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Abstract 

Soybean has been recognized as a useful platform for heterologous protein production. This study compared the pol‑
len characteristics of transgenic and non-transgenic soybean and investigated the rate of gene flow from transgenic 
soybean events, developed to obtain recombinant proteins (such as human epidermal growth factor, insulin-like 
growth factor 1, or thioredoxin) for use in the skin care industry, to non-transgenic soybean under field conditions, 
and determined the distance at which gene flow could occur. The lack of significant differences in pollen grain size, 
viability and pollen germination rates between transgenic and non-transgenic cultivars indicates that the overexpres‑
sion of transgenes did not alter pollen characteristics in soybean. The highest rates of gene flow from the three trans‑
genic soybean events to non-transgenic soybean ranged from 0.22 to 0.46% at the closest distance (0.5 m). Gene flow 
was observed up to 13.1 m from the transgenic plots. Our data fell within the ranges reported in the literature and 
indicate that an isolation distance greater than at least 13 m from transgenic soybean is required to prevent within-
crop gene flow in soybean. As the potential markets for transgenic crops as a recombinant protein factory increase, 
gene flow from transgenic to non-transgenic conventional crops will become a key decision factor for policy makers 
during the approval process of transgenic crops. Our study may provide useful baseline data for the prevention of 
transgenic soybean seed contamination caused by transgene flow.
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Introduction
Soybean (Glycine max (L.) Merr.) is a predominantly self-
pollinated crop, and pollination occurs before the flow-
ers open. The rates of natural cross-pollination between 
closely placed soybean cultivars are generally found to 
be less than 1% under field conditions [1–5]. However, 

maximum rates of natural cross-pollination as high as 
4.52% [6] and 6.32% [7] have also been reported. Moreo-
ver, much higher rates were observed in male sterile soy-
bean lines [8, 9]. Because the airborne release of soybean 
pollen is very limited, soybean pollination is not medi-
ated by wind [10]. Insect pollinators, particularly many 
bee species, play important roles in soybean pollination 
[11–15]. The presence of adequate insect pollinators, dis-
tance from pollen source, location, season, pollen recipi-
ent genotype, and ambient temperature can affect the 
natural cross-pollination of soybean [8, 16–18].

Since the commercial cultivation of glyphosate-resist-
ant transgenic soybean (GTS 40-3-2 event), the adoption 
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of transgenic soybean has greatly increased worldwide 
and reached 95.9 million hectares in 2018 [19]. Although 
many benefits of transgenic crop cultivation have been 
recognized, considerable economic concerns regarding 
transgenic seed contamination have been raised, and 
coexistence of non-transgenic (conventional or organic) 
and transgenic cropping system has become an impor-
tant issue in countries that cultivate transgenic crops. 
Current studies on gene flow from transgenic to non-
transgenic crop cultivars aim to gain information on how 
to prevent inadvertent admixture of those crops through 
outcrossing. A few studies have reported gene flow from 
transgenic soybean to non-transgenic soybean cultivars 
in the fields of Brazil [20–23], China [24–28], Japan [29], 
and Korea [30, 31]. These studies mostly used herbicide-
resistant transgenic soybean as pollen donors and meas-
ured the rates of gene flow and the distance at which gene 
flow can occur.

Using seeds as bioreactors for the production of 
recombinant proteins has been explored [32–34]. Among 
the whole plant expression systems, seed-based expres-
sion platforms have an advantage over leaf-based plat-
forms. The plant seed has a high protein content but low 
protease activity; therefore, protection from proteolytic 
degradation enables much longer storage of recombi-
nant protein than that with the protein produced in leaf 
tissues [35]. Soybean is currently recognized as a useful 
platform to produce heterologous proteins [36, 37].

Three transgenic soybean events expressing human 
epidermal growth factor (EGF), insulin-like growth fac-
tor 1 (IGF-1), or thioredoxin (TRX) have been developed 
to obtain recombinant proteins for use in the skin care 
industry. In these events, the transgenes are controlled by 
the β-conglycinin promoter for seed-specific expression. 
Moreover, EGF stimulates the growth of skin and corneal 
epithelium and acts as a potent mitogenic factor [38, 39]. 
In addition, IGF-1 protein has insulin-like effects, such as 
the stimulation of glucose consumption in adipose tissue, 
and is involved in mediating growth and development 
[40, 41]. TRX protein is involved in many redox reactions 
and has antioxidant, anti-inflammatory, and anti-allergic 
properties [42, 43].

Before commercializing transgenic soybean events, 
their potential risks to human health and the environ-
ment should be thoroughly assessed. Recently, the effects 
of such transgenic events on arthropod communities 
[44] as well as the invasiveness [45] of these events have 
been reported. In addition, measures to prevent the entry 
of such events into the food or feed supply chain are 
needed. In this study, we aimed to investigate the rate of 
gene flow from transgenic soybean events to non-trans-
genic soybean and to determine the distance at which 
gene flow can occur. In addition, we investigated pollen 

characteristics including size, viability, and germination 
rates, which are important characteristics related to pol-
len dispersal and reproductive success.

Materials and methods
Plant materials
Using a Korean soybean cultivar ‘Kwangan’, transgenic 
soybean (Glycine max (L.) Merr.) events were developed 
through Agrobacterium tumefaciens-mediated trans-
formation. The non-transgenic host cultivar ‘Kwangan’ 
belongs to maturity group VI, with days to maturity rang-
ing from 156 to 163  days [46]. The transgenic soybean 
events contained either the human epidermal growth 
factor (egf) gene (event CT-1001), human insulin-like 
growth factor 1 (igf-1) gene (event CT-2062), or human 
thioredoxin (trx) gene (event CT-4025) gene under the 
control of the β-conglycinin promoter for seed-specific 
protein expression and the PinII terminator. All trans-
genic events contained the bar gene for phosphinothricin 
selection with the cauliflower mosaic virus 35S promoter 
and nos terminator. We obtained seeds of transgenic 
soybean events and the non-transgenic host cultivar, 
‘Kwangan’, from the Research & Development Center, 
CELLTRION, in March 2017.

Pollen characteristics
Transgenic and non-transgenic soybean seeds were steri-
lized and sown on seed trays filled with commercial pot-
ting soil. 2  weeks later, seedlings were transplanted in 
7-L pots with five replicates and grown in a greenhouse. 
During the flowering stage, two flowers per plant were 
randomly collected between 09:00 and 10:00 a.m. and air-
dried for 2 h before the subsequent measurements. The 
pollen characteristics of CT-1001, CT-4024, and CT-2062 
soybeans were compared with those of ‘Kwangan’ in June, 
July, and September 2016, respectively. Because it was 
difficult to handle all events in a single day and as we did 
not aim to compare pollen characteristics among trans-
genic events; we compared the non-transgenic soybean 
and one transgenic soybean event at a time.

Pollen was added on a glass slide covered with Vaseline. 
The slides were observed under a microscope (Olympus 
BX41, Japan) and photographs were taken using a digital 
camera. The polar axis length and equatorial diameter of 
20 pollen grains per plant were measured using an image 
analysis program (DIXI eXcope X3, Korea). The diameter 
of the pollen grains was calculated as the mean value of 
the polar axes and equatorial diameters.

Pollen grains were stained with Lugol’s solution (I2/KI) 
to determine pollen viability. Pollen wase dusted onto a 
glass slide on which 50 μl of Lugol’s solution was added. 
After 30 min of staining, the glass slide was covered with 
a cover glass. In total, 100 pollen grains per plant were 
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observed under a microscope (Olympus BX41, Japan), 
and the percentage of viable pollen was calculated. Pollen 
grains that were stained black were judged as viable and 
those stained bright yellow were judged as dead pollen.

To estimate the germination rate of pollen, we 
used the medium [47] containing 15  g sucrose, 0.03  g 
Ca(NO3)2·4H2O, and 0.01  g H3BO3 in 100  mL deion-
ized water. To this medium, 0.5  g of agar was added 
and heated until the agar was completely dissolved. The 
medium (7 mL) was poured into a Petri dish (4 cm diam-
eter) and allowed to cool to room temperature. Pollen 
was dusted on the germination medium and the plates 
were incubated at 30  °C for 24  h in an incubator. After 
24 h, 100 pollen grains per plant were observed under a 
microscope, and the percentage of germinated pollen 
grains was calculated. Pollen grains were considered ger-
minated if their tube lengths were greater than or equal 
to the grain diameter.

Field experiments
A field experiment was conducted in an experimen-
tal field at the Korea Research Institute of Bioscience & 
Biotechnology (KRIBB), Cheongju, Republic of Korea 
(36° 43′ 04″ N, 127° 26′ 07″ E, altitude: 37 m) in 2017 to 
investigate the rate of gene flow from transgenic soybean 
events to non-transgenic soybean under field conditions. 
During the growing season (June–October), the total 
rainfall was 1133 mm and the monthly mean air tempera-
ture ranged from 15.9 to 27.1 °C [48].

In May 2017, we established three 4 × 4 m central plots 
and six 10.5 × 4  m plots with five rows mulched with 
black plastic films (Fig. 1). On May 30, 2017, transgenic 
and non-transgenic soybean seeds were sown on seed 
trays filled with commercial potting soil (BioPlus, Hun-
gnong, Korea) and grown in a glasshouse. Soybean seed-
lings were transplanted in the field on June 13, 2017. In 
each central plot, 105 transgenic soybean seedlings were 
transplanted at 20-cm spacing. In the surrounding north-
east and south-west plots, 200 non-transgenic soybeans 
were transplanted at 50-cm spacing in five rows from 
the edge of the central transgenic soybean plot. Both 
transgenic and non-transgenic soybeans were cultivated 
according to conventional practices. Insecticides were 
sprayed to control stink bugs (Pentatomidae) in July–
September. The dates of flowering initiation, 50% flow-
ering, and flowering termination of the transgenic and 
non-transgenic soybean plants cultivated in the middle 
rows for each plot were investigated in July and August. 
Soybean pods of the non-transgenic recipients were col-
lected at various distances (0.5–10.5 m) from the trans-
genic soybean plots on November 1, 2017. Then, soybean 
seeds were individually harvested from the pods by hand 
and stored until analysis.

Hybrid detection
Harvested seeds from non-transgenic soybean plots were 
screened to determine hybrid progenies between trans-
genic and non-transgenic soybeans. In a greenhouse, 200 
seeds were placed in a plastic tray (32 × 48 × 8 cm) filled 
with commercial potting soil (BioPlus, Hungnong, Korea) 
and watered daily. When seedlings reached the third tri-
foliate (V3) stage, glufosinate (Basta; Bayer Crop Science, 
Korea) was applied at a rate of 3 mL L−1 using a garden 
sprayer. The surviving seedlings were considered to be 
resistant to glufosinate. To estimate the number of evalu-
ated progenies, seed germination rates were measured.

The presence of transgenes was confirmed by PCR. 
Primers were designed to detect transgenes (egf, igf-1, 
and trx) and another set of primers was used to detect the 
lectin gene as an internal PCR-positive control (Table 1). 
All primers were synthesized by Bioneer (Daejeon, 
Korea). Leaf samples were collected from the glufosi-
nate-resistant soybean seedlings and DNA was extracted 
using a FastDNA kit (MP Bio., USA). PCR was run with 
a final volume of 50 μL containing 2 μL of gDNA, 25 μL 
of AccuPower PCR Master Mix (Bioneer, Korea), 19 µL 
of distilled water (Bioneer, Korea), and 2 µL of 10 pmol 
for each primer. The initial touchdown cycle comprised 
initial denaturation at 95  °C for 3  min, denaturation at 
95 °C for 30 s, annealing at 58 °C (for lectin) or 59 °C (for 
transgenes) for 30 s, and extension at 72 °C for 30 s, fol-
lowed by a final extension at 72 °C for 5 min. As the posi-
tive control and the negative control, transgenic soybean 
and distilled water were used, respectively. We calculated 
the hybridization rates as the percentages of hybrids per 
number of evaluated progenies.

Fig. 1  Experimental design of the field trial conducted in 2017. Three 
transgenic soybean events (CT-1001, CT-2062, and CT-4025) were 
planted in each central plot. Non-transgenic cultivar ‘Kwangan’ (WT) 
were planted in the surrounding north-east (NE) and south-west 
(SW) plots. A red line indicates the row at which the trx gene of the 
CT-4025 event was found in the hybrid progenies
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Statistical analyses
Data on size, viability, and germination rate of pol-
len were analyzed using the Real Statistics Resource 
Pack Software (Release 6.2.2) [49]. Data were assessed 
for normality and homoscedasticity using the Shap-
iro–Wilk and Levene’s tests, respectively. The overall 
effect of soybean genotype on the size, viability, and 
germination rate of pollen was evaluated by using the 
Student’s t-test. Non-normally distributed data were 
evaluated using the Mann–Whitney test.

Results
Pollen characteristics
No significant differences were found in pollen size, 
viability, and germination rates between non-transgenic 
and transgenic soybeans (Table 2). The mean pollen grain 
diameter of non-transgenic soybean ranged from 24.8 
(June) to 27.3 (September) μm, and that of transgenic 
soybean events ranged from 25.1 (CT-1001) to 26.6 (CT-
4025) μm. Pollen viability determined by staining was 
95.2 to 97.6% for non-transgenic soybean and 95.0 to 
97.4% for transgenic soybean events. Pollen germination 
rates of non-transgenic and transgenic soybean ranged 
from 86.2 to 96.0% and 87.6 to 96.4%, respectively.

Gene flow rates
The non-transgenic and three transgenic soybean events 
flowered from July 21, 2017 and July 23, 2017, respec-
tively. The 50% flowering date of non-transgenic soybean 
and CT-1001 transgenic soybean was July 23, 2017, and 
that of CT-2062 and CT-4025 transgenic soybean was 
July 24, 2017 (Table 3).

From the seeds collected from non-transgenic soybean 
planted with CT-1001, 47,035 progenies were assessed to 
identify hybrids (Table 4). PCR analysis showed the pres-
ence of a 143-bp egf gene fragment in 15 samples, and 
the overall gene flow rate was 0.032%. The highest gene 
flow rate was observed for soybean planted at a distance 
of 0.5 m (0.210%) from the transgenic soybean plot. Gene 
flow was observed up to 10.0 m from the transgenic soy-
bean plot at a rate of 0.049%.

Table 1  Primers sets used to detect hybrids between non-
transgenic soybean and  transgenic soybean events (CT-
1001, CT-2062, and CT-4025 with egf, igf-1, and trx genes, 
respectively)

Target gene Primer Sequence (5′ to 3′) Amplicon 
size (bp)

egf EGF-F CAC TTT CCC ACG ATG GAT ACT G 143

EGF-R TTA CCT AAG CTC CCA CCA CTT​

igf-1 IGF-F GAG CTT GTT GAT GCT CTC CAA T 114

IGF-R CTC GTC CAC AAT TCC AGT TTG T

trx TRX-F GCA AGA TGA TCA AGC CCT TCT T 185

TRX-R CTT CTC TTT GTT AGC ACC GGA G

lectin Lectin-F ATC CGA CGA TGG ATT TCT TG 217

Lectin-R GGC GGC ATT ATA GGT AAC GA

Table 2  Pollen characteristics of  non-transgenic soybean (WT) and  transgenic soybean events (CT-1001, 
CT-2062, and  CT-4025) were compared in  three different months (June, July, and  September). Data are presented 
as means ± standard errors (n = 5)

Significant effects of soybean genotype on pollen characteristics were not observed (p < 0.05, Student’s t-test or Mann–Whitney test)

Pollen characteristics June July September

WT CT-1001 WT CT-2062 WT CT-4025

Pollen grain diameter (μm) 24.8 ± 0.2 25.1 ± 0.3 26.0 ± 0.2 25.9 ± 0.3 27.3 ± 0.3 26.6 ± 0.2

Pollen viability (%) 96.0 ± 1.2 95.0 ± 1.0 97.6 ± 0.2 97.4 ± 0.4 95.2 ± 0.7 97.0 ± 0.3

Pollen germination rate (%) 88.6 ± 2.8 88.8 ± 3.1 96.0 ± 0.3 96.4 ± 0.5 86.2 ± 1.9 87.6 ± 2.9

Table 3  Flowering phenology of  non-transgenic soybean (WT) and  transgenic soybean events (CT-1001, CT-2062, 
and CT-4025)

Flowering phenology CT-1001 plot CT-2062 plot CT-4025 plot

WT CT-1001 WT CT-2062 WT CT-4025

Flowering initiation 21 Jul 23 Jul 21 Jul 23 Jul 21 Jul 23 Jul

50% flowering 23 Jul 23 Jul 23 Jul 24 Jul 23 Jul 24 Jul

Flowering termination 31 Aug 30 Aug 31 Aug 30 Aug 30 Aug 30 Aug
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In total, 54,554 progenies from non-transgenic soybean 
planted with CT-2062 were assessed to identify hybrids 
(Table  4). The presence of the 114-bp igf-1 gene frag-
ment in 27 samples was confirmed by PCR analysis, and 
the overall gene flow rate was 0.052%. The highest rate 
(0.289%) was also observed for the soybean planted at the 
closest distance (0.5 m) from the transgenic soybean plot. 
Gene flow was observed up to 5.0 m from the transgenic 
soybean plot.

Non-transgenic soybean planted with CT-4025 had 
52,337 progenies (Table 4). Among them, the 185-bp trx 
gene fragment was observed in 23 samples, and the over-
all gene flow rate was 0.044%. The highest rate (0.464%) 
was observed at the closest distance from the transgenic 
soybean plot. Here, 13 of the 2801 progenies were hybrids 
between transgenic and non-transgenic soybeans. Gene 
flow was observed up to 13.1 m from the transgenic soy-
bean plot.

From the seeds collected from the 19th row (9.5 m dis-
tance from the transgenic soybean plot) of non-trans-
genic soybean north-east plots planted with CT-2062, 
we found two glufosinate-resistant progenies. When we 
analyzed the samples using primers that could detect the 

igf-1 gene (for CT-2062), the igf-1 gene was not detected 
among these samples. Therefore, we tested other primers 
that could detect either the egf (for CT-1001) or trx (for 
CT-4025) gene and found that the trx gene was present 
in these samples. Because we pooled the seeds collected 
from the five non-transgenic soybeans planted on each 
row with the same distance from the transgenic soybean 
plot, it was not possible to locate the exact position of 
collection. Therefore, we estimated the distance by draw-
ing a hypothetical line between the central edge of the 
transgenic soybean plot and the center of the 19th row 
where the hybrid progenies were found (Fig. 1).

Discussion
Pollen characteristics, including pollen grain size and 
viability, are related to the potential for hybridization 
and are a major component in risk assessment of trans-
genic crops [50, 51]. The lack of significant differences in 
pollen grain size, viability determined by staining, and 
pollen germination rates between transgenic soybean 
events and the non-transgenic parental cultivar in our 
study indicates that the overexpression of EGF, IGF-1, or 
TRX did not alter pollen characteristics in soybean. The 

Table 4  Gene flow from  transgenic soybean events (CT-1001, CT-2062, and  CT-4025) to  non-transgenic soybean 
(‘Kwangan’) at a range of distances

Values are the number of PCR-positive seedlings/number of evaluated progenies. Numbers in parentheses are the gene flow rates (%)

Distance from transgenic soybean plot (m) CT-1001 CT-2062 CT-4025

0.5 5/2386 (0.210) 9/3111 (0.289) 13/2801 (0.464)

1.0 1/2553 (0.039) 4/2534 (0.158) 0/2476

1.5 1/2478 (0.040) 5/2916 (0.171) 1/1919 (0.052)

2.0 0/2179 2/2823 (0.071) 1/2644 (0.038)

2.5 0/2377 1/1707 (0.059) 1/2809 (0.036)

3.0 1/2866 (0.035) 1/2887 (0.035) 1/2703 (0.037)

3.5 2/2565 (0.078) 3/3164 (0.095) 2/2701 (0.074)

4.0 1/3308 (0.030) 1/2139 (0.047) 0/3139

4.5 0/2496 0/2461 0/2590

5.0 0/2968 1/2296 (0.044) 1/2048 (0.049)

5.5 0/2031 0/1867 1/2931 (0.034)

6.0 1/2484 (0.040) 0/2385 0/2418

6.5 0/2604 0/2002 0/2528

7.0 0/1804 0/2535 0/2783

7.5 0/1221 0/1977 0/2081

8.0 1/1834 (0.055) 0/2733 0/2109

8.5 1/1640 (0.061) 0/2770 0/2716

9.0 0/1552 0/2753 0/1682

9.5 0/1580 0/2340 0/1462

10.0 1/2057 (0.049) 0/2072 0/1959

10.5 0/2052 0/1972 0/1498

13.1 2/2340 (0.085)

Total 15/47,035 (0.032) 27/54,554 (0.052) 23/52,337 (0.044)
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mean pollen grain diameter of non-transgenic and trans-
genic soybean in our study ranged from 24.8 to 27.3 μm. 
Kaltchuk-Santos et al. [52] reported that the pollen grain 
diameter of four soybean cultivars ranged from 25.23 to 
26.85 μm, which was similar to that in our study. Horak 
et  al. [53] reported that pollen grain diameter of trans-
genic and non-transgenic soybean ranged from 21.6 to 
23.7  μm, which was slightly smaller than that found in 
our study. Mean pollen diameters of soybean as large as 
27.3 μm and 30.4 μm are also reported [10].

Flowering phenologies of transgenic soybean events 
were not different from those of non-transgenic soybean, 
and flowering periods were overlapped in our study. We 
found that the highest gene flow rates were 0.21%, 0.29%, 
and 0.46% for transgenic events CT-1001, CT-2062, and 
CT-4025, respectively, at the closest distance (0.5  m) 
from transgenic soybean plots. This result is similar to 
that of the studies that found 0.26 to 0.45% of the high-
est gene flow rate at 0.5 m distance from the transgenic 
soybean plots [20, 28]. At a distance of 0.7 to 1 m from 
the transgenic soybean pollen source, the highest gene 
flow rates of 0.03 to 0.52% were also observed [21, 26, 29, 
31]. The highest gene flow rates reported in studies using 
transgenic soybean were mostly below 0.6%.

The gene flow rates were considerably reduced in the 
second rows, at a 1.0 m distance from the transgenic soy-
bean plots in our study. The maximum distance that gene 
flow could occur from the pollen source in our study 
was 5  m, 10  m, and 13.1  m for CT-2062, CT-1001, and 
CT-4025, respectively.

The farthest distance that transgene flow can occur 
was reported as 0.7 to 10 m [21, 22, 25, 26, 29–31]. How-
ever, distance as far as 15  m [28] and 29  m [27] have 
been reported in China. Caviness [4] also reported an 
outcrossing of 0.01% between soybean cultivars at 10 to 
15.5 m distance. Our data fell within the ranges reported 
in the literature and indicate that an isolation distance 
greater than at least 13  m from transgenic soybean is 
required to prevent within-crop gene flow in soybean.

Inefficient transgene biocontainment can incur great 
economic losses, as seen in the StarLink incident; more-
over, pollen-mediated gene flow is a primary mode of 
unwanted biocontamination [54]. Determining the iso-
lation distance between transgenic crops and sexually 
compatible crops is one of the various measures, includ-
ing using pollen traps and buffer zones, to prevent pollen 
flow into neighboring fields [55]. Conducting confined 
field trials of transgenic crops is essential to obtain such 
data for decision making.

In summary, we observed that rates of gene flow from 
three transgenic soybean events, developed to obtain 
recombinant proteins (EGF, IGF-1, or TRX) for use in the 
skin care industry, to the non-transgenic parental cultivar 

in the field and the farthest distance at which gene flow 
can occur fell within the reported ranges. Pollen char-
acteristics were not significantly different between 
non-transgenic and transgenic soybean events. As the 
potential markets for transgenic crops as a recombinant 
protein factory increase, gene flow from transgenic to 
non-transgenic conventional crops will become a key 
decision factor for policy makers during the approval 
process of transgenic crops. Our study may provide use-
ful baseline data for the prevention of transgenic soybean 
seed contamination caused by transgene flow.
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