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Abstract Transgene outXow from genetically modiWed
(GM) rice to its wild relatives may cause undesirable eco-
logical consequences. Understanding the level of transgene
expression in wild rice following gene Xow is important for
assessing such consequences, providing that transgene
escape from GM rice cannot be prevented. To determine
the expression of a transgene in common wild rice (Oryza
ruWpogon), we analyzed the content of Cry1Ac protein in
three GM rice lines containing a Bt transgene, their F1

hybrids with common wild rice and F2 progeny at diVerent
growth stages, using the sandwich enzyme-linked immuno-
sorbent assay. The average content of Cry1Ac protein in
leaf samples of the wild rice lines ranged between 0.016
and 0.069% during the entire growth period, whereas that
in stems varied between 0.12 and 0.39%. A great variation
in Cry1Ac protein content was detected among individuals
of F1 hybrids and F2 progeny, with some wild individuals
showing higher level of Bt toxin than the cultivated GM
rice. The results suggest that the Bt transgene can express
normally in the interspeciWc hybrids between insect-resistant

GM rice and common wild rice, and may have similar
eVects on the target insects as in GM rice.

Introduction

The extensive environmental release and commercial pro-
duction of genetically modiWed (GM) crops with novel
traits have increasingly aroused ecological biosafety con-
cerns and debates worldwide (Snow 2002; Lu and Snow
2005; Hails and Morley 2005). One of the major ecological
biosafety concerns is the escape of genetically engineered
genes (transgenes) through cross-pollination into wild or
weedy relatives of GM crops. Transgenes with evolutionary
selective advantage dispersed into weedy or wild popula-
tions may result in Wtness changes of individuals that have
picked up the transgenes, causing unwanted ecological con-
sequences (Snow and Palma 1997; Riches and Valverde
2002). These include the promotion of weed populations in
agro-ecosystems (Darmency 1994; Halfhill et al. 2005),
inXuences on genetic integrity of wild gene pool (Gepts and
Papa 2003), and non-target eVects (Poppy 2000; Hellmich
et al. 2001). To understand the potential ecological conse-
quences caused by transgene escape, questions concerning
three successive steps should be addressed: (1) At what fre-
quency can a transgene disperse from GM crops into their
wild relative populations through gene Xow? (2) At what
level will a transgene express and inherit after being incor-
porated by wild relatives? (3) How will a transgene change
the Wtness of wild individuals that have incorporated the
transgene, and the surviving/competitive ability of wild
populations? Knowledge about each of these questions will
provide the scientiWc bases for biosafety assessment of
potential ecological consequences caused by transgene
outXow to wild relatives (Lu and Snow 2005).
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Rice (Oryza sativa L.) is an important world cereal crop
that provides staple food for nearly one-half of the global
population (Lu and Snow 2005). Biotechnology research
and development have long been applied in rice and great
progress has been made in the past decades. Many coun-
tries (e.g., China, India, Vietnam, and Iran) have invested
enormously in research and development of GM rice, and
consequently, a large number of GM rice lines have been
developed (Lu and Snow 2005; Wang and Johnston 2007).
In 2005, Iran became the Wrst country in the world that
commercialized Bt transgenic rice (James 2006). Recently,
the USA has approved the non-regulated cultivation of two
herbicide-tolerant rice varieties, “Liberty Link® Rice”
(LLRICE06 and LLRICE62), containing a bar gene (see:
US Regulatory Agencies UniWed Biotechnology Website,
http://usbiotechreg.nbii.gov/database_pub.asp). As the
largest rice producing and consuming country, China is
also actively exploring transgenic biotechnology for the
improvement of rice varieties (Wang and Johnston 2007).
In fact, a large number of GM rice lines have been devel-
oped in China, and some are under preparation (including
biosafety assessment) for commercialization (Xiong 2004).
However, due to the strict biosafety assessment protocols,
commercial production of GM rice has been signiWcantly
delayed in China. As one of the centers of origin and diver-
sity for cultivated rice and the northernmost distribution
region of wild Oryza species, China has taken a precautious
biosafety approach to assess potential ecological conse-
quences caused by transgene outXow. Given that gene Xow
from cultivated rice to wild or weedy rice is unavoidable
under normal cultivation practices where wild rice exists
(Ellstrand et al. 1999; Song et al. 2003; Chen et al. 2004), it
is important to determine subsequent levels of transgene
expression in wild rice and thereafter the Wtness change in
wild rice populations that contain a transgene, as a part of
the biosafety assessment for ecological consequences.

The insect-resistance Bt (Bacillus thuringiesis) gene has
been widely used in crop improvement through genetic
engineering. Insect-resistant GM crops include Bt cotton
(Hilder and Boulter 1999; Pray et al. 2002), Bt maize
(Alcalde and Camara 2007; Andersen et al. 2007), Bt cab-
bage (Bhattacharya et al. 2002), and Bt rice (Nayak et al.
1997; Tu et al. 2000; High et al. 2004). One type of Bt
transgenes that encodes the Cry1Ac toxin is eVective to kill
the larvae of a number of rice lepidopteran insects, such as
rice stem borers (Sesamia nonagrioides, Scirpophaga
incertulas, and Chilo suppressalis) and rice leaVolders
(Cnaphalocrocis medinalis). These target rice herbivores
occur frequently in cultivated rice and they are also found
in some populations of common wild rice (Cohen et al.
2008). These pests mainly attack stems (by rice stem
borers) and leaves (by leaVolders) of rice plants after the

jointing stage (when plants stop major tilling and start to
elongate rapidly), causing yield losses up to »20% for cul-
tivated rice (Muralidharan and Pasalu 2006). Studies have
demonstrated that transgenic Bt rice can eVectively reduce
damage from the target insect pests (Khanna and Raina
2002; Huang et al. 2005; Han et al. 2007). If the Bt trans-
gene disperses from GM rice into wild rice individuals and
expressed normally in wild rice plants, it may provide a
selective advantage to the wild rice populations exposed to
lepidopteran insects, resulting in unwanted ecological con-
sequences (Cohen et al. 2008). In addition, from the germ-
plasm point of view, wild rice is the reservoir of many
beneWcial genes for cultivated rice improvement. If the
transgene spreads into wild rice populations, providing
resistance against these insects, other useful genes, for
example those giving resistance to the insects naturally,
may be lost over time in the wild rice populations.

Evidence has shown that Bt transgenes can express sta-
bly in wild Brassica hybrids after the transgenes were
incorporated into wild relatives (Halfhill et al. 2002; Zhu
et al. 2004; Ammitzbøll et al. 2005). Whether the Bt trans-
gene that introgresses into individuals of common wild rice
(Oryza ruWpogon) will express normally is still unknown,
and this knowledge gap will hinder the appropriate predic-
tion of potential ecological consequences caused by Bt
transgene escape to wild rice relatives. Common wild rice
is the putative ancestor of cultivated rice, and widely dis-
tributed in most tropical regions in Asia where cultivated
rice is grown. It is also found in northern Australia, Latin
America, and Africa as an introduced species (Naredo et al.
1997; Lu and Snow 2005; Vaughan et al. 2005a). In some
rice growing countries such as India, Vietnam, Cambodia,
and Malaysia, common wild rice occurs abundantly and is a
noxious weed infesting rice Welds (Vaughan et al. 2005b).

In this study, we applied the sandwich enzyme-linked
immunosorbent assay (ELISA) method to measure the
content of Cry1Ac protein in F1 hybrids of common wild
rice crossed with Bt GM rice lines, and their F2 progeny
produced in the course of our GM rice biosafety research.
The sandwich ELISA has been proven to be an eVective
method for quantifying the Bt Cry1Ac protein (Sims and
Berberich 1996; Takahashi et al. 1998) and estimating Bt
transgene expression in vivo organism, such as cotton
(Adamczyk and Sumerford 2001) and rice (Qin et al.
2003; Bashirn et al. 2005). The objectives of this study
were to determine the level and variation pattern between
tissues and growth stages of Bt Cry1Ac transgene expres-
sion in hybrid lines of common wild rice crossed with cul-
tivated GM rice, compared to the GM rice parents. This
knowledge will facilitate our decision making on further
ecological risk assessment of transgene outXow from GM
rice to its wild relatives.
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Materials and methods

Plant materials

Three double-inserted insect-resistant GM rice lines
(KeFeng6, Ba23, and Ba28) were used in the experiment to
test the same target transgenes in three diVerent genetic
backgrounds (Table 1). Two insect-resistance transgenes,
i.e., Bacillus thuringiesis (Bt) and cowpea trypsin inhibitor
(CpTI), were transferred into the three GM rice lines and
tightly linked with the hygromycin resistance gene (hpt),
used as the selectable marker. Bt was under the control of
the maize ubiquitin (Ubi) promoter and encodes the
Cry1Ac protein (toxin) that kills lepidopteran larvae.
KeFeng6 was produced from Minghui-86, a traditional rice
variety, using Agrobacterium-mediated transformation
technology and selWng to the T7 generation until individu-
als of the line with stable insect resistance and genetic
inheritance (Chen et al. 2006). Ba23 was bred from the
backcrossed lines of KeFeng6 £ F96110 (a commercial
rice variety), and Ba28 was selected from the backcrossed
lines of KeFeng6 with a complex rice variety having three
parents (Duoxi1/W311/Minghui-69). These two transgenic
lines (Ba23 and Ba28) were homozygous for Bt, which
showed stable inheritance and agronomic performance.

Four genotypes of common wild rice (O. ruWpogon),
coded as R1, R2, R3, and R4, and collected from diVerent
localities (Table 1), were used for producing F1 hybrids and
F2 progeny with the GM rice lines. The four genotypes of
common wild rice were unrelated, and therefore repre-
sented diVerent genetic backgrounds based on the analysis
of simple sequence repeat (SSR) molecular markers
(unpublished data). One GM parent and its hybrid descen-
dents developed from the same wild rice genotypes were
deWned as a family (e.g., KF-6, F1-K/R1, and F2-K/R1). A
total of 13 lines (one type of GM parent or F1 hybrid or F2

progeny) belonged to Wve families including GM rice par-
ents, F1 hybrids, and F2 progeny were obtained for the
transgene expression experiment (Table 1). To guarantee
all the hybrids and F2 progeny included in the experiment
contained the Bt transgene, the experimental materials were
subjected to PCR analyses using the speciWc primer pairs
for amplifying the Bt transgene, according to Rong et al.
(2005).

Experimental design

A total of 14 experimental lines (treatments), each with
three replicates, were included in the experiment: three GM
rice parents, Wve F1 hybrids, Wve F2 progeny, and one

Table 1 Genetically modiWed 
(GM) insect-resistant rice lines 
(containing Bt/CpTI transgenes) 
and interspeciWc hybrids and F2 
progeny with common wild rice 
(Oryza ruWpogon) from diVerent 
localities in the ELISA (enzyme-
linked immunosorbent assay) 
experiment for transgene (Bt) 
expression

Parent and 
hybrid progeny

Code Notes

Parents

KeFeng-6 KF-6 This material is T7 generation, containing tightly 
linked double-inserted homozygous Bt/CpTI genes

Ba-23 Ba-23 Bred from KF-6, homozygous for Bt/CpTI

Ba-28 Ba-28 Bred from KF-6, homozygous for Bt/CpTI

Minghui-86 M-86 Non-transgenic cultivated rice, used as blank control

Oryza ruWpogon R1, R2, R3, R4 Four plant individuals with diVerent genotypes are included. 
They were coded as R1, R2, R3 and R4

F1 hybrid (# £ $)

KF-6 £ R1 F1-K/R1 R1 was collected from Suixi, Guangdong Province, 
China, hemizygous for Bt/CpTI

KF-6 £ R2 F1-K/R2 R2 was collected from Huilai, Guangdong Province, 
China, hemizygous for Bt/CpTI

KF-6 £ R3 F1-K/R3 R3 was collected from Dongxiang, Jiangxi Province, 
China, hemizygous for Bt/CpTI

Ba-23 £ R1 F1-Ba23/R4 Hemizygous of Bt/CpTI

Ba-28 £ R4 F1-Ba28/R1 R4 was collected from Suixi, Guangdong Province, 
China, hemizygous for Bt/CpTI

F2 progeny

KF-6 £ R1 F2-K/R1 Mixed with homozygous and hemizygous individuals

KF-6 £ R2 F2-K/R2

KF-6 £ R3 F2-K/R3

Ba-23 £ R1 F2-Ba23/R4

Ba-28 £ R4 F2-Ba28/R1

A non-GM rice parental variety 
(Minghui-86) was used as blank 
control
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non-GM rice control. Each replicate of all the experimental
lines included nine individuals planted in an 80 £ 80 cm
plot. A total of 42 plots were arranged within a paddy Weld
of 11 £ 9 m2 and the plots were separated by a space of
50 cm. A complete randomized one-factor design was
adopted in the Weld layout for this experiment. Plants of
GM rice parents, non-GM control, and F2 progeny were
generated from germinated seeds, whereas those of the F1

hybrids were developed from the ratooned tillers. The
experiment was conducted in the authorized and conWned
Biosafety Experimental Field at Wufeng Village of Fuzhou
City, Fujian Province in China. Management of the experi-
mental materials and paddy Weld followed the usual proce-
dures by local farmers. No pesticides were applied to the
experimental Weld.

Sample collection

About one gram of leaf samples from the uppermost leaves
of the main tillers were collected from each individual for
transgene expression analyses at Wve growth stages: tiller-
ing (individuals start to produce most tillers), jointing
(tillers begin to elongate), booting (panicles initiate and
elongate), Xowering, and seed-maturing. In addition, about
the same amount of samples from the uppermost internodes
(stem) of a main tiller at the jointing stage was also col-
lected for the analyses (Table 2), to see if the Bt transgene
expresses diVerently at diVerent growth stages and in diVer-
ent organs of a plant (Scott et al. 1998). Six individuals per
plot were randomly sampled with about 0.2 g leaf or stem
tissue from each replicate. The collected samples were
cleaned with distilled water and immediately subjected to
protein extraction.

Measurement of Bt transgene expression

Total soluble protein extraction and measurement

PBS buVer (1.2 ml) (0.2 g KCl, 3.58 g Na2PO4·12H2O,
0.24 g KH2PO4 and 8 g NaCl dissolved in 1,000 ml

double-distilled water; pH »7.4) was added to the total sol-
uble protein extracted from the samples following grinding
and allowed to set for about 1 min on ice. The mixture was
centrifuged at 10,000 rpm for 10 min at 4°C and the col-
lected supernatant Xuid was maintained at 4°C. A part of
the supernatant Xuid was diluted 100 times before the total
soluble protein was measured by the modiWed Bradford
method (Stoscheck 1990). Diluted supernatant (100 �l) was
added to 1,000 �l Bradford reagent (1,000 ml double-dis-
tilled water solution with 100 mg Commassi Blue, 50 ml
95% ethanol, and 100 ml 85% (w/v) H3PO4). After 5 min
incubation at 25°C, the amount of total soluble protein was
obtained by measuring the absorbance at 595 nm on a
Beckman model DVR 7400 UV-spectrum. Bovine serum
albumin (Roche) was used for establishing standard curves.

Sandwich ELISA for Cry1Ac test

The ELISA experiment was conducted in the Gene Engi-
neering Laboratory of Fujian Academe of Agriculture Sci-
ences. In the testing system, the polyclonal antibody of
Cry1Ae from rabbit was used to determine the expression
level of Cry1Ac, because the cryIAe and Cry1Ac have
nearly the same amino-acid sequences and the cryIAe anti-
body will detect Cry1Ac toxin (Qin et al. 2003). The aver-
age coeYcient of variance of protein component within
each test was <5%, indicating that the system for the
Cry1Ac expression test was reliable. Lyophilized standard
Cry1Ac prepared previously by the Chinese Academy of
Agriculture Science was used to establish the standard
curve.

A 96-well polyvinylchloride plate was pretreated under
UV for about 2 h before 135 �l carbonate-bicarbonate solu-
tion (CBS) with 1 �g/ml polyclonal antibody was added to
each well. The plate with CBS was incubated at 4°C over
night. 10 �l supernatant samples and 90 �l PBS were added
to the wells after 235 �l 2% BSA (dissolved in PBS) was
used to block the unoccupied sites at 37°C for 1.5 h. The
plate was incubated at 37°C for 1.5 h before 100 �l alkaline
phosphatase (AP) labeled polyclonal antibody (1 �g/ml)

Table 2 Date and detail infor-
mation of materials sampled at 
various stages for enzyme-
linked immunosorbent assay 
(ELISA)

Growth stage Sampling date Remarks

Tillering June 9 12 days after transplanting, individuals having 2–3 tillers

Jointinga July 16 Individuals of GM rice were nearly at the jointing stage

Booting July 26 Individuals of both GM rice and wild hybrids/
progeny were in booting

Flowering August 6 Only GM rice individuals were 
at the Xowering stage

August 29 Only F1 hybrids and F2 progeny were 
at the Xowering stage

Maturing September 29 GM rice was at mature, while wild hybrids 
and progeny were close to maturity

a Leaf and stem samples were 
collected at this stage
123



Theor Appl Genet (2009) 119:635–644 639
was added to each well, and incubated at 37°C for another
1.5 h. 100 �l p-nitrophenyl phosphate (PNPP, PIERCE)
was added to each well, and the plate was then scored on a
microplate reader (Bio-Rad model 680) after 1.5 h reaction.
The plate was washed three times (3 min each) with 235 �l
PBST (1 l PBS with 1 ml Tween 20) after each of the above
steps.

Data analysis

The level of Bt transgene expression was calculated as: the
amount of Cry1Ac protein/the amount of total soluble pro-
tein. An average value of the Cry1Ac protein content was
obtained from samples represented by at least six individual
samples in each plot (replicate). Consequently, three aver-
age values representing each treatment were obtained from
three plots (replicates). Statistical analysis for the content of
Cry1Ac protein was based on the average values of various
treatments.

The comparison of the Cry1Ac protein content was
carried out among diVerent treatments within the same
families, including a GM rice parent, its F1 hybrids, and
F2 progeny derived from the same wild rice genotypes. A
One-way ANOVA (Student-Newman-Keuls, SNK) test
was performed to determine statistical diVerences in
Cry1Ac protein content among treatments using the SAS
software ver. 8.02 (SAS Institute Inc., Cary, NC, USA).
The P value of <0.05 was taken as the level for signiW-
cance. The general variation pattern of Bt transgene
expression at diVerent growth stages was estimated using
the average values of all GM rice, F1 hybrids, and F2

progeny collected from diVerent experimental lines. The
linear regression analysis was performed to investigate
the variation trends of Bt transgene expression among
growth stages in diVerent generations and lines, using the
SAS software ver. 8.02 (SAS Institute Inc., Cary, NC,
USA).

Results

Expression level of Bt transgene in GM rice parents, 
F1 hybrids, and F2 progeny

Before the transgene expression analysis was performed, all
the experimental materials were validated for the presence
of the Bt transgene by PCR analyses using the speciWc
primer pairs of the target transgene (Rong et al. 2005). As a
result, the Bt transgene was detected in all experimental
materials of the three GM rice parents (Kefeng6, Ba23, and
Ba28), F1 hybrids, and F2 progeny. In contrast, the Bt trans-
gene was not detected in the parental wild rice and the
blank control (Minhui-86).

Results from this experiment demonstrated in general
that the Bt transgene (Cry1Ac) can express normally in F1

hybrids and F2 progeny derived from crosses between com-
mon wild rice and GM rice lines (Table 3). The average
content of Cry1Ac protein in leaf samples of all the 13 lines
that contained the Bt transgene varied between 0.016 and
0.069% compared to the total content of soluble protein at
the Wve growth stages, whereas that in stem samples at the
jointing stage ranged between 0.12 and 0.39% (Table 3).
During the tillering, jointing, and booting stages, the level
of Cry1Ac protein showed no signiWcant diVerence in GM
rice parents, F1 hybrids, and F2 progeny in most cases. At
the Xowering stage, the level of Cry1Ac protein in the F2

progeny was signiWcantly higher than that in GM rice par-
ents in the four comparable families (Table 3). On the con-
trary, the level of Cry1Ac protein in F2 progeny was
signiWcantly lower than that in GM rice parents at the seed
maturing stage in the three comparable families (Table 3).
Noticeably, the Bt transgene derived from the same GM
parental line (e.g., KeFeng6) did not show signiWcant inXu-
ences by diVerent genotypes (genetic backgrounds) of the
wild rice parents. This was not the case for the Cry1Ac pro-
tein, where levels in leaf and stem samples were signiW-
cantly diVerent in the lines of F1-K/R1, F1-K/R2, and F1-K/
R3, [which had the same GM rice male parent but diVerent
wild rice accession genotypes as female parents, based on
the Student–Newman–Keuls (SNK) test (data not shown)].
Similar results were observed when compared the trans-
gene expression level in the F2 progeny.

Furthermore, three out of 27 examined individuals from
the F2 progeny (F2-Ba28/R1) and two out of 25 examined
individuals from the F2 progeny (F2-Ba23/R4) did not show
expression of the Cry1Ac protein as tested by ELISA,
although all these individuals were proven containing the
Bt transgene by PCR analyses. This phenomenon was more
likely caused by the silencing of the Bt transgene in these F2

progeny.

Expression pattern of Bt transgene in various rice lines 
at diVerent stages

The content of the Cry1Ac protein in leaf samples varied
dramatically among individuals of the F1 hybrids (0.0087–
0.16%) and F2 progeny (0.0075–0.22%), compared with
that in the GM rice parents (0.015–0.099%). The similar
level of variation was observed in stem samples (F1 hybrids
0.059–0.69%, F2 progeny 0.054–0.96% and GM rice
0.039–0.63%).

There was an obvious variation at diVerent growth stages
in the average content of Cry1Ac protein (Fig. 1) in GM
rice parents (based on three lines), F1 hybrids (Wve lines),
and F2 progeny (Wve lines). The similar variation pattern in
the content of Cry1Ac protein was also observed within
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diVerent lines. The linear regression analysis involving the
average values of all GM rice parents, F1 hybrids, and F2

progeny showed negative slopes of the Bt protein content
(the y axis as shown Fig. 1) against the diVerent growth
stages (the x axis as shown Fig. 1). This analysis demon-
strated generally that the content of Cry1Ac protein
decreased gradually from the tillering stage until seed mat-
uration, although there was an evident increase in the con-
tent at the Xowering stage for F1 hybrids and F2 progeny

(Fig. 1). Further analysis of the cohesiveness of the tenden-
cies among the 13 lines showed a negative slope, with the
exception of line F2-Ba28/R1, which had a positive slope.
This may have been caused by the exceptionally high value
of Bt protein content at the Xowing stage: the slope became
negative when we manually excluded the high values of Bt
protein content at the Xowering stage.

In general, results from this experiment showed that the
GM rice parents, F1 hybrids, and F2 progeny possessed the
same variation pattern of Bt transgene expression: a gradual
decrease in Bt protein content from the tillering stage to
seed maturation but with an evident increase at the Xower-
ing stage for F1 hybrids and F2 progeny.

Discussion

Expression of Bt Cry1Ac transgene in interspeciWc hybrids 
with GM rice

Results from this study indicate that the Bt Cry1Ac trans-
gene can normally express in the F1 hybrids of common
wild rice (O. ruWpogon) crossed with cultivated GM rice,
and in their F2 progeny. Compared with the level of expres-
sion of the Bt transgene in the cultivated GM rice parents,
the amount of Cry1Ac protein detected in leaf and stem
samples was generally high, although considerable

Table 3 Comparison of Bt transgene expression in leaf and stem samples of GM rice parents, F1 hybrids with common wild rice, and their F2
progeny at diVerent growth stages detected by enzyme-linked immunosorbent assay (ELISA)

Samples from 18 individuals representing each of the GM rice varieties, F1 hybrids, and F2 progeny were analyzed. The expression was calculated as the
average amount of cry1Ac protein against that of total soluble protein (%). Numbers in parentheses indicate SEs. DiVerent letters following the average
values denote their signiWcant diVerences (P < 0.05) under statistical analysis using the Student–Newman–Keuls (SNK) test. Statistical comparison was
only conducted among materials derived from the same GM rice lines and wild rice genotypes

GM rice 
line and 
its derivatives

Average expression level of Cry1Ac protein

Leaf Culm (jointing stage)

Tillering Jointing Booting Flowering Seed maturing

KF-6 0.0422 (0.0017) a 0.0375 (0.0039) a 0.0369 (0.0028) a 0.0387 (0.0017) a 0.0342 (0.0018) b 0.2280 (0.0569) a

F1-K/R1 0.0441 (0.0072) a 0.0296 (0.0028) a 0.0313 (0.0007) ab 0.0408 (0.0035) a 0.0160 (0.0003) a 0.2690 (0.0121) a

F2-K/R1 0.0355 (0.0079) a 0.0386 (0.0084) a 0.0269 (0.0021) b 0.0314 (0.0068) a 0.0242 (0.0041) a 0.2430 (0.0509) a

KF-6 0.0422 (0.0017) a 0.0375 (0.0039) a 0.0369 (0.0028) a 0.0387 (0.0017) a 0.0342 (0.0018) b 0.2280 (0.0569) a

F1-K/R2 0.0450 (0.0069) a 0.0296 (0.0026) a 0.0309 (0.0020) a 0.0421 (0.0017) a 0.0162 (0.0025) a 0.2660 (0.0456) a

F2-K/R2 0.0584 (0.0 60) a 0.0483 (0.0084) a 0.0347 (0.0017) a 0.0631 (0.0033) b 0.0252 (0.0025) a 0.2250 (0.0143) a

KF-6 0.0422 (0.0017) a 0.0375 (0.0039) a 0.0369 (0.0028) a 0.0387 (0.0017) a 0.0342 (0.0018) b 0.2280 (0.0569) a

F1-K/R3 0.0535 (0.0011) a 0.0289 (0.0051) a 0.0307 (0.0028) a 0.0555 (0.0053) ab 0.0185 (0.0011) a 0.1940 (0.0625) a

F2-K/R3 0.0767 (0.0102) b 0.0292 (0.0028) a 0.0384 (0.0048) a 0.0681 (0.0066) b 0.0266 (0.0034) ab 0.2240 (0.0051) a

Ba-23 0.0499 (0.0 064) a 0.0317 (0.0014) a 0.0293 (0.0013) a 0.0269 (0.0028) a 0.0250 (0.0029) a 0.1700 (0.0243) a

F1-Ba23/R4 0.0475 (0.0 72) a 0.0396 (0.0067) a 0.0371 (0.0035) a 0.0550 (0.0039) b 0.0284 (0.0038) a 0.1990 (0.0260) a

F2-Ba23/R4 0.0530 (0.0133) a 0.0290 (0.0058) a 0.0307 (0.0027) a 0.0455 (0.0089) ab 0.0264 (0.0036) a 0.2080 (0.0099) a

Ba-28 0.0537 (0.0043) a 0.0447 (0.0082) a 0.0372 (0.0019) a 0.0471 (0.0018) a 0.0348 (0.0064) a 0.1750 (0.0221) a

F1-Ba28/R1 0.0476 (0.0031) a 0.0367 (0.0106) a 0.0358 (0.0017) a 0.0567 (0.0094) a 0.0212 (0.0021) a 0.2800 (0.0368) a

F2-Ba28/R1 0.0499 (0.0068) a 0.0397 (0.0020) a 0.0373 (0.0018) a 0.0780 (0.0039) b 0.0318 (0.0014) a 0.1920 (0.0105) a

Fig. 1 Variation patterns of Bt Cry1Ac protein content (%) at diVerent
growth stages in leaf samples of GM rice parents (three lines), F1
hybrids (Wve lines) and F2 progeny (Wve lines) based on the average
values. The expression of Bt transgene showed a gradual decline but
with an evident increase at the Xowering stage for F1 hybrids and F2
progeny. The vertical bar represents SEs
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variation (0.0075–0.22% in leaves and 0.039–0.96% in
stems) was observed among individuals. The similar
amount of Cry1Ac protein detected in the interspeciWc
hybrids with GM rice is more likely attributed to the GM
promoter that can maintain its normal function stably in the
genetic background of common wild rice. This indicates
that a Bt transgene incorporated into common wild rice
populations will express the same as in its GM rice parents.
Given that common wild rice and cultivated rice are closely
related (Lu et al. 2002), normal function of the introgressed
transgene into wild rice background is plausible. The level
of Cry1Ac protein in the experimental materials was deter-
mined based on the analysis of more than 300 individuals
during their entire growth period, which should be highly
reliable for addressing the relevant questions of Bt trans-
gene expression in wild rice.

The expression level of the Bt transgene did not show
signiWcant diVerences among cultivated GM rice and the
hybrid progeny in general, and the signiWcantly higher con-
tent of Cry1Ac protein detected in a few hybrid lines at the
Xowering stage was probably caused by the change of Xow-
ering habit in the hybrid lines inXuenced by wild rice (culti-
vated GM rice was sampled on 6 August and hybrid lines
on 29 August). The signiWcantly lower Cry1Ac protein con-
tent in hybrid lines detected at seed maturity was possibly
caused by sampling time, as wild materials were collected
at very late growth period because the hybrid lines matured
much later than the cultivated GM rice lines. There is no
clear indication that individuals with homozygous trans-
genes (i.e., BtBt, in GM parents) had signiWcantly higher
expression than individuals with hemizygous transgene
(i.e., Bt_, in F1 hybrids). This result is very similar to those
observed in Brassica napus and its wild relatives Brassica
rapa (Halfhill et al. 2002; Zhu et al. 2004), in which indi-
viduals with homozygous or hemizygous Bt transgene had
the same expression level of Bt Cry1Ac toxin. This Wnding
indicates that a single version of Bt transgene will be suY-
cient to aVect the lepidopteran population in wild rice.

ELISA analyses from this experiment clearly showed
that Cry1Ac toxin levels in interspeciWc hybrids were com-
parable with those in the GM rice lines. This suggests that
the target lepidopteran insects might be strongly aVected in
wild rice populations that have picked up the Bt transgene.
Interestingly, the content of the Cry1Ac toxin was much
higher in stems than in leaves at the comparable stages,
indicating potentially a much more powerful eVect of the
Cry1Ac toxin to the targeted rice stem borers that com-
monly feed on wild rice (Cohen et al. 2008). Previous stud-
ies have indicated that an equivalent amount of 0.01%
Cry1Ac toxin of the total soluble protein is suYcient to
cause signiWcant mortality on target lepidopteran insects
(rice yellow stem borders, S. incertulas) (Alam et al. 1998).
Another study also showed that Bt Cry1Ac toxin could

cause 80–90% mortality of the Wrst-instar larvae of rice yel-
low stem borders when the toxin level reached 0.013–
0.024% in a cut-stem feeding assay (Nayak et al. 1997).
However, a higher amount of Cry1Ac toxin (»0.1%) was
necessary to be a serious hindrance to the growth and sur-
vival of rice striped stem borers (Chilo suppressalis) and
leaVolders (Cnaphalocrocis medinalis), based on the study
of Weld investigations and feeding assays with leaf and stem
tissues (Cheng et al. 1998; Maqbool et al. 2001; Han et al.
2006). These results suggest the eVective concentration of
Cry1Ac protein to kill most target lepidopteran larvae, but
the lethal concentration is largely variable (0.01–0.1%) for
various insects from diVerent experiments. Based on the
results, we can predict that the average amount of Cry1Ac
toxin detected in the interspeciWc hybrids of GM rice from
this study should be suYcient to cause the signiWcant mor-
tality of most, if not all, target lepidopteran insects exposed
to the wild rice individuals containing the Bt transgene. In
other words, if target lepidopteran insects occur in wild rice
populations, the amount of Bt toxin brought by the recur-
rent transgene Xow from GM rice would make considerable
impacts on the target lepidopteran insects in natural habi-
tats. As a consequence, Bt toxin triggering the reduction in
target lepidopteran populations might promote a rapid
growth of wild rice populations that are regulated by the
pests (Vacher et al. 2004), resulting in further ecological
consequences. However, it is worth pointing out that some
larvae that are less sensitive to the Cry1Ac toxin at the con-
centration may survive and develop into resistant popula-
tions (Maqbool et al. 2001).

Furthermore, the evident increase of Cry1Ac protein at
Xowering stage in interspeciWc hybrids of GM rice wild rice
with may have its signiWcance for wild rice because the
increased Cry1Ac toxin level in wild rice plants after the
booting stage is beneWcial to the production of viable seeds
in wild rice populations, resulting in more seed-generated
individuals in the next generations. The most serious insect
damage by rice lepidopteran pests are usually observed at
the later stages of rice growth in the Weld, due to the major
occurrence of lepidopteran insects and the interaction
between rice and insects (Shen et al. 2002; Bandong and
Litsinger 2005; Muralidharan and Pasalu 2006). This analy-
sis emphasizes the importance of higher toxicity for wild
rice to prevent attack by lepidopteran larvae at later growth
stages.

Potential accumulation of wild individuals with high level 
of Bt toxin under insect pressure

It is important to point out that the content of Cry1Ac pro-
tein showed a great variation at diVerent stages in F1

hybrids and F2 progeny, with some individuals showing
much higher levels of Bt toxin than those in cultivated GM
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rice at comparable stages, potentially caused by genetic
background eVects. The ability of some wild individuals to
express high levels of Bt transgenes may have its critical
roles in causing potential ecological consequences, provid-
ing that: (1) Bt transgene Xow from GM rice varieties
occurs recurrently, which will maintain a reasonably high
frequency of transgene(s) in a wild rice population, and (2)
the Bt transgene can bring Wtness beneWt to wild rice indi-
viduals/populations. This is owing to the reason that hypo-
thetically the wild rice individuals maintaining the high
dosage of Cry1Ac toxin can uphold selective advantage in
the populations. Studies have shown that lepidopteran
insects may develop resistance to Bt toxin at a moderate
dosage (Tabashnik et al. 2003; Liang et al. 2008; Gujar
et al. 2004). That is why combining a high-dosage of Bt
toxin in GM crops with nearby refuges of non-Bt crops is
commonly adopted as an eVective strategy to delay or stop
the development of resistance to Bt toxin in target insects
(Gould 1998). This indicates that high amount of Cry1Ac
protein can kill lepidopteran larvae more eVectively, even
those who are less sensitive to the toxin (Stewart et al.
1996; Maqbool et al. 2001). In fact, it is diYcult for target
insect to develop resistance to Bt toxin in the wild popula-
tions because wild rice individuals that do not contain the
transgene will serve as natural refuges. Wild rice individu-
als with a greater level of Bt toxin or stronger ability to kill
lepidopteran larvae may enhance the surviving and compet-
itive abilities of the wild rice individuals that have picked
up the Bt transgene, thus increasing in frequency in wild
populations over time. Experimental studies have shown a
considerable amount of gene Xow (1–18%) from cultivated
rice to common wild rice only in one generation (Song
et al. 2003; Wang et al. 2006). A science-based biosafety
assessment of Bt transgene for its inXuence on Wtness of
wild rice individuals and impacts on population dynamics
of wild rice will provide useful information for the decision
making and deployment of transgenic Bt rice to minimize
the undesirable ecological risks in rice agro-ecosystems and
beyond.

In addition, Bt transgene silencing was observed in a
few F2 lines from this experiment. The same phenomenon
was also reported in the transgenic hybrids of aspen
(Populus tremuloides) (Kumar and Fladung 2001), melon
(Cucumis melo) (Hokanson et al. 1997), and transgenic
doubled-haploid tobacco (Liu et al. 2003). There are a
number of reasons for transgene silencing in wild recipi-
ent plant species, including changes at the gene level and
transcription level, and epigenetic reasons (Matzke and
Matzke 1995). Although we are not able to relate any of
these explanations to the Bt transgene silencing found in
our experiment, we believe that this phenomenon may not
be so important for the overall changes of wild rice popu-
lations, as wild individuals that contain a Bt transgene

without its normal function will not behave diVerently
from normal wild rice.

In conclusion, the ELISA analyses from this experiment
demonstrated that the Bt transgene (Cry1Ac) can normally
express in interspeciWc hybrids between GM rice and com-
mon wild rice, with comparable levels of Bt toxin in the
GM parents, which can create common wild rice individu-
als with the same level, if not higher, of resistance to the
target lepidopteran insects as in cultivated GM rice. Some
hybrid individuals showed much higher levels of Bt toxin,
which may provide an opportunity for these individuals to
increase their frequencies in a wild population over time
because of the selective advantage of these individuals
under a strong insect pressure. In addition, the possible
development of resistance to the Bt toxin by the target lepi-
dopteran insects under a moderate dosage is a concern. This
should draw our attention to the potential ecological
impacts caused by transgene Xow from GM rice to its wild
relatives. However, transgene expression should not be
viewed in isolation from the complex environment. There-
fore, further studies such as the inheritability of the Bt
transgene in a wild rice population, the change of Wtness
due to the presence of a Bt transgene in wild rice individu-
als, and the dynamics of a natural wild rice population that
have picked-up the Bt transgene, should be conducted with
solid scientiWc methodologies to improve our understand-
ing of transgene escape and its relevant ecological conse-
quences for biosafety assessment.
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