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ABSTRACT 

 

Weedy Risk Assessment of Hybrids Resulted from 

Gene Flow from LM Soybean to Wild Soybean  

 

 

HAERIM PARK 

Department of Plant Science 

The Graduate School 

    Seoul National University 

 

Although living modified (LM) crops have not been allowed for agricultural 

cultivation in Korea, increased import of LM crops for food processing and 

animal feeding has raised concerns on unintentional escape of LM crops and 

following eventual risks including gene flow from LM crops to their relatives 

and the weediness of hybrids resulted from gene flow. Soybean (Glycine max) is 

a legume species native to East Asia including Korea where wild soybean 

(Glycine soja) inhabits natural and agricultural ecosystem and often coexists 

with cultivated soybean in a same field, suggesting that unintentional escape of 

LM soybean may cause gene flow to relative soybean species and sequential 

consequences. However, no or little effort has been made to assess potential 

risks. Therefore, this study was conducted to assess potential gene flow from 

LM soybean to wild soybean and weediness of hybrids resulted from gene flow 

in Korean agro-ecosystem.  

Two year field experiments conducted in the LMO field (authorization number: 
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RDA-AB-2011-014) revealed potential gene flow from LM soybean (♂, ATSIZ 

#6) to wild soybean (♀, IT 182932) planted at various distances between them 

up to 8 m. Gene flow rates were 0.191% and 0.201% in 2013 and 2014, 

respectively, at 0.5 m distance, and decreased rapidly increasing distance, 

resulting in 0.064% and 0.045% gene flow at 6 m distance. In the 2014 field 

study, gene flow rates were 0.292% at 0 m distance and 0.027% at 8 m distance. 

Non-linear regression analysis by fitting the data to the double exponential decay 

model enabled to simulate gene flow from LM soybean to wild soybean. These 

results suggest that gene flow has no year variation and gene flow from LM 

soybean to wild soybean can naturally occur if wild soybean inhabits about 8 m 

away from soybean fields.  

Pot and field experiments using hybrids resulted from gene flow from LM 

soybean to wild soybean revealed weediness of hybrid progenies, F1, F2 and F3. 

LM soybean showed better vegetative growth characteristics including leaf area 

and canopy growth except plant height, which was much greater in wild soybean 

and hybrid progenies due to their indeterminate and vining growths. In 

reproductive growth characteristics, the hybrid progenies showed better 

reproductive growth characteristics than LM soybean. Flower and pod numbers 

per plant were significantly greater in hybrid progenies than LM soybean. Pod-

shattering rate and seed production of hybrids were 3 times greater than those of 

LM soybean. Seed longevity in field soil profiles was also significantly greater 

in hybrids than LM soybean. Viability of LM soybean seeds buried in soil 

decreased dramatically from 100 to 1.5 % after wintering, while that of hybrids 

still maintained high, up to 66 % after wintering. Moreover, hybrids showed 

much greater seed dormancy during wintering in soils, resulting in much greater 

seed longevity than LM soybean. Overall, hybrid progenies resulted from gene 

flow from LM soybean to wild soybean maintained greater portion of maternal 

traits associated with weediness such as seed production, pod shattering, and 

seed dormancy and longevity.  

In conclusion, two year field study revealed significant gene flow up to 8 m 
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distance from LM soybean to wild soybean in the field condition and provided 

simulation model for gene flow estimation. Pot and field study with hybrids 

resulted from gene flow also showed high risk of weediness in hybrids due to 

their reproductive growth characteristics and seed dormancy and longevity. 

Therefore, this study would provide informative guideline to estimate risk 

assessment of gene flow and weediness of hybrids when LM soybean is either 

intentionally or unintentionally grown in agricultural crop field in Korea. 

 

Keyword: gene flow, Glycine max, Glycine soja, GMOliving modified (LM), 

risk assessment, weediness 

Student number: 2014-22812 
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1. INTRODUCTION 

According to a report of International Service for the Acquisition of Agri-

biotech Application (ISAAA), cultivation of LM crops has steadily been 

increasing (Clive, 2013) and living modified (LM) soybean occupied the largest 

cultivation area as compared with other LM crops (48% cultivation area of all 

LM crops, 84 million ha, 2013). Since the development of transgenic plants and 

release of LM crops, many concerns on their environmental risks including gene 

flow and weediness have been raised. Potential gene flows from LM crops have 

been studied and well documented in other species (Ellstrand et al, 1999). 

However, in Korea where LM crops have not been allowed for agricultural 

cultivation, little effort has been made to investigate potential gene flow from 

LM crops to their relatives. Korea is the 4th biggest importer of crops such as 

corn, soybean and wheat, many of which are LM crops. Many efforts have been 

made to develop LM crops as Korean government has invested a lot into crop 

biotech researches for long period of time since 1990s. Nonetheless, little 

attention has been given to potential environmental risks from LM crops.  

Among LM crops cultivating worldwide, LM soybean occupies the greatest 

acreage. The proportion of LM in soybean crop cultivated is the largest as 

compared with any other crops. The Far East including Korea has known to be 

genetic origin of soybean (Glycine max), indicating that soybean is native and its 

wild relatives inhabit. Although LM soybean is not cultivated in Korea, Korea 

still has potential environmental risks from LM soybean as there have been some 

cases of unintentionally escaped LM soybean during transportation of imported 

LM soybean for food processing and animal feeding (Kim et al, 2006; Lee et al, 

2009). Unintentionally escaped LM soybean can cause gene flow to its relatives 

growing in vicinity and hybrids resulted from gene flow may become weedy 

species in natural and agricultural ecosystems. Gene flow is the movement of 

genes through outcrossing, which can occur naturally and be a part of the 

evolution. It is important to estimate gene flow and introgression from cultivated 
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crops to wild relatives because it may change and contaminate gene pool, 

leading to biosafety in danger (Andow et al, 2006; Gepts and Papa, 2003). 

Although the natural occurrence of gene flow is low, the concern about the 

conservation of genetic diversity and gene exchange has been increased since the 

release of LM crops (Gepts and Papa, 2003). In order to evaluate potential gene 

flow from LM crops to relatives, several factors must be taken into account such 

as distance between LM crops and relatives, flowering time, pollinators, 

population size, etc.. Long-distance pollen and seed dispersal should be 

considered to estimate gene flow (Fenart et al, 2007; Cain et al, 2000). In the 

case of soybean, which is mainly self-crossing with low out-crossing rate, the 

natural possibility of gene flow from soybean to its relatives is relatively low 

compared to other LM crops such as LM corn. Previous studies revealed the 

possibility of gene flow from LM soybean to wild soybean (Glycine soja) as 

both species share the soybean gene pool and there are numerous wild soybean 

in roadside, lakesides and mountains. Even though wild soybean is regarded as 

weed in upland field, it has high genetic variation and its outcrossing rate is 

higher than cultivated soybean (Yu and Kiang, 1993). In addition, Korea is a 

centre of genetic diversity to both soybeans and wild soybean has high genetic 

diversity (Lee et al, 2008). Although the outcrossing rate of cultivated soybean 

was found from 1 ~ 4.5 % (Caviness, 1966; Gumisiriza and Rubaihayo, 1978) in 

the field conditions, it is enough to explain the potential gene flow between 

soybeans (Ray et al, 2003). Hybridization frequency between LM soybean and 

wild soybean is possible because there is no postzygotic isolation between them 

(Karasawa, 1936; Kwon et al, 1972). However, there are limited number of 

studies only conducted in Japan and China. A field study conducted in Japan 

revealed gene flow from LM soybean to wild soybean up to 6 m distance 

(Mizuguti et al, 2010). Another field study conducted in China for 4 years 

revealed the possibility of natural gene flow from LM soybean to wild soybean 

(Chen et al, 2007). These findings clearly demonstrate possibility of gene flow 

from LM soybean to crop and wild relatives if LM soybean is escaped or 
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cultivated in Korea and neighboring countries where diverse soybean species 

inhabit. Nonetheless, no study has been conducted on gene flow from LM 

soybean to wild soybean in Korean agro-ecosystem. 

One of the main concerns regarding gene flow is the escape of the trans-genes 

into natural ecosystem. Enhanced persistence of the trans-gene in wild relatives 

influences the fitness and weediness of hybrids in ecosystem (Di et al, 2009). 

The relative ability of hybrids resulted from gene flow to wild relatives to 

survive or reproduce is defined as fitness and cross compatibility is influenced 

by environmental factors (Jenczewski et al, 2003). Introgression of gene 

increases fitness of hybrids and makes them difficult to control. Due to 

increasing concerns about the transgene-introgression and sequential 

consequences, particularly weediness, recent studies have investigated the 

fitness and maternal effects on hybrids. These studies investigated agronomic 

performance throughout life cycle: vegetative growth, reproductive growth and 

post-seed harvest stages (Hsu et al, 1973; Song et al, 2004). In the case of 

soybean, considering the distinct differences between cultivated and wild 

soybean, stem length, flower and seed production, and seed viability and 

longevity are important traits to be considered in investigating weediness of 

hybrids due to transgene-introgression (Saitoh et al, 2008). In general, wild 

soybean has indeterminant vining growth habit, its pod is easily shattered during 

pod maturation, and its seed is small and covered with thick seed coat, giving 

greater dormancy and seed longevity. These traits conferred wild soybean 

greater weediness than cultivated soybean. In the case of hybrid species between 

soybean and wild soybean, hybrids often surpass characteristics of wild species 

and develop genetic variation (Lee et al, 2005), suggesting that hybrids resulted 

from gene flow from LM soybean to wild soybean may possess high weedy risk 

(Dale et al, 2002). However, little effort has been made to investigate weediness 

of these hybrids. 

Therefore, this study was conducted to quantify gene flow from LM soybean to 

wild soybean and to develop a model to predict potential risk of gene flow. In 
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addition, by comparing fitness of parent soybeans (LM soybean and wild 

soybean) with hybrid soybeans, the weedy risk of hybrids was also evaluated. 

Parameters associated with fitness include the numbers of flower, pod and seed, 

seed dormancy, and seed longevity after overwintering were investigated in the 

field condition in Korea.  
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2. LITERATURE REVIEW 

2.1. Global status of LMOs and gene flow 

The global area of LM (Living Modified) crops has increased from 1.8 million 

hectares in 1996 to over 181.5 million hectares in 2014 and 18 million farmers 

planted LM crops in 28 countries in 2014 (Clive, 2014). This change makes 

biotech crops the fastest adopted crop technology and brings the benefits to 

farmers and consumers. There are 4 major biotech crops to cultivate in global-

soybean, cotton, maize and canola and cultivation of LM soybean occupied 48% 

of all area in 2014. Even though many countries approved LM crops, 

commercial cultivation of LM crops could not be approved in Korea. However 

adventitious spill of LM crops was detected in 2009 because import of LM crops 

for food and animal food use could be approved. For this reason, the Korean 

government has continuously monitored the inflow of living modified organisms 

(Lee et al, 2009). With the concern about development of transgenic plants and 

release of LM crops increasing, studies on gene flow from LM crops to wild 

relatives were conducted and well documented in other species. Although gene 

flow cause the concern about genetic diversity and gene exchange, there are few 

studies and protocols estimated risk on gene flow in agro-ecosystem (Ellstrand et 

al, 1999). Studies related to LMO monitoring have shown the presence of 

herbicide-resistant gene (Kim et al, 2016). Concern of gene flow has taken 

continuously because gene flow of biotech crops could affect genetic diversity of 

wild relatives (Gepts and Papa, 2003). Gene flow from LM crops to their wild 

relatives or other cultivars is related to the ecological risks by increasing 

commercial release of transgenic plants because the potential risk of pollen-

based gene flow depends on the geographical spread between the crop and wild 

relatives (Messeguer, 2003). 
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2.2. Factors affecting gene flow 

Hybridization and introgression have continuously occurred between cultivated 

and wild and weedy plants (Harlan and Wet, 1971). Many crop species have 

long-distance pollen and seed dispersal mechanisms, occurred gene flow. For 

this reason, it is important to evaluate potential gene flow between cultivated 

crops to wild relatives because of consequence to change gene pool and 

contaminate bio-safety (Andow et al, 2006). It has been more important issues 

since releasing LM crops even though the natural hybridization is low. To 

estimate gene flow to take place among cultivars and their wild relatives, it is 

necessary to consider complex parameters. Main factor influencing gene flow is 

species. Maximum distance occurring gene flow ranged from 6 m in rice (Rong 

et al, 2007) to 800 m in oil-seed rape (Beckie et al, 2003). Other factors are 

environmental condition, the mating system, mode of pollination, mode of seed 

dispersal and the particular characteristics of the habitat where the crops grow 

and these are difficult to evaluate and in consequence, the quantification of gene 

flow is not easy (Messeguer, 2003). Namely, the presence of cultivars or 

relatives has possible of gene flow. There is no need to conduct experiment of 

gene flow between LM soybean and wild soybean in Europe because soybean 

has no wild or weedy relatives under natural condition. In addition, spatial, 

which is distance between pollen donor and recipient, and temporal, which is 

flowering time overlapped between them, information were important to conduct 

in landraces. Partial overlapping in flowering time between pollen donor and 

recipient has to be fulfilled (Fenart et al, 2007; Cain et al, 2000). 

 

2.3. Case studies on gene flow from LM soybean  

No county approved to cultivate LM soybean in Asia while 11 countries United 

States and Brazil could cultivate LM soybean and their production represented 

76.9% of the global soybean crops (Clive, 2014). In East Asia, it is believed that 
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the annual wild soybean is the closest wild relatives because it is ancestor of the 

cultivated soybean and distributed in East Asia including Korean peninsula, 

China, Japan and the Far East region of Russian Federation (Lu, 2004; 

Hymowitz, 1970). When LM soybean cultivate in East Asia, there is a possibility 

of gene flow from LM soybean to wild soybean because both soybeans share 

same soybean gene pool and there is no postzygotic isolation (Kwon et al, 1972). 

Even though wild soybean is regarded as weed in upland field and soybeans are 

autogamous sexual reproduction (Carlson et al, 2004), wild soybean has the high 

genetic variation and outcrossing rate is higher than cultivated soybean (Yu and 

Kiang, 1993). Outcrossing rate of cultivated soybean ranged from 1 to 4.5 % and 

rate of natural cross-pollination in wild soybean was 19 % (Caviness, 1966; 

Fujita et al, 1977). In case of studies on gene flow from LM soybean to wild 

soybean, only few studies in Japan and China were conducted. In China, the 

experiment was conducted different location, Nanjing, Dafeng and Xuzhou and 

used 1 transgenic soybean and 3 wild soybean cultivars. 38690 wild soybean 

seeds were obtained from the three experiment field and gene flow was detected 

at 5 m from LM soybean. It was reported the possibility of natural occurrence of 

gene flow from transgene soybean to wild soybean based on field study during 4 

years (Chen et al, 2007). Indeed, to confirm factors affecting variation of gene 

flow, both temporal and spatial factors were considered in Japan. They used five 

LM soybean cultivars and conducted experiments on the field for 2 years. The 

distance from pollen donor to pollen recipient was settled ranging from 0 to 8m. 

As a result, hybridization frequencies were from 0 to 0.097 % and 25 hybrids of 

25,741 seedlings were detected in adjacently distance (Mizuguti et al, 2010). In 

Korea, results on monitoring the occurrence of LM crops were reported and they 

investigated and confirmed the presence or absence of transgene (Kim et al, 

2006; Lee et al, 2009). 
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2.4. Weedy risks of hybrids resulted from gene flow from LM 

soybean 

With release of the living modified (LM) crops increasing, the concern about the 

natural hybridization from LM crops to wild relatives was occurred. 

Consequences of gene flow include the potential change in fitness of wild 

relatives and the risk of increased weediness, the effects on the genetic diversity 

of sexually compatible relatives (Gepts and Papa, 2003). Since natural hybrids 

between cultivated soybean and wild soybean (Glycine gracilis) were detected in 

East Asia including Korea, China and Japan (Wang et al, 2010; Kuroda et al, 

2006), it is necessary to preserve the bio-safety of gene pool in wild species and 

confirm the occurrence of trans-gene introgression and gene escape from LM 

soybean to wild species (Wang et al, 2010). Even though wild soybean was 

prevalent and natural intermediate form was detected, there are few studies to 

investigate and evaluate changing fitness. In order to characterize hybrids 

including trans-gene, the studies on comparison of growth characteristics and 

evaluation of its relationship with hybrids were conducted (Kubo et al, 2013). 

Many previous studies expressed that the relative ability to survive or reproduce 

is defined as fitness and comparing ability between individuals is influenced by 

environment (Jenczewski et al, 2003). The experiments to evaluate fitness were 

estimated through agronomic performance throughout life: growth stage (plant 

height, leaf area), reproductive stage (number of flowers, pollen viability, pollen 

longevity and seed set of self-pollination) and seed characteristics (germination 

and seedling survival rate) (Hsu et al, 1973; Song et al, 2004). In particular, the 

distinct differences between transgenic plants and wild relatives were considered 

first and compared values. Wild soybean had small size of seeds and showed 

lodging and shattering compared to cultivated soybean because pod-shattering 

resistance and large seed is beneficial to increase yield and help farmers to 

harvest easily with soybean developing. In addition, seed production and 
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dormancy of wild soybean were greater than domesticated soybean. Therefore 

weediness of wild soybean was much greater than cultivated species. Apart from 

domesticated crops, the understanding of wild species is necessary to use the 

information about useful agronomic traits, such as resistance to diseases and 

genes to increase yield (Harlan, 1976). In case of intermediate species between 

G.max and G.soja, it was able to surpass characters of wild species and develop 

genetic variation (Lee et al, 2005). The difference of fitness between cultivated 

and wild soybean occurred and hybrids changed fitness affects invasiveness and 

it is concerned risks to biodiversity and weediness (Dale et al, 2002). 
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3. MATERIALS AND METHODS 

3.1. Assessment of gene flow from LM soybean to wild 

soybean 

3.1.1 Plant materials and experimental field design 

Living modified (LM) soybean cultivars and wild soybean were used to evaluate 

gene flow rate from LM to wild soybean. LM (ATSIZ #6) soybean (Glycine max L. 

cv. Kwangankong, 2n=40) was obtained the Korea Research Institute of Bioscience 

and Biotechnolohy (KRIBB). As a pollen donor, LM soybean contains resistance 

gene to the glufosinate-ammonium and selectable marker gene of LM soybean is bar 

gene (phosphinothricin acetyltransferase). Wild soybean (Glycine soja cv. IT 182932, 

2n=40) was used as the pollen recipient. Seeds of wild soybean also were obtained 

the KRIBB, which scarified with nail clipper before sowing. Seeds of soybeans were 

sowed in the 200-well multipots (hole size: 2.5 cm × 2.5 cm × 3 cm) and grown in 

the greenhouse of Seoul National University, Suwon, Korea, transplanting in the 

LMO field Korea at the two-fully developed tri-foliate stage. To overlap flowering 

date as long as possible, wild soybean sowed earlier than LM soybean. Wild 

soybeans were sowed Jul 18th in 2013 and 2014 while LM soybeans were sowed 

Aug 1st in 2013 and 2014. This experiment was conducted in authorized LMO field 

of Seoul National University, Suwon, Korea (authorization number: RDA-AB-2011-

014) from July to November in 2013 and 2014. Soybeans were transplanted at two 

fully developed tri-foliates stage. Planting density between LM and wild soybean 

was 0.5, 1, 2, 4, 6 m in 2013 and 0, 0.25, 0.5, 1, 2, 4, 6 and 8 m in 2014 (Fig 1). LM 

soybeans were planted 12 plants per row × 4 rows and wild soybean were planted 15 

plants per row × 2 rows. The irrigation and weed were managed regularly. 



11 

 

 

Fig. 1. Experimental design to evaluate gene flow from LM to wild soybean in 

the LMO field. Planting distances between pollen donor (LM soybean) and 

pollen recipient (wild soybean) were 0.5, 1, 2, 4 and 6 m in 2013 and 0, 0.25, 0.5, 

1, 2, 4, 6, 8 m in 2014. A honeybee hive was placed in the middle of the field. 

 

3.1.2 Monitoring flowering and bee visit 

Monitoring characteristics concerned flowering is important to confirm flowering 

periods synchronized between pollen donor and pollen recipient. Accordingly, 

number of flowers and duration of flowering (1st blooming, peak-flowering and end 

of flowering) were investigated per 2 days intervals from 1st blooming to end of 

flowering. Flowering characteristics were monitored per 3 replications at 3 points 

and the mean number of flowers was calculated by pooling data. In addition, a 

honeybee hive, which has 10,000 populations, was installed in the middle of field 

and investigated visit frequency of honeybee (Apis mellifera) was investigated at 

9:00-10:00 and 13:00-14:00 per 2 days. 

 

3.1.3 Determination of glufosinate-ammonium dose for 

herbicide screening 

Dose response experiments were conducted to distinguish hybrids whether bar 
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gene, which is selectable marker of resistance gene to the glufosinate-ammonium, 

exists or not. In order to determine herbicide dose for distinguishing between LM 

soybean and non-LM soybean, LM soybean, Kwangan-kong and wild soybean were 

used. All seeds were sowed and grown at the one-true-leaf stage and then the 

seedlings were sprayed with a glufosinate-ammonium (Basta® , 1.2 g ai L-1, Bayer 

CropScience Ltd., Korea). Herbicide screening was conducted 0, 0.15, 0.3, 0.6, 1.2, 

2.4, 4.8, and 9.6 g ai L-1 (spray volume is 600 L ha-1) using a compressor pressurized 

sprayer booth (R&D Sprayer, USA). Approximately 14 days after herbicide 

treatment, the survivals of each species were counted. To analyze all the data, non-

linear regression by fitting the data to the log-logistic model (Streibig, 2009) was 

used: 

Y=
𝑌0

1+(
X

GR50
)
b
 

Y refers to estimate of gene flow (%) against distance, Y0 refers to the maximum 

gene flow rate when the LM soybean and wild soybean were adjacently planted (0 

m), X refers to the distance from the pollen donor, b is the slope of the curve, and 

GR50 is the distance where the gene flow declines by 50% (Table 1). In addition, to 

determine dose required for declines by 90%, GR90 also was calculated using these 

data (Krato and Petersen, 2012). All data was calculated by Genstat 5 (Genstat 

Committee, UK) (Table 1).  
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Table 1. Summary of parameters estimated for glufosinate-ammonium dose-

response. 

Species 

Parameters1 

b GR50 GR90 

LM soybean 5.00 (0.020)2 8.00 (0.563) 12.41 

non-LM soybean 7.20 (1.700) 0.24 (0.010) 0.33 

Wild soybean 7.50 (0.200) 0.20 (0.004) 0.26 

1. The data fitted to the log-logistic model of  𝑌 =
𝑌0

1+(
𝑥

𝐺𝑅50
)

𝑏 , where Y is the survival rate 

expressed as a percentage of the untreated control, Y0 is the survival rate of the untreated control 

and b is the slope of the curve. GR50 and GR90 mean the herbicide doses required for 50% and 

90% reduction of the survival rate of the untreated control, respectively. 

2. Values in parentheses mean standard error 

 

Based on these results, dose declined by 50 % (Y50) of survivals was 8.0, 0.24 and 

0.20 g ai L-1 and GR90 was 12.41, 0.33 and 0.26 g ai L-1 in LM, non-LM and wild 

soybean, respectively (Figure 2). 0.6 g ai L-1 was determined as appropriate dose 

(Recommended dose of glufosinate-ammonium is 1.2 g ai L-1) because the dose to 

distinguish between LM and non-LM soybean was selected over 0.33 g ai L-1. 
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Fig. 2. Survival rates (%) of LM, non-LM and wild soybeans in response to a range 

of glufosinate doses. The linear lines are fitted values to the log-logistic model and 

parameter estimates in Table 1. 

 

3.1.4 Herbicide screening and PCR analysis for confirming 

gene flow 

The method of herbicide screening for distinguishing hybrids was the same as 

the herbicide-dose response. Hybrids from wild soybean need to artificial-

scarification before sowing because both wild soybean and hybrids had hard 

seed coat. The seeds of hybrids obtained wild soybean were sowed and the 

seedlings were grown at the one-true-leaf stage. The seedlings were applied 

glufosinate-ammonium. After 2 weeks, the survivors were considered as 

suspected hybrids between LM and wild soybean. 

The survivors considered as suspected hybrids conducted Poly Chain Reaction 

(PCR) by using positive and selectable marker (bar gene primer). Genomic DNA 

was extracted from leaf tissue after screening herbicide, following the modified 

cetyl trimethyl ammonium bromide (CTAB) method and 20 ng µ L-1 

concentration of DNA was used. To confirm the presence or absence of the 
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transgene, bar gene primer was used (Table 2).  

 

Table 2. Primers for detecting positive and bar-specific genes. 

Primer 

name 
Sequence (5’-3’) Application 

Satt 242 
F: CGTTGATCAGGTCGATTTTTATTTGT 

R: GCGAGTGCCAACTAACTACTTTTATGA 
Positive control 

bar 
F: CCGTGCCACCGAGGCGGACAT 

R: TCAAATCTCGGTGACGGGCAGGACC 

Bar-specific 

detecting primer 

 

The reaction mixture consisted of a total volume of 20 μL, containing 2 μL of 

template DNA, 2 μL of 10Χ PCR reaction buffer (SiLMa Co., USA) (200 Mm 

Tris-HCl pH 8.3, 500 mM KCl, 15mM MgCl2) , 1.6 μL of dNTPs (SiLMa Co., 

USA), 0.4 μL of a primer pair, and 1 μL of taq polymerase. PCR amplification 

was perform in the thermal cycler programmed with initial activation step at 95 

oC for 2 min and 29 cycles respectively of 30 s at 95 oC for denaturation, at 64 

oC for annealing and at 72 oC for extension and 5 min at 72 oC for final 

extension. The amplified DNA was visualized by gel electrophoresis on 1.2 % 

(w/v) agarose gel containing ethidium bromide (Et-Br). The image of gel was 

visualized using Digital Gel Documentation System-200 (the Alpha Innotech 

Corporation, USA). The sample detected bar-specific gene was confirmed as 

hybrids between LM and wild soybean. 

 

3.1.5 Data analysis 

To evaluate gene flow from LM soybean to wild soybean, not only flowering 

period but also number of seeds in wild soybean was investigated. The seeds 

were harvested at each distance and considered as replications. Gene flow rate 

was defined the results on herbicide screening and PCR analysis because hybrids 

with bar-specific gene of total number of seedling tested were regarded as gene 

flow. Accordingly, gene flow rate was determined as following:  
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Gene flow rate(%)= 
No. of survived soybean

Total seeds tested
 ×  

No. of soybean with bar-specific band

No. of survived soybean tested for PCR
 × 100% 

 

Gene flow rate (%) was calculated with survival rate after herbicide screening 

and results of PCR analysis. Survival rate was determined by dividing the 

number of survivals after herbicide screening by that of total number of 

soybeans tested and hybrid rate was calculated the proportion of soybeans with 

bar-specific band in those survivals individuals. In addition, potential gene flow 

from LM soybean to wild soybean was estimated using a double exponential 

decay model. Data were analyzed using Genstat 5 (Genstat Committee, UK) and 

potential gene flow was pooled from different distances, followed by formula:  

 

𝑌 = a × e-bx + c × e-dx 

 

Gene flow rate (Y) was expressed against distance of the recipient from pollen 

donor (x), a and c provide the level of gene flow when the donor and recipient 

plants are adjacent to each, b and d are the slope and e is the exponent. The 

distances at which gene flow declines by 50 % (Y50) and 90 % (Y90) were 

calculated from the parameter estimates of the exponential decay function.  

 

3.2. Weedy risk assessment of hybrids 

3.2.1 Plant materials 

Living modified (LM) soybean (Glycine max L., ATSIZ #6), Kwangan-kong 

(Glycine max L., 2n=40, cultivated soybean), wild soybean (Glycine soja Sieb. 

and Zucc., 2n=40, IT 182932) and hybrids (F1, F2) between LM soybean and 

wild soybean were used to compare agronomic performance to evaluate 

adaptability under field conditions. Seeds of LM soybean were obtained from 
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University of Dong-ah and wild soybean from the Korea Research Institute of 

Bioscience and Biotechnolohy (KRIBB). As a paternal plant of hybrids, LM 

soybean was the homozygous transgenic glufosinate-resistance lines with bar 

gene (phosphinothricin acetyltransferase). In order to obtain hybrids including 

transgenic gene, F1 hybrids confirmed transgenic gene using herbicide screening 

and PCR analysis were produced through gene flow from LM soybean to wild 

soybean under natural conditions in 2013. They were isolated and their seeds 

were harvested to propagate F2 soybean. F2 soybeans, confirmed resistant gene 

were isolated and their seeds were harvested in 2014. To investigate agronomic 

performance of soybeans, LM soybean, Kwangan-kong, wild soybean, F1 and 

F2 soybeans were sowed and grown in the greenhouse of Seoul National 

University, Suwon, Korea (authorization number: RDA-AB-2011-014), 

transplanting in the LMO field at second tri-foliate stage. 6 plants per cultivar 

were placed on the field and isolated more than 10 m to inhibit movement of 

gene each other because it was reported that gene flow from LM soybean to wild 

soybean was occurred from 6 m and gene flow rate was observed 0.01 % 

(Mizuguti et al, 2010) and natural cross-pollination rate between cultivated 

soybeans was 0.03 % at 5.4 m (Ray et al, 2003). Referred to previous studies, we 

determined that isolation distance among soybeans was 10 m to inhibit gene 

flow. 

 

3.2.2 Herbicide screening and PCR analysis for selecting 

hybrids containing trans-gene 

To obtain 6 transgenic F1 and F2 soybeans respectively, 3000 seeds of F1 and 

20 seeds of F2 were sowed because 7/2,400 F1 and 7/10 F2 were survived in the 

preliminary test. Before sowing F1 hybrids, it is necessary to conduct artificial-

scarification for cutting hard seed coat. All seedlings of F1 and F2 soybeans 

were grown at the one-true-leaf stage, spraying glufosinate-ammonium herbicide. 
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The materials and methods of herbicide screening for distinguishing hybrids was 

the same as the herbicide-dose response. After treatment 2 weeks, the survivors 

could be distinguished definitely and they were considered as suspected hybrids 

including bar gene. In order to confirm the presence of the transgenes from 

hybrids between LM and wild soybean, Poly Chain Reaction (PCR) was used 

with bar-gene primer designed to refer sequence of LM soybean. To conduct 

PCR, genomic DNA of survivals was extracted from leaf tissues, following the 

modified cetyl trimethyl ammonium bromide (CTAB) method and 20 ng µ L-1 

concentration of DNA were used. Information of primer sequence was Table 2 

(Bionear Co., Korea) and provided by KRIBB. The reaction mixture consisted of 

a total volume of 20 μL, containing 2 μL of template DNA, 2 μL of 10Χ PCR 

reaction buffer (Sigma Co., USA) (200 Mm Tris-HCl pH 8.3, 500 mM KCl, 

15mM MgCl2) , 0.25 μL of dNTPs (Sigma Co., USA), 0.4 μL of a primer pair, 

and 0.5 μL of taq polymerase. PCR amplification was performed in the thermal 

cycler programmed with initial activation step at 95 oC for 2 min and 29 cycles 

respectively of 30 s at 95 oC for denaturation, at 64 oC for annealing and at 72 oC 

for extension and 5 min at 72 oC for final extension. The amplified DNA was 

analyzed by gel electrophoresis on 1.5 % (w/v) agarose gel containing ethidium 

bromide (Et-Br) in 0.5× TBE buffer and gel image was visualized using Digital 

Gel Documentation System-200 (the Alpha Innotech Corporation, USA). The 

seedling detected bar-specific gene was confirmed as hybrids between LM and 

wild soybean. 

 

3.2.3 Assessment of vegetative and reproductive growth 

characteristics 

LM soybean, Kwangan-kong, wild soybean, F1 and F2 soybeans were 

transplanted at second tri-foliates stage, which has the two-fully developed tri-

foliates to observe growth characteristics. 6 plants per cultivar were placed on the 
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field and each individual indicated replication. Agronomic performances among 

parent soybean and hybrids were investigated under natural field conditions in 

Korea. The following characteristics were investigated at vegetative stage from May 

to July and reproductive stage from August to November in 2015. At the vegetative 

stage, plant height, stem length and stem diameter were investigated each individual 

per 10 days and leaf area was measured after 60 days transplanting. Plant height and 

stem length were measured from base to tip using ruler and stem diameter of the 

base was measured with digital caliper. Leaf area was calculated using Photoshop 

(Adobe Photoshop CC, 2014) after taking picture at once. The 6 widest leaves each 

plant were used at first flowering. Table 3 showed the specific methods.  

When flower was open at any node on the main stem, the date was recorded to 1st 

blooming and number of flowers was recorded for each plant to investigate the 

number of days during flowering. In other words, since flowering, number of 

flowers was recorded per 2 days and flowering duration was determined from 1st 

blooming to the end of flowering. In case of variables concerned pollen, number of 

pollen and pollen viability were recorded after harvesting 3-fresh flower each 

individual. Bulked pollen was stained with the Alexander’s staining solution on the 

petri-dish. After 10 minutes, pollens which have viability were observed under 

microscope (×200) because they could be distinguished whether pollens have 

viability or not. In addition, after harvesting mature pods in November, pods 

shattered or un-shattered were counted after treatment at 60 ℃ for 3 hours and 

number of pods and seeds were counted to compare seed production between parent 

plants and hybrids. 
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Table 3. Parameters measured to assess relative fitness between parent plants and hybrids. 

Growth stage Parameters measured Methods of measurement References 

Vegetative stage Plant height Height from base (to the nearest soil surface) to the tip of 

the apical meristem by first flowering 
Song et al, 2004; 

Di et al, 2008; 

Saitoh et al, 2008; 

Stem length Length from the main stem to the tip of the stem by first 

flowering 

Stem diameter The base to the nearest soil surface measured by first 

flowering 

Leaf area Length x Width of the widest leaf at first flowering Ilkaee et al, 2011 

Reproductive stage Date of 1st blooming When one open flower is at any node on the main stem 

Di et al, 2008 

End of flowering When there is no flower on the stem 

Flowering duration From 1st blooming to end of flowering 

No. of flowers Total number of flowers per individual measured per 2 

days 

No. of pollen Average of number of pollen pulling 3 flowers per 

individual 

Song et al, 2004; 

Peterson et al, 2010 

Pollen viability Percentage of stained pollen pulling 3 flowers per 

individual 

After harvesting Pod shattering Count pod shattered of 100 pods after drying at 60 ℃ for 

3 hours 
Tsuchiya, 1987 

No. of pods/plant Number of pods harvested after maturing seeds per 

individual 

No. of seeds/plant Number of seeds per individual 
Di et al, 2008 

100 seed weight 100-grain weight from bulked seed of all plants 
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3.2.4 Assessment of seed longevity in the field 

When shattering soybean seeds under natural field conditions in Korea, the seeds 

overwinter under the soil from November to May in next year and then they are able 

to germinate after May or June. It is necessary to observe seed viability of soybean 

after overwintering to evaluate weediness under field. To intend overwintering under 

natural condition, 50 seeds of each soybeans, LM soybean, Kwangan-kong, wild 

soybean and F2 soybean were randomly put into nylon mesh bags and buried at 5 

cm depth for 120, 150 and 180 days. The experimental design included four 

replications. This experiment was conducted from November in 2015 to June in 

2016. Snowy, rainy conditions and temperature were randomly under field 

conditions. After 120, 150 and 180 days wintering, germination test was conducted 

to confirm seed viability. Seeds were placed in each of petri-dishes with humidity 

maintained by occasionally adding appropriate volumes of distilled-water and were 

kept at 25/30 ℃ day/night. The experiment was conducted for 20 days because 

seeds rarely germinate after 20 days treatment. Germination rate was determined by 

recording number of seeds germinated and seedlings were removed daily. After 20 

days germination, dormant or dead seeds were confirmed using TTC test. 

 

3.2.5 Data analysis 

The parameters to evaluate fitness were determined in the three-stage, vegetative 

growth, reproductive growth and after harvesting, based on the life cycle of soybean 

under natural habitat in Korea. The results were used to analyze ‘relative fitness’ 

with comparing values between parent soybeans and hybrids. To estimate the 

relative fitness, the plant at the top of the order was defined as '1.00'. Each parameter 

was divided the highest value. The means with different letters mean significantly 

different values according to Duncan’s multiple range test (SPSS Statistics 21 

Software, P > 0.05).   
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4. RESULTS  

4.1. Gene flow from LM soybean to wild soybean 

4.1.1 Flowering synchrony and bee visit 

As one of parameters to evaluate gene flow, flowering phonologies were 

investigated from 1st to end of flowering in both pollen donor and recipient. 1st 

blooming, peak-flowering, end of flowering and duration of flowering 

synchronized were recorded. Although date of transplanting and 1st blooming 

was similar, there were difference with end of flowering, flowering duration and 

flowering synchrony between 2013 and 2014. Date of end-of-flowering in 2014 

was 15 days longer than 2013 and duration of flowering in LM soybean was 20, 

39 days and wild soybean was 23, 39 days in 2013 and 2014 respectively. 

Therefore synchrony of flowering periods was 19 and 39 days in 2013 and 2014 

(Figure 3).  

 

Fig. 3. Flowering of LM soybean ( ) and wild soybean ( ) from 1st blooming 

to the end of flowering in 2013 (A) and 2014 (B).  
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flowering period except raining days and was described as plant-1 min-1. In this 

experiment, 1 or 2 honeybee in wild soybean per day were visited in 2013 

(Figure 4) and no visit of honeybee was observed in 2014 though there were 

10,000 honeybee populations on the field. Therefore, there is no correlation 

between gene flow and movement of honeybee in this experiment. 

 

 

Fig. 4. Number of honeybee-visit in wild soybean. Honeybee-visit was recorded 

at 9:00-10:00 and 13:00-14:00 per 2 days during flowering period.  

 

4.1.2 Gene flow rate from LM soybean to wild soybean 

To assess gene flow rate from LM to wild soybean, fully matured seeds of wild 

soybean were obtained in October 2013 and 2014 (Table 4). To harvest all pods 

of wild soybean, matured pods were harvested sequentially to prevent seeds 

shattering in the soil. 68 to 191 pods and 252 to 465 seeds per plant were 

harvested in wild soybean and 2 or 3 seeds per pods were produced. 
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Table 4. Number of pods and seeds harvested from recipient plant, wild soybean 

in 2013 and 2014. 

Distance 

(m) 

No. of pods/plant No. of seeds/pod No. of seeds/plant 

2013 2014 2013 2014 2013 2014 

0 -a 
80.7 
(2.7) 

- 
3.1 
(0.0) 

- 
247.6 
(10.7) 

0.25 - 
68.3 
(2.0) 

- 
3.7 
(0.2) 

- 
255.1 
(7.5) 

0.5 
187.1 
(6.8)b 

94.9 
(1.5) 

2.4 
(0.0) 

2.8 
(0.0) 

447.2 
(12.0) 

262.4 
(8.1) 

1 
158.9 
(1.4) 

97.1 
(3.6) 

2.7 
(0.0) 

2.6 
(0.0) 

432.8 
(2.4) 

252.8 
(9.5) 

2 
128.8 
(5.4) 

103.8 
(2.3) 

3.0 
(0.1) 

2.4 
(0.1) 

392.1 
(16.2) 

254.1 
(13.3) 

4 
132.4 
(15.6) 

157.0 
(11.1) 

3.0 
(0.1) 

2.7 
(0.2) 

395.6 
(42.1) 

425.8 
(6.6) 

6 
121.5 
(10.2) 

191.6 
(3.7) 

3.0 
(0.1) 

2.4 
(0.0) 

368.3 
(18.8) 

465.5 
(14.6) 

8 - 
162.2 
(8.0) 

- 
2.7 
(0.1) 

- 
430.8 
(7.3) 

LSD0.05 29.08 16.16 0.27 0.29 70.90 30.21 

a. Short dash lines mean the distance not included 

b. Values in parentheses mean standard error 

 

30 % of total seeds harvested were tested in both years. Survivals were counted 

after 14 days screening herbicide. After 2 weeks, it was enough to distinguish 

whether samples survive or not. All surviving seedling were confirmed to have 

bar-specific gene by analyzing PCR. Bar-specific primer had the ability to 

distinguish between LM and non-LM crops because LM soybean contains bar 

(phosphinothricin acetyltransferase) gene, which has a band to approve 

resistance gene to glufosinate-ammoniumn (Figure 5).  
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Fig. 5. PCR confirmation of surviving seedling to detect the bar-specific gene 

introgression in 2013 (A) and 2014 (B).  

 

Hybrids were detected at all distances in both years (Figure 6, Table 5). In 2013, 

gene flow rate ranged from 0.191 to 0.064 % at 0.5 to 6 m distance and 8 and 2 

hybrids were detected at 0.5 m and 6 m distance, respectively. Although the 

highest gene flow rate was 0.210 % in 1 m distance, by increasing distances 

between pollen donor and recipient, gene flow rate was decreasing. In 2014, 

distances were added because the hybrids were detected in adjacent (0.5 m) and 

distant (6 m) distances in 2013. In the mixed planting area (0 m) in 2014, 

maximum gene flow rate was detected. 7 of 2,367 hybrids indicated 0.292 % 

gene flow rate from LM to wild soybean. At 8 m distance, 1 of 3,987 hybrids 

was detected and gene flow rate was 0.027 %. Although there is a difference 

between gene flow rates compared to previous year, the tendency of gene flow 

was similar between both years. Gene flow rate was decreased with increasing 

distances. Overall gene flow rate in 2014 was higher than 2013 even though 

there is no movement of honeybee in 2014. The correlation between gene flow 

rate and honeybee-visit was not detected in this experiment. 
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Fig. 6. Gene flow rate (%) from LM soybean to wild soybean planted at various 

distances between them in 2013 ( ) and 2014 ( ). 
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Table 5. Gene flow rate (%) at various distances between LM soybean and wild soybean in 2013 and 2014. 

 Distance from pollen donor (m) 

0 0.25 0.5 1 2 4 6 8 

2013  
Total Seeds  

tested (30%) 
-e - 4,174 3,887 3,544 3,484 3,384 - 

Survived  

soybean a 
- - 8 8 3 2 2 - 

Soybean with  

bar gene b 
- - 8 8 3 2 2 - 

Gene flow rate (%) c - - 
0.191 

(0.003)f 

0.210 

(0.029) 

0.083 

(0.054) 

0.055 

(0.028) 

0.064 

(0.032) 
- 

Upper CI d - - 0.199 0.337 0.320 0.174 0.203 - 

Lower CI - - 0.183 0.083 0.000 0.000 0.000 - 

2014  

Total Seeds  

tested (30%) 
2,367 2,315 2,479 2,257 2,467 4,160 4,436 3,987 

Survived 

soybean 
8 6 6 5 5 6 3 2 

Soybean with  

bar gene 
7 6 5 4 5 4 2 1 

Gene flow rate (%) 
0.292 

(0.080) 

0.259 

(0.005) 

0.201 

(0.039) 

0.179 

(0.090) 

0.208 

(0.049) 

0.096 

(0.024) 

0.045 

(0.023) 

0.027 

(0.027) 

Upper CI 0.638 0.283 0.371 0.564 0.417 0.197 0.143 0.141 

Lower CI 0.000 0.236 0.031 0.000 0.000 0.000 0.000 0.000 

a. Survived soybeans (selected by herbicide) = no. of survived soybean after herbicide screening / total seeds tested 

b. Soybeans with bar-specific bands (confirmed by PCR) = no. of soybeans with bar-specific bands/no. of survived soybean after herbicide screening 

c. Gene flow rate = no. of survived soybeans/Total seeds tested * Survivals with bar-specific bands/survivals tested for PCR analysis * 100  

d. 95% confidence interval 

e. Short dash lines mean the distance not included in the corresponding year 

f. Values in parentheses mean standard error 
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In order to estimate the potential gene flow rate from LM soybean to wild 

soybean, a double exponential decay model was used to fit the gene flow data in 

the field (Table 6, Figure 7). Considering to field data in both years, 2013 and 

2014, potential gene flow rate from LM soybean to wild soybean could be 

estimated ranging from 0.284 to 0.016 % in 2013 and 0.330 to 0.017 % in 2014 

at 0.01 m distance and 10 m distance, respectively. Potential gene flow rate 

pooled results between 2013 and 2014 showed the better goodness of fit 

(R2=0.730) between gene flow rate and this model. Therefore, the predictable 

model indicated that maximum gene flow rate was 0.292 % when LM soybean 

and wild soybean were planted adjacently. Gene flow rate was predicted 0.017 

and 0.001 % at 10 m and 20 m distance, respectively.  

 

Table 6. Estimated parameters for fitting observed gene flow rate to the double 

exponential decay model. 

 
Parameters 

 
Statistics 

Year a b c d 
 

DF RMS R2 P values 

2013 
0.109 
(0.222) 

1.447 
(0.019) 

0.177 
(0.119) 

0.239 
(0.204) 

 
15 0.021 0.534 < 0.05 

2014 
0.105 
(0.099) 

1.447 
(0.017) 

0.228 
(0.075) 

0.258 
(0.094) 

 
24 0.036 0.418 < 0.05 

Pooled 
0.064 
(0.083) 

3.090 
(0.717) 

0.231 
(0.080) 

0.263 
(0.118) 

 
24 0.035 0.730 <0.05 

a. DF, degree of freedom; RMS, residual mean square; R2, coefficient of determination 
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Fig. 7. The potential gene flow rates estimated using each year observation in 

2013 ( ,   ) and 2014 ( ,   ) (A) and pooled data (B) by fitting to the 

double exponential decay model (𝑌 = a × e-bx + c × e-dx). The linear lines are 

fitted value using parameter estimates (Table 6). 

 

4.2 Weedy risk of hybrids 
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characteristics. Details of information on the soybean accessions are shown table 
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brown and black. Seeds of LM and kwangan-kong (cultivated soybean) had 

similar characteristics because trans-gene is introduced from kwangan-kong to 

LM soybean. Their seeds had yellow color and relatively bigger (over 14.5 g of 

100-seed wt) than hybrids while wild soybean had black color and small size, 
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maternal soybean. Seeds of F2 and F3 were obtained from selfing F1 and selfing 

F2, respectively. F2 seeds had intermediate characteristics, which showed brown 

seed coat color and 5.73 g 100-seed weight, between parent soybeans. Seeds of 

F3 had various coat colors and range of seed sizes varied from 4.65 to 6.47 g of 
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100-seed weight (Figure 8). That’s why the difference of seed characteristics 

within a population is the consequence of different genetic backgrounds despite 

the same habitat conditions. 

 

Table 7. Seed characteristics of parent soybeans and hybrid soybeans. The 

values in parentheses are standard errors. 

Accessions 
Seed coat 

color 

Seed length 

(mm) 

Seed width 

(mm) 

100 Seeds-

weight (g) 

Cultivated soybean1 Yellow 7.22 (0.10) 6.21 (0.08) 15.38 (0.02) 

LM soybean Yellow 7.45 (0.08) 6.24 (0.09) 14.60 (0.06) 

Wild soybean Black 4.12 (0.07) 3.20 (0.06) 2.28 (0.01) 

F1 hybrid Black 4.16 (0.11) 3.15 (0.07) 2.57 (0.02) 

F2 hybrid Brown 5.94 (0.09) 4.70 (0.06) 5.73 (0.01) 

F3 hybrid 

Yellow 5.38 (0.08) 4.52 (0.10) 6.47 (0.07) 

Brown 5.26 (0.11) 4.34 (0.08) 5.53 (0.05) 

Brown 5.47 (0.09) 4.64 (0.07) 6.09 (0.10) 

Brown 4.55 (0.14) 4.04 (0.08) 4.65 (0.09) 

Brown 5.90 (0.13) 4.29 (0.04) 5.64 (0.05) 

Brown 5.32 (0.12) 4.16 (0.07) 5.21 (0.12) 

Yellow 5.69 (0.11) 3.68 (0.05) 4.79 (0.03) 

Black 6.06 (0.11) 4.25 (0.09) 5.75 (0.02) 

1. cv. Kwangan-kong 
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Fig. 8. Seed characteristics of parent soybeans hybrid soybeans. LM soybean 

(A), wild soybean (B), F1 hybrid (C), F2 hybrid (D) and F3 hybrids (E). 

 

 

4.2.2 Vegetative growth characteristics 

Plant height, stem diameter and leaf area were measured during vegetative 

growth stage (Figure 9), up to 70 days after sowing. LM soybean had shorter 

plant height and thicker stem diameter than wild soybean because it was 

reported that the height of kwangan-kong became shorter but thicker under 

domestication. Plant height of wild soybean and hybrids was consistently longer 

than LM soybean. Wild soybean and hybrids grew at 128 and 144 cm 

respectively while plant height of LM soybean ranged from 60.40 to 69.60 cm. 

Stem diameter and leaf area of LM soybean and F2 hybrid was greater than wild 

soybean and F1 hybrid. Leaf area of LM soybean (7.41±1.56 cm2) and F2 hybrid 

(7.48±2.79 cm2) was greater than wild soybean (0.76±0.12 cm2) and F1 hybrid 

10mm 
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(1.66±0.06 cm2). Although plant height and leaf area of F2 hybrids was greater 

than LM soybean, variation of values ranged from 56 to 168 cm and 4.28 to 9.45 

cm2, respectively. F2 hybrids had various values randomly in which some F2 

hybrids were similar with LM soybean and others showed similar values with 

wild soybean while the majority of F1 hybrid had similar vegetative growth 

characteristics with wild soybean.  

 

 

 

Fig. 9. Vegetative growth characteristics, plant height (A), stem length (B) and 

leaf area (C), of LM soybean ( ), Kwangan-kong ( ), wild soybean ( ), F1 

hybrid ( ) and F2 hybrid ( ) measured by 70 days after sowing. Leaf area was 

measured at 70 days after sowing. 
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4.2.3 Reproductive growth characteristics 

Under natural habitat in Korea, cultivated and wild soybeans are flowering from 

July to September. 1st blooming and end-of-flowering of LM soybean and 

kwangan-kong were from end of July to end of August and wild soybean and 

hybrids were flowering from August to middle of September. Duration of 

flowering overlapped among soybeans was appropriately 27 days even though 

flowering of LM soybean was earlier than hybrids. No significant differences in 

number of pollen were revealed by the Duncan’s Multiple Range Test (P<0.05) 

and duration of flowering of F2 soybean was longer than others (Table 8). Wild 

soybean and hybrids produced a significantly higher number of flowers than LM 

soybean. Number of flower of wild soybean and hybrids was 3 times more than 

LM soybean. This result demonstrated that LM soybean had a relatively lower 

reproductivity and propagation than hybrids.  

 

Table 8. Reproductive characteristics of parent and hybrid soybeans. Values in 

parentheses are standard errors. 

Parameters 
Kwangan 

kong 

LM 

soybean 

Wild 

soybean 

F1 

hybrid 

F2 

hybrid 

No. of 

pollen1,2 

364a 

(65.33) 

434a 

(236.1) 

300a 

(64.14) 

460a 

(65.13) 

267.67a 

(22.05) 

Pollen 

viability (%)3 
97.06ab 

(2.87) 

98.13a 

(1.34) 

91.49b 

(4.44) 

84.45c 

(3.75) 

93.24ab 

(3.23) 

No. of 

flower 

418.37b 

(13.08) 

369.83b 

(25.35) 

1110.5a 

(124.58) 

1144a 

(13.06) 

1161a 

(52.60) 

Duration of 

flowering 

33.33b 

(0.33) 

32.17b 

(0.60) 

31.83b 

(0.87) 

33.00b 

(0.00) 

38.00a 

(0.89) 

1. Values with the same letters in the same row indicate no significant different by Duncan’s multiple 

range test at P<0.05. 

 

After developing seeds on November, well-closed and well-mature pods were 

harvested sequentially to confirm pod-shattering and seed production. LM 
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soybean had significantly lower pod-shattering than wild soybean and F1 and F2 

had intermediated values between parent soybeans. Rate of pod-shattering 

ranged from 10.50 % in LM soybean to 98.5% in wild soybean. That’s why one 

of parameters domesticated soybean is degree of pod-shattering to prevent 

shattering seeds in the soil before harvesting (Figure 10). Number of pods and 

seeds had a significant difference among soybeans such as number of flower. 

LM soybean had 450 pods and 1030 seeds while wild soybean had 1866 pods 

and 3789 seeds. Hybrids had similar number of pods and seeds with wild 

soybean. F1 and F2 hybrids produced 3382 and 3043 seeds, respectively. 

Hybrids had significant greater reproductive growth fitness than LM soybean. 

 

 

Fig. 10. Pod-shattering (%) (A) and seed production (B) at harvest. 

 

4.2.4 Seed longevity in the field 

As one of the factors estimated weediness of soybean under natural condition, 

seed viability over winter in the field was evaluated. Hybrids containing 

resistance gene could be germinated in the following spring if they survive after 

wintering. Gene flow could be occurred between hybrids and they could produce 

transgenic soybeans continuously. Seed germination and longevity of soybean 

after wintering are shown figure 11 and 12. LM soybean showed a significantly 

different viability between before and after wintering. Most seeds were 
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germinated before wintering while seed longevity decreased less than 5% after 

wintering. Compared to LM soybean, 90% seeds of wild soybean were dormant 

before wintering while seed germination increased after 150 days wintering, 

ranged from 8.5% to 17.5% because of dormancy-breaking. Seed viability of F1 

hybrid could be estimated that it was similar to wild soybean because seed 

characteristics such as seed hardness were similar with maternal plants (Table 7). 

Regardless of wintering, F2 hybrid had similar germination before and after 

wintering, ranged from 34 to 40 %, while dormancy of F2 hybrid was 65, 30, 25 

and 2.5 % before, after 120, 150 and 180 days wintering, respectively. 

Accordingly, seed longevity of F2 changed 66, 66 and 22 % after 120, 150 and 

180 days wintering. After 180 days wintering, seed germination and dormancy 

decreased rapidly. Even though seed longevity decreased and seed death 

increased after wintering, F2 hybrid had significantly greater seed viability than 

LM soybean. 
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Fig. 11. Germination (%) of LM soybean (A), Kwangan-kong (B), wild soybean 

(C), F2 hybrid (D) before and after wintering. 

 

 

 

 

Fig. 12. Proportion (%) of pre-germinated ( ), over-wintered ( ), dormant ( ) 

and dead ( ) seeds of LM (A), Kwangan-kong (B), wild (C) and F2 hybrid (D) 

soybeans before and after wintering. 
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three growth stage, reproductive growth and seed characteristics were determined 

to compare relative fitness because these parameters reflect reproductivity and 

viability of soybean under natural habitat. At the vegetative growth stage, LM 

soybean had higher stem diameter and leaf area, but wild soybean and hybrids 

had higher plant height. This result demonstrated that relative fitness at the 

vegetative growth stage could not be compared. Wild soybean which grows 

indeterminate type had longer main stem and more nodes and growth duration 

was longer than domesticated soybean while LM and cultivated soybean had 

thicker stem diameter and wider leaf area under domestication. The correlations 

between vegetative fitness and weediness were not estimated.  

In contrast to vegetative growth fitness, wild soybean had significantly higher 

seed productivity, pod-shattering and seed viability after wintering than LM 

soybean. Those of hybrids had similar or slightly lower values than wild soybean 

and higher than LM soybean. Therefore, weediness evaluated that hybrids had 

greater weediness than LM soybean, relatively. 
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Table 9. Relative fitness of parent and hybrid soybeans. The relative fitness 

values were calculated by comparing to the greatest value of each parameter. 

Parameters 
LM  

soybean 

Wild  

soybean 

F1  

hybrid 

F2  

hybrid 

No. of flower 0.317b 0.908a 0.977a 1.000a 

No. of pod 0.242c 1.000a 0.820b 0.817b 

No. of seed 0.272c 1.000a 0.893a 0.757b 

Pod-shattering 0.107c 1.000a 0.503b 0.406b 

Germination after 

wintering 
0.025c 0.432b NA 1.000a 

Dormancy after 

wintering 
0.014c 1.000a NA 0.689b 

Seed longevity 0.023c 0.826b NA 1.000a 

1. Values with the same letters in the same row indicate no significant difference by DMRT at  

P<0.05 

2. Germination and dormancy were tested at 150 days after wintering in the field 

3. Seed longevity is estimated based on the proportion of germinated and dormant seeds after 

overwintering 

4. F1 seeds were unable to obtain for overwintering test, germination, dormancy and seed longevity 

data are not available 
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5. DISCUSSION 
  

According to the previous studies on gene flow from LM soybean to wild 

soybean conducted to the field of Japan, gene flow rate ranged from 0 % at 8 m 

distance to 0.097 % at 0 m distance (Mizuguti et al, 2010). Although this study 

was designed same spatial factors that distances from LM soybean to wild 

soybean were 0 and 8 m with study of Japan, gene flow rate was 0.027 % at 8m 

distance to 0.292 % at mixed planting area between LM soybean and wild 

soybean for 2 years in Korea. Overall, gene flow rate in this study was higher 

than that of Japan. Though there is a difference with values of gene flow rate at 

each distance, the gene flow rate declined with increasing distances. The 

quantification of gene flow is difficult because factors related gene flow are 

complex to evaluate. The difference of gene flow rate could be explained many 

effects of spatial and temporal factors (Ellstrand et al, 1999; Gepts and Papa, 

2003). It was reported that the size of pollen donor and recipient, distance 

between plants, varieties, insect types and local climatic environment condition 

influence gene flow of soybean (Becker et al, 1992). In case of this study, to 

obtain maximum gene flow rate between soybeans, sowing and transplanting 

date were regulated because flowering of wild soybean was 14 days later than 

cultivated soybean. Both soybeans could be flowering at the same time and 

duration of synchronized flowering was longer than natural habitat. Apart from 

flowering overlapping, 1st blooming, peak-flowering, end of flowering and 

duration of flowering synchronized was similar between LM soybean and wild 

soybean for 2 years. In addition, in this experiment, there was no any buffer 

plant and mobility pattern of honeybee was weak or no detected. Some studies 

reported that western thrips (Frankliniella occidentalis) had a possibility to 

induce gene flow in soybean (Nakayama and Yamaguchi, 2002; Lee et al, 2015) 

as insect pollinator and impact was higher than honeybee. This results 
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demonstrated that it is important to understand the factors concerned gene flow 

of soybean. 

One of the ecology concerns of gene flow is the production of hybrids resulted 

from gene flow from transgenic crops to related species because hybrid with 

introgressed transgenes had changed fitness and it makes them difficult to 

control (Gepts and Papa, 2003). Previous studies demonstrated that hybrids from 

transgenic rice to wild rice or transgenic oilseed-rape to wild mustard changed 

fitness or had greater weediness compared with parent crops (Di K et al, 2009; 

Song ZP et al, 2004). In case of soybean, although outcrossing rate between 

soybeans is low, there is the likelihood of production of hybrids once trans-genes 

flow into wild relatives. If progenies of soybeans resulted from gene flow from 

LM soybean to wild soybean increase their fitness, they may become more 

productive or aggressive weed in agro-ecosystems (Song X et al, 2011). 

Therefore, risk assessment of potential weediness of hybrids and evaluating 

changed fitness is necessary to conserve genetic diversity in populations of 

domesticated crops, wild relatives and their progenies. Degree of weedy risk of 

hybrids was expressed as ‘relative fitness’ and fitness of soybeans were 

measured during all growth stage (Jenczewski et al, 2003). Soybeans observed 

higher relative fitness in the parameters related adaptability and reproductitivy 

regarded as ‘greater weediness’. However, it is much more difficult to evaluate 

fitness of hybrids under natural habitat because fitness is influenced by 

environment or species and fitness of hybrids was segregated randomly from 

parent plants (Di K et al, 2009). Results of this study revealed that F1 hybrid 

from LM soybean to wild soybean had similar growth characteristics to maternal 

plant. F1 hybrid had vining growth habit and its seed size, coat color and 

hardness was similar with wild soybean. Vegetative and reproductive 

characteristics of F1 had greater portion of maternal traits. Although F2 hybrid 

had vining growth habit and seed production was greater than LM soybean, 

some traits are different with F1 hybrid. F2 hybrid had intermediate seed 
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characteristics and pod-shattering between parent soybeans while seed longevity, 

especially germination after wintering was greater than parent soybeans. For this 

reason, weedniess of the long-term generation of hybrids could not be estimated.  

Therefore, it is necessary to examine fitness of hybrids in the different 

environment and long-term generation of hybrids. 

Based on these studies about assessment of gene flow and weedy risk of 

hybrids, we could understand factors affecting the hybridization and weediness 

of hybrids between LM and wild soybean. First, spatial and temporal isolation 

for minimizing gene flow from LM to wild soybean were estimated. Isolation 

distances between LM and wild soybean need more than 20 m that’s why 

potential minimum gene flow rate was 0.001 % at 20 m distance. Moreover, as 

comparing relative fitness with parent and hybrid soybeans, weedy risk of 

hybrids was confirmed. Relative fitness of hybrids resulted from gene flow from 

LM soybean to wild soybean was similar to maternal plant, wild soybean and 

greater than paternal plant, LM soybean. Seed production and longevity of 

hybrids was significant greater than LM soybean and hybrids had intermediate 

fitness in vegetative growth characteristics and pod-shattering. In conclusion, 

weediness evaluated that hybrids had greater weediness than LM soybean, 

relatively. 
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Abstract in Korean 

LM콩으로부터 야생콩으로 유전자 이동에 의한 

후대종의 잡초화 가능성 평가 

 

박해림 

작물생명과학전공 

식물생산과학부 

서울대학교농업생명과학대학 

 

한국은 아직 형질전환(LM) 작물의 재배가 상업적으로 허용되지 

않았음에도 불구하고, 식용 또는 사료용으로의 LM작물의 수입이 

증가하고 있으며, 이에 따라 LM작물의 비의도적인 유출에 대한 우려가 

증가하고 있다. 한국을 포함한 동아시아는 콩의 원산지로 다양한 

야생콩이 전국적으로 생태계내에 분포하고 있으며 농경지에는 다양한 

콩이 재배되고 있다. 따라서 LM콩이 비의도적으로 유출될 경우 

재배콩이나 야생콩으로의 유전자 이동과 이로 이한 후대 교잡종 생산 

및 잡초화 가능성이 있다. 결국 LM콩으로부터 유전자 이동 및 후대 

교잡종의 잡초화는 생태계 교란을 유발할 가능성이 있음에도 불구하고 

이에 대한 국내의 연구가 매우 미흡한 실정이다. 따라서 본 연구는 
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LM콩으로부터 야생콩으로 유전자 이동성을 정량적으로 평가하고, 

유전자 이동에 의한 교잡 후대종의 생태계내 적응성을 다양한 측면에서 

평가하여 잡초화 가능성을 판단하고자 수행되었다.  

2013년과 2014년 2년에 걸쳐 LMO 격리포장에서 LM콩으로부터 

야생콩으로 유전자 이동성을 평가한 결과, 유전자 이동성은 0.5 m 

이격거리에서 2013년 0.191 %, 2014년 0.201%이었으며, 6 m 

이격거리에서는 각각 0.064%, 0.045%으로 감소하였다. 유전자 

이동성은 이격거리의 증가에 따라 감소하였는데 LM콩과 야생콩이 0 m 

간격으로 근접하여 서식하고 있을 경우 0.292%의 유전자 이동성을, 8 

m의 이격거리에서는 0.027%의 유전자 이동성을 보였다. 유전자 

이동성과 이격거리 간의 관계를 double exponential decay 모델을 

이용하여 비선형회귀분석을 통해 설명할 수 있었다. 본 연구의 결과를 

고려할 때 LM콩과 야생콩간의 이격거리는 최소 8 m 이상이 된다는 

것이며, 그러나 최대 이격거리인 8 m에서도 유전자 이동성이 확인되어 

이 이상의 이격거리에서 유전자이동성을 확인하는 것이 필요하다. 

유전자 이동으로 인해 형성된 교잡후대종의 잡초화 가능성을 평가하기 

위해서 교잡후대종의 생육특성, 생식생장 및 종자생산성, 월동 후 

종자수명 등을 부모종과 비교하였다. 교잡후대종의 영양생장특성은 

부모종의 중간 특성을 띠었다. 그러나 교잡후대종의 화기 수, 협수, 

종자탈립성, 그리고 종자생산성의 경우 야생콩에 근접한 특성을 보여 

LM콩보다 매우 높은 값을 보였다. 교잡후대종의 종자휴면성은 

LM콩보다 높았으며, 월동 후 종자수명 또한 LM콩보다 높은 값을 

보였다. LM콩의 월동 후 2 % 미만의 종자가 활력을 유지하고 있었으나 

교잡후대종은 월동 150일 후에도 66%의 종자가 활력을 유지하고 

있었다. 이상의 결과를 종합하면 LM콩으로부터 야생콩으로 유전자 
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이동으로 인해 생산된 교잡후대종의 경우 종자 생산성, 탈립성 그리고 

종자 휴면성 및 월동성이 높아 잡초화 가능성이 높은 것으로 

판단되었다. 

따라서 본 연구는 2년 간 포장평가를 통해 LM콩으로부터 8 m 

이격거리의 야생콩으로도 유전자 이동성 있음을 확인하였으며, 

유전자이동성을 예측할 수 있는 모델을 확립하였다. 또한 교잡후대종의 

잡초화가능성을 종자생산특성, 탈립성, 월동휴면성 등의 측면에서 

평가하였다. 이러한 연구결과는 향후 국내에서 비의도적으로 방출된 

LM콩의 유전자 이동성 및 교잡후대종의 잡초화가능성 평가는 물론 

개발중인 LM콩의 위해성 평가를 위한 지침을 제공할 것으로 판단된다. 

아울러 LM콩의 환경방출실험 및 상업적 재배시 안전이격거리 설정 등 

LM콩의 안전관리에도 활용될 수 있을 것으로 기대된다. 

 

주요어: 야생콩, 유전자변형 콩, 유전자이동, 위해성평가, 잡초화, 콩, 

형질전환 

학번: 2014-22812 
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