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ABSTRACT
Glyphosate [N-(phosphonomethyl) glycine]-resistant crops (GRCs),

canola (Brassica napus L.), cotton (Gossypium hirsutum L.), maize
(Zea mays L.), and soybean [Glycine max (L.) Merr.] have been com-
mercialized and grown extensively in the Western Hemisphere and, to
a lesser extent, elsewhere. Glyphosate-resistant cotton and soybean
have become dominant in those countries where their planting is per-
mitted. Effects of glyphosate on contamination of soil, water, and air
are minimal, compared to some of the herbicides that they replace. No
risks have been found with food or feed safety or nutritional value in
products from currently available GRCs. Glyphosate-resistant crops
have promoted the adoption of reduced- or no-tillage agriculture in the
USA and Argentina, providing a substantial environmental benefit.
Weed species in GRC fields have shifted to those that can more suc-
cessfully withstand glyphosate and to those that avoid the time of its
application. Three weed species have evolved resistance to glyphosate
in GRCs. Glyphosate-resistant crops have greater potential to become
problems as volunteer crops than do conventional crops. Glyphosate
resistance transgenes have been found in fields of canola that are sup-
posed to be non-transgenic. Under some circumstances, the largest risk
of GRCs may be transgene flow (introgression) from GRCs to related
species that might become problems in natural ecosystems. Glyphosate
resistance transgenes themselves are highly unlikely to be a risk in wild
plant populations, but when linked to transgenes that may impart fitness
benefits outside of agriculture (e.g., insect resistance), natural eco-
systems could be affected. The development and use of failsafe intro-
gression barriers in crops with such linked genes is needed.

HERBICIDE AND INSECT RESISTANCE are the two cate-
gories of transgene-conferred traits for crops that

have had significant effects on agriculture (Gutterson
and Zhang, 2004). Herbicide-resistant crops (HRCs)
(Duke, 1996), sometimes called herbicide-tolerant
crops, are crops made resistant to herbicides either by
transgene technology or by selection in cell or tissue cul-
ture for mutations that confer resistance. Most of the
success and controversy about safety of HRCs sur-
rounds glyphosate-resistant crops (GRCs), the topic of
this review. Glyphosate-resistant crops and their envi-
ronmental impact have never been the sole subject of
an in-depth review, although HRCs have been exten-
sively reviewed (Dekker and Duke, 1995; Duke et al.,
1991, 2002; Duke, 1998, 2002, 2005; Duke and Cerdeira,
2005a,b; Dyer et al., 1993; Gressel, 2002b; Hess and
Duke, 2000; Silvers et al., 2003; Warwick andMiki, 2004)
and have been the topic of two edited books (Duke,

1996; McClean and Evans, 1995) and a special issue of
the journal Pest Management Science in 2005. A recent
review covered agronomic and environmental aspects
of HRCs (Schuette et al., 2004). Other reviewers have
discussed the environmental impacts of all transgenic
crops, with coverage of GRCs (Carpenter et al., 2002;
Uzogara, 2000). Lutman et al. (2000) and Kuiper et al.
(2000) published brief reviews of environmental con-
sequences of growing GRCs. Dill (2005) briefly dis-
cussed the current status of GRC products. Meyer and
Wolters (1998) reviewed the ecological effects of the her-
bicide use associated with GRCs. None of these pub-
lications have focused solely on an in-depth assessment
of the potential toxicological and environmental impacts
of all aspects of GRCs.

We will discuss what we consider the most important
and germane literature, along with other selected exam-
ples. The regulatory process for approval of HRCs in
the many countries that regulate their approval will not
be discussed. The chemical, transgene, and weed man-
agement (e.g., changes in tillage) aspects of GRC en-
vironmental impacts will be covered. Unfortunately, we
cannot access the potential environmental risks of the
compounds with which glyphosate is formulated, due
the lack of literature on this topic. This problem is exa-
cerbated by the fact that formulations have varied
through time and between geographic areas. This
herbicide no longer has patent protection, so many for-
mulations are now sold under several trade names. The
potential environmental impact of a technology is often
geography and/or time dependent. Thus, extrapolation
of the results and conclusions of studies to all situations
is impossible. The best we can do is generalize from
reported studies that may not cover every situation.
Analysis of impact cannot be done in a vacuum. Thus,
we will at times contrast certain risks of GRCs with the
risks that they displace. The viewpoints in this analysis
are those of the authors and are not meant to reflect
those of our employers.

GLYPHOSATE AND GRCS
Glyphosate is a very effective non-selective herbicide.

Before introduction of GRCs, glyphosate was used in
non-crop situations, before planting the crop, or with
specialized application equipment to avoid contact with
the crop (Duke, 1988; Duke et al., 2003a; Franz et al.,
1997). Even before the introduction of GRCs, glypho-
sate was a very successful herbicide. However, glypho-
sate use increased more than six-fold between 1992 and
2002, to become the most used herbicide in the United
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States (Gianessi and Reigner, 2006). Most of this in-
crease in use is due to the adoption of GRCs.
Glyphosate is the only herbicide that acts by blocking

the shikimate pathway through inhibition of 5-enolpy-
ruvyl-shikimate-3-phosphate synthase (EPSPS). Inhibi-
tion of EPSPS results in reduced aromatic amino acids
and deregulation of the shikimate pathway (Duke et al.,
2003a). The latter effect causes massive flow of carbon
into the pathway, with accumulation of high levels of
shikimic acid and its derivatives. Glyphosate is particu-
larly effective because most plants metabolically de-
grade it very slowly or not at all, and it translocates well
to metabolically active tissues such as meristems. Its
relatively slow mode of action allows movement of the
herbicide throughout the plant before symptoms occur.
Glyphosate is only used as a post emergence herbicide,
as it has little or no activity in soil. It is not a low dose
rate herbicide, with recommended application doses be-
tween 0.21 and 4.2 kg ai ha21, depending on the use
(Vencill, 2002). In most agronomic crops, it is used at
rates higher than 1 kg ha21. Glyphosate is an anion and
is sold as a salt with different cations (e.g., isopropyl
amine, trimethylsulfonium, diammonium).
At this time, glyphosate-resistant (GR) soybean, cot-

ton, canola, maize, alfalfa, and sugarbeet are available to
farmers of North America (Table 1). Other GR crops
and turf grasses are under development. Three trans-
genes are used with these crops. A gene (CP4) encoding
a GR form of EPSPS from Agrobacterium sp. was found
to be very effective at producing GRCs (Padgette et al.,
1996a). A gene from the microbe Ochrobactrum an-
thropi that encodes a glyphosate-degrading enzyme
(glyphosate oxidase, GOX) is used in GR canola with
CP4 EPSPS (Padgette et al., 1996a). GOX degrades
glyphosate to glyoxylate, an ubiquitous and safe natural
product, and aminomethylphosphonate (AMPA). A
form of GR EPSPS from maize was produced by site-
directed mutagenesis for use as a transgene in maize
(Dill, 2005).
Other genes for glyphosate resistance are under de-

velopment. A new gene for glyphosate resistance was
developed from a gene from Bacillus licheniformis
(Weigmann) Chester that encodes an enzyme that is a
weak acetyltransferase toward glyphosate (Castle et al.,
2004; Siehl et al., 2005). N-acetylation of glyphosate
inactivates it. Directed evolution of this gene by gene
shuffling resulted in a 7000-fold increase in the efficiency
of the enzyme. As a transgene, this improved gene con-
fers complete resistance to glyphosate to plants at field
rates. A fungal gene-encoding glyphosate decarboxylase

has been patented as a transgene for generating gly-
phosate-resistant crops (Hammer et al., 2005). An
evolved, resistant form of EPSPS from Eleucine indica
(L.) Gaertn. has been patented for use in GRCs (Baer-
son et al., 2004).

There is still tremendous potential for growth of GRC
market share. The worldwide area of major crops is
around 700 million hectares, not counting pasture
(Fig. 1). GRCs represent only a small fraction of this
crop area. Worldwide, almost all of the approximately
65 million ha of herbicide-resistant crops (ISAAA,
2005) planted in 2004 were GRCs.

Adoption of GR soybeans has been rapid in the USA,
Argentina, and Brazil, with almost 90% of the acreage
in the USA (ca. 30 million ha) planted with such va-
rieties in 2004 (Fig. 2). In Argentina, the adoption of GR
soybeans was even more rapid than in the U.S.A, reach-
ing almost 90% (ca. 14 million ha) within 4 yr of intro-
duction (Penna and Lema, 2003). This level of adoption
took more than 25 yr for hybrid maize in Argentina. In
Argentina, better weed management and reduced cost
were about equally important reasons for adoption. In
the USA, rapid adoption of GR soybeans has been due
to increased yields, the reduced cost of excellent weed
control, and simplified and more flexible weed control
(Reddy, 2001; Gianessi, 2005; USDA–ERS, 2005b).

Table 1. Glyphosate-resistant crops that have been or are now
available to farmers in North America (Duke, 2005).

Crop Year made available

Soybean 1996
Canola 1996
Cotton 1997
Maize 1998
Sugarbeet† 1999
Alfalfa 2005

†Never grown by farmers, withdrawn in 2004, but to be reintroduced
in 2006.
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Fig. 1. Worldwide area of major crops. (Food and Agriculture Orga-
nization, 2003).
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Fig. 2. Adoption of glyphosate-resistant soybean and cotton in the
U.S.A. by year. (Duke, 2005; USDA–ERS, 2005a).
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Adoption of GR soybean is increasing rapidly in Brazil,
where it was only recently approved. Some GR soy-
beans are also grown in Uruguay and Mexico.
The potential area in the world for GR maize is even

bigger than for soybeans (Fig. 1). However, the eco-
nomic advantage is not as clear with GR maize, with an
approximate 18% adoption rate in the USA in 2004
(Dill, 2005). Johnson et al. (2000) concluded that input
costs for GR maize are slightly higher than for non-
transgenic hybrids, but net economic returns are similar,
and the use of glyphosate allows greater flexibility in
postemergence weed management decisions.
Approximately 75%of canola acreage in theU.S.A.was

planted in GR varieties in 2003 (Gianessi, 2005). In
Australia, an economic analysis of GR canola showed sig-
nificant economic advantages (Monjardino et al., 2005).
Despite great success with other GRCs, GR sugarbeet

(Beta vulgaris L.) was not grown by North American
sugarbeet farmers after its first approval for use, due to
concerns about acceptance of sugar from transgenic
plants by the confectionary and other prepared food
industries. Similar and other concerns resulted in a de-
cision by the company developing GR wheat (Triticum
aestivum L.) technology not to ask for deregulation in
2004 (Dill, 2005). GR sugarbeet was deregulated again
in 2005, for planting in 2006. Savings for farmers in Eu-
rope if GR sugarbeet were adopted are estimated to be
220 € ha21 yr21 (Pidgeon et al., 2004).
Glyphosate-resistant alfalfa (Medicago sativa L.) was

deregulated in 2005, and there is a petition for deregu-
lation of GR creeping bentgrass (Agrostis stolonifera
L.). Glyphosate-resistant onions (Allium cepa L.), Ken-
tucky bluegrass (Poa pratensis L.), and peas (Pisum
sativum L.) have approval for field testing. However, as
was the case with wheat, this does not ensure that these
GRCs will be commercialized. There is already concern
about gene flow from creeping bentgrass to weedy rela-
tives (Watrud et al., 2004).

EFFECTS ON HERBICIDE AND FOSSIL
FUEL USE

Effects on Herbicide Use
Since the mid-twentieth century, herbicides have been

the primary means of weed management in developed
countries. In North America, for the past two decades,
herbicides have accounted for about 70% of pesticide
use in crops (Agrow World Crop Protection News,
1998). Before herbicides, extensive tillage and manual
weeding were the primary means of weed management.
There has been controversy about whether GRCs have
increased herbicide use or not. Glyphosate is normally
often used at rates of a kg or more per ha, whereas some
of the newer herbicides such as carfentrazone-ethyl are
effective at only about 10–50 g per ha (Vencill, 2002).
The controversy over increased volume of herbicide use
has been fueled by others’ assumption that an increased
amount of chemical use equals increased environmental
damage and toxicological risk. This assumption does not
take into account the facts that the potential environ-
mental damage and toxicological risk can vary consid-

erably between different herbicides as determined by
many factors, including use rate and toxicity. Thus, com-
paring herbicide use rates has relatively little bearing
on potential environmental damage or toxicological risk
to humans. A very few studies, such as those by Nelson
and Bullock (2003), have compared toxicological risk,
rather than herbicide active ingredient used per unit area.

Even though glyphosate is not a low use rate her-
bicide, it is considered to be a low risk herbicide in terms
of toxicity and environmental effects. Nevertheless, we
will discuss some of the literature that addresses the
question of use rate. A few studies have claimed that the
volume of herbicide use is greater with GRCs (Ben-
brook, 2001b, 2003). However, others such as Heimlich
et al. (2000) have concluded that no significant change in
the overall amount of herbicide has been observed with
the adoption of GRCs in the U.S.A. Heimlich et al.
(2000) noted that substitution of glyphosate for other
herbicides resulted in the replacement of herbicides that
are at least three times more toxic, and that persist
nearly twice as long as glyphosate. Gianessi and Car-
penter (2000) came to similar conclusions. An analysis
by Trewavas and Leaver (2001) showed that 3.27 million
kg of other herbicides have been replaced by 2.45 mil-
lion kg of glyphosate in U.S. soybean fields. Carpenter
and Gianessi (2003) concluded that introduction of GR
soybeans in the U.S.A. resulted in a decrease in the total
volume of herbicides used. Gianessi (2005) claims that
GRCs generally require less herbicide than non-trans-
genic crops. Furthermore, he estimates that averaged
over all GRCs, glyphosate-resistance technology has re-
duced herbicide use by 17 million kg per yr in the U.S.A.
In cotton, the amount of herbicide used per unit area
in the U.S.A. stayed about the same between 1996 and
2000 (Carpenter and Gianessi, 2003), a period during
which adoption of GR cotton grew from 0 to about 50%
(Fig. 2). Among the herbicides replaced in cotton were
arsenic-containing compounds. Gianessi’s (2005) calcu-
lations indicate that if GR sugarbeets were adopted,
herbicide use reduction would not be as great as for
combined GRCs, as the herbicides now used in non-
transgenic sugarbeets are mostly low use rate com-
pounds in the U.S.A. Coyette et al. (2002) estimated that
introduction of GR sugarbeet to Europe would result in
a decrease of herbicide use.

Weed control could be achieved with very low use
rate herbicides (Benbrook, 2001a, b), reducing the vol-
ume of chemicals used for weed management to levels
below that currently used in non-glyphosate HRCs or
with GRCs. If this were more economical and effica-
cious, farmers would probably adopt such a strategy.
But, again, simply reducing the volume of chemical used
does not assure that risks are reduced. For example,
many of the low use rate herbicides have long persis-
tence in soil compared to glyphosate.

Shiva (2001) claims that introduction of GRCs to un-
derdeveloped countries, where hand weeding is the
primary means of weed management, will increase her-
bicide use (Shiva, 2001). At this time, there is no evid-
ence that this has occurred. The economic constraints
that prevent these farmers from using selective herbi-
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cides will be similar for GRCs. However, should weed
management with GRCs become economically viable
for poor farmers in underdeveloped areas, herbicide use
will increase, displacing tillage and hand labor. Hand
labor is rarely used with canola or soybeans, even in de-
veloping countries.
As discussed below in this review, the amount of gly-

phosate used with a GRC year after year may increase
with time, as naturally-resistant weed species and bio-
types invade fields and resistance to glyphosate evolves.
Both increased amounts of glyphosate and other her-
bicides will be used in these cases. Benbrook (2003)
claims that this biologically-driven increase in herbicide
use has already occurred with GRCs. Owen and Zelaya
(2005) also report that this is already happening with
GRCs in some locales.
The worldwide decrease in cost of glyphosate due to

loss of patent protection (Woodburn, 2000) also makes
higher application rates economical in some cases. The
heavy adoption of GR soybeans in the USA contributed
to the dramatic (as much as 80%) reductions in the costs
of most other soybean herbicides due to competition
(Nelson and Bullock, 2003). Thus, indirectly, GR soy-
beans have, in some cases, helped make it more econo-
mical for farmers to use higher rates of other herbicides,
sometimes with less desirable toxicological or environ-
mental profiles than glyphosate. Another factor con-
tributing to the reductions in herbicide costs have been
patent expirations of other herbicides. Despite the more
competitive prices of competing herbicides, adoption of
GRCs increased dramatically during this period (Fig. 2).
In a study using the environmental impact quotient

method of Kovach et al. (1992), Kleter and Kuiper
(2003) calculated total environmental impact of the her-
bicides, farm worker exposure impact, consumer impact,
and ecology impact associated with the herbicides used
with various GRCs versus those used with the same non-
transgenic crops. Their calculations were based on her-
bicide use data of Gianessi et al. (2002). The amount of
herbicide used was reduced for all crops. All impacts are

reduced in all crops by adoption of HRCs (primarily
GRCs). With canola, cotton, and soybean, farm worker
and consumer impact are reduced more than ecological
impact in their study. Brimner et al. (2005), using the
same method, found the environmental impact of her-
bicide-resistant canola in Canada markedly lower than
that of conventionally grown canola.

Effects on Fossil Fuel Use
Amajor expense and source of pollution in weedman-

agement are the fossil fuels used in tillage and herbicide
application. This factor is seldom considered in evalua-
tions of environmental impacts of herbicide use. In some
countries (e.g., Denmark), mandated herbicide reduc-
tion programs have also required fewer applications of
herbicides. Certainly, GRCs have greatly reduced till-
age (discussed below) and, in some cases, the number of
herbicide applications (Gianessi, 2005). Energy use with
tillage is much higher than that with herbicide spraying.

Few studies have carefully evaluated the impact of
GRCs on reduced fossil fuel use in weed management,
although this is generally recognized as a beneficial
aspect of GRCs (Olofsdotter et al., 2000). In a recent
study in Europe using a life-cycle assessment approach,
Bennett et al. (2004) concluded that the major environ-
mental advantage of growing GR sugarbeet would be
much lower emissions from herbicide manufacturing,
transport, and field operations (overall, approximately
50% less energy required), thus reducing contributions
to global warming, smog, ozone depletion, ecotoxicity
of water, and acidification and nitrification of soil and
water. Some of these effects are illustrated in Fig. 3. They
qualified their conclusions by stating that the environ-
mental and health impacts of growing GRCs should be
assessed on a case-by-case basis, using a holistic approach.

EFFECTS ON SOIL
Glyphosate is rapidly adsorbed and tightly complexed

by most soils (Goldsborough and Brown, 1993). The pH

Fig. 3. Comparison of impacts of typical herbicide regimes for conventional, compared with glyphosate-resistant sugarbeet in the UK and Germany
in terms of energy requirements (MJ), global warming potential [kg carbon dioxide (CO2) equivalent], and ozone depletion [kg chloro-
fluorocarbon (CFC) 11 equivalent] per functional unit. UKA and UKB are two different herbicide regimes used with non-transgenic sugarbeet in
the UK, GER is a typical herbicide regime used with non-transgenic sugarbeet in Germany, and Ht is with use of glyphosate only with glyphosate-
resistant sugarbeet (Bennett et al., 2004).
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and content of organic matter have little effect on bind-
ing of the herbicide. Mobility is increased a little at high
pH and with high levels of inorganic phosphate. In-
activation of glyphosate through adsorption is of critical
importance. In most soils, leaching is very limited com-
pared to most other herbicides, and glyphosate is not
volatile (Franz et al., 1997; Getenga and Kengara, 2004).

Soil Contamination
Glyphosate is not considered to be a significant soil

contaminant when used in recommended doses. It is
applied as foliar sprays, so that contamination of soil is
from direct interception of spray by the soil surface or
from runoff or leaching of the herbicide and/or its
breakdown products from vegetation. Glyphosate can
be translocated to roots from foliar tissues and exuded
by the roots into the soil (Coupland and Caseley, 1979).
Glyphosate strongly adsorbs to soil particles and is
rapidly degraded by soil microbes (Duke, 1988; Duke
et al., 2003a).
After long-term use of glyphosate in Canadian soils,

no residues were detected (Miller et al., 1995). Haney
et al. (2000) found a cumulative soil carbon mineraliza-
tion with increasing glyphosate rate. The CO2 flush 2 d
after application suggested that glyphosate was either
readily and directly utilized by soil microbes or made
other resources available (Fig. 4). Glyphosate has a
moderate half-life in soils with an avg value of ap-
proximately 47 d, but reaching 174 d in some soils under
some conditions (Vencill, 2002; Wauchope et al., 1992).
Gimsing et al. (2004) indicated up to 40–50% of gly-
phosate is mineralized in 90 d, with AMPA accumulating
as the major metabolite. They hypothesized that the soil
pseudomonad population is responsible for most of the
degradation. Abiotic oxidative degradation of glypho-
sate and AMPA by manganese oxide in the form of
birnessite, a common component of soils, was recently
reported (Barrett and McBride, 2005). Manganese
oxide caused breakage of both the C-P and C-N bonds.

Other studies with glyphosate have shown soil half-
life values of less than 30 d (Smith and Aubin 1993) and
between 11 and 17 d (Grunewald et al., 2001). Mamy
et al. (2005) found the half-life of glyphosate to be
shorter than those of the herbicides trifluralin [2,6-
dinitro-N,N-dipropyl-4-(trifluoromethyl)benzenamine],
sulcotrione {2-[2-chloro-4-(methylsulfonyl)benzoyl]-1,3-
cyclohexanedione}, metazachlor [2-chloro-N-(2,6-
dimethylphenyl)-N-(1H-pyrazol-1-ylmethyl)acetamide],
and metamitron [4-amino-3-methyl-6-phenyl-1,2,4-tria-
zin-5(4H)-one] for which glyphosate would substitute in
GRCs in three different soils, except for that of sul-
cotrione in one of the soil types. Glyphosate and sulco-
trione dissipated primarily by microbial degradation,
whereas triflurailin loss was mainly due to volatilization,
and metazaclor and metamitron were lost due to non-
extractable residue formation. However, they found
AMPA to have a much longer half-life than glyphosate
and pointed out that this soil contaminant could accu-
mulate with the extensive use of glyphosate. The half-
life of glyphosate in water ranged from 1.5 to 3.5 d
(Goldsborough and Beck, 1989). Leaching of glypho-
sate and/or its metabolite AMPA was studied in four
lysimeters from a low-tillage field and from a normal
tillage field (Fomsgaard et al., 2003). Soil residual con-
centrations of AMPA were highest where low-tillage
had been practiced in soils to which glyphosate had been
applied several times in the years before sampling of the
lysimeter soil.

Effects on Soil Biota
The potential direct effects of GRCs and their man-

agement on soil biota include changes in soil microbial
activity due to direct effects of glyphosate, differences in
the amount and composition of root exudates of GRCs
vs. non-GRCs, changes in microbial functions resulting
from gene transfer from the transgenic crop, and al-
teration in microbial populations because of the effects
of management practices for transgenic crops, such as
changes in other herbicide applications and tillage (Dun-
field and Germida, 2004). Most of the available litera-
ture addresses the first effect.

In general, there is little effect of glyphosate on soil
microflora. For example, Gomez and Sagardoy (1985)
found no effect of glyphosate on microflora of soils in
Argentina at twice the recommended rates of the her-
bicide. Studies on the effect of glyphosate on microbial
activity of typical Hapludult and Hapludox Brazilian
soils measured by soil respiration (evolution of CO2)
and fluorescein diacetate (FDA) hydrolysis revealed a
transient increase of 10–15% in the CO2 evolved and a
9–19% increase in FDA hydrolysis in the presence of
glyphosate (Araujo et al., 2003). Soil which had been
exposed to glyphosate for several years had a strong
response in microbial activity. After 32 d incubation with
glyphosate, the number of actinomycetes and fungi had
increased, while the number of bacteria was slightly re-
duced. After the incubation period, HPLC detected
AMPA, indicating glyphosate degradation by soil micro-
organisms. Haney et al. (2000, 2002) generated data
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Fig. 4. Effect of glyphosate addition dose on soil carbon mineraliza-
tion. Carbon mineralized from basal microbial respiration in
control samples has been subtracted. The 1, 2, 3, and 5X represent
glyphosate addition doses of 47, 94, 140, and 234 mg ai kg21 soil,
respectively. Error bars indicate 6 1 standard deviation (Haney
et al., 2000).
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suggesting that glyphosate causes enhanced microbial
activity directly. An increase in the carbon mineraliza-
tion rate occurred the first day following glyphosate ad-
dition and continued for 14 d (Fig. 4). Glyphosate
appeared to be rapidly degraded by soil microbes re-
gardless of soil type or organic matter content, even at
high application rates, without adversely affecting mic-
robial activity. Liphadzi et al. (2005) found no differ-
ences in the effects of glyphosate and conventional
herbicides in GR maize and soybean on nematode den-
sities, soil microbial biomass, or substrate-induced res-
piration in soil, suggesting that soil health was similar
under the two herbicide regimes.
Siciliano and Germida (1999) found differences in

rhizosphere-associated microbes between a GR and two
non-transgenic canola cultivars. Endophytic bacterial
populations also varied between cultivars. In a later
study, Dunfield and Germida (2001) concluded that
there were differences in bacterial communities in the
rhizosphere of GR canola varieties compared to non-
transgenic varieties. However, the changes were tempo-
rary and did not persist until the next field season
(Dunfield and Germida, 2003).
The soybean nitrogen-fixing symbiont Bradyrhizobi-

um japonicumKirchner possesses a glyphosate-sensitive
EPSPS, and on exposure to glyphosate accumulates high
concentrations of shikimate and certain benzoic acids
that could be plant growth inhibitors (Moorman et al.,
1992). These effects are accompanied by growth in-
hibition and/or death of the microbe, depending on the
glyphosate concentration. This paper suggested that
there could be effects of glyphosate on nitrogen meta-
bolism in GR soybeans. Furthermore, glyphosate is pre-
ferentially translocated to nodules of soybeans (Reddy
and Zablotowicz, 2003). Related research (King et al.,
2001; Reddy et al., 2000), summarized by Zablotowicz
and Reddy (2004), indicated that such effects as re-
duction in nodulation, nodule size, and leghemoglobin
content of nodules can be caused in GR soybeans
sprayed with glyphosate. However, the effect of gly-
phosate on nitrogenase activity in nodules from GR
soybeans in field studies was inconsistent. Greenhouse
studies indicated that adverse effects should be maximal
under moisture stress. Sensitivity of B. japonicum strains
varied. In the field, effects are transient, and there is no
evidence that crop yield is affected. In GRCs, amino
acids from the plant may prevent significant effects onB.
japonicum, since aromatic amino acids added to B. ja-
ponicum grown in culture can reduce growth inhibition
by glyphosate (dos Santos et al., 2005).
Kremer et al. (2005) reported that root exudates from

GR soybean treated with glyphosate contained glypho-
sate at concentrations higher than 1000 ng per plant and
about twice the amino acid content of non-treated plants
over a period of 16 d after treatment. Carbohydrate con-
tent of the root exudate of GR plants was unaffected by
glyphosate treatment, although carbohydrate root exuda-
tionofGRsoybeanwasabout twice that of non-transgenic
soybean. In vitro bioassays showed that root exudates of
glyphosate-treated GR soybean stimulated growth of se-
lected rhizosphere fungi (Fusarium spp. andPseudomonas

spp.) that could adversely affect plant growth and biolog-
ical processes in the soil and rhizosphere. With Fusarium
spp., microbial growth was generally better with glypho-
sate-treated GR soybean root exudate than with exudate
from non-transgenic soybean either treated or not treated
with glyphosate. These results would predict that there
could be more problems with Fusarium spp. in GR soy-
beans than non-transgenic soybeans. In a study in which
glyphosate was sprayed on soil, the bacterial endophyte
community associated with subsequently planted soy-
beans was altered (Kuklinsky–Sobral et al., 2005).

Motavalli et al. (2004) concluded in a review that
there is so far no conclusive evidence that those GRCs
and other transgenic crops, which have been deregu-
lated and used in many cropping situations, climates, and
soil types over the past 10 yr, have had any significant
effect on nutrient transformations by microbes. How-
ever, they point out that this topic needs further study, as
not every situation has been adequately researched. In
another recent review, Dunfield and Germida (2004)
stressed that the effects shown are field site- and season-
dependent and that the method of analysis can affect the
results. They point out that the changes in microbial
communities associated with GRCs are more variable
and transient compared to those caused by other ag-
ricultural practices such as crop rotation, tillage, use of
certain other herbicides, and irrigation. Nevertheless,
they stated that minor alterations in the total diversity of
the soil microbial community, such as removal or ap-
pearance of certain microbes (e.g., rhizobacteria or plant
pathogens) could affect soil health and ecosystem func-
tion. Of course, other herbicides could also cause such
minor effects, and soil-applied herbicides might cause
more than minor temporary effects. Kowalchuk et al.
(2003), in a review of the effects of all transgenic crops
on soil microbes, states that observed effects have gen-
erally been minor and that they are very small in com-
parison with other sources of variation. They propose
case-by-case approaches that target both potentially
vulnerable microbes, as well as community parameters
in evaluating the impact of transgenic crops on soil
microorganisms. So far, however, no agriculturally sig-
nificant effect of glyphosate on soil microorganisms has
been documented.

Soil Loss and Compaction
A positive impact of the use of GRCs is that they

facilitate reduced- or zero-tillage systems, which contrib-
ute to reductions in soil erosion from water and wind,
fossil fuel use, air pollution from dust, loss of soil mois-
ture, and soil compaction (Holland, 2004). Reduced till-
age also improves soil structure, leading to reduced risk
of runoff and pollution of surface waters with sediment,
nutrients, and pesticides.

Considering the relatively high level of potential envi-
ronmental improvement that can be gained by reducing
tillage, there is a remarkable paucity of refereed pub-
lications on the influence of GRCs on tillage practices
and associated environmental effects. Loss of top soil
due to tillage is perhaps the most environmentally de-
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structive effect of row crop agriculture. Even taking land
out of its natural state for agriculture is more rapidly
reversible than the loss of top soil, which, once lost, can
take centuries to replace.
A survey by the American Soybean Association

(2001) found that 53% of U.S. soybean farmers made
an average of 1.8 fewer tillage passes per yr through
their soybean fields since GR soybeans were introduced.
This translates to a savings of $385 million per yr in re-
duced tillage costs. In a 5-yr period in the U.S.A., during
which the planting of GR soybeans increased from only
a few percent to about 70% (Fig. 2), there was a dramatic
increase in the adoption of no-tillage and reduced-tillage
management (Fig. 5). Most of this change was associated
with the growing of GR soybeans (Fig. 6). We have not
found documentation as to whether this trend has con-
tinued; however, weed changes (as discussed later in this
review) in GRCs have caused some farmers to return oc-
casionally to tillage as a weed management tool. Similarly,
there has been a rise in no-tillage agriculture in soybeans
in Argentina with the adoption of GR soybeans, where
there is a yearly loss of 10 tons of topsoil per ha in soy-
beans produced with conventional tillage, compared to
2.5 tons annually with no-tillage agriculture in GR soy-
beans (Penna and Lema, 2003).
A lesser studied effect is that of GRCs on soil com-

paction. Use of GRCs has generally resulted in fewer
herbicide applications, meaning fewer trips across the
field with a tractor. This should result in less soil com-
paction; however, to our knowledge, the shift to no-tillage
agriculture that many farmers using GRCs have made
has not been studied in the context of soil compaction.
Reduced tillage in non-transgenic crops has generally re-
duced soil compaction (Koch et al., 2003; Shukla et al.,
2003), but reduced compaction by reducing tillage has
not always been the case (Schwab et al., 2002).

EFFECTS ON AIR
One study has focused on impacts of GRCs on the air.

Bennett et al. (2004) used a life-cycle assessment model
comparing the environmental and human health im-
pacts of conventional sugarbeet-growing regimes in the
United Kingdom and Germany with those that might
be expected if GR sugarbeet were grown. The results
suggested that growing this GRC would be less harmful
to the environment and human health than growing the
conventional crop, largely due to lower emissions from
herbicide manufacture, transport, and field operations.
Most of this analysis dealt with air and water pollution.
Emissions contributing to negative environmental im-
pacts, such as global warming, ozone depletion, toxic
impacts on aquatic water ecosystems, and acidification
and nutrification of soil and water, were much lower for
the GRC than for the conventional crop. Emissions
contributing to summer smog, toxic particulate matter
and carcinogenicity, which have negative human health
impacts, were also substantially lower for the HRC
(Fig. 3). Herbicides can pollute the air by drift (air
movement of sprayed herbicide-containing droplets to
unintended sites) or volatility. Glyphosate is essentially
not volatile at 258C (Vencill, 2002) and has not been
reported as an atmospheric contaminant (Van Dijk and
Guicherit, 1999).

Most herbicides are applied by spraying, resulting in
movement to non-target sites and organisms through
the air. Herbicide drift effects on unintended crops and
other vegetation have been a problem since the use of
potent, synthetic herbicides began. After GR soybeans
were introduced, Owen (1998) reported that complaints
of herbicide drift problems increased in Iowa. Growing a
GRC next to a non-GRC of the same species may exa-
cerbate such problems, as there is no visual difference
between the two crops to the herbicide applicator. Fur-
thermore, with GRCs, the herbicide can be used during
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Fig. 5. Soybean tillage methods by hectares farmed in the U.S.A. in
1996 and 2001. In 1996 and 2001, there were 19.2 and 23 million ha,
respectively, of soybeans grown (American Soybean Associa-
tion, 2001).

Million ha 

0

1

2

3

4

5

6

7

8

9

10

1996 2001 1996 2001

No-tillage

Reduced tillage

Conventional tillage

     Non-transgenic      Glyphosate resistant 

Fig. 6. Tillage practices and glyphosate-resistant soybean use by hect-
ares in the USA in 1996 and 2001. (American Soybean Associ-
ation, 2001).

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1639CERDEIRA & DUKE: STATUS AND IMPACT OF GLYPHOSATE-RESISTANT CROPS



later crop development by aerial application, further in-
creasing the risk of drift.

EFFECTS ON WATER
Water Contamination

Glyphosate is strongly adsorbed to soil particles, and,
even though it is highly water soluble, it does not leach
into ground water in most soils. Soil and sediments of
bodies of water are the main sinks for glyphosate re-
sidues from surface water, greatly reducing further
transport (Franz et al., 1997; Goldsborough and Brown,
1993). Once in surface water, it dissipates more rapidly
than most other herbicides. Various studies have shown
that glyphosate appears in surface water less than sev-
eral alternative herbicides (Carpenter et al., 2002). For
example, in long-term studies conducted in Canada, no
residues of glyphosate were found in groundwater (Mil-
ler et al., 1995). Several studies have found no gly-
phosate in ground water in the U.S.A. where it is applied
in no-tillage cropping systems (Kolpin et al., 1988) and
in Brazil in various cropping systems (Bonato et al.,
1999; Cerdeira et al., 2005; Lanchote et al., 2000; Paraı́ba
et al., 2003). Similar results were found for surface wa-
ters (Clark et al., 1999). Even in a worst case scenario of
preferential flow, where compounds that bind soil
strongly might leach more readily, glyphosate at recom-
mended use rates did not leach past 2.4 m at concen-
trations approaching environmental concern (Malone
et al., 2004).
A recent study in Denmark found that both glypho-

sate and AMPA can leach to a depth of 1 m through
structured soils with pronounced macropore flow (Kjaer
et al., 2005). Considering the results of many other
studies, this must be an unusual situation. Spraying onto
vegetated soil vs. bare soil in vineyards reduced the
potential for movement of both glyphosate and AMPA
to ground water (Landry et al., 2005). Kolpin et al.
(2006) detected AMPA almost four times as often as
glyphosate downstream from waste water effluent from
treatment plants treating water from urban environ-
ments where glyphosate was used.
In the intensely farmed maize-growing regions of the

mid-western USA, surface waters have often been con-
taminated by herbicides, principally as a result of rain-
fall runoff occurring shortly after application of herbicides
tomaize andother crops (Wauchopeet al., 2002).Amodel
was used to predict maize herbicide concentration in re-
servoirs as a function of herbicide properties, comparing
broadcast surfacepre-plant atrazine [6-chloro-N-ethyl-N9-
(1-methylethyl)-1,3,5-triazine-2,4-diamine] and alachlor
[2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)ace-
tamide] applications with glyphosate or glufosinate [2-
amino-4-(hydroxymethylphosphinyl)butanoic acid] with
bothGRandglufosinate-resistantmaize (Wauchopeetal.,
2002). Because of their lower post-emergent application
rates and greater soil sorptivity, glyphosate and glufosi-
nate loads in runoff were generally one-fifth to one-tenth
those of atrazine and alachlor, indicating that the re-
placement of pre-emergent maize herbicides with these

post-emergent herbicides, allowed by use of trans-
genic crops, would dramatically reduce herbicide con-
centrations in vulnerable watersheds. Similarly, Estes
et al. (2001) predicted in a higher tier modeling exami-
nation, that various herbicide-use regimes employed
in the U.S.A. in maize caused more ground and sur-
face water contamination than did glyphosate when
used with GR maize, thereby reducing risk to drink-
ing water and related ecosystems. Bymodeling, Peterson
and Hulting (2004) predicted less risk to groundwater
and aquatic plants by a GR wheat/herbicide system
than from a non-transgenic wheat/conventional herbi-
cide system.

Effects on Aquatic Life
Because of its relative safety, glyphosate is one of only

nine synthetic herbicides approved for use in aquatic
sites in the U.S.A. (Getsinger et al., 2005). Glyphosate
was not found to bioaccumulate, biomagnify, or persist
in an available form in the environment (Solomon and
Thompson, 2003). This study also showed that the risk to
aquatic organisms is negligible or small at application
rates, 4 kg ha21 and only slightly greater at application
rates of 8 kg ha21. As we mentioned earlier, glyphosate
is less likely to pollute ground and surface waters than
many of the herbicides that it replaces. Cedergreen and
Streibig (2005) found glyphosate to be the least toxic
herbicide of ten tested to the aquatic plant Lemna minor
L. and the third least toxic of the ten herbicides to the
green alga Pseudokirchneriella subcapitata (Korschikov)
Hindak. The formulated version of glyphosate was four-
fold more phytotoxic than unformuated glyphosate, but
this did not change the rankings. A life-cycle assessment
technique used to compare conventional sugarbeet ag-
ricultural practices with risks that might be expected if
GR sugarbeet were grown suggested that growing this
GRC would be less harmful to the ecology of water for
the GRC than for the conventional crop (Bennett et al.,
2004). Relyea (2005) reported that a commercial for-
mulation of glyphosate sprayed directly into aquatic
mesocosms (in 1200-L polyethylene tanks) caused a
22% reduction in species diversity with particularly
severe impacts on amphibians. The control mesocosms
were not sprayed with a formulation blank, so whether
the effects were due to glyphosate or the other for-
mulation ingredients is unclear.

Finally, glyphosate was recently found to reduce tox-
icity of some metal ions (Ag, Cd, Cr, Cu, Ni, Pb, and Zn),
but not ions of Hg or Se, to a freshwater claderceran by
binding their ionic forms and reducing their bioavailabil-
ity (Tsui et al., 2005). Thus, under circumstances of metal
ion toxicity, glyphosate could benefit some organisms.
Such effects would be transient due to the relatively short
environmental half-life of glyphosate. One would assume
that these results would extrapolate to other aquatic
organisms, but further work should be done. In general,
what we know about glyphosate’s movement to surface
water suggests less impact of GRCs on aquatic vegetation
than conventionally-grown crops.
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EFFECTS ON OTHER
NON-TARGET ORGANISMS

In Europe there has been some controversy about the
effects of HRCs on biodiversity in farm-scale evaluation
studies. There is a desire in Europe to incorporate the
maintenance of some weed species within crops to
maintain ecological diversity. Studies have linked the
presence of weeds to biodiversity of invertebrates, wild-
life, and birds, since weeds provide shelter and a food
supply for these animals. Marshall (2001) speculated
that the currently available HRCs, including GRCs,
seem unlikely to provide the required flexibility of man-
agement for leaving sufficient weeds for these purposes.
Perry et al. (2004) found larger weed abundance in GR
fodder maize than with conventional weed manage-
ment. Dewar et al. (2003) devised a strategy to use band
spraying in a GRC to increase biodiversity within the
crop while providing habitat for birds and wildlife. Their
method of leaving weeds between crop rows could, in
some cases, be used without compromising crop yield.
Petersen and Röver (2005) used such a method in GR
sugarbeet and found no loss in yield. In a similar study
using such a strategy, May et al. (2005) found that GR
sugarbeets offered more flexibility in devising manage-
ment strategies to enhance wildlife than conventional
weed management methods.
Some have suggested that biodiversity would be in-

creased with HRCs that use a broad-spectrum, foliar-
applied herbicide like glyphosate, since the farmer can
wait to spray weeds after there has been some weed
growth, providing habitat and/or food for birds, arthro-
pods, or other herbivores. However, Freckleton et al.
(2004), using weed phenologies and a population model,
predicted that such effects would probably be transient.
The study suggested that if herbicide application could
be ceased earlier, a viable population of late-emerging
weeds could be maintained. In a multi-year study in
Argentina on GR soybeans in which glyphosate was
used yearly, weed species diversity decreased or re-
mained stable early in the growing season and increased
by harvest time as a result of this weed management
choice (Vitta et al., 2004).
Perhaps an even greater effect on non-target plant life

than that caused by glyphosate is the effect of tillage on
vegetation. No-tillage agriculture, which is used more
with GRCs, results in weed species shifts (as discussed
later in this review) and more vegetation on the field
before and after the period of crop production, which in
turn results in improved habitat for other organisms.

Non-Target Plants
For most farmers, the goal of using herbicides is to kill

all unwanted vegetation with as little damage as possi-
ble to the crop. Even a small infestation of weeds can
reduce crop yield by competing for resources, allelop-
athy, and/or by harboring pests and diseases. The farmer
often also wants to kill or reduce most vegetation within
a meter or two of the crop, to prevent the spread of weed
seeds and/or other propagules to crop land. Thus, for the
farmer in most parts of the world, non-target plants are

usually those more than a couple of meters from the
field. Drift of herbicides to non-target plants has been
a problem since synthetic herbicides were introduced.
As mentioned above, drift to non-transgenic crops of the
same species is a new problem with HRCs, although
effects of herbicides on non-target crops of a different
species are not a new problem. There are several studies
on such effects with glyphosate.

Ellis and Griffin (2002) evaluated the response of non-
transgenic soybean and cotton to simulated drift of
glyphosate. Soybean and cotton injury and height re-
ductions occurred in most cases. Soybean height was
reduced by no more than 11%, regardless of herbicide
rate or timing. Injury by 12.5% of the recommended rate
was minimal when applied at first flower and was up to
35% injury at 14 d after application when applied at the
2- to 3-trifoliolate stage (Table 2). However, by 28 d after
application, glyphosate did not cause injury, regardless
of application rate and timing, except for the highest rate
at the early application time, and, even then, the injury
was only 8%. A similar study was done with rice (Oryza
sativa L) and maize with similar results (Ellis et al., 2003).
Injury to both crops was observed, particularly when
glyphosate was applied early at the highest rate (12.5%of
the recommended rate for weed management).

Glyphosate, sprayed on non-GR cowpea (Vigna un-
guiculata L. Walp) during seed maturation, can drama-
tically affect seed quality (Cerdeira et al., 1985).
Blackburn and Boutin (2003) determined whether gly-
phosate would have an effect on the germination and
growth of the F1 generation of seeds produced by plants
sprayed with the herbicide. Of the 11 species tested,
using treatments up to 890 g ai ha21 sprayed near seed
maturity, seven showed a significantly adverse effects of

Table 2. Injury of non-transgenic soybean after simulated drift
rates of glyphosate at two application timings (Ellis and Grif-
fin, 2002).

Soybean injury

Rate Early timing Late timing

g ai ha21§ %
7 DAT†

140 29(21)‡ 25(7)
70 18(8) 3(5)
35 3(4) 0(0)
9 0(0) 0(0)

14 DAT

140 35(5) 3(0)
70 9(1) 0(0)
35 1(0) 0(0)
18 0(0) 0(0)
9 0(0) 0(0)

28 DAT

140 8 0
70 0 0
35 0 0
18 1 0
9 0 0

†Days after treatment.
‡Application timings correspond to 2 to 3 trifoliolate (early timing) and
first flower (late timing). Data averaged across years. Data are for 1998
and 1999. The 1999 data are in parentheses.

§Rates correspond to 12.5, 6.3, 3.2, and 0.8% of the labeled rates of 1.12 kg
ai ha21 glyphosate.
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the glyphosate treatment on germination and/or growth
characteristics. The authors concluded that results of
this experiment, together with several previous studies
reviewed in this paper, suggest that significant ecological
changes could occur in some cases of glyphosate drift.
Temperature and water stress can affect the injury due

to glyphosate application to plants. Higher tempera-
tures, light intensity, and water stress can decrease the
resistance of GR soybean to glyphosate (Pline et al.,
1999; King et al., 2001). Glyphosate translocates from
source to sink tissue, such as reproductive tissues. In GR
cotton, accumulation of glyphosate in reproductive tis-
sues and insufficient expression of the CP4 EPSPS can
affect the boll retention under some conditions (Pline
et al., 2002; Pline–Srnic, 2005). Impact on yield and fruit
set varies greatly with the environment and timing of
glyphosate applications. In general, applications made
near the time of pollen development in GR crops cause
more reproductive damage than early applications
(Pline–Srnic, 2005). These effects and others are sum-
marized by Pline–Srnic (2005).
Glyphosate-resistant turf grass may present another

method of affecting non-target plants. Grass clippings
from GR creeping bentgrass that had been sprayed with
glyphosate for weed control possessed enough residual
glyphosate for 3 d after treatment to cause injury to
other species when used as mulch (Goss et al., 2004).
The indirect effect of glyphosate on plants through their
influence on plant pathogens is discussed later in this
review. Potential subtle effects of sublethal concentra-
tions of glyphosate on non-target vegetation through
this mechanism have not been studied in the field.
At subtoxic concentrations, glyphosate can be a

growth stimulant (Schabenberger et al., 1999; Wagner
et al., 2003; Belz et al., 2006). Thus, at low concen-
trations glyphosate drift could stimulate growth of
non-target plant species. This type of effect (hormesis)
has been a controversial aspect of environmental
toxicology (Calabrese and Baldwin, 2003). Sugarcane
farmers in several parts of the world use glyphosate at low
doses as a ripener to increase sugar content (McDonald
et al., 2001).

Plant Pathogens
The effect of pesticides on plant pathogens that affect

crops has been an inadequately studied and controversial
topic (Altman, 1993). Glyphosate inhibits the biosyn-
thesis of the aromatic amino acids affecting biosynthesis
of proteins, auxins, phenolic phytoalexins, folic acid, lig-
nins, flavonoids, plastoquinone and hundreds of other
phenolic and alkaloid compounds and might be expected
to increase the susceptibility of sensitive plants to
pathogens or other stresses (Pline–Srnic, 2005).
Glyphosate is toxic to many microorganisms, including

plant pathogens (Toubia–Rahme et al., 1995; Wyss and
Muller–Scharer, 2001) and even some animal pathogens,
such as apicomplexan parasites (e.g., Plasmodium spp.)
containing the apicoplast (Roberts et al., 1998). Not all
fungi are susceptible to glyphosate. For example, Morjan
et al. (2002) found that glyphosate alone was not fungi-

cidal to the entomopathogenic fungi Beauveria bassiana
(Balsamo) Vuillemin,Metarhizium anisopliaeMetschnik-
off,Nomuraea rileyi (F) Samson, andNeozygites floridana
F. However, when formulated, N. floridana and M.
anisopliaewere susceptible to all glyphosate formulations.
The four fungi were susceptible to various glyphosate
formulations when exposed to field concentrations. In a
laboratory study, growth of Pythium ultimum Trow and
F. solani could be stimulated or inhibited, depending on
glyphosate concentration (Kawate et al., 1992).

The influence of glyphosate on plant diseases in GR
crops is variable, sometimes reducing and other times
increasing disease. In GR cotton, glyphosate application
at the four-leaf stage reduced disease on hypocotyls in
field studies (Pankey et al., 2005). Glyphosate was re-
cently reported to inhibit rust diseases in both glypho-
sate-resistant soybean and wheat (Anderson and
Kolmer, 2005; Feng et al., 2005). Glyphosate inhibits
the growth of the plant pathogen that causes red crown
rot [Calonectria crotalariae (Loos) Bell] on non-GR
soybean (Berner et al., 1991). Field trials showed a re-
duction in red crown rot incidence with preplant appli-
cations of low rates of glyphosate.

Kremer et al. (2001) compared the effects of glypho-
sate, a conventional herbicide mix of pendimethalin [N-
(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine]
plus imazaquin {2-[4,5-dihydro-4-methyl-4-(1-methy-
lethyl)-5-oxo-1H-imidazol-2-yl]-3-quinolinecarboxylic
acid)}, and glyphosate plus the conventional herbicide
mix on soilmicrobes in fourGRsoybean varieties at eight
sites. Frequency of Fusarium spp. on roots increased
0.5–5X at 2 or 4 wk after application of glyphosate or
glyphosate plus conventional herbicides compared with
the conventional herbicide alone. This effect was due to
both higher root exudate levels of GR than non-GR
soybeans, as well as to glyphosate stimulation of root
exudation of microbial substrates (Kremer et al., 2005).
In another study, Fusarium spp. populations increased
after glyphosate treatment of weeds in the field, but
crops subsequently grown in these fields were not af-
fected by Fusarium spp. (Levesque et al., 1987).

Dead or dying weeds can provide a good microenvi-
ronment for plant pathogens. P. ultimum and F. solani
populations increased in soils containing glyphosate-
treated weeds (Kawate et al., 1997). Smiley et al. (1992)
found that the incidence of Rhizoctonia root rot was
more severe and yields lower when intervals between
glyphosate treatment and crop planting were short,
which they attributed to greater availability of nutrients
from dying weeds for pathogen populations.

Glyphosate can also affect how a plant responds to a
pathogen. In non-GR plants, glyphosate can make both
crops and weeds more susceptible to plant pathogens
(Johal and Rahe, 1988; Liu et al., 1997; Sharon et al.,
1998), largely or at least partly by inhibiting the pro-
duction of defense-related compounds derived from
the shikimate pathway, such as phytoalexins and lignin.
Low doses of glyphosate can sometimes make patho-
gen-resistant cultivars susceptible to plant disease
(Brammall and Higgins, 1988). Colonization of root tis-
sues in tomato seedlings genetically resistant to Fusar-
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ium oxysporum F. occurred following exposure to a
sublethal concentration of glyphosate (Brammall and
Higgins, 1988). Glyphosate was even patented as a sy-
nergist for a plant pathogen that controls weeds (Christy
et al., 1993).
Theoretically, reduced resistance to plant pathogens

caused by glyphosate through these processes should
not occur in GRCs. Nevertheless, there have been re-
ports of increased susceptibility of GRCs to plant patho-
gens. Farmers in Michigan have reported increased
susceptibility of GR soybean to S. sclerotiorum (Lee
et al., 2003). Glyphosate, its formulation components,
and the glyphosate resistance transgene were not im-
plicated in the increased susceptibility (Lee et al., 2000).
In this case, there was no effect of glyphosate or the
shading from the narrower rows that farmers use with
this crop on the plant’s defense. In a wider study, Ha-
rikrishnan and Yang (2002) concluded that GR and
susceptible soybeans reacted similarly to most herbicide
treatments with respect to root rot and damping off dis-
eases cause by Rhizoctonia solani Kuehn. Similarly, the
response of GR soybeans to F. solani-caused sudden
death syndrome (SDS) was not different than that of
conventional soybeans in which disease symptoms were
increased by application of glyphosate (Sanogo et al.,
2000, 2001). Njiiti et al. (2003) had similar results with
F. solani-caused SDS in soybeans as influenced by gly-
phosate and the glyphosate resistance trait. Nelson
et al. (2002) had mixed results with different GR soy-
bean cultivars and application of different herbicides
to these cultivars with respect to susceptibility to S.
sclerotiorum-caused stem rot. Thifensulfuron {3-[[[[(4-
methoxy-6-methyl-1,3,5-triazin-2-yl)amino]carbonyl]a-
mino]sulfonyl]-2-thiophenecarboxylic acid} treatment
resulted in lower disease severity in isogenic glypho-
sate-susceptible cultivars than with GR cultivars. Sulfo-
nylurea herbicides, such as thifensulfuron, have been
reported to stimulate production of products of the shiki-
mate pathway (Suttle et al., 1983), from which some
phytoalexins are derived.
When evaluating pest management implications of

glyphosate resistance in wheat, Lyon et al. (2002) con-
sidered that a lack of an equally effective and affordable
herbicide to control GR volunteer wheat could increase
wheat diseases such as wheat streak mosaic virus and
Rhizoctonia root rot. Field observations in Ohio sug-
gested a possible interaction between soybean cyst
nematode (Heterodera glycines Ichinohe SCN) and gly-
phosate in a transgenic GR variety that also expresses
SCN resistance derived from the PI88788 soybean line
(Yang et al., 2002). To investigate this possible inter-
action under controlled conditions, greenhouse experi-
ments were conducted. Inoculation with SCN reduced
shoot fresh weight of GR soybean 8 to 29% across all
experiments, but there was no interaction of glyphosate
and SCN in GR soybean.
One unexpected aspect of the interactions between

GRCs and pathogens is that if the expression of the
herbicide resistance transgene is promoted by cauli-
flower mosaic virus 35S promoter, the expression of the
resistance gene can be reduced if the crop is infected

with cauliflower mosaic virus, leaving the crop suscep-
tible to the herbicide (Al-Kaff et al., 2000). This has not
yet been reported in the field. In summary, there are
cases in which the herbicide or the GRC itself may in-
fluence plant pathogens either negatively or positively.

Arthropods
Glyphosate has not been reported to have insecticidal

or other activities against terrestrial arthropods. How-
ever, any herbicide can indirectly affect arthropod pop-
ulations and species compositions in an area by its
effects on vegetation. Furthermore, changes in cropping
systems (e.g., changing from tillage to no-tillage) can
drastically influence arthropod populations. Virtually all
studies show no significant direct effects of glyphosate
on arthropods. For example, Haughton et al. (2001), in a
study of the effects of glyphosate on spiders, stated that
“their results support other limited data which suggest
that glyphosate is harmless to non-target anthropods.”
Gomez and Sagardoy (1985) found no effects of glypho-
sate on microarthropods in soil at double the recom-
mended application rates.

An indirect effect of the herbicide through effects on
weed species compositions and densities is more likely.
For example, Jackson and Pitre (2004) found that popu-
lations of adult Cerotoma trifurcate Forster, adult Spis-
sistilus festinus Say, larvae of Plathypena scabra F., and
the caterpillar of Anticarsia gemmatalis Huebner were
unaffected by GR soybeans or by glyphosate at rec-
ommended or delayed doses. But, adult Geocoris punc-
tipes Say populations were decreased by the herbicide.
The authors concluded that this effect was due to re-
duced weed densities after glyphosate treatment.

No effects of glyphosate resistance transgenes in plant
material have been found on insects. Host plant suit-
ability to green cloverworm (Hypena scabra F.) was
evaluated on two conventional soybean varieties and
two GR varieties, with and without exposure to gly-
phosate (Morjan and Pedigo, 2002). Treatments did not
affect developmental time and survivorship. No sex bias
or morphological effect was detected among treatments.
Soybean genetic differences (between conventional va-
rieties and analogous transgenic varieties) or plant stress
(induced by glyphosate) did not affect the plant suitabil-
ity to H. scabra. Huang et al. (2004) found that pollen
from GR canola had no adverse effects on honeybees.

Weed management systems that allowed more weeds
generally had higher insect population densities (Buck-
elew et al., 2000). However, some species did not fit this
generalization, as systems with fewer weeds appeared
to be preferred by potato leafhoppers (Empoasca fabae
Harris). Bean leaf beetles (Cerotoma trifurcate Forster)
and potato leafhoppers preferred certain soybean va-
rieties, but these effects were attributed to soybean plant
height. Their findings (Table 3) indicate that although
the GR soybean varieties did not strongly affect insect
populations, weed management systems can affect insect
populations in soybean.

In summary, there is little evidence of any direct effect
of glyphosate on arthropods in the field or in natural
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environments. Effects of GRCs and associated cultural
practices can affect arthropods indirectly.

Birds and Wildlife
The environmental effect of the use of GR soybeans

was compared to the effects with non-trangenic soy-
beans for over 1400 midwestern U.S. farms by Nelson
and Bullock (2003). They used the LD50 doses of gly-
phosate and other herbicides for rats in making their
environmental effect estimates. Unlike most previous
studies, this one considered the relative toxicity of her-
bicides available to farmers. The simulation model
results suggested that glyphosate resistance soybean
technology is more environmentally friendly, especially
with regard to mammalian toxicity, than other herbi-
cide technologies for all farms in the midwestern USA.
The effect was generally more pronounced in the south-
ern part of the Midwest, where a longer growing season
makes overall weed pressure more serious, resulting
in more herbicide use.
Peterson and Hulting (2004) compared the ecological

risks of glyphosate used in GR wheat with those as-
sociated with 16 other herbicides used in spring wheat
in the northern U.S. Great Plains. A Tier 1 quantitative
risk assessment method was used. They evaluated acute
dietary risk to birds and wild mammals and acute risk to
aquatic vertebrates, aquatic invertebrates, and aquatic
plants, and effects on seedling emergence and vegetative
vigor to non-target terrestrial plants. They also esti-
mated groundwater exposure to the herbicides. They
found that the ecological risks for the 15 herbicides
relative to glyphosate were highly variable, with gly-
phosate having less relative risk to non-target terrestrial
and aquatic plant life and groundwater than than most
other active ingredients. The study predicted that gly-
phosate use in GRCs will be less toxic to terrestrial
and aquatic wildlife than several of the herbicides which
they replace.
GRCs can affect birds and wildlife indirectly by al-

tering habitat and food sources through effectively re-
ducing weed biomass and/or changing weed species
composition within the agricultural field. We mentioned
above the studies by Dewar et al. (2003) and Perry et al.
(2004) that have shown or predicted indirect effects of
GRCs on wildlife through effects on habitat. Glyphosate
can be applied to GRCs later in the growing season

because it is generally effective against most weed spe-
cies at later growth stages. If desired, this allows the
farmer to design a weed management scheme that
would not reduce yield, and would benefit wildlife.
Strandberg (2004) studied such possibilities in GR
maize, canola, and sugarbeet and found some improve-
ments in both flora and fauna during early summer, due
to a longer pesticide-free window during the spring.
However, he points out that glyphosate use reduces
weed seed production, with possible eventual negative
consequences on wildlife. He concluded that long-term
investigations of cropping systems with each GRC
should be conducted to understand the full effects
(both positive and negative) on farm land wildlife.

We discussed earlier that glyphosate formulations can
be toxic to some amphibians when sprayed directly on
them (Relyea, 2005). Vegetation changes due to the
adoption of no-tillage agriculture will almost certainly
have effects on wildlife. We are not aware of studies on
this indirect effect of GRCs.

FOOD AND FEED SAFETY
There are two components of food safety associated

with GRCs. Glyphosate might directly alter food safety
if it or its metabolic products are found in the edible
portions of the crop at levels above tolerance levels. The
transgene itself could alter food safety, either directly or
indirectly. For regulatory approval, transgenic crops are
scrutinized to a far greater level than conventional crops,
using analytical, nutritional, and toxicological methods
(Atherton, 2002; König et al., 2004; Malarkey, 2003),
although some have proposed that 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
(Cellini et al., 2004).

Glyphosate Residues
A fundamental consideration in evaluation of the

potential impact of a pesticide in the food supply is its
toxicity. Glyphosate is classified as a category E pes-
ticide (evidence of noncarcingenicity for humans) by the
USEPA (Franz et al., 1997). The toxicities of glyphosate,
its isopropylamine salt, and formulations have been
well-studied in mammals with short- and long-term
toxicity, and bioaccumulation or elimination properties,

Table 3. Mean number of insects per 20 sweeps collected from transgenic (glyphosate resistant) and non-transgenic soybean varieties in two
weed management systems (Buckelew et al., 2000).

Soybean variety/management system
Bean leaf
beetle Potato leafhopper Tarnished plant bug

Grasshopper
nymphs Insiduous flower bug Damsel bug

Glyphosate-resistant 3.96a† 5.94c 0.49a 1.13a 1.11a 1.17a
Glyphosate-resistant‡ 3.87ab 7.29b 0.44a 1.14a 0.92a 1.05ab
Glufosinate-resistant 3.53b 6.02bc 0.57a 1.28a 1.65a 0.89b
STS§ 3.48b 6.14bc 0.53a 1.10a 0.82a 1.10ab
Jack‡ 4.52a 4.95c 0.29a 0.97a 1.13a 0.91b
Kenwood 94 3.55ab 11.00a 0.53a 1.13a 1.14a 1.14a
Conventional weed management 3.69a 6.70b 0.64a 1.25a 1.66a 1.16a
Control/hand-weeded 3.95a 7.6a 0.32b 1.00b 0.59b 0.92b

†Means followed by the same letter are not significantly different ( p . 0.05).
‡Denotes a variety that is also resistant to soybean cyst nematode.
§Denotes a non-transgenic variety that is resistant to sulfonylurea herbicides.
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and data suggest that glyphosate has a very low level of
toxicity in mammals and is not retained to a significant
extent in animal tissues (Franz et al., 1997). Glyphosate
(either the anion or the isopropylamine salt) is prac-
tically nontoxic by ingestion, with a reported acute oral
LD50 of . 5000 mg kg21 in the rat (Vencill, 2002). The
trimethylsulfonium salt of glyphosate is more toxic, with
an oral LD50 of about 705 mg kg21. It is not a restricted-
use pesticide and is a best-selling weed killer for home
lawn and garden use. Animals do not contain the herbi-
cide molecular target site (EPSPS) of glyphosate. Intes-
tinal flora of some animals do contain the EPSPS, but in
studies with sheep, glyphosate had no significant effect
on rumen fermentation parameters and in sacco degra-
dation of grass hay and corn grain (Huther et al., 2005).
Occasional reports of severe effects of ingestion of

formulated glyphosate occur (Sorensen and Gregersen,
1999; Stella and Ryan, 2004). Most reported cases of
severe glyphosate poisoning involve ingestion of greater
than 85 mL of a concentrated formulation containing
adjuvants, surfactants, and/or other additives (Bradberry
et al., 2004). 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 metabo-
lites and concluded that under present and expected
conditions of use, glyphosate does not pose a significant
health risk to humans. Considering the limited toxicity of
the compound, it seems likely that most or all of the
reports of acute toxicity after ingestion are due to for-
mulation ingredients.
Surprisingly little has been published on herbicide

residues in GRC foods. Most of what we know is from
studies with non-GRCs. However, herbicide residue
data must be supplied for regulatory approval of GRCs.
In a testing program to detect whether GR soybeans had
been sprayed with glyphosate or not, Lorenzatti et al.
(2004) found glyphosate and AMPA in green, immature
seeds. Duke et al. (2003b) found both glyphosate and
AMPA in harvested seeds of different GR soybean
varieties grown in widely separated geographical re-
gions. At legal glyphosate application rates that were
relatively high and late, glyphosate residues were within
established tolerance levels. Higher AMPA than gly-
phosate levels were surprising, since plants are thought
to degrade glyphosate very little, if at all (Duke, 1988;
Duke et al., 2003a). This work also indicated that res-
idues can be found in seeds of non-transgenic soybean
grown in proximity to GR soybeans, apparently due to
herbicide drift. These findings led to a study that indi-
cated the occasional phytotoxicity caused by glyphosate
in GR soybeans is due to AMPA accumulation (Reddy
et al., 2004), a compound known to be weakly phyto-
toxic (Hoagland, 1980). We have found no publications
on glyphosate residues in GRCs other than soybean.
Glyphosate and/or its degradation products can be

expected to be found in edible parts of plants at levels
below regulatory thresholds (Arregui et al., 2004; Duke
et al., 2003b; Feng and Chiu, 2005). Little is known about
how food processing might affect such residues. Low
et al. (2005) found that baker’s yeast (Saccharomyces

cerevisiae) rapidly reduced glyphosate levels in wheat
flour during bread making, but the degradation products
were not identified.

Transgene-Related Effects on Food and Feed
A transgene might pose a food safety risk for two

basic reasons. First, the transgene protein product itself
could be toxic, due to direct toxicity, anti-nutritive ef-
fects, or allergenic effects. Second, the gene could cause
a change in the metabolic pathways of the crop chang-
ing the levels of already existing metabolites or intro-
ducing a new metabolite. The latter risk can be due
either to a direct effect of the transgene product or to
insertion into the genome at a place that alters ex-
pression of other genes. In the case of GRCs, where no
metabolic pathway is purposefully altered, there is less
probability that new compounds other than herbicide
residues will end up in the edible parts of the crop. Gene
expression and metabolite profiling methods can be
used to detect changes in metabolic pathways (Cellini
et al., 2004; Kuiper et al., 2002).

Harrison et al. (1996) provide the details of the safety
evaluation for the CP4 EPSPS enzyme introduced into
soybean to provide glyphosate resistance. The protein
was found to be (i) non-toxic to mice when consumed at
doses thousands of times higher than potential human
exposure, (ii) readily degraded by digestive fluids, and
(iii) not structurally or functionally related to any known
protein allergens or toxins, based on amino acid se-
quence homology searches.

Studies with GR maize line GA21 evaluated the com-
positional and nutritional safety of maize line GA21
compared to that of conventional maize (Sidhu et al.,
2000). Compositional analyses were conducted to mea-
sure proximate, fiber, amino acid, fatty acid, and mineral
contents of grain, and proximate, fiber, and mineral
contents of forage collected from sixteen field sites over
two growing seasons. Similarly, Tutel’ian et al. (2001)
found no significant compositional differences between
conventional maize and maize line GA 21. The nutri-
tional safety of maize line GA21 was also evaluated by
Sidhuet al. (2000) in apoultry feeding study.Results from
this study showed that there were no significant differ-
ences in growth, feed efficiency, adjusted feed efficiency,
and fat pad weights between chickens fed with GA21
grain or with parental control grain. These data taken
together indicate that GRGA21 maize is as safe and nu-
tritious as conventional maize for food and feed use.

Several other studies have found no significant dif-
ferences in the nutrient content and composition of GR
and non-transgenic crops. These studies include maize
(Ridley et al., 2002; Autran et al., 2003), soybean (Pad-
gette et al., 1996b; McCann et al., 2005), wheat (Obert
et al., 2004), and cotton (Nida et al., 1996). The McCann
et al. (2005) study found a consistent lack of significant
effect of the CP4 gene on composition of several GR
soybean varieties over 3 yr. 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 to be not substantially
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different than the respective, non-transgenic parental
lines. Similarly, Filipe et al. (2005) found no significant
effect of glyphosate resistance on trypsin inhibitor ac-
tivity of soybeans, and the effects of cooking and pro-
cessing on trypsin inhbitor activity was the same in both
GR and non-transgenic soybeans.
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., 2002), and glyphosate preferentially translocates
to metabolic sinks such as seeds (Duke, 1988). There-
fore, we reasoned that at relatively high and late ap-
plications of glyphosate to GR soybeans, a reduction
of the content of these compounds could occur. In a
well-replicated field study at two sites, hundreds of
kilometers apart, we found no significant effects of gly-
phosate on isoflavones in harvested seed (Duke et al.,
2003b). Earlier, Lappe et al. (1999) reported reductions
of isoflavone levels on GR soybean varieties in the ab-
sence of glyphosate (i.e., a pleiotropic effect of the CP4
gene). However, this study was not done by comparing
isogenic lines. Padgette et al. (1996b) found no effects of
the transgene on isoflavone content of soybean.
Most of the peer-reviewed, published results of ani-

mal feeding studies with GRCs are summarized in
Table 4. All of these studies support the view that food
from GRCs is substantially equivalent to non-transgenic
crops. In addition to these studies, no evidence of the
CP4 gene or its protein product could be detected in
pork from swine fed GR soybean meal (Jennings et al.,
2003). No effects on GR soybeans could be found on the
immune system of mice (Teshima et al., 2000).
The potential allergenic properties of the protein

products of transgenes must be determined before ap-
proval. These data are provided to regulatory agencies,
but publications on this topic are scarce. There are a few
published studies that show no allergenic properties of
transgene products associated with GRCs. Sten et al.
(2004), in a study with soybean-sensitized patients, found
that the allergenicity of ten GR and eight non-transgenic
soybean cultivars were not different. Chang et al. (2003)
found no significant allergenicity to rats of the CP4
EPSPS gene product conferring glyphosate resistance.

A last, but almost unstudied aspect of food quality
and GRCs is their influence on contamination of food
with poisonous weed seeds. Weed seeds can be sources
of toxic compounds (Powell et al., 1990). GRCs are
generally more weed-free than conventional crops,
resulting in less foreign matter, including weed seeds,
in the harvested product (Shaw and Bray, 2003; Canola
Council of Canada, 2001).

GLYPHOSATE-RESISTANT WEEDS
WITHOUT GENE FLOW

This section will deal with weed problems for farmers
that may or will occur because of the use of GRCs. Al-
though glyphosate is a non-selective, broad-spectrum
herbicide, it cannot control all plant species or biotypes
at recommended dose rates. Thus, weed species or bio-
types with high levels of natural resistance can fill the
ecological niches vacated in the agroecosytem in GRC
cropping systems. Weeds evolve resistance to herbicides,
and this process is accelerated when they are used year
after year. GRCs can become feral in some situations,
creating a weed that cannot be controlled by the her-
bicide to which it has been engineered to be resistant.
The gene(s) conferring herbicide resistance to the crop
can move to weedy relatives by outcrossing, causing a
more problematic weed. Thus, to combat the weed prob-
lems associated with these developments, farmers are
beginning to apply other herbicides with glyphosate
(Grichar et al., 2004). In a modeling study that analyzed
1356 potential interactions between biological, chemi-
cal, and physical factors for potential hazards associated
with herbicide-resistant canola, Hayes et al. (2004) pre-
dicted the incidence of herbicide-resistant weeds (both
wild weed and crop volunteers) to be the most probable
risk. Almost all of the changes in vegetation resulting
from GRC use at this time are problems for farmers, but
not for the general public.

Feral Crops
Feral versions of some crop species exist (Gressel,

2005), and gene flow to these biotypes is a strong con-
cern. This topic is dealt with later in this review. How-
ever, GRC technology may contribute to current weed
problems if GRCs themselves become volunteer or fe-
ral crops. Most domestic crops do not persist in a natural
ecosystem, but they can be problems in agricultural
fields when rotating crops, especially if they are resistant
to the herbicide(s) used with the subsequent crop. Ad-
ditionally, the existence of an HR gene cannot provide
any fitness advantage in the wild, where the herbicide
is not used. This problem can be exacerbated if two
crops used in rotation are both GRCs. For example,
York et al. (2004) found GR cotton to be a problem in
subsequent crops of GR soybean. Feral cotton in soy-
beans can be a problem in harboring undetected cotton
boll weevils. Volunteer GR canola and wheat could pose
problems in weed control in conservation tillage systems
in the U.S. Pacific Northwest. (Rainbolt et al., 2004).
These systems currently rely on glyphosate for weed
control during fallow and before planting. Thus, con-

Table 4. Results of animal feeding studies with GRCs.

Crop Animal Result Reference

maize rat no effect Hammond et al., 2004
maize swine no effect Hyun et al., 2004
maize cattle no effect 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
no effect Taylor et al., 2005

soybean rat no effect Zhu et al., 2004
no effect Hammond et al., 1996

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
canola rainbow trout no effect Brown et al., 2003
canola poultry no effect Taylor et al., 2004
sugarbeet sheep no effect Hartnell et al., 2005
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tinued use of only glyphosate with a GRC will make this
problem worse.

Evolved Resistance
An excellent web site exists that catalogs all verified

cases of evolved resistance to herbicides (Heap et al.,
2005). After a long lag phase, the cases of evolved
herbicide resistance to all herbicides have grown linearly
since the late 1970s, reaching more than 300 resistant
biotypes of 182 weed species by 2006. Although several
species of weeds have evolved resistance to glyphosate,
only three of these cases have been associated with
GRCs, but more are expected to evolve due to the in-
creased use of GRCs and to the increasing dose and
frequency of glyphosate use within HRCs.
Because of the complex manipulations that were re-

quired to produce an effective transgene for imparting
glyphosate resistance, it was considered unlikely that a
similar type of resistance would evolve quickly in weeds
(Bradshaw et al., 1997). However, since this publication,
several weed species have evolved resistance to glypho-
sate (Heap et al., 2005; Nandula et al., 2005) (Table 5),
apparently through several different mechanisms.
We do not have a good understanding of the mecha-

nism of resistance in Lolium spp., although it is appar-
ently not due to an altered EPSPS (Baerson et al., 2002a).
When the susceptible and resistant biotypes of the Cali-
fornia L. rigidum Gaud. are treated with glyphosate, the
susceptible biotype accumulates ten-fold more shikimic
acid than the resistant biotype (Simarmata et al., 2003).
This result, coupled with evidence of no enhanced deg-
radation of shikimate in the resistant biotype, indicates
differential effects of glyphosate on in vivo EPSPS ac-
tivity. This conclusion is consistent with the conclusion of
Lorraine-Colwill et al. (2003) that resistance is based on
differences in cellular transport and translocation, indi-
cating that glyphosate is not reaching themolecular target
site in much of the plant tissues. Evolved resistance in
Eleusine indica (L.) Gaertn. is due to a resistant form of
EPSP (Baerson et al., 2002b). This gene has been pat-
ented for use in producing GRCs (Baerson et al., 2004).
All of the cases of evolved glyphosate resistance took

place in non-transgenic crop situations except those of
Conyza canadensis L., Ambrosia artemisiifolia L., and
Amaranthus palmeri S. Wats. In the U.S.A., C. canaden-
sis evolved resistance to glyphosate largely or entirely in

GR soybeans (VanGessel, 2001). However, as this weed
is largely treated before planting, it should be noted
that exposure to glyphosate began before introduction
of GR soybeans, and attributing this resistance solely to
the introduction of GR soybeans may not be completely
accurate (Dill, 2005). Its mechanism of resistance is ap-
parently reduced translocation of the herbicide (Feng
et al., 2004; Koger and Reddy, 2005). With the continued
extensive use of GRCs, more cases of evolved GR weeds
are expected to emerge.

Weed Shifts
Although glyphosate is a broad-spectrum, non-selec-

tive herbicide, different species and different biotypes
within species have different levels of natural resistance
to it (Nandula et al., 2005). Levels of natural resistance
can also vary dramatically within growth stages. For
example, the following weeds in Brazil are not weeds
that have evolved resistance, but are difficult to con-
trol with glyphosate due to their natural resistance:
Chamaesyce hirta (L.) Millsp Peelegreeiir, Commelina
benghalensis (L.), Spermacoce latifolia Aubl, Euphorbia
heterophylla (L.), Richardia brasiliensis Gomes, and
Ipomoea ssp. (A. Brighenti, personal communication,
2004). Genetic variation in glyphosate resistance exists
in weedy morning glory [Ipomoea purpurea (L.) Roth]
(Baucom and Mauricio, 2004), bermudagrass (Cynodon
dactylon L.) (Bryson and Wills, 1985), and field bind-
weed (Convolvulus arvensis L.) (Duncan and Weller,
1987). Many GR morning glory species were found to
produce fewer seeds, so this trait may be a fitness dis-
advantage in the absence of glyphosate. However, these
authors did not determine whether there is a linkage of
the seed production and glyphosate resistance traits. In
Argentina, the naturally resistant weed Parietara debilis
G. Foster appeared and increased during several years
of GR soybean monoculture and GR soybean/maize
rotation (Puricelli and Tuesca, 2005). This effect was
much more pronounced in no-tillage than conventional
tillage agriculture. The populations of naturally resis-
tant species were expected to increase in GRCs if the
crops are grown continuously (Shaner, 2000), leading to
higher glyphosate application rates or the necessity of
using other herbicides. Furthermore, with glyphosate
and the slow evolution of resistance to it, weed species
or biotype shifts should occur more rapidly than evolu-
tion of resistance. The predictions of Shaner (2000) seem
to be coming true.

Waterhemp [Amaranthus rudis Sauer and A. tubercu-
latus (Moq.) Sauer] biotypes possess extremely variable
levels of susceptibility to glyphosate (Patzoldt et al.,
2002). Waterhemp and velvetleaf (Abutilon theophrasti
Medik.), which are not effectively controlled by
glyphosate, became a greater problem in GR soybean
in Iowa after a short period (Owen, 1997). A Kansas
study showed that ivyleaf morning glory (Ipomoea he-
deracea Jacq) and large crabgrass [Digitaria sanguinalis
(L.) Scop] that were not controlled well by glyphosate
dominated the weed community in a maize–soybean
rotation using glyphosate applications for weed control

Table 5. Weed species that have evolved resistance to glyphosate
(Heap et al., 2005).

Species Year first reported Countries

Amaranthus palmeri S, Wats. 2005 USA
Ambrosia artemisifolia L. 2004 USA
Conyza bonaneriensis L. 2003 South Africa

2004 Spain
Conyza canadensis (L.) Cronq. 2000 USA
Eleusine indica (L.) Gaertn. 1997 Malaysia
Lolium multiflorum L. 2001 Chile

2003 Brazil
2004 USA

Lolium rigidum Gaud. 1996 Australia
2001 South Africa
1998 USA

Plantago lanceolata L. 2003 South Africa
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(Marshall et al., 2000). In a similar study, Coble and
Warren (1997) reported that morning glory species in-
creased in abundance with the continuous 3-yr use of
glyphosate compared with other herbicide programs.
Nandula et al. (2005) lists Asiatic dayflower (Commelia
communlus L.), birdsfool trefoil (Lotus corniculatus L.),
Chinese foldwing [Dicliptera chinensis (L.) Juss], com-
mon lambsquarters (Chenopodiium album L.), and tro-
pical spiderwort (Commelina benghalensis L.) as weeds
that are naturally resistant to glyphosate. Other weed
species that possess some level of natural resistance to
glyphosate include nutsedge species (Cyperus spp.),
horseweed [Conyza canadensis (L.) Cronq], and hemp
sesbania [Sesbania exaltata (P. Mill.) McVaugh] (Shaner,
2000). The relatively high level of natural resistance of
horseweed to glyphosate could have aided in its evolu-
tion of an even higher level of resistance.
In an extensive, six-site, 4-yr study in which GR wheat

was rotated with canola and peas, Harker et al. (2005),
found shifts from weeds that have commonly been as-
sociated with wheat production to more resistant weed
species and/or volunteer canola and wheat, depending
on the site. Overall, the study showed that use of GR
wheat in the rotations of this study, did not significantly
increase short-term weed management risks.
A field study that was conducted from 1999 through

2001 in Mississippi, to determine the effects of bromox-
ynil (3,5-dibromo-4-hydroxybenzonitrile)-resistant and
GR cotton rotation systems on weed control and cot-
ton yield, indicated a shift in the spectrum of weeds to-
ward more naturally herbicide-resistant species (Reddy,
2004). Reddy concluded that a yield decline in con-
tinuous bromoxynil-resistant cotton due to species shifts
can be prevented by rotating bromoxynil-resistant with
GR cotton. The farmer no longer has this option due
to the withdrawal of bromoxynil-resistant cotton from
the market.
Not all cases of weed shifts are due to natural resis-

tance to the herbicide. Hilgenfield et al. (2004) pointed
out that weed shifts could also be due to avoidance of
glyphosate by germination and/or development at times
that are unlikely to be under glyphosate selection pres-
sure. In a study with a range of weed species, varying in
time of seedling emergence and sensitivity to glypho-
sate, they found ivyleaf morning glory (Ipomoea hede-
racea Jacq.) to both better survive the herbicide after
emergence and to avoid it by late emergence. Shatter-
cane [Sorghum bicolor (L.) Moench] avoided glypho-
sate applications by late emergence.
In the U.S.A., there have already been increasing pop-

ulations of naturally resistant species and biotypes in
GRCs, requiring other herbicides to be used frequently
with glyphosate in GRCs (Grichar et al., 2004; Johnson
et al., 2002). Evaluating pest management implications of
glyphosate-resistance in wheat, Lyon et al. (2002) consid-
ered that a lack of equally effective and affordable her-
bicides as glyphosate would increase the possibility of
over-reliance on glyphosate, leading to species shifts, with
unknown consequences for weed management in wheat.
The reduction and elimination of tillage that has been

encouraged by the adoption of GRCs (Fig. 5 & 6) also

causes shifts in weed species (Swanton et al., 1999), al-
though this has not beenwell documented in the literature.

Potential Effects on Invasive Plant Species
Introduction of exotic, invasive plant species to hab-

itats where they are not native has caused incalculable
environmental harm that is rarely reversible and ex-
tremely costly to mitigate (Carruthers, 2003; Duncan
et al., 2004). Part of the spread of these species is due to
contamination of crop seeds with those of weeds. In
Canada, harvested GRCs are more weed-free than con-
ventional canola, resulting in less contamination of har-
vested seed with weed seed (Canola Council of Canada,
2001). Foreign matter of representative GR and con-
ventional soybean was determined by evaluating eleva-
tor receipts collected from soybean producers in the
southern and midwestern United States (Shaw and
Bray, 2003). A total of 16535 ha were represented, of
which 13903 were from GR soybean and 2632 were
from conventional soybean. The average foreign matter
content from the GR soybean was 1.9%, compared with
2.5% from the conventional soybean. The authors con-
cluded that the glyphosate-resistant program reduced
foreign matter, an indication of reduced weed seed.
Whether similar results would be found for other GRCs
is unknown. This aspect of GRCs needs further study.

GENE FLOW (INTROGRESSION) EFFECTS
Introgression is the movement of a gene or genes from

donor plants to sexually compatible recipient plants of a
different genotype (e.g., different species, variety, or bio-
type) by sexual crossing, followed by backcrossing of the
hybrid with the recipient population until the gene is sta-
bilized in the population. This process is sometimes called
gene flow. Gressel (2002a) points out that there are more
confirmed cases of gene flow from weeds to crops than
vice versa. Gene flow between plants may occur if the
source and recipient plants are grown close enough to
each other. Pollen can be carried for long distances by
wind, water, insects, and animals, but viability decreases
with time and environmental stresses. So, increased dis-
tance only reduces, but does not eliminate, the probability
of gene flow. Also, to occur, the potential gene source and
recipient populations must flower at the same time and
must be open-pollinated. For fullmovement of the gene or
genes into another population, several backcrosses are
required. Introgression of herbicide resistance transgenes
into weedy species has the potential to exacerbate prob-
lems with existing weed species in GRCs or to create a
new weed problem with species that are normally not
a problem.

Introgression of Glyphosate Resistance
Transgenes to Weeds

Introgression is more likely for herbicide resistance
transgenes than for other transgenes, in that the her-
bicide used with the crop selects for crosses between
species, eliminating competition from plants without the
transgene. Hybrids between species or between crops
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and weedy variants of the crop are often unfit (Lefol
et al., 1996; Scheffler and Dale, 1994). The herbicide
may enhance the survival of unfit crosses that might not
survive under normal competitive situations, allowing
the survivors to backcross with the non-crop parent, re-
sulting in eventual introgression of the herbicide resis-
tance transgene into the wild population.
Crops are naturally resistant to the selective herbi-

cides that are used with them. This natural resistance has
a genetic basis. Although there are hundreds of cases of
evolved resistance of weeds in fields of non-transgenic
crops (Heap et al., 2005), there are no proven cases of
introgression of herbicide resistance gene(s) from a
naturally-resistant crop to an associated weed. This may,
in part, be due to the fact that closely related weeds are
typically also naturally resistant to the same selective
herbicides. This is not the case with HRCs.
Gressel (2002a, b) and Kwon and Kim (2001) have

reviewed the risks for introgression of transgenes from
various crops into weedy relatives. Among the GRCs
grown, only canola has a weedy relative (Brassica rapa
L.) with which it can interbreed in North America
(Légère, 2005). Gene flow from GR canola to Brassica
rapa L. has been documented in commercial fields (War-
wick et al., 2003); however, the genes were apparently
not fully introgressed. Scheffler and Dale (1994) re-
viewed outcrossing of canola with weedy relatives in
Europe and concluded that poor vigor and high sterility
in the hybrids will generally mean that hybrids and
their progeny will not survive in either an agricultural
or a natural habitat. In a study to measure the fate of a
herbicide resistance transgene escaping from canola to
B. rapa in the absence of the herbicide, Lu et al. (2003)
found the gene frequency was reduced from 50% in the
first backcross to 0.1% in backcross generation four
if the gene was on an A chromosome. Transmission was
less if the transgene was on a C chromosome. Under the
selection pressure of spraying glyphosate, to which the
transgene conferred resistance, the frequency of the trans-
gene reached a stable value of about 5.5% within six
generations of successive backcrossing. They suggested
that the transgenic cultivars should be developed by inte-
grating the herbicide resistant gene on aC chromosomeor
a cytoplasm genome and cultivated rotationally by year(s)
with other non-transgenic varieties to reduce the transfer
of the transgene to wildB. rapa species. With some weedy
relatives of canola such as Sinapis arvensis L., gene trans-
fer from B. napus in the field is very rare or nonexistent
(Moyes et al., 2002).
Maize genes could theoretically introgress into teo-

sinte [Euchlaena mexicana (Schrad.) Kuntze], the spe-
cies from which maize originated, since the two species
can interbreed (Doebley and Stec, 1993). Teosinte is not
a troublesome weed. Teosinte is found only in Mexico
and Central America, and has not yet been reported to
be contaminated with transgenes, although this possi-
bility and the consequences of it are discussed in detail
in a recent report (North American Commission for
Environmental Cooperation, 2004).
In the case of wheat, crosses of non-transgenic, imi-

dazolinone-resistant wheat andAegilops cylindricaHost

were discovered after only 1 yr of introduction of the
crop (Seefeldt et al., 1998). Crosses between these spe-
cies are apparently more likely with some wheat va-
rieties than others (Stone and Peeper, 2004). Putting the
herbicide resistance transgene on the A or B genome of
wheat will apparently delay the movement to A. cy-
lindrica Host (Wang et al., 2001). However, genes of the
D genome of wheat can readily introgress into A. cylin-
drica, which also has a D genome (Kroiss et al., 2004).

GR creeping bentgrass, a wind-pollinated perennial,
is being tested as an herbicide-resistant plant for use as
a turf grass. Recent studies have shown that the CP4
EPSPS gene is readily transmitted to non-transgenic
bentgrass (Watrud et al., 2004). This was not a surprising
result. Bentgrass is not a troublesome weed, but if it
were glyphosate-resistant it might become a problem in
GRCs. There is good potential for introgression of trans-
genes from sunflower Helianthus annuus L. (Linder
et al., 1998), sugarbeet (Desplanque et al., 1999), and
rice (Messeguer et al., 2004), as well as many other
crops, to wild relatives.

The transfer of transgenes from soybean to weedy
relatives is not considered a risk in the Western Hemis-
phere (which accounts for about 83% of the total
soybean acreage worldwide), because there are no sex-
ually compatible relatives of soybean growing wild in
the Americas. Similarly, there are no weedy relatives of
cotton in North America. However, it is difficult to
completely restrict a cultivar to a particular area, as
evidenced by the illegal (at the time) growing of GR
soybean by some farmers in Brazil (Flaskerud, 2003).

Gene Flow to Non-Transgenic Crops
Gene flow to non-GRCs of the same species is much

more likely thanoutcrossingwith other species. The glyph-
osate resistance transgene’s presence in an unintended
cultivar can result in weed problems with volunteer plants
in the subsequent year when the farmer grows another
crop that has been made resistant to glyphosate. Non-
GRCs that contain transgenes may not be accepted by
some markets, depending on the degree of contamination
and the market. For some crops, such as soybean, out-
crossing is not considered a significant problem, but for
rice,maize, and canola considerable outcrossing canoccur.

Gene flow between fields of herbicide-resistant canola,
including GR canola, and non-transgenic canola has re-
sulted in herbicide resistance transgenes in several com-
binations being present in Canadian fields that were
supposed to contain only non-transgenic canola (Hall et al.,
2000). Gene flow between transgenic and non-transgenic
canola can be substantial (Rieger et al., 2002). Models
have been used to predict the effects of cropping systems
on gene flow from herbicide-resistant canola to non-
transgenic canola (Colbach et al., 2001a, b).Methods have
been developed to control multiple herbicide-resistant
volunteer canola causedby gene flow (Beckie et al., 2004).

Maize genes could theoretically introgress into land-
races of maize, and at least one paper has claimed that
this has already happened in Mexico (Quist and Cha-
pela, 2001). There was considerable controversy over
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this paper, and the journal concluded that “the evidence
is not sufficient to justify the publication of the original
paper” (Anonymous, 2002). A later report has again
stated that there has been gene flow to maize landraces
in Mexico (North American Commission for Environ-
mental Cooperation, 2004). More recently, an extensive
study found no transgenes in seed samples from land-
races of maize in Mexico (Ortiz–Garcia et al., 2005).

Introgression of Transgenes and the
Natural Environment

Relatively little is known about introgression of genes
from crops into wild relatives and the potential impact of
this on natural ecosystems. A persuasive argument can
be made that an herbicide resistance gene should have
no fitness advantage in a natural habitat where gly-
phosate is not used (Stewart et al., 2003), and glyphosate
resistance might reduce fitness (Baucom and Mauricio,
2004), depending on the mechanism of resistance. Al-
though the proper experiments do not appear to have
been done, there is no evidence that the GR genes used
in commercial crop varieties at this time have any fitness
penalty. Thus, we would expect no effect of these genes
on natural ecosystems if introgressed into wild plants.
Simard et al. (2005) found little indication of reduced
fitness of different canola populations resistant to two
herbicides (all dual combinations of glyphosate, glufo-
sinate, or imidazolinones), due to introgression of trans-
genes in Canadian fields. But, cropping situations are
quite different than natural environments.
When a glyphosate resistance gene is coupled with

another transgene thatwould provide a natural ecosystem
fitness advantage (e.g., disease, insect, drought, or tem-
perature extreme resistance), there is a potential problem
with the herbicide resistance transgene.A gene conferring
a fitness advantage, such as pest or stress resistance, could
change the ecological balance between plant species with-
in an ecosystem, which could be a potentially undesirable
outcome. When both genes are used, the use of the her-
bicide in the presence of the hybridwill favor backcrossing
until the gene conferring the fitness advantage is intro-
gressed into a wild population. At this time, insect and
glyphosate resistance transgenes are coupled in commer-
cially available transgenic maize and cotton.
Movement of fitness-enhancing transgenes into wild

populations is the only non-reversible risk of transgenic
crops. Thus, controlling ormitigatingmovement of trans-
genes to wild populations is highly desirable. This topic
has been reviewed by Gressel (2002a). Some of the
approaches for mitigation or elimination of introgres-
sion of transgenes proposed by Gressel (2002a) and
others are listed below:

1. Do not couple herbicide resistance genes with
transgenes imparting fitness in natural habitats. If
herbicide resistance genes are used with transgenes
imparting fitness in natural ecosystems, there will
be less chance of introgression being enhanced by
the herbicide if the two genes are put on differ-
ent chromosomes.

2. Putting the resistance gene into the plastid genome
(the plastome) would prevent or greatly reduce
gene flow through pollen flow (Daniell et al., 1998).
Advances are being made in plastid transformation
(Zhang et al., 2003; Maliga, 2003). There is very
little information on how failsafe such a strategy
might be, since there is evidence of movement of
plastome genes through pollen in several angio-
sperms (Wang et al., 2004; Zhang and Sodmergen,
2003), and there is no information with large
numbers of a lack of pollen transmission of plas-
tome traits.

3. Use sterile varieties. Some varieties or cultivars
of plants propagate vegetatively, producing no
pollen. Webster et al. (2003) recommended trip-
loid, non-pollen-producing or -receiving cultivars
of bermudagrass [Cynodon dactylon (L.) Pers.] for
introduction of herbicide-resistant turf. Some
cultivars are male sterile. Luo et al. (2004) de-
signed and synthesized chimeric gene constructs
that produced complete male sterility into creep-
ing bentgrass.

4. The transgene can be linked to one that would be
deleterious to survival in the wild (e.g., genes that
prevent dormancy or seed shattering) (Al-Ahmad
et al., 2004; Gressel and Al-Ahmad, 2004).

5. Use regulatory elements that will not function in
weedy relatives (Gressel and Al-Ahmad, 2004).

6. Transgenes can be located in parts of the genome
that are less subject to introgression (Stewart et al.,
2003). For example, in wheat, the A and B genomes
of this triploid crop will not easily introgress into
jointed goatgrass (Anderson et al., 2004).

7. Hybrid technology can also be used. Placing a domi-
nant transgene for herbicide resistance in the male
sterile line, with close linkage with the male sterility
gene will prevent introgression (Gressel, 2002a).

8. The controversial “terminator” technology, that pre-
vents seed viability from crosses with the trans-
genic crop, would stop introgression (Oliver et al.,
1998). To our knowledge, this technology has not
been proven.

We view development and use of “failsafe” methods
for eliminating introgression as the most important step
that could be taken to reduce the potential environ-
mental impact of transgenic crops.

CONCLUSIONS
We have provided an abbreviated survey of the po-

tential impacts (risks and benefits) of GRCs and gly-
phosate. Clearly, we and many of the authors who have
written on this topic emphasize that risks and benefits
are very geography- and time-dependent. In the context
of the replaced herbicides and agronomic practices, the
apparent health and environmental benefits of the gly-
phosate/GRC combination are significant. Glyphosate is
more environmentally and toxicologically benign than
many of the herbicides that it replaces. In most cases, the
effects on soil, air, and water contamination and on non-
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target organisms appear to be relatively small. Soil ero-
sion causes long-term environmental damage. Being a
broad spectrum, foliarly applied herbicide, with little or
no activity in soil, glyphosate is highly compatible with
reduced- or no-tillage agriculture and has contributed
to the adoption of these practices in the Western Hemi-
sphere. This contribution to environmental quality by
GRCs is perhaps the most significant one.
Transgenic foods are tested and evaluated for safety

to a much greater extent than traditional foods that are
usually derived by conventional breeding methods in-
volving transfer of many genes with both known and
unknown functions. New crops and new varieties of con-
ventional crops are usually introduced without any test-
ing for safety or nutritional problems related to genetics.
In contrast, a rigorous safety testing paradigm has been
developed for transgenic crops that utilizes a system-
atic, stepwise, and holistic approach (reviewed by Cog-
burn, 2002). Regarding food quality, we agree with
Cogburn (2002), who concluded in an exhaustive review
of the approval processes for transgenic food that foods
and feeds derived from currently grown transgenic crops
are as safe and nutritious as those derived from tra-
ditional crops. The lack of any adverse effects resulting
from consumption of transgenic crops grown on hun-
dreds of millions of cumulative hectares over the last
10 yr supports his conclusion.
All of the minimal environmental risks that we discuss

above are reversible and are in most cases not exclusive
to transgenic crops, except for those associated with flow
of transgenes to other plants (the same species or other
species). Little or no impact or risk is expected from
glyphosate resistance transgenes if they introgress into
wild populations, as they offer no advantage in the ab-
sence of glyphosate. However, when glyphosate resis-
tance transgenes are linked with genes that could
provide a fitness advantage in a natural habitat, intro-
gression could be aided by elimination of competing
plants of the hybrid by the herbicide. Over the long
term, this could be the greatest risk of GRCs. Several
methods could be used to prevent introgression, but
more research should be done to discover and/or de-
velop technology to prevent or mitigate it.

REFERENCES
Agrow World Crop Protection News. 1998. US ACPA members’ sales

up 5.5% in 1997. No. 304, p. 16.
Al-Ahmad, H., S. Galili, and J. Gressel. 2004. Tandem contructs to

mitigate transgene persistence: Tobacco as a model. Mol. Ecol.
13:697–710.

Al-Kaff, N.S., M.M. Kreike, S.N. Covey, R. Pitcher, A.M. Page, and P.J.
Dale. 2000. Plants rendered herbicide-susceptible by cauliflower
mosaic virus-elicited suppression of a 35S promoter-regulated
transgene. Nat. Biotechnol. 18:995–999.

Altman, J. 1993. Pesticide interactions in crop production: Beneficial
and deleterious effects. CRC Press, Boca Raton, FL, USA.

American Soybean Association. 2001. Conservation Tillage Study.
Available at http://www.soygrowers.com/ctstudy/ctstudy_files/frame.
htm (verified 23 May 2006) American Soybean Association,
St.Louis, MO.

Anderson, J.A., and J.A. Kolmer. 2005. Rust control in glyphosate-
tolerant wheat following applications of the herbicide glyphosate.
Plant Dis. 89:1136–1142.

Anderson, J.A., L. Matthiesen, and J. Hegstad. 2004. Resistance to an
imidazolinone herbicide is conferred by a gene on chromosome
6DL in the wheat line cv. 9804. Weed Sci. 52:83–90.

Anonymous. 2002. Editorial footnote. Nature 416:600–601.
Araujo, A.S., R.T. Monteiro, and R.B. Abarkeli. 2003. Effect of gly-

phosate on the microbial activity of two Brazilian soils. Chemo-
sphere 52:799–804.

Arregui, M.C., A. Lenardón, D. Sanchez, M.I. Maitre, R. Scotta, and S.
Enrique. 2004. Monitoring glyphosate residues in transgenic
glyphosate-resistant soybean. Pest Manag. Sci. 60:163–166.

Atherton, K.T. 2002. Safety assessment of genetically modified crops.
Toxicology 181–182:421–426.

Autran, J.-C., F. Benetrix, D. Bloc, P. Burghart, M. Chaurand, N.
Combe, and J.P. Melcion. 2003. Composition and technological
value of genetically modified and conventional maize. Sci. Aliment.
23:223–247.

Baerson, S.R., D.J. Rodriguez, N.A. Biest, M. Tran, J. You, R.W.
Kreuger, G.M. Dill, J.E. Pratley, and J.K. Gruys. 2002a. Investigat-
ing the mechanism of glyphosate resistance in rigid ryegrass
(Lolium rigidum). Weed Sci. 50:721–730.

Baerson, S.R., D.J. Rodriguez, M. Tran, Y. Feng, N.A. Biest, and G.M.
Dill. 2002b. Glyphosate-resistant goosegrass. Identification of a
mutation in the target enzyme 5-enolpyruvylshikimate-3-phosphate
synthase. Plant Physiol. 129:1265–1275.

Baerson, S.R., D.J. Rodriquez, and G.R. Heck. 2004. Methods for
making plants tolerant to glyphosate and compositions thereof
using DNA encoding on an EPSPS enzyme from Eleusine indica.
U.S. Patent 6803501. Date issued: 12 Oct. 2004.

Barrett, K.A., and M.B. McBride. 2005. Oxidative degradation of
glyphosate and aminomethylphosphonate by manganeses oxide.
Environ. Sci. Technol. 39:9223–9228.

Baucom, R.S., and R. Mauricio. 2004. Fitness costs and benefits of
novel herbicide tolerance in a noxious weed. Proc. Natl. Acad. Sci.
USA 101:13386–13390.

Beckie, H.J., G. Seguin–Swartz, H. Nair, S.L.Warwick, and E. Johnson.
2004. Multiple herbicide-resistant canola can be controlled by
alternative herbicides.Weed Sci. 52:152–157.

Belz, R.G., E.D. Velini, and S.O. Duke. 2006. Dose/response relation-
ships in allelopathy research. In Y. Fujii (ed.) New Concepts
and Methodology in Allelopathy. Science Publishers, Enfield, NH.
In press.

Benbrook, C.M. 2001a. Do GM crops mean less pesticide use? Pestic.
Outlook 12:204–207.

Benbrook, C.M. 2001b. Troubled times amid commercial success
for Roundup Ready soybeans [Online]. Available at http://www.
biotech-info.net/troubledtimes.html (verified 23 May 2006) North-
west Science andEnvironmental PolicyCenter, Sandpoint, ID,USA.

Benbrook, C.M. 2003. Impacts of genetically engineered crops on
pesticide use in the United States: The first eight years [Online].
Available at http://www.biotech-info.net/technicalpaper6.html (ver-
ified 23 May 2006) Northwest Science and Environmental Policy
Center, Sandpoint, ID, USA.

Bennett, R., R. Phipps, A. Strange, and P. Grey. 2004. Environmental
and human health impacts of growing genetically modified her-
bicide-tolerant sugar beet: A life-cycle assessment. Plant Biotech-
nol. 2:273–278.

Berner, D.K., G.T. Berggren, and J.P. Snow. 1991. Effects of glyphosate
on Calonectria crotalariae and red crown rot of soybean. Plant Dis.
75:809–813.

Bonato, P.S., V.L. Lanchote, M.A.F. Gomes, S.A.C. Dreossi, D.
DeCarvalho, and A.L. Cerdeira. 1999. High-performance liquid
chromatographic screening and gas chromatography-mass spec-
trometry confirmation of tebuthiuron residues in drinking water. J.
High Resolut. Chromatogr. 22:239–241.

Blackburn, L.G., and C. Boutin. 2003. Subtle effects of herbicide use in
the context of genetically modified crops: A case study with gly-
phosate (Roundup). Ecotoxicol. 12:271–285.

Bradberry, S.M., A.T. Proudfoot, and J.A. Vale. 2004. Glyphosate
poisoning. Toxicol. Rev. 23:159–167.

Bradshaw, L.D., S.R. Padgette, S.L. Kimball, and B.H. Wells. 1997.
Perspectives on glyphosate resistance. Weed Technol. 11:189–198.

Brake, B.G., and D.P. Evenson. 2004. A generational study of
glyphosate-tolerant soybeans on mouse fetal, postnatal, pubertal
and adult testicular development. Food Chem. Toxicol. 42:29–36.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1651CERDEIRA & DUKE: STATUS AND IMPACT OF GLYPHOSATE-RESISTANT CROPS



Brammall, R.A., and V.J. Higgins. 1988. The effect of glyphosate on
resistance of tomato to Fusarium crown and root rot disease and on
the formation of host structural defensive barriers. Can. J. Bot.
66:1547–1555.

Brimner, T.A., G.J. Gallivan, and G.R. Stephenson. 2005. Influence of
herbicide-resistant canola on the environmental impact of weed
management. Pest Manag. Sci. 62:47–52.

Brown, P.B., K.A. Wilson, Y. Jonker, and T.E. Nickson. 2003.
Glyphosate-tolerant canola meal is equivalent to the parental line
in diets fed to rainbow trout. J. Agric. Food Chem. 51:4268–4272.

Bryson, C.T., and G.D. Wills. 1985. Susceptibility of bermudagrass
(Cynodon dactylon) biotypes to several herbicides. Weed Sci.
33:848–852.

Buckelew, L.D., L.P. Pedigo, H.M.Mero,M.D.K. Owen, andG.L. Tylka.
2000. Effects of weed management systems on canopy insects in
herbicide-resistant soybeans. J. Econ. Entomol. 93:1437–1443.

Calabrese, E.J., and L.A. Baldwin. 2003. Toxicology rethinks its
central belief. Nature 421:691–692.

Canola Council of Canada. 2001. An agronomic and economic assess-
ment of transgenic canola [Online]. Available at http://www.canola-
council.org/gmo/gmo1.htm (verified 23 May 2006) Canola Council
of Canada, Winnipeg, MB, Canada.

Carpenter, J., A. Felsot, T. Goode, M. Hammig, D. Onstad, and S.
Sankula. 2002. Comparative environmental impacts of biotechnol-
ogy-derived and traditional soybean, corn, and cotton crops [On-
line]. Available at http://www.talksoy.com/ComparativeStudy/
default.htm# (verified 23 May 2006). Council for Agric. Sci. &
Technol., Ames, IA, USA.

Carpenter, J.E., and L.P. Gianessi. 2003. Trends in pesticide use since
the introduction of genetically engineered crops. p. 43–62. In N.
Kalaitzandonakes (ed.) Economic and Environmental Impacts of
Agrotechology. Kluwer–Plenum Publishers, New York. USA.

Carruthers, R.I. 2003. Invasive species research in the U.S. Depart-
ment of Agriculture-Agricultural Research Service. Pest Manag.
Sci. 59:827–834.

Castle, L.A., D.L. Siehl, R. Gorton, P.A. Patten, Y.H. Chen, S. Bertain,
H.J. Cho, N. Duck, J. Wong, D. Liu, and M. Lassner. 2004. Dis-
covery and directed evolution of a glyphosate tolerance gene.
Science 304:1151–1154.

Cedergreen, N., and J.C. Streibig. 2005. The toxicity of herbicides to
non-target aquatic plants and algae: Assessment of predictive
factors and hazard. Pest Manag. Sci. 61:1152–1160.

Cellini, F., A. Chesson, I. Colquhoun, A. Constable, H.V. Davies, K.H.
Engel, A.M.R. Gatehouse, S. Kaerenlampi, E.J. Kok, J.J. Leguay, S.
Lehesranta, H.P.J.M. Noteborn, J. Pedersen, and M. Smith. 2004.
Unintended effects and their detection in genetically modified
crops. Food Chem. Toxicol. 42:1089–1125.

Cerdeira, A.L., A.W. Cole, and D.S. Luthe. 1985. Cowpea (Vigna
unguiculata) seed protein response to glyphosate. Weed Sci. 33:1–6.

Cerdeira, A.L., N.A.G. Santos, M.C.P.Y. Pessoa, M.A.F. Gomes, and
V.L. Lanchote. 2005. Herbicide leaching on a recharge area of the
Guarany aquifer in Brazil. J. Environ. Sci. Health Part B. 40:159–165.

Chang, H.S., N.H. Kim, M.J. Park, S.K. Lim, S.C. Kim, J.Y. Kim, J.A.
Kim, H.Y. Oh, C.H. Lee, K. Huh, T.C. Jeong, and D.H. Nam. 2003.
The 5-enolpyruvylshikimate-3-phosphate synthase of glyphosate-
tolerant soybean expressed in Escherichia coli shows no severe
allergenicity. Mol. Cell 15:20–26.

Christy, A.L., K.A. Herbst, S.J. Kostka, J.P. Mullen, and P.S. Carlson.
1993. Synergizing weed biocontrol agents with chemical herbicides.
ACS Symp. Ser. 524:87–100.

Clark, G.M., D.A. Goolsby, and W.A. Battaglin. 1999. Seasonal and
annual load of herbicides from the Mississippi river basin to the
Gulf of Mexico. Environ. Sci. Technol. 33:981–986.

Coble, H.D., and L.S. Warren. 1997. Weed control investigations in
corn, cotton, crop rotations, soybean, small grain. Rep. 28. Dep. of
Crop Science, North Carolina State Univ. Raleigh, NC.

Cogburn, A. 2002. Assuring the safety of genetically modified (GM)
foods: The importance of a holistic, integrative approach. J. Bio-
technol. 98:79–106.

Colbach, N., C. Clermont–Dauphin, and J.M. Meynard. 2001a. GENE
SYS: A model of the influence of cropping systems on gene escape
from herbicide tolerant rapeseed crops to rape volunteers: I.
Temporal evolution of a population of rapeseed volunteers in a
field. Agric. Ecosyst. Environ. 83:235–253.

Colbach, N., C. Clermont–Dauphin, and J.M. Meynard. 2001b. GENE
SYS: A model of the influence of cropping systems on gene escape
from herbicide tolerant rapeseed crops to rape volunteers: II.
Genetic exchanges among volunteer and cropped populations in a
small region. Agric. Ecosyst. Environ. 83:255–270.

Coupland, D., and J.C. Caseley. 1979. Presence of 14C activity in root
exudates and guttation fluid from Agropyron repens treated with
14C-labeled glyphosate. New Phytol. 83:17–22.

Coyette, B., F. Tencalla, L. Brants, Y. Fichet, and D. Rouchouze. 2002.
Effect of introducing glyphosate-tolerant sugar beet on pesticide
usage in Europe. Pestic. Outlook 13:219–223.

Cromwell, G.L., M.D. Lindemann, J.H. Randolph, G.R. Parker, R.D.
Coffey, K.M. Laurent, C.L. Armstrong, W.B. Mikel, E.P. Stani-
siewski, and G.F. Hartnell. 2002. Soybean meal from Roundup
ready or conventional soybeans in diets for growing-finishing swine.
J. Anim. Sci. 80:708–715.

Daniell, H., R. Datta, S. Varma, S. Gray, and S.B. Lee. 1998. Con-
tainment of herbicide resistance through genetic engineering of the
chloroplast genome. Nat. Biotechnol. 16:345–348.

Dekker, J., and S.O. Duke. 1995. Herbicide-resistant field crops. Adv.
Agron. 54:69–116.

Desplanque, B., P. Boudry, K. Broomberg, P. Saumitou-Laprade, J.
Cuguen, and H. Van Dijk. 1999. Genetic diversity and gene flow
between wild, cultivated and weedy forms of Beta vulgaris L.
(Chenopodiaceae) assessed by RFLP and microsatellite markers.
Theor. Appl. Genet. 98:1194–1201.

Dewar, A.M., M.J. May, I.P. Woiwod, L.A. Haylock, G.T. Champion,
B.H. Garner, R.J.N. Sands, A. Qi, and J.A. Pidgeon. 2003. A novel
approach to the use of genetically modified herbicide tolerant crops
for environmental benefit. Proc. R. Soc. Lond. B. Biol. Sci. 270:
335–340.

Dill, G. 2005. Glyphosate-resistant crops: History, status and future.
Pest Manag. Sci. 61:219–224.

Doebley, J., and A. Stec. 1993. Inheritance of the morphological dif-
ferences between maize and teosinte: Comparison of results for
two F2 populations. For. Genet. 134:559–570.

Donkin, S.S., J.C.Velez,A.K. Totten, E.P. Stanisiewski, andG.F.Hartnell.
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.

Dos Santos, J.B., E.A. Ferreira, M.C.M. Kasuya, A.A. da Silva, and
S.O. Procopio. 2005. Tolerance of Bradyrhizobium strains to gly-
phosate formulations. Crop Prot. 24:543–547.

Duke, S.O. 1988. Glyphosate. p. 1–70. In P.C. Kearney, D.D. Kaufmann
(ed.) Herbicides: Chemistry, degradation and mode of action Vol.
III. Marcel Dekker, New York, NY, USA.

Duke, S.O. (ed.). 1996. Herbicide-resistant crops. CRC Press, Boca
Raton, FL.

Duke, S.O. 1998. Herbicide-resistant crops–their influence on weed
science. J. Weed Sci. Technol. 43:94–100.

Duke, S.O. 2002. Herbicide-resistant crops. p. 358–360. In E. Pimentel
(ed.) Encycl. of Pest Manag. Marcel Dekker, New York, NY, USA.

Duke, S.O. 2005. Taking stock of herbicide-resistant crops ten years
after introduction. Pest Manag. Sci. 61:211–218.

Duke, S.O., and A.L. Cerdeira. 2005a. Potential environmental im-
pacts of herbicide-resistant crops. p. 66–143. In Collection of
Biosafety Reviews, Vol. 2. International Centre for Genetic En-
gineering and Biotechnology, Trieste, Italy.

Duke, S.O., and A.L. Cerdeira. 2005b. Transgenic herbicide-resistant
crops: Current status and potential for the future. Outlook Pest
Manag. 16:208–211.

Duke, S.O., S.R. Baerson, and A.M. Rimando. 2003a. Herbicides:
Glyphosate. In J.R. Plimmer, D.W. Gammon, and N.N. Ragsdale
(ed.) Encycl. of Agrochemicals. Available at http://www.mrw.
interscience.wiley.com/eoa/articles/agr119/frame.html (verified 23
May 2006). John Wiley & Sons, New York, NY, USA.

Duke, S.O., A.M. Rimando, P.F. Pace, K.N. Reddy, and R.J. Smeda.
2003b. Isoflavone, glyphosate, and aminomethylphosphonic acid
levels in seeds of glyphosate-treated, glyphosate-resistant soybean.
J. Agric. Food Chem. 51:340–344.

Duke, S.O., J.S. Holt, F.D. Hess, and A.L. Christy. 1991. Herbicide-
resistant crops. Comments from CAST no. 1991–1, Council for
Agricultural Science and Technology, Ames, IA.

Duke, S.O., B.E. Scheffler, F.E. Dayan, and W.E. Dyer. 2002. Genetic

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1652 J. ENVIRON. QUAL., VOL. 35, SEPTEMBER–OCTOBER 2006



engineering crops for improved weed management traits. ACS
Symp. Ser. 829:52–66.

Duncan, C.N., and S.C. Weller. 1987. Heritability of glyphosate sus-
ceptibility among biotypes of field bindweed. J. Hered. 78:257–260.

Duncan, C.A., J.J. Jachetta, M.L. Brown, V.F. Carrithers, J.K. Clark,
J.M. DiTomaso, R.G. Lym, K.C. McDaniel, M.J. Renz, and P.M.
Rice. 2004. Assessing the economic, environmental, and societal
losses from invasive plants on rangeland and wildlands. Weed
Technol. 18:1411–1416.

Dunfield, K.E., and J.J. Germida. 2001. Diversity of bacterial
communities in the rhizosphere and root interior of field-grown
genetically modified Brassica napus. FEMSMicrobiol. Ecol. 38:1–9.

Dunfield, K.E., and J.J. Germida. 2003. Seasonal changes in the rhi-
zosphere microbial communities associated with field-grown gene-
tically modified canola (Brassica napus). Appl. Environ. Microbiol.
69:7310–7318.

Dunfield, K.E., and J.J. Germida. 2004. Impact of genetically modified
crops on soil- and plant-associated microbial communities. J.
Environ. Qual. 33:806–815.

Dyer, W.E., F.D. Hess, J.S. Holt, and S.O. Duke. 1993. Potential bene-
fits and risks of herbicide-resistant crops produced by biotechnol-
ogy. Hortic. Rev. (Am Soc Hortic Sci) 15:367–408.

Ellis, J.M., and J.L. Griffin. 2002. Soybean (Glycine max) and cotton
(Gossypium hirsutum) response to simulated drift of glyphosate
and glufosinate. Weed Technol. 16:580–586.

Ellis, J.M., J.L. Griffin, S.D. Linscombe, and E.P. Webster. 2003. Rice
(Oryza sativa) and corn (Zea mays) response to simulated drift of
glyphosate and glufosinate. Weed Technol. 17:452–460.

Estes, T.L., R. Allen, R.L. Jones, D.R. Buckler, K.H. Carr, D.I. Gus-
tafson, C. Gustin, M.J. McKee, A.G. Hornsby, and R.P. Richards.
2001. Predicted impact of transgenic crops on water quality and
related ecosystems in vulnerable watersheds of the U.S. p. 357–366.
In BCPC Symposium Proc. 78. British Crop Protection Council,
Nottingham, UK.

Erickson, G.E., N.D. Robbins, J.J. Simon, L.L. Berger, T.J. Klopfen-
stein, E.P. Stanisiewski, and G.F. Hartnell. 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, P.C.C., and T. Chiu. 2005. Distribution of [14C] glyphosate in
mature glyphosate-resistant cotton from application to a single leaf
or over-the-top spray. Pestic. Biochem. Physiol. 82:36–45.

Feng, P.C.C., G.J. Baley, W.P. Clinton, G.J. Bunkers, M.F. Alibhai, T.C.
Paulitz, and K.K. Kidwell. 2005. Glyphosate inhibits rust diseases
in glyphosate-resistant wheat and soybean. Proc. Natl. Acad. Sci.
USA 102:17290–17295.

Feng, P.C.C., M. Tran, T. Chiu, R.D. Sammons, G.R. Heck, and C.A.
Jacob. 2004. Investigations into glyphosate-resistant horseweed
(Conyza canadensis): Retention, uptake, translocation, and metab-
olism. Weed Sci. 52:498–505.

Filipe, P., Y.H. Yang, H. Jung, D.-E. Sok, H.C. Chin, W.K. Yoon, H.M.
Kim, and M.R. Kim. 2005. Effects of cultivars, cooking and pro-
cessing on the trypsin inhibitor activity of soybean. J. Food Sci.
Nutr. 10:6–10.

Flaskerud, G. 2003. Brazil’s soybean production and impact [Online]. 2003.
Available at http://www.ext.nodak.edu/extpubs/agecon/market/
eb79w.htm (verified23May2006).NorthDakotaStateUniv. Fargo,ND.

Fomsgaard, I.S., N.H. Spliid, and G. Felding. 2003. Leaching of pes-
ticides through normal-tillage and low-tillage soil-a lysimeter study:
II. Glyphosate. J. Environ. Sci. Health Part B 38:19–35.

Food and Agriculture Organization. 2003. Available at http://apps.
fao.org/faostat (verified 23 May 2006) FAO, Rome, Italy.

Franz, J.E., M.K. Mao, and J.A. Sikorski. 1997. Glyphosate, a unique
global herbicide. Amer. Chem. Soc., Washington, DC., USA.

Freckleton, R.P., P.A. Stephens, W.J. Sutherland, and A.R. Watkinson.
2004. Amelioration of biodiversity impacts of genetically modified
crops: Predicting transient versus long-term effects. Proc. R. Soc.
Lond. B. Biol. Sci. 271:325–331.

Getenga, Z.M., and F.O. Kengara. 2004. Mineralization of glyphosate
in compost-amended soil under controlled conditions. Bull. En-
viron. Contam. Toxicol. 72:266–275.

Getsinger, K.D., D.R. Stubbs, and M.D. Netherland. 2005. Registra-
tion of aquatic herbicides: A a new model. Proc. Amer. Chem. Soc.
Natl. Meeting 230: AGRO-079.

Gianessi, L.P. 2005. Economic and herbicide use impacts of gly-
phosate-resistant crops. Pest Manag. Sci. 61:241–245.

Gianessi, L.P., and N. Reigner. 2006. Pesticide use in U.S. crop pro-
tection: 2002. Crop Life Foundation, Washington, D.C.

Gianessi, L.P., and J.E. Carpenter. 2000. Agricultural biotechnology:
Benefits of transgenic soybeans. Natl. Center for Food and Agric.
Policy, Washington, DC, USA.

Gianessi, L.P., C.S. Silvers, S. Sankula, and J.E. Carpenter. 2002. Plant
biotechnology: Current and potential impact for improving pest
management in U.S. agriculture: An analysis of 40 case studies.
Natl. Center for Food and Agric. Policy, Washington, DC, USA.

Gimsing, A.L., O.K. Borggaard, O.S. Jacobsen, J. Aamand, and J.
Sørensen. 2004. Chemical and microbiological soil characteristics
controlling glyphosate mineralization in Danish surface soils. Appl.
Soil Ecol. 27:233–242.

Goldsborough, L.G., and A.E. Beck. 1989. Rapid dissipation of
glyphosate in small forest ponds. Arch. Environ. Contam. Toxicol.
18:537–544.

Goldsborough, L.G., and D.J. Brown. 1993. Dissipation of glyphosate
and aminomethylphosphonic acid in water and sediments of boreal
forest. Environ. Toxicol. Chem. 12:1139–1147.

Gomez, M.A., and M.A. Sagardoy. 1985. Effect of glyphosate her-
bicide on the microflora and mesofauna of a sandy soil in a semiarid
region. Rev. Latinoam. Microbiol. 27:351–357.

Goss, R.M., R.E. Gaussoin, and A.R. Martin. 2004. Phytotoxicity of
clippings from creeping bentgrass treated with glyphosate. Weed
Technol. 18:575–579.

Grant, R.J., K.C. Fanning, D. Kleinschmit, E.P. Stanisiewski, and G.F.
Hartnell. 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.

Gressel, J. 2002a. Molecular biology of weed control. Taylor and
Francis, London.

Gressel, J. 2002b. Transgenic herbicide-resistant crops-advantages,
drawbacks, and failsafes. p. 596–633. In K.M. Oksman-Caldentey
and W.H. Barz (ed.) Plant Biotechnology and Transgenic Plants.
Marcel Dekker, New York, NY, USA.

Gressel, J. (ed.). 2005. Crop ferality and volunteerism. CRC Press,
Taylor and Francis Group, Boca Raton, FL.

Gressel, J., and H. Al-Ahmad. 2004. Methods and transgenic plants for
mitigating introgression of genetically engineered genetic traits
from crop plants into related weeds. U.S. Patent Appl. Publ. U.S.
Ser. no. 889 737, abandoned. App. US 2004–774 388 20 040 210.

Grichar, W.J., B.A. Besler, K.D. Brewer, and B.W.Minton. 2004. Using
soil-applied herbicides in combination with glyphosate in a glypho-
sate-resistant cotton herbicide program. Crop Prot. 23:1007–1010.

Grunewald, K., W. Schmidt, C. Unger, and G. Hanschmann. 2001.
Behavior of glyphosate and aminomethylphosphonic acid (AMPA)
in soils and water of reservoir Radeburg II catchment (Saxony/
Germany). J. Plant Nutr. Soil Sci. 164:65–70.

Gutterson, N., and J.Z. Zhang. 2004. Genomics applications to biotech
traits: A revolution in progress. Curr. Opin. Plant Biol. 7:226–230.

Hall, L., K. Topinka, J. Huffman, L. Davis, and A. Good. 2000. Pollen
flow between herbicide-resistant B. napus volunteers. Weed Sci.
48:688–694.

Hammer, P.E., T.K. Hinson, N.B. Duck, andM.G. Koziel. 2005. Protein
and DNA sequences of fungal TPP-binding decarboxylases
encoded by GDC-1 and GDC-2 genes and their uses in conferring
glyphosate resistance in transgenic plants. U.S. Patent 2005 204 436.

Hammond, B., R. Dudek, J. Lemen, andM. Nemeth. 2004. Results of a
13-week safety assurance study with rats fed grain from glyphosate
tolerant corn. Food Chem. Toxicol. 42:1003–1014.

Hammond, B.G., J.L. Vicini, G.F. Hartnell, M.W. Naylor, C.D. Knight,
E.H. Robinson, R.L. Fuchs, and S.R. Padgette. 1996. The feeding
value of soybeans fed to rats, chickens, catfish and dairy cattle is not
altered by genetic incorporation of glyphosate tolerance. J. Nutr.
126:717–727.

Haney, R.L., S.A. Senseman, F.M. Hons, and D.A. Zuberer. 2000.
Effect of glyphosate on soil microbial activity and biomass. Weed
Sci. 48:89–93.

Haney, R.L., S.A. Senseman, and F.M. Hons. 2002. Effect of Roundup
Ultra on microbial activity and biomass from selected soils. J. En-
viron. Qual. 31:730–735.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1653CERDEIRA & DUKE: STATUS AND IMPACT OF GLYPHOSATE-RESISTANT CROPS



Harikrishnan, R., and X.B. Yang. 2002. Effects of herbicides on root
rot and damping-off caused by Rhizoctonia solani in glyphosate-
tolerant soybean. Plant Dis. 86:1369–1373.

Harker, K.N., G.W. Clayton, B.E. Blackshaw, J.T. O’Donovan, N.Z.
Lupwayi, E.N. Johnson, G.P. Lafond, and R.B. Irvine. 2005. Gly-
phosate-resistant spring wheat production system effects on weed
communities. Weed Sci. 53:451–464.

Harrison, L.A., M.R. Bailey, M.W. Naylor, J.E. Ream, B.G. Ham-
mond, D.L. Nida, B.L. Burnette, T.E. Nickson, T.A. Mitsky, T.A.
Taylor, R.L. Fuchs, and S.R. Padgette. 1996. The expressed protein
in glyphosate-tolerant soybean, 5-enolpyruvylshikimate-3-phos-
phase synthase from Agrobacterium sp. strain CP4 is rapidly di-
gested in vitro and is not toxic to acutely gavaged mice. J. Nutr.
126:728–740.

Hartnell, G.G., T. Hvelplund, and M.R. Weisbjerg. 2005. Nutrient
digestibilitiy in sheep fed diets containing Roundup Ready or con-
ventional fodder beet, sugar beet, and beet pulp. J. Anim. Sci.
83:400–407.

Haughton, A.J., J.R. Bell, A. Wilcox, and N.D. Boatman. 2001. The
effect of the herbicide glyphosate on non-target spiders: I. Direct
effects on Lepthyphantes tenuis under laboratory conditions. Pest
Manag. Sci. 57:1033–1036.

Hayes, K.R., P.C. Gregg, V.V.S.R. Gupta, R. Jessop, W.M. Lonsdale, B.
Sindel, J. Stanley, and C.K. Williams. 2004. Identifying hazards in
complex ecological systems: III. Hierarchical holographic model for
herbicide-tolerant oilseed rape. Environ. Biosafety Res. 3:109–128.

Heap, I., N. DiNicola, and L. Glasgow. 2005. International survey
of herbicide-resistant weeds [Online]. Available at http://www.
weedscience.org/in.asp (verified 23 May 2006) International Sur-
vey of Herbicide-Resistant Weeds, Corvallis, OR, USA.

Heimlich, R.E., J. Fernandez–Cornejo, W. McBride, J.S. Klotz–Ingram,
S. Jans, and N. Brooks. 2000. Genetically engineered crops: Has
adoption reduced pesticide use? Agric. Outlook. 274:13–17.

Hess, F.D., and S.O. Duke. 2000. Genetic engineering in IPM: A case
study: Herbicide tolerance. p. 126–140. In G.G. Kennedy and T.B.
Sutton (ed.) Emerging Technologies for Integrated Pest Manage-
ment: Concepts, Research and Implementation. Amer. Phytopath.
Soc. Press, St. Paul, MN, USA.

Hilgenfield, K.L., A.R. Martin, D.A. Mortensen, and S.C. Mason.
2004. Weed management in glyphosate resistant soybean system:
Weed species shifts. Weed Technol. 18:284–291.

Hoagland, R.E. 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.

Holland, J.M. 2004. The environmental consequences of adopting
conservation tillage in Europe: Reviewing the evidence. Agric.
Ecosyst. Environ. 103:1–25.

Huang, Z., A.V. Hanley, W.L. Pett, M. Langenberger, and J.J. Duan.
2004. Field and semifield evaluation of impacts of transgenic canola
pollen on survival and development of worker honey bees. Econ.
Bot. 97:1517–1523.

Huther, L., S. Drebes, and P. Lebzien. 2005. Effect of glyphosate-
contaminated feed on rumen fermentation parameters and in
sacco degradation of grass hay and corn grain. Arch. Anim. Nutr.
59:73–79.

Hyun, Y., G.E. Bressner, M. Ellis, A.J. Lewis, R. Fischer, E.P. Sta-
nisiewski, and G.F. Hartnell. 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, I. R., R.S. Younker, J.H. Clark, J, E.P. Stanisiewski, and
G.F. Hartnell. 2003. Performance of lactating dairy cows fed corn as
whole plant silage and grain produced from a glyphosate-tolerant
hybrid (event NK603). J. Dairy Sci. 86:1734–1741.

ISAAA. 2005. Global area of biotech crops, 1996 to 2005: By trait.
Available at www.isaaa.org (accessed Sept. 2005, verified 24 May
2006) International Service for the Acquisition of Agri-Biotech
Applications, Ithaca, NY, USA.

Jackson, R.E., and H.N. Pitre. 2004. Influence of Roundup Ready
soybean production systems and glyphosate application on pest and
beneficial insects in narrow-row soybean. J. Entomol. Sci. 39:62–70.

Jennings, J.C., D.C. Kolwyck, S.B. Kays, A.J. Whetsell, J.B. Surber, and

G.L. Cromwell. 2003. Determining whether transgenic and endoge-
nous plantDNAand transgenic protein are detectable inmuscle from
swine fed RoundupReady soybeanmeal. J. Anim. Sci. 81:1447–1455.

Johal, G.S., and J.E. Rahe. 1988. Glyphosate, hypersensitivity, and
phytoalexin accumulation in the incompatible bean anthracnose
host-parasite interaction. Physiol. Mol. Plant Pathol. 32:267–281.

Johnson, B.F., W.A. Bailey, H.P. Wilson, D.L. Holshouser, D.A.
Herbert, and T.E. Hines. 2002. Herbicide effects on visible injury,
leaf area, and yield of glyphosate-resistant soybean (Glycine max).
Weed Technol. 16:554–566.

Johnson, W.G., P.R. Bradley, S.E. Hart, M.L. Buesinger, and R.E.
Massey. 2000. Efficacy and economics of weed management in
glyphosate-resistant corn (Zea mays). Weed Technol. 14:57–65.

Kawate, M.K., S.G. Colwell, A.G. Ogg, and J.M. Kraft. 1997. Effect of
glyphosate-treated henbit (Lamium amplexicaule) and downy
brome (Bromus tectorum) on Fusarium solani f. sp. pisi and Py-
thium ultimum. Weed Sci. 45:739–743.

Kawate, M.K., S.C. Kawate, A.G. Ogg, and J.M. Kraft. 1992. Response
of Fusarium solani f. sp. pisi and Pythium ultimum to glyphostae.
Weed Sci. 40:497–502.

King, A.C., L.C. Purcell, and E.D. Vories. 2001. Plant growth and
nitrogenase activity of glyphosate-tolerant soybean in response to
glyphosate applications. Agron. J. 93:179–186.

Kjaer, J.P., P. Olsen, M. Ullum, and R. Grant. 2005. Leaching of
glyphosate and amino-methylphosphonic acid from Danish agri-
cultural field sites. J. Environ. Qual. 34:608–620.

Kleter, G.A., and H.A. Kuiper. 2003. Environmental fate and impact
considerations related to the use of transgenic crops. p. 304–321 In
G. Voss and G. Ramos (ed.) Chemistry of Plant Protection. Wiley-
VCH, Weinheim, Germany.

Koch, H.-J., C. Pringas, and J. Scherer. 2003. Conservation tillage for
sustainable sugarbeet production in Germany-environmental and
phytopathological aspects. Zuckerindustrie. 128:810–813.

Koger, C.H., and K.N. Reddy. 2005. Role of absorption and trans-
location in the mechanism of glyphosate resistance in horseweed
(Conyza canadensis). Weed Sci. 53:84–89.

Kolpin, D.W., E.M. Thurman, E.A. Lee, M.T. Meyer, E.T. Furlong,
and S.T. Glassmeyer. 2006. Urban contributions of glyphosate and
its degradate AMPA to streams in the United States. Sci. Total
Environ. 354:191–197.

Kolpin, D.W., E.M. Thurman, and S.M. Linhart. 1988. The environ-
mental occurrence of herbicides: The importance of degradates in
ground water. Arch. Environ. Contam. Toxicol. 35:385–390.

König, A., A. Cockburn, R.W.R. Crevel, E. Debruyne, R. Grafstroem,
U. Hammerling, I. Kimber, I. Knudsen, H.A. Kuiper, A.A.C.M.
Peijnenburg, A.H. Penninks, M. Poulsen, M. Schauzu, and J.M.
Wal. 2004. Assessment of the safety of foods derived from gen-
etically modified (GM) crops. Food Chem. Toxicol. 42:1047–1088.

Kovach, J.C. Petzoldt, J.Degni, and J. Tette. 1992.Amethod tomeasure
the environmental impact of pesticides. New York Food Life Sci.
Bull. 139. New York State Agric. Exp. Stn., Geneva, NY, USA.

Kowalchuk, G.A., M. Bruinsma, and J.A. Van Veen. 2003. Assessing
responses of soil microorganisms to GM plants. Trends Ecol. Evol.
18:403–410.

Kremer, R.J., P.A. Donald, A.J. Keaster, and H.C. Minor. 2001.
Herbicide impact on Fusarium spp. and soybean cyst nematode in
glyphosate-tolerant soybean. p. 104. In 2001 Agronomy abstracts.
ASA, Madison, WI, USA.

Kremer, R.J., N.E. Means, and K.S. Kim. 2005. Glyphosate affects
soybean root exudation and rhizosphere microorganisms. Int. J.
Environ. Anal. Chem. 85:1165–1174.

Kroiss, L.J., P. Tempalli, J.L. Hansen, O. Riera–Lizarazu, R.S. Zemetra,
and C.A. Mallory–Smith. 2004. Marker-assisted retention of wheat
chromatin in wheat (Triticum aestivum) by jointed goatgrass
(Aegilops cylindrica) backcross relatives. Crop Sci. 44:1429–1433.

Kuiper, H.A., G.A. Kleter, and M.Y. Noordam. 2000. Risks of the
release of transgenic herbicide-resistant plants with respect to hu-
mans, animals, and the environment. Crop Prot. 19:773–778.

Kuiper, H.A., H.P.J.M. Noteborn, E.J. Kok, and G.A. Kleter. 2002.
Safety aspects of novel food. Food Res. Int. 35:267–271.

Kuklinsky–Sobral, J.,W.L.Araujo, R.Mendes, A.A. Pizzirani–Kleiner,
and J.L. Azevedo. 2005. Isolation and characterization of endo-
phytic bacteria from soybean (Glycine max) grown in soil treated
with glyphosate herbicide. Plant Soil 273:91–99.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1654 J. ENVIRON. QUAL., VOL. 35, SEPTEMBER–OCTOBER 2006



Kwon, Y.W., and D.S. Kim. 2001. Herbicide-resistant genetically-
modified crop: Its risks with emphasis on gene flow. Weed Biol.
Manage. 1:42–52.

Lanchote, V.L., P.S. Bonato, A.L. Cerdeira, N.A.G. Santos, D.
DeCarvalho, and M.A.F. Gomes. 2000. HPLC screening and GC-
MS confirmation of triazine herbicides residues in drinking water
from sugar cane area in Brazil. Water Air Soil Pollut. 118:329–337.

Landry, D., S. Dousset, J.-C. Fournier, and F. Andreaux. 2005. Leach-
ing of glyphosate and AMPAunder two soil management practices
in Burgandy vineyards (Vosne-Romanee, 21-France). Environ.
Pollut. 138:191–200.

Lappe, M.A., E.B. Bailey, C. Childress, and K.D.R. Setchell. 1999.
Alterations in clinically important phytoestrogens in genetically
modified, herbicide-tolerant soybeans. J. Med. Food 1:241–245.

Lee, C.D., D. Penner, and R. Hammerschmidt. 2000. Influence of for-
mulated glyphosate and activator adjuvants on Sclerotinia sclero-
tiorum in glyphosate-resistant and-susceptible Glycine max. Weed
Sci. 48:710–715.

Lee, C.D., D. Penner, and R. Hammerschmidt. 2003. Glyphosate and
shade effects on glyphosate-resistant soybean defense response to
Sclerotinia sclerotiorum. Weed Sci. 51:294–298.

Lefol, E., A. Fleury, and H. Darmency. 1996. Gene dispersal from
transgenic crops: II. Hybridization between oilseed rape and the
wild hoary mustard. Sex. Plant Reprod. 9:189–196.

Légère, A. 2005. Risks and consequences of gene flow from herbicide-
resistant crops: Canola (Brassica napus L) as a case study. Pest
Manag. Sci. 61:292–300.

Levesque, C.A., J.E. Rahe, and D.M. Eaves. 1987. Effect of glyphosate
on Fusarium spp.: Its influence on root colonization of weeds,
propagule density in the soil, and crop emergence. Can. J. Mic-
robiol. 33:354–360.

Linder, C.R., I. Taha, G.J. Seiler, A.A. Snow, and L.H. Rieseberg.
1998. Long-term introgression of crop genes into wild sunflower
populations. Theor. Appl. Genet. 96:339–347.

Liphadzi, K.B., K. Al-Khatib, C.N. Bensch, P.W. Stahlman, J.A. Dille,
T.R. Todd, C.W. Rice, M.J. Horak, and G. Head. 2005. Soil mic-
robial and nematode communities as affected by glyphosate and
tillage practices in a glyphosate-resistant cropping system. Weed
Sci. 53:536–545.

Liu, L., Z.K. Punja, and J.E. Rahe. 1997. Altered root exudation and
suppression of induced lignification as mechanisms of predisposi-
tion by glyphosate of bean roots (Phaseolus vulgaris L.) to colo-
nization by Pythium spp. Physiol. Mol. Plant Pathol. 51:111–127.

Lorraine-Colwill, D.F., S.B. Powles, T.R. Hawkes, P.H. Hollinshead,
S.A.J. Warner, and C. Preston. 2003. Investigations into the mecha-
nism of glyphosate resistance in Lolium rigidum. Pestic. Biochem.
Physiol. 74:62–72.

Lorenzatti, E., M.I. Maitre, L. Argelia, R. Lajmanovich, P. Peltzer, and
M. Anglada. 2004. Pesticide residues in immature soybeans of
Argentina croplands. Fresenius Environ. Bull. 13:675–678.

Low, F.L., I.C. Shaw, and J.A. Gerrard. 2005. The effect of Sac-
charomyces cerevisiae on the stability of the herbicide glyphosate
during bread leavening. Lett. Appl. Microbiol. 40:133–137.

Lu, C.M., M. Kato, and F. Kakihara. 2003. Destiny of a transgene
escaped from Brassica napus into B. rapa. Available at http://
www.epress.com/w3jbio/vol8/lu/fitness.doc (verified 23 May 2006)
Ehime Univ., Matsuyama, Japan.

Luo, H., Q. Hu, K. Nelson, C. Longo, and A.P. Kausch. 2004. Con-
trolling transgene escape in genetically modified grasses. Dev. Plant
Breed. 11:245–254.

Lutman, P., K. Berry, and J. Sweet. 2000. The environmental and ag-
ronomic consequences of growing herbicide tolerant crops. Pestic.
Outlook 11:242–244.

Lyon, D.J., A.J. Bussan, J.O. Evans, C.A. Mallory–Smith, and T.F.
Peeper. 2002. Pest management implications of glyphosate-
resistant wheat (Triticum aestivum) in the western U. S. Weed
Technol. 16:680–690.

Malarkey, T. 2003. Human heath concerns with GM crops. Mutat. Res.
544:217–221.

Maliga, P. 2003. Progress towards commercialization of plastid trans-
formation technology. Trends Biotechnol. 21:20–28.

Malone, R.W., M.J. Shipitalo, R.D. Wauchope, and H. Sumner. 2004.
Residual and contact herbicide transport through field lysimeter via
preferential flow. J. Environ. Qual. 33:2141–2148.

Mamy, L., E. Barriuso, and B. Gabrielle. 2005. Environmental fate
of herbicides trifluralin, metazachlor, metamitron and sulcotrione
compared with that of glyphosate, a substitute broad spectrum her-
bicide for different glyphosate-resistant crop. Pest Manag. Sci. 61:
905–916.

Marshall, E.J.P. 2001. Biodiversity, herbicides and non-target plants. p.
419–426. InBCPC Symp. Proc. 78. British Crop Protection Council,
Nottingham, UK.

Marshall, M.W., K. Al-Khatib, and L.Maddux. 2000.Weed community
shifts associated with continuous glyphosate applications in corn
and soybean rotation. p. 22–25. In Proc. Western Soc. Weed Sci. 53.
Western Soc. Weed Sci., Las Cruces, NM, USA.

May, M.J., G.T. Champion, A.M. Dewar, A. Qi, and J.D. Pidgeon.
2005. Management of genetically modified herbicide-tolerant sugar
beet for spring and autumn environmental benefit. Proc. Biol. Sci.
272:111–119.

McCann, M.C., K. Liu, W.A. Trujillo, and R.C. Dobert. 2005. Gly-
phosate-tolerant soybeans remain compositionally equivalent to
conventional soybeans (Glycine max L.) during three years of field
testing. J. Agric. Food Chem. 53:5331–5335.

McClean, G.D., and G. Evans. 1995. Herbicide-resistant crops and pas-
tures in Australian farming systems. Bureau of Resource Sciences,
Parkes, ACT, Australia.

McDonald, L., T. Morgan, and P. Jackson. 2001. The effect of ripeners
on the CCS or 47 sugarcane varieties in the burdekin. Proc. Conf.
Aust. Soc. Sugar Cane Technol. 23:102–108.

Messeguer, J., V. Marfa, M.M. Catala, E. Guiderdoni, and E. Mele.
2004. A field study of pollen-mediated gene flow from Mediterra-
nean GM rice to conventional rice and the red rice weed. Mol.
Breed. 13:103–112.

Meyer, H., and V. Wolters. 1998. Ecological effects of the use of broad-
spectrum herbicides in herbicide-resistant transgenic crops. Verh.
Ges. Oekol. 28:337–344.

Miller, J.J., B.D. Hill, C. Chang, C.W. and Lindwall. 1995. Residue
detections in soil and shallow groundwater after long-term her-
bicide applications in southern Alberta. J. Soil Sci. 75:349–356.

Monjardino, M., D.J. Pannel, and S.B. Powles. 2005. The economic
value of glyphosate-resistant canola in the management of two
widespread crop weeds in a western Australian farming system.
Agric. Syst. 84:297–315.

Moorman, T.B., J.M. Becerril, J. Lydon, and S.O. Duke. 1992.
Production of hydroxybenzoic acids by Bradyrhizobium japoni-
cum strains treatment with glyphosate. J. Agric. Food Chem.
40:289–293.

Morjan, W.E., and L.P. Pedigo. 2002. Suitability of transgenic gly-
phosate-resistant soybeans to green cloverworm (Lepidoptera:
Noctuidae). J. Econ. Entomol. 95:1275–1280.

Morjan, W.E., L.P. Pedigo and L.C. Lewis, L.C. 2002. Fungicidal
effects of glyphosate and glyphosate formulations on four species of
entomopathogenic fungi. Environ. Entomol. 31:1206–1212.

Motavalli, P.P., R.J. Kremer, M. Fang, and N.E. Means. 2004. Impact of
genetically modified crops and their management on soil micro-
bially mediated plant nutrient transformations. J. Environ. Qual.
33:816–824.

Moyes, C.L., J.M. Lilley, C.A. Casais, S.G. Cole, P.D. Haeger, and P.J.
Dale. 2002. Barriers to gene flow from oilseed rape (Brassica
napus) into populations of Sinapis arvensis. Mol. Ecol. 11:103–112.

Nandula, V.K., K.N. Reddy, S.O. Duke, and D.H. Poston. 2005.
Glyphosate-resistant weeds: Current status and future outlook.
Outlook Pest Manag. 16:183–187.

Nelson, D.S., and G.C. Bullock. 2003. Simulating a relative environmen-
tal effect of glyphosate-resistant soybeans. Ecol. Econ. 45:189–202.

Nelson, K.A., K.A. Renner, and R. Hammerschmidt. 2002. Cultivar
and herbicide selection affects soybean development and the in-
cidence of Sclerotinia stem rot. Agron. J. 94:1270–1281.

Nida, D.L., S. Patzer, P. Harvey, R. Stipanovic, R. Wood, R.L. and
Fuchs. 1996. Glyphosate-tolerant cotton: The composition of the
cottonseed is equivalent to that of conventional cottonseed. J.
Agric. Food Chem. 44:1967–1974.

Njiiti, V.N., O. Myers, D. Schroeder, and D.A. Lightfoot. 2003. Roundup
ready soybean: Glyphosate effects on Fusarium solani root
colonization and sudden death syndrome. Agron. J. 95:1140–1145.

North American Commission for Environmental Cooperation. 2004.
Maize and biodiversity: The effects of transgenic maize in Mexico:

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1655CERDEIRA & DUKE: STATUS AND IMPACT OF GLYPHOSATE-RESISTANT CROPS



Key findings and recommendations. Commission for Environmen-
tal Cooperation. Quebec, Canada.

Obert, J.C., W.P. Ridley, R.W. Schneider, S.G. Riordan, M.A. Nemeth,
W.A. Trujillo, M.L. Breeze, R. Sorbet, and J.D. Astwood. 2004. The
composition of grain and forage from glyphosate-tolerant wheat
MON 71800 is equivalent to that of conventional wheat (Triticum
aestivum L.). J. Agric. Food Chem. 52:1375–1384.

Oliver, M.J., J.E. Quisenberry, N.L.G. Trolinder, and D.L. Keim. 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. U.S. Patent 283 604 1998.

Olofsdotter, M., B.E. Valverde, and K.H. Madsen. 2000. Herbicide
resistant rice (Oryza sativa L.): Global implications for weedy rice
and weed management. Ann. Appl. Biol. 137:279–295.

Ortiz–Garcia, S., E. Ezcurra, B. Schoel, F. Acevedo, J. Soberon, and
A.A. Show. 2005. Absence of detectable transgenes in local land-
races of Maite in Oaxaca Mexico (2003–2004). Proc. Natl. Acad.
Sci. USA 102:12 338–12 343.

Owen, M.D.K. 1998. Pesticide drift complaints in 1998 on a record
pace [Online].Available at http://www.weeds.iastate.edu/weednews/
drift.htm (verified 23May 2006). Iowa State Univ., Ames, IA.

Owen, M.D.K. 1997. North American developments in herbicide
tolerant crops. Proc. West. Soc.Weed Sci. 50:9–11.

Owen, M.D.K., and I.A. Zelaya. 2005. Herbicide-resistant crops and
weed resistance to herbicides. Pest Manage. Sci. 61:301–311.

Padgette, S.R., D.B. Re, G.F. Barry, D.E. Eichholtz, X. Delannay, R.L.
Fuchs, G.M. Kishore, and R.T. Fraley. 1996a. New weed control
opportunities: Development of soybeans with a Roundup Ready
gene. p. 53–84. In S.O. Duke (ed.) Herbicide-Resistant Crops. CRC
Press, Boca Raton, FL, USA.

Padgette, S.R., N.B. Taylor, D.L. Nida, M.R. Bailey, J. MacDonald,
L.R. Holden, and R.L. Fuchs. 1996b. The composition of gly-
phosate-tolerant soybean seeds is equivalent to that of conventional
soybeans. J. Agric. Food Chem. 126:702–716.

Pankey, J.H., J.L. Griffin, P.D. Colyer, R.W. Schneider, and D.K.
Miller. 2005. Preemergence herbicide and glyphosate effects on
seedling disease in glyphosate-resistant cotton. Weed Technol.
19:312–318.

Paraı́ba, L.C., A.L. Cerdeira, E.F. Silva, J.S. Martins, and H.L.C.
Coutinho. 2003. Evaluation of soil temperature effect on herbicide
leaching potential into groundwater in the Brazilian Cerrado.
Chemosphere 53:1087–1095.

Patzoldt, W.L., P.J. Tranel, and A.G. Hager. 2002. Variable herbicide
responses among Illinois waterhemp (Amaranthus rudis and A.
tuberculatus) populations. Crop Prot. 21:707–712.

Penna, J.A., and D. Lema. 2003. Adoption of herbicide tolerant
soybeans in Argentina: An economic analysis. p. 203–220 In N.
Kalaitzandonakes (ed.) Economic and Environmental Impacts of
Agrotechology. Kluwer-Plenum Publishers, New York.

Perry, J.N.,L.G.Firbank,G.T.Champion,S.J.Clark,M.S.Heard,M.J.May,
C. Hawes, G.R. Squire, P. Rothery, I.P. Woiwood, and J.D. Pidgeon.
2004. Ban on triazine herbicides likely to reduce but not negate rela-
tive benefits of GMHTmaize cropping. Nature 428:313–316.
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