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Introduction

The environmental release of transgenic crops has gener-

ated considerable debate about the ecological and evolu-

tionary consequences of adopting these crops. A major

biosafety concern relates to unwanted effects because of

transgene flow from genetically engineered (GE) crops to

their wild or weedy relatives (Ellstrand 2003; Snow et al.

2005). For example, the acquisition of traits such as resis-

tance to herbicides, insects, and diseases might allow

wild/weedy relatives to become more abundant, perhaps

exacerbating weed management problems and displacing

non-GE wild genotypes in some situations (Lu and Snow

2005; Andow and Zwahlen 2006).

Crop-to-wild gene flow is well documented in many

species (Ellstrand 2003), as is the stable inheritance,

expression, and efficacy of transgenes in crop–wild

hybrids (Zhu et al. 2004; Ammitzbøll et al. 2005; Xia et al.

2009). Novel transgenic traits that enhance fitness are

expected to introgress into recipient populations, whereas

traits that are associated with fitness costs may eventually

be lost (Jenczewski et al. 2003). However, studies of such

fitness consequences under natural biotic and abiotic

conditions are uncommon, in part because so few of the

currently grown transgenic crops can hybridize with feral,

weedy, or wild relatives (exceptions include canola and

squash). Nonetheless, the number and diversity of

transgenic crops, including the introduction of relatively

undomesticated biofuel crops, is expected to increase

dramatically in the coming decade (Gressel 2008).

Crop traits such as herbicide resistance are clearly

advantageous to weeds that are exposed to these
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Abstract

Gene flow from transgenic crops allows novel traits to spread to sexually com-

patible weeds. Traits such as resistance to insects may enhance the fitness of

weeds, but few studies have tested for these effects under natural field condi-

tions. We created F2 and F3 crop–weed hybrid lineages of genetically engi-

neered rice (Oryza sativa) using lines with two transgene constructs, cowpea

trypsin inhibitor (CpTI) and a Bt transgene linked to CpTI (Bt/CpTI). Experi-

ments conducted in Fuzhou, China, demonstrated that CpTI alone did not

significantly affect fecundity, although it reduced herbivory. In contrast, under

certain conditions, Bt/CpTI conferred up to 79% less insect damage and 47%

greater fecundity relative to nontransgenic controls, and a 44% increase in

fecundity relative to the weedy parent. A small fitness cost was detected in F3

progeny with Bt/CpTI when grown under low insect pressure and direct com-

petition with transgene-negative controls. We conclude that Bt/CpTI transgenes

may introgress into co-occurring weedy rice populations and contribute to

greater seed production when target insects are abundant. However, the net fit-

ness benefits that are associated with Bt/CpTI could be ephemeral if insect

pressure is lacking, for example, because of widespread planting of Bt cultivars

that suppress target insect populations.
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herbicides (Hall et al. 2000). In contrast, possible benefits

of transgenes for resistance to diseases or insect herbi-

vores are less obvious and depend on whether wild/weedy

populations typically are limited by these biotic factors.

Transgenes for virus resistance can be highly advanta-

geous to wild squash in North America (Laughlin et al.

2009; Sasu et al. 2009) and weedy clover populations in

Australia (Godfree et al. 2007). In sunflower, field experi-

ments to test for fitness benefits of a Bt transgene showed

that transgenic crop–wild hybrids produced significantly

more seeds per plant under natural levels of herbivory,

with no apparent fitness costs (Snow et al. 2003). In

another study of sunflowers, no benefit of a transgene for

white mold resistance was found in artificially infected

crop–wild hybrids (Burke and Rieseberg 2003).

Here, we investigated the effects of two transgenes for

insect resistance in rice, cowpea trypsin inhibitor (CpTI)

and a linked Bt/CpTI construct, on the fecundity of

hybrids progeny between cultivated and weedy rice. Rice

(Oryza sativa L.) is a staple food for nearly half of the glo-

bal population (FAO 2004). In 2005, Iran became the first

country to commercialize Bt transgenic rice (James 2006).

China has invested heavily in developing disease- and

insect-resistant rice varieties, many of which appear to be

close to approval for environmental release. The govern-

ment of China approved biosafety certificates for Bt rice

in 2009 (James 2009), and locally bred rice varieties with

Bt transgenes could be widely grown within the next few

years. In the USA, hundreds of GE rice lines have been

tested in precommercial field trials, but only one type of

herbicide-tolerant rice has been deregulated to date and it

has yet to be widely grown [Information Systems for Bio-

technology, http://www.isb.vt.edu/; (USDA 2006)]. Phar-

maceutical-producing GE rice is grown in the USA under

a permit system with bioconfinement requirements and

small-scale production (National Research Council 2002).

Transgenes from cultivated rice are expected to spread

to weedy rice (O. sativa f. spontanea), also known as red

rice, which is a noxious weed that occurs in rice fields in

many regions worldwide (Delouche et al. 2007; Londo

and Schaal 2007). Weedy rice belongs to the same species

as cultivated rice (Harlan and Wet 1971) and possesses

variable levels of seed shattering, seed dormancy, chilling

tolerance, presence of awns, and a red pericarp (Oard

et al. 2000; Gealy et al. 2006). Rice fields are the primary

habitat for weedy rice, and the weed can substantially

reduce crop yields because it competes for light, space,

nutrients, and water and cannot be harvested for food

(Delouche et al. 2007). Also, the adventitious presence of

dark-colored weedy rice grains can reduce the market

value of cultivated rice (Arrieta-Espinoza et al. 2005).

Although cultivated and weedy rice are primarily

self-pollinating, gene flow from crop-to-weed and weed-

to-crop is well documented (Zhang et al. 2003; Chen

et al. 2004; Messeguer et al. 2004; Shivrain et al. 2009).

Therefore, it is widely assumed that transgenes introduced

into modern rice cultivars will make their way into weedy

rice populations (Gealy et al. 2003). Given that gene flow

from cultivated rice to co-occurring weedy rice is

unavoidable, it is important to understand the conse-

quences of transgene introgression into wild/weedy rice

populations. For example, many authors have warned that

transgenes for herbicide resistance are likely to spread rap-

idly to weedy rice unless strong mitigation procedures are

in place (Olofsdotter et al. 2000; Kumar et al. 2008; Gres-

sel and Valverde 2009). In Vietnam, Cohen et al. (2008)

showed that weedy rice often flowered simultaneously

with cultivated rice within the same fields and shared

many of the crop’s insect pests and pathogens. This sug-

gests that transgenes for insect and disease resistance

could introgress into weedy rice and provide protection.

Our previous studies showed that Bt and Bt/CpTI

transgenes can substantially enhance crop yields when tar-

get insects are abundant, while no beneficial effects on

fecundity were seen for CpTI alone (Table 1; Appendix 1).

Under very low insect pressure, when net fitness costs

might be detected, we observed significant yield reduc-

tions because of the Bt/CpTI transgene in cultivated rice

in two of the three years (Chen et al. 2006; Xia et al.

2010; Table 1; Appendix 1). However, these costs were

seen only when the transgenic plants were grown inter-

mixed with nontransgenic controls, which is likely to

amplify small differences in competitive ability. We also

found that F1 hybrids between the GE lines and three

weedy rice strains had generally lower seed production

per plant, but higher seed germination and survival than

their weedy parents (Cao et al. 2009). Thus, the F1 gener-

ation could constitute an effective genetic bridge for

transgenes to be transmitted to subsequent generations of

weedy rice in this system.

The goals of the present study were to determine the

effects of the CpTI and Bt/CpTI transgenes on herbivory

and fecundity in the F2 and F3 hybrid progeny under two

levels of insect pressure (low versus natural). To address

these questions, we used segregating transgene-positive

and transgene-negative lineages generated from both

transgenic constructs under monotypic versus mixed

competition treatments. We also compared the fecundity

of F3 hybrid progeny with that of their weedy parents to

evaluate the potential for GE weedy rice to become more

abundant than its predecessor over time. Information

about the relative performance of transgenic weedy rice

originating from crop–weed hybridization is essential for

determining whether gene flow from current or future

GE rice lines could have significant adverse unintended

consequences.
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Materials and methods

Cultivar and weedy parents for crosses

Two GE rice lines produced by Fujian Academy of Agri-

cultural Sciences, China, were used as pollen donors to

create the crop–wild hybrid lineages (Xia et al. 2010).

These agrobacterium-transformed lines were bred beyond

the seventh generation from an inbred traditional Ming-

hui-86 variety. One line (CpTI) has a CpTI (cowpea tryp-

sin inhibitor) gene, while the other (Bt/CpTI) has the

CpTI gene linked to a Bt cryIAc (Bacillus thuringiensis)

gene in a double insertion. A selectable marker gene (hy,

for hygromycin resistance) is tightly linked to each trans-

gene. Bt, CpTI, and hy genes have constitutive promoters

of ubiquitin (derived from maize), ActID (derived from

rice), and CaMV35s, respectively. These insect-resistant

GE lines were produced to deter lepidopteran pests such

as rice stem borers (Scirpophaga incertulas, Chilo suppres-

salis, and Sesamia inferens) and rice leaf-folder (Cnaphalo-

crocis medinalis). Because only one transgenic event of

each type was available to us, generalizations about other

CpTI and Bt/CpTI events should be made with caution.

For brevity, we refer to fitness-related differences between

transgene-positive and transgene-negative plants as effects

of the transgenes, with the caveat that some of these dif-

ferences could be influenced by somaclonal variation,

pleiotropy, or position effects, such as crop genes that are

linked to the insertion sites. Transgenic lines that are

being developed for commercial use in China are not

expected to have the antibiotic resistance marker used in

this study and they are derived from different insertion

events. Although our previous studies included a Bt culti-

var without the CpTI gene (Chen et al. 2006; Cao et al.

2009), owing to logistical problems, we were not able to

obtain hybrid progeny from this line for the present

study.

Two weedy rice strains Wa and Wb donated by Dr H.

S. Suh of Yeungnam University from South Korea were

available and used in this study. Strain Wa is short and

has short, narrow leaves, red awns, and medium tillering

ability, while strain Wb is taller and has longer, narrow

leaves, no awns, and medium tillering ability. Differences

between the two strains in fecundity and individual seed

mass were negligible (Cao et al. 2009). Given the similar

Table 1. Summary of experimental procedures, insect pressure, and effects of transgenes on fecundity in cultivated rice and crop–weed hybrid

progeny.

Year*
Plant

type

Experimental

procedure

Insect

pressure

Difference in no. of seeds per transgenic relative to nontransgenic plant under pure or mixed

cultivation�

Pot

versus

plot

No. of

replicates

No. of plants

sampled/replicate

(mixed,

pure cultivation)

Percentage

of damage on

non-genetically

engineered

plants

Bt

pure

Bt

mixed

Bt/CpTI

pure

Bt/CpTI

mixed

CpTI

pure

CpTI

mixed

2003 Crop Pot 20 6, 6 4 15% )10% 19% )30% )4% )15%

2003 Crop Pot 20 6, 6 30 36% 65% 61% )9% 21% 4%

2004 Crop Plot 5 30, 60 1 )15% )52% 24% )53% 26% )28%

2004 Crop Plot 5 30, 60 14 )4% )2% 0% 3% )6% )3%

2006 Crop Plot 3 42, 63 1 3% )4% 5% )42% 2% )28%

2006 Crop Plot 3 42, 63 23 19% 12% 45% 33% 41% )8%

2008 Weedy F2

hybrid

Plot 8 18§, 36 8� – – )6% 11%� )2% )2%§

2008 Weedy F2

hybrid

Plot 8 18§, 36 28� – – 25% 34%� 6% )4%§

2009 Weedy F3

hybrid

Plot 4 18, 36 8� – – )3% )19% )4% 13%

2009 Weedy F3

hybrid

Plot 4 18, 36 22� – – 47% 3% 9% 10%

*Data from the present study were collected in 2008–2009, and data from experiments in 2003–2006 were from Chen et al. (2006) and Xia et al.

(2010). Boldfaced values with gray shade indicate natural insect pressure, while unshaded values with normal face indicate low insect pressure.
�Differences was estimated by the percent increase (fitness benefit)/decrease (fitness cost) in fecundity of transgenic rice or crop–weed progeny

relative to nontransgenic controls; the values with underlines indicate significance at P < 0.05.
�Calculated based on the average of the nontransgenic control of cowpea trypsin inhibitor (CpTI) and Bt/CpTI.
§In 2008, the mixed treatment involved crop plants as competitors. In all other years, the mixed treatment involved transgenic and nontransgenic

plants competing against each other in the same plot or pot.
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rice farming and climate conditions in South Korea and

NE and E China, the results obtained from the two Kor-

ean weedy rice strains could represent the situation in

rice-growing regions in NE and E China.

Crop–weed hybrid lineages

To compare fitness-related traits of hybrid progeny that

differed in the presence or absence of transgenes, F2 and

F3 hybrid progeny were generated by selfing F1 and F2

plants, respectively (Fig. 1). Because weedy rice is a pre-

dominantly self-pollinating taxon, F2 and F3 generations

generated by selfing will be much more common than

backcrossed generations. F1 hybrids were obtained from

artificial crosses between the two weedy rice strains each

including more than 20 individuals and two insect-

resistant GE rice lines, resulting in four distinct hybrid

lineages (Cao et al. 2009). Weedy rice strains were used

as the maternal parents and the GE rice lines as the

paternal parents in crosses (Fig. 1). Both weedy strains

were used in the F2 hybrid progeny, but only Wa (chosen

randomly) was used for the F3.

Hybrid progeny were identified for the presence or

absence of transgenes. For identification of F2 individuals,

total genomic DNA was extracted from young leaf sam-

ples from each F2 seedling beyond the 3-leaf stage, prior

to transplanting, following the method described by

Doyle and Doyle (1987). The identification of transgene-

positive and transgene-negative seedlings involved PCR

amplification of the target transgenes: the CpTI gene for

individuals derived from the CpTI insect-resistant rice

line, and the Bt gene for individuals from the Bt/CpTI

insect-resistant rice line (Rong et al. 2005). For plants

that scored positive for the transgene, we did not attempt

to determine whether they were homozygous (++) or

hemizygous (+)). In weedy rice, hemizygous and homo-

zygous plants are expected to have similar levels of trans-

gene expression, as shown in wild rice hybrids containing

the Bt transgene (Xia et al. 2009), but this was not con-

firmed in the present study.

For F3 hybrid progeny, we used the hygromycin-B water

solution treatment to identify transgenic individuals (Rong

et al. 2005). Groups of about 15 seeds from each trans-

genic F2 plant were screened. F2 individuals from which all

the 15 seedlings survived from the hygromycin-B treat-

ment were identified as the transgenic homozygote (++),

whereas those from which all the 15 seedlings died from

the hygromycin-B treatment were identified as the non-

transgenic homozygote ())). F3 seeds from hemizygous F2

plants were not included in the F3 field experiment.

Design of field experiments

We evaluated insect damage and fitness-related traits of

the F2 and F3 hybrid progeny, with or without transgenes,

in 2008 and 2009, respectively. The field plots were

located at designated Biosafety Assessment Centers in

Fuzhou, Fujian Province, China, where the plants were

exposed to naturally occurring levels of insect damage

(no insecticides). To test for possible fitness costs of the

transgenes, we also included a ‘low insect pressure’ treat-

ment by spraying replicated plots with insecticides that

are commonly used in rice fields (Methamidophos, Foli-

mat, Buprofezin, and Monosultap).

The F2 progeny were evaluated in a randomized, facto-

rial design experiment that included the following factors

for each transgene (CpTI or Bt/CpTI): insect pressure

(low versus natural), transgene (present [++, +)] versus

absent [))]), competition mode (monoculture versus

mixture with cultivated rice), and weedy strain (Wa ver-

sus Wb), with four replicate plots for each treatment

combination. Within each plot, 36 seedlings were trans-

planted in a 6 · 6 grid with 20 cm-spacing between seed-

lings, with one seedling in each hill. In the mixed

competition plots to simulate the transplanting rice field,

half of the plants were individuals of cultivated Minghui-

86 (which was not sampled). Therefore, the numbers of

experimental plants that were sampled in each plot (repli-

cate) were 36 plants for monocultures, which we refer to

as ‘pure’, and 18 plants for mixed competition plots,

which we refer to as ‘mixed’. Data from these plants were

averaged to provide one measurement for each of the

four replicate plots for each treatment combination.

Weedy rice GM rice 

F1 Transgene (+ −)

F2

F2 hybrid lineages    
with transgene (+ +, + −) 

F2 hybrid lineages 
without transgene (− −) 

F3 hybrid lineages 
with transgene (+ +)

F3 hybrid lineages 
without transgene (− −)

Figure 1 A pedigree illustrating the production of F2 and F3 crop–

weed hybrid lineages in rice with insect-resistant transgenes

(transgene-positive: + ) or + +) or without the transgenes (transgene-

negative: ) )).

Yang et al. Enhanced fecundity in transgenic weedy rice
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The F3 generation was evaluated in 2009 using similar

procedures, with the following exceptions. Only the Wa

weedy hybrid lineage was used, and four extra plots were

added to include pure plantings of the Wa weedy parent.

As noted earlier, all of the transgenic F3 plants were

homozygous for each transgene. In 2009, the mixed com-

petition treatment included 18 transgenic and 18 non-

transgenic F3 plants from the same GE lineage in an

alternating pattern, in an attempt to magnify any differ-

ences in their growth rates and fecundity (no cultivated

Minghui-86 plants were used). In addition, plants in the

pure plots were 20 cm apart, while those in the mixed

competition plots were only 15 cm apart to intensify

competition. Finally, each of the four replicate plots for

the F3 generation included a border row of extra plants

(same genotypes) that were not sampled.

Seedlings were started in a small plot at Fudan Univer-

sity, Shanghai, where no target insects were found. F2

seedlings were transplanted to the field site in Fuzhou

40 days after seed germination and F3 seedlings were

transplanted 28 days after seed germination. There were

no significant differences in seedling survival between lin-

eages (unpublished data). Before transplanting, the field

site had been treated with herbicide and weeded by hand.

Fertilizer was applied at the tillering stage [�1 to 1.2 kg

nitrogen (urea) per 100 m2], as is common for rice culti-

vation in the Fuzhou area.

Data collection and analysis

Data collection methods were similar for both years of

the study. We measured plant height, number of tillers

per plant, the number of blasted tillers (by rice stem bor-

ers) and folded leaves (by leaf-folders) at the beginning of

flowering time. To avoid seed loss by natural seed shatter-

ing, all panicles of an individual were enclosed in a nylon

mesh bag 10 days after flowering. Panicles were collected

for measurements of number of seeds per plant, seed set

(percent of spikelets with filled seeds), and 1000-seed

weight. To characterize insect damage, we recorded the

percent of blasted tillers and folded leaves. An insect

damage index was calculated as the sum of these two per-

cents for each plant.

The four-way ANOVA analysis was carried out by the

GLM multivariate procedure for the CpTI and Bt/CpTI

hybrid lineages separately in F2 hybrid progeny. Because

the factor of weedy strains (Wa versus Wb) did not show

significant effect on fecundity (the number of good

seeds), the main variable of interest, this factor was

removed from the ANOVA analysis. Thus, for the F2

generation, we used a three-way ANOVA to test the

effects of insect pressure (low versus natural), transgenic

genotype (positive versus negative), and competition

(pure versus mixed) on insect damage and number of

seeds per plant. All the model factors were considered as

fixed under the GLM multivariate procedure. To further

examine transgene effects on insect damage and fecun-

dity, independent t-tests (for F2 and pure plots in F3)

and paired t-tests (for mixed plots in F3) were used to

test for significant differences between means for trans-

gene-positive and transgene-negative plants in each line-

age and treatment combination. In addition, for

fecundity and other fitness-related traits, we used Dun-

can’s multiple range test followed by the more conserva-

tive Bonferroni correction to test for significant

differences among means of four groups [CpTI (+)versus

CpTI ()) versus Bt/CpTI (+) versus Bt/CpTI ())] in the

F2 generation, and five groups [CpTI (+) versus CpTI ())

versus Bt/CpTI (+) versus Bt/CpTI ())versus Wa] in the

F3 generation (pure competition only). Independent t-test

(for F2 and pure plots in F3) and paired t-test (for mixed

plots in F3) were used to test for significant differences

between means for transgene-positive and transgene-neg-

ative plants in each lineage and treatment combination.

All statistical analyses were performed using the software

package SPSS ver. 15.0 for Windows (SPSS Inc., Chicago,

IL, USA, 2006).

Results

Insect pressure and competition

Natural levels of insect damage on nontransgenic plants

were relatively high in both years of the experiment (28

and 22%; Table 1; Figs 2 and 3). Insecticide applications

substantially reduced insect damage (to �8% in both

years). These differences caused by insecticides allowed us

to test for net fitness benefits of the transgenes when

plants were exposed to target herbivores, as well as net

fitness costs of the transgenes when insect pressure was

reduced (note that fitness costs can be offset by benefits

and vice versa, resulting in no net fitness effects; e.g. Chen

et al. 2006). Seed production was lower in the mixed

competition plots than with pure competition in both

generations. This treatment involved competition with

the cultivar in 2008, and closer spacing between plants

than with pure competition in 2009. Major effects of the

transgenes on plant performance are presented in more

detail below and in Tables 2 and 3. The transgenes had

no effect on seedling survival (data not shown), which

will not be considered further.

Performance of F2 hybrid progeny

Both transgenes were associated with reduced insect dam-

age, but this effect was much weaker in the CpTI treat-

ment and was not strong enough to enhance seed

Enhanced fecundity in transgenic weedy rice Yang et al.
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production under natural levels of insect pressure (Fig. 2;

Appendix 2). However, Bt/CpTI clearly affected fecundity,

and the interaction between insect pressure and transgene

presence/absence was significant (Fig. 2; Appendix 2). The

effects of each transgene on weedy types Wa and Wb

were generally similar, so these data are pooled in Fig. 2

and Table 2 for ease of presentation. Bt/CpTI was associ-

ated with much lower insect damage and a substantial

increase in seed production under both competition treat-

ments (Fig. 2; Appendices 3 and 4). In general, the

CpTI pure CpTI mix Bt/CpTI pure Bt/CpTI mix

*** ***

CpTI pure CpTI mix Bt/CpTI pure Bt/CpTI mix

**

**

0
5

10
15
20
25
30
35
40
45
50

CpTI pure CpTI mix Bt/CpTI pure Bt/CpTI mix

0

200

400

600

800

1000

CpTI pure CpTI mix Bt/CpTI pure Bt/CpTI mix

Transgene-positive plants

Transgene-negative plants

Natural insect pressureLow insect pressure

In
se

ct
 in

de
x 

(%
)

N
o.

 o
f s

ee
ds

Figure 2 Effects of transgenic genotype (positive versus negative), insect pressure (low versus natural), and competition (pure versus mixed) on

insect damage and number of seeds per plant in crop–weed hybrids from two transgene crop lines, cowpea trypsin inhibitor (CpTI) or Bt/CpTI, in

the F2 generation. Data from two weedy strains, Wa and Wb, are pooled (N = 8); means and SE are shown. The comparison was made between

transgene-positive and transgene-negative plots based on the independent t-tests. Levels of significance: **P < 0.01, ***P < 0.001.
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Figure 3 Effects of transgenic genotype (positive versus negative), insect pressure (low versus natural), and competition (pure versus mixed) on

insect damage and number of seeds per plant in crop–weed hybrids from two transgenic crop lines, cowpea trypsin inhibitor (CpTI) or Bt/CpTI, in

the F3 generation. Means and SE are shown. The comparison was made between transgene-positive and transgene-negative plots based on inde-

pendent t-tests (for pure plots) and paired t-tests (mixed plot). Levels of significance: *P < 0.05, **P < 0.01, ***P < 0.001; �P < 0.10.
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increase in fecundity in plants with the Bt/CpTI transgene

was associated with greater panicle production and per-

cent seed set (Table 2; Appendices 3 and 4).

The insecticide treatment substantially reduced insect

damage but did not completely prevent it (Fig. 2; Appen-

dices 3 and 4). Under low insect pressure, �5 to 10% of

the leaves and tillers on nontransgenic plants sustained

damage. For the Bt/CpTI plants, transgene-positive plants

had somewhat less insect damage than transgene-negative

plants, especially under mixed competition (Fig. 2;

Appendices 3 and 4). However, the numbers of seeds per

plant were similar in comparisons between transgene-

positive versus transgene-negative plants across treatments

with low insect pressure.

Table 3. Effects of the two transgenic events on fitness-related traits in F3 progeny of crop–weed hybridization compared with the weedy parent

(Wa) under low versus natural insect pressure in pure cultivation.

Characteristics

Pure cultivation

Wa

cowpea trypsin

inhibitor (CpTI) (+) CpTI ()) Bt/CpTI (+) Bt/CpTI ())

Low insect

Plant height (cm) 109.5 ± 1.1a 105.2 ± 4.4ab 106.0 ± 2.7a 111.8 ± 2.4a 97.0 ± 2.3b

No. of tillers 16.5 ± 0.5a 17.6 ± 1.1a 17.2 ± 0.7a 20.9 ± 1.9ab 24.0 ± 2.1b

No. of panicles 14.0 ± 0.3a 14.9 ± 0.7a 15.7 ± 0.6a 18.6 ± 1.3b 20.7 ± 1.3b

No. of seeds 987.9 ± 57.3a 1032.3 ± 43.4a 1032.5 ± 76.4a 1064.5 ± 24.3a 1065.6 ± 82a

Seed set 60.5 ± 3.0a 62.5 ± 1.4a 61.9 ± 2.1a 58.3 ± 2.3a 78.3 ± 1.0b

1000-seed weight (g) 23.4 ± 0.2a 23.4 ± 0.5a 22.7 ± 0.2ab 22.1 ± 0.5b 20.6 ± 0.3c

Natural insect

Plant height (cm) 106.7 ± 1.2a 106.8 ± 1.5a 110.3 ± 2.4a 106.5 ± 2.1a 98.7 ± 2.6b

No. of tillers 18.8 ± 0.6a 20.9 ± 1.3ab 20.3 ± 0.4ab 18.7 ± 1.1a 22.2 ± 1.0b

No. of panicles 14.8 ± 0.5a 14.9 ± 0.9a 18.9 ± 0.5b 15.7 ± 0.4a 18.5 ± 0.8b

No. of seeds 768.0 ± 58.3a 705.5 ± 38.4a 1161.6 ± 85.6b 789.1 ± 27.4a 807.6 ± 55.7a

Seed set 51.5 ± 1.9a 50.8 ± 3.1a 59.3 ± 2.1b 53.6 ± 1.0ab 59.1 ± 0.4b

1000-seed weight (g) 22.3 ± 0.4a 22.0 ± 0.4a 22.3 ± 0.2a 22.0 ± 0.4a 19.5 ± 0.2b

Different letters after the means and standard error (±) in the same row indicate significant differences according to Duncan’s multiple range tests

followed by Bonferroni correction in the same treatment. N = 4 plots.

Table 2. Effects of the two transgenic events (cowpea trypsin inhibitor (CpTI) and Bt/CpTI) on fitness-related traits in F2 progeny of crop–weed

hybridization under low versus natural insect pressure and pure versus mixed cultivation.

Characteristics

Pure cultivation Mixed cultivation

CpTI (+) CpTI ()) Bt/CpTI (+) Bt/CpTI ()) CpTI (+) CpTI ()) Bt/CpTI (+) Bt/CpTI ())

Low insect

Plant height (cm) 105.9 ± 2.3a 104.8 ± 2.7a 109.2 ± 0.2a 109.1 ± 3.5a 104.0 ± 2.5a 105.4 ± 2.3a 106.5 ± 2.5a 105.6 ± 1.4a

No. of tillers 22.0 ± 1.2a 21.6 ± 1.3a 24.0 ± 2.4a 23.6 ± 2.1a 16.1 ± 1.2a 17.3 ± 1.2a 17.2 ± 1.5a 16.2 ± 1.2a

No. of panicles 18.5 ± 0.8a 18.4 ± 1.0a 18.7 ± 0.8a 18.8 ± 0.9a 11.9 ± 0.5a 12.4 ± 0.7a 13.6 ± 1.2a 12.2 ± 1.0a

No. of seeds 632.1 ± 12.1a 643.1 ± 23.1a 684.9 ± 24.8ab 731.3 ± 29.5b 430.0 ± 26.3a 440.1 ± 23.8a 554.7 ± 45.5b 499.6 ± 33.5ab

Seed set 46.2 ± 1.3a 48.4 ± 1.3ab 47.2 ± 1.5ab 50.6 ± 1.4b 44.5 ± 2.7a 44.4 ± 2.1a 50.6 ± 1.5a 48.6 ± 2.2a

1000-seed

weight (g)

23.3 ± 0.4a 22.6 ± 0.2ab 22.3 ± 0.3b 22.8 ± 0.3ab 22.7 ± 0.6a 22.5 ± 0.5a 22.5 ± 0.4a 22.6 ± 0.2a

Natural insect

Plant height (cm) 98.9 ± 2.0a 96.1 ± 3.0a 112.2 ± 2.3b 107.7 ± 1.3b 100.2 ± 1.1a 102.1 ± 3.3a 107.1 ± 2.8a 102.0 ± 1.9a

No. of tillers 19.9 ± 1.3a 19.3 ± 1.4a 22.8 ± 2.2a 20.2 ± 1.8a 15.6 ± 1.0a 15.6 ± 0.8a 16.5 ± 1.3a 15.4 ± 1.2a

No. of panicles 15.1 ± 0.4a 15.4 ± 0.3a 19.5 ± 0.7b 16.2 ± 0.3a 10.9 ± 0.8a 11.3 ± 1.2a 14.3 ± 0.7b 12.6 ± 1.1ab

No. of seeds 509.2 ± 41.4a 482.5 ± 19.7a 678.5 ± 34.5b 542.6 ± 25.3a 336.5 ± 23.4a 350.5 ± 32.8a 473.8 ± 32.7b 352.9 ± 20.1a

Seed set 41.4 ± 2.6a 39.9 ± 2.5a 48.6 ± 1.7b 39.9 ± 2.0a 42.2 ± 1.1ab 44.3 ± 2.2a 45.4 ± 1.7a 37.6 ± 1.3b

1000-seed

weight (g)

21.8 ± 0.3ab 20.9 ± 0.3a 22.2 ± 0.3b 21.4 ± 0.5ab 22.4 ± 0.5a 22.1 ± 0.5a 22.4 ± 0.3a 21.3 ± 0.4a

Different letters after the means and standard error (±) in the same row indicate significant differences according to Duncan’s multiple range tests

followed by Bonferroni correction in the same treatment. Data from the two weedy strains were combined (see text). N = 8 plots.
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Performance of F3 hybrid progeny and the weedy parent

Similar effects of the Bt/CpTI transgenes were seen in the

F3 hybrid generation (Table 3; Fig. 3; Appendix 5), which

was obtained by selfing F2 hybrid progeny from weedy

strain Wa. Under natural insect pressure, CpTI had no

effect on herbivory or fecundity, while plants in the pure

competition treatment with the Bt/CpTI transgene had

79% less insect damage and produced 47% more seeds

than their nontransgenic counterparts. An unexpected

result in 2009 is the low level of protection from the Bt/

CpTI transgene and relatively lower damage on nontrans-

genic plants in the mixed competition treatment with

natural insect pressure. This resulted in similar levels of

seed production in comparisons between transgene-posi-

tive and transgene-negative plants, in contrast to what we

observed in 2008 with F2 plants. The mixed competition

treatment is not directly comparable between years

because the competitors were different and the plants

were closer together in 2009 (see Table 1).

Under low insect pressure, Bt/CpTI was associated with

a fitness cost of �19% lower fecundity relative to non-

transgenic control plants in mixed competition (P < 0.05;

Table 1; Fig. 3; Appendix 5); no cost effect was detected

in pure cultivation. Plants with the Bt/CpTI transgene

had less insect damage than nontransgenic controls, but

only under pure competition. Plants with CpTI alone had

greater insect damage under mixed competition, counter

to expectations. Neither of these differences in insect

damage affected fecundity.

We also compared the original weedy parent genotypes

directly with their F3 crop–weed hybrid offspring in the

pure competition treatment (Table 3). Weedy and hybrid

genotypes produced similar numbers of seeds per plant

under both natural and low insect treatments, with the

exception of the Bt/CpTI F3 plants, which had 79% less

insect damage (P < 0.001) and produced 44% (P < 0.01)

more seeds than their weedy parents under the natural

insect treatment. Thus, fecundity of the F3 hybrid genera-

tion was similar to the weedy parent, and we observed a

strong benefit of having the Bt/CpTI transgene under nat-

ural insect pressure.

Discussion

This study confirms that insect-resistance transgenes from

cultivated rice are effective when transferred to weedy rice

and can increase fecundity of weedy rice when target

insects are present. Results from the F2 and F3 hybrid

generations were generally consistent, demonstrating that

the Bt/CpTI transgene can result in lower insect damage

and greater seed production under natural field condi-

tions, with no effects on survival. The CpTI transgene was

also associated with reduced insect damage, but to a

much smaller extent than Bt/CpTI, and it was not linked

to increased fecundity or survival. Therefore, the benefits

of CpTI alone were small relative to those of the Bt trans-

gene. We also found that Bt/CpTI-positive F3 hybrid

progeny produced 44% more seeds than their weedy par-

ents in the pure competition treatment. Because fecundity

is a key component of fitness, our results suggest that Bt/

CpTI transgenes could increase in frequency in weedy rice

populations when target insects are sufficiently common,

perhaps contributing to larger seed banks and more per-

vasive weedy rice problems, at least in the short term.

Populations of target insects fluctuate from year to year

(e.g. Xia et al. 2010; this study), so the fitness benefit of a

Bt/CpTI transgene is expected to vary accordingly. In cul-

tivated rice, lepidopteran herbivores occur in about half

of the area of rice cultivation in China (e.g., Sheng et al.

2003), but the extent of lepidopteran damage on weedy

rice has not been quantified to our knowledge. However,

Cohen et al. (2008) reported similar occurrences of

lepidopteran damage on weedy and cultivated rice in the

Mekong Delta of Vietnam, suggesting that pests of the

crop also attack weedy rice.

As noted previously, the major lepidopteran pests of

rice are rice stem borers (S. incertulas, C. suppressalis, and

S. inferens) and rice leaf-folder (C. medinalis). These

insects also have other host plants; for example, C. sup-

pressalis can feed on Zizania latifolia, maize, sugarcane,

and sorghum (Harris 1990; Hou et al. 2009). If non-Bt

host crops occur near cultivated rice, this may help delay

the evolution of resistant insects by sustaining susceptible

genotypes in the area (Carriere et al. 2010). In regions

where Bt or Bt/CpTI rice cultivars are planted very widely,

and where resistance does not evolve in the target insects,

these insect populations may decline dramatically, as doc-

umented in Bt cotton (Wu et al. 2008). This could reduce

or even eliminate the fecundity advantage of transgene-

positive plants. Another ecological factor that could

diminish the benefits of Bt/CpTI transgenes is the emer-

gence of secondary insect pests such as hemipterans if

they are released from competition with lepidopteran

pests. Although complex ecological and evolutionary

interactions among rice taxa and their insect herbivores

make it challenging to predict long-term fitness conse-

quences of Bt cultivars, our results point to a strong

fitness benefit for crop–weed hybrids with Bt/CpTI in the

short term when target insect pests are abundant.

A fitness cost was detected in F3 progeny containing

Bt/CpTI under conditions where competition between

transgene-positive and transgene-negative was introduced.

In previous studies with cultivated rice, we observed

reduced fecundity of Bt/CpTI in mixed competition plots

where GE and non-GE plants competed with each other,
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but not in monotypic plots, in two of three years with

very low insect pressure (Table 1; Appendix 1). Likewise,

in the present study, significantly lower fecundity of

transgene-positive Bt/CpTI, F3 plants was observed in

mixed competition plots with low insect pressure

(P < 0.01), and no net gain in fecundity was observed in

this treatment combination under natural insect pressure

(Table 3; Fig. 3; Appendix 5). This is because of relatively

low insect pressure in the mixed-cultivation plots caused

by the presence of transgene-positive plants. Therefore, it

seems possible that benefits of Bt/CpTI transgenes could

be countered by small or moderate fitness costs in years

when the target insect populations are very low, but fur-

ther research involving larger sample sizes is needed to

test this hypothesis. The apparent absence of fitness costs

associated with transgenes introgressing into wild/weedy

populations has also been reported in Brassica rapa and

Helianthus annuus (Snow et al. 1999; Burke and Rieseberg

2003; Snow et al. 2003), while an inducible trypsin pro-

teinase inhibitor was associated with a strong fitness cost

in Nicotiana attenuata (Zavala et al. 2004).

To our knowledge, this is one of the first studies to

document fecundity benefits of transgenes for insect resis-

tance in weedy relatives of a transgenic crop. Similar ben-

efits were seen in wild sunflowers in the USA (Snow et al.

2005), but Bt sunflowers have not been proposed for

deregulation (Dalton 2002). In contrast, deployment of Bt

rice is already taking place in Iran and China. Although

we cannot be sure that our results pertain to other Bt

constructs, other weedy rice populations, and other

regions, our findings are consistent with the hypothesis

that seed production of weedy rice is limited by lepidop-

teran insect pests, and the introgression of transgenes that

confer resistance to these pests can enhance the fitness of

recipient populations. Because weedy rice is largely self-

pollinating and has high levels of seedling recruitment

(Langevin et al. 1990), a small number of crop–wild

hybrids with beneficial transgenes could quickly generate

transgenic progeny that could then disperse broadly as

seeds, while also becoming established in long-lived seed

banks. However, we also expect that the widespread culti-

vation of Bt rice could lead to dramatic declines in local

populations of target insects, which may or may not

evolve resistance to the Bt toxins in rice. Further studies

of annual and regional variation in target insect abun-

dances are needed to gain a deeper understanding of the

anticipated prevalence of fitness benefits for Bt or Bt/CpTI

weedy rice. To minimize unwanted side effects of growing

Bt rice, agricultural practices that reduce weedy rice pop-

ulations and delay the introgression of crop genes into

weedy rice populations, such as hand-weeding prior to

seed shattering, could be encouraged in regions where Bt

rice is adopted.
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Appendix 1

Effects of the three transgenic events (Bt, CpTI and Bt/CpTI) on number of seeds per plant in cultivated rice under low

versus natural insect pressure and pure versus mixed competition treatments in different years (from Chen et al. 2006

and Xia et al. 2010).

Insect

pressure cultivation Treatment 2003 2004 2006

Low insect pure Bt 259 ± 23.3 265.1 ± 39.6 724.3 ± 116.5

CpTI 218 ± 20.1 392.6 ± 27.9 717.9 ± 29.3

Bt/CpTI 268 ± 14.6+ 386.0 ± 48.4 733.0 ± 84.7

Control 226 ± 17.6 312.5 ± 41.9 701.4 ± 71.9

mixed Bt-mixed 273 ± 20.7 184.6 ± 32.8 663.4 ± 125.7

Control-1 302 ± 33.4 386.7 ± 71.6 688.5 ± 129.3

CpTI-mixed 246 ± 31.8 269.9 ± 91.5 609.6 ± 79.4

Control-2 289 ± 32.2 373.9 ± 52.7 862.9 ± 137.3

Bt/CpTI-mixed 243 ± 29.0* 157.8 ± 41.9 543.2 ± 136.9*

Control-3 347 ± 30.0 339.2 ± 41.6 936.3 ± 84.4

Natural insect pure Bt 323 ± 28.7* 701.5 ± 94.0 935.5 ± 71.3

CpTI 288 ± 26.8 689.1 ± 48.1 1110.3 ± 127

Bt/CpTI 382 ± 31.2** 729.3 ± 64.8 1143.5 ± 68.8*

Control 238 ± 24.1 732.5 ± 49.5 788.6 ± 89.1

mixed Bt-mixed 360 ± 40.2** 723.3 ± 70.1 691.9 ± 89.9

Control-1 218 ± 26.9 736.9 ± 46.4 620.4 ± 70.3

CpTI-mixed 270 ± 30.4 595.8 ± 101.0 710.1 ± 67.8

Control-2 259 ± 38.8 617.3 ± 95.3 770.7 ± 98.8

Bt/CpTI-mixed 314 ± 36.1 645.2 ± 45.6 889.2 ± 78.8

Control-3 345 ± 48.3 628.6 ± 90.6 668.8 ± 31.4

Plants were grown under low versus natural insect pressure and pure versus mixed competition treatments. Means and SE are shown; Levels of

significance: +P < 0.10, *P < 0.05, **P < 0.01.

Appendix 2

Three-way ANOVA for insect damage index and number of seeds per plant in the F2 generation.

Factors DfN; DfD

CpTI Bt/CpTI

Insect damage

No. of seeds

per plant Insect damage

No. of seeds

per plant

F Sig. F Sig. F Sig. F Sig.

Insect pressure 1; 62 107.1 0.000 38.6 0.000 141.7 0.000 22.4 0.000

Transgenic genotype 1; 62 4.7 0.034 0.0 0.910 117.6 0.000 8.8 0.004

Competition 1; 62 1.3 0.258 89.4 0.000 2.5 0.122 71.6 0.000

Insect pressure · Transgenic genotype 1; 60 2.2 0.142 0.2 0.654 55.2 0.000 7.7 0.007

Insect pressure · Competition 1; 60 3.3 0.075 1.8 0.187 0.7 0.420 0.1 0.718

Transgenic genotype · Competition 1; 60 0.1 0.703 0.3 0.598 0.4 0.516 0.9 0.337

Insect pressure · Transgenic genotype · Competition 1; 56 0.2 0.637 0.3 0.583 1.3 0.260 1.7 0.197

The factors include insect pressure (low versus natural), transgenic genotype (positive versus negative), and competition (pure versus mixed) on

insect damage and number of seeds per plant of F2 hybrid progeny for two transgenic events (CpTI or Bt/CpTI) separately. The DFN (numerator

degrees of freedom), DFD (denominator degrees of freedom), F value and P value were shown.
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Appendix 3

Effects of the two transgenic events (CpTI and Bt/CpTI) on insect damage index and fitness-related traits in the F2 generation (data from weedy

strain Wa).

Characteristic

Wa-CpTI F2 Wa-Bt/CpTI F2

Pure (+) Pure ()) Mixed (+) Mixed ()) Pure (+) Pure ()) Mixed (+) Mixed ())

Low insect

Insect index 12.1 ± 1.5 11.1 ± 1.0 12.2 ± 1.9 11.9 ± 1.2 2.4 ± 0.6 4.9 ± 1.2 5.4 ± 0.6 6.8 ± 1.1

Plant height (cm) 110.4 ± 0.6 103.6 ± 5.2 106.7 ± 3.7 104.5 ± 4.2 109.0 ± 3.0 115.7 ± 3.2 102.8 ± 2.3 104.6 ± 2.3

No. of tillers 19.3 ± 0.8 18.6 ± 0.8 13.8 ± 1.8 14.8 ± 1.4 19.3 ± 1.2 20.0 ± 1.9 14.2 ± 1.8 13.8 ± 1.1

No. of panicles 16.5 ± 0.4 16.3 ± 0.6 11.6 ± 0.8 11.2 ± 0.8 17.4 ± 0.7 17.0 ± 0.7 12.6 ± 2.3 10.2 ± 0.4

No. of seeds 642.5 ± 22.1 634.6 ± 31.6 464.5 ± 41.2 476.7 ± 26.3 667.2 ± 43.7 719.1 ± 31.3 526.4 ± 84.5 474.6 ± 18.5

Seed set 47.2 ± 1.9 47.0 ± 0.9 46.0 ± 5.0 43.9 ± 1.5 48.7 ± 2.2 53.2 ± 1.5 49.3 ± 2.6 50.2 ± 2.3

1000-seed weight (g) 23.3 ± 0.5+ 22.2 ± 0.3 23.5 ± 1.1 22.3 ± 0.9 22.0 ± 0.2 22.5 ± 0.2 21.9 ± 0.5 22.7 ± 0.3

Natural insect

Insect index 31.8 ± 1.1* 42.3 ± 2.6 29.9 ± 4.8 27.7 ± 2.4 5.0 ± 0.7** 22.4 ± 2.4 8.8 ± 0.6** 22.4 ± 2.5

Plant height (cm) 102.6 ± 1.7* 94.4 ± 3.0 99.7 ± 1.6 106.7 ± 5.8 117.1 ± 2.4* 107.8 ± 1.7 100.6 ± 2.1 99.7 ± 1.9

No. of tillers 17.8 ± 0.9 16.6 ± 0.8 13.7 ± 1.0 14.7 ± 1.2 20.9 ± 0.5* 18.3 ± 0.6 15.0 ± 1.8 13.1 ± 1.6

No. of panicles 14.9 ± 0.8 15.1 ± 0.5 10.7 ± 1.2 11.2 ± 2.2 19.3 ± 1.0* 16.3 ± 0.4 14.8 ± 1.4 13.0 ± 2.0

No. of seeds 497.9 ± 29.9 490.3 ± 39.4 346.1 ± 43.6 357.0 ± 43.2 726.7 ± 37.0* 576.1 ± 39.8 513.9 ± 44.7* 390.1 ± 10.3

Seed set 36.7 ± 1.8 36.4 ± 2.1 40.3 ± 0.9 43.5 ± 4.0 47.6 ± 1.3* 37.8 ± 3.6 47.7 ± 2.5* 39.8 ± 1.3

1000-seed weight (g) 21.1 ± 0.3+ 20.3 ± 0.2 21.7 ± 0.8 21.3 ± 0.6 21.9 ± 0.5* 20.3 ± 0.4 22.4 ± 0.5* 20.9 ± 0.2

Plants were grown under low versus natural insect pressure and pure versus mixed competition treatments. Means and SE are shown; N = 4 plots.

Levels of significance: +P < 0.10, *P < 0.05, **P < 0.01.

Appendix 4

Effects of the two transgenic events (CpTI and Bt/CpTI) on insect damage index and fitness-related traits in the F2 generation (data from weedy

strain Wb).

Characteristic

Wb-CpTI F2 Wb-Bt/CpTI F2

Pure (+) Pure ()) Mixed (+) Mixed ()) Pure (+) Pure ()) Mixed (+) Mixed ())

Low insect

Insect index 8.3 ± 0.5 11.2 ± 1.3 10.0 ± 1.8 12.8 ± 1.1 4.7 ± 0.6 6.5 ± 1.3 4.5 ± 0.5* 8.9 ± 1.1

Plant height (cm) 101.4 ± 3.3 106.0 ± 2.7 101.3 ± 3.2 106.2 ± 2.4 109.4 ± 3.6 102.4 ± 4.3 110.1 ± 3.9 106.5 ± 1.7

No. of tillers 24.7 ± 1.0 24.6 ± 1.4 18.4 ± 0.7 19.7 ± 0.7 28.6 ± 3.4 27.3 ± 2.8 20.2 ± 1.2 19.2 ± 0.6

No. of panicles 20.5 ± 0.8 20.5 ± 1.2 12.3 ± 0.6 13.7 ± 0.7 20.0 ± 1.3 20.5 ± 1.1 14.7 ± 0.6 14.3 ± 1.2

No. of seeds 621.6 ± 10.9 651.6 ± 38.1 395.4 ± 27.3 403.6 ± 32.4 702.6 ± 27.5 743.5 ± 54.6 583.1 ± 44.8 524.6 ± 66.9

Seed set 45.2 ± 1.8 49.8 ± 2.4 43.1 ± 3.0 44.9 ± 4.2 45.7 ± 2.0 48.0 ± 1.6 51.9 ± 1.7 47.1 ± 3.9

1000-seed weight (g) 23.3 ± 0.6 23.1 ± 0.1 21.9 ± 0.6 22.8 ± 0.7 22.7 ± 0.4 23.1 ± 0.5 23.0 ± 0.5 22.5 ± 0.2

Natural insect

Insect index 20.6 ± 0.5 24.4 ± 3.6 15.9 ± 0.9* 27.0 ± 2.9 8.2 ± 0.8** 20.9 ± 2.3 8.2 ± 1.0* 19.4 ± 3.1

Plant height (cm) 95.2 ± 2.5 98.2 ± 5.4 100.6 ± 1.8 97.5 ± 1.8 107.3 ± 1.9 107.7 ± 2.3 113.6 ± 1.6 104.4 ± 3.0

No. of tillers 21.9 ± 1.9 22.1 ± 2.0 17.5 ± 1.0 16.4 ± 1.0 24.7 ± 4.5 22.2 ± 3.4 18.1 ± 1.6 17.6 ± 1.1

No. of panicles 15.3 ± 0.4 15.7 ± 0.3 11.1 ± 1.1 11.4 ± 1.3 19.6 ± 1.2* 16.1 ± 0.4 13.9 ± 0.3 12.2 ± 1.3

No. of seeds 520.5 ± 83.0 474.8 ± 14.5 326.8 ± 24.5 343.9 ± 55.8 630.4 ± 51.4+ 509.1 ± 25.5 433.7 ± 44.0+ 315.8 ± 29.5

Seed set 46.1 ± 3.5 43.3 ± 4.2 44.0 ± 1.6 45.1 ± 2.3 49.6 ± 3.4 42.0 ± 1.5 43.1 ± 1.9* 35.4 ± 1.6

1000-seed weight (g) 22.5 ± 0.3* 21.5 ± 0.3 23.0 ± 0.5 22.9 ± 0.6 22.5 ± 0.4 22.4 ± 0.2 22.4 ± 0.5 21.8 ± 0.8

Plants were grown under low versus natural insect pressure and pure versus mixed competition treatments. Means and SE are shown; N = 4 plots.

Levels of significance: +P < 0.10, *P < 0.05, **P < 0.01.
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