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Accumulation of information about natural hybridization between GM soybean (Glycine max ) and wild soybean
(Glycine soja ) is required for risk assessment evaluation and to establish biosafety regulations in Japan. This
is particularly important in areas where wild relatives of cultivated soybean are grown (i.e. East Asia including
Japan). To collect information on temporal and spatial factors affecting variation in hybridization between wild
and GM soybean, a two year hybridization experiment was established that included one wild soybean and
five GM soybean cultivars with different maturity dates. Hybridization frequencies ranged from 0 to 0.097%.
The maximum hybridization frequency (0.097%) was obtained from wild soybean crossed with GM soybean cv.
AG6702RR, which were adjacently cultivated with wild soybean, with 25 hybrids out of 25 741 seedlings tested.
Cultivar AG6702RR had the most synchronous flowering period with wild soybean. Ten hybrids out of 25 741
were produced by crossing with cv. AG5905RR, which had the second most synchronous flowering period with
wild soybean. Most hybrids were found where GM and wild soybeans were adjacently cultivated, whereas only
one hybrid was detected from wild soybean plants at 2 m, 4 m and 6 m from a pollen source (GM soybean).
Differences in flowering phenology, isolation distance and presence of buffer plants accounted for half of the
variation in hybridization frequency in this study. Temporal and spatial isolation will be effective strategies to
minimize hybridization between GM and wild soybean.
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INTRODUCTION

With increasing global commercial cultivation of genetically modified (GM) crops, an accumulation of information on natural hybridization between crops and their wild
relatives is required for development of regulation for use
of GM crops in Japan, because there are concerns that
hybridization between GM crops and their wild relatives
may cause negative impacts on the ecosystem. Ellstrand
(2003) suggested that gene flow from GM crops into wild
relative populations may have the same impacts as traditional crop genes. By contrast, Hancock (2003) suggested
that some transgenes (e.g. cold, drought, and heavy metal
tolerance; improved nutrient uptake; altered development) may cause dramatic adaptive shifts in hybrids and

subsequent generations and result in negative impacts on
ecosystems. Even if hybridization frequency is low, introgression of transgenes through hybridization can lead to
changes in the growth rate of wild relative populations if
the fitness of hybrids and/or their subsequent generations
are increased by the transgene (Haygood et al., 2003;
Hooftman et al., 2008; Thompson et al., 2003; Wolf et al.,
2001). Estimating hybridization frequencies between GM
crops and their wild relatives is a first step towards evaluation of the introgression of a transgene. For these reasons, understanding the factors that aﬀect hybridization
between GM crops and their wild relatives are important
and useful for the development of regulation in countries
where wild relatives of GM crops are distributed. Empirical studies have clarified the eﬀects of factors related
to isolation distance and wind direction from GM crops
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to wild relatives on hybridization between GM crops and
wild relatives (D’Andrea et al., 2008; Song et al., 2003).
GM soybean production represents 76.9% of the
global soybean crop and the GM cultivation area is increasing year by year (ISAAA, 2009). No GM soybean, however, is currently being cultivated commercially in East Asia. In East Asia, wild soybean (Glycine
soja Sieb. et Zucc.), the closest wild relative of cultivated soybean (Glycine max (L.) Merr.), is a domestic species (Oka, 1983; Tateishi and Ohashi, 2001; Xu
et al., 2002). When GM soybean cultivation begins in
East Asia, hybridization with wild soybeans is expected
because there is no postzygotic isolation between wild
and cultivated soybean (Karasawa, 1936; Kwon et al.,
1972). In addition, wild soybean is a common weed
and grows in semi-natural habitats including grasslands
and roadsides (Tateishi and Ohashi, 2001), often around
the cultivated soybean fields. Natural hybridization frequencies between cultivated and wild soybean have been
noted to be very low because of their autogamous sexual reproduction (Carlson and Lersten, 2004). However,
hybrid derivatives between cultivated and wild soybean
can survive without any intervention for at least three
years in semi-natural conditions (Oka, 1983). Therefore,
we should understand the factors that aﬀect natural hybridization between GM and wild soybean to minimize
the introgression of transgene through hybridization by
use of eﬀective tools.
In Japan, two experiments were managed under conditions where the flowering periods of cultivated and wild
soybean were controlled and they were adjacently planted
to create a worse case scenario for hybridization between
cultivated and wild soybean. Nakayama and Yamaguchi
(2002) detected five hybrids between a conventional cultivated soybean (cv. Tanbaguro) and wild soybean out of
686 progeny plants. Cultivar Tanbaguro and wild soybean
were adjacently planted and their flowering periods were
overlapped for about 30 days. Mizuguti et al. (2009) detected one hybrid between glyphosate-tolerant GM soybean (cv. AG3701RR) and wild soybean out of 32 502
progeny plants tested. Cultivar AG3701RR and wild soybean were adjacently planted and their flowering periods overlapped 18–24 days. The variation in hybridization frequencies between the above two experiments were
probably caused by the diﬀering levels of flowering synchrony, although other factors may also have influenced
the results. In addition, natural hybridization frequency
between GM and non GM soybean is known to be controlled by spatial factors (Abud et al., 2007; Yoshimura
et al., 2006). Therefore, temporal and spatial factors may
be eﬀective tools to reduce hybridization frequency between GM and wild soybeans.
Hence, the following experiments were designed to
understand factors aﬀecting the hybridization frequency
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between GM and wild soybean. The flowering periods
of GM soybeans were managed by selecting specific cultivars and sowing dates. The spatial arrangements were
managed by using isolation distances and buﬀer plants so
that the eﬀectiveness of temporal and spatial isolation in
minimizing hybridization between GM and wild soybean
could be assessed.
RESULTS
Hybridization frequency

Thirty-eight of 204 881 seedlings survived after spraying with glyphosate. All surviving seedlings were confirmed to have the glyphosate-tolerant protein by the
immunochemical chromatographic test. Twenty SSR
markers were screened to find polymorphisms between
wild and GM soybean. Among those markers, the combination of three SSR markers (Satt076, Satt277 and
Satt423) had the ability to distinguish not only GM soybean from wild soybean but also all five GM soybean cultivars eﬃciently. Based on the three markers, genotypes
of the 38 herbicide tolerant plants were found to be heterozygous at all three loci. Those heterozygous genotypes
were composed of a wild soybean allele and GM soybean
alleles. Among 38 plants analyzed, 10 plants had GM
soybean alleles from cv. AG5905RR, and 28 plants had
GM soybean alleles from AG6701RR. Thus, all 38 herbicide tolerant plants were hybrids that originated from
pollination of wild soybean by GM soybean in 2007.
No hybrids were detected in 2006. In 2007, we used
the later GM soybean cultivars and delayed the sowing
dates of GM soybean than the experimental condition in
2006 to increase overlap of flowering periods between
wild and GM soybeans. As a result, a total of 38 hybrids
between GM and wild soybean were detected from 20 net
walls of climbing wild soybean in 2007 (indicated with an
asterisk in Fig. 1). Several hybrids were found on 17 net
walls, ranging from 1 to 6 hybrids per wall, in the mixed
planting area, whereas there were few hybrids per wall in
the spatial planting area in 2007.
In the mixed planting area, hybridization frequency
between cv. AG5905RR and wild soybean was 0.039%
(10 hybrids of 25 741 seedlings) and between cv.
AG6702RR and wild soybean was 0.097% (25 hybrids of
25 741 seedlings) in 2007 (Tab. 1). In the spatial planting
area, 3 hybrids with cv. AG6702RR were detected at 2, 4
and 6 m. No hybrids with cv. AG5905RR were detected
at any distance.
The hybridization frequencies were compared by using two-sided 95% confidence intervals of each experimental approach (Tab. 1; Fig. 2). In 2007, the confidence intervals of hybridization frequency between cv.
AG5905RR and wild soybean overlapped only slightly
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Figure 1. Experimental field design for the analysis of factors aﬀecting hybridization between GM and wild soybeans.
Short heavy lines indicate net walls on which wild soybeans plants were planted and climbed. The gray heavy lines indicate GM
soybean planting. The down-arrows indicate the walls on which the numbers of flowers of wild soybean were counted in the spatial
planting area (8 walls). The asterisks indicate the walls on which the hybrids between GM and wild soybeans were detected in 2007
(20 walls).
a) Spatial planting area consisted of a GM soybean zone (pollen source) and 72 walls on which wild soybean were planted (recipient).
b) Mixed planting area consisted of 29 blocks in which GM soybean were planted and 28 walls on which wild soybean were planted.
c) Monitoring area consisted of three rows on which GM soybean were planted to monitor flowering phenology.
The detail drawing indicates arrangements of GM soybean cultivars in pollen source. The individual spots indicate hill-positions of
GM soybean plants. Sowing GM soybean cultivar was diﬀerent in each box.

Environ. Biosafety Res. 9, 1 (2010)

15

16

No. of walls
2006
No. of tested seedlings
No. of hybrids
Hybridization frequency (%)
Upper 95% confidence interval
Lower 95% confidence interval
2007
No. of tested seedlings
No. of hybrids with cv. AG5905RR
No. of hybrids with cv. AG6702RR
Hybridization frequency (%) with cv. AG5905RR
Upper 95% confidence interval
Lower 95% confidence interval
Hybridization frequency (%) with cv. AG6702RR
Upper 95% confidence interval
Lower 95% confidence interval
* Mixed planting.

2m
0
8
7363
0
0.0000
0.0407
0.0000
7521
0
1
0.0000
0.0398
0.0000
0.0133
0.0741
0.0003

0 m*
0
28
44 348
0
0.0000
0.0068
0.0000
25 741
10
25
0.0388
0.0714
0.0186
0.0971
0.1433
0.0629

7485
0
1
0.0000
0.0400
0.0000
0.0134
0.0744
0.0003

7508
0
1
0.0000
0.0399
0.0000
0.0133
0.0742
0.0003

7541
0
0.0000
0.0397
0.0000
7444
0
0
0.0000
0.0402
0.0000
0.0000
0.0402
0.0000

7544
0
0.0000
0.0397
0.0000
7579
0
0
0.0000
0.0395
0.0000
0.0000
0.0395
0.0000

7523
0
0.0000
0.0398
0.0000

7385
0
0
0.0000
0.0406
0.0000
0.0000
0.0406
0.0000

7691
0
0.0000
0.0389
0.0000

Distance from pollen source and buﬀer plant number
4m
6m
8m
1
0
2
1
3
8
8
8
8
8
7490
0
0.0000
0.0400
0.0000

Table 1. Hybridization frequencies between GM and wild soybean in 2006 and 2007.

7542
0
0
0.0000
0.0397
0.0000
0.0000
0.0397
0.0000

7661
0
0.0000
0.0391
0.0000

0
8

7468
0
0
0.0000
0.0401
0.0000
0.0000
0.0401
0.0000

7679
0
0.0000
0.0390
0.0000

10 m
2
8

6739
0
0
0.0000
0.0444
0.0000
0.0000
0.0444
0.0000

7629
0
0.0000
0.0393
0.0000

4
8
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Figure 2. Eﬀects of temporal and spatial isolation on hybridization frequency between GM and wild soybeans in 2007.
Hybridization frequencies with GM soybean cultivars; (a) AG5905RR, (b) AG6702RR are shown. × marks indicate hybridization
frequencies for each distance and each barrier number. The gray zones show upper and lower 95% confidence intervals.

with that between cv. AG6702RR and wild soybean in
the mixed planting area (distance of 0 m). The confidence intervals of hybridization frequency between cv.
AG6702RR and wild soybean in the mixed planting area
overlapped only slightly with that in the distance of 2 m,
4 m and 6 m with no buﬀer plants, and didn’t overlap with
that in the distance of 6 m with 2 buﬀer plants, 8 m and
10 m. Conversely, the confidence intervals of hybridization frequency between cv. AG5905RR and wild soybean
in the mixed planting area overlapped mostly with that
of hybridization frequencies in the spatial planting area.
However, the statistical power to diﬀerentiate was weak
because of insuﬃcient sample size in the spatial planting
area.
Flowering synchrony

Flowering phenology of wild soybean was similar between experimental years (Fig. 3). Wild soybean flowered
later than GM soybean cultivars in both years. The total
number of observed flowers of wild soybean was about
3000 per net wall and substantially greater than that of
GM soybean. The flower numbers of GM soybean averaged 80–280 per hill, and the later cultivars (i.e. cvs.
AG5905RR and AG6702RR) had higher numbers than
the other earlier cultivar.
In 2006, flowering phenology of three GM soybean
cultivars, cvs. AG3602RR, AG3906RR and AG4801RR
were similar to each other and there was a 10-day overlap in flowering period with wild soybean (Fig. 3a). The
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flowering peaks for these three GM soybean cultivars
were separated into two peaks within an individual plant,
but neither of the flowering peaks overlapped with a flowering peak of wild soybean which was 34 days later. The
flowering phenology of the cultivar, cv. AG5905RR, was
diﬀerent from the above three cultivars and it had a higher
number of flowering overlap days (15 days) and more
synchronous flowering peaks (24 days).
The flowering overlap days and peak were longer and
closer to that of wild soybean in 2007 than in 2006 because later-flowering GM soybean cultivars were used:
cvs. AG5905RR and AG6702RR (Fig. 3). The number
of flowering overlap days between the two GM soybean
cultivar and wild soybean were similar regardless of sowing date; 24 and 25 days for standard and late sowing
cv. AG6702RR, respectively, and 12 and 15 days for cv.
AG5905RR (Fig. 3b). However, flowering peak of GM
soybean cultivars that were sown in July was closer to
wild soybean (10 days for cv. AG5905RR and 7 days for
cv. AG6702RR) than for plants sown in June (25 days for
cv. AG5905RR and 20 days for cv. AG6702RR) (Fig. 3b).
Effect of temporal and spatial factors

“GM soybean cultivar” was defined as a parameter to test
for the eﬀect of temporal factor. For these reasons, the
pollen parent of hybrids could be detected in regard to
GM soybean cultivar, but not sowing date. “Distance”
and “buﬀer plant” were defined as parameters for the
eﬀects of spatial factors. These parameters were used
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Figure 3. Flowering phenologies of GM and wild soybeans in (a) 2006 and (b) 2007.
Flower numbers represent the average for each monitoring day. The arrows indicate the peak flowering days.
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Table 2. Eﬀects of factors on hybridization frequency between GM and wild soybean in 2007.
Factors
Temporal factor
GM soybean cultivar (cv. AG6702RR)
Spatial factors
Distance
Buﬀer plant
*Likelihood ratio Chi-square statistics.

Coeﬃcient

SE

t value

P (> |t|)

LR Chisq*

P (> Chisq)

1.03

0.32

3.19

0.002

11.56

0.001

–0.59
–0.44

0.17
0.95

–3.37
–0.47

< 0.001
0.640

40.43
0.24

< 0.001
0.627

for the generalized linear model to explain the variation
in hybridization frequency. The coeﬃcients of “GM soybean cultivar” and “distance” in the model were significantly diﬀerent from zero (Tab. 2), and hybridization with
cv. AG6702RR was higher than with cv. AG5905RR;
distance was found to be negatively correlated with hybridization frequency. In addition, the significant eﬀects
of “GM soybean cultivar” and “distance” were detected
by the analysis of deviance for the model fits. The deviance explained by this model was 48.5%. Thus, half
of the variation in the hybridization frequency was explained by “GM soybean cultivar”, “distance” and “buﬀer
plant”.

a soybean cultivar in a checkerboard pattern, whereas
Mizuguti et al. (2009) found only one hybrid from
51 wild soybean plants on six ridges. It has been reported
that insects visiting cultivated and wild soybean flower,
such as leaf-cutter bee (Megachile turugensis Cockerell),
halictid bee (Halictus sp.), and honey bee (Apis cerana
Fabricius), may be pollen vectors between wild and cultivated soybeans (Mizuguti et al., 2008a; Nakayama and
Yamaguchi, 2002). In the present study, the random occurrence of hybridization is likely associated with the
mobility pattern of insects present in the field.

Effects of temporal and spatial factors

DISCUSSION
Hybridization frequency

Hybridization frequencies ranged from 0 to 0.097% in
our experiments (Tab. 1). The two-sided 95% confidence intervals of our maximum value (0.097%: hybrids
with cv. AG6702RR in the mixed planting area in 2007)
were 0.063–0.143% under the condition within the approximately 25 day overlap in flowering periods. Results of Nakayama and Yamaguchi (2002) estimated a
hybridization frequency of 0.23–1.69% (5 hybrids detected in 686 samples, i.e. 0.73%) under the condition
of 50 cm interval plantings in a checkerboard pattern
within the approximately 30 day overlap in flowering periods. Therefore, our maximum values were lower than
that of Nakayama and Yamaguchi (2002). In contrast,
Mizuguti et al. (2009) estimated hybridization frequency
at 0.0001–0.017% (1 hybrid detected in 32 502 samples,
i.e. 0.003%); this value was lower than our maximum
value. These results suggest that hybridization frequency
between wild and cultivated soybeans varies even if their
flowering periods were synchronized and the plants were
adjacently cultivated.
In our experiment, the hybrids were detected on 17
out of 28 walls in 2007 and none out of 28 walls in
2006 in the mixed planting area. The walls detecting
hybrids were randomly placed (Fig. 1). Nakayama and
Yamaguchi (2002) found that hybridization randomly occurred in four out of 23 wild soybean plants arranged with
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Hybridization frequencies (Tab. 1) varied among the different experimental approaches (mixed planting, isolation distance, number of barriers, GM soybean cultivars
and experimental year). In 2006, the flowering phenologies were not synchronized and no hybrid was detected,
whereas the flowering phenologies were synchronized
and 38 hybrids were detected in 2007 (Fig. 3; Tab. 1).
The hybridization frequency of wild soybean with cv.
AG5905RR, which had a shorter flowering overlap period and asynchronous flowering peak, was lower than
hybridization of wild soybean with cv. AG6702RR in
2007 (Tab. 1; Figs. 2 and 3). The statistical analysis on
the experiment in 2007, using a generalized liner model,
indicated that the significant eﬀect of “GM soybean cultivar” was detected (Tab. 2). The eﬀect of “GM soybean
cultivar” was most likely due to diﬀerence in flowering
phenology.
These results indicate that the temporal isolation,
specifically the diﬀerence in flowering phenologies of
GM soybean cultivars, largely influenced the frequency
of hybridization between wild and GM soybean. The hybridization between GM and wild soybean could be minimized by using soybean cultivars with earlier maturity
dates and earlier sowing dates. Sameshima (2000) surveyed the initiation date of flowering in major soybean
cultivars under controlled environments in accumulated
temperature and day length and found that the initial date
of flowering could be estimated using accumulated temperature and day length in Japan. Ohigashi et al. (2009)
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suggested that initiation, peak and end of flowering in
cultivated soybean (cv. Enrei) could be estimated by the
improved model of Sameshima (2000). Mizuguti et al.
(2008b) cultivated several regional populations of wild
soybean in the same experimental field and surveyed the
flowering phenology. They showed a regional cline of
flowering phenology according to the latitude of the original regions and suggested that flowering phenology of
wild soybean could be also estimated using accumulated
temperature and day length. Therefore, if the flowering
phenologies of wild soybean population in a region can
be determined, one can then estimate how the flowering period of GM soybean could be adjusted to minimize
hybridization frequency between GM and wild soybean.
From this perspective, our results provided useful information for establishing strategies to minimize hybridization frequency between GM and wild soybean through
the use of temporal isolation.
The spatial isolation between GM and wild soybean
reduced hybridization lower than one-tenth (three hybrids were detected in the spatial planting area relative to
35 hybrids in mixed planting area of 2007; Tab. 1). The
reduction was considerable, because overlaps of the confidence intervals in hybridization frequencies were zero
or very small between the mixed planting area and the
spatial planting area, despite the insuﬃcient numbers of
samples (Tab. 2; Fig. 2b). Additionally, the significant
eﬀect of the spatial parameter “distance” was detected
(Tab. 2). These results suggest that hybridization could
be restricted using isolation distance, as is common with
other crops such as oilseed rape, rice, and maize (Della
Porta et al., 2008; Hüsken and Dietz-Pfeilstetter, 2007;
Rong et al., 2007). According to these result, it is prudent
to cut down weed communities around edge of farmland
in which wild soybean may grow, during the flowering
period of GM soybean, to maintain isolation distances.
A combination of isolation distance and temporal isolation would provide even a more eﬀective prevention of
hybridization. Similar reductions in hybridization rates
have been reported for corn, a wind pollinating species
(Della Porta et al., 2008; Halsey et al., 2005; Messeguer
et al., 2006; Palaudelmas et al., 2008; Rognli et al., 2000).
These studies also evaluated the relationship between
flowering overlap, distance, and hybridization frequency,
and showed that increasing temporal isolation reduced
the spatial distance required to achieve lower levels of
cross pollination.
In our study, buﬀer plants did not have a clear effect on hybridization (Tab. 2). Although we expected that
the presence of other wild soybean walls would assist
in minimizing hybridization, we were not able to detect an eﬀect. The eﬀectiveness of buﬀer plants to reduce hybridization between GM and non-GM crops has
been documented for other insect-pollinated crops, such
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as oilseed rape (Morris et al., 1994; Staniland et al., 2000)
and saﬄower (McPherson et al., 2009). Buﬀer plants are
also likely eﬀective in reducing hybridization between
GM soybean and their wild relatives, but further studies
will be required quantify this eﬀect.
In our model, a total of 48.5% of the variation in hybridization frequency was explained by three parameters
(GM soybean cultivars, distance and buﬀer plant). The
deviance unexplained by our model was 51.5%; these
may be explained by insect behavior, the subtle diﬀerence of the flowering periods and the number of flowers
among wild soybean plants and the interactions among
the three main parameters that could not be estimated
by the model. Although some type of interaction among
these three parameters could have occurred, with such
a low number of hybrids for cv. AG5905RR, there was
no way to properly estimate interaction eﬀects.

MATERIALS AND METHODS
Plant materials

Glyphosate-tolerant GM soybean (Roundup Ready soybean 40-3-2, Monsanto Canada Inc.) cv. AG3602RR
(Maturity Group III in the US cultivar classification), cv.
AG3906RR (Maturity Group III), cv. AG4801RR (Maturity Group IV), cv. AG5905RR (Maturity Group V) and
cv. AG6702RR (Maturity Group VI) were used in these
experiments. Flowering period varied among cultivars
and number of days to flowering increased with a later
Maturity Group. Seeds of wild soybean were collected
from a natural population growing at the National Institute for Agro-Environmental Sciences (NIAES), Tsukuba
Ibaraki Prefecture, Japan. To break seed dormancy, the
seed coats of wild soybean were scarified with sandpaper
prior to sowing.

Sowing date

Wild soybeans were sowed on May 22th in 2006 and
2007. To promote flowering synchronization between
wild and GM soybeans, the GM soybean cultivars used
and the sowing date of GM soybean were changed between years. GM soybean cvs. AG3602RR, AG3906RR,
AG4801RR and AG5905RR were sowed on June 20th
2006, approximate one month later than the wild soybean. Cultivars AG5905RR and AG6702RR were sowed
on June 20th and July 19th 2007, approximately one
month and two months after the wild soybean were
sowed.
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Planting density

GM soybeans were planted at a density of approximately
9 hills.m−2 (distance between rows = 0.5 m; two plants
per hill after thinning). Wild soybeans were grown along
the net wall (2 m wide × 1 m high) placed perpendicular
to the ground, because wild soybean is a climbing plant.
Three plants of wild soybean were grown per wall, with
1 m intervals between plants.
Field design

The natural hybridization experiment and monitoring of
flowering of GM and wild soybean was conducted in the
experimental field of NIAES (75 × 25 m) in both 2006
and 2007 (Fig. 1). The experimental field was divided
into three areas. The first area was designed to estimate
the eﬀect of buﬀer plant walls and distances between GM
and wild soybean (spatial planting area; Fig. 1a); in the
second area, GM and wild soybean plants were planted
alternately and adjacent to each other (mixed planting
area; Fig. 1b); the third area was planted only with GM
soybean cultivars to monitor the flowering phenologies
(monitoring area; Fig. 1c).
The spatial planting area consisted of a GM soybean
zone (pollen source) and a wild soybean zone (recipient)
(Fig. 1a). The size of pollen source was 72 m × 3 m
(7 rows). GM soybean cultivars with the diﬀerent sowing
dates described above, were arranged in a block design
as shown by Figure 1a. The recipient wild soybeans were
planted along 72 net walls. The 72 walls were mounted
continuously at 2 m intervals between 2 and 10 m from
pollen source in a staircase pattern. The walls arranged at
2, 4, 6, 8, 10 m distance from pollen source were used to
estimate the eﬀect of isolation by distance on natural hybridization between GM and wild soybean. Alternatively,
one to four walls mounted in front of another wall (i.e.
0 wall in front of a 2 m wall; 1 wall in front of a 4 m wall;
0 or 2 walls in front of a 6 m wall; 1 or 3 walls in front of
a 8 m wall; 0 or 2 or 4 walls in front of a 10 m wall) were
treated as “buﬀer plant” when the eﬀect of “buﬀer plant”
on natural hybridization was calculated.
The mixed planting area (Fig. 1b) consisted of
29 plots of GM soybean (pollen source) and 28 walls of
wild soybean (recipient). The distance between walls of
wild soybean was 2.5 m. In the interval, GM soybean cultivars with diﬀerent sowing date were randomly arranged
for each row in a plot and planted 4 rows × 10 hills per a
plot with 50 cm spacing between rows. Since the distance
between GM and wild soybean was 0.5 m, many vines of
wild soybean had twined around GM soybean plants.
The monitoring area (Fig. 1c) was separated by 1 m
from the other two areas to avoid human disturbance of
pollen source area when GM soybean flowering were
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monitored. GM soybean cultivars with diﬀerent sowing
date was planted in three rows in a randomized block design with five replications.
Monitoring of flowering phenology

To assess flowering synchrony between GM and wild
soybean, flowering phenologies of GM and wild soybean were monitored. The numbers of open flowers were
counted within a day, at 2–3 days intervals during the
flowering periods in both experimental years. The number of flowers on GM soybean was counted for five hills
(in 2006) or four hills (in 2007) per a replication at five
replications. The mean number of open flowers was calculated by using the pooled data from 25 (in 2006) or
20 (in 2007) hills for each experimental approach every
monitoring day. The numbers of flowers on wild soybean
were counted per a wall at eight monitoring walls in the
spatial planting area (central walls at 6 m from a pollen
source; see the arrows of Fig. 1). The mean number of
flowers was calculated by using pooled data of the eight
monitoring walls.
In some case, GM soybean cultivar and wild soybean
flowered at the same time, the number of flowering overlap days were calculated. The date with the maximum
number of flowers observed was defined as the date of
flowering peak.
Detection of hybridization

Harvest and screening for hybrid plants
Fully matured seeds of wild soybeans were harvested
from each wall in October 2006 and 2007. In 2006,
50 587 seeds (about 1000∼5000 seeds per a wall) were
collected in the mixed planting area and 72 000 seeds
(1000 seeds per a wall) were collected in the spatial planting area. In 2007, 99 086 seeds (about 1000 seeds per a
wall) were collected in both areas. After the seeds were
scarified, the seeds for each wall were separately sowed
on trays filled with peat moss and maintained in a greenhouse. The numbers of emerging seedlings were counted
13–19 days after sowing. Glyphosate (1.66 kg a.i.ha−1 )
was sprayed on individual seedlings at the second to
third leaf stage (2–3 weeks after sowing) following the
method of Mizuguti et al. (2009). Surviving seedlings after glyphosate spray were considered hybrids with GM
soybean.
Immunochemical chromatographic test and SSR screeing
An immunochemical chromatographic test (Trait RUR
[Roundup Ready] Lateral Flow Test Kit; Strategic Diagnostics Inc., Newark, DE, USA) was used on 0.1 mg leaf
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tissue from the suspected hybrid plant to confirm the expression of the CP4 EPSPS (glyphosate-tolerant) protein.
The pollen parents of the hybrids were identified by using 20 SSR markers (Kuroda et al., 2006). Total DNA
was extracted from young leaf tissue from each surviving
plant. Each DNA sample was adjusted to approximately
5–20 ng.µL−1 and used as template DNA for PCR analysis. PCR amplification was carried out in a Thermal cycler (iCycler, BIORAD). The reaction mixture consisted
of a total volume of 5 µL, containing 1.7 µL of template
DNA, 2.5 µL of 2xQIAGEN Multiplex PCR Master Mix,
0.5 µL of a primer pair (5 pmol.µL−1 ), and 0.3 µL of
DNase free water. PCR amplification was perform in the
thermal cycler programmed with initial activation step at
95 ◦ C for 15 min and 40 cycles each of 30 s at 94 ◦ C for
denaturation, 90 s at 57 ◦ C for annealing and 60 s at 72 ◦ C
for extension and 30 min at 60 ◦ C for final extension. After amplification, samples were kept at 4 ◦ C. One µL of
the PCR product was denatured at 95 ◦ C for 5 min after mixing with 10 µL of Hi-Di formamide and 0.3 µL
of GeneScan-500LIZ size standard (Applied Biosystem).
Denatured samples were analyzed using a 3100 Genetic
analyser (ABI Prism) and the output data was analyzed
using Gene Mapper 3.0 software.
Statistical analysis
Natural hybridization frequency was expressed as the
number of detected hybrids divided by number of tested
seedlings and recorded for each experimental approach
(mixed planting, distance, number of barriers, GM soybean cultivars and experimental year). For comparison
across experimental approaches, two-sided 95% confidence intervals of the population proportions for the natural hybridization frequency at each distance class for both
years and for each cultivar in 2007 were estimated using the relationship between the binomial distribution and
F distribution (Zar, 2010). This analysis was performed
using the “binom.test” function from the base package in
R v. 2.11.1 (R Development Core Team, 2010).
A generalized linear model was used to analyze the
eﬀects of temporal and spatial isolation on hybridization frequency. The numbers of detected hybrids and
tested seedlings on each wall of wild soybean in 2007
were incorporated into the model. The data was fitted a
quasipoisson model by computation of dispersion parameter, because the data exhibited under disparison relative
to the Poisson distribution. The model was fitted using
the “glm” function from the base package and the analysis of deviance for the model fits was performed using the
“Anova” function from the CAR package in R v. 2.11.1
(R Development Core Team, 2010). The percentage of
deviance explained by the factors tested was calculated
(Faraway, 2006).
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