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Abstract
Background  The commercial utilization of genetically modified soybeans has yielded substantial economic 
advantages. Nevertheless, the genetic drift towards wild soybeans is one of the main ecological risks that needs to be 
addressed. Previous experiments demonstrated the absence of fitness cost or florescence overlap in hybrid offspring 
resulting from the crossbreeding of transgenic soybean GTS40-3-2 and Zhengzhou wild soybeans. In this study, 
hybrid progeny was systematically crossed with wild soybeans to establish a backcross progeny system. This system 
was employed to evaluate the ecological risk associated with the backcross progeny of transgenic and wild soybeans.

Results  The findings indicated that the offspring from the backcross exhibited glyphosate tolerance. Furthermore, 
the expression of foreign proteins in the backcross offspring was notably lower than in the transgenic soybean, and 
there was no significant difference when compared to the hybrid progeny. Parameters such as germination rate, 
aboveground biomass, pods per plant, full seeds per plant, and 100-grain weight exhibited no significant differences 
between the negative and positive lines of the backcross progenies, and no fitness cost was identified in comparison 
to wild soybeans. These results underscore the potential for foreign genes to propagate within other wild soybeans, 
which requires continuous attention.

Conclusions  The widespread adoption of genetically modified soybeans has undeniably led to substantial economic 
gains. However, the research findings emphasize the critical importance of addressing the ecological risks posed 
by genetic drift towards wild soybeans. The backcross progeny system established in this study indicates that the 
potential for foreign gene dissemination to wild soybean populations warrants continued attention and mitigation 
strategies.
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Background
Soybeans play a crucial role in both human nutrition 
and various economic sectors, such as edible oil and feed 
protein production. Over the past five years, China has 
consistently maintained an annual soybean demand of 
approximately 110  million tons, primarily met through 
imports. In 2021, China’s soybean production yielded 
16.4  million tons, while imports soared to a substantial 
96.518 million tons [1], accounting for approximately 75% 
of the global soybean trade volume [2]. Genetically modi-
fied (GM) soybeans have demonstrated advantages in 
terms of yield and price [3], influencing China’s soybean 
industry. The commercialisation of herbicide-resistant 
GM soybeans in China represents a pivotal development. 
Currently, several GM soybean varieties, with indepen-
dent intellectual property rights in China, have obtained 
production safety certifications and are poised for com-
mercial cultivation [4].

The introduction of the epsps gene into soybeans con-
fers resistance to glyphosate on the transgenic soybeans 
[5]. The biosafety of GM soybeans, especially noteworthy 
is the concern regarding the potential transfer of foreign 
genes from GM crops to their wild counterparts through 
pollen-mediated gene drift and the potential ecological 
risks involved, requires thorough consideration before 
GM soybean commercialisation [6–8]. The transfer of 
the epsps gene from genetically modified canola (Brassica 
napus L.) to wild turnip (Brassica rapa L.) confers a sig-
nificant selective advantage for glyphosate resistance to 
the turnip in Argentina. The presence and spread of these 
glyphosate-resistant turnips in agricultural fields raise 
the potential for them to develop into “superweeds” [9].

Wild soybeans exhibit valuable traits, such as stress 
resistance, high reproductive capability, and protein con-
tent, making their genetic resources essential for soybean 
breeding [10–12]. China is an important birthplace for 
wild soybeans and is rich in wild soybean germplasm 
resources [13, 14]. In natural field conditions, foreign 
genes, such as epsps can drift to wild soybeans. Although 
the farthest recorded drift distance was 10 m and the drift 
rate was less than 1/10,000, the resultant hybrid progeny 
remained fertile [15]. Despite the relatively low outcross-
ing rate, the extensive distribution of both cultivated and 
wild soybeans in China, along with their overlapping 
regions and synchronous flowering periods, presents a 
high risk of foreign gene introgression into wild soybeans 
through gene flow, followed by further backcrossing with 
wild soybeans.

Studies have been conducted on the ecological risks 
associated with hybrid offspring resulting from the inter-
breeding of transgenic and wild soybeans. The findings 
revealed that while the fitness of F1 hybrid offspring 
from the crossbreeding of transgenic and wild soybeans 
in various regions was lower than that of wild soybeans, 

these hybrid progenies were still capable of seed produc-
tion. [12, 16]. In five additional instances, the outcomes 
demonstrated that the fitness of the hybrid F1 generation 
did not significantly deviate from that of wild soybeans 
in the absence of glyphosate. Furthermore, in certain fit-
ness parameters, it was notably higher, suggesting that 
wild soybeans expressing the epsps gene might exhibit 
increased invasiveness than its wild soybean parents 
[16–20]. While risk assessments of the selfing progeny of 
hybrid descendants from genetically modified soybeans 
and wild soybeans are available, there are no risk assess-
ment results for the backcross progeny of hybrids with 
wild soybeans.

According to our previous experiments, the hybrid F2 
generation of epsps transgenic soybean GTS40-3-2 and 
Zhengzhou wild soybean had no fitness cost or overlap-
ping florescence [20] when compared to wild soybean. 
Additionally, these hybrid progenies could successfully 
backcross with wild soybeans, thereby enables the ongo-
ing dissemination of foreign genes throughout the wild 
soybean population. To assess the ecological risks linked 
to the ongoing drift of hybrid progeny to wild soybean, 
we conducted crossbreeding between hybrid progeny 
possessing a foreign gene background and wild soybeans. 
This established a backcross progeny system, serving as 
a simulation for the transfer of foreign genes from trans-
genic soybeans to wild soybeans. We assessed the expres-
sion of foreign proteins, herbicide resistance, and the 
fitness of parents and their respective backcross progeny. 
Our study aims to shed light on the evolutionary poten-
tial of foreign genes after their introduction to wild soy-
beans and explore the potential long-term ecological 
risks they may pose.

Field trials on fitness are more representative of 
real-world conditions than greenhouse experiments. 
However, according to Chinese regulations [21], such 
experiments cannot be conducted in the field. Due to sig-
nificant environmental differences, results obtained from 
field trials conducted abroad cannot represent the risk 
situation in China. Additionally, because wild soybean 
seeds are small, numerous, and exhibit shattering and 
dormancy, conducting this experiment in the field could 
lead to seeds from backcross progeny containing foreign 
genes being lost in the soil and persisting for a long time, 
resulting in the escape of foreign genes. Although the 
results of greenhouse experiments cannot fully represent 
the actual risks in field environments, all experimental 
materials in this study were grown under the same con-
ditions. Therefore, the results obtained are of significant 
reference value for ecological risk assessment.
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Materials and methods
Materials
In this investigation, the Roundup Ready (RR) soybean 
(GTS40-3-2, labeled GM) and Zhengzhou wild soybean 
(Labeled Wild) were employed. The GM soybean was 
generously supplied and preserved by the weeds research 
laboratory of Nanjing Agricultural University (Nanjing, 
China). This GM soybean expresses the synthetic CP4-
EPSPS gene, providing resistance to glyphosate herbicide, 
and has obtained approval in numerous countries glob-
ally [22].

The wild soybean seeds used in this study were har-
vested by the staff of our research team in 2015 from the 
Yellow River Dam in Zhengzhou City, Henan Province, 
China (113°39’20’’, 34°54’36’’). According to our study, 
The Zhengzhou wild soybean does not express the EPSPS 
protein and, consequently, does not exhibit resistance to 
glyphosate. The wild soybean is stored in the Key Labora-
tory on Biodiversity and Biosafety of Nanjing Institute of 
Environmental Sciences.

The F1 generationas (Labeled F1) seeds were obtained 
through artificial pollination, using the GM soybean as 
the pollen donor (male parent) and the Zhengzhou wild 
soybean as the seed recipient (female parent) in 2017. In 
2018, both the F1 generation and Zhengzhou wild soy-
beans were cultivated within a greenhouse setting. First-
generation backcross progeny (Labeled BC1F1) seeds 
were obtained through artificial pollination, using the 
hybrid F1 generation as the pollen donor (male parent) 
and the Zhengzhou wild soybean as the seed recipient 
(female parent). BC1F1 soybeans were cultivated within a 
greenhouse in 2019. BC1F1 leaves were assessed using an 
epsps test strip (ENVIROLOGIX, QuickStix Kit for CP4 
EPSPS), and BC1F1 plants with the epsps gene engage in 
self-pollination to acquire the succeeding generation of 
seeds (Labeled BC1F2). The negative and positive group-
ing of BC1F1 and BC1F2 was determined by the detection 
results of the epsps test strips during the trifoliate stage 
of soybean.

In 2020, GM, Wild, F1, BC1F1 and BC1F2 soybeans were 
planted in identical soil after germination rate test and 
under uniform management conditions, followed by a 
comprehensive examination of their growth and repro-
ductive indices.

Test site
The experiment took place in a controlled greenhouse 
at the Nanjing Institute of Environmental Science, MEE, 
China, ensuring isolated conditions. All experimental 
materials were cultivated under uniform soil and man-
agement conditions.

Expression of exogenous protein and glyphosate 
resistance
Selected seeds from diverse hybrid generations of trans-
genic soybeans and Zhengzhou wild soybeans were 
chosen for experimentation. Once the first true leaf had 
developed, the seeds underwent spraying with a glypho-
sate herbicide (1230  g a.i./hm2). The count of surviving 
plants was documented one week after the treatment.

A test strip for epsps was employed to identify soy-
bean plants that withstood the herbicide application. Five 
plants with positive test strips were randomly selected 
from each material for the molecular detection of foreign 
genes. The PCR-specific primers and annealing tempera-
tures of the exogenous epsps gene and endogenous actin 
reference gene are shown in Table 1.

Every leaf sample of surviving soybean was gathered, 
and a single complete leaf was obtained from the upper-
most part of each soybean plant. The CP4-epsps ELISA 
protein levels in the leaves of different soybean materials 
were assessed using a CP4-epsps ELISA protein kit (Envi-
ron Logix) following the manufacturer’s instructions. 
Subsequent to the test, absorbance was promptly mea-
sured at a wavelength of 450 nm using an enzyme label-
ing instrument (IBM 2000). A purified epsps served as a 
quantitative standard protein, and the epsps protein con-
tent in the leaves was computed based on the standard 
curve and sample dilution factors.

Determination of biological characteristics of soybean
Germination rate, transplanting, and cultivation 
management of soybean seeds
GM, Zhengzhou wild soybeans, and various hybrid off-
spring, with each material randomly selecting 150 seeds. 
Each set comprised of 50 seeds for replication purposes. 
A single seed was placed in a well of a 12-well cell cul-
ture plate (Corning, New York, USA), two layers of filter 
paper were laid in each well and 400 µL of distilled water 
was added. Each seed was individually numbered. The 
cell culture plate was then placed in an artificial climate 
chamber (KBF720, Binder, Germany) with the following 
culture conditions: 25 °C, 24 h of darkness, and a relative 

Table 1  Specific primers, characteristic fragment sizes, and 
annealing temperatures
Gene Primers Primer sequence 

5′- 3′
Prod-
uct 
size 
(bp)

Anneal-
ing tem-
perature 
(℃)

CP4-epsps CP4-02-F ​A​A​A​G​A​C​T​C​C​A​A​
C​G​C​C​A​A​T​C​A​C​C​T​
A​C​A​G

288 60

CP4-02-R ​G​C​A​G​C​A​A​C​C​A​A​T​
G​G​G​A​A​A​G​C​A​G​T

Endoge-
nous gene 
Actin

GmActin11-F ​A​T​C​T​T​G​A​C​T​G​A​G​C​
G​T​G​G​T​T​A​T​T​C​C

126 60

GmActin11-R ​G​C​T​G​G​T​C​C​T​G​G​C​
T​G​T​C​T​C​C
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humidity of 55%. The culture filter paper was replaced 
every two days, and distilled water was added as needed.
Transplanted the sprouted seeds into the soil every 24 h, 
and after one week, recorded the germination rate. Seeds 
that did not germinate were manually broken the skin 
with a knife to expedite the germination process.

Germinated seeds were transplanted into cultivation 
pots (730 × 560 × 230  mm). The plant culture medium 
consisted of a 1:1 mixture of farmland soil and nutrient 
soil (organic matter content 2.5-5.0%). A bamboo pole 
(diameter 1.5 cm, height 2.3 m) served as a climbing sup-
port. During the experiment, all treated materials were 
processed according to the conventional soybean cultiva-
tion and management mode, and all weeds in the culture 
basin were removed by an artificial method. No fertil-
isers, chemical herbicides, or growth regulators were 
employed, except during normal watering.

At the trifoliate stage, the soybean leaves were collected 
and subjected to epsps testing using an epsps test strip 
(ENVIROLOGIX, QuickStix Kit for CP4 EPSPS). Based 
on the results, BC1F1 and BC1F2 cells were divided into 
negative (No epsps detected) and positive groups (epsps 
detected), respectively.

Aboveground biomass
After the soybeans reached full maturity, 30 soybean 
plants were chosen randomly and allocated into three 
groups for the assessment of aboveground biomass. The 
soybeans were severed near the soil surface, left to air-
dry until reaching a constant weight, and then weighed 
using PB602-N METTLER TOLEDO.

Soybean seed indicators
After the appearance of black pods in the processed 
plants, individual plants were covered with nylon mesh 
bags to prevent seed splashing. The count of pods per 
plant, the number of filled grains per plant, and the hun-
dred-grain weight were documented (100 seeds were 
chosen randomly from each plant, with measurements 
conducted on 30 plants for each material).

Calculation method for total fitness
Relative fitness values were calculated by comparing vari-
ous fitness components (aboveground biomass, number 

of pods per plant, number of filled grains per plant, and 
hundred-grain weight) of the offspring to the corre-
sponding fitness components of wild soybean, with wild 
soybean as the reference ‘1’. The total fitness value was 
the average of the relative fitness values of each fitness 
component.

Statistical analysis
The data are expressed as mean ± standard deviation 
(mean ± SD). To assess variations in plant performance 
among different groups, a one-way analysis of variance 
(ANOVA) was conducted. Tukey’s multiple comparison 
test was subsequently employed to ascertain the signifi-
cance of differences between the groups. Statistical sig-
nificance was set at P < 0.05. All statistical analyses were 
carried out using SPSS 20.0 software (SPSS Inc.).

Results
Glyphosate resistance
The results showed that transgenic soybeans carrying the 
epsps gene, as well as the hybrid and backcross offspring, 
survived under glyphosate selection (Table 2). The use of 
CP4 epsps protein test strips confirmed the presence of 
surviving plants. Molecular testing was conducted on five 
randomly selected surviving plants from each material, 
and the PCR results were consistent with the test strip 
results(Fig. 1). These findings indicate that the escape of 
exogenous genes to wild soybeans can confer glyphosate 
resistance to the hybrid and backcrossed offspring carry-
ing the exogenous epsps gene.

Expression level of exogenous proteins
The expression of exogenous epsps protein were detected 
in surviving trifoliate-leafed plants following glypho-
sate treatment for each material (Table  3). Quantitative 
analysis revealed the absence of exogenous proteins in 
the parental wild soybean samples, whereas epsps exhib-
ited normal expression in GM soybeans and their hybrid 
and backcross progenies. The expression level of epsps 
in GM soybeans was notably higher compared to that in 
the hybrid and backcross progenies. Among the surviving 
plants of the hybrid and backcross progenies, the epsps 
protein expression ranked in the following order from 
highest to lowest: BC1F2, BC1F1, and F1 generations, with 
no significant differences observed between them. These 
results affirm the normal expression of exogenous pro-
teins in backcross progenies, thereby conferring glypho-
sate resistance.

Growth and development indicators
Germination rate
The germination rates of soybean seeds, from highest to 
lowest, were as follows: GM soybean, BC1F2, BC1F1, F1 
generation, and wild soybean (Table 4). The germination 

Table 2  Survival rate of GM soybeans, wild soybeans, and 
backcross progenies after two weeks of glyphosate (1230 g a.i./
hm2) spraying
Soybean materials Survival rate (%)
GM 100.0 ± 0.0a
Wild 0.0 ± 0.0d
F1 93.3 ± 5.8a
BC1F1 46.7 ± 5.8c
BC1F2 72.7 ± 4.2b
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rate of BC1F1 seeds was significantly lower than that of 
GM and BC1F2 soybeans (P < 0.001), but it did not differ 
significantly from that of F1 hybrids and wild soybeans 
(P > 0.05). The emergence rate of BC1F2 is between GM 
soybean and wild soybean, significantly lower than that 
of GM soybean (P < 0.05), and significantly higher than 
that of wild soybean and F1 hybrid (P < 0.05). This finding 
indicates that the offspring of backcrossing can emerge in 
natural ecosystems and the exogenous genes can persist 
in wild soybeans for an extended period.

Aboveground biomass
The aboveground biomass of GM soybean, wild soybean, 
and hybrid and backcross offspring under greenhouse 
cultivation conditions is shown in Table 5. The order of 
aboveground biomass, from the highest to the lowest, 
was as follows: GM soybean, BC1F2, wild soybean, BC1F1, 
and hybrid F1 offspring. While the aboveground biomass 
of BC1F2 surpassed that of BC1F1 and wild soybeans, 
these differences lacked statistical significance. Further-
more, no notable distinctions in aboveground biomass 
were noted between the BC1F1 and BC1F2 populations, 
whether negative or positive for exogenous genes. This 

Table 3  Expression levels of epsps protein in GM, wild, F1 
soybeans and surviving backcrossed progenies after spraying 
glyphosate
Soybean materials Expression of epsps protein
GM 261.9 ± 20.7a
Wild 0.0 ± 0.0c
F1 178.7 ± 22.8b
BC1F1-positive 187.1 ± 13.7b
BC1F2-positive 203.9 ± 35.4b

Table 4  Germination rate of of different soybean materials
Soybean materials Germination rate of seeds
GM 90.7 ± 4.2a
Wild 26.0 ± 4.0c
F1 26.7 ± 7.6c
BC1F1 33.3 ± 7.6c
BC1F2 56.0 ± 5.3b
Note: The data in the table are represented as “mean ± standard deviation”. The 
same letter in the table indicate no significant differences in different soybean 
materials (Tukey’s test, P > 0.05). Same as blow

Fig. 1  PCR detection results of partially surviving plants after glyphosate spraying. Panel A shows the epsps gene, and panel B represents the endog-
enous reference gene Actin. M is the DNA ladder marker; CK + is the positive control (DNA from GM plants); CK- is the negative control (DNA from wild 
soybeans); 1–20 represents the DNA of surviving soybean plants after treatment (1–5: GM soybeans, 6–10:F1, 11–15: BC1F1;16–20: BC1F2). Uncropped full-
length gels are presented in Supplementary Fig. 1 and Supplementary Fig. 2
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suggests that the presence or absence of foreign genes did 
not have an impact on the aboveground biomass of the 
backcross offspring.

Number of pods per plant
Table 6 presents the number of pods per plant for various 
soybean materials under greenhouse cultivation condi-
tions. The ranking of the number of pods per plant, from 
highest to lowest, was as follows: wild soybean, BC1F2, 
BC1F1, transgenic soybean, and hybrid progeny. Notably, 
BC1F1 exhibited a significantly higher number of pods per 
plant than transgenic soybean and hybrid progeny but a 
significantly lower number than BC1F2 and wild soybean. 
BC1F2, however, displayed a significantly lower number 
of pods per plant than wild soybean. Importantly, no sig-
nificant difference was observed between the negative 
and positive populations of BC1F1 and BC1F2, indicating 
that foreign genes did not influence the number of pods 
per plant in the backcross progenies.

Number of full grains per plant
Table 7 shows the number of full grains per plant of soy-
bean materials under greenhouse cultivation conditions. 
The ranking of the number of full grains per plant, from 
highest to lowest, was as follows: wild soybean, BC1F2, 
BC1F1, transgenic soybean, and hybrid progeny. There 
was no notable distinction in the number of filled grains 
per plant among BC1F1, transgenic soybean, and the F1 
generation. However, this count was significantly lower 
compared to BC1F2 and wild soybeans. Additionally, 
the number of pods per plant in BC1F2 was significantly 
lower than that in wild soybeans. Notably, no significant 
differences were observed between the negative and posi-
tive populations of BC1F1 and BC1F2, suggesting that the 
presence of foreign genes did not influence the number 
of filled grains per plant.

Hundred-grain weight
Table 8 shows the weight of 100 seeds for each soybean 
material under greenhouse cultivation conditions. The 
ranking of the Hundred-grain weight, from highest to 
lowest, was as follows: transgenic soybean, BC1F2, BC1F1, 
wild soybean, and hybrid progeny. Transgenic soybeans 
exhibited a significantly higher 100-grain weight than 
other soybean materials. However, there were no sig-
nificant differences observed among the other soybean 
materials. Additionally, there were no significant dif-
ferences between the negative and positive populations 
of BC1F1 and BC1F2, suggesting that the foreign genes 
did not influence the 100-grain weight of the backcross 
progenies.

Relative fitness
The relative fitness of the hybrid and backcross progeny 
was calculated using wild soybean as the control(Fig. 2). 
In comparison to wild soybean, hybrid F1 generation and 
backcross BC1F1 generation soybeans showed fitness 
costs. Nonetheless, the fitness level of the BC1F2 back-
cross generation closely resembled that of wild soybeans, 
with no notable fitness differences observed between the 
negative and positive populations of BC1F1 and BC1F2.
These results indicate that foreign genes have the poten-
tial to persist in hybrid offspring, propagate with their 

Table 5  Aboveground biomass of different soybean materials
Soybean Materials Aboveground biomass (g)
GM 128.2 ± 22.6a
Wild 76.5 ± 16.8b
F1 47.7 ± 18.2c
BC1F1-negative 68.0 ± 14.2bc
BC1F1-positive 67.6 ± 14.9bc
BC1F2-negative 87.7 ± 10.1b
BC1F2-positive 87.8 ± 11.5b

Table 6  Number of pods per plant for GM soybean, wild 
soybean, F1 and backcrossed offspring
Soybean materials Number of pods per plant
GM 102.4 ± 13.9d
Wild 431.5 ± 57.1a
F1 78.5 ± 43.2d
BC1F1-negative 252.6 ± 29.9c
BC1F1-positive 246.0 ± 22.3c
BC1F2-negative 373.4 ± 35.0b
BC1F2-positive 387.3 ± 27.4b

Table 7  Number of full grains per plant of GM soybean, wild 
soybean, F1 and backcross progeny
Soybean materials Number of full grains per plant
GM 274.3 ± 37.4c
Wild 1015.0 ± 157.4a
F1 289.9 ± 124.4c
BC1F1-negative 391.5 ± 70.7c
BC1F1-positive 383.9 ± 58.7c
BC1F2-negative 713.8 ± 92.1b
BC1F2-positive 750.3 ± 72.1b

Table 8  Hundred-grain weight of transgenic soybeans, wild 
soybeans and backcross progenies
Soybean materials Hundred-grain weight (g)
GM 18.1 ± 2.0a
Wild 2.1 ± 0.2b
F1 2.0 ± 0.1b
BC1F1-negative 2.3 ± 0.1b
BC1F1-positive 2.4 ± 0.1b
BC1F2-negative 2.8 ± 0.1b
BC1F2-positive 2.8 ± 0.1b
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reproduction, and present the fundamental conditions 
for generating specific ecological risks.

Discussion
Based on prior research findings from our team, foreign 
genes exhibit normal expression in the hybrid offspring 
resulting from the crossbreeding of transgenic soybeans 
and wild soybeans. The flowering periods of the hybrid 
progeny and wild soybeans coincide, enabling the poten-
tial spread of foreign genes within the wild soybean pop-
ulation. In this study, a backcross progeny system was 
established by employing the hybrid F1 generation as the 
pollen donor (male parent) and the Zhengzhou wild soy-
bean as the seed recipient (female parent). This system 
proves effective in simulating the natural environment 
and restoring the flow of foreign genes. In a previous 
study, the protein expression and fitness indices of homo-
zygous and heterozygous wild soybeans were assessed, 
and no significant differences were found [20, 23]. Hence, 
the backcross progenies were classified into two groups: 
foreign protein-positive and foreign protein-negative.

Expression of foreign protein and herbicide resistance in 
backcross progeny
Whether exogenous transgenes that escape into culti-
vated crops or their wild relatives through gene flow can 
be expressed normally and function is a critical step in 
assessing the environmental risks associated with trans-
gene escape [24, 25]. Studies indicates that exogenous 
proteins can be adequately expressed in the hybrid off-
spring resulting from the crossbreeding of transgenic 
crops and wild relatives. Moreover, the expression of 
these exogenous proteins may bestow resistance traits 
similar or identical to those found in the hybrid offspring 
of transgenic crops, potentially leading to unpredictable 
environmental risks. [20, 25–27]. In Argentina, the acqui-
sition of exogenous CP4-epsps genes from GM rape-
seed by wild turnips has made it challenging to control 
because of glyphosate tolerance [9]. In previous experi-
ments, we confirmed the normal expression of exogenous 
proteins in hybrid offspring [20, 23]. However, it remains 
unclear whether the expression of exogenous genes con-
fers glyphosate resistance to wild soybeans. Hence, this 

Fig. 2  Relative fitness of hybrid and backcross progenies compared with that of wild soybean
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study examined herbicide tolerance in the backcrossed 
progeny of transgenic and wild soybeans. Additionally, it 
investigated the expression of exogenous proteins follow-
ing the acquisition of the epsps gene, aiming to elucidate 
the ecological risks associated with the gene flow of epsps 
into wild soybeans.

In this study, it was recommended that glyphosate be 
sprayed at the third trifoliate stage of soybeans, and the 
survival rates of the soybean materials were counted one 
week later. After two weeks of glyphosate treatment, GM 
soybean and hybrid F1 showed nearly complete survival, 
whereas the survival rate of the backcrossed first-gener-
ation (BC1F1) was 46.7%. This survival rate aligns with 
the Mendelian genetics law, confirming the presence of 
exogenous genes (X2 = 0.667, df = 1, P = 0.414, chi-square 
test). Subsequently, BC2F2 was obtained through self-
pollination of BC1F1 plants that tested positive in a strip 
test. The post-herbicide survival rate was 72.7%, which 
also conforms to the Mendelian genetics law regarding 
the proportion of exogenous genes (X2 = 0.436, df = 1, 
P = 0.509, chi-square test). Through exogenous protein 
strip tests and molecular detection, we determined that 
all surviving plants expressed exogenous genes. The 
expression levels of exogenous proteins in these surviv-
ing plants were analysed using a protein quantification 
detection kit. The findings indicated that the expression 
levels of exogenous proteins in the backcrossed prog-
eny were notably lower than those in GM soybeans, yet 
there was no significant difference compared to the levels 
in the hybrid offspring. This outcome supports previous 
findings, providing additional evidence that exogenous 
proteins can be expressed not only in genetically modi-
fied soybeans and hybrid wild soybean offspring but also 
in backcrossed offspring.While the expression levels are 
significantly lower than those in GM soybeans, they still 
confer glyphosate tolerance to the backcrossed offspring, 
thereby confirming the risk of wild soybeans evolv-
ing into superweeds owing to gene flow from the GM 
soybeans.

Fitness analysis of backcross progeny
Previous studies have demonstrated that, under consis-
tent planting times, the flowering period of the F1 gen-
eration coincided with that of wild soybeans for 23 days, 
whereas the flowering period of the F2 generation over-
lapped with that of wild soybeans for 21 days. These find-
ings confirmed the presence of favourable conditions for 
the spread of foreign genes in hybrid progenies to the 
wild soybean population [20]. Therefore, further investi-
gation into the fitness of hybrid progenies and backcross 
progenies with wild soybeans is warranted.

There were no significant differences observed between 
BC1F2-negative and positive heterozygote and homozy-
gous plants in vegetative and reproductive growth. This 

implies that the insertion of the epsps gene does not vis-
ibly influence the growth and development of wild soy-
beans. In the absence of herbicide selection pressure, 
the aboveground biomass and hundred-grain weight 
of the BC1F2 generation soybeans were notably higher 
than those of wild soybeans. Additionally, no significant 
differences were observed in pollen germination rate, 
emergence rate, filled seeds per plant and pods per plant 
when compared to wild soybeans. The findings indicated 
that the hybrid offspring of transgenic and wild soybeans 
incurred no fitness cost in terms of nutrition and repro-
duction, which proved advantageous for the spread of 
foreign genes within the wild soybean population. While 
current studies have predominantly concentrated on 
the fitness of hybrid offspring from transgenic and wild 
soybeans, there is a scarcity of research on the fitness of 
backcross progeny.

As per Kuroda et al. [16], the hybrid offspring result-
ing from the crossbreeding of cultivated and wild soy-
beans possess a fraction of artificially domesticated genes 
derived from cultivated soybeans, which may result in 
lower fitness than wild soybeans. Upon crossing trans-
genic soybeans with the epsps gene, developed by NAU, 
with wild soybeans from ten distinct regions, a majority 
of the F1 hybrid offspring displayed decreased germina-
tion rates and diminished biomass, number of pods per 
plant, plant height, and hundred-grain weight in compar-
ison to wild soybeans. These factors might pose a disad-
vantage for the survival of the hybrid offspring in natural 
environments. [12]. Nonetheless, comparable outcomes 
have been documented in various other studies con-
cerning the fitness of hybrid offspring resulting from the 
crossbreeding of transgenic soybeans with the epsps gene 
and wild soybeans.

In the study conducted by Guan et al. [17], a signifi-
cantly low pod-setting rate was observed in the hybrid 
offspring resulting from the crossbreeding of herbicide-
tolerant transgenic soybean AG5601 with the epsps 
gene and Beijing wild soybeans. Moreover, there was 
no substantial difference in fitness between hybrid off-
spring with and without the epsps gene, indicating that 
the herbicide resistance gene may not negatively impact 
the growth of introduced wild soybeans. Kan et al. [18] 
investigated the fitness of hybrid offspring resulting 
from the crossbreeding of four wild soybean materials 
with glyphosate-resistant transgenic soybeans carrying 
the epsps gene, conducting the study under net-house 
conditions. Without the influence of glyphosate selec-
tion pressure, no notable differences in fitness indica-
tors were noted between the hybrid offspring and their 
wild soybean counterparts [18]. In a two-year field 
study conducted in Korea, Yook et al. [19] evaluated the 
potential weed risk linked to the hybrid offspring result-
ing from gene flow between glyphosate-resistant and 
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wild soybeans. Their findings illustrate that, owing to 
pollen-mediated gene flow and the enhanced fitness of 
hybrid offspring, transgenic soybeans have the poten-
tial to spread into wild populations and endure in local 
agricultural ecosystems. The findings from the 3-year 
experiment showed that hybrids resulting from the cross-
breeding of GM soybeans with wild soybeans exhibited 
decreased seed germination and increased seed produc-
tivity compared to GM soybeans. Notably, these char-
acteristics, particularly in F2 and F3 hybrids, resembled 
those of wild soybeans [23]. These findings also suggest 
that without glyphosate application, the fitness of wild 
soybeans expressing the epsps gene remained relatively 
stable in comparison to wild soybeans and even showed 
a significant increase in certain fitness indicators. Hence, 
the invasive potential of hybrid offspring between trans-
genic and wild soybeans might surpass that of wild 
soybean parents, contributing to the dissemination of 
exogenous epsps genes in wild soybean populations.

Conclusion
In conclusion, our study has demonstrated that wild soy-
beans carrying exogenous genes can exhibit significant 
fitness advantages when subjected to glyphosate selec-
tion pressure. These findings shed light on the potential 
ecological consequences of gene flow from genetically 
modified soybeans to wild populations. Without the 
application of glyphosate, there were no notable differ-
ences in fitness observed between the backcrossed prog-
eny BC1F2 and wild soybeans, suggesting the potential 
continuous spread of exogenous genes within the wild 
soybean population. Nonetheless, the expression status 
of exogenous genes remains unclear with the increase 
of backcross generations.To fully assess the long-term 
implications, it is imperative to conduct further vali-
dation studies that investigate the expression levels of 
these genes across successive backcross generations. 
This research provides valuable insights into the poten-
tial ecological risks associated with genetically modified 
soybeans and underscores the importance of continued 
monitoring and research in this field.
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