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Continued overexpression of
EPSPS transgene enhances
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crop–wild rice hybrids and its
long-term environmental impact
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Hua Kong1, Yu-Liang Zhang1, Xia Zhou1 and Bao-Rong Lu2*

1Institute of Tropical Bioscience and Biotechnology, Sanya Research Institute of Chinese Academy of
Tropical Agricultural Sciences, Sanya, China, 2State Key Laboratory of Wetland Conservation and
Restoration, National Observations and Research Station for Wetland Ecosystems of the Yangtze
Estuary, School of Life Sciences, Fudan University, Shanghai, China
Transgene flow from genetically engineered (GE) crops to their wild relatives has

aroused worldwide biosafety concerns. Environmental impact caused by

transgene flow from GE glyphosate herbicide-tolerant rice overexpressing the

endogenous EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) transgene to

its wild relatives has become a great concern. This is due to the significantly

increased fitness conferred by the transgene in crop–wild hybrids. Whether the

increased fitness is maintained consistently in the advanced generations of the

hybrid progenies is unclear and needs science-based evaluation. Such evaluation

plays an essential role in understanding the potential environmental impact

caused, particularly by the EPSPS transgene. We therefore examined the relative

expression quantities (REQs) of the EPSPS (trans)gene and fitness-related traits in

advanced F3–F5 hybrid lineages derived from crosses between GE EPSPS rice

(Oryza sativa) and two wild rice (Oryza rufipogon) populations in common garden

experiments. Our results showed that the crop–wild rice hybrid lineages

containing the transgene have significantly higher REQs of the EPSPS (trans)

gene and increased values of the fitness-related traits, including the number of

tillers, panicles, and seeds per plant. In addition, the fitness benefit, conferred by

overexpressing the EPSPS transgene, presented consistently in GE F3–F5 hybrid

lineages. Consequently, the overexpression of the rice endogenous EPSPS

transgene may consistently increase the fitness of crop–wild rice hybrid

progenies in advanced generations, which may promote the persistence and

spread of the transgene in wild rice populations. Thus, assessing the long-term

environmental impact caused by the outflow of the glyphosate-tolerant EPSPS

transgene from GE rice should be seriously considered.

KEYWORDS

advanced hybrid generation, environmental biosafety, fitness benefit, Oryza rufipogon,
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1 Introduction

Over the last decades, more than 3.4 billion hectares of

genetically engineered (GE) crops containing herbicide resistance,

insect resistance, and other types of transgenes have been cultivated

around the world, which contributed significantly to the global food

security (Cheng et al., 2024). However, the extensive environmental

releases and commercial applications of GE crops have aroused

great concerns over biosafety issues worldwide, including the

potential food safety and environmental impact (Hall et al., 2000;

Stewart et al., 2000; Kuiper et al., 2001; Wang and Lu, 2025). A

transgene that moves from GE crops to the populations of crop wild

relative species through pollen-mediated gene flow may persist and

spread in the wild populations (Lu and Snow, 2005; Lu, 2008). Such

a process of transgene incorporating into and spreading in the

populations of wild relative species may cause unwanted

environmental consequences or impacts, which represents one of

the most concerning environmental biosafety issues (Lu, 2008; Lu

et al., 2016; Pandolfo et al., 2018; Vazquez-Barrios et al., 2021;

Caradus, 2023).

Many studies have provided a large amount of evidence on the

relatively high frequency of gene flow from some crop species to

their wild relative populations, suggesting that there is a great

possibility of pollen-mediated transgene flow (Kim et al., 2019;

Song et al., 2003; Sun et al., 2015; Wang et al., 2014; Zhang et al.,

2018; Liu et al., 2020; Jhala et al., 2021). Consequently, the

likelihood of environmental problems caused by the transgene

flow from GE crops to their wild relative species will be relatively

high. Based on these observations, many more studies have been

conducted to determine the potential consequences or impacts of

pollen-mediated transgene flow from different crop species to their

wild or weedy populations. These studies have included the

estimation of transgene expression in crop–wild populations (Xia

et al., 2009; Wang et al., 2014; Yang et al., 2017a; Fang et al., 2018;

Lohn et al., 2021) and its resulting fitness effect (benefit and cost) in

crop–wild hybrid populations containing a transgene (Snow et al.,

2003; Londo et al., 2010; Liu et al., 2016; Wang et al., 2014; Sagers

et al., 2015; Li et al., 2016; Yang et al., 2015, 2017b; Magomere

et al., 2016).

It is generally recognized that the extensive cultivations of GE

crops containing herbicide-resistant transgenes may create highly

tolerant weeds if such herbicide-resistant transgene move to and

incorporated into wild or weedy relative populations through

natural hybridization (Brimner et al., 2005; Lu and Snow, 2005;

Beckie et al., 2006; Lu, 2008; Lu and Yang, 2009; Londo et al., 2010).

This is because the herbicide-resistant transgenes may bring

considerable fitness benefit to the wild or weedy populations

under the environmental conditions with herbicide-selection

pressure (Harker et al., 2006; Londo et al., 2010; Sagers et al.,

2015; Yang et al., 2015; Zhang et al., 2023). In fact, some studies

have further indicated that different transgenes, particularly those

with herbicide resistance, can significantly increase the fitness of the

crop–wild/weed hybrids with or even without the selection pressure

(Liu et al., 2014; Wang et al., 2014; Yang et al., 2017b; Yook et al.,

2021). Therefore, biosafety or risk assessments of these transgenes

should be seriously considered to understand their potential
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environmental impacts in agroecosystems with a strong selection

pressure and the natural ecosystems where selection pressure may

be free or not strong enough.

Usually, comparative studies of the fitness effect (benefit or cost)

caused by a transgene have focused on the early generations (e.g.,

F1, F2, or BC1) hybrid lineages produced from the artificial crosses

between a GE crop and wild relative species in common garden

experiments (Burke and Rieseberg, 2003; Wang et al., 2014; Sagers

et al., 2015; Magomere et al., 2016; Yang et al., 2017b). However,

only very few studies have reported the fitness effect of the

transgenes in the advanced generations (F3 and higher) of hybrid

lineages (Dong et al., 2011; Yang et al., 2015). Under the assumption

that the expression and fitness effect of an incorporated gene may

gradually shift with genetic recombination and decrease in heterosis

in advanced-generation hybrid progenies (Rieseberg et al., 1999,

2003; Lippman and Zamir, 2007), the estimation of the consistency

and stability of the expression and fitness effect in subsequent

hybrid generations after F2 has become essential for the long-

term environmental impact of transgene flow (Snow et al., 2010).

Only if the expression and fitness effect of a transgene do not decline

in the advanced-generation hybrid progenies will transgene flow

from GE crops to their wild relative populations then cause long-

term environmental impacts (see the explanation in

Supplementary Figure 1).

As an important staple food that is cultivated globally and

consumed by more than half of the world’s population, the

research and development of genetic engineering of rice (Oryza

sativa) are highly active, with great progress (Achary et al., 2020;

Javed et al., 2024). Likewise, studies associated with GE rice biosafety,

including environmental impacts, have been undertaken (Lu and

Snow, 2005; Lu and Yang, 2009; Li et al., 2024; Xie et al., 2024).

Previous studies have been conducted to estimate the potential

environmental impact of transgene flow from glyphosate herbicide-

tolerant GE rice overexpressing the rice endogenous EPSPS (5-

enolpyruvylshikimate-3-phosphate synthase) transgene (Su et al.,

2008; Achary et al., 2020; Wang et al., 2014; Yang et al., 2017b). In

addition to the increased glyphosate tolerance, results from some of

these studies unexpectedly suggested that the overexpression of the

EPSPS transgene significantly increased the biosynthesis of

tryptophan, phenylalanine, tyrosine, chlorophyll, and lignin in the

transgenic F1 and F2 hybrid lineages derived from crosses between

EPSPS GE rice and weedy rice (O. sativa f. spontanea) or wild rice

(Oryza rufipogon) (Wang et al., 2014; Ma et al., 2020; Wu et al., 2020).

Consequently, the fecundity-related traits, such as the number of

tillers, panicles, and seeds per plant, were significantly increased in

these F1 and F2 hybrid lineages containing the transgene in the

herbicide-free environment (Wang et al., 2014; Yang et al., 2017b). In

addition, similar results were also obtained, showing considerable

increases in auxin, biomass, and other fecundity-associated traits in

the GE Arabidopsis lineages containing the rice EPSPS transgene

under the herbicide-free condition (Fang et al., 2018). However, little

is known about the stability of EPSPS transgene overexpression and

the fitness benefit in advanced generations of crop–weedy/wild

hybrid progenies. Such information is critical for the biosafety

assessment of the long-term environmental impact caused by

EPSPS transgene flow to weedy and wild relative populations.
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To understand the potential long-term fitness benefit conveyed

by overexpressing the EPSPS transgene in advanced generations of

hybrid progenies, we produced F3–F5 crop–wild hybrid lineages

derived from an EPSPS transgenic rice line crossed with two wild

rice populations (Yang et al., 2017b). We examined the expression

of the EPSPS transgene and the fitness-related traits of the GE and

non-GE hybrid lineages in the common garden experiments. We

also analyzed the correlation between the EPSPS gene expression

and fitness-related traits of the GE and non-GE hybrid lineages. The

primary objectives of this study were to address the following

questions. i) Does the EPSPS transgene overexpress consistently

in advanced generations of the GE crop–wild rice hybrid progenies?

ii) Does the EPSPS transgene provide consistent fitness benefits to

the GE crop–wild rice hybrid progenies in advanced generations?

iii) Is the overexpression of the EPSPS (trans)gene correlated with

the enhanced fitness benefit in the GE hybrid progenies? The

answers to these questions can help us to estimate whether the

EPSPS transgene can persist and spread in wild rice populations,

resulting in ecological and environmental impacts in the case of

EPSPS transgene flow.
2 Materials and methods

2.1 Plant materials

Homozygous transgenic (GE) hybrid lineages, their non-

transgenic (non-GE) counterparts, the parental GE rice line

(EP3), a non-GE rice variety (MH86), and two common wild rice

populations (w1 and w2) were included in this study. The

homozygous GE and non-GE crop–wild rice hybrid lineages were

derived from crosses between EP3 (as pollen donor) and wild rice

populations (as pollen recipient) (see Supplementary Figure 2). The

identification of the presence or absence of the EPSPS transgene in

hybrid plants was performed using the EPSPS transgene as a

molecular fingerprint, following the method of Yang et al.

(2017b). Approximately 20 plants each from the two wild rice

populations were included to produce the crop–wild rice hybrids

(Yang et al., 2017b). Approximately 100 F1 plants from each hybrid

combination were randomly selected to form a bulk population for

developing different generations of hybrid progenies through

successive self-pollination. The GE and non-GE homozygotes on

the transgene locus were identified and selected by detecting the

genotype of 15 offspring plants; i.e., the offspring of a homozygote

did not segregate on the locus. Only the F3–F5 hybrid progenies,

which were bred and identified in our study based on the F2
materials of Yang et al. (2017b), were included in further

experiments. The EP3 line of the GE rice parent was developed

from the non-GE rice variety MH86, of which the endogenous

EPSPS gene was engineered to overexpress EPSPS to tolerate the

glyphosate herbicide (Su et al., 2008). The two wild rice populations

were collected from Dongxiang (w1) in Jiangxi Province and Suixi

(w2) in Guangdong Province, China.
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2.2 Determination of EPSPS gene and its
expression

The real-time PCR of cDNA was conducted to determine the

relative expression quantities (REQs) of the endogenous EPSPS

gene in non-GE crop–wild hybrid and MH86 plants, in addition to

the determination of the endogenous EPSPS gene and transgene in

the GE crop–wild hybrid and GE EP3 plants. For RNA extraction,

fresh leaf tissues from six mixed-leaf samples (replicates) each

containing the leaf tissues from six plants grown in a greenhouse

were collected at two growth stages after seeds were germinated for

60 and 90 days (defined as 60- or 90-day growth stage). Sampling

was conducted at two critical developmental stages, which are key

determinants of fitness throughout the life cycle of rice plants.

Variation in EPSPS gene expression at these stages may reflect

overall physiological differences between GE and non-GE control

plants. All sampled plants were cultivated in a greenhouse, separate

from the common garden field experiment. The methods of RNA

extraction followed the description of the RNAprep Pure Plant Kit

[TianGen Biotech (Beijing) Co., Ltd., Beijing, China]. The reverse

transcription from RNA to cDNA solution was made using the

PrimeScript RT Reagent Kit (TaKaRa Biotech Co., Ltd.,

Dalian, China).

In the real-time PCR experiment, the EPSPS gene-specific

primer pair (forward: GCAGTTGGACCATCAGCGAAG; reverse:

CTGTTGAGAAGGATGCGAAAGA) designed by Wang et al.

(2014) was used to amplify the transcripts (relative expression

quantities) for both the endogenous EPSPS gene and the

transgene in the plant materials. In addition, the actin gene-

specific primer pair (forward: TCCATCTTGGCATCTCTCAG;

reverse: GTACCCGCATCAGGCATCTG) was used to amplify

the transcripts (expression quantities) of the actin gene that was

used as the reference gene. The expression quantities of the

endogenous EPSPS gene and the transgene were adjusted using

the absolute expression quantities of the EPSPS (trans)gene and the

actin gene. The two sets of primer pairs were synthesized by the

Shanghai Personal Gene Technology Co., Ltd. (Shanghai, China).

For the real-time PCR procedure, 1 mL of template cDNA was

mixed with 0.4 mL each of the forward and reverse primers (10

mmol/L) and 10 mL of 2× SYBR real-time PCR premixture (Vazyme

Biotech Co., Ltd., Nanjing, China) in a final volume of 20 mL. The
PCR was conducted at 15 s at 95°C and 30 s at 60°C for 40 cycles

using the TIB8600 real-time fluorescence quantitative PCR

instrument (Triplex International Biosciences Co., Ltd., Xiamen,

China). The expression quantity of one sample of non-GE

cultivated rice MH86 was randomly selected and set as 1

(control) to calculate the relative expression quantities of

other samples.

2.3 Design of the common garden field
experiment

The common garden field experiment was conducted to

estimate the fitness effect caused by the EPSPS transgene in wild
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rice populations, supposedly through gene flow, by the comparison

between the GE and non-GE crop–wild rice hybrid lineages, in

addition to wild rice parents that were also used as a control.

Cultivated parental lines EP3 and MH86 were not included in the

common garden field experiment. Seedlings of the GE, non-GE

hybrid lineages (F3–F5), and wild rice parents were developed in a

growth chamber (27°C, 16-h light and 8-h dark) under the liquid

culture condition (Yoshida et al., 1972). Seedlings at the ~30-day

growth stage were transplanted into a rice field with two cultivation

designs: the pure-planting plots (broad spacing and less

competition between plants) and mixed-planting plots (narrow

spacing and stronger competition between plants).

In the pure-planting plots, 36 randomly selected plants from

either the GE or non-GE hybrid lineage were planted in a 6 × 6 grid

with 50-cm spacing (low competition). In the mixed-planting plots,

36 randomly selected plants, 18 each from GE hybrid lineages and

their corresponding non-GE counterparts, were planted alternatingly

in a 6 × 6 grid with 30-cm spacing (strong competition). In addition,

36 randomly selected plants from the two wild parental populations

(w1 and w2) were also planted in plots with a 6 × 6 grid and 50-cm

spacing, following the pure-planting design. Six plots (replicates)

were included for each treatment, including two cultivation designs

and 10 materials. Consequently, a total of 120 plots with 4,320 plants

were arranged in the field experiment with a completely randomized

field layout. The experiment was conducted in a designated Biosafety

Assessment Center of Fujian Academy of Agricultural Sciences in

Fuzhou, Fujian Province, China.

Five fitness-related traits were measured, including plant height,

the number of tillers, the number of panicles, the number of filled

seeds per plant, 1000-seed weight, and over-winter plant survival

ratios (Table 1) in the common garden field experiment. The trait of

the over-winter plant survival ratios was only measured in the pure-

planting plots. Only 25 plants in the middle rows of the pure-planting

plots were measured for the fitness-related traits, whereas all 18 GE

and non-GE plants were measured in the mixed-planting plots.

2.4 Statistical analysis

Three-way ANOVAs (Stewart, 1973) were performed on GE

and non-GE F3–F5 hybrid progenies with w1 or w2 parents to
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determine the effect of the transgene (T), generation (G), and hybrid

combination with different wild parents (WP) on the REQs of

EPSPS and the performances of the fitness-related traits. The

independent-samples Student’s t-tests (Blalock, 1972) were

conducted to test the differences in REQs of the EPSPS (trans)

gene between GE and non-GE hybrid rice lineages and between GE

rice (EP3) and non-GE rice (MH86) lines, and fitness-related traits

between GE and non-GE rice lineages in the pure-planting plots, in

addition to the mean performances of the traits between the GE

hybrid lineages of different generations (F3, F4, and F5) and their

parental wild rice plants in the pure-planting plots. The paired-

samples Student’s t-tests (Blalock, 1972) were conducted to test the

differences in fitness-related traits between GE and non-GE rice

lineages in the mixed-planting plots.

In addition, Pearson’s tests and linear regressions (Blalock,

1972) were conducted to analyze the correlation between the

REQs of the EPSPS (trans)gene and the relative performance of

the fitness-related traits in all F3–F5 crop–wild rice hybrid lineages.

The relative performance was determined as the ratios between the

fitness-related traits of different hybrid lineages and the traits of the

best-performing hybrid lineage in this study.
3 Results

3.1 Relative expression quantities of the
endogenous EPSPS gene and transgene

The three-way ANOVAs were performed to determine the

impact of the key three factors: transgene (T), generation (G),

and hybrid combination with different wild parents (WP) on the

REQs of the EPSPS (trans)genes. Results showed a significant effect

(p < 0.001) of the EPSPS transgene on REQs in the F3–F5 crop–wild

rice hybrid lineages at the 60- and 90-day growth stages (Table 2).

However, the results did not show a significant effect (p > 0.05) of

generations (F3 vs. F4 vs. F5), wild rice parents (w1 vs. w2), and the

interaction of the three factors on REQs in the obtained hybrid

lineages (Table 2). Altogether, the results demonstrated the

significant role of the EPSPS transgene in maintaining a high level

of EPSPS expression in the F3–F5 crop–wild hybrid lineages,

although there were no significant influences of the other two

factors (G and WP) on EPSPS expression.

The independent-samples Student’s t-tests were performed to

determine the differences caused by the transgene on EPSPS REQs

between the GE and non-GE crop–wild rice hybrid lineages. Results

from the independent-samples t-test showed significantly higher

levels (p < 0.01) of EPSPS REQs in the GE hybrid lineages than in

the non-GE lineages at both the 60- and 90-day growth stages

(Table 3). Similarly, the independent-samples t-tests also indicated

a significantly higher level (p < 0.05) of EPSPS REQs in the GE

cultivated rice line (EP3) than in its non-GE rice counterpart

(MH86) at the same growth stages, suggesting the effectiveness of

the transgene on EPSPS REQs. These results indicated that the

EPSPS transgene derived from the GE cultivated rice line (EP3)

promoted EPSPS expression in the crop–wild rice hybrid lineages in

different generations (F3, F4, and F5).
TABLE 1 The fitness-related traits measured in the common garden field

experiment and their method of measurement.

Trait Method of measurement

Plant height (cm) Height from ground to the flag leaf tip of main tiller
measured at 60, 90, and 120 days

Number of tillers per
plant

Tiller number of a plant measured at 60, 90, and 120
days

Number of panicles
per plant

Panicle number of a plant measured at maturity

Number of filled seeds
per plant

Number of filled seeds of a plant measured after
maturity

1000-seed weight (g) Weight of 1,000 randomly sampled seeds from the
same plant

Over-winter plant
survival ratios (%)

Ratio of the plants that survived through winter
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3.2 Increased fitness benefits in GE F3–F5
crop–wild rice hybrid lineages
overexpressing EPSPS

Three-way ANOVAs were performed to determine the impact

of the transgene (T), generations (G), and wild rice parents (WP) on

the fitness-related traits, including plant height, the number of

tillers, the number of panicles, the number of filled seeds per plant,

1000-seed weight, and the over-winter plant survival ratios at

different plant growth stages. Results showed the significant effect

(p < 0.01) of the EPSPS transgene only on these fitness-related traits,

including the number of tillers at the 120-day stage and the number

of panicles and filled seeds per plant in the pure-planting plots

(Table 4). In addition, results also showed the significant effect (p <

0.01) on more traits, including the plant height at the 120-day stage,

the number of tillers at the 90- and 120-day stages, and the number

of panicles and filled seeds per plant in the mixed-planting plots
Frontiers in Plant Science 05
(Table 4). Altogether, these results suggested that the EPSPS

transgene significantly influenced the fitness-related traits of GE

crop–wild rice hybrid lineages in the F3–F5 generations.

The results of the three-way ANOVAs also showed that the

factor of generation (F3 vs. F4 vs. F5) had a significant effect (p <

0.05) on plant height, the number of tillers per plant, 1000-seed

weight, and the over-winter plant survival ratios in the pure-

planting plots, in addition to plant height, the number of tillers

and filled seeds per plant, and 1000-seed weight in the mixed-

planting plots (Table 4). Our results also showed that the factor of

wild rice parents (w1 vs. w2) had a significant effect (p < 0.05) on the

number of filled seeds per plant and 1000-seed weight in the pure-

planting plots, in addition to plant height, the number of tillers and

panicles per plant, and 1000-seed weight in the mixed-planting

plots (Table 4). Furthermore, no significant effect (p > 0.05) of

interaction between the transgene and generations (T × G) was

detected on traits on which the transgene had a significant effect,

regardless of pure- or mixed-planting models (Table 4). Altogether,

these results suggested that the considerable fitness effect (benefit)

on the traits, such as the number of tillers, panicles, and filled seeds

per plant, was more likely driven by continued overexpression of

the EPSPS transgene in different generations (F3, F4, and F5) of

crop–wild hybrid lineages, although some fitness-related traits

showed great variation among generations and wild parents.

The independent-samples Student’s t-tests were performed to

determine the differences in the fitness-related traits, including the

number of tillers at the 120-day stage and the number of panicles

and filled seeds per plant in the pure-planting plots. The obtained

result showed a significantly greater (p < 0.05) number of panicles

and filled seeds per plant in all the GE hybrid lineages than in their

corresponding non-GE lineages (Figure 1). However, a significantly

greater (p < 0.05) number of tillers per plant was only detected in

the GE w2-F4 lineage than in its non-GE counterpart at the 120-day

stage. No significant differences (p > 0.05) were detected between

the other GE and non-GE hybrid lineages on this trait in the pure-

planting plots (Figure 1).

The paired-samples Student’s t-tests were performed to determine

the differences in the fitness-related traits in the mixed-planting plots.

Results showed a significantly greater (p < 0.05) number of tillers at the
TABLE 3 Comparison of the relative expression quantities (REQs) of EPSPS

between the engineered (GE) and non-GE cultivated rice (GE EP3 vs.
non-GE MH86) and F3–F5 crop–wild rice hybrid lineages based on the
independent-samples Student’s t-test.

Plant lines
60 days 90 days

GE Non-GE GE Non-GE

Cultivated rice

EP3/MH86 80.0 ± 14.01 1.4 ± 0.2 **2 72.0 ± 19.5 1.2 ± 0.1 *

Hybrid lineage

w1-F3 67.0 ± 11.9 1.3 ± 0.6 *** 151.5 ± 15.6 1.6 ± 0.7 ***

w1-F4 82.7 ± 9.4 1.1 ± 0.5 *** 174.6 ± 16.6 1.4 ± 0.5 ***

w1-F5 94.9 ± 10.6 2.0 ± 0.6 *** 199.8 ± 18.0 1.1 ± 0.6 ***

w2-F3 78.1 ± 11.8 1.3 ± 0.4 *** 178.0 ± 6.5 0.7 ± 0.2 ***

w2-F4 77.2 ± 7.8 1.7 ± 0.4 *** 220.7 ± 17.5 1.6 ± 0.6 ***

w2-F5 75.4 ± 10.5 1.6 ± 0.6 *** 179.8 ± 26.2 1.2 ± 0.4 **
1Numbers followed by the averages indicate the standard error (n = 6 replicates).
2Comparisons were made between the genetically engineered (GE) and non-GE hybrid
lineages based on the independent-samples Student’s t-test.
*p < 0.05; **p < 0.01; ***p < 0.001.
TABLE 2 Three-way ANOVAs for the effects of transgene (transgenic vs. non-transgenic), generations (F3 vs. F4 vs. F5), and wild rice parents (w1 vs. w2)

on the relative expression quantities (REQs) of EPSPS at the 60- and 90-day growth stages in F3–F5 crop–wild rice hybrid lineages.

Factors df1
60-day 90-day

F2 p3 F p

Transgene (T) 1 331.6 <0.0014 640.0 <0.001

Generation (G) 2 0.8 0.462 1.9 0.157

Wild parent (WP) 1 0.3 0.589 1.4 0.236

T × G 2 0.7 0.511 1.8 0.167

T × WP 1 0.3 0.584 1.5 0.224

G × WP 2 1.1 0.338 1.8 0.169

T × G × WP 2 1.0 0.357 1.9 0.166
1df indicates degree of freedom.
2F indicates F value.
3p indicates level of significance.
4Bold letters indicate significant differences at the level of 0.05.
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TABLE 4 Three-way ANOVAs for the effects of transgene (transgenic vs. non-transgenic), generation (F3 vs. F4 vs. F5), and wild parent (w1 vs. w2) on fitness-related traits of F3–F5 crop–wild rice hybrid lineages.

of tillers
plant at
ays

No. of tillers
per plant at
120 days

No. of
panicles per
plant

No. of filled
seeds per
plant

1000-seed
weight (g)

Over-winter
plant
survival
ratios (%)

p F p F p F p F p F p

0.374 13.1 0.001 63.2 <0.001 73.6 <0.001 <0.1 0.952 1.9 0.176

0.010 7.0 0.002 1.7 0.193 2.5 0.091 3.6 0.033 3.2 0.049

0.357 4.2 0.046 0.4 0.507 1.0 0.002 6.2 0.016 0.8 0.381

0.988 0.2 0.859 0.2 0.847 0.1 0.913 0.9 0.425 0.1 0.910

0.706 0.1 0.719 <0.1 0.917 <0.1 0.942 1.5 0.219 0.1 0.806

0.007 1.8 0.172 3.6 0.034 1.6 0.206 2.0 0.144 2.5 0.071

0.979 0.4 0.702 0.4 0.681 0.8 0.473 4.9 0.011 1.5 0.231

<0.001 93.8 <0.001 52.3 <0.001 43.0 <0.001 1.3 0.253 -5 –

0.010 4.8 0.012 0.1 0.925 9.7 <0.001 16.5 <0.001 – –

0.115 8.1 0.006 8.1 0.006 1.4 0.246 5.7 0.020 – –

0.438 1.1 0.346 0.9 0.424 0.7 0.488 0.2 0.826 – –

0.400 1.6 0.208 <0.1 0.961 1.4 0.241 0.7 0.397 – –

0.108 0.6 0.541 0.2 0.850 <0.1 0.976 6.9 0.002 – –

0.911 0.1 0.911 0.1 0.913 <0.1 0.959 0.1 0.940 – –
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Factors df1

Plant height
at 60 days
(cm)

Plant height
at 90 days
(cm)

Plant height
at 120 days
(cm)

No. of tillers
per plant at
60 days

No.
per
90 d

F2 p3 F p F p F p F

Pure planting

Transgene (T) 1 0.8 0.373 1.2 0.285 1.3 0.253 0.4 0.535 0.8

Generation (G) 2 5.6 0.0064 58.5 <0.001 45.7 <0.001 5.7 0.006 5.0

Wild parent (WP) 1 1.0 0.326 3.6 0.063 1.8 0.181 1.2 0.282 0.9

T × G 2 1.6 0.208 1.8 0.180 3.2 0.049 6.2 0.003 <0.1

T × WP 1 14.5 <0.001 <0.1 0.968 0.1 0.744 6.9 0.011 0.1

G × WP 2 5.6 0.006 11.7 <0.001 3.7 0.032 3.0 0.057 5.4

T × G × WP 2 1.6 0.205 5.2 0.008 2.6 0.086 0.1 0.915 <0.1

Mixed planting

Transgene (T) 1 <0.1 0.872 2.3 0.132 11.4 0.001 0.3 0.607 70.1

Generation (G) 2 7.7 0.001 23.1 <0.001 20.5 <0.001 6.7 0.002 5.0

Wild parent (WP) 1 5.5 0.022 5.6 0.021 8.3 0.005 0.1 0.713 2.6

T × G 2 1.8 0.169 3.9 0.027 2.3 0.106 3.3 0.044 0.8

T × WP 1 <0.1 0.931 1.9 0.169 0.1 0.799 1.0 0.329 0.7

G × WP 2 2.5 0.090 1.3 0.291 2.0 0.144 1.3 0.268 2.3

T × G × WP 2 0.4 0.687 0.1 0.909 0.8 0.442 3.6 0.034 0.1

1df indicates degree of freedom.
2F indicates F value.
3p indicates level of significance.
4Bold letters indicate significant differences at the level of 0.05.
5The trait of over-winter plant survival ratios was not measured in the mixed-planting plots.
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120-day stage, and the number of panicles and filled seeds per plant in

all the GE hybrid lineages than in the non-GE lineages in the mixed-

planting plots (Figure 2). Altogether, these results suggested that the

transgene overexpressing EPSPS significantly increased the fitness

benefits of the GE F3–F5 crop–wild rice hybrid lineages under the

conditions of narrow spacing and relatively strong competition.

The independent-samples Student’s t-tests were also made to

determine the differences in the mean performances of the fitness-

related traits between the wild rice (w1 and w2) and their corresponding

GE crop–wild rice hybrid lineages of different generations (F3, F4, and

F5) in the pure-planting plots. For this analysis, the performance of the

F3–F5 hybrids was averaged across generations, disregarding

intergenerational differences, in order to assess whether the crop–wild

rice hybrids possess any fitness advantage over their wild parental lines.

All fitness-related traits measured in the common garden field

experiment (Table 1) were included in the comparison. Results

showed a significantly higher (p < 0.001) plant height at the 90- and

120-day stages, a greater number of panicles and filled seeds per plant,
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and higher 1000-seed weight. In addition, results also showed a

significantly lower number (p < 0.01) of tillers per plant at the 90-

and 120-day stages and greater over-winter plant survival ratios in the

GE crop–wild rice hybrid lineages than in their wild rice parents

(Table 5). The results suggested that the GE crop–wild rice hybrids

had fitness advantages on the traits of plant height, the number of

panicles and filled seeds per plant, and 1000-seed weight, although they

had disadvantages on other traits, such as the number of tillers per plant

and the over-winter plant survival ratios, compared with their parental

wild rice plants.

3.3 Correlation between relative expression
quantity of the EPSPS (trans)gene and
fitness effect of GE crop–wild hybrid
lineages

Pearson’s tests and linear regressions were performed to

determine the correlation between the REQs of the EPSPS (trans)
FIGURE 1

Fitness-related traits of F3–F5 crop (EP3)–wild rice (w1 or w2) hybrid lineages and their wild parents (gray columns) in pure-planting plots.
(A) Average number of tillers per plant at the 120-day growth stage. (B) Average number of panicles per plant. (C) Average number of seeds per
plant. Comparisons were made between GE (black columns) and non-GE (white columns) plants based on the independent-samples Student’s
t-test. Bars represent standard error (n = 6 replicates). *p < 0.05, **p < 0.01; ***p < 0.001. GE, genetically engineered.
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gene at the 90-day growth stage and the relative performance of the

three key fitness-related traits with the stable fitness benefit caused by

the EPSPS transgene. These fitness-related traits included the number

of tillers at the 120-day growth stage and the number of panicles and

filled seeds per plant under both the pure- and mixed-planting

conditions. The obtained results showed significant positive

correlations (p < 0.01, R2 = 0.45–0.67) between the REQs of the

EPSPS (trans)gene and the relative performance of the three fitness-

related traits in all the crop–wild rice hybrid lineages in both the pure-

and mixed-planting plots (Figure 3). Altogether, these results

suggested that the high level of EPSPS transgene expression played

a significant role in enhancing the fitness benefits of the crop–wild

rice hybrid lineages in different generations. In other words, the

EPSPS transgene would cause considerable fitness benefits to the
Frontiers in Plant Science 08
crop–wild rice hybrid lineages in advanced generations, as long as the

EPSPS transgene is continuously overexpressing.
4 Discussions

4.1 Sustained high-level expression of the
EPSPS transgene in the multi-generational
GE crop–wild rice hybrid lineage

Our results obtained from this study indicated that the EPSPS

transgene could significantly increase the REQs of EPSPS in plants

of the advanced generations of GE crop–wild rice hybrid lineages
FIGURE 2

Fitness-related traits of F3–F5 crop (EP3)–wild rice (w1 or w2) hybrid lineages in mixed-planting plots. (A) Average number of tillers per plant at the
120-day growth stage. (B) Average number of panicles per plant. (C) Average number of filled seeds per plant. Comparisons were made between GE
(black columns) and non-GE (white columns) plants based on the paired-samples Student’s t-test. Bars represent standard error (n = 6 replicates).
*p < 0.05, **p < 0.01; ***p < 0.001. GE, genetically engineered.
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(F3–F5). This finding was based on the continued finding of a high

level of REQs from the overexpression of the EPSPS transgene in the

advanced generations (F3–F5) of different hybrid lineages (EP3-w1

and EP3-w2) at the different plant growth stages (60 and 90 days).

These results addressed our first question concerning the continued

and consistent overexpression of the EPSPS transgene in crop–wild

rice hybrid progenies of the advanced generations, which will

determine the fate of the wild relative populations incorporated

into this transgene (Lu and Snow, 2005; Lu, 2008; Lu and Yang,

2009). In other words, the incorporation of the transgene

overexpressing the EPSPS into wild relative populations of GE

rice varieties through crop-to-wild gene flow will permit the wild

rice populations to gain the fitness benefit conveyed by the

transgene with a considerably high level of EPSPS expression in a

relatively long period.

Previous studies have already determined a considerably high

frequency (>3%) of pollen-mediated gene flow from cultivated rice
Frontiers in Plant Science 09
to its wild ancestor O. rufipogon (Song et al., 2003; Wang et al.,

2006). However, the fate of the crop–wild hybrids and their

progenies resulting from transgene flow depends on the successful

persistence and spread of the transgene in the wild populations. If

the transgene can be expressed normally and consistently bring any

fitness benefit to the wild populations, it will promote the growth

and development of the wild population, probably causing

environmental impact. A study reported normal expression of a

transgene in crop–wild rice hybrids and their F2 progenies (Xia

et al., 2009). In addition, some studies have also reported the high

expression level of EPSPS transgene in crop–weed rice F2 hybrid

progeny and transgenic Arabidopsis plants containing the EPSPS

transgene, both of which showed significant fitness benefit in the

transgenic plants (Wang et al., 2014; Fang et al., 2018). Therefore,

the assessment of long-term transgene expression and fitness

benefit brought by a transgene(s) is critical for the determination

of any environmental impact conferred by the transgene(s) (Lu and

Snow, 2005; Lu, 2008; Lu and Yang, 2009). As such, we predict

based on previous observations and our results from this study that

consistent overexpression of EPSPS transgene in advanced

generations of crop–wild rice hybrid progenies derived from a GE

cultivated rice line will most likely increase the fitness benefit of the

advanced hybrid populations steadily, causing the spread of the

transgene in wild rice populations and consequently unwanted

environmental impacts.

4.2 Enhanced fitness benefit of GE crop–
wild hybrid lineages in advanced
generations

Our results obtained from the common garden experiment in

this study showed significantly increased values of fitness-related

traits in different generations of the GE EPSPS crop–wild rice hybrid

lineages, compared with those in the non-GE hybrid lineages.

Generally, consistent fitness benefits brought by the EPSPS

transgene were detected in the consecutive F3–F5 generations,

suggesting that the EPSPS transgene remains effective in the

advanced hybrid progenies. The above results addressed our second

question regarding the stability of the transgene in advanced

generations of crop–wild hybrid progenies with enhanced fitness

benefits. To our knowledge, this is the first study documenting the

fitness effect (benefit) caused by overexpressing the EPSPS transgene

in the multigeneration crop–wild rice hybrid progenies.

The fitness benefit conferred by the transgene in crop–wild/

weedy hybrid progenies is an important factor to determine

whether or not the transgene will spread in wild populations

through gene flow, resulting in ecological and environmental

impacts (Burke and Rieseberg, 2003; Lu and Snow, 2005; Lu,

2008; Lu and Yang, 2009; Londo et al., 2010; Sagers et al., 2015).

Some studies have reported the fitness-benefit effect of EPSPS

transgene in cultivated rice (Achary et al., 2020) in F1 or F2
hybrids of crop–wild/weedy rice hybrids (Wang et al., 2014; Yang

et al., 2017b) and in GE Arabidopsis plants (Fang et al., 2018). These

studies have generally supported the observations that

overexpressing the EPSPS transgene would significantly increase

the fitness of the plants. However, no study has addressed the
TABLE 5 Comparison of the mean performances of the fitness-related

traits between the wild rice populations and their GE crop–wild rice
hybrid lineages of different generations (F3, F4, and F5) in the pure-
planting plots based on the independent-samples Student’s t-test.

Traits

Mean performance of the
wild rice and their hybrid
lineages

Wild rice Hybrid lineage1

w1 and their hybrid lineages

Plant height at 60 days (cm) 57.6 ± 2.22 64.0 ± 1.0 **3

Plant height at 90 days (cm) 111.9 ± 7.8 147.2 ± 2.1 ***

Plant height at 120 days (cm) 132.0 ± 6.3 171.1 ± 2.1 ***

No. of tillers per plant at 60 days 8.5 ± 0.4 9.4 ± 0.6 NS

No. of tillers per plant at 90 days 64.9 ± 5.1 44.9 ± 2.4 ***

No. of tillers per plant at 120 days 69.0 ± 5.0 57.8 ± 2.1 ***

No. of panicles per plant 30.3 ± 1.2 44.2 ± 1.2 ***

No. of filled seeds per plant 444.4 ± 18.3 2,164.5 ± 107.7 ***

1000-seed weight (g) 15.2 ± 0.3 21.3 ± 0.4 ***

Over-winter plant survival ratios (%) 93.2 ± 2.2 71.0 ± 2.6 ***

w2 and their hybrid lineages

Plant height at 60 days (cm) 56.5 ± 2.2 59.1 ± 1.2 NS

Plant height at 90 days (cm) 103.3 ± 3.2 143.1 ± 4.5 ***

Plant height at 120 days (cm) 127.5 ± 3.0 169.1 ± 3.0 ***

No. of tillers per plant at 60 days 7.1 ± 0.5 7.3 ± 0.4 NS

No. of tillers per plant at 90 days 64.3 ± 1.4 49.1 ± 4.1 **

No. of tillers per plant at 120 days 72.3 ± 1.6 63.9 ± 2.5 ***

No. of panicles per plant 34.7 ± 1.4 43.4 ± 1.1 ***

No. of filled seeds per plant 442.0 ± 29.1 2,432.7 ± 107.2 ***

1000-seed weight (g) 16.7 ± 0.3 20.3 ± 0.2 ***

Over-winter plant survival ratios (%) 94.3 ± 2.1 69.4 ± 2.8 ***
1Numbers followed by the averages indicate the standard error.
2Comparisons were made between the wild rice populations (n = 6 replicates) and their
genetically engineered (GE) hybrid lineages of different generations (n = 18 replicates) in the
pure-planting plots based on the independent-samples Student’s t-test.
NS no significance; **p < 0.01; ***p < 0.001.
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question of whether the fitness benefit caused by overexpressing the

EPSPS transgene can be consistently passed to the advanced

generations of hybrid progenies, which is also important to

determine the long-term ecological and environmental impact

from transgene flow (Lu et al., 2016; Yang et al., 2015). Our

results obtained from this study clearly demonstrate that the

fitness benefit conveyed by the EPSPS transgene will be passed to

the advanced generations of crop–wild rice hybrid progenies or

populations containing this transgene. Although ANOVA results

indicated variation in fitness traits—including plant height, tiller

number per plant, filled seeds per plant, 1000-seed weight, and

over-winter survival rate—no significant interaction between the

transgene and generation (T × G) was detected for most traits. This

suggests that the fitness effect of the transgene remained consistent

across generations. Moreover, we observed no clear pattern of

fitness variation across the F3–F5 generations. Therefore, we

propose that the transgene effect persists in advanced generations,

despite some variability in fitness during propagation.

Furthermore, while our study focused on the effect of the EPSPS

transgene on vegetative growth and seed production, previous research

has reported significant advantages in seed germination and longevity

for crop–wild rice and soybean hybrid seeds carrying the EPSPS

transgene (Yang et al., 2017b; Yook et al., 2021; Zhang et al., 2023).

These findings suggest that the fitness benefits conferred by the EPSPS

transgene extend across the entire life cycle of hybrid plants.
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Noticeably, the comparison between the GE hybrid progenies

and their parental wild rice populations indicated that the GE crop–

wild rice hybrid progenies had a considerable advantage in traits

related to their vegetative growth and sexual reproduction,

including the plant height at 90 and 120 days, the number of

panicles and filled seeds per plant, and 1000-seed weight. However,

disadvantages were also detected on the other traits, such as the

number of tillers per plant and the over-winter plant survival ratios,

in the GE hybrid progenies, compared to their parental wild rice

populations. In fact, the GE hybrid progenies will be under

competition not only with the non-GE hybrid counterparts but

also with their wild parental populations under different

environmental conditions. For example, compared with the wild

parental populations (O. rufipogon), the GE hybrid progenies

containing the EPSPS transgene still showed considerable

disadvantages in regeneration ability estimated using the over-

winter plant survival ratios. In contrast, another study reported

the significantly increased longevity and survival of seeds from F4–

F6 GE crop–wild rice hybrid lineages in the soil seed banks

containing the same EPSPS gene (Jiang et al., 2021). Therefore, a

comprehensive fitness assessment procedure, including the GE,

non-GE hybrid progenies, and wild parental populations, should

be taken into consideration in determining the impact of a

transgene in wild or weedy species populations for long-term

environmental biosafety.
FIGURE 3

Correlation between the relative performance of fitness-related traits and the relative expression quantities (REQs) of EPSPS at the 90-day growth
stage in crop (EP3)–wild rice (w1 or w2) hybrid plants (F3–F5). (A, B) EP3-w1 and EP3-w2 hybrid lineages in pure-planting plots. (C, D) EP3-w1 and
EP3-w2 hybrid lineages in mix planting plots. Circles, relative fitness of tiller numbers per plant; triangles, relative fitness of panicle numbers per
plant; crosses, relative fitness of filled seed per plant. Formulas indicate functions of regression lines. R2, coefficient of determination; p, level of
significance in Pearson's test.
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4.3 Consistent EPSPS overexpression
increased fitness of GE crop–wild hybrid
progenies

Results based on the correlation analyses showed a significant

positive correlation between the EPSPS REQs and key fitness-

related traits, including the number of tillers, panicles, and filled

seeds per plant. These results suggest that consistent EPSPS

overexpression enhanced the fitness benefit in different

generations of GE crop–wild hybrid progenies and also addressed

our third question in the Introduction section concerning whether

the overexpression of the EPSPS (trans)gene is correlated with the

enhanced fitness benefit in the GE hybrid progenies.

EPSPS (EC 2.5.1.19) acts as the key enzyme in plant for

biosynthesizing the aromatic amino acids (i.e., tryptophan,

phenylalanine, and tyrosine) in the shikimate pathway, which plays

an essential role in plant growth and development by producing plant

hormone (auxin), lignin, chlorophyll, and other secondary metabolites

(Tzin et al., 2009; Maeda and Dudareva, 2012). The critical role of

downstream products from the shikimate pathway suggests the

importance of overexpressing the EPSPS gene that enhances the

fitness of plants by promoting the biosynthesis of the above amino

acids and other secondary metabolites. Studies of hybrid progenies

derived from crosses between GE cultivated rice and wild or weedy rice

populations have indicated that the overexpression of the EPSPS

transgene significantly increased the content of tryptophan, lignin,

and chlorophyll (Wang et al., 2014; Achary et al., 2020; Ma et al., 2020;

Wu et al., 2020) and consequently brought fitness benefits to the hybrid

progenies containing the transgene (Wang et al., 2014; Yang et al.,

2017a; Achary et al., 2020). Another study also reported that GE

Arabidopsis plants overexpressing the EPSPS transgene produced more

auxin (indole-3-acetic acid) and seeds (Fang et al., 2018). As a

consequence of the enhanced metabolism conferred by the EPSPS

transgene, a significant increase in carbon consumption was observed

in Arabidopsis and rice, resulting in higher total plant biomass (Sun et

al., 2023). Therefore, we conclude based on these results that the fitness

benefit brought by the EPSPS transgene in multigeneration (F3–F5)

crop–wild rice hybrid progenies observed in this study, including the

increased tiller and seed number per plant, is most likely due to the

high expression level of the EPSPS transgene, which significantly

affected the normal processes of plant metabolism and carbon

fixation. In addition, consistent overexpression of the EPSPS

transgene in our study resulted in the continued fitness benefit in the

F3–F5 generations of crop-wild hybrid progenies. Therefore, we expect

that the long-term and sustained fitness benefit in more generations of

crop-wild/weedy hybrid populations causes environmental impacts.

4.4 Implications in assessing long-term
environmental impacts caused by the
transgene overexpressing EPSPS

The results of this study demonstrated the consistent fitness

benefit in GE crop–wild rice hybrid progenies caused by sustained

overexpression of the EPSPS transgene. This finding indicates that the

advanced generations of GE crop–wild or crop-weed rice hybrid

progenies containing the overexpressing EPSPS transgene will
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consistently have a fitness advantage, resulting in the persistence

and spread of the transgene in the wild or weedy populations because

of its competitive advantages. During this process, the EPSPS

transgene together with the crop alleles linked to the transgene

may gradually replace the endemic alleles in wild and weedy

relative populations via the genetic swamping or sweeping effect

(Lu and Yang, 2009; Todesco et al., 2016; Wang et al., 2017), leading

to the loss of the genetic diversity in wild or weedy gene pools (Lu and

Snow, 2005; Lu and Yang, 2009; Cai et al., 2023). In addition, many

studies have indicated that some weedy rice populations were evolved

from the natural hybridization or gene flow between cultivated and

wild rice (Olsen et al., 2007; Yao et al., 2020; Cai et al., 2023). The

published reports, together with results from this study, strongly

suggest the potential environmental impact from crop-to-wild rice

and crop-to-weedy rice transgene flow if this transgene, particularly

the herbicide tolerance transgene, can consistently and significantly

increase the fitness benefit of the gene flow, resulting in hybrid

progenies. Therefore, the long-term risk assessment and monitoring

of the crop–wild or crop–weed rice hybrid populations containing

such a transgene consistently overproducing EPSPS should be

performed for the environmental biosafety impact.

In addition, based on our findings of the positive correlation

between the REQs of the EPSPS (trans)gene and the values of

fitness-related traits of crop–wild rice hybrid plants in different

generations, here, we also propose a more practical method of the

long-term environmental biosafety assessment, particularly for the

GE crops containing the EPSPS overexpressing transgene. In this

method, the REQs of the EPSPS (trans)gene are accurately

determined, and the REQ values can be applied to estimate the

potential fitness of crop–wild hybrid plants in different generations.

By doing so, we can avoid conducting extensive common garden

field experiment to collect the fitness data and save time and

resources for environmental biosafety assessment. Whether the

assessment method is functioning and practical still needs to be

examined and validated by more experiments.

In conclusion, results obtained from this study demonstrated the

significantly higher expression level of the EPSPS (trans)gene in the

advanced generations (F3–F5) of crop–wild rice hybrid progenies

overexpressing the EPSPS transgene. Consequently, the consistent

and higher REQs of the EPSPS transgene resulted in increased fitness

benefit continuously in F3–F5 crop–wild rice hybrid progenies under

the herbicide-free conditions.We therefore predict that the consistent

fitness benefit conferred by the EPSPS transgene will be present in

even more advanced generations of crop–wild rice hybrid progenies.

Such transgene flow may result in the persistence and spread of the

EPSPS transgene in wild rice populations, causing the loss of genetic

diversity in the wild rice populations and unwanted long-term

environmental impact. Based on these findings, we think that it is

necessary to conduct more studies on the fitness effect conferred by

the EPSPS transgene for the long-term environmental biosafety

impact caused by gene flow from crops to their wild relatives. We

also propose a novel method of the environmental biosafety

assessment for GE crops containing the EPSPS overexpressing

transgene by accurately determining REQs of the EPSPS (trans)

gene to estimate the potential fitness of crop–wild hybrid plants

conferred by the transgene in different generations.
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SUPPLEMENTARY FIGURE 1

Schematic illustration showing the possible trends of fitness effect conferred

by the transgene in crop−wild/weed hybrids. Solid line, transgenic hybrids;
dotted line, non-transgenic hybrids. (A) fitness of the transgenic hybrids

remains stable in the sequent generations, resulting consistent long-term
ecological and environmental impacts; (B) fitness of the transgenic hybrids

decreases in the sequent generations, resulting temporary impacts.

SUPPLEMENTARY FIGURE 2

Production of crop−wild (Oryza sativa L. andOryza rufipogonGriff.) rice F3-F5
hybrid lineages. ++, +−, and −− indicate transgenic (GE) homozygous,

transgenic heterozygous, and non-transgenic (non-GE) homozygous,
respectively. F3-F5 hybrid progeny were used to examine the EPSPS

expression and fitness related traits in the common garden experiment.
References

Achary, V. M. M., Sheri, V., Manna, M., Panditi, V., Borphukan, B., Ram, B., et al. (2020).
Overexpression of improved EPSPS gene results in field level glyphosate tolerance and
higher grain yield in rice. Plant Biotechnol. J. 18, 2504–2519. doi: 10.1111/pbi.13428

Blalock, H. M. (1972). Social statistics (New York: McGraw-Hill).

Brimner, T. A., Gallivan, G. J., and Stephenson, G. R. (2005). Influence of herbicide-
resistant canola on the environmental impact of weed management. Pest Manage. Sci.
61, 47–52. doi: 10.1002/ps.967

Burke, J. M., and Rieseberg, L. H. (2003). Fitness effects of transgenic disease resistance
in sunflowers. Science. 300, 1250. doi: 10.1126/science.1084960

Cai, X. X., Wang, Z., Yuan, Y., Wang, Y., and Lu, B.-R. (2023). Crop–Weed
introgression plays critical roles in genetic differentiation and diversity of weedy
wice: A case study of human-influenced weed evolution. Biology 12, 2079–7737.
doi: 10.3390/biology12050744

Caradus, J. R. (2023). Intended and unintended consequences of genetically modified
crops–myth, fact and/or manageable outcomes? New Z. J. Agric. Res. 66, 519–619.
doi: 10.1080/00288233.2022.2141273

Cheng, X., Li, H., Tang, Q., Zhang, H., Liu, T., and Wang, Y. (2024). Trends in the
global commercialization of genetically modified crops in 2023. J. Integr. Agric. 23,
3943–3952. doi: 10.1016/j.jia.2024.09.012
Dong, S. S., Xiao, M. Q., Rong, J., Liao, H., Chen, J. K., and Song, Z. P. (2011). No effect
of transgene and strong wild parent effects on seed dormancy in crop-wild hybrids of
rice: implications for transgene persistence in wild populations. Ann. Appl. Biol. 159,
348–357. doi: 10.1111/j.1744-7348.2011.00504.x

Fang, J., Nan, P., Gu, J., Ge, X., Feng, Y.-Q., and Lu, B.-R. (2018). Overexpressing
exogenous 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) genes increases
fecundity and auxin content of transgenic Arabidopsis plants. Front. Plant Sci. 9.
doi: 10.3389/fpls.2018.00233

Hall, L., Topinka, K., Huffman, J., Davis, L., and Good, A. (2000). Pollen flow between
herbicide-resistant Brassica napus is the cause of multiple-resistant B. napus volunteers.
Weed Sci. 48, 688–694. doi: 10.1614/0043-1745(2000)048[0688:pfbhrb]2.0.co;2

Harker, H. J., Hall, K. N., Warwick, L. M., Légère, S. I., Sikkema, A., Sikkema, P. H.,
et al. (2006). A decade of herbicide-resistant crops in Canada. Can. J. Plant Sci. 86,
1243–1264. doi: 10.4141/P05-193

Javed, M. M., Sami, A., Haider, M. Z., Abbas, A., Ali, M. H., Naeem, S., et al. (2024). The
contribution of transgenic rice to enhance grain yield. Bull. Biol. Allied Sci. Res. 9, 65–
65. doi: 10.54112/bbasr.v2024i1.65

Jhala, A. J., Norsworthy, J. K., Ganie, Z. A., Sosnoskie, L. M., Beckie, H. J., Mallory-
Smith, C. A., et al. (2021). Pollen-mediated gene flow and transfer of resistance alleles
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2026.1707859/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2026.1707859/full#supplementary-material
https://doi.org/10.1111/pbi.13428
https://doi.org/10.1002/ps.967
https://doi.org/10.1126/science.1084960
https://doi.org/10.3390/biology12050744
https://doi.org/10.1080/00288233.2022.2141273
https://doi.org/10.1016/j.jia.2024.09.012
https://doi.org/10.1111/j.1744-7348.2011.00504.x
https://doi.org/10.3389/fpls.2018.00233
https://doi.org/10.1614/0043-1745(2000)048[0688:pfbhrb]2.0.co;2
https://doi.org/10.4141/P05-193
https://doi.org/10.54112/bbasr.v2024i1.65
https://doi.org/10.3389/fpls.2026.1707859
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jiang et al. 10.3389/fpls.2026.1707859
from herbicide-resistant broadleaf weeds. Weed Technol. 35, 173–187. doi: 10.1017/
wet.2020.101

Jiang, X.-Q., Yang, X., and Lu, B.-R. (2021). Increased longevity and dormancy of soil-
buried seeds from advanced crop–wild rice hybrids overexpressing the EPSPS
transgene. Biology. 10, 562. doi: 10.3390/biology10060562

Kim, H. J., Kim, D. Y., Moon, Y. S., Pack, I. S., Park, K. W., Chung, Y. S., et al. (2019).
Gene flow from herbicide resistant transgenic soybean to conventional soybean and
wild soybean. Appl. Biol. Chem. 62, 54. doi: 10.1186/s13765-019-0461-1

Kuiper, H. A., Kleter, G. A., Noteborn, H. P., and Kok, E. J. (2001). Assessment of the
food safety issues related to genetically modified foods. Plant J. 27, 503–528.
doi: 10.1046/j.1365-313X.2001.01119.x

Li, L., Yang, X., Wang, L., Yan, H., Su, J., Wang, F., et al. (2016). Limited ecological risk
of insect-resistance transgene flow from cultivated rice to its wild ancestor based on life-
cycle fitness assessment. Sci. Bull. 61, 1440–1450. doi: 10.1007/s11434-016-1152-5

Li, Z., Zhou, X., Liu, X., Wu, X., He, Z., Gao, Z., et al. (2024). Overexpression ofNB-LRR
gene AtRPM1 (D505V) improved drought and salt resistance and decreased cold
tolerance in transgenic rice. Agronomy 14, 1050. doi: 10.3390/agronomy14051050

Lippman, Z. B., and Zamir, D. (2007). Heterosis: revisiting the magic. Trends Genet. 23,
60–66. doi: 10.1016/j.tig.2006.12.006

Liu, B., Xue, K., Liu, L. P., Shen, W. J., and Guo, H. (2020). Research on the gene flow
from transgenic EPSPS+PAT soybean S4003. 14 to non-transgenic soybeans. J. Ecol.
Rural Environ. 36, 367–373. doi: 10.1007/s11248-014-9858-0

Lohn, A. F., Trtikova, M., Chapela, I., Binimelis, R., and Hilbeck, A. (2021). Transgene
behavior in genetically modified teosinte hybrid plants: transcriptome expression,
insecticidal protein production and bioactivity against a target insect pest. Environ. Sci.
Europe 33, 67. doi: 10.1186/s12302-021-00506-x

Londo, J. P., Bautista, N. S., Sagers, C. L., Lee, E. H., and Watrud, L. S. (2010).
Glyphosate drift promotes changes in fitness and transgene flow in canola (Brassica
napus) and hybrids. Ann. Bot.-London. 106, 957–965. doi: 10.1093/aob/mcq190

Lu, B.-R. (2008). Transgene escape from GM crops and potential biosafety
consequences: an environmental perspective. Collection biosafety Rev. 4, 66–141.

Lu, B.-R., and Snow, A. A. (2005). Gene flow from genetically modified rice and its
environmental consequences. BioScience. 55, 669–678. doi: 10.1641/0006-3568(2005)
055[0669:GFFGMR]2.0.CO;2

Lu, B.-R., and Yang, C. (2009). Gene flow from genetically modified rice to its wild
relatives: assessing potential ecological consequences. Biotechnol. Adv. 27, 1083–1091.
doi: 10.1016/j.bioteChadv.2009.05.018

Lu, B.-R., Yang, X., and Ellstrand, N. C. (2016). Fitness correlates of crop transgene flow
into weedy populations: a case study of weedy rice in China and other examples. Evol.
App. 9, 857–870. doi: 10.1111/eva.12377

Ma, T., Yuan, Y., Lin, K., Nan, P., and Lu, B. (2020). Overexpression EPSPS transgene
enhances chlorophyll synthesis in hybrid progeny between cultivated rice and weedy
rice. J. Fudan Univ. (Natural Science) 59, 185–193.

Maeda, H., and Dudareva, N. (2012). The shikimate pathway and aromatic amino acid
biosynthesis in plants. Annu. Rev. Plant Biol. 63, 73–105. doi: 10.1146/annurev-arplant-
042811-105439

Magomere, T. O., Obukosia, S., Albertsen, M., Florence, W., Kamanga, D., Njuguna,
M., et al. (2016). Evaluation of fitness in F2 generations of Africa Biofortified Sorghum
event 188 and weedy Sorghum bicolor ssp. drummondii. Electron. J. Biotechno. 22, 52–
61. doi: 10.1016/j.ejbt.2016.06.001

Olsen, K. M., Caicedo, A. L., and Jia, Y. L. (2007). Evolutionary genomics of weedy rice
in the USA. J. Integr. Plant Biol. 49, 811–816. doi: 10.1111/j.1744-7909.2007.00506.x

Pandolfo, C. E., Presotto, A., Carbonell, F. T., Ureta, S., Poverene, M., and Cantamuttio,
M. (2018). Transgene escape and persistence in an agroecosystem: the case of
glyphosate-resistant Brassica rapa L. @ in central Argentina. Environ. Sci. pollut. Res.
25, 6251–6264. doi: 10.1007/s11356-017-0726-3

Rieseberg, L. H., Archer, M. A., and Wayne, R. K. (1999). Transgressive segregation,
adaptation and speciation. Heredity. 83, 363–372. doi: 10.1016/j.ejbt.2016.06.001

Rieseberg, L. H., Widmer, A., Arntz, A. M., and Burke, B. (2003). The genetic
architecture necessary for transgressive segregation is common in both natural and
domesticated populations. Philos. Trans. R. Soc Lond. B. Biol. Sci. 358, 1141–1147.
doi: 10.1098/rstb.2003.1283

Sagers, C. L., Londo, J. P., Bautista, N., Lee, E. H., Watrud, L. S., and King, G. (2015).
Benefits of transgenic insect resistance in Brassica hybrids under selection. Agronomy.
5, 21–34. doi: 10.3390/agronomy5010021

Snow, A. A., Culley, T.M., Campbell, L. G., Sweeney, P.M., Hegde, S. G., and Ellstrand, N. C.
(2010). Long-term persistence of crop alleles in weedy populations of wild radish (Raphanus
raphanistrum). New Phytol. 186, 537–548. doi: 10.1111/j.1469-8137.2009.03172.x

Snow, A. A., Plison, D., Rieseberg, L. H., Paulsen, M. J., Pleskac, N., Reagon, M. R., et al.
(2003). A Bt transgene reduces herbivory and enhances fecundity in wild sunflowers.
Ecol. Appl. 13, 279–286. doi: 10.1890/1051-0761(2003)013[0279:ABTRHA]2.0.CO;2

Song, Z. P., Lu, B.-R., Zhu, Y. G., and Chen, J. K. (2003). Gene flow from cultivated rice
to the wild species Oryza rufipogon under experimental field conditions. New Phytol.
157, 657–665. doi: 10.1046/j.1469-8137.2003.00699.x
Frontiers in Plant Science 13
Stewart, C. N., Richards, H. A., and Halfhill, M. D. (2000). Transgenic plants and
biosafety: science, misconceptions and public perceptions. BioTechniques 29, 832–842.
doi: 10.2144/00294bi01

Stewart, G. W. (1973). Introduction to matrix computations (New York: Academic Press).

Su, J., Chen, G. M., Tian, D. G., Zhu, Z., and Wang, F. (2008). A gene encodes 5-
enolpyruvylshikimate-3-phosphate mutagenized by errorprone PCR conferred rice
with high glyphosate-tolerance. Mol. Plant Breeding. 6, 830–836. doi: 10.3969/
j.issn.1672-416X.2008.05.002

Sun, G., Dai, W., Cui, R., Qiang, S., and Song, X. L. (2015). Gene flow from glufosinate-
resistant transgenic hybrid rice Xiang 125S/Bar68–1 to weedy rice and cultivated rice
under different experimental designs. Euphytica. 204, 211–227. doi: 10.1007/s10681-
015-1370-y

Sun, L. X., Li, N., Yuan, Y., Wang, Y., and Lu, B. R. (2023). Reduced carbon dioxide by
overexpressing EPSPS transgene in arabidopsis and rice: implications in carbon
neutrality through genetically engineered plants. Biology 13, 25. doi: 10.3390/
biology13010025

Todesco, M., Pascual, M. A., Owens, G. L., Ostevik, K. L., Moyers, B. T., Hübner, S.,
et al. (2016). Hybridization and extinction. Evol. Appl. 9, 892–908. doi: 10.1111/
eva.12367

Tzin, V., Malitsky, S., Aharoni, A., and Galili, G. (2009). Expression of a bacterial bi-
functional chorismate mutase/prephenate dehydratase modulates primary and
secondary metabolism associated with aromatic amino acids in Arabidopsis. Plant J.
60, 156–167. doi: 10.1111/j.1365-313X.2009.03945.x

Vazquez-Barrios, V., Boege, K., Sosa-Fuentes, T. G., Rojas, P., and Wegier, A. (2021).
Ongoing ecological and evolutionary consequences by the presence of transgenes in a
wild cotton population. Sci. Rep. 11, 1959. doi: 10.1038/s41598-021-81567-z

Wang, F., Yuan, Q.-H., Shi, L., Qiang, Q., Liu, W.-G., Kuang, B.-G., et al. (2006). A
large-scale field study of transgene flow from cultivated rice (Oryza sativa) to common
wild rice (O. rufipogon) and barnyard grass (Echinochloa crusgalli). Plant Biotechnol. J.
4, 667–676. doi: 10.1111/j.1467-7652.2006.00210.x

Wang, W., Xia, H., Ting, X., Si, H. J., Cai, X. X., Wang, F., et al. (2014). A novel 5-
enolpyruvoylshikimate-3-phosphate (EPSP) synthase transgene for glyphosate
resistance stimulates growth and fecundity in weedy rice (Oryza sativa) without
herbicide. New Phytol. 202, 679–688. doi: 10.1111/nph.12428

Wang, Y., and Lu, B.-R. (2025). Promoting biotechnology applications in China
through effective biosafety education and communication. GM Crops Food 16, 674–
687. doi: 10.1080/21645698.2025.2569930

Wang, Z., Wang, L., Wang, Z., and Lu, B.-R. (2017). Non-random transmission of
parental alleles into crop-wild and crop-weed hybrid lineages separated by a transgene
and neutral identifiers in rice. Sci. Rep. 7, 10436. doi: 10.1038/s41598-017-10596-4

Wu, J., Fang, J., Cai, X., and Lu, B. (2020). Overexpression 5-enolpyruvylshikimate-3-
phosphate synthase gene increase lignin content of transgenic progeny derived from
hybrids of EPSPS transgenic rice with weedy and wild rice. J. Fudan Univ. (Natural
Science) 59, 666–676.

Xia, H., Lu, B.-R., Su, J., Chen, R., Rong, J., Song, J. P., et al. (2009). Normal expression
of insect-resistant transgene in progeny of common wild rice crossed with genetically
modified rice: its implication in ecological biosafety assessment. Theor. Appl. Genet.
119, 635–644. doi: 10.1007/s00122-009-1075-5

Xie, H., Gan, P., Lü, S., Tang, T., Li, C., Chen, C., et al. (2024). Development of marker-
free transgenic rice exhibiting stable and enhanced resistance to Rice ragged stunt virus
and Rice grassy stunt virus via RNA interference. Plant Biotechnol. J. 22, 2327.
doi: 10.1111/pbi.14347

Yang, X., Beres, Z. T., Jin, L., Parrish, J. T., Zhao, W., David, M., et al. (2017a). Effects of
over-expressing a native gene encoding 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) on glyphosate resistance in Arabidopsis thaliana. PloS One 12, e0175820.
doi: 10.1371/journal.pone.0175820

Yang, X., Li, L., Cai, X. X., Wang, F., Su, J., and Lu, B.-R. (2015). Efficacy of insect-
resistance Bt/CpTI transgenes in F5-F7 generations of rice crop-weed hybrid progeny:
implications for assessing ecological impact of transgene flow. Sci. Bull. 060, 1563–1571.
doi: 10.1007/s11434-015-0885-x

Yang, X., Li, L., Jiang, X., Wang, W., Cai, X., Su, J., et al. (2017b). Genetically engineered
rice endogenous 5-enolpyruvoylshikimate-3-phosphate synthase (epsps) transgene
alters phenology and fitness of crop-wild hybrid offspring. Sci. Rep.-UK. 7, 1–12.
doi: 10.1038/s41598-017-07089-9

Yao, N., Wang, Z., Song, Z.-J., Wang, L., Liu, Y.-S., Bao, Y., et al. (2020). Origins of
weedy rice revealed by polymorphisms of chloroplast DNA sequences and nuclear
microsatellites. J. Syst. Evol. 59, 316–325. doi: 10.1111/jse.12565

Yoshida, S., Forno, D. A., Cock, J. H., and Gomez, A. (1972). Laboratory Manual for
Physiological Studies of Rice (Los Banos: International Rice Research Institution).

Zhang, L., Liu, L., Fang, Z., Shen, W., Dai, Y., Jia, R., et al. (2023). Fitness changes in
wild soybean caused by gene flow from genetically modified soybean. BMC Plant Biol.
23, 424. doi: 10.1186/s12870-023-04398-2

Zhang, C.-J., Yook, M.-J., Park, H.-R., Lim, S.-H., Kim, J.-W., Nah, G. J., et al. (2018).
Assessment of potential environmental risks of transgene flow in smallholder farming
systems in Asia: Brassica napus as a case study in Korea. Sci. Total Environ. 640-641,
688–695. doi: 10.1016/j.scitotenv.2018.05.335
frontiersin.org

https://doi.org/10.1017/wet.2020.101
https://doi.org/10.1017/wet.2020.101
https://doi.org/10.3390/biology10060562
https://doi.org/10.1186/s13765-019-0461-1
https://doi.org/10.1046/j.1365-313X.2001.01119.x
https://doi.org/10.1007/s11434-016-1152-5
https://doi.org/10.3390/agronomy14051050
https://doi.org/10.1016/j.tig.2006.12.006
https://doi.org/10.1007/s11248-014-9858-0
https://doi.org/10.1186/s12302-021-00506-x
https://doi.org/10.1093/aob/mcq190
https://doi.org/10.1641/0006-3568(2005)055[0669:GFFGMR]2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055[0669:GFFGMR]2.0.CO;2
https://doi.org/10.1016/j.bioteChadv.2009.05.018
https://doi.org/10.1111/eva.12377
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1016/j.ejbt.2016.06.001
https://doi.org/10.1111/j.1744-7909.2007.00506.x
https://doi.org/10.1007/s11356-017-0726-3
https://doi.org/10.1016/j.ejbt.2016.06.001
https://doi.org/10.1098/rstb.2003.1283
https://doi.org/10.3390/agronomy5010021
https://doi.org/10.1111/j.1469-8137.2009.03172.x
https://doi.org/10.1890/1051-0761(2003)013[0279:ABTRHA]2.0.CO;2
https://doi.org/10.1046/j.1469-8137.2003.00699.x
https://doi.org/10.2144/00294bi01
https://doi.org/10.3969/j.issn.1672-416X.2008.05.002
https://doi.org/10.3969/j.issn.1672-416X.2008.05.002
https://doi.org/10.1007/s10681-015-1370-y
https://doi.org/10.1007/s10681-015-1370-y
https://doi.org/10.3390/biology13010025
https://doi.org/10.3390/biology13010025
https://doi.org/10.1111/eva.12367
https://doi.org/10.1111/eva.12367
https://doi.org/10.1111/j.1365-313X.2009.03945.x
https://doi.org/10.1038/s41598-021-81567-z
https://doi.org/10.1111/j.1467-7652.2006.00210.x
https://doi.org/10.1111/nph.12428
https://doi.org/10.1080/21645698.2025.2569930
https://doi.org/10.1038/s41598-017-10596-4
https://doi.org/10.1007/s00122-009-1075-5
https://doi.org/10.1111/pbi.14347
https://doi.org/10.1371/journal.pone.0175820
https://doi.org/10.1007/s11434-015-0885-x
https://doi.org/10.1038/s41598-017-07089-9
https://doi.org/10.1111/jse.12565
https://doi.org/10.1186/s12870-023-04398-2
https://doi.org/10.1016/j.scitotenv.2018.05.335
https://doi.org/10.3389/fpls.2026.1707859
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Continued overexpression of EPSPS transgene enhances fitness in multigeneration crop–wild rice hybrids and its long-term environmental impact
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Determination of EPSPS gene and its expression
	2.3 Design of the common garden field experiment
	2.4 Statistical analysis

	3 Results
	3.1 Relative expression quantities of the endogenous EPSPS gene and transgene
	3.2 Increased fitness benefits in GE F3–F5 crop–wild rice hybrid lineages overexpressing EPSPS
	3.3 Correlation between relative expression quantity of the EPSPS (trans)gene and fitness effect of GE crop–wild hybrid lineages

	4 Discussions
	4.1 Sustained high-level expression of the EPSPS transgene in the multi-generational GE crop–wild rice hybrid lineage
	4.2 Enhanced fitness benefit of GE crop–wild hybrid lineages in advanced generations
	4.3 Consistent EPSPS overexpression increased fitness of GE crop–wild hybrid progenies
	4.4 Implications in assessing long-term environmental impacts caused by the transgene overexpressing EPSPS

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


