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• Background and Aims Since pollen flow or seed dispersal can contribute to transgene persistence in the environment, 
the sympatric presence of transgenic crops with their wild relatives is an ecological concern. In this study, we tested 
the hypothesis that proximate growth of a herbivore-resistant Bt crop and wild relatives coupled with the presence of 
herbivores can increase relative frequency of crop-to-wild transgene flow persistence outside of cultivation.
• Methods We conducted a field experiment using insect enclosures with and without herbivores with cultivated 
Bt-transgenic Brassica napus (Bt OSR) and wild brown mustard (Brassica juncea) in pure and mixed stands. Low-
density diamondback moth (Plutella xylostella) caterpillar infestation treatments were applied and transgene flow 
and reproductive organs were measured.
• Key Results Bt-transgenic B. napus produced more ovules and pollen than wild mustard, but the pollen to 
ovule (P/O) ratio in the two species was not significantly different. Low-level herbivory had no effects on fitness 
parameters of Bt OSR or wild brown mustard or on the transgene flow frequency. All progeny from wild brown 
mustard containing the Bt transgene came from mixed stands, with a gene flow frequency of 0.66 %. In mixed 
stands, wild brown mustard produced less pollen and more ovules than in pure stands of brown mustard. This 
indicates a decreased P/O ratio in a mixed population scenario.
• Conclusions Since a lower P/O ratio indicates a shift in sex allocation towards relatively greater female 
investment and a higher pollen transfer efficiency, the presence of transgenic plants in wild populations may 
further increase the potential transgene flow by altering reproductive allocation of wild species.

Key words: Fitness parameters, P/O ratio, Plutella xylostella, sex allocation, sympatric presence, transgene flow, 
wild relatives.

INTRODUCTION

One of the ecological concerns about genetically modified 
(GM) plants is the adventitious presence of transgenic crops and 
transgenes outside of cultivation and that outside their intended 
hosts transgenes may persist in the environment in unexpected 
ways (Darmency, 1994; Schafer et al., 2011; Marquardt et al., 
2012; Ellstrand et  al., 2013; Liu et  al., 2013b; Santa-Maria 
et  al., 2014). Some crop–transgene combinations could per-
sist inside or outside of agronomic environments as volunteers 
through the movement of seeds during the harvest, transport and 
processing of transgenic crops (D’Hertefeldt et al., 2008; Reuter 
et al., 2008; Schafer et al., 2011; van Heerwaarden et al., 2012; 
Liu et  al., 2013b). Moreover, transgene flow from some GM 
plants, for example Brassica napus (oilseed rape; OSR), to wild 
Brassica relatives via pollen dispersal and hybridization is often 
observed (Stewart et al., 2003; Warwick et al., 2008; Ellstrand 
et al., 2013; Liu et al., 2013b). Introgression involves several 
hybrid and backcross generations, which could occur in certain 

crop–wild relative cohorts existing simultaneously in unman-
aged agroecosystems and field edges (Stewart et al., 2003).

Wild brown mustard (Brassica juncea), a widespread weedy 
plant in Chinese agricultural systems, can easily hybridize with 
OSR and produces viable progeny (Jørgensen et al., 1998; Song 
et  al., 2010). Brassica juncea is the second-most compatible 
hybridization partner with OSR (after Brassica rapa) out of 
the 17 cross-compatible relatives that can form hybrid progeny 
(Scheffler and Dale, 1994; Ford et  al., 2006). This relatively 
high number of compatible wild relatives might facilitate the 
introgression of transgenes in their progenies, and indeed there 
is evidence of this occurring. For example, the Bt Cry1Ac gene 
has been shown to be introgressed into wild brown mustard 
from Bt OSR with the expected Mendelian ratio (Cao et  al., 
2014). In addition, the Bt toxin in backcrossed generations was 
sufficient to kill a Bt-susceptible insect species, Plutella xylos-
tella (diamondback moth) in a greenhouse assay (Cao et  al., 
2014). In another example, Warwick et al. (2008) found stable 
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introgression of a glyphosate-resistant transgene into a B. rapa-
like plant from 2001 to 2005 at two sites in Quebec, Canada.

When Bt-transgenic insect-resistant plants are sympatric with 
non-transgenic plants, Bt plants might outcompete native plants 
and interbreed with sexually compatible non-transgenic plants, 
including wild relatives of the Bt crop (Ellstrand et al., 2013). In 
general, Bt-transgenic plants have a competitive advantage, and 
the resistant Bt plants could suppress the growth of susceptible 
conspecifics or congeners when they coexist in the same region, 
particularly under high target-herbivore pressures (Ramachandran 
et al., 2000; Vacher et al., 2004; Liu et al., 2013a).

Together, the combination of Bt crops, wild relatives and tar-
get herbivores could influence the fate of transgenes in natural 
ecosystems. At the primary stage of transgenic plants entering 
a wild population, the presence of Bt-transgenic OSR had few 
impacts on wild mustard plants in the greenhouse. However, 
when the two types of plants were grown together in the field, 
there was decreased growth and reproduction of both Bt OSR 
and wild brown mustard (Liu et  al., 2015b). In an advanced 
backcross generation (BC2) in the B.  juncea background, Bt 
plants did not have a competitive advantage in mixed stands of 
insect-resistant and sensitive plants in the absence of insects. 
However, Bt BC2 plants were more competitive than their non-
transgenic counterparts in the presence of herbivorous insects 
(Liu et al., 2015a). In addition, herbivore infestation delayed 
the flowering time, and decreased flower and seed production 
of wild brown mustard in the greenhouse (Liu et al., 2015b).

The aim of the present study was to test whether the sympatric 
presence of transgenic crop and wild relatives coupled with the 
presence of herbivores increased transgene flow from the trans-
genic crop to wild species via pollen flow by altering reproduct-
ive traits. A number of studies have focused on the factors that 
affect transgene flow from crops to their wild relatives (FitzJohn 
et al., 2007; Warwick et al., 2008; Ellstrand et al., 2013), but few 
studies have considered the effects of plant reproductive strategy 
(sex allocation) on gene flow. Such a fundamental factor in plant 
reproduction could have important ramifications for risk assess-
ment. Furthermore, the dynamic evolution of plant reproduction 
could conceivably be affected by the ratio of pollen number 
to ovule number (P/O) per flower. Changes in P/O would be 
of interest as a metric of the evolution of resource allocation 
in potential changes of reproductive strategies (Galloni et  al., 
2007; Burd, 2011). As an evolutionary driver, sympatric pol-
lination efficiency may decrease the allocation of resources to 
pollen production and thus decrease the P/O ratio; i.e. a higher 
pollen transfer efficiency can lead to a decreased pollen pro-
duction requirement (Cruden, 1977; Gong and Huang, 2014). It 
follows, therefore, that interspecific pollen transfer would be of 
interest to risk assessors and regulators of plant biotechnology.

MATERIALS AND METHODS

Plants

Seeds of wild brown mustard (Brassica juncea, 2n = 36, AABB) 
from a local field collection (Nanjing, China) were provided by 
Professor S.  Qiang, Nanjing Agricultural University (NAU). 
Wild B. juncea is a known major weed in fields, infesting wheat 
(Triticum aestivum), barley (Hordeum vulgare), oilseed rape 
(Brassica napus) and some autumn crops, and it is a ruderal 

weed in empty lots and roadsides in China (Guo et al., 1998; 
FOC, 2001). Transgenic oilseed rape (OSR, B. napus ‘Westar,’ 
2n = 38, AACC) was transformed with the pSAM12 plasmid 
harbouring genetically linked gfp (encoding a green fluores-
cent protein) and Bt Cry1Ac cassettes (GT) that are regulated by 
independent CaMV 35S promoters (Halfhill et al., 2001). The 
third generation of progeny of a single transgenic event (GT1) 
contained a single transgene insertion or multiple copies at a 
single locus (Halfhill et al., 2001). The Cry 1Ac protein of Bt 
B. napus plants of this generation was measured by ELISA and 
the protein content was 4.47 µg g−1 fresh weight on average in 
the flowering period (Liu et al., 2015b). Both brown mustard and 
OSR self-pollinate, but have mixed mating systems. Between 3 
and 30 % of B. juncea seeds are derived from outcrossing in the 
field (Voskresenskaya and Lygina, 1973; Frello et al., 1995).

Experimental design of the field study

Since the flowering date of wild brown mustard is earlier than 
that of Bt OSR (Liu et al., 2015b), the seeds of Bt OSR were 
sown on 16 April 2013 and wild brown mustard seeds were sown 
on 23 April in Jiffy-7 pots in a greenhouse (22 °C under natural 
light), which facilitated an increased overlapped flowering time 
in the field. Seedlings were transplanted in enclosures (cages) 2 
m wide × 2 m long × 2 m high and were wrapped in a 0.5-mm 
mesh nylon net 2 weeks after transplantation. Each cage included 
36 plants arranged in six rows and six columns (Fig. 1). To study 
whether competition from sympatric presence affects the gene 
flow from Bt-transgenic plants to wild brown mustard, the two 
types of plants (Bt OSR and wild brown mustard) were cultivated 
in pure (Pn for Bt OSR and Pj for mustard) or mixed stands (Mnj 
and Mjn). In mixed stands, Mnj indicated Bt OSR plants in the 
cage centre (4 × 4 plants) and wild brown mustard (20 plants) in 
a circle around the Bt OSR, and Mjn indicated mustard in the cage 
centre and Bt OSR at the edge (Fig. 1). Cages of the four cultiva-
tion treatments were placed randomly in a column.

Twenty-four cages were deployed in four rows and six col-
umns in the field, with 2 m distance between cages, which 
provided adequate light for plant growth. The experiment used 
three blocks, each of which contained two columns of cages. 
One column of cages in each block was infested with insects, 
whereas the other was not infested as control. Two second-
instar larvae of Plutella xylostella were applied per plant on 
30 May in the infestation treatment. No insecticide or fertil-
izer was applied during the experiment. Plants were watered 
and hand-weeded as needed. The weather was within normal 
regional ranges during the experiments. Wind pollination was 
permitted during the flowering period.

Measurements

We randomly selected three opened flowers per plant each 
day at 0800 h from 15 June to 12 July. Floral measurements 
from a total of 945 flowers from 315 randomly selected plants 
were taken immediately after sampling. The total pollen from 
each sampled flower was transferred to a 500-μL suspension 
containing a pollen stain of 0.5 % triphenyl tetrazolium chloride 
(TTC), and then 20 μL of the suspension was transferred to a 
counting plate. TTC stains viable pollen red, which was tallied 
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under a microscope (Motic® AE31) using a 10× objective. 
Pollen size (projected area and perimeter) was measured using 
the Motic® Images Advanced 3.2 software and the 40× object-
ive. Stigma size (projected area and perimeter) was measured 
under the 4× objective (Fig. 1). Style length and petal length 
and width were measured using a vernier calliper. Ovule num-
ber was counted by dissecting flowers, and the P/O and viable 
pollen frequency/total pollen (VPT) ratios were calculated.

Individual plants were harvested by hand upon maturity (i.e. 
siliques were golden brown in colour), which was defined as the 
onset of senescence. The above-ground biomass was separated into 
vegetative and reproductive tissues. The number of branches per 
plant was counted. Seeds were threshed by hand for each plant after 
air-drying for around 7 d, and seed mass was recorded. The remain-
ing silique shells, stems and leaves were oven-dried at 80 °C for 48 h 
and weighed as biomass per plant. Estimated seed number per plant 
was obtained by dividing seed weight (g) per plant by the average 
10 000-seed weight of the type of plant, which is 3.40 and 1.19 g 
for OSR and mustard, respectively (unpubl. data, Liu Y.). The sur-
vival percentage of OSR and mustard was calculated by dividing the 
number of mature plants by the number of transplanted seedlings in 
the centre or at the edge of the cage.

Germination experiments

The harvested seeds were sown in Jiffy-7 pots in a green-
house (22 °C under natural light, starting in December 2013), 
and the emergence rate was calculated. In some cases few seeds 
were produced per plant and thus up to 45 seeds per plant were 
sown. A  total of 14 130 seeds were sown from 340 plants, 
which resulted in 6710 seedlings.

To screen for the presence of transgenes, green fluorescent 
protein (GFP) fluorescence was measured using a GFP meter 
(Opti-Sciences), first on the uppermost fully expanded leaf on 
each plant and then three times at the four- to five-leaf stage, 
4 weeks after seed germination, using an established method 
(Millwood et al., 2003). A total of 1617 Bt OSR and 4913 wild 
brown mustard seedlings were screened. Leaves from GFP-
positive seedlings were subsequently sampled and confirmed by 
PCR with specific primers for GFP and Bt transgenes (Halfhill 
et  al., 2001) and a Cry1Ab/Ac ELISA (Agidia EnviroLogix, 
USA) (Liu et  al., 2015b) (Supplementary Data Fig.  S1). 
Transgene flow rate was calculated by tallying the number of 
Bt seedlings versus total seedlings from the sown wild brown 
mustard seeds.
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Fig. 1. Map of field experiment and pollen and stigmas of Brassica napus. (A) Cage configuration. Pn, pure cages of Brassica napus; Pj, pure cages of Brassica 
juncea; Mnj, mixed cages with B. napus in the centre and B. juncea at the edge; Mjn, mixed cages with B. juncea in the centre and B. napus at the edge; infestation 
and CK, cages with and without Plutella xylostella. (B) Mjn, cage layout of B. juncea in the centre and B. napus at the edge. (C) One stigma under 4× objective. 

(D) Pollen under 40× objective. Black lines in (C) and (D) indicate scale length.
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Statistical analyses

Mean values of variables of plants in the cage centre and 
at the edge were used for statistical analyses. Data distribu-
tions were tested for normality using the Shapiro–Wilk test, 
and the data were log-transformed to ensure a normal distri-
bution of residuals whenever appropriate. A  four-way mixed 
split-plot ANOVA model [Y ~ I× C × T + E + error (block/
insect)] was employed to test the effects of insect infestation 
(I, infestation versus control), sympatric presence (C, mixed 
versus pure stands), plant type (T, Bt OSR versus wild brown 
mustard) and edge (E, cage edge versus centre) on plant fit-
ness parameters and seed emergence rate. Since plant type had 
a significant effect on variables (see Results section), the data 
on Bt OSR and wild brown mustard were analysed separately 
using a three-way mixed split-plot ANOVA model [Y ~ I × C 
× E + error (block/insect)]. Variables were analysed separately 
for cage centre and edge when the edge effect was significant. 
To detect which characteristics are related to seed production, 
correlation indices were calculated between seed production 
and other fitness parameters using Kendall’s test. Plant size was 
tested for whether it had an effect on floral traits (pollen and 
ovule number, style length, petal width and P/O ratio), fitting 

data to a linear regression model in terms of floral traits, Y = a 
+ b × X, where X is a floral trait. All statistical analyses were 
conducted using R software (R Development Core team, 2008).

RESULTS

Plant growth and reproduction in Bt OSR and wild brown mustard

The Bt OSR plants produced more branches and higher above-
ground biomass than wild brown mustard (Tables 1 and 2). Bt 
OSR had greater petal length and width and stigma projected 
area than wild brown mustard. Each flower of Bt OSR pro-
duced more ovules and pollen than wild brown mustard flowers 
(Table 1). The P/O ratio was not significantly different between 
Bt OSR and wild brown mustard in this experiment, with an 
average value of 397.6 for the former and 393.7 for the latter. 
The style length of Bt OSR flowers was shorter than that of 
wild brown mustard. Pollen size (projected area) was not sig-
nificantly different between Bt OSR (395 μm on average) and 
wild brown mustard (392 μm on average). Wild brown mustard 
produced 4.5-fold more seeds than Bt OSR: 6.95 × 103 versus 
1.25 × 103 seeds per plant on average  (Tables 1 and 2). In total, 

Table 1. Mean (± s.e.) values of fitness parameters of transgenic Brassica napus (n = 351) and wild Brassica juncea (n = 393) at the 
cage centre under Plutella xylostella infestation with pure and mixed cultivation patterns

Brassica juncea Brassica napus

Infestation No No Yes Yes No No Yes Yes

Cultivation Pure Mixed Pure Mixed Pure Mixed Pure Mixed

Petal length (cm) 4.51 ± 0.08 4.34 ± 0.12 4.34 ± 0.05 4.94 ± 0.13 5.23 ± 0.08 5.16 ± 0.06 4.95 ± 0.15 5.77 ± 0.12
Petal width (cm) 3.63 ± 0.08 3.47 ± 0.05 3.45 ± 0.07 3.99 ± 0.12 4.35 ± 0.08 4.29 ± 0.05 3.9 ± 0.09 4.82 ± 0.12
Style length (cm) 1.92 ± 0.07 1.65 ± 0.10 1.98 ± 0.09 2.32 ± 0.10 0.98 ± 0.07 1.17 ± 0.06 1.23 ± 0.05 1.26 ± 0.05
Stigma area (mm2) 0.21 ± 0.03 0.20 ± 0.08 0.27 ± 0.10 0.22 ± 0.06 0.46 ± 0.11 0.48 ± 0.14 0.48 ± 0.08 0.49 ± 0.10
Pollen area (μm2) 421.29 ± 5.89 381.48 ± 9.66 393.95 ± 7.93 372.07 ± 8.97 367.00 ± 9.30 403.77 ± 5.58 396.92 ± 4.51 407.62 ± 3.38
No. of ovules 17.98 ± 0.53 19.67 ± 0.50 19.37 ± 0.47 19.35 ± 0.32 29.95 ± 0.57 26.47 ± 0.80 26.28 ± 1.09 29.4 ± 0.45
No. of pollen grains (103) 7.79 ± 0.44 6.46 ± 0.47 6.89 ± 0.48 5.44 ± 0.64 12.99 ± 1.18 11.12 ± 0.73 8.82 ± 0.50 10.7 ± 0.73
P/O ratio 446.61 ± 30.0 333.59 ± 26.6 358.53 ± 24.1 291.07 ± 35.9 432.04 ± 34.9 422.79 ± 24.4 350.45 ± 20.4 377.44 ± 29.1
Viable pollen (%) 52.53 ± 1.87 46.21 ± 2.63 48.73 ± 2.09 50.85 ± 4.41 41.43 ± 3.09 46.31 ± 1.75 41.81 ± 2.77 41.11 ± 3.18
No. of branches 6.7 ± 0.29 8.28 ± 0.38 7.54 ± 0.35 7.11 ± 0.36 11.73 ± 0.64 13.63 ± 0.32 10.58 ± 0.43 11.27 ± 0.52
Biomass (g) 28.01 ± 3.45 26.01 ± 2.35 29.79 ± 2.26 22.22 ± 1.82 39.47 ± 5.15 45.06 ± 3.02 35.42 ± 2.72 41.44 ± 4.53
No. of seeds (103) 7.01 ± 1.02 4.61 ± 0.57 8.49 ± 0. 76 3.96 ± 0.44 1.10 ± 0.20 1.25 ± 0.11 0.64 ± 0.06 1.06 ± 0.14
Survival rate (%) 95.83 ± 2.08 91.67 ± 8.33 77.08 ± 17.05 97.92 ± 2.08 68.75 ± 7.22 95.83 ± 2.08 68.75 ± 15.73 79.17 ± 9.08

Table 2. F values of analysis of four-way mixed split-plot ANOVA for fitness parameters of transgenic Brassica napus (n = 351) and wild 
B. juncea (n = 393) under herbivory and cultivation treatments

d.f. Petal  
length

Petal  
width

Style  
length

No. 
of ovule

No. 
of pollen

P/O Viable 
pollen 
percentage

No. 
of branch

Biomass Seed  
weight

Seed  
number

Survival 
rate

Infestation (I) 1 0.09 0.01 16.2* 0.13 0.73 0.64 1.61 1.29 0.10 2.27 2.27 0.69
Residuals 2
Competition (C) 1 0.88 2.68 0.14 0.25 3.11 4.61* 0.03 3.33 0.17 1.01 1.01 12.4**
Plant type (P) 1 88.5*** 124*** 212*** 260*** 38.3*** 0.04 15.8*** 213*** 35.6*** 48.2*** 294*** 4.38*
Edge (E) 1 2.51 4.88* 0.20 3.13 1.99 0.75 8.01** 0.49 26.6*** 12.6 12.6** 0.26
I × C 1 12.6** 10.9** 1.82 0.02 2.20 2.76 11.0** 4.34* 1.98 0.01 0.00 0.43
I × P 1 0.68 0.02 0.74 2.17 0.16 0.09 0.95 0.01 0.44 0.27 0.27 0.11
C × P 1 0.02 0.04 0.34 0.10 0.58 0.06 1.84 0.14 12.1** 12.3** 12.3** 1.80
I × C× P 1 0.00 0.02 0.03 2.16 0.42 0.03 0.44 2.74 1.00 1.99 0.17 1.18
Residuals 35

*P < 0.05; **P < 0.01; ***P < 0.001.
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744 plants survived, of which 351 were Bt OSR (a survival rate 
of 81 %, 351/432) and 393 were mustard plants (91 %).

Seed production of Bt  OSR was positively correlated with 
petal width and above-ground biomass, while seed production of 
wild brown mustard was positively correlated with style length, 
branch number and biomass (Supplementary Data Table S1).

Regression analysis showed no significant trends of plant size 
in terms of any floral traits measured for Bt OSR plants (P > 0.05). 
Wild mustard showed significant trends in plant size in terms of 
pollen number (Y = 23.8 + 0.002 × X, R2 = 0.07, P = 0.007), petal 
width (Y = −14.9 + 16.3 × X, R2 = 0.05, P = 0.04) and P/O ratio 
(Y = 24.8 + 0.04 × X, R2 = 0.07, P = 0.01), and no significant trends 
for ovule number (Y = 38.9 + 0.24 × X, R2 = 0.001, P = 0.831) or 
style length (Y = 37.9 + 2.78 × X, R2 = 0.002, P = 0.63).

No effect of sympatric presence or low-level herbivore treatment 
on Bt OSR

There was no significant effect of low-level treatment 
with herbivores on fitness parameters of Bt OSR, except for 
increased style length (Table 1, Supplementary Data Table S2, 
Fig. 2). When fitness parameters were analysed separately for 
cage centre and edge, no effect of insect infestation was found 

for either location. Bt OSR had greater petal widths, with more 
seeds produced at the cage edge than at the cage centre; no edge 
effects were observed for other traits (Table 1, Supplementary 
Data Table S2, Fig. 2).

Sympatric presence had no significant effect on Bt  OSR  
(P > 0.05). The frequency of survival of Bt OSR was signifi-
cantly higher in the sympatric stands than in pure single-species 
stands (F1,12 = 7.83, P = 0.02; Supplementary Data Table S2). 
Only two characteristics, style length and the number of ovules, 
were affected by the interaction between infestation and sym-
patric presence and the edge effect (I × C × E).

Sympatric presence affected wild brown mustard fitness but 
herbivory did not

Low levels of herbivores had no significant effect on fitness 
parameters of wild brown mustard (Table  1, Supplementary 
Data Table S3), which was also observed when the parameters 
were analysed separately in the cage centre and edge (Fig. 3). 
Wild brown mustard produced more ovules, pollen, branches 
and seeds and higher above-ground biomass at the cage edge 
than in the cage centre, but there were no observed edge effects 
for other traits (Fig. 3, Supplementary Data Table S3).

a

a

a
a a

a a

a

a a
a

a
a

a

a
a

a

a a

aa

a

a

a a

a

aa
a

a

a
a

1.6
Pure

Mixed1.4

1.2

1.0

0.8

0.6

S
ty

le
 le

ng
th

 (
cm

)
B

io
m

as
s 

(g
)

0.4

0.2

0

60

50

40

30

20

10

0
Centre– Centre+ Edge– Edge+ Centre– Centre+ Edge– Edge+

500

400

300

200

P
/O

S
ee

d 
nu

m
be

r 
(×

10
3 )

100

3.0

2.5

2.0

1.5

1.0

0.5

0

0

Fig. 2. Fitness parameters of B. napus under herbivory and cultivation patterns. Cultivation patterns: Pure, all plants were B. napus; Mixed, B. napus mixed with 
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above bars indicate significant differences at P < 0.05 for each group.
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Sympatric presence resulted in a significantly decreased P/O 
ratio, above-ground biomass and seed number in wild brown mus-
tard (Table 1, Supplementary Data Table S3, Fig. 3). The number 
of pollen grains was lower in mixed stands than in pure stands of 
single species (Table 1, Supplementary Data Table S3). The num-
ber of mustard ovules was significantly higher in mixed cages 
than in pure cages in the absence of insects (Table 1). Sympatric 
presence resulted in decreased biomass and seed number of wild 
brown mustard in the presence of insect infestation but not in 
the absence of insects (Fig. 3). The survival rate of mustard was 
lower in pure-stand cages than in mixed cages in the presence 
of P. xylostella, but not in the absence of insects (Table 1). This 
means that competition from sympatric presence (mixed cages) 
and herbivory pressure had additive effects on wild brown mus-
tard. There were interactions between infestation and sympatric 
presence (I × C) for branch number and above-ground biomass 
(Supplementary Data Table S3). There were no significant I × E, 
C × E and I × C × E interactions (Supplementary Data Table S3).

Gene flow rate from Bt OSR to wild brown mustard

Seeds were germinated from 116 Bt OSR and 224 wild brown 
mustard plants; 47 % emergence was observed for Bt OSR and 
70 % for wild brown mustard in the greenhouse (Table 3). The 
emergence percentage of Bt OSR seeds was higher from mixed 

stands than from pure stands (two-way ANOVA; F1,4 = 16.8, 
P = 0.02), while there was no difference observed for mustard 
emergence percentage between mixed and pure stands.

In total, 4913 progeny seedlings of wild brown mustard 
were tested. Among the 224 mustard parent plants that were 
assayed for gene flow, ten plants produced 18 progeny seed-
lings that harboured the Cry1Ac gene, i.e. 4.46 % of mustard 
plants received pollen from Bt OSR and produced 0.37 % of Bt 
progeny (18/4913) (Table 3). No Bt seedlings were observed 
from seeds collected from mustard plants in pure stands. All 
Bt progeny from mustard plants were from mixed cages, with 
a gene flow frequency of 0.66 % (18/2725). The frequency of 
gene flow was similar in cages with insect infestation (0.53 %, 
8/1497) and in the control (0.81 %, 10/1228). The frequency of 
gene flow from Bt OSR to wild brown mustard was lower when 
mustard was planted in the cage centre (0.24 %) than at the 
edge of the cage (1.10 %) in the absence of insects, while it was 
higher (0.77 versus 0.17 %) in the presence of insects (Table 3). 
This result indicates that pollination by adult insects (P. xylos-
tella) facilitated pollen transfer to plants in the cage centre.

DISCUSSION

Transgene flow from transgenic crops to their wild relatives 
results in the presence of transgenes in the natural environment 
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(sympatric presence), which is a potential interspecies coexist-
ence issue in the biosafety assessment of GM plants (Ceddia 
et  al., 2007; Devos et  al., 2008; Ellstrand et  al., 2013). The 
interspecies competition and selective pressures in unmanaged 
environments might determine not only the fate of transgenes 
but also the population dynamics of wild species. Our sympat-
ric presence experiments were designed to test the hypothesis 
that competition from the Bt crop and low herbivore presence 
can increase the frequency of transgene flow to wild relatives.

The frequency of transgene flow from transgenic donor 
B. napus to wild brown mustard B. juncea was 0.66 % in the 
present study. It is consistent with other studies. In insect-proof 
cages continuously provided with houseflies for random pollin-
ation, the gene flow frequency from a mutant B. napus resistant 
to chlorsulfuron to B. juncea was 0.13 % (11 out of 8238 seed-
lings) (Liu et al., 2010). Bing et al. (1996) found five hybrids 
between B.  napus and B.  juncea out of 469 (1.07 %) tested 
plants in a field experiment. Higher gene flow rate (3 % spon-
taneous hybridization) of B. napus × B. juncea was found in the 
field (Jørgensen et al., 1996).

Low gene flow can still conceivably result in adventitious 
transgene presence in volunteer populations in unmanaged 
ecosystems, although there is a high frequency of aneuploidy 
and unviable progeny resulting from the B. napus (AACC) and 
B. juncea (AABB) cross (Liu et al., 2010). Several studies have 
already shown introgression for B. napus × B.  juncea (Frello 
et al., 1995; Jørgensen et al., 1998; Liu et al., 2010), as largely 
demonstrated for B. napus × B. rapa (AA, 2n = 20) (Hansen 
et al., 2001, 2003) and for B. napus × Raphanus raphanistrum 
(RrRr, 2n = 18) (Adamczyk-Chauvat et al., 2017). In addition, 
the Brassica group is prone to producing unreduced gametes, 
so that many chromosome formulae are possible with viable 
introgressed progeny (Chèvre et  al., 1997). Advanced back-
crosses of B. napus × B.  juncea were generated and research 
showed that plant production increased from BC1 to BC6 popu-
lations (Cao et al., 2014). Gene flow from glyphosate-resistant 
B. napus to its weedy relative B. rapa induced herbicide-resist-
ant hybrids and backcross volunteers in fields (Warwick et al., 
2008). The volunteers could act as a source of further transgene 
flow, but the application of control measures could limit the 
adventitious presence of GM material (Begg et al., 2006).

Herbivores could be expected to change gene flow fre-
quency by consuming the flowers and decreasing flower num-
ber, affecting flowering time of wild species (Liu et al., 2015b). 
However, our results demonstrated that low herbivory did not 

act as sufficient selection pressure to affect gene flow rates. 
This result is in agreement with a previous study showing that 
high herbivory (>50 larvae of P. xylostella per plant) did not 
alter gene flow frequency from insect-resistant and glyphosate-
resistant OSR to B. rapa (Londo et al., 2011b), although high 
herbivory seriously damaged the plants (Londo et al., 2011a).

Besides consuming reproductive tissues, herbivores could 
be expected to affect gene flow rate by reducing the release of 
transgenic pollen from herbivore-susceptible genotypes. In this 
study, the pollen production of Bt OSR and wild brown mus-
tard was not affected by low-level herbivory. In another study, it 
was found that defoliation could increase both pollen and ovule 
number per flower of Hosta ventricosa, but did not affect the P/O 
ratio per flower (Cao et al., 2011). We found that the presence of 
insects stimulated Bt OSR to increase the length of flower styles 
and facilitated the movement of pollen among plants, and thus 
increased the gene flow rate in the cage centre.

Unlike herbivory pressure, the presence of Bt OSR near wild 
brown mustard significantly affected mustard plants. That is, 
there was a relative competitive advantage of Bt OSR com-
pared with wild brown mustard, which was congruent with 
results from a previous study (Liu et al., 2015b). The superior-
ity of the transgenic plants was obvious under insect herbivory, 
as expected from the role of the Bt  protein under moderate 
or higher insect pressure (Moon et al., 2007; Letourneau and 
Hagen, 2009; Liu et al., 2015a).

Our results demonstrated that the presence of Bt OSR near 
wild brown mustard significantly decreased the P/O ratio of wild 
brown mustard. The P/O ratio is used as an indirect measure in 
plant breeding systems (Cruden, 1977; Galloni et al., 2007); a 
lower P/O ratio indicates a shift in sex allocation towards greater 
female investment (Burd, 2011). Since the P/O is negatively 
correlated with pollen transfer among plants (Gong and Huang, 
2014), the presence of Bt OSR could increase pollen transfer 
efficiency between Bt OSR and wild brown mustard. Thus, the 
presence of Bt-transgenic plants near wild brown mustard is 
expected to affect gene flow by altering sex allocation.

Sex allocation may differ for genetic and/or environmen-
tal reasons. Models of sex allocation in plants predict that 
large plants should have higher female investment than small 
plants. For outcrossing plants, most studies showed that more 
resources were allocated to female function in larger plants 
compared with smaller plants (Cao and Kudo, 2007; Delesalle 
and Mazer, 2009), but wind-pollinated plants are expected to 
increase male investment with plant height (Nakahara et  al., 

Table 3. Gene flow rate from Brassica napus to wild B. juncea and seed emergence rates

Cultivation Cage 
edge

Plutella 
xylostella 
infestation

Total no. of 
measured 
parents

No. of parents 
with Bt 
transgene

Percentage of 
parents with Bt 
transgene

Total no. of 
measured 
seedlings

No. of seedlings 
with Bt transgene

Percentage of 
progeny with Bt 
transgene

Emergence 
rate (±SE)

Pure Centre No 28 0 0.00 665 0 0.00 0.69 ± 0.23
Pure Edge No 33 0 0.00 865 0 0.00 0.79 ± 0.15
Mixed Centre No 24 1 4.17 410 1 0.24 0.67 ± 0.19
Mixed Edge No 38 5 13.16 818 9 1.10 0.63 ± 0.14
Pure Centre Yes 15 0 0.00 288 0 0.00 0.69 ± 0.10
Pure Edge Yes 19 0 0.00 370 0 0.00 0.70 ± 0.14
Mixed Centre Yes 34 3 8.82 905 7 0.77 0.79 ± 0.13
Mixed Edge Yes 33 1 6.06 592 1 0.17 0.63 ± 0.16

Total or mean 224 10 4.46 4913 18 0.37 0.70 ± 0.16
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2018). For selfing plants, P/O does not vary with plant size, 
with pollen and ovule production increasing commensurately 
with plant size (Delesalle and Mazer, 2009). Environmental 
conditions, including resource availability, soil nutrient and 
root competition, can affect sex allocation in plants (Lankinen 
et al., 2013). Therefore, the competitive advantage of Bt OSR 
changed sex allocation in brown mustard towards a relatively 
higher investment in female function.

Thanks to the decreased male investment (less pollen) of 
wild brown mustard, the presence of Bt OSR could result in 
increased gene flow if wild brown mustard receives pollen from 
transgenic plants within the community. Moreover, the pollen 
number of transgenic plants was not decreased in the mixed 
stands. In addition, although sympatric presence increased 
female investment in ovule production, we observed a reduc-
tion in reproductive fitness in wild brown mustard as a result 
of competitive inferiority relative to Bt OSR. Thus, the pres-
ence of transgenic plants near wild plants has the potential to 
significantly reduce the total number of wild mustard seeds 
that enter the seed bank in the following year, as well as to 
reduce the total number of transgenic seeds produced by wild 
mustard plants. However, competition pressure on wild brown 
mustard in mixed Bt OSR communities could also contribute 
to an increase in the ratio of transgenic seeds produced by first-
generation hybrids by changing the reproductive strategy.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: results of PCR 
and ELISA experiments to detect Cry1Ac DNA and protein in 
transgenic and non-transgenic seedlings. Table S1: Z values of 
Kendall’s correlation between seed number and fitness param-
eters for Brassica napus and wild Brassica juncea. Table S2: F 
values for analysis of three-way mixed split-plot ANOVA for 
fitness parameters of transgenic Brassica napus under Plutella 
xylostella infestation and different cultivation patterns. Table S3: 
F values from analysis of three-way mixed split-plot ANOVA 
for fitness parameters of wild Brassica juncea under Plutella 
xylostella infestation and under cultivation patterns.
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