two C-P lyase operons in Pseudomonas stutzeri and their roles in
the oxidation of phosphonates, phosphite, and hypophosphite. J Bacteriol 186:4730-4739
Williams GM, Kroes R, Munro IC (2000) Safety evaluation and risk assessment of the herbicide
Roundup and its active ingredient, glyphosate, for humans. Regul Toxicol Pharmacol 31:117-165
Wright TR, Lira JM, Merlo DJ, Hopkins N (2005) A bacterial gene for an aryloxyalkanoate
dioxygenase conferring resistance to phenoxy auxin and aryloxyphenoxypropionate herbicides. Patent Application W02005US1437 20050502
Yasuor H, Abu-Abied M, Belausov E, Madmony A, Sadot E, Riov J, Rubin B (2006) Glyphosateinduced anther indehiscence in cotton is partially temperature dependent and involves cytoskeleton and secondary wall modifications and auxin accumulation. Plant Physiol 141:1306-1315
York AC, Steward AM, Vidrine PR, Culpepper AS (2004) Control of volunteer glyphosateresistant cotton in glyphosate-resistant soybean. Weed Technol 18:532-539
Zablotowicz RM, Reddy KN (2004) Impact of glyphosate on the Bradyrhizobium japonicum symbiosis with glyphosate-resistant transgenic soybean: a mini review. J Envron Qual 33:825-831
Zablotowicz RM, Reddy KN (2007) Nitrogenase activity, nitrogen content, and yield responses to
glyphosate in glyphosate-resistant soybean. Crop Prot 26:370-376
Zapiola ML, Campbell CK, Butler MD, Mallory-Smith C (2008) Escape and establishment of
transgenic glyphosate-resistant creeping bentgrass Agrostis stolonifera in Oregon, USA:
a 4-year study. J Appl Ecol 45:486-494
Zhu Y, Li D, Wang F, Yin J, Jin H (2004) Nutritional assessment and fate of DNA of soybean meal
from Roundup Ready or conventional soybeans using rats. Arch Anim Nutr 58:295-310

