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and control alternatives

Claudio E Pandolfo1,2 & Alejandro Presotto1,2 & Francisco Torres Carbonell1 &

Soledad Ureta1,2
& Mónica Poverene1,2 & Miguel Cantamutto1,3

Received: 29 April 2016 /Accepted: 9 September 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract The presence of glyphosate-resistant oilseed rape
populations in Argentina was detected and characterized.
The resistant plants were found as weeds in RR soybeans
and other fields. The immunological and molecular analysis
showed that the accessions presented the GT73 transgenic
event. The origin of this event was uncertain, as the cultivation
of transgenic oilseed rape cultivars is prohibited in Argentina.
This finding might suggest that glyphosate resistance could
come from unauthorized transgenic oilseed rape crops culti-
vated in the country or as seed contaminants in imported oil-
seed rape cultivars or other seed imports. Experimentation
showed that there are alternative herbicides for controlling
resistant Brassica napus populations in various situations
and crops. AHAS-inhibiting herbicides (imazethapyr,
chlorimuron and diclosulam), glufosinate, 2,4-D, fluroxypyr
and saflufenacil proved to be very effective in controlling
these plants. Herbicides evaluated in this research were
employed by farmers in one of the fields invaded with this

biotype and monitoring of this field showed no evidence of its
presence in the following years.
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Introduction

Oilseed rape (Brassica napus L.) is one of the most important
sources of vegetable oil, and it is grown on approximately
36 Mha globally. In 2015, 24 % of the area dedicated to oil-
seed rape was cropped with genetically modified (GM) culti-
vars. The main commercial trait is herbicide resistance (HR),
and five countries currently grow GM HR oilseed rape:
Canada, USA, Australia, Japan, and Chile (FAOSTAT 2016;
International Service for the Acquisition of Agri-Biotech
Applications (ISAAA) 2016).

Three types of herbicide-resistant transgenic oilseed rape
have been approved in some of these countries: glyphosate-,
glufosinate-, and bromoxynil-resistant cultivars (International
Service for the Acquisition of Agri-Biotech Applications
(ISAAA) 2016). Glyphosate resistance (event GT73) is con-
ferred by a single genetic construct containing two genes: one
encoding a herbicide-insensitive 5-enolpyruvylshikimate-3-
phosphate synthase from Agrobacterium sp. CP4 (CP4
EPSPS), the target enzyme for glyphosate, and the other a
gox gene (goxv247) that encodes glyphosate oxidoreductase,
an enzyme that degrades glyphosate (Green 2009). These cul-
tivars are commercialized under the trade name Roundup-
Ready™ and represent the largest proportion of the GM oil-
seed market worldwide. Glufosinate-resistant cultivars in-
clude the pat or bar gene from Streptomyces bacterium, which
encodes for the enzyme phosphinothricine acetyl transferase
(PAT) that detoxifies glufosinate by acetylation. GM
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bromoxinyl-resistant oilseed rape has been produced using the
oxy gene from Klebsiella ozaenae that encodes a nitrilase en-
zyme responsible for the breakdown of bromoxinil to a non-
phytotoxic compound. There are also non-GM cultivars with
herbicide resistance to AHAS-inhibiting (obtained by muta-
genesis and traded as Clearfield® oilseed rape) and triazine
herbicides (natural mutation and backcrosses) (McVetty and
Zelmer 2007).

B. napus is an amphidiploid, most likely originating from
multiple spontaneous interspecific hybridizations between tur-
nip rape (Brassica rapa; AA, 2n = 2X = 20) and cabbage or
kale (Brassica oleracea; CC, 2n = 2X = 18). The oil form of
B. napus does not occur in the wild (Allender and King 2010;
Prakash et al. 2012). Extensive domestication of B. napus is
relatively recent, compared with highly domesticated cereal
crops, and oilseed rape may still retain more weedy character-
istics than other crops. This includes rapid growth develop-
ment and reproductive maturation, high individual plasticity,
high reproductive capacity, and seed dispersion (Hall et al.
2005).

Due to its significant dehiscence, a considerable amount of
seed becomes incorporated into the soil seed bank, prior to or
during oilseed rape harvest (Gulden et al. 2003). B. napus
seeds are smaller than the seeds of most other crops, smooth
and spherical, facilitating self-burial (Gulden et al. 2008).
Although primary dormancy is not found in oilseed rape,
stress conditions may result in the development of secondary
seed dormancy, allowing the survival and perpetuation of in-
dividuals (Pekrun et al. 1997; Gulden et al. 2004). It has been
confirmed that secondary dormant seed may persist for up to
10 years or more under field conditions (Lutman et al. 2003).
For instance, 10 years after a trial of GM herbicide-resistant
oilseed rape in Sweden, GM emergent seedlings were found
(D’Hertefeldt et al. 2008). In organic fields from Denmark,
plants of oilseed rape varieties cultivated 8–11 years previous-
ly were detected (Andersen et al. 2010).

The offspring of oilseed rape seed that shattered prior or
during harvest can create weed problems in future crops.
These plants living within agricultural fields as a result of
previous cropping are known as volunteers (Gressel 2005).
Volunteer B. napus is particularly common in oilseed rape-
growing areas of the USA and western Canada where it was
ranked as the 10th most common weed in the mid-1990s
(Simard et al. 2002; Beckie et al. 2006; Gulden et al. 2008).
Volunteer B. napus is another weed problem in several coun-
tries of Europe (Andersen et al. 2010; Krato and Petersen
2012; Kolářová et al. 2013; Weber et al. 2014).

Under some conditions, oilseed rape has the ability to es-
cape from cultivation and grow in natural and seminatural
habitats, forming persistent populations (Devos et al. 2012).
These populations, which can survive and reproduce success-
fully without any human intervention, are known as feral pop-
ulations (Gressel 2005).

Feral oilseed rape has been reported in several regions
where the crop is grown widely, e.g., Canada, the USA,
Australia, and the EU (France, UK, Germany, and
Denmark). It often occurs in ruderal habitats such as field
margins, road verges, railway lines, ports, and seed storage
and manipulation facilities (Pivard et al. 2008a; Elling et al.
2009; Pascher et al. 2010; Squire et al. 2011; Devos et al.
2012; Busi and Powles 2016). Feral oilseed rape populations
may originate due to the spillage of seed during transportation,
the redistribution of seed by field equipment, or its dispersal
by birds and mammals (von der Lippe and Kowarik 2007;
Bailleul et al. 2012; Devos et al. 2012).

The dynamics of feral populations at one location is mostly
dependent on seed immigration from both agricultural fields
and transport (as fresh seed spills). However, it has been
shown that soil seedbanks and local recruitment from seed
produced by resident ferals can be an important source con-
tributing to population persistence (Pivard et al. 2008a). The
persistence of varieties that are no longer grown or commer-
cialized was detected in France (Pessel et al. 2001), Germany
(Elling et al. 2009), Austria (Pascher et al. 2010), and
Denmark (Pascher et al. 2010).

In countries where GM HR oilseed rape is commercially
grown such as Canada and the USA, the occurrence of feral
GM HR oilseed rape plants has been confirmed, along the
margins of agricultural fields, as well as along transportation
routes (Yoshimura et al. 2006; Knispel et al. 2008; Schafer
et al. 2011; Devos et al. 2012).

In Japan, where cultivation of GM oilseed rape was banned
but it was imported for food and feed, feral glyphosate- and
glufosinate-resistant GM oilseed rape plants have repeatedly
been detected in port areas and along transportation routes.
Transgene presence was attributed to the accidental loss and
spillage of imported viable GM HR oilseed rape seed (Saji
et al. 2005). The persistence of these populations was recorded
for over 6 years, with no increase or decrease in their density,
showing no invasive aptitude in ruderal habitats (Katsuta et al.
2015; Nishizawa et al. 2016).

In Switzerland, where GM oilseed rape has not been culti-
vated or imported, the occurrence of glyphosate- and
glufosinate-resistant oilseed rape has been reported. The oc-
currence of GM oilseed rape was attributed to spillage of
conventional OSR seeds or other seed imports that were con-
taminated with GM seeds (Schoenenberger and D’Andrea
2012; Hecht et al. 2014; Schulze et al. 2014).

The production of oilseed rape in Argentina is limited, with
a planted area of around 36,000 ha in the last decade and a
production of 59,000 t. It represents a minor oilseed crop,
compared with soybean (17.7 Mha, 47.1 Mt) and sunflower
(1.8 Mha, 3.2 Mt) or with cereal crops like wheat (4.3 Mha,
12.1 Mt) and maize (3.6 Mha, 23.8 Mt). The importation of
oilseed rape seed in the country is scarce (<30 t/year in the last
decade) (FAOSTAT 2016; Ministerio de Agroindustria
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(MinAgro) 2016). Presently, five seed companies offer about
24 cultivars of oilseed rape and all of them are introductions
made from the principal breeding centers of the world. The
main countries of provenance of the marketed seed are the
USA, Canada, Australia, Germany, and Sweden (Iriarte
2015; Instituto Nacional de Semillas (INASE) 2016). GM
oilseed rape has never been cultivated in Argentina, and its
cultivation has been banned since 1997, when the national
Secretariat of Agriculture forbade experimental production
of GT73 GM oilseed rape (Secretaría de Agricultura,
Ganadería, Pesca y Alimentación (SAGPyA) 1997). In
2007, the ban was extended and all import of GM oilseed rape
for production or commercialization was forbidden and the
reception and processing of any import of oilseed rape seed
required the presentation of a GMO free analysis from the
exporting country (Secretaría Nacional de Sanidad
Ambiental (SENASA) 2007). There have been no records of
experimental evaluations in field trials of GM oilseed rape in
the country (Comisión Nacional Asesora de Biotecnología
Agropecuaria (CONABIA) 2016).

However, in 2012, some agricultural fields with no recent
records of oilseed rape cultivation were invaded with plants of
B. napus that could not be controlled with glyphosate appli-
cations. The aim of this study was to characterize the herbicide
resistance profile of these uncontrolled weedy oilseed rape
populations and to determinate the origin of this resistance.

Materials and methods

Plant material and growth conditions

During the spring of 2012, the mature pods from a minimum
of 15 plants of three B. napus accessions (GER, SMA, and
REG) were collected. These plants had survived glyphosate
application on three different farms in the southeast of Buenos
Aires province and were reported to technical personnel of
BASF Co. by the farmers. The populations formed large
groups inside RR soybean crops and fallow lots, on farmswith
no recent records of oilseed rape cultivation. A conventional
cultivar of oilseed rape (BNC) was used for comparison pur-
poses, as a negative control (BNexera 1700,^ Dow
Agrosciences Co.).

During the collection, the flora community composition
was observed, with special emphasis in Brassicaceae weeds
and oilseed rape wild relatives. Historical records of the fields
were provided by the technical managers of the farms to eval-
uate the possible origin of B. napus populations and the culti-
vation of oilseed rape crops in the past.

For all assays, plants were established by sowing ten seeds
in 15-cm-diameter plastic pots containing 75 % soil and 25 %
potting mix (Grow Mix Terrafertil, with composted bark, peat
moss, vermiculite, calcite, and dolomite). Plants were grown

in the greenhouse at 20 ± 5 °C, watered twice daily and fer-
tilized with a liquid fertilizer (Chase LI, grade 5-3-3).

Morphological and chemical characterization

In order to correctly identify the species of the plants found in
the fields, and detect any possible segregation due to hybrid-
ization with wild relatives, the progeny of the GER B. napus
population was grown in a common garden at the Agronomy
Department, Universidad Nacional del Sur, Bahía Blanca,
Argentina (S 38° 41′ 38″, W 62° 14′ 53″) during the 2013
and 2014 seasons. Three B. napus accessions (BNC, BNR,
and GVI) and six B. rapa natural populations (BAL, QUE,
ENE, SDV, JUA, and SCB) were used as controls, as this
species is the closest wild relative and an important weed in
Argentina, which share similar morphological characteristics
(Gulden et al. 2008). Seedlings were grown in 28 × 54 cm
200-cell plastic trays containing commercial substrate in the
greenhouse under natural light at 20–25 °C for 30 days and
then transplanted to the field. Accessions were cultivated in
the experimental field for 2 years under a planting pattern of
0.3 × 0.5 m and with drip irrigation for optimal plant growth.

Phenotypic characterization was based on 30 descriptors,
15 quantitative and 15 qualitative characters from the
International Board for Plant Genetic Resources Brassica L.
and Raphanus L. descriptors list (International Board for Plant
Genetic Resources (IBPGR) 1990). These characters were
used as they have taxonomic value for differentiating both
species correctly (Mulligan 1995; Gulden et al. 2008).
Quantitative traits of the individual plants included: cotyledon
width (cm), mature plant height (cm), number of branches (n),
leaf width (cm) and length (cm), leaf size (cm2), and petiole
length (cm) measured on the lower leaves at the flowering
stage; on the main inflorescence: petal length (cm) and num-
ber of siliques (n). Quantitative traits measured on 20 siliques
per accession included silique length (cm) and width (cm),
beak length (cm), beak/valve ratio, number of seeds per si-
lique (n), and average fresh seed weight (mg).

The qualitative traits included the leaf color, pubescence,
shape, margin, and incisions in the upper and lower leaves and
also color of petals, disposition of open flowers in respect to
the buds and the disposition of the siliques observed on the
main inflorescence. Categorical root traits—form and color—
were also measured. The life cycle was computed for each
population as days from transplant to the beginning of
flowering (50 % of plants in bloom) and total cycle duration
(transplant to 90 % of fully dry plants).

In order to determine whether the B. napus populations
could be identified as canola cultivars—defined as seed, oil,
and meal that contain <1% of the total fatty acid as erucic acid
and <18 mmol of aliphatic glucosinolates (Prakash et al.
2012)—the oil concentration (%) and fatty acid composition
were analyzed by nuclear magnetic resonance and gas
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chromatography. Grain samples (50 g) of GER, six oilseed rape
accessions (BNR, GVI, DOR, BNN, MCH, and BAL-N), and
six B. rapa natural populations (BAL, ENE, QUE, SDV, SUA,
and BAR) were used. The analyzed fatty acids included
palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic
(C18:1), linoleic (C18:2), linolenic (C18:3), arachidic
(C20:0), eicosenoic (C20:1), behenic (C22:0), and erucic
(C22:1) acid content (%) and the glucosinolate content (μg).

ANOVA of quantitative data were analyzed as an incom-
plete block design, considering the year as a block, and the
accession as the main factor. Qualitative data were analyzed
using the non-parametric Kruskal-Wallis test. Quantitative da-
ta were analyzed by principal component analysis (PCA) to
explore differences between accessions, with traits grouped in
morphology, oil concentration, and composition. Analyses
were performed using the statistical software Infostat (Di
Rienzo et al. 2015).

Herbicide screening test

The response of the GER, SMA and REG B. napus accessions
to glyphosate was determined. Glyphosate (Glifoglex 48 %,
356 g a.e. L−1, Gleba S.A., Melchor Romero, Bs. As.,
Argentina) was applied at double the recommended rate
(X = 1.29 kg a.e. ha−1) 42 days after emergence (DAE) when
plants had three to four leaves, using a conveyor belt carrying
the plants under a stationary sprayer equipped with flat spray
tips (TeeJet 8001 EVB), at 1.54 km h−1 and calibrated to
deliver 127 L ha−1.

Plant response was evaluated 35 days after treatment
(DAT). Plants were classified as herbicide survivors if the
growing point remained alive. Survival was assessed using a
visual scale that classified individual damage in the following
categories: 1 = no damage, 2 = ≤25 % leaf damage, 3 = 26–
75% leaf damage, 4 = >75% leaf damage, and 5 = dead plant.
Biotypes were considered resistant if 20 % of the individuals
survived the recommended herbicide rate for field application.
Above-ground plant tissue was harvested at 40 DATand dried
at 50 °C until constant weight to obtain the dry matter value.

The experiment was arranged as a completely randomized
design, with four replications. Data was transformed by:

y ¼ arcsin xþ 0:5ð Þ1=2 ð1Þ

ANOVA analysis and a mean comparison Tukey’s test
were conducted with R3.0.2 statistical software (R Core
Team 2015).

Dose-response assay

A dose-response experiment on the GER glyphosate-resistant
accession was conducted with herbicide at 0-, 1/10-, 1/5-, 1/2-,
1-, 2-, 5-, 10-, 15-, and 30-fold the commercial field rate. The

susceptible population was treated with 0-, 1/50-, 1/20-, 1/10-,
1/5-, 1/2-, 1-, 2-, 5-, and 10-fold the commercial field rate.
Dose-response experiments were repeated in two different
years.

Herbicide was applied at 29 DAE using a conveyor belt
carrying the plants under a stationary sprayer equipped with
flat spray tips (TeeJet 8001 EVB) at 1.54 km h−1 and calibrat-
ed to deliver 175 L ha−1.

Plant survival was evaluated at 35 DAT and dry matter
obtained at 40DAT. Data was fitted to a non-linear log-logistic
regression model with three parameters. Dose-response
curves were made using the drc package of the R3.0.2 statis-
tical software. The effective dose required for 50 % plant
injury (ED50) was estimated. This value was used to calculate
the resistance factor (RF), defined as the ratio between ED50

of the resistant and susceptible biotypes (ED50 R/ED50 S).
The log-logistic model equation used was:

Y ¼ d
1þ exp b log xð Þ−log eð Þð Þð Þ ð2Þ

where Y is the percentage survival, e is the inflection point
of the curve, d is the coefficient corresponding to the upper
curve limit, b is the response line slope around e, and x (inde-
pendent variable) is the herbicide dose. The lower limit was
fixed at 0 (three parameters) (Ritz 2010).

Transgene detection

For immunochemical chromatography, 50 to 100 μg of leaf
tissue or seeds of the B. napus accessions were homogenized
with a pestle in 7 mL of the extraction buffer, and the crude
extracts were analyzed to detect the enzyme that confers re-
sistance glyphosate (CP4 EPSPS, 5-enolpyruvylshikimate-3-
phosphate synthase), using the QuickStix strips (EnviroLogix,
Portland, ME, USA).

For DNA analyses, DNAwas extracted from a leaf of the
herbicide-resistant plants using a quick method (Doyle and
Doyle 1987) and analyzed by means of PCR, using the
primers 5′-CCATATTGACCATCATACTCATTGCT-3′ and
5′-GCTTATACGAAGGCAAGAAAAGGA-3′ for the CP4
EPSPS gene that encodes EPSPS (Monsanto Biotechnology
Regulatory Sciences 2004; Mazzara et al. 2007).
Amplifications using 60 ng of extracted DNA were carried
out in 20 μL reaction mixtures containing 1 × PCR buffer
(Gibco), 2.5 mM MgCl2, 0.125 mM of each dNTP, 5.5 pM
of each primer, and 1 U of Taq polymerase, with denaturation
at 95 °C for 2 min, 40 cycles of denaturation at 95 °C for 30 s,
annealing for 30 s at 53 °C, elongation at 72 °C for 30 s, and
final elongation at 72 °C for 10 min. The PCR-amplified
products were then subjected to electrophoresis on 3 %
agarose gel.
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Alternative herbicides

The susceptibility of the GER accession to nine alternative
herbicides for different crops was evaluated (Table 1).
Herbicides were applied at the recommended rate (X) using
a sprayer equipped with flat spray tips (TeeJet 8001 VB), at
1.54 km h−1 and calibrated to deliver 127 L ha−1. Plant re-
sponse was evaluated 30 DAT, as described for the glyphosate
resistance test. Survival was expressed as the percentage in
relation to the control without application. The experiment
was arranged as a completely randomized design, with four
replications. Data were arcsin transformed (Eq. 1). ANOVA
analysis and mean comparison Tukey’s test were conducted
with R3.0.2 statistical software.

Results

Habitat

The B. napus GER-resistant accession was found in three
separate fields, owned by the same farmer. At the first sur-
veyed point (site 1), the population formed a group of more
than 1000 plants in a fallow field (Fig. 1). The group was
arranged in a semicircular patch (>50 m2) located less than
30 m from the N edge of a quadrangular field (~70 ha). Plants
were at different phenological stages, and the average density
was 5.4 ± 1.5 pl m−2 for mature plants, while the second
cohort was at a density of 92.3 ± 10.3 pl m−2. The field had
received an application of glyphosate at the commercial dose
rate (Table 2).

At the second surveyed point (site 2), the plants of the GER
accession formed a patch of 50 × 20m. This site was separated
by less than 1000 m in a NO direction from site 1. The third
site where a GER population was found (site 3) corresponded
to a field separated bymore than 12 km from sites 1 and 2. The
population at this site formed a patch of more than 300 indi-
viduals at the flowering stage, at a density of 2.5 ± 1.6 pl m−2,

in a depression in a wheat field (~80 ha). Some isolated plants
were observed on the road verges between the fields (site 4)
that had survived a glyphosate application.

The main crop rotation in the fields was wheat soybean.
The production system was under no tillage and chemical
fallow with glyphosate and 2,4-D. Weed control in the wheat
was done with metsulfuron-metil, 2,4-D and the mixture
iodosulfuron + metsulfuron-metil (Hussar®). RR soybean
was treated with glyphosate (Roundup Full II 66.2%) at doses
between 1.5 and 2 L ha−1.

According to farmers’ records, the resistant population had
been present in the region for more than 3 years. It was first
observed at site 3, and the dispersion was attributed to hired
harvesting machinery. There were no records of oilseed rape
crops in any of the fields over recent years. No other
Brassicaceae crop were observed in adjacent fields or private
gardens. Near site 2, some (<20) isolated B. rapa (wild turnip)
plants were found inside a barley field, at the beginning of
flowering.

The first field where the SMA population was found (site
5) was planted with RR soybean. The distance from site 1 was
about 33 km. Plants were at multiple development stages. In a
second soybean field (site 6), B. napus plants were flowering
in the crop. The field received an application of glyphosate +
imazethapyr (3 L ha−1 + 1.35 L ha−1) and the phytotoxicity of
imazethapyr was visible. These two fields belonged to the
same farmer and the normal crop rotation was soybean wheat.
Isolated plants were observed on the edges of roads, wind-
mills, and other non-arable areas. In the corner of a field, next
to a windmill and tank (site 7), a group of plants were found at
the ripening stage. This site was separated by 25 km from site
5 and 10 km from site 1, representing an intermediate position
between the two sites.

In a neighboring field (site 8), a patch of B. napus plants
was observed in the corner of a RR soybean crop. The acces-
sion was identified as REG. According to information provid-
ed by the farmer, the first observations of these populations
occurred in 2006–2007 on a field that was cultivated with

Table 1 Herbicides used to
evaluate alternative control of
glyphosate-resistant oilseed rape
(Brassica napus) populations

Chemical family Active
ingredient

Trade name Loading Field rate
(g AI ha−1)

Imidazolinone Imazethapyr Pivot 100 g L−1 100.0

Imazapyr Arsenal 480 g L−1 80.2

Sulfonylurea Chlorimuron Backup 250 g kg−1 15.0

Triazolpyrimidine Diclosulam Spider 840 g kg−1 25.2

Phosphinic acid Glufosinate Liberty 200 g L−1 400.0

Benzothiadiazole nitrile Bentazon Basagran 60 600 g L−1 960.0

Phenoxy 2,4-D Genérico 602 g L−1 451.5

Carboxylic acid Fluroxypyr Starane 288 g L−1 172.8

Phenyltrifluoromethyluracil
+ imidazolinone

Saflufenacil
+ imazetapir

Optill 178 g kg−1

+ 502 g kg−1
24.9 +

70.3
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oilseed rape of unknown origin. Emerging volunteers were
highly resistant to glyphosate and were dispersed to other
fields by harvesting machinery.

Morphological and chemical characterization

The morphological characterization showed that all acces-
sions corresponded to the species B. napus. The most relevant
qualitative characteristics for differentiating the species are

leaf color, pubescence, clamping of upper leaves, flower color,
disposition of buds in respect to open flowers, and the arrange-
ment of mature siliques, and they were consistent with
B. napus and different from the wild species B. rapa.

Principal component analysis of quantitative traits showed
that the GER-resistant accession was morphologically similar
to B. napus cultivars and different from all B. rapa wild pop-
ulations (Fig. 2a). The beak/valve ratio was between 0.25 and
0.14 (0.21), the range accepted for B. napus species (Mulligan

Fig. 1 Sites where feral oilseed
rape (Brassica napus) accessions
GER (filled circles), SMA (filled
squares), and REG (filled
diamonds) were found

Table 2 Oilseed rape (Brassica napus) accessions evaluated for glyphosate resistance

Accession Site Nearby
town

Habitat Population size First year of
detection

Oilseed rape
cultivation

Crop rotation, herbicide use

GER 1, 2 Adolfo
Gonzales
Chaves

Within fallow fields. La
Germana Co.

>1000 plants; 92.3 ± 10.3
pl m−2 (rosette); 5.4 ±
1.5 pl m−2 (flowering stage)

2009 Never Wheat/soybean, wheat
glyphosate, metsulfuron-
metil, iodosulfuron,
2,4-D3 Within a wheat field. El

Coraje Co.
2.5 ± 1.6 pl m−2

4 On the edge of country
road, which had received
glyphosate applications.

1–5 plants

SMA 5, 6 San Mayol Within a RR soybean field. >500 plants 2006 >5 years Wheat/soybean, wheat
glyphosate, metsulfuron-
metil, imazethapyr

7 Beside a mill, in a field
corner.

~50 plants

REG 8 Within a RR soybean field. >500 plants
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1995). A PCAwith only B. napus accessions could not differ-
entiate the GER population from the two oilseed rape cultivars
and a volunteer population (Online resource 1, Fig. S1).

The oil composition was also similar in the B. napus culti-
vars and GER-resistant accession, although some differences
between cultivars were also detected. This was the result of
high levels of oleic acid in some canola cultivars. All of them
were clearly different from the B. rapa wild populations that
presented high levels of erucic acid and glucosinolates, com-
ponents that were almost absent in canola cultivars and in the
resistant accession (Fig. 2b).

Herbicide resistance characterization

All B. napus accessions (GER, SMA, and REG) were resistant
to a double dose of glyphosate. Survival and dry matter was
near or above 90 %, differing from the conventional oilseed
rape cultivar which showed severe symptoms of phytotoxici-
ty. No significant differences between resistant accessions
were found (Table 3).

Dose-response assay confirmed that the GER accession
was highly glyphosate resistance (Fig. 3a). Survival was great-
er than 70 % even at 15-fold the commercial dose rate of
glyphosate. LD50 of GER was 27.40 kg a.e. ha−1 (21X), while
BNC was 0.48 kg a.e. ha−1. This represented a resistance
factor of 57 (Table 4). These results were similar to those
obtained from the dry matter (Fig. 3b). GR50 for GER acces-
sion was estimated at 14.76 kg a.e. ha−1 whereas for

conventional oilseed rape cultivar BNC was 0.05 kg a.e. ha−1,
with a resistance factor of 311 (Table 4).

Transgene detection

All plants of the SMA and GER accessions sampled showed
positive response to the immunological test, confirming that
they possessed the CP4 EPSPS enzyme from A. tumefaciens.
All individuals of the conventional oilseed rape cultivar
(BNC) were negative to the test (Online resource 1, Fig. S2).

All sampled individuals of the GER accession amplified the
108-bp fragment corresponding to the GT73 event, consistent
with the occurrence of glyphosate-resistant B. napus acces-
sions. However, the five individuals of the conventional cultivar
BNC did not amplify this fragment (Online resource 1, Fig. S3).

Fig. 2 Differentiation between oilseed rape (Brassica napus) susceptible
(filled circles) and glyphosate-resistant (asterisk) accessions and wild
B. rapa populations (filled squares) using principal component analysis
for phenotypic characters (a) and oil composition traits (b). Parameters: a
CWI cotyledon width, PHE mature plant height, NBR number of
branches, ILW leaf width, ILL leaf length, ILS leaf size, IPL petiole length,

PLE petal length, SMI number of siliques, SLE silique length, SWI silique
width, VLE valve length, BLE beak length, BVR beak/valve ratio, NSS
number of seeds per silique; b OIL oil concentration, C181 oleic acid,
C182 linoleic acid, C183 linolenic acid, C201 eicosenoic acid, C221
erucic acid, GLU glucosinolates

Table 3 Plant survival and dry matter, expressed as the percentage of
the untreated control (mean ± standard error) of oilseed rape (Brassica
napus) populations GER, SMA, and REG and a conventional canola
cultivar (BNC), after the application of glyphosate at double the
commercial rate (2X)

Accession Survival (%) Dry matter (%)

BNC 0.0 ± 0.0 a 0.0 ± 0.0 a

GER (site 1) 100.0 ± 0.0 b 88.0 ± 5.8 b

SMA (site 7) 96.9 ± 2.4 b 89.8 ± 4.2 b

REG (site 8) 86.3 ± 6.3 b 103.0 ± 11.7 b

In each column, different letters indicate significant differences according
to Tukey’s test (P < 0.05)
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Alternative herbicides

All evaluated herbicides showed complete control of the
GER-resistant accession, at a commercial dose rate. AHAS-
inhibiting herbicides (imazethapyr, imazapyr, chlorimuron,
and diclosulam) were slower in showing phytotoxicity symp-
toms and some dry matter was left. Glufosinate provided an
excellent control of all plants. Hormonal herbicides (2,4-D
and fluroxypyr) were highly effective and fast-acting. A mix-
ture of saflufenacil and imazethapyr mixture was equally ef-
fective. No significant differences were found in plant survival
between the different treatments and biotypes.

Discussion

The uncontrolled B. napus populations showed high resis-
tance to glyphosate, even at 30-fold the commercial dose.
The resistance profile of the GER accession measured in the

greenhouse was equivalent to that observed by (Nandula et al.
2007) in a transgenic glyphosate-resistant canola cultivar
(Hyola 514RR). The species was identified as B. napus, with
traits of canola cultivars (like low erucic acid and glucosino-
lates content), on account of the morphological and chemical
characterization of the GER plants.

The immunological and molecular analyses showed that
these accessions presented the GT73 transgenic event that
confers glyphosate resistance. The origin of this event in the
accessions is uncertain, as the cultivation of transgenic oilseed
rape cultivars is prohibited in Argentina. This might suggest
that glyphosate resistance could come from unauthorized
transgenic oilseed rape crops cultivated in the country. Some
farmers and technicians who were consulted revealed that the
problem appeared in rented land with a history of oilseed rape
production whose origin cannot be tracked, or even after the
cultivation of conventional canola cultivars in other regions
(Repetto, personal communication).

The transgenic plants could also be introduced into the
country as seed contaminants in oilseed rape cultivars
imported before 2007, the year in which OGM analysis was
made mandatory (Secretaría Nacional de Sanidad Ambiental
(SENASA) 2007). All oilseed rape cultivars commercialized
in Argentina are introductions made from the principal breed-
ing centers of the world, and multiplied in the country, as there
is no national breeding program for the crop. An important
number of oilseed rape cultivars sown inArgentina come from
countries with extensive production of RR oilseed rape, like
Canada, the USA, and Australia (Iriarte 2015; Instituto
Nacional de Semillas (INASE) 2016). In October 2005, toler-
ance levels for GM canola in non-GM canola in Australia and
other Organization for Economic Co-operation and
Development (OECD) member countries were set at 0.9 %
for grain and 0.5 % for seed for sowing (OECD 2007). Friesen
et al. (2003) found conventional canola seedlots in Canada
with GM contamination levels above 2.0 %. In Switzerland,

Fig. 3 Response of the susceptible (empty triangles) and the resistant (empty circles) oilseed rape (Brassica napus) accessions to the application of
glyphosate, expressed as percentage survival (a) and milligrams of dry matter per plant (b)

Table 4 Estimated parameters for non-linear regression equations com-
paring survival and dry matter from resistant (GER) and susceptible
(BNC) oilseed rape (Brassica napus) accessions to glyphosate.
Comparative levels of resistance were also estimated

Accession b d e (LD50 or GR50) RF

Survival (%)

BNC 3.46 97.65 0.48 56.87
GER 2.95 96.14 27.40

Dry matter (mg pl−1)

BNC 0.84 737.53 0.05 310.94
GER 1.58 446.29 14.76

Parameters: b slope of the curves around e, d upper limit of curves, e
inflection point of the curves, LD50 and GR50 effective rate (kg a.e. ha

−1 )
required for 50 % reduction in plant survival and dry matter, respectively,
RF resistance factor (LD50 or GR50 R/LD50 or GR50 S)
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the presence of GM oilseed rape plants around port areas was
attributed to seed contaminants in imported Canadian wheat
(Schulze et al. 2015). Imports of cereals and oilseed for pro-
duction in Argentina are negligible (FAOSTAT 2016).

The presence of transgenic B. napus populations invading
farms with no history of oilseed rape cultivation could be
caused by seed movement. The farmers and technicians
consulted thought that the emergence and spread of these re-
sistant populations was due to the dispersion of seed by ma-
chinery. This cannot be ruled out since it is known that the
agricultural machines can participate in weed dispersion
(Benvenuti 2007; Michael et al. 2010). In Argentina, approx-
imately 47 % of harvest is undertaken with hired machinery
(Piñeiro and Villarreal 2005). This is a common occurrence in
this species because of the characteristics of B. napus seeds
(von der Lippe and Kowarik 2007; Bailleul et al. 2012; Allnutt
et al. 2013).

Feral B. napus populations found elsewhere in the world
appear frequently in ruderal habitats and near to places with
intensive oilseed rape cultivation (Devos et al. 2012). In some
cases, it has been proven that these populations persist for
several years, involving processes of population movements,
density changes, extinction and recolonization (Crawley and
Brown 2004). Pivard et al. (2008b) showed that the persis-
tence of feral populations could be equally due to the constant
supply of seeds from cultivated fields nearby and the persis-
tence of the seed bank in the soil. However, they also found
that a smaller percentage could be attributed to local recruit-
ment which contributed to the establishment of self-
perpetuating populations.

The case presented in this study is of particular character-
istics. While the presence of transgenic B. napus feral plants
has been reported in countries where the cultivation of GM
oilseed rape was forbidden (Saji et al. 2005; Schoenenberger
and D’Andrea 2012; Hecht et al. 2014), these plants appeared
in seed handling areas such as ports, roads, and railways. In
our country the transgenic plants were detected in typically
ruderal habitats, acting as weeds and being dispersed for sev-
eral kilometers without the mediation of oilseed crops.

Experimentation showed that there are alternative herbi-
cides for controlling resistant B. napus populations in various
situations and crops. No resistance to glufosinate or AHAS-
inhibiting herbicides, traits present in other GM HR canola
cultivars, was found. In RR soybean cultivars, AHAS-
inhibiting herbicides (imazethapyr, chlorimuron, and
diclosulam) may be recommended. In winter cereals, 2,4-D
proved to be very effective and could be used for the early
control of the first emergence of the population. In more ad-
vanced stages of cultivation, fluroxypyr would be recom-
mended to control subsequent emergency that had escaped
the early control.

Herbicides evaluated in this research were employed by
farmers in one of the fields invaded with this biotype and were

effective in controlling the weed. Monitoring of this field
showed no evidence of the population by fall 2014 (site 1).
Absence of plants was confirmed again in 2016. In contrast,
no management modification was performed at site 3 and
glyphosate was used as a primary control method. At this
place, the resistant B. napus population had spread throughout
the field where it had been located in 2012 and also to a
neighboring field. The population was estimated at over
100,000 plants by 2014. In the successive years, tillage was
practiced in this field and by 2016 no plants of resistant oil-
seed rape were found.

The presence of transgenic B. napus populations with
glyphosate resistance in Argentina reaffirms the importance
of herbicide rotation. The invasiveness of these biotypes in
agricultural environments is enhanced by the presence of her-
bicide resistance. This character gives it a distinct advantage in
farming systems based on intensive use of glyphosate.
Furthermore, the presence of these populations raises concern
about the potential for hybridization with wild related species,
especially with B. rapa. This species is widely distributed in
the region where GM HR B. napus was found. This risk was
the main argument used by the national authorities to ban the
cultivation and import of GM canola cultivars.

Acknowledgments We thank BASF Argentina Co., in particular the
assistance of Juan Pablo Migasso and Fabricio Mock. To Germana
Bonavetti, Ignacio Vazquez and Verónica Pugliese; for letting us conduct
our research in their fields and for providing historical records of crop
rotations and herbicide applications. We also thank Noemí Fritz and the
Cámara Arbitral de Cereales Bahía Blanca for the analysis of grain oil
content and fatty acid composition. We gratefully acknowledge the
National Research Council of Argentina (CONICET) for a fellowship
to CEP. This research was supported by grant ANPCYT-PICT 2854.

References

Allender CJ, King GJ (2010) Origins of the amphiploid species Brassica
napus L. investigated by chloroplast and nuclear molecular markers.
BMC Plant Biol 10:54. doi:10.1186/1471-2229-10-54

Allnutt T, Blackburn J, Copeland J, Dennis C, Dixon J, Laybourn R,
Wontner-Smith T, Chisholm J, Hugo S, Henry C (2013) Estimates
of genetically modified oilseed in shared farming machinery. Ann
Appl Biol 162:119–130. doi:10.1111/aab.12007

Andersen NS, Rasmussen J, Jørgensen RB (2010) You reap what you
sow—or do you?—volunteers in organic row-sown and broadcast-
sown oilseed rape fields. Eur J Agron 32:121–126. doi:10.1016/j.
eja.2009.09.001

Bailleul D, Ollier S, Huet S, Gardarin A, Lecomte J (2012) Seed spillage
from grain trailers on road verges during oilseed rape harvest: an
experimental survey. PLoS One 7:e32752. doi:10.1371/journal.
pone.0032752

Beckie HJ, Harker KN, Hall LM, Warwick SI, Légère A, Sikkema PH,
Clayton GW, Thomas AG, Leeson JY, Séguin-Swartz G, SimardM-
J (2006) A decade of herbicide-resistant crops in Canada. Can J
Plant Sci 86:1243–1264

Environ Sci Pollut Res

http://dx.doi.org/10.1186/1471-2229-10-54
http://dx.doi.org/10.1111/aab.12007
http://dx.doi.org/10.1016/j.eja.2009.09.001
http://dx.doi.org/10.1016/j.eja.2009.09.001
http://dx.doi.org/10.1371/journal.pone.0032752
http://dx.doi.org/10.1371/journal.pone.0032752


Benvenuti S (2007) Weed seed movement and dispersal strategies in the
agricultural environment. Weed Biol Manag 7:141–157.
doi:10.1111/j.1445-6664.2007.00249.x

Busi R, Powles SB (2016) Transgenic glyphosate-resistant canola
(Brassica napus) can persist outside agricultural fields in
Australia. Agric Ecosyst Environ 220:28–34. doi:10.1016/j.
agee.2015.12.028

Comisión Nacional Asesora de Biotecnología Agropecuaria
(CONABIA) (2016) Evaluaciones de OVGM en Argentina.
http://www.minagri.gob.ar/site/agregado_de_valor/biotecnologia/
50-EVALUACIONES/index.php

Crawley MJ, Brown SL (2004) Spatially structured population dynamics
in feral oilseed rape. Proc R Soc B Biol Sci 271:1909–1916.
doi:10.1098/rspb.2004.2814

D’Hertefeldt T, Jørgensen RB, Pettersson LB (2008) Long-term persis-
tence of GM oilseed rape in the seedbank. Biol Lett 4:314–317.
doi:10.1098/rsbl.2008.0123

Devos Y, Hails RS, Messéan A, Perry JN, Squire GR (2012) Feral genet-
ically modified herbicide tolerant oilseed rape from seed import
spills: are concerns scientifically justified? Transgenic Res 21:1–
21. doi:10.1007/s11248-011-9515-9

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M,
Robledo CW (2015) Infostat versión 2015. Grupo InfoStat, FCA-
Universidad Nacional de Córdoba, Argentina

Doyle J, Doyle J (1987) A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochem Bull 19:11–15

Elling B, Neuffer B, Bleeker W (2009) Sources of genetic diversity in
feral oilseed rape (Brassica napus) populations. Basic Appl Ecol 10:
544–553. doi:10.1016/j.baae.2009.01.005

FAOSTAT (2016) Food and Agriculture Organization of the United
Nations. http://faostat3.fao.org. Accessed 15 March 2016

Friesen L, Nelson A, Van Acker R (2003) Evidence of contamination of
pedigree canola (Brassica napus) seedlots in western Canada from
genetically engineered herbicide resistance traits. Agron J 95:1342–
1347

Green JM (2009) Evolution of glyphosate-resistant crop technology.
Weed Sci 57:108–117. doi:10.1614/WS-08-030.1

Gressel J (2005) The challenges of ferality. In: Gressel J (ed) Crop ferality
and volunteerism. Taylor & Francis Group, USA, pp. 1–7

Gulden RH, Shirtliffe SJ, Thomas AG (2003) Harvest losses of canola
(Brassica napus) cause large seedbank inputs. Weed Sci 51:83–86.
doi:10.1614/0043-1745(2003)051[0083:HLOCBN]2.0.CO;2

Gulden RH, Thomas AG, Shirtliffe SJ (2004) Relative contribution of
genotype, seed size and environment to secondary seed dormancy
potential in Canadian spring oilseed rape (Brassica napus. Weed
Res 44:97–106. doi:10.1111/j.1365-3180.2003.00377.x

Gulden RH, Warwick SI, Thomas AG (2008) The biology of Canadian
weeds. 137. Brassica napus L. and B. rapa L. Can J Plant Sci 88:
951–996. doi:10.4141/CJPS07203

Hall L, Rahman H, Gulden RH, Thomas AG (2005) Volunteer oilseed
rape—will herbicide-resistance traits assist ferality? In: Gressel J
(ed) Crop ferality and volunteerism. Taylor & Francis Group,
USA, pp. 59–79

Hecht M, Oehen B, Schulze J, Brodmann P, Bagutti C (2014) Detection
of feral GT73 transgenic oilseed rape (Brassica napus) along rail-
way lines on entry routes to oilseed factories in Switzerland. Environ
Sci Pollut Res Int 21:1455–1465. doi:10.1007/s11356-013-1881-9

International Board for Plant Genetic Resources (IBPGR) (1990)
Descriptors for Brassica and Raphanus, Rome

Instituto Nacional de Semillas (INASE) (2016) Catálogo Nacional de
Cultivares http://www.inase.gov.ar. Accessed 20 July 2016

Iriarte L (2015) Cultivo de colza: comportamiento varietal y manejo,
XXIII Congreso AAPRESID http://2015.congresoaapresid.org.
ar/wp-content/uploads/Iriarte-Liliana-Acta.pdf. Accessed 25
July 2016

International Service for the Acquisition of Agri-Biotech Applications
(ISAAA) (2016) GM Approval Database http://www.isaaa.org.
Accessed 20 March 2016

Katsuta K, Matsuo K, Yoshimura Y, Ohsawa R (2015) Long-term mon-
itoring of feral genetically modified herbicide-tolerant Brassica
napus populations around unloading Japanese ports. Breed Sci
275:265–275. doi:10.1270/jsbbs.65.265

Knispel AL, McLachlan SM, Van Acker RC, Friesen LF (2008) Gene
flow and multiple herbicide resistance in escaped canola popula-
tions. Weed Sci 56:72–80. doi:10.1614/WS-07-097.1

KolářováM, Tyšer L, Soukup J (2013) Survey about the weed occurrence
on arable land in the Czech Republic. Sci Agric Bohem 44:63–69.
doi:10.7160/sab.2013.440210

Krato C, Petersen J (2012) Competitiveness and yield impact of volunteer
oilseed rape (Brassica napus) in winter and spring wheat (Triticum
aestivum. J Plant Dis Prot 119:74–82. doi:10.1007/BF03356423

Lutman PJW, Freeman SE, Pekrun C (2003) The long-term persistence of
seeds of oilseed rape (Brassica napus) in arable fields. J Agric Sci
141:231–240. doi:10.1017/S0021859603003575

Mazzara M, Grazioli E, Savini C, Van den Eede G (2007) Event specific
method for the quantification of oilseed rape line RT73 using real-
time PCR, Italy

McVetty P, Zelmer C (2007) Breeding herbicide-tolerant oilseed rape
cultivars. In: Gupta S (ed) Advances in botanical research, incorpo-
rating advances in plant pathology Vol. 45 rapeseed breeding.
Academic Press - Elsevier Ltd., USA, pp. 233–270

Michael PJ, Owen MJ, Powles SB (2010) Herbicide-resistant weed seeds
contaminate grain sown in the western Australian Grainbelt. Weed
Sci 58:466–472. doi:10.1614/WS-D-09-00082.1

Ministerio de Agroindustria (MinAgro). 2016. Sistema Integrado de
Información Agropecuaria www.siia.gov.ar. Accessed 22 July 2016

Monsanto Biotechnology Regulatory Sciences (2004) A Recommended
Procedure for Real-Time Quantitative TaqMan PCR for Roundup
Ready® Canola RT73

Mulligan G (1995) Key to the Brassicaceae (Cruciferae) of Canada and
Alaska. Agriculture and Agri-Food Canada, Ottawa, Canada

Nandula VK, Reddy KN, Rimando AM, Duke SO, Poston DH (2007)
Glyphosate-resistant and -susceptible soybean (Glycine max) and
canola (Brassica napus) dose response and metabolism relation-
ships with glyphosate. J Agric Food Chem 55:3540–3545.
doi:10.1021/jf063568l

Nishizawa T, Nakajima N, Tamaoki M, Aono M, Kubo A, Saji H (2016)
Fixed-route monitoring and a comparative study of the occurrence
of herbicide-resistant oilseed rape (Brassica napus L.) along a
Japanese roadside. GM Crops Food 7:20–37. doi:10.1080
/21645698.2016.1138196

Organisation for Economic Co-operation and Development (OECD)
(2007) Agricultural policies in OECD countries: monitoring and
evaluation. ISBN 978–92–64-02746-6

Pascher K, Macalka S, Rau D, Gollmann G, Reiner H, Glössl J, Grabherr
G (2010)Molecular differentiation of commercial varieties and feral
populations of oilseed rape (Brassica napus L. BMC Evol Biol 10:
63. doi:10.1186/1471-2148-10-63

Pekrun C, Lutman PJW, Baeumer K (1997) Induction of secondary dor-
mancy in rape seeds (Brassica napus L.) by prolonged imbibition
under conditions of water stress or oxygen deficiency in darkness.
Eur J Agron 6:245–255. doi:10.1016/S1161-0301(96)02051-5

Pessel D, Lecomte J, Emeriau V, Krouti M, Messean A, Gouyon PH
(2001) Persistence of oilseed rape (Brassica napus L.) outside of
cultivated fields. Theor Appl Genet 102:841–846. doi:10.1007
/s001220100583

Piñeiro M, Villarreal F (2005) Modernización agrícola y nuevos actores
sociales. Ciencia Hoy 15:32–36

Pivard S, Adamczyk K, Lecomte J, Lavigne C, Bouvier A, Deville A,
Gouyon PH, Huet S (2008a) Where do the feral oilseed rape popu-
lations come from? A large-scale study of their possible origin in a

Environ Sci Pollut Res

http://dx.doi.org/10.1111/j.1445-6664.2007.00249.x
http://dx.doi.org/10.1016/j.agee.2015.12.028
http://dx.doi.org/10.1016/j.agee.2015.12.028
http://www.minagri.gob.ar/site/agregado_de_valor/biotecnologia/50-EVALUACIONES/index.php
http://www.minagri.gob.ar/site/agregado_de_valor/biotecnologia/50-EVALUACIONES/index.php
http://dx.doi.org/10.1098/rspb.2004.2814
http://dx.doi.org/10.1098/rsbl.2008.0123
http://dx.doi.org/10.1007/s11248-011-9515-9
http://dx.doi.org/10.1016/j.baae.2009.01.005
http://faostat3.fao.org
http://dx.doi.org/10.1614/WS-08-030.1
http://dx.doi.org/10.1614/0043-1745(2003)051%5B0083:HLOCBN%5D2.0.CO;2
http://dx.doi.org/10.1111/j.1365-3180.2003.00377.x
http://dx.doi.org/10.4141/CJPS07203
http://dx.doi.org/10.1007/s11356-013-1881-9
http://www.inase.gov.ar
http://2015.congresoaapresid.org.ar/wp-content/uploads/Iriarte-Liliana-Acta.pdf
http://2015.congresoaapresid.org.ar/wp-content/uploads/Iriarte-Liliana-Acta.pdf
http://www.isaaa.org
http://dx.doi.org/10.1270/jsbbs.65.265
http://dx.doi.org/10.1614/WS-07-097.1
http://dx.doi.org/10.7160/sab.2013.440210
http://dx.doi.org/10.1007/BF03356423
http://dx.doi.org/10.1017/S0021859603003575
http://dx.doi.org/10.1614/WS-D-09-00082.1
http://www.siia.gov.ar
http://dx.doi.org/10.1021/jf063568l
http://dx.doi.org/10.1080/21645698.2016.1138196
http://dx.doi.org/10.1080/21645698.2016.1138196
http://dx.doi.org/10.1186/1471-2148-10-63
http://dx.doi.org/10.1016/S1161-0301(96)02051-5
http://dx.doi.org/10.1007/s001220100583
http://dx.doi.org/10.1007/s001220100583


farmland area. J Appl Ecol 45:476–485. doi:10.1111/j.1365-
2664.2007.01358.x

Pivard S, Demšar D, Lecomte J, Debeljak M, Džeroski S (2008b)
Characterizing the presence of oilseed rape feral populations on field
margins using machine learning. Ecol Model 212:147–154.
doi:10.1016/j.ecolmodel.2007.10.012

Prakash S, Wu X, Bhat SR (2012) History, evolution, and domestication
of brassica crops. Plant Breed Rev 35:19–82. doi:10.1002
/9781118100509.ch2

R Core Team (2015) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
www.R-project.org

Ritz C (2010) Toward a unified approach to dose-response modeling in
ecotoxicology. Environ Toxicol Chem 29:220–229. doi:10.1002
/etc.7

Secretaría de Agricultura, Ganadería, Pesca y Alimentación (SAGPyA)
(1997) Solicitud de ensayo a campo de canola tolerante al herbicida
glifosato. Resolución N° 228

Saji H, Nakajima N, AonoM, Tamaoki M, Kubo A,Wakiyama S, Hatase
Y, Nagatsu M (2005) Monitoring the escape of transgenic oilseed
rape around Japanese ports and roadsides. Environ Biosaf Res 4:
217–222. doi:10.1051/ebr:2006003

Schafer MG, Ross A, Londo JP, Burdick C, Lee EH, Travers SE, Van de
Water PK, Sagers CL (2011) The establishment of genetically
engineered canola populations in the U.S. PLoS One 6:e25736.
doi:10.1371/journal.pone.0025736

Schoenenberger N, D’Andrea L (2012) Surveying the occurrence of
subspontaneous glyphosate-tolerant genetically engineered
Brassica napus L. (Brassicaceae) along Swiss railways. Environ
Sci Eur 24:23. doi:10.1186/2190-4715-24-23

Schulze J, Brodmann P, Oehen B, Bagutti C (2015) Low level impurities
in imported wheat are a likely source of feral transgenic oilseed rape

(Brassica napus L.) in Switzerland. Environ Sci Pollut Res 22:
16936–16942. doi:10.1007/s11356-015-4903-y

Schulze J, Frauenknecht T, Brodmann P, Bagutti C (2014) Unexpected
diversity of feral genetically modified oilseed rape (Brassica napus
L.) despite a cultivation and import ban in Switzerland. PLoS One 9:
e114477. doi:10.1371/journal.pone.0114477

Secretaría Nacional de Sanidad Ambiental (SENASA) (2007) Resolución
305/2007: Prohibe la importación de colza portadora de eventos
transgénicos no autorizados para su producción y comercialización
en la República Argentina. https://viejaweb.senasa.gov.
ar/contenido.php?to=n&in=1318&io=738. Accesed 20 July 2016

Simard M, Légère A, Pageau D, Lajeunesse J, Warwick SI (2002) The
frequency and persistence of volunteer canola (Brassica napus) in
Québec cropping systems. Weed Technol 16:433–439. doi:10.1614
/0890-037X(2002)016%255B0433%253ATFAPOV%255D2.0.
CO%253B2

Squire GR, Breckling B, Dietz Pfeilstetter A, Jorgensen RB, Lecomte J,
Pivard S, Reuter H, YoungMW (2011) Status of feral oilseed rape in
Europe: its minor role as a GM impurity and its potential as a reser-
voir of transgene persistence. Environ Sci Pollut Res Int 18:111–
115. doi:10.1007/s11356-010-0376-1

von der Lippe M, Kowarik I (2007) Crop seed spillage along roads: a
factor of uncertainty in the containment of GMO. Ecography (Cop)
30:483–490. doi:10.1111/j.2007.0906-7590.05072.x

Weber EA, Gruber S, ClaupeinW (2014) Emergence and performance of
volunteer oilseed rape (Brassica napus) in different crops. Eur J
Agron 60:33–40. doi:10.1016/j.eja.2014.07.004

Yoshimura Y, Beckie HJ, Matsuo K (2006) Transgenic oilseed rape
along transportation routes and port of Vancouver in western
Canada. Envi ron Biosaf Res 5:67–75. doi :10 .1051
/ebr:2006019

Environ Sci Pollut Res

http://dx.doi.org/10.1111/j.1365-2664.2007.01358.x
http://dx.doi.org/10.1111/j.1365-2664.2007.01358.x
http://dx.doi.org/10.1016/j.ecolmodel.2007.10.012
http://dx.doi.org/10.1002/9781118100509.ch2
http://dx.doi.org/10.1002/9781118100509.ch2
http://www.R-project.org
http://dx.doi.org/10.1002/etc.7
http://dx.doi.org/10.1002/etc.7
http://dx.doi.org/10.1051/ebr:2006003
http://dx.doi.org/10.1371/journal.pone.0025736
http://dx.doi.org/10.1186/2190-4715-24-23
http://dx.doi.org/10.1007/s11356-015-4903-y
http://dx.doi.org/10.1371/journal.pone.0114477
https://viejaweb.senasa.gov.ar/contenido.php?to=n&in=1318&io=738
https://viejaweb.senasa.gov.ar/contenido.php?to=n&in=1318&io=738
http://dx.doi.org/10.1614/0890-037X(2002)016%255B0433%253ATFAPOV%255D2.0.CO%253B2
http://dx.doi.org/10.1614/0890-037X(2002)016%255B0433%253ATFAPOV%255D2.0.CO%253B2
http://dx.doi.org/10.1614/0890-037X(2002)016%255B0433%253ATFAPOV%255D2.0.CO%253B2
http://dx.doi.org/10.1007/s11356-010-0376-1
http://dx.doi.org/10.1111/j.2007.0906-7590.05072.x
http://dx.doi.org/10.1016/j.eja.2014.07.004
http://dx.doi.org/10.1051/ebr:2006019
http://dx.doi.org/10.1051/ebr:2006019

	Transgenic...
	Abstract
	Introduction
	Materials and methods
	Plant material and growth conditions
	Morphological and chemical characterization
	Herbicide screening test
	Dose-response assay
	Transgene detection
	Alternative herbicides

	Results
	Habitat
	Morphological and chemical characterization
	Herbicide resistance characterization
	Transgene detection
	Alternative herbicides

	Discussion
	References


