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Abstract
BACKGROUND: Gene flow between crops and weedy relatives depends on the survivorship and reproduction of early-generation
hybrids in a field environment. The primary aim of this study was to compare the fitness of transgenic crop × wild hybrids with
their parental types and a non-transgenic crop type in the field under enhanced temperature and humidity.
RESULTS: Transgenic insect-resistant oilseed rape (Brassica napus L.), wild brown mustard [B. juncea (L.) Czern et Coss.], their
hybrids and non-transgenic B. napus were grown in such a way as to mimic field conditions after harvest under which volunteer
plants might appear in agricultural settings. Factor analysis revealed that vegetative growth characteristics explained most of
the observed differences among plant types. Wild brown mustard had the highest fitness during its entire life history. Hybrids
had intermediate composite fitness and lowest reproductive fitness. The hybrid and the wild weed shared similar vegetative
growth characteristics and seed dormancy in their respective progenies.
CONCLUSION: These data indicate that there might be enhanced persistence of the transgene in warmer climates. The absence
of fitness cost of the transgenes might allow transgenes to persist in ecosystems. These data will contribute to risk assessments
of transgene persistence and weed management against the backdrop of global climate change.
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Introgression between transgenic crops and their wild relatives
remains an area of concern because transgenes might increase
fitness and competitiveness of wild relatives, increase their weediness and make them more difficult to control.1,2 Successful
introgression depends on several criteria including sexual compatibility, proximal coexistence, overlapping flower times, production
and fertility of F1 hybrids and selective advantage. Furthermore,
transgene location within the host genome and commensurate
linkage drag are also important considerations.2 Among these
factors, of particular consequence is sexual compatibility, which
affects the likelihood of hybridisation in the first place, whereas
fitness of crop–wild hybrids influences the probability of sustained existence of transgenic hybrids. Although insect-resistant
Bt Brassica crop plants have not yet been commercially released,
Bt transgenic Brassica napus L. [oilseed rape (OSR)] and its wild
relatives have been extensively studied as a model system, especially in risk assessment. Gene flow among several Brassicas is well
established. Brassicas are also subject to insect damage.3,4 Most introgression studies between transgenic OSR and its wild relatives
indicate that fitness of crop–wild hybrids is lower than that of the
wild parental type,5 – 7 although some studies have demonstrated
that fitness of hybrids is similar or even higher than that of their

wild parents.8,9 However, useful comparisons depend on various
circumstances such as competition, plant density, environmental
stresses and parental effects.7,9 – 13
Both maternal and paternal effects can contribute to the
growth and reproduction characteristics of hybrids and their
progenies12,13 and thus affect the persistence and the following
introgression of transgenes. Mercer et al.12 found that the paternal
effect (in this case, a domestication trait) in sunflower could
increase the fitness of hybrid progeny from seed from the maternal
wild parent. In contrast, seed dormancy of the reciprocal hybrids
formed between wild and cultivated B. rapa L. more closely
resembled their maternal parent.14 The maternal effect from the
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wild parent could increase the persistence of hybrid seeds in
soil,15 thereby potentially increasing the persistence of transgenes
in nature. Adaptive maternal effects would enhance performance
of the offspring, since their environments would be similar to
maternal environments under limited seed dispersal.16
There are various ways in which fitness of plants is estimated.
Ecologists often estimate fitness by reproduction (e.g. seed
production). However, it has been argued that competition in
space rather than seed production limits the invasiveness of
plants.17 In addition to reproduction growth, vegetative growth
characteristics have also been used as fitness components, and
traits involving entire life history have been used to estimate the
fitness of plants in many studies.18 – 20 Hooftman et al.21 suggest
that single fitness components alone would not have revealed the
performance advantage of hybrids, and demographic vital rates,
i.e. germination and survival, should be measured. In addition,
the persistence and evolution of hybrids in nature depend not
only on reproductive success but also on their establishment
and competitive ability.15,22 Therefore, both plant growth and
reproduction are important characteristics that should be taken
into account as fitness components.18
Theoretically, transgenes conferring resistance are not always
associated with advantages in nature; they might also have
ecological or physiological costs. Fitness cost might reduce the
reproduction and survival of the plant and might thus not
support the persistence of transgenes in natural ecosystems.
This could be an important consideration in the management of
weeds carrying introgressed resistance from their transgenic crop
relatives through gene flow. Fitness costs could be caused by
pleiotropy, physiological costs of the resistance trait or effects of
particular insertion sites within the genome.23 Mostly, transgenic
fitness costs have not been observed,7,24,25 but some studies have
revealed fitness cost of an added resistance trait.17,23 Decreased
fitness and competitive ability and resistance costs are thought
to be reasons why no transgenic introgressed hybrids have been
observed.2,7 However, the stable persistence of a transgene in the
field was discovered in Canada, although at very low frequency
(one plant),26 which suggested an absence of fitness cost even in
the absence of selection.
Compared with the relatively abundant research on the fitness
of hybrids formed between transgenic OSR and the wild B.
rapa, few publications address hybrid formation between OSR
and wild brown mustard [B. juncea (L.) Czern et Coss.], a wild
relative of OSR and a common weed on Chinese farmland that
occurs sympatrically with OSR crops.27 It has been reported that
B. juncea is sexually compatible and forms fertile hybrids with
OSR.3,6,28 Data indicate that gene flow between OSR and B. juncea
could spontaneously occur in the field, but at a rate much lower
than between OSR and B. rapa.29 Fitness of F1 hybrids between
transgenic B. napus and B. juncea was reported to be lower in
terms of pollen activity and seed production in a greenhouse
experiment,6 but the field performance of hybrids is unknown.
OSR planted as a spring crop is typically harvested in early
summer. Seed density of OSR from shattering is considerable
at harvest.30 These seeds can germinate to become volunteer
plants after emergence in the field. OSR seedlings can emerge
in the fall after harvest if soil moisture is adequate, but many
of them die over the winter.31 However, farmers in northern
China are likely to use agricultural films to protect plants from
cold in moderately cold areas. OSR volunteers could survive
and bloom in the following spring. Volunteer plants and feral
populations might serve as important transgene reservoirs for
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gene flow for volunteerism.2 In addition, global climate change
could cause increased temperatures, which, in turn, might cause
increased persistence of volunteers over winter. These factors
could potentially increase the risk of transgenic introgression
to other OSR or wild relatives.32 It is reported that extensive
transgene flow between OSR varieties has been detected in
Canada, resulting in the generation of volunteers that contain
three types of herbicide resistance.33 If transgenes could confer
increased survival, the enhanced persistence of volunteer OSR
plants and hybrids in the field could increase pollen availability for
unintended transgene flow. Thus, it follows that this adventitious
presence might potentially be a factor for the evolution of
resistance of insect pests.34
Field experiments were conducted in this study during one
artificial growing season through the winter in northern China,
using agricultural films from autumn to spring to protect from
frost damage. Growth and reproduction were compared among
hybrids and their two parents (transgenic B. napus and wild brown
mustard B. juncea) and non-transgenic B. napus ‘Westar’. The
purpose of this study was to mimic a field situation with increased
temperature from global warming and to examine volunteerism
of hybrids. Taking growth characteristics and reproductive traits
into consideration, both the fitness of the hybrids and the fitness
cost of transgenes in the field were investigated. This could aid in
predicting the fate of transgenic hybrids in nature and contribute
to current knowledge on risk assessment of transgene persistence
and weed management against the backdrop of global climate
change.

2

MATERIALS AND METHODS

2.1 Plants
Four plant types were utilised in this study: wild brown mustard
(B. juncea var. gracilis, mustard), transgenic oilseed rape (B. napus
cv. Westar, GT) and F1 hybrids (hybrids) formed between wild
mustard (as female) × transgenic OSR; the non-transgenic OSR
parent (Westar) was also used to reveal any fitness cost of the
transgenes. Seeds of wild brown mustard were kindly provided by
Prof. S Qiang of Nanjing Agricultural University (NAU), originating
from a local field collection. Brassica napus ‘Westar’, a springtype OSR, was transformed with the pSAM 12 plasmid containing
genetically linked GFP and Bt Cry1Ac cassettes (GT) regulated
by independent CaMV 35S promoters.35 The third generation of
the progenies of transgenic event 1 was used in this study. F1
hybrids were produced by pollinating ten wild brown mustard
plants of that local seed collection with pollen from more than ten
transgenic OSR (GT) plants in a greenhouse.36
2.2 Field trial
The field experiment was conducted in the experimental field of
the Institute of Botany, Chinese Academy of Sciences (Xiangshan,
Beijing, China, 39◦ 59 N, 116◦ 12 E) beginning on 3 November
2005. A total of 150 locations of plants were placed 45 cm apart
and were assigned along each of four rows in a zigzag pattern
to study plants in between the nearby rows within the field. The
four types of seeds were assigned randomly among the locations.
Each of the three types of B. juncea, Westar and GT occupied
30 locations, while F1 hybrids occupied 60 locations. The seeds
were randomly sowed in a hole at each location. The 3 cm deep
and 5 cm wide hole permitted a random distribution of the three
pure-line individually sown seeds at each location.
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Experimental fields were covered with agricultural films (transparent polyethylene) from early November 2005 to the middle
of March 2006, which enabled the survival of volunteers and the
comparison of transgene-factor fitness under increased temperature and humidity.37 Open pollination was allowed during the
flowering period. Field management of the plants was performed
identically to normal oilseed rape cultivation. Plants were harvested individually at maturity in June 2006. Seeds were dried
in a sunny location under ambient temperatures for 24 h and
were stored at a site with dry air and good ventilation. Chemical
pesticides were applied to kill pest insects and to ensure a growth
period free of pest insect pressure. Weeds were also controlled.
2.3 Measurements
Seedling emergence was recorded after removal of the agricultural
film in the spring. At the beginning of April 2006, plants were culled
to one plant per location following GFP fluorescence screening
and transgene PCR analysis of F1 hybrids.36 The result of this
assay was the retention of transgenic F1 hybrids and removal of
non-transgenic plants. Seedlings emerged at most locations for all
four plant types. A total of 115 potential hybrid plants emerged
from 53 of the 60 locations tested, among which 85 plants had Bt
and GFP transgenes at 47 locations and nine plants at six locations
were all false hybrids and thus removed. Finally, only 47 hybrids
were retained at each of 47 locations, 25 plants at each of 25
locations for GT and Westar, respectively, and 28 plants at each
of 28 locations for B. juncea. At harvest, the number of mature
plants was recorded and seedling survival was calculated by the
proportion of numbers of adult plants at harvest to the number
of seedlings after culling at the early stage. The date of first flower
opening was recorded for each plant to calculate the number of
days from sowing to flowering [days after sowing (DAS)]. Plant
height, diameter of plant canopy and above-ground dry biomass
were measured at harvest for each plant.
Flower number of each plant was estimated by counting fruits
and non-fruiting pedicels at harvest. At the same time, hundredseed weight and total-seed weight per plant were obtained and
were also used to calculate the number of seeds produced per
plant. The fitness differential effect between species would be
underestimated if the fitness consequences were evaluated only
in terms of seed production alone without the effects of seed
quality.38 Thus, 100 seeds were randomly sampled from each of the
four plant types with ten replicates for a germination test to check
the seed quality produced by each of the four plant types. Seeds
were placed in each of 40 petri dishes, with humidity maintained
by occasionally adding appropriate volumes of distilled water.
Dishes were kept at 26 : 23 ◦ C day : night thermoperiods. Since
germination did not occur 1 week after sowing, seeds were
stored for 3 days at 4 ◦ C to break seed dormancy, after which
the germination experiment was continued. Germination rate was
recorded and seedlings were removed daily from each petri dish.
The experiment was conducted for 1 month. Dormant seeds were
assumed to be those that did not germinate but seemed fresh at
the end of the experiment, i.e. those that were not discoloured or
mouldy, and had a firm turgid texture. Mouldy seeds were removed
during the experiment, and the germination rate of seeds before
(the first germination) and after the treatment at 4 ◦ C (the second
germination) were calculated.
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3

RESULTS

3.1 Difference of each variable
Based on the corrected P-value of significant level, there were
significant differences in the eight variables for the four plant
types: F3,112 = 18.964, P < 0.001 for plant height; F3,112 = 22.716,
P < 0.001 for canopy diameter; F3,112 = 9.587, P < 0.001 for
dry weight of above-ground biomass; F3,112 = 13.368, P < 0.001
for number of flowers; F3,112 = 46.744, P < 0.001 for seeds per
plant; F3,112 = 35.247, P < 0.001 for total seed weight. Variation
between transgenic hybrids and their paternal parents was found
during the whole life history except for the two prematurity stages.
The emergence rate of B. juncea (mustard) seedlings (0.8 ± 0.06,
n = 30) was greater than that of F1 hybrids (0.6±0.04, n = 60), and
that of GT (0.7 ± 0.07, n = 30) was intermediate between them,
but the difference was not significant. No difference was found
between the emergence rate of GT and that of the non-transgenic
OSR (Westar) (0.6 ± 0.06, n = 30). Similar patterns were observed
in the number of days from sowing to flowering among these
plant types, and no significant difference was found (Table 1). The
seedling survival of F1 hybrids (95.74%) was similar to that of B.
juncea (96.43%). GT (88%) had a relatively lower seedling survival,
lower even than Westar (92%).
The values of F1 hybrids were similar to those of their maternal
parent (mustard), but significantly greater than those of the
paternal plant, transgenic OSR (GT), not only for characters
associated with the vegetative growth characteristics at harvest
(P < 0.001, Tamhane’s test, plant height, canopy diameter and dry
weight of above-ground biomass) but also for the flower number
(hybrid versus GT, P < 0.001, mustard versus GT, P = 0.003,
Tamhane’s test). However, there were different trends for the
other two variants related to reproductive growth. F1 hybrids
produced significantly fewer seeds than their maternal parent
type (mustard) (P < 0.001, Tamhane’s test) and their paternal
parent genotype (GT), but the difference in the latter comparison
was not significant. F1 hybrids had a significantly lower total seed
weight than their parents (P < 0.001, Tamhane’s test) (Table 1).
No differences were detected between GT and Westar for all these
characters during the whole life history.
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2.4 Data analysis
MANOVA was performed using SPSS13.0 software.39 Tests for
significance were conducted for eight variables individually among

the four plant types, which included emergence rate, the number
of days from sowing to flowering, plant height, canopy diameter,
dry weight of above-ground biomass, the number of flowers, the
number of seeds and total seed weight per plant. According to the
homogeneity of variances, the means of each variant were tested
either by Duncan’s multiple range test or by Tamhane’s multiple
range test, as appropriate. The significant level was set at 0.05, and
the corrected P-value was adjusted to 0.00625 for eight-variant
MANOVA analysis after Bonferroni correction.
Moreover, factor analysis was conducted to group these eight
measured variables and to estimate the fitness and fitnessrelated characteristics of plants. Although there are obvious
biological relationships among the eight growth variables, the
Kaiser–Meyer–Olkin (KMO) measure was calculated to test the
sampling adequacy, and Bartlett’s test of sphericity was conducted
to check if the factor model was appropriate.40 The weight sum
of the scores of each principal factor (weight was the proportion
of variance explained by each factor)41 was used to calculate
the composite fitness.18,20 ANOVA was then used to study the
difference in various fitness components among plant types.
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Table 1. Means (± SE) of the measured variants scored on the four plant types: non-transgenic oilseed rape (Brassica napus, Westar), transgenic
oilseed rape (GT), wild brown mustard (Brassica juncea, mustard) and their transgenic hybrids (hybrids)a
Number
of mature
plants
Mustard
Hybrids
GT
Westar

27
45
22
22

Number of days
from sowing
to flowering
(DAS)

Plant height
(cm)

163.0 (± 0.90) a 94.3 (± 3.76) a
163.0 (± 0.87) a 100.9 (± 3.47) a
159.1 (± 1.26) a 66.6 (± 3.83) b
159.6 (± 1.42) a 74.6 (± 2.94) b

Canopy
Above-ground
diameter (cm) biomass (g)

Number of
flowers

Number of
seeds

Total seed
weight (g)

83.7 (± 6.31) a 26.3 (± 3.98) a 1080.1 (± 163.63) a 13 303.9 (± 1893.10) a 13.6 (± 2.10) a
67.0 (± 5.06) a 18.6 (± 2.46) a 1235.7 (± 153.53) a
550.1 (± 119.69) c
0.5 (± 0.11) c
30.7 (± 3.41) b 7.0 (± 2.52) b 250.3 (± 151.92) b
883.0 (± 124.16) bc 2.0 (± 0.25) b
31.6 (± 2.73) b 6.8 (± 0.93) b 126.1 (± 15.92) b
1398.9 (± 239.75) b
3.4 (± 0.51) b

a
Different letters indicate different values at P = 0.00625, which is a corrected P-value by Bonferroni correction as requested by MANOVA. Duncan’s
multiple range test was performed for days of vegetative growth, and Tamhane’s multiple range test for others.
DAS = days after sowing.

Table 2. Rotated component matrixa by factor analysis for the
composite fitness in four plant types: non-transgenic oilseed rape
(Brassica napus ‘Westar’), transgenic oilseed rape, wild brown mustard
(Brassica juncea) and their transgenic hybrids (extraction method:
principal component analysis; rotation method: varimax with Kaiser
normalisation)
Component

Emergence rate
Number of days from sowing to flowering
Plant height
Canopy diameter
Dry weight of above-ground biomass
Number of flowers
Number of seeds
Total seed weight
a

1

2

3

0.208
0.114
0.899
0.840
0.857
0.941
0.190
0.241

0.207
0.044
0.001
0.393
0.434
0.158
0.964
0.958

0.691
−0.854
−0.054
0.107
0.105
0.056
0.107
0.065

Rotation converged in four iterations.
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3.2 Fitness and fitness-related characteristics
The KMO value for the factor analysis was 0.659, and Bartlett’s
test of sphericity showed a significant difference from identity
(χ 2 = 1038.38, df = 28, P < 0.001) of the correlation matrix. The
present data satisfied these assumptions for the factor analysis,
in which three common factors (principal components) were
extracted from all eight variables. The first group of common factor
components included plant height, diameter of plant canopy,
above-ground dry biomass and number of flowers. The second
group contained the number of seeds per plant and the total seed
weight, which could be viewed as reproduction factors (Table 2).
The third group comprised seedling emergence and the number
of days from sowing to flowering. The first, second and third
principal components could be assumed to be the vegetative
growth factors at maturity, the reproductive growth factor and the
prematurity growth factor respectively. These factors accounted
for nearly 85% of the total variance of the principal component
analysis model. The first, second and third factors accounted for
41.1%, 28.2% and 15.6% of the total variance of the principal
component analysis model respectively.
At all of these three growth stages, the differences were
significant among the four plant types (F3,112 = 2.692, P = 0.05
for prematurity growth characteristics; F3,112 = 19.837, P < 0.001
for vegetative growth characteristics at maturity; F3,112 = 47.738,
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P < 0.001 for reproductive growth). GT was slightly greater than
mustard and hybrids during the prematurity stage, while there
was no significant difference between the two crops or between
mustard and hybrids (Fig. 1A). Mustard and hybrids had higher
levels of vegetative growth characteristics at maturity compared
with GT and Westar, and GT had the same value as Westar (Fig. 1B).
During the reproductive growth stage, mustard had the highest
performance, whereas hybrids had the lowest value and GT was
intermediate between their two parents. No significant difference
was found between two crops (Fig. 1C). All multiple comparisons
were conducted using Tamhane’s test (P < 0.001).
ANOVA on the new synthetic values (composite fitness), which
were formed by the weighted sum of the three factor scores,
revealed significant differences among the four plant types
(F3,112 = 15.651, P < 0.001). Mustard had the highest value
of composite fitness based on the factor analysis (mustard versus
hybrids, P = 0.035; mustard versus GT, P < 0.001; mustard versus
Westar, P < 0.001, Tamhane’s test) (Fig. 1D). F1 hybrids were fitter
than GT and Westar (P < 0.01, Tamhane’s test). Westar and GT had
similar values of composite fitness by factor analysis (Fig 1D).
3.3 Germination of seeds produced by various plant types
The seed used in the germination test was obtained from the
four plant types. No significant differences in germination were
detected among the progenies of the four plant types during
the first 4 days, except for the lower value for hybrids compared
with others on the second day (F3,36 = 8.858, P < 0.01). From
the fifth day on, no seed germination was observed for B. juncea
and F1 hybrids, while all seeds of GT and Westar had already
germinated. After exposure to low temperature (4 ◦ C) for 3 days,
some seeds of mustard and hybrids germinated. There were
significant differences in germination among the four plant types
by the 20th day (F3,36 = 24.253, P < 0.001), and the germination
rate of F1 hybrids was significantly lower than that of mustard
(P = 0.005,Tamhane’s test). After 21 days, there was no seed
germination (Fig. 2A).
At the end of the experiment, the germination rates were 99%,
95.5%, 87.9% and 67.8% for Westar, GT, mustard and hybrids
respectively. Obviously, there was an overall difference among the
four plant types in seed characters (F3,36 = 75.499, P < 0.001 for
first germinated seed; F3,36 = 43.828, P < 0.001 for mouldy seeds;
F3,36 = 20.755, P < 0.001 for dormant seeds; F3,36 = 20.115, P <
0.001 for second germinated seeds) (Fig. 2B). GT had more mouldy
seeds and a slightly lower number of germinated seeds than
Westar (P < 0.01, Tamhane’s test), and thus it had a relatively poor
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rates (P < 0.001 for hybrids versus mustard and for hybrids versus
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mustard. Dormancy was only observed in hybrids and mustard
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Figure 1. Plant growth and composite fitness by factor analysis for
the four plant types – transgenic oilseed rape (Brassica napus, GT),
wild brown mustard (Brassica juncea, mustard), their hybrids (hybrids)
and the non-transgenic oilseed rape (Westar): (A) prematurity growth
factor; (B) vegetative growth at maturity; (C) reproductive growth factor;
(D) composite fitness. Error bars represent the standard error (SE) of mean.
For GT, Westar, mustard and F1 hybrids, 22, 22, 27 and 45 individual
plants were calculated respectively. Different letters indicate significant
differences at P = 0.05 (Duncan’s multiple range test).

DISCUSSION

4.1 Fitness of hybrids
The field environment of enhanced temperature and humidity
conditions was more favourable to the growth of wild brown
mustard, permitting a comparative analysis with transgenic
hybrids under simulated global warming. Under global warming,
patterns of temperature and humidity are subjected to change,
thereby altering fitness landscapes, and comparative fitness
among species and biotypes might change. The factor analysis
revealed three common components, which were extracted from
the eight original variables, and these had relatively important
biological implications as well as statistical significance. According
to the variables explained by common components, three
growth stages were identified: the prematurity growth stage,
vegetative growth at maturity and reproductive growth. These
three categories were similar to the three groups proposed by
Song et al.20 based on related growth phases of plants. However,
there was a slight difference in the classification of the life history
stage compared with the earlier study, in which the number
of flowers was artificially sorted into a reproduction factor,20
whereas it was grouped into the vegetative growth category by
factor analysis in the present study. Proliferative flowering could
be related to vigorous vegetative growth as a result of heterosis,
while low seed set might be the result of lower fecundity in hybrids.
It is apparent that factor analysis is appropriate and useful here, as
it could help reveal the underlying nature as it relates to fitness.
The reproduction of F1 hybrids was lower than that of their
parents, while the F1 hybrids exhibited high rates of vegetative
growth. The high competitive ability of hybrids during the
vegetative growth stages could increase the persistence of
transgenes in nature. It has been proposed that fitness assessments
of transgenic hybrids should evaluate not only the reproductive
traits but also the vegetative growth characteristics, as the
establishment and competition ability of hybrids in nature could
be the first criteria for survival, allowing transgene persistence
outside the intended crop host. The number of flowers variable
was included among the vegetative growth characteristics here,
which presented pollen amounts provided by plants. A reciprocal
backcross between transgenic hybrids and wild brown mustard
demonstrates that the hybridisation compatibility was higher
when the F1 hybrids were used as pollen donors (unpublished
data), which indicates a higher male fitness of the hybrids
compared with female fitness. In other words, copious amounts
of fertile pollen might compensate for the lower seed set of
transgenic hybrids. Low seed set would not necessarily mean low
risk of gene flow and transgene persistence in the field.
There was no transgene fitness cost observed in the present
field experiment, which was consistent with previous reports.7,24,25
However, this could be due to the absence of stressful selection17
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related to transgene products. Therefore, the performance of
hybrids may be affected strongly by growing conditions, and
further studies should investigate this. Transgenic plants with
a neutral transgene would expect to volunteer at the same
frequency as non-transgenic plants. In such cases, there might
be negative effects in agriculture, such as more competition of
transgenic weeds in crops, e.g. for light, nutrients, water and space,
or influencing the economic income of farmers by reducing the
purity of the crop seed.42
In addition, density-dependent fitness comparisons have also
been found in the hybrids formed between transgenic OSR and
B. rapa, another common weed of Brassicas.7,9 In contrast, the
present experiment was designed to mimic conditions without
explicit competition to detect any fitness cost of transgenes in

www.interscience.wiley.com/journal/ps

the field. New experiments would be necessary to investigate the
fitness of hybrids formed between transgenic OSR and wild brown
mustard in various environmental conditions, e.g. in the presence
of competition and stress.
4.2 Maternal effects
The composite fitness of F1 hybrids, as determined by factor
analysis, was intermediate compared with their two parents in
this experiment. However, F1 hybrids were similar to their weedy
maternal parent in vegetative growth characteristics (Table 1).
This suggests that maternal effects and heterosis in the hybrids
might have a strong impact on vegetative growth under increased
warming conditions favoured by the wild parent. In addition,
seeds harvested from hybrids exhibited similar germination
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characteristics to the wild parent. These results corresponded
to other studies in which maternal effects were invoked.13,38
Maternal effects could affect some traits of seed, seedling and
adult – nearly every stage of the life history. Seeds from GT and
Westar, selected for low seed dormancy during domestication, had
the highest germination rate, whereas dormancy of seeds from
wild brown mustard is a typical weedy trait.32 Seed dormancy
ensures that the weeds can survive in varying environments, while
reduction in this trait can allow synchronous seed germination for
effective cultivation of crops. Dormancy still existed in the second
hybrid generation, a trait not found in OSR. The dormancy of
hybrid progenies obtained from their maternal wild parent would
facilitate the persistence of seeds in soil, which could enhance the
risk of transgene introgression.

5

CONCLUSION

The high competitive ability of hybrids during the vegetative
growth stages and the persistence of maternal effects could
increase the persistence of transgenes in nature that are initially
borne on transgenic crop pollen.15 It has been proposed that
fitness assessments of transgenic hybrids should evaluate not
only reproductive traits but also vegetative growth, as the
establishment and competition ability of hybrid in nature could
be the first criteria for survival. The frequency of transgenic hybrid
production was low here, but fitness might be increased through
further potential backcrosses with sympatric wild or weedy species
in the field, as was shown in wild radish.43 It was demonstrated
that hybridisation between transgenic OSR and B. juncea could
spontaneously occur,3 and that the backcrosses could result in
better pollen fertility.44 Gene flow from transgenic OSR to B.
juncea populations should not be dismissed in risk assessments,
especially in China and other sites where B. juncea is weedy
in agricultural environments, since fertile hybrid progenies of
similar fitness might be generated in further backcrosses with
their wild parent. Maternal effects might increase the probability
of the survival of hybrids in the field where temperature and
humidity are increased and favoured by their wild parents under
global warming scenarios. In addition, the similarity in dormancy
between seeds from hybrids and those of the wild weed might
provide an avenue for long persistence of transgenic seeds in
nature without proper field management. In conclusion, there is
the potential for gene transfer through gene flow between the
two plants where the occurrence of wild brown mustard is close to
the cultivation of transgenic oilseed rape, and transgenes might
persist in nature, once transferred, where and when the survival of
the hybrid is permitted at moderately warm temperatures.

ACKNOWLEDGEMENTS
This work is supported by an innovation project of the Chinese
Academy of Sciences (KSCX2-SW-124) and a grant from the Natural
Science Foundation of China (NSFC) (grant no. 30370228), and was
enabled by a USDA biotechnology risk assessment grant to CNS.

REFERENCES

Pest Manag Sci 2009; 65: 753–760

c 2009 Society of Chemical Industry


www.interscience.wiley.com/journal/ps

759

1 Ellstrand NC, Dangerous Liaisons? When Cultivated Plants Mate with
their Wild Relatives. Johns Hopkins University Press, Baltimore, MD
(2003).
2 Stewart CN, Jr, Halfhill MD and Warwick SI, Transgene introgression
from genetically modified crops to their wild relatives. Nat Rev Genet
4:806–817 (2003).

3 Jørgensen RB, Andersen B, Landbo L and Mikkelsen TR, Spontaneous
hybridization between oilseed rape (Brassica napus) and weedy
relatives. Acta Hortic 407:193–200 (1996).
4 Halfhill MD, Zhu B, Warwick SI, Raymer PL, Millwood RJ, Weissinger AK,
et al, Hybridization and backcrossing between transgenic oilseed
rape and two related weed species under field conditions. Environ
Biosafety Res 3:73–81 (2004).
5 Hauser TP, Jørgensen RB and Østergård H, Fitness of backcross and F2
hybrids between weedy Brassica rapa and oilseed rape (B. napus).
Heredity 81:436–443 (1998).
6 Song XL and Qiang S, Sexual compatibility of three species of oilseed
rape (Brassica spp.) with wild rapes (B. juncea var. gracilis Tsen et
Lee) and the fitness of F1 – potential for gene transfer. Chin J Appl
Environ Biol 9:357–361 (2003).
7 Halfhill MD, Sutherland JP, Moon HS, Poppy GM, Warwick SI,
Weissinger AK, et al, Growth, productivity, and competitiveness of
introgressed weedy Brassica rapa hybrids selected for the presence
of Bt cry1Ac and gfp transgenes. Mol Ecol 14:3177–3189 (2005).
8 Hauser TP, Shaw RG and Østergård H, Fitness of F1 hybrids between
weedy Brassica rapa and oilseed rape (B. napus). Heredity
81:429–435 (1998).
9 Hauser TP, Damgaard C and Jørgensen RB, Frequency-dependent
fitness of hybrids between oilseed rape (Brassica napus) and weedy
B. rapa (Brassicaceae). Am J Bot 90:571–578 (2003).
10 Campbell LG and Snow AA, Competition alters life history and
increases the relative fecundity of crop–wild radish hybrids
(Raphanus spp.). New Phytol 173:648–660 (2007).
11 Landbo L and Jørgensen RB, Seed germination in weedy Brassica
campestris and its hybrids with B. napus: implications for risk
assessment of transgenic oilseed rape. Euphytica 97:209–216
(1997).
12 Mercer KL, Andow DA, Wyse DL and Shaw RG, Stress and
domestication traits increase the relative fitness of crop–wild
hybrids in sunflower. Ecol Lett 10:383–393 (2007).
13 Roach DA and Wulff RD, Maternal effects in plants. Ann Rev Ecol Syst
18:209–235 (1987).
14 Adler LS, Wikler K, Wyndham FS, Linder CR and Schmitt J, Potential for
persistence of genes escaped from canola – germination cues in
crop, wild, and crop–wild hybrid Brassicarapa. Funct Ecol 7:736–745
(1993).
15 Linder CR and Schmitt J, Assessing the risks of transgene escape
through time and crop–wild hybrid persistence. Mol Ecol 3:23–30
(1994).
16 Galloway LF, Maternal effects provide phenotypic adaptation to local
environmental conditions. New Phytol 166:93–99 (2005).
17 Bergelson J, Changes in fecundity do not predict invasiveness: a model
study of transgenic plants. Ecology 75:249–252 (1994).
18 Burke JM, Carney SE and Arnold ML, Hybrid fitness in the Louisiana
irises: analysis of parental and F1 performance. Evolution 52:37–43
(1998).
19 Gueritaine G, Bazot S and Darmency H, Emergence and growth of
hybrids between Brassica napus and Raphanus raphanistrum. New
Phytol 158:561–567 (2003).
20 Song ZP, Lu BR, Wang B and Chen JK, Fitness estimation through
performance comparison of F1 hybrids with their parental species
Oryza rufipogon and O. sativa. Ann Bot 93:311–316 (2004).
21 Hooftman DAP, Oostermeijer JGB, Jacobs MMJ and Den Nijs HCM,
Demographic vital rates determine the performance advantage of
crop–wild hybrids in lettuce. J Appl Ecol 42:1086–1095 (2005).
22 Dale PJ, The impact of hybrids between genetically-modified crop
plants and their related species – general considerations. Mol Ecol
3:31–36 (1994).
23 Bergelson J, Purrington CB, Palm CJ and Lopez-Gutierrez JC, Costs of
resistance: a test using transgenic Arabidopsis thaliana. Proc R Soc
Lond Ser B Biol Sci 263:1659–1663 (1996).
24 Snow AA, Pilson D, Rieseberg LH, Paulsen MJ, Pleskac N, Reagon MR,
et al, A Bt transgene reduces herbivory and enhances fecundity in
wild sunflowers. Ecol Appl 13:279–286 (2003).
25 Snow AA, Andersen B and Jørgensen RB, Costs of transgenic herbicide
resistance introgressed from Brassica napus into weedy B. rapa. Mol
Ecol 8:605–615 (1999).
26 Warwick SI, Legere A, Simard MJ and James T, Do escaped transgenes
persist in nature? The case of a herbicide resistance transgene in a
weedy Brassica rapa population. Mol Ecol 17:1387–1395 (2008).

www.soci.org
27 Huangfu CH, Song XL, Qiang S and Zhang HJ, Response of wild Brassica
juncea populations to glyphosate. Pest Manag Sci 63:1133–1140
(2007).
28 Bing DJ, Downey RK and Rakow GFW, Assessment of transgene escape
from Brassica rapa (B. campestris) into B. nigra or Sinapis arvensis.
Plant Breed 115:1–4 (1996).
29 Scheffler JA and Dale PJ, Opportunities for gene-transfer from
transgenic oilseed rape (Brassica napus) to related species.
Transgenic Res 3:263–278 (1994).
30 Simard MJ, Legere A, Pageau D, Lajeunesse J and Warwick SI,
The frequency and persistence of volunteer canola (Brassica
napus) in Quebec cropping systems. Weed Technol 16:433–439
(2002).
31 Harker KN, Clayton GW, Blackshaw RE, O’Donovan JT, Johnson EN,
Gan Y, et al, Persistence of glyphosate-resistant canola in western
Canadian cropping systems. Agron J 98:107–119 (2006).
32 Warwick SI and Stewart CN, Jr, Crops come from wild plants – how
domestication, transgenes, and linkage together shape ferality, in
Crop Ferality and Volunteerism, ed. by Gressel J. CRC Press, Boca
Raton, FL, pp. 9–30 (2005).
33 Hall LTK, Huffman J, Davis L and Good A, Pollen flow between
herbicide-resistant Brassica napus is the cause of multiple-resistant
B. napus volunteers. Weed Sci 48:688–694 (2000).
34 Le YT, Stewart CN, Shi H, Wei W, Mi XC and Ma KP, Expression of
Bt cry1Ac in transgenic oilseed rape in China and transgenic
performance of intraspecific hybrids against Helicoverpa armigera
larvae. Ann Appl Biol 150:141–147 (2007).

Kun Di et al.

35 Halfhill MD, Richards HA, Mabon SA and Stewart CN, Jr, Expression of
GFP and Bt transgenes in Brassica napus and hybridization with
Brassica rapa. Theor Appl Genet 103:659–667 (2001).
36 Shen BC, Stewart CN, Jr, Zhang MQ, Le YT, Tang ZX, Mi XC, et al,
Correlated expression of gfp and Bt cry1Ac gene facilitates
quantification of transgenic hybridization between Brassicas. Plant
Biol 8:723–730 (2006).
37 Nimah M, Cucumber yield under regular deficit irrigation and
mulching treatments. Acta Horti 731:189–194 (2007).
38 Platenkamp GAJ and Shaw RG, Environmental and genetic maternal
effects on seed characters in Nemophila menziesii. Evolution
47:540–555 (1993).
39 SPSS for Windows Release 13.0. SPSS Publications, Chicago, IL (2004).
40 Leech NL and Barrett KC, SPSS for Intermedate Statistics: Use and
Interpretation. Lawrence Erlbaum Associates, London, UK (2005).
41 McCrone P, Thornicroft G, Boyle S, Knapp M and Aziz F, The
development of a Local Index of Need (LIN) and its use to explain
variations in social services expenditure on mental health care in
England. Heal Soc Care Comm 14:254–263 (2006).
42 Pekrun C, Lane PW and Lutman PJW, Modelling seedbank dynamics
of volunteer oilseed rape (Brassica napus). Agri Syst 84:1–20 (2005).
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