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Background: An important consideration for the risk assessment of transgenic plants 
is their overwintering potential in a natural ecosystem, which allows the survival of the 
seed bank and may lead to seed reproduction. Here, we investigated the overwintering 
of sunflower (Helianthus annuus L.) seeds in the laboratory (temperatures: –5, –1, 5, and 
10°C) and in the field (burial depth: 0, 5, 15, and 30 cm) as a case study to examine the 
invasiveness of transgenic crops.
Results: Sunflower seeds germinated when incubated at 5°C and 10°C for 2, 4, 6, and 
12 weeks but not when incubated at –5°C or –1°C. However, the seeds incubated at –5°C 
or –1°C germinated when they were transferred to the optimal germination temperature 
(25°C). Up to 16.5% and 15.0% of seeds were dormant when cultured at sub-zero tempera-
tures in a Petri dish containing filter paper and soil, respectively. In the field trial, soil tem-
perature, moisture, and microbial communities differed significantly between soil depths. 
Germination-related microorganisms were more distributed on the soil surface. Seeds 
buried on the surface decayed rapidly from 4 weeks after burial, whereas those buried 
at depths of 15 cm and 30 cm germinated even 16 weeks after burial. No dormancy was 
detected for seeds buried at any depth.
Conclusions: Although sunflower seeds did not overwinter in situ in this study, we can-
not exclude the possibility that these seeds lie dormant at sub-zero temperatures and then 
germinate at optimal temperatures in nature.

Keywords: Burial seed, Dormancy, Invasiveness, Overwintering, Risk assessment, Trans-
genic plant

Introduction

The global climate is projected to change dramatically 
over the next century and is expected to affect various en-
vironmental parameters (Folland et al. 2001). In particular, 
factors such as warming, drought, and elevated CO2 levels 
significantly affect plant growth in both agricultural and 
natural ecosystems (Howden et al. 2007; Walther 2010). 
Apart from climate, changes in weed dominance and weed 
interactions are also important factors in crop production 
(Ramesh et al. 2017; Slingo et al. 2005). Researchers have 
raised concerns that climate change-related alterations in 
weed invasion in the United States could affect maize pro-
duction and cause the northward spread of invasive weed 
species of tropical and subtropical origin that are currently 
confined to the south (McDonald et al. 2009; Patterson 
1995). These seasonal and long-term changes will also in-

f luence the population dynamics of insects and lead to 
changes in the overall abundance of soil microbial com-
munities (Castro et al. 2010; Karuppaiah and Sujayanad 
2012).

The concentration of greenhouse gases in South Korea 
has increased over the past 10 years (2008–2018), and the 
warming trend has been evident in most regions (KMA 
2020). Accordingly, studies have reported climate warm-
ing-related changes in the species composition of cold-tol-
erant evergreen broadleaved trees in Korea (Koo et al. 
2015). The diversity of subalpine plant species in low-alti-
tude areas and low-latitude mountainous national parks is 
also greatly threatened by climate change (Adhikari et al. 
2019). Changes reported in the first f lowering date of six 
early-spring flowering plants from 1920 to 2019 are expect-
ed to exacerbate the temporal asynchrony of plant species 
with climate change in Korea (Lee et al. 2020). Additional-
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ly, a study on 16 invasive weed species reported that climate 
change would shift the climate barrier to invasive weeds in 
southern regions, exacerbating the risk of weed invasion 
into northern regions (Hong et al. 2021).

Living modified organisms (LMOs) are considered inva-
sive alien species in certain respects (Shine et al. 2000). To 
address concerns regarding the potential ecological im-
pacts of LMOs, the Cartagena Protocol discussed the de-
velopment of risk assessment guidelines and the evaluation 
of mechanisms for identifying and managing potential 
ecological damage caused by LMOs (Hill and Sendashonga 
2006). The risk assessment of LMOs for invasiveness re-
quires information on their seed germination characteris-
tics, phenotypes under agronomic conditions, reproductive 
biology, and seed persistence leading to volunteer occur-
rence (EFSA Panel on Genetically Modified Organisms 
[GMO] 2010). This is especially important for overwinter-
ing, which can lead to seed reproduction of LM plants 
(EFSA Panel on Genetically Modified Organisms [GMO] 
2010). LMOs can survive in a wide range of environments 
owing to their advantageous traits, and even those that do 
not overwinter in the producing country can overwinter in 
the consuming country. Therefore, accurate predictions 
and preparation are required for managing the spread of 
LMOs (Cantamutto and Poverene 2007; Liang et al. 2014). 
Korea does not cultivate LM plants; however, LMOs have 
been imported over the past 14 years for use as food, feed, 
and processing (KBCH 2022). As a result, LM corn, rape-
seed, and cotton volunteers have been found in the natural 
environment around transportation routes, import ports, 
feed factories, and festival sites (Kim et al. 2020; Lim et al. 
2021; Park et al. 2010). Therefore, evaluation of the over-
wintering potential of imported LMOs, which includes 
their ability to survive in low temperatures during winter 
and leads to reproduction in the following spring, is crucial 
in Korea’s LMO review.

In the present study, we used commercial cultivars of 
sunflower (Helianthus annuus L.) as a case study to evalu-
ate the viability and persistence of plant seeds at low tem-
peratures in two different scenarios (in laboratory and field 
conditions). There are several justifications for conducting 
research on LMOs using non-LMOs as case studies. Con-
cerns about potential impact of LMOs on the environment, 
human health and biodiversity can be offset by prelimi-
nary studies using non-LMO (Andersson and de Vicente 
2010; Kouam et al. 2012). In addition, since LMOs are con-
sidered to be substantially equivalent to controls such as 
wild-type or original cultivars in the risk assessment, stud-
ies using non-LMOs can be an important consideration in 
that they present a more practical option (Hill and Sen-
dashonga 2003). Moreover, regulatory considerations may 
also come into play, as some countries or regions may have 
strict regulations on the use of LMOs and using non-LMOs 
for initial studies may be a more feasible option (Davison 

2010).
Here, we recorded the viability and time to germination 

of sunf lower seeds at different low temperatures for 12 
weeks in a laboratory. We also recorded the germination 
and dormancy of sunflower seeds buried at various soil 
depths in the field for 48 weeks. The results of this study 
may help evaluate the overwintering performance of LM 
crops newly introduced in Korea. In addition, this case 
study can provide insights that should be useful for inves-
tigating whether the introduction of LM crops in Korea 
has the potential to change biodiversity within natural eco-
systems.

Materials and Methods

Plant materials
Seeds of the following five commercially available sun-

flower cultivars purchased from Danong Co. (Namyangju, 
Korea) were used in this study: Jaeraejongja (standard type), 
Jaeraejong (semi-dwarf type), Jaeraejong1 (dwarf type), 
Jaeraejong2 (extreme dwarf type), and Jaeraejong3 (extreme 
dwarf type). The physical characteristics of these seeds have 
been reported in a previous study (Nam and Han 2020).

Seed germination tests at controlled low 
temperatures

To evaluate the effect of low temperature and treatment 
duration on plant germination and dormancy, the seeds of 
five sunflower cultivars were cultured on filter paper and 
soil under controlled temperatures in the laboratory. Fifty 
seeds were placed in a square Petri dish (125 mm × 125 
mm; SPL Life Sciences Co., Ltd., Pocheon, Korea) for the 
culture on filter paper. For the culture grown in soil, 20 
seeds were placed in a cylindrical Petri dish (100 mm × 50 
mm; SPL Life Sciences Co., Ltd.) and covered with field 
soils to a depth of 5 cm. Distilled water (20 mL) was sup-
plied to both cultures, which were transferred to a growth 
chamber (Sanyo MLR-352H; Panasonic Healthcare Co., 
Ltd., Oizumi, Japan) set to a constant temperature (–5, –1, 
5, or 10°C) in darkness. Incubation at each temperature 
was performed for 1, 2, 4, 6, and 12 weeks. Seed germina-
tion and dormancy were determined in accordance with 
the International Rules for Seed Testing (ISTA 2010). Seeds 
were considered germinated when the root length was ≤ 2 
mm. Germinated seeds were removed from the Petri dish 
to measure the initial germination rate, and the remaining 
seeds were germinated for 7 days at 25°C to measure the fi-
nal germination rate. The dormancy rate was calculated by 
counting the number of dormant seeds and dividing it by 
the total number of tested seeds, using the tetrazolium (TZ) 
test on the intact seeds that did not germinate even after 7 
days of incubation at 25°C.
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Field trials to evaluate the overwintering 
potential of sunflower seeds

To measure the overwintering potential of sunf lower 
seeds, seeds were buried in a confined field (36°01’”43.0” N, 
126°43’23.7” E; elevation: 20 m) at the National Institute of 
Ecology in Seocheon-gun, South Korea, according to our 
previous study (Nam and Han 2020). Two sunflower culti-
vars—a standard type (Jaeraejongja) and an extreme dwarf 
type (Jaeraejong3)—were placed in a randomized block 
with three replicates, each within a 50 cm × 50 cm plot, 
with 56 plots in each block (7 burial period × 4 depth × 2 
cultivar). Fifty seeds were mixed with 50 cm3 of sterilized 
sand and put in a nylon mesh (0.3 mm) seed bag (12 cm × 
16 cm). The bags were sealed and buried at depths of 0, 5, 
15, or 30 cm in November 2020.

The seed bags were exhumed 1, 4, 8, 16, 24, 32, and 48 
weeks after burial. The soil and plant material were re-
moved from each seed bag, and the seeds were obtained by 
sieving and washing with distilled water. The number of (i) 
germinated seeds with a radical length of more than 2 mm, 
(ii) dead seeds after germination due to the death of the 
seedling during the germination process, and (iii) dead 
seeds that yield to pressure or only have the seed coat re-
maining was counted. Particularly, in cases where only the 
seed coat was present, all seeds were considered dead, with
out differentiation between those that failed to germinate, 
those that died after germination, or those that could not 
be identified. The ungerminated intact seeds were further 
incubated for 7 days at 25°C in the laboratory. For the re-
maining hard seeds, the TZ test was performed to measure 
seed dormancy as described above.

Soil physical, chemical, and biological properties
To determine biotic and abiotic variables affecting the 

germination and survival of seeds, physicochemical char-

acteristics, microbial community, temperature, and mois-
ture at different soil depths were investigated. Soil samples 
were collected by striping 10 mm-thick layers of soil at 
each depth prior to burying the seeds. Soil physicochemi-
cal properties—including pH, moisture, total nitrogen (TN), 
organic matter content (OC), phytoavailable phosphate 
(PP), electrical conductivity (EC), cation exchange capacity 
(CEC), and texture—were analyzed according to our previ-
ous methods (Nam and Han 2020; NIAST 2000). The 
physical and chemical properties of soil in the experimen-
tal field did not differ significantly across soil depths (0, 5, 
10, 15, and 30 cm; Table 1). The surface layer of soil (soil 
depth, 0 cm) was a typical sandy loam soil with a pH of 6.4 ± 
0.3, OC of 3.9 ± 0.5 %, TN of 329.0 ± 69.3 mg kg-1, and PP 
of 21.3 ± 3.8 mg kg-1. The deepest soil layer (soil depth, 30 cm) 
was also a sandy loam soil with a pH of 6.3 ± 0.3, OC of 3.6 ± 
0.4%, TN of 278.0 ± 18.5 mg kg-1, and PP of 25.3 ± 7.9 mg kg-1.

To analyze soil microorganisms, soil 16S ribosomal ribo-
nucleic acid was sequenced using the Genomic Analysis 
Platform (Macrogen, Seoul, Korea). In addition, to compen-
sate for the short reads obtained from the Illumina Miseq 
sequencing platform, the soil microbial community was 
analyzed using the PacBio Sequel II system according to 
the method described by Lee et al. (2022). Soil temperature 
and moisture were recorded in a HOBO data-logger (U30-
NRC-10-S100; Onset Computer Co., Pocasset, MA, USA). 
Temperature was measured with Onset S-TMB-M002 (On-
set Computer Co.) and moisture was determined using 
S-TMB-M005 (Onset Computer Co.) sensors at soil depths 
of 10, 20, 30, 40, and 50 cm. The air temperature and pre-
cipitation during the experimental period (from November 
2020 to February 2022) were collected from the Gunsan 
Meteorological Observatory (36°00’19.1” N, 126°45’40.9” E; 
23.2 m above sea level) in the KMA (2022).

Table 1  Soil physicochemical properties at different soil depths

Soil characteristics p-value 0 cm 5 cm 10 cm 15 cm 30 cm

pH 0.233 6.4 ± 0.3 6.4 ± 0.3 6.7 ± 0.1 6.3 ± 0.3 6.3 ± 0.3
Sand (%) 0.188 59.1 ± 3.4 60.4 ± 6.7 62.5 ± 5.7 64.9 ± 4.9 67.8 ± 5.1
Silt (%) 0.321 26.7 ± 3.0 23.9 ± 5.9 25.6 ± 5.8 21.8 ± 5.0 19.5 ± 2.9
Clay (%) 0.321 14.3 ± 3.2 15.8 ± 3.5 12 ± 1.4 13.3 ± 1.0 12.8 ± 2.8
Bulk density (g cm-3) 0.724 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.1 1.3 ± 0.1
Particle density (g cm-3) 0.610 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0
Porosity (%) 0.817 50.6 ± 0.6 51.6 ± 1.3 52.2 ± 1.5 51.2 ± 2.2 51 ± 3.1
TN (mg kg-1) - 329.0 ± 69.3 378.3 ± 80.8 242.7 ± 70.0 187.5 ± 21.9 278.0 ± 18.5
PP (mg kg-1) 0.855 21.3 ± 3.8 20.4 ± 7.6 21.5 ± 7.9 22.4 ± 5.0 25.3 ± 7.9
OC (%) 0.625 3.9 ± 0.5 4.2 ± 0.6 3.8 ± 0.6 4.0 ± 0.4 3.6 ± 0.4
EC (μS cm-1) - 25.0 ± 0.0 25.0 ± 0.0 25.0 ± 0.0 25.0 ± 0.0 25.0 ± 0.0
Saline (%) 0.594 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.02 ± 0.03 0.02 ± 0.01
CEC (cmol+ kg−1) - 6.1 ± 0.9 11.2 ± 4.0 5.8 ± 0.3 8.2 ± 0.0 7.7 ± 0.0
Moisture (%) 0.606 13.5 ± 1.8 15.2 ± 1.6 12.9 ± 2.7 13.8 ± 1.8 13.2 ± 2.8
Soil texture Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam

Values are presented as mean ± standard deviation (n = 4).
p-values were obtained from ANOVA.
TN: total nitrogen; PP: phytoavailable phosphate; OC: organic matter content; EC: electrical conductivity; CEC: cation exchange capacity.
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Statistical analysis
All analyses were carried out using SAS Studio (version 

3.8; SAS Institute Inc., Cary, NC, USA). Data were subject-
ed to analysis of variance (ANOVA) at a significance of 5%. 
If the ANOVA results indicated significant differences be-
tween means, we used Tukey’s honest significant difference 
test to determine the differences between means. To ana-
lyze the effects of cultivar, temperature, duration of incu-
bation, and their interactions on seed germination and 
dormancy, we performed ANOVA using a general linear 
model (GLM) module. We also performed a GLM analysis 
on germination rates to verify the main and interaction ef-
fects of cultivar, duration of burial, and depth of burial.

Results

Effects of low temperature on seed germination 
and dormancy in sunflowers

The initial and final germination rates of sunf lower 
seeds differed significantly among cultivars (p < 0.001), in-
cubation temperatures (p < 0.001), and incubation dura-
tions (p < 0.001) in both experimental conditions (filter pa-
per and soil; Table 2). In addition, we found significant 
interaction effects of temperature × duration (p < 0.001), 
temperature × cultivar (p < 0.001), cultivar × duration (p < 
0.001), and cultivar × temperature × duration (p < 0.001) 
on initial and final germination rates in both culture con-
ditions. For dormancy rate, we found significant differenc-
es among cultivars (p < 0.001) and incubation temperatures 
(p < 0.001) and significant interaction effects of tempera-
ture × duration (p < 0.001), temperature × cultivar (p < 

0.001), and cultivar × temperature × duration (p < 0.001) in 
both experimental conditions.

For the germination experiment on filter paper, sunflow-
er seeds germinated when incubated at 5°C and 10°C but 
not when incubated at –1°C or –5°C (Fig. 1). The initial 
germination rate of ‘Jaeraejongja’ seeds cultured at 5°C and 
10°C for 1 week were 14.0% and 6.0%, respectively, and the 
final germination rates were 98.5% and 98.0%, respectively. 
There were no germinated seeds when incubated at –1°C 
and –5°C for all experimental period, but 71.5% to 97.0% 
germinated over various incubation durations when trans-
ferred to the optimum germination temperature of 25°C. 
The dormancy rate of seeds cultured at –1°C and –5°C was 
0.0%–16.5% and 0.0%–19.0%, respectively. The initial and 
final germination rates of ‘Jaeraejong’ seeds were signifi-
cantly lower than those of ‘Jaeraejongja’ seeds (p < 0.001). 
The dormancy of ‘Jaeraejong’ was observed at seeds cul-
tured at –5°C, –1°C and 5°C. The germination rate of ‘Jaer-
aejong1’ varied widely across various incubation tempera-
tures, and no seeds had germinated after 1 week of 
incubation. Among seeds cultured at 5°C and 10°C, 2.5% 
and 46.5% germinated after 2 weeks of culturing, respec-
tively. Dormant seeds were observed in all incubation tem-
peratures, the highest dormancy rate was 12.5% in seeds 
cultured at –5°C for 6 weeks. For the ‘Jaeraejong2’ cultivar, 
the final germination rates of seeds cultured for 12 weeks 
at all experimental temperature were lower than those of 
seeds incubated for lower durations (p < 0.001). The maxi-
mum dormancy rates of seeds cultured at –1°C and –5°C 
were 5.5% and 6.0%, respectively. For the ‘Jaeraejong3’ cul-
tivar, the initial germination rate of seeds cultured at 10°C 
for 1 week was 75.0%, which was significantly higher than 

Table 2  Results of the general linear model applied to the germination and dormancy data

Source

Petri dish Soil

Degrees  
of  

freedom

Initial  
germination

Final  
germination

Dormancy
Initial 

germination
Final 

germination
Dormancy

F p F p F p F p F p F p

Cultivar 3 231.2 < 0.001 167.5 < 0.001 16.3 < 0.001 147.4 < 0.001 299.0 < 0.001 9.0 < 0.001
Incubation 

temperature
4 2,158.7 < 0.001 262.3 < 0.001 74.8 < 0.001 574.9 < 0.001 227.4 < 0.001 97.8 < 0.001

Duration of 
incubation

4 316.7 < 0.001 150.9 < 0.001 2.0 0.090 137.6 < 0.001 202.2 < 0.001 1.2 0.313

Temperature × 
duration

12 118.2 < 0.001 21.0 < 0.001 10.2 < 0.001 106.2 < 0.001 65.5 < 0.001 4.7 < 0.001

Temperature × 
cultivar

12 88.2 < 0.001 51.7 < 0.001 5.0 < 0.001 52.4 < 0.001 90.9 < 0.001 10.0 < 0.001

Cultivar × 
duration

16 23.0 < 0.001 11.8 < 0.001 4.3 < 0.001 13.2 < 0.001 9.5 < 0.001 2.2 0.005

Cultivar × 
temperature × 
duration

48 13.0 < 0.001 7.2 < 0.001 5.6 < 0.001 17.3 < 0.001 7.8 < 0.001 2.3 < 0.001

Values are presented as the mean ± standard deviation (n = 4).
p-values were calculated using a general linear model-based method. Five sunflower cultivars were grown at four different temperatures (–5, –1, 5, 
and 10°C) during six treatment periods.
F: F-statistic; p: p-value.
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that of seeds from other cultivars (p < 0.001). The dorman-
cy rates of ‘Jaeraejong3’ seeds cultured at –1°C and –5°C 
were 6.5%–11.0% and 0.0%–10.0%, respectively.

No germinated seeds were observed for any sunflower 
cultivars when cultured for 1 week at –5°C, –1°C, 5°C, and 
10°C in Petri dishes containing soil (Fig. 2). In addition, 

seeds cultured at –1°C and –5°C did not germinate during 
the entire experimental period. For the ‘Jaeraejongja’ culti-
var, germinated seeds were observed after 2 weeks when 
cultured at 10°C and after 4 weeks when cultured at 5°C. 
There were no dormant ‘Jaeraejongja’ seeds in the soil cul-
ture experiments. For the ‘Jaeraejong’ cultivar, seeds cul-

Fig. 1  Initial and final germination rates and dormancy rates of sunflower seeds in a filter paper. Seeds were cultured in various 
low-temperature regimes (–5, –1, 5, and 10°C) for different durations (1, 2, 4, 6, and 12 weeks). Values are presented as mean ± standard 
deviation (n = 4). The temperatures are color-coded (dark red, –5°C; orange, –1°C; light green, 5°C; green, 10°C).
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tured at 10°C and 5°C started to germinate after 2 and 6 
weeks of incubation, respectively. Dormant seeds (2.0%–
5.0%) were found only among seeds cultured at –1°C. For 
the ‘Jaeraejong1’, ‘Jaeraejong2’, and ‘Jaeraejong3’ cultivars, 
seed germination was observed from 2 weeks after incuba-
tion at 10°C and from 6 weeks after incubation at 5°C. 
However, most seeds did not germinate when cultured for 

12 weeks at 10°C. The dormancy rates of ‘Jaeraejong1’ 
seeds were 3.3%–6.0% when cultured at –1°C and 0.0%–
1.7% when cultured at 5°C. The highest dormancy rate of 
‘Jaeraejong2’ seeds were 5.0% when cultured at –1°C for 1 
and 2 weeks and 10.0% when cultured at –5°C for 4 weeks. 
Dormant seeds of ‘Jaeraejong3’ were observed only when 
cultured at –1°C, and the maximum dormancy rate was 

Fig. 2  Initial and final germination rates and dormancy rates of sunflower seed in the soil. Seeds were cultured in various low-tempera-
ture regimes (–5, –1, 5, and 10°C) for different durations (1, 2, 4, 6, and 12 weeks). Values are presented as the mean ± standard deviation 
(n = 4). The temperatures are color-coded (dark red, –5°C; orange, –1°C; light green, 5°C; green, 10°C).



Page 7 of 13Han et al.		 Journal of Ecology and Environment (2023)47:02

15.0% after 12 weeks of incubation.

Comparison of biological properties between soil 
depths

A total of 2,819 operational taxonomic units (OTUs) were 
clustered at 99% similarity (Fig. 3). Approximately 12% of 
sequences were identified to the species level. However, 
most OTUs were identified to the genus or family level and 
categorized as unclassified species (Fig. 3A). OTUs belong-
ing to the phyla Acidobacteriota, Planctomycetota, Chloro-
flexi, and Verrucomicrobiota showed relatively low sequence 
similarity compared those belonging to Proteobacteria, 
Bacteroidota, and Actinobacteria (Fig. 3A). Soil bacterial 
communities also differed according to soil depth (Fig. 3B). 
For instance, OTUs belonging to the genera Bradyrhizobi-
um, Ramlibacter, and Arthrobacter were enriched in the 
top layer of soil, whereas those belonging to the genera El-
lin6067 and Pseudolabrys were enriched in the soil samples 
collected at depths of 15–30 cm. 

During the experimental period, the lowest air tempera-

ture was –8.9°C at 7 weeks after burial (January 2021), and 
the highest air temperature was 32.9°C at 33 weeks after 
burial (July 2021) (Fig. 4A). The lowest surface temperature 
was 0.0°C at 6 weeks (January 2021) after burial, and the 
highest surface temperature was 36.5°C at 33 weeks (July 
2021). The total annual precipitation was 1,146.3 mm. The 
highest precipitation during the experiment period was 
31.0 mm and 185.8 mm in weekly average and total, at 30 
weeks after burial (July 2021). Soil temperature and mois-
ture differed significantly between samples collected at 
different depths (Figs. 4C and 4D). After 1 week of seed 
burial, the soil temperature at 10 cm was 9.8°C and that at 
50 cm was 12.3°C. Soil moisture content was 29.9% at 10 
cm and 34.0% at 50 cm after 1 week of burial. The atmo-
spheric temperature decreased 4 week after burial, at which 
point the soil temperature at 10 cm (close to the soil sur-
face) was 1.9°C and that at 50 cm was 4.8°C. Soil moisture 
ranged from 26.5% to 28.2% across different soil depths. 
After 8 weeks of burial, there was little difference in soil 
temperature between soil layers (within 0.7°C). However, after 

Fig. 3  Sequence similarity and 
bacterial community structure of 
burial seed in the confined field. 
(A) The sequence similarity of 
full-length 16S rRNA gene of op-
erational taxonomic units to type 
strains by using National Center 
for Biotechnology Information 16S 
rRNA databases. Delineation cut-
offs were derived from aBarco et al. 
(2020); bKim et al. (2014); cStacke-
brandt and Goebel (1994); and 
dYarza et al. (2014). (B) Heatmap 
of hierarchical clustering of bacte-
rial groups at the genus level. The 
dendrogram was calculated using 
Euclidean distances and Ward’s 
method. RNA: ribonucleic acid; 
16S rRNA: 16S ribosomal RNA.

B

A
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32 weeks of burial, soil temperatures at 10 cm and 50 cm 
were 31.2°C and 28.8°C, respectively.

At 1 week after burial, the average surface temperature 
was 13.5°C, with a maximum of 22.6°C. Soil temperature at 
a depth of 30 cm was 12.7°C, with a maximum of 13.5°C. 
At 2 weeks after burial, the average surface temperature 
was 10.0°C, and the minimum air temperature dropped to 
below zero. The average weekly air temperature decreased 
to below zero 4 weeks after seed burial. Most of the sub-ze-
ro temperatures were observed after 8 weeks of burial. 
From December 30, 2020, to January 12, 2021, the air tem-
perature remained below zero for 14 consecutive days. 
During the experimental period, the difference between 
the maximum and minimum soil temperatures was 41.9°C 

at the surface and 28.6°C at a depth of 30 cm.

Overwintering potential of sunflower seeds 
buried at different depths of soil

Among sunf lower seeds buried in the field in winter, 
germination was significantly affected by burial depth (p < 
0.001) and duration of burial (p < 0.001) but did not differ 
significantly between cultivars (p = 0.657) (Table 3). Addi-
tionally, we found significant interactions of duration × 
cultivar (p < 0.001) and duration × depth (p < 0.001).

The germination rate of ‘Jaeraejongja’ seeds at different 
burial depths was not significantly different between most 
burial durations 1, 8, 16, 24, 32, and 48 weeks after burial, 
except at 4 weeks after burial (Fig. 5A). The germination 

Fig. 4  Meteorological changes at the field during the experimental period. Variation in the (A) weekly temperature, (B) precipitation, 
(C) soil temperature, and (D) soil moisture. Soil temperature and moisture were measured at depths 10, 20, 30, 40, and 50 cm. Asterisks 
indicate significant differences among soil depths (p < 0.05) based on ANOVA.

A B

C D

Table 3  The general linear model results applied to the germination

Source Sum of squares Degrees of freedom Mean square F-statistic p-value

Burial duration 24,0181.67 6 40,030.28 494.35 < 0.001
Cultivar 16.10 1 16.10 0.20 0.657
Depth of burial 9,348.29 3 3,116.10 38.48 < 0.001
Duration × cultivar 2,742.24 6 457.04 5.64 < 0.001
Duration × depth 24,937.38 18 1385.41 17.11 < 0.001
Cultivar × depth 376.48 3 125.49 1.55 0.206
Cultivar × duration × depth 1,299.86 18 72.21 0.89 0.589

Two sunflower cultivars were buried at four different depths (0, 5, 15, and 30 cm) for seven burial durations.
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Fig. 5  Seed germination for Jaeraejongja (A) and Jaeraejong3 (B) seeds during 48 weeks at four soil depths. Proportions of Jaeraejongja 
(C) and Jaeraejong3 (D) seeds that were dead, dead after germination, germinated, germinated in the lab, and dormant during 48 weeks 
at soil depths of 0, 5, 15, and 30 cm. Values are presented as mean ± standard deviation (n = 3). The colored areas and symbols indicate 
the seed state (green, dead; orange, dead after germination; dark red, germinated; yellow, germinated in the lab; blue, dormant). ns: not 
significant. Asterisks indicate significant differences among soil depths (p < 0.05) based on ANOVA. Different letters indicate significant 
differences between means (p < 0.05).

A B

C D
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rate after 1 week of burial was >91.3% at all burial depths. 
The germination rate of ‘Jaeraejongja’ seeds 4 weeks after 
burial was 35.3% at a depth of 0 cm and 99.3% at 30 cm. At 
8 weeks after burial, the germination rate was 0% at a 
depth of 0 cm, while it was 24.0%–42.7% at 5–30 cm. After 
16 weeks of burial, 1.3% and 2.0% seeds had germinated at 
depths of 10 cm and 15 cm, respectively; however, no seeds 
had germinated at the other burial depths. After 24 weeks 
of burial, all seeds were dead with only the seed coat re-
maining; no germination was observed at any depth. For 
‘Jaeraejong3’ seeds, we found significant differences in ger-
mination rate between burial depths at 4 and 8 weeks after 
burial (Fig. 5B). The germination rate after 1 week of burial 
was 82.7%–92.7% at all burial depths. After 4 weeks of burial, 
the germination rate decreased to 15.3% at a depth of 0 cm 
but was maintained 95.3%–97.3% at depths of 5–30 cm. 
After 8 weeks of burial, no seeds had germinated at a depth 
of 0 cm; however, the germination rates at 5–30 cm were 
54.0%–66.7%. After 16 weeks of burial, all seeds were dead, 
and no seed germination was observed at any depth.

When the buried ‘Jaeraejongja’ and ‘Jaeraejong3’ seeds 
were incubated at 25°C in the laboratory, only 0.7%–5.3% 
of seeds retrieved after 1 week of burial were able to germi-
nate (Fig. 5C and 5D). There were no dormant seeds of 
‘Jaeraejongja’ or ‘Jaeraejong3’ at any depth or duration of 
burial. After 4 weeks of burial, 56.7% of ‘Jaeraejongja’ seeds 
buried at a depth of 0 cm died after germination, whereas 
at 5–30cm, 0.0%–0.7% died after germination. After 16 
weeks of burial, the proportion of ‘Jaeraejongja’ seeds dead 
after germination at depths of 0–5 cm and 15–30 cm were 
63.3%–64.0% and 70.0%–84.0%, respectively. After 4 weeks 
of burial, 78.0% of ‘Jaeraejong3’ seeds buried at a depth of 
0 cm died after germination, whereas there were no seeds 
died after germination at depths of 5–30 cm. The propor-
tion of ‘Jaeraejong3’ seeds that died after germination at a 
depth of 5–30 cm were 7.3%–23.3% at 16 weeks after buri-
al.

Discussion

Overwintering of seeds is crucial for the survival of the 
species in the following year, as annual plants exhibit seed 
persistence by securing seed banks through overwintering 
of seeds (Aikio et al. 2002; Baskin and Baskin 2014). Our 
experiments in laboratory conditions revealed that al-
though sunflower seeds did not germinate at sub-zero tem-
peratures, they did germinate when transferred to tempera-
tures optimal for germination (25°C). Our low-temperature 
germination experiments were comparable with the 30-
year average winter temperatures in Korea, which generally 
include the temperatures from November to February 
(KMA 2022). Previous studies have shown that non-dor-
mant sunflower seeds can germinate in a wide temperature 

range (5–40°C) (Gay et al. 1991). This indicates that sun-
flower seeds released before winter can survive in the soil 
until the following spring.

The maximum dormancy rates of sunflower seeds cul-
tured at –1°C for 12 weeks were 16.5% and 15.0% in the Pe-
tri dishes containing filter paper and soil, respectively. 
Moreover, these seeds germinated steadily when trans-
ferred to the optimum germination temperature of 25°C. 
These results indicate that even if sunflower seeds spend 
>3 months buried in the soil at sub-zero temperatures, 
through dormancy, they can germinate and continue to 
survive when the environment reaches optimal conditions. 
Seed dormancy allows plants to survive harsh low-tem-
perature environments, such as Arctic and alpine regions 
(Billings and Mooney 1968). This mechanism explains how 
seeds buried in soil can survive at sub-zero temperatures 
for centuries (McGraw et al. 1991). Alexander and Schrag 
(2003) reported that sunflower seed banks can survive be-
tween 1 to 10 years or even more, allowing the seeds to 
survive as long. Nevertheless, in the present study, the final 
germination rate of seeds incubated in Petri dishes con-
taining soil decreased from the 6th week as the seeds de-
cayed over time. This suggested that a variety of variables 
can interfere with sunflower seeds buried in the soil, and 
that such seeds can exhibit different results than those ob-
served in a controlled laboratory environment. This is be-
cause seed germination and the emergence of seedlings in 
field conditions are affected by several non-biological and 
biological factors (Lamichhane et al. 2018).

Important abiotic parameters that control germination—
including soil moisture, temperature, and light—vary ver-
tically and spatially within the soil (Long et al. 2015). 
When a seed is located close to the soil surface, it germi-
nates, which negatively affects the maintenance of per-
sistence through the dormancy period (Traba et al. 2004). 
In this study, the physicochemical properties of soil did not 
differ significantly between soil depths; however, soil mois-
ture and temperature showed significant differences be-
tween the surface soil and soils at the deepest depth. Seeds 
on the soil surface are subjected to various stimuli related 
to the control of seed germination and had difficulty sur-
viving through dormancy. In contrast, seeds buried in the 
soil experience less drastic changes in soil moisture and 
temperature than seeds at the surface, and thus seemed to 
survive longer. Previous studies have also reported that 
buried seeds, including sunflower seeds, survived longer 
than those on the soil surface (Alexander and Schrag 2003; 
Burton et al. 2004).

Our analysis of the soil microbial community also re-
vealed differences between the microbial communities at 
different soil depths. The microbial community of the sur-
face soil was abundant in microorganisms related to seed 
germination, whereas that of the subsoil was abundant in 
microbes related to decomposition. Xu et al. (2021) report-
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ed that Arthrobacter sp. (which was abundant in surface 
soil samples in this study) was responsible for increasing 
the germination rate of peanut seeds. When co-inoculated 
with other microorganisms, Bradyrhizobium promotes 
soybean seed germination and emergence (Queiroz et al. 
2018). By contrast, Ellin6067 (which was abundant in soil 
samples collected at 15–30 cm in this study) was the most 
representative bacterium for the decomposition of living 
organisms and other complex organic compounds. Ac-
cordingly, its abundance is also associated with the decom-
position of plant vegetation and straw mulch (Lezcano et 
al. 2017).

The effect of temperature on seed persistence in soil var-
ies across plants (Walck et al. 2011). In the present study, 
seed viability differed according to the location of the seeds 
in the soil, and unlike in the laboratory experiments, the 
seeds did not lie dormant and decay over time. The soil in 
the field exhibited a difference in temperature between 
daytime and nighttime, and soil moisture levels also 
changed rapidly depending on the amount of precipitation. 
At the time of burying the seeds, the surface temperature 
had been maintained at 22.3°C at the highest point of the 
day for one week, indicating conditions favorable for seed 
germination. Additionally, the seeds buried at 30 cm were 
exposed to an average soil temperature of 13.2°C and 
showed similar results to the seeds grown in the laboratory 
at 10°C. Previous overwintering studies in Korea have sur-
veyed the survival of seeds that had been buried before the 
occurrence of sub-zero temperatures (Ko et al. 2016; Yook 
et al. 2021). However, as observed in our experiment, the 
actual surface and subsoil temperatures were high enough 
to satisfy the germination conditions before sub-zero tem-
peratures were observed, and the duration of sub-zero 
temperatures was not as long in the field as it was in the 
laboratory experiment. In addition, the average tempera-
ture at the deepest point was 5°C or higher than that at the 
surface, even when the surface temperature was main-
tained below –5°C. Therefore, adjusting the subsoil tem-
peratures in the field to those in the laboratory experiment 
was difficult and the resulting seed dormancy rate was not 
observed. Additionally, the surface temperature did not 
drop below freezing for 2 weeks at the beginning of the ex-
periment, suggesting that seed germination was possible 
during this period. However, the temperature dropped be-
low freezing at night from the 4th week onward, thus, ad-
versely affecting germination. By the 8th week, the tem-
perature was maintained below zero, which prevented 
germination. Ooi et al. (2009) reported that in Australia, 
increasing temperatures were accompanied by increased 
germination in 3 out of 8 plants, whereas seed viability de-
creased in another species. By contrast, Apium, Lactuca, 
and Viola seeds become dormant with rising temperatures, 
and germination occurs by breaking the dormancy by ex-
posure to low temperatures (Geneve 2003). Therefore, dif-

ferences in seed dormancy rates between our laboratory 
and field conditions might be arisen from variations in soil 
temperature and microbial distribution at different depths 
in an uncontrolled outdoor environment.

Conclusions

Climate change will ultimately affect the ecosystem veg-
etation, especially seed germination and dormancy, which 
are highly susceptible to changes in temperature, patterns 
of precipitation, and transpiration (Baskin and Baskin 
2014). In particular, buried seeds have a seed dormancy 
mechanism that allows developing and viable seeds to 
avoid germination at times when temperature and mois-
ture conditions are not conducive to seedling survival 
(Baskin and Baskin 2004). Our recent report shows that 
the invasive potential of sunflowers depends on environ-
mental conditions at the time of release (Han and Nam 
2022). A gradual increase in domestic temperatures due to 
climate change may result in the disappearance of sub-zero 
weather in some areas, increasing the possibility of over-
wintering of newly introduced LM plants. Therefore, it is 
necessary to evaluate seed overwintering at multiple sites 
that can meet various temperature conditions. Our find-
ings could provide important insights into evaluating and 
reviewing the effects of newly introduced LM plants on the 
natural ecosystem. However, limitations of this study using 
non-LMOs may include reduced generalizability of the 
findings to LMOs and potential confounding effects of 
other factors.

Abbreviations
LMOs: Living modified organisms
TZ: Tetrazolium
TN: Total nitrogen
OC: organic matter content
PP: Phytoavailable phosphate
EC: Electrical conductivity
CEC: Cation exchange capacity
ANOVA: Analysis of variance
OTUs: operational taxonomic units

Acknowledgments
None.

Authors’ contributions
SMH performed the experiments and wrote the draft manuscript. 
SJC analyzed the soil microbial community. KHN designed the re-
search and wrote the manuscript. All authors have read and ap-
proved the final manuscript.

Funding
This research was supported by the National Institute of Ecology 



Page 12 of 13Han et al.		 Journal of Ecology and Environment (2023)47:02

(NIE) and funded by the Ministry of Environment (MOE) of the Re-
public of Korea (NIE-A-2023-04).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

References
Adhikari P, Jeon JY, Kim HW, Shin MS, Adhikari P, Seo C. Potential im-

pact of climate change on plant invasion in the Republic of Korea. J 
Ecol Environ. 2019;43:36. https://doi.org/10.1186/s41610-019-0134-
3.

Aikio S, Ranta E, Kaitala V, Lundberg P. Seed bank in annuals: competi-
tion between banker and non-banker morphs. J Theor Biol. 2002; 
217(3):341-9. https://doi.org/10.1006/jtbi.2002.3034.

Alexander HM, Schrag AM. Role of soil seed banks and newly dispersed 
seeds in population dynamics of the annual sunflower, Helianthus 
annuus. J Ecol. 2003;91(6):987-98. https://doi.org/10.1046/j.1365-
2745.2003.00824.x.

Andersson MS, de Vicente MC. Gene flow between crops and their wild 
relatives. Baltimore: Johns Hopkins University Press; 2010.

Barco RA, Garrity GM, Scott JJ, Amend JP, Nealson KH, Emerson D. A 
genus definition for Bacteria and Archaea based on a standard ge-
nome relatedness index. mBio. 2020;11(1):e02475-19. https://doi.
org/10.1128/mBio.02475-19.

Baskin CC, Baskin JM. Seeds: ecology, biogeography, and evolution of 
dormancy and germination. Burlington: Elsevier Science; 2014.

Baskin JM, Baskin CC. A classification system for seed dormancy. Seed 
Sci Res. 2004;14(1):1-16. https://doi.org/10.1079/SSR2003150.

Billings WD, Mooney HA. The ecology of arctic and alpine plants. Biol 
Rev. 1968;43(4):481-529. https://doi.org/10.1111/j.1469-185X.1968.
tb00968.x.

Burton MG, Mortensen DA, Marx DB, Lindquist JL. Factors affecting 
the realized niche of common sunflower (Helianthus annuus) in 
ridge-tillage corn. Weed Sci. 2004;52(5):779-87.

Cantamutto M, Poverene M. Genetically modified sunflower release: op-
portunities and risks. Field Crops Res. 2007;101(2):133-44. https://
doi.org/10.1016/j.fcr.2006.11.007.

Castro HF, Classen AT, Austin EE, Norby RJ, Schadt CW. Soil microbial 
community responses to multiple experimental climate change driv-
ers. Appl Environ Microbiol. 2010;76(4):999-1007. https://doi.
org/10.1128/AEM.02874-09.

Davison J. GM plants: science, politics and EC regulations. Plant Sci. 
2010;178(2):94-8. https://doi.org/10.1016/j.plantsci.2009.12.005.

EFSA Panel on Genetically Modified Organisms (GMO). Guidance on 
the environmental risk assessment of genetically modified plants. 
EFSA J. 2010;8(11):1879. https://doi.org/10.2903/j.efsa.2010.1879.

Folland CK, Karl TR, Christy JR, Clarke RA, Gruza GV, Jouzel J, et al. 
Observed climate variability and change. In: Houghton JT, Ding Y, 
Griggs DJ, Noguer M, van der Linden PJ, Dai X, et al, editors. Cli-
mate change 2001: the scientific basis. Cambridge: Cambridge Uni-
versity Press; 2001. p. 99-182.

Gay C, Corbineau F, Côme D. Effects of temperature and oxygen on seed 
germination and seedling growth in sunflower (Helianthus annuus 
L.). Environ Exp Bot. 1991;31(2):193-200. https://doi.org/10.1016/ 
0098-8472(91)90070-5.

Geneve RL. Impact of temperature on seed dormancy. HortScience. 
2003;38(3):336-41.

Han SM, Nam KH. Assessing the potential invasiveness of transgenic 
plants in South Korea: a three-year case study on sunflowers. J Ecol 
Environ. 2022;46:19. https://doi.org/10.5141/jee.22.039.

Hill R, Sendashonga C. Conservation biology, genetically modified or-
ganisms, and the biosafety protocol. Conserv Biol. 2006;20(6):1620-
5. https://doi.org/10.1111/j.1523-1739.2006.00534.x.

Hill RA, Sendashonga C. General principles for risk assessment of living 
modified organisms: lessons from chemical risk assessment. Environ 
Biosafety Res. 2003;2(2):81-8. https://doi.org/10.1051/ebr:2003004.

Hong SH, Lee YH, Lee G, Lee DH, Adhikari P. Predicting impacts of cli-
mate change on northward range expansion of invasive weeds in 
South Korea. Plants (Basel). 2021;10(8):1604. https://doi.org/10. 
3390/plants10081604.

Howden SM, Soussana JF, Tubiello FN, Chhetri N, Dunlop M, Meinke H. 
Adapting agriculture to climate change. Proc Natl Acad Sci U S A. 
2007;104(50):19691-6. https://doi.org/10.1073/pnas.0701890104.

ISTA (International Seed Testing Association). International rules for 
seed testing: edition 2010. Bassersdorf: International Seed Testing 
Association; 2010.

Karuppaiah V, Sujayanad GK. Impact of climate change on population 
dynamics of insect pests. World J Agric Sci. 2012;8(3):240-6.

KBCH (Korea Biosafety Clearing House). Import and Export Status. 
2022. https://www.biosafety.or.kr/portal/page/f_03. Accessed 12 Oct 
2022.

Kim IR, Lim HS, Choi W, Kang DI, Lee SY, Lee JR. Monitoring living 
modified canola using an efficient multiplex PCR assay in natural 
environments in South Korea. Appl Sci. 2020;10(21):7721. https://
doi.org/10.3390/app10217721.

Kim M, Oh HS, Park SC, Chun J. Towards a taxonomic coherence be-
tween average nucleotide identity and 16S rRNA gene sequence sim-
ilarity for species demarcation of prokaryotes. Int J Syst Evol Micro-
biol. 2014;64(Pt 2):346-51. https://doi.org/10.1099/ijs.0.059774-0. 
Erratum in: Int J Syst Evol Microbiol. 2014;64(Pt 5):1825.

KMA (Korea Meteorological Administration). Korean Climate Change 
Assessment report 2020: the physical science basis. Seoul: Korea 
Meteorological Administration; 2020.

KMA (Korea Meteological Administration). Synoptic Weather Observa-
tion, Statistics by Condition. 2022. https://data.kma.go.kr. Accessed 
12 Oct 2022.

Ko EM, Kim DY, Kim HJ, Chung YS, Kim CG. Assessing weediness of 

https://doi.org/10.1186/s41610-019-0134-3
https://doi.org/10.1186/s41610-019-0134-3
https://doi.org/10.1006/jtbi.2002.3034
https://doi.org/10.1046/j.1365-2745.2003.00824.x
https://doi.org/10.1046/j.1365-2745.2003.00824.x
https://www.worldcat.org/ko/title/276139271
https://www.worldcat.org/ko/title/276139271
https://doi.org/10.1128/mBio.02475-19
https://doi.org/10.1128/mBio.02475-19
https://www.worldcat.org/ko/title/871225563
https://www.worldcat.org/ko/title/871225563
https://doi.org/10.1079/SSR2003150
https://doi.org/10.1111/j.1469-185X.1968.tb00968.x
https://doi.org/10.1111/j.1469-185X.1968.tb00968.x
http://www.jstor.org/stable/4046824
http://www.jstor.org/stable/4046824
http://www.jstor.org/stable/4046824
https://doi.org/10.1016/j.fcr.2006.11.007
https://doi.org/10.1016/j.fcr.2006.11.007
https://doi.org/10.1128/AEM.02874-09
https://doi.org/10.1128/AEM.02874-09
https://doi.org/10.1016/j.plantsci.2009.12.005
https://doi.org/10.2903/j.efsa.2010.1879
https://www.ipcc.ch/site/assets/uploads/2018/03/WGI_TAR_full_report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/WGI_TAR_full_report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/WGI_TAR_full_report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/WGI_TAR_full_report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/WGI_TAR_full_report.pdf
https://doi.org/10.1016/0098-8472(
https://doi.org/10.1016/0098-8472(
https://journals.ashs.org/previewpdf/journals/hortsci/38/3/article-p336.xml
https://journals.ashs.org/previewpdf/journals/hortsci/38/3/article-p336.xml
https://doi.org/10.5141/jee.22.039
https://doi.org/10.1111/j.1523-1739.2006.00534.x
https://doi.org/10.1051/ebr:2003004
https://doi.org/10.3390/plants10081604
https://doi.org/10.3390/plants10081604
https://doi.org/10.1073/pnas.0701890104
https://www.worldcat.org/ko/title/502479143
https://www.worldcat.org/ko/title/502479143
https://www.worldcat.org/ko/title/502479143
https://www.researchgate.net/publication/332012685_Impact_of_Climate_Change_on_Population_Dynamics_of_Insect_Pests
https://www.researchgate.net/publication/332012685_Impact_of_Climate_Change_on_Population_Dynamics_of_Insect_Pests
https://www.biosafety.or.kr/portal/page/f_03
https://doi.org/10.3390/app10217721
https://doi.org/10.3390/app10217721
https://doi.org/10.1099/ijs.0.059774-0
http://www.climate.go.kr/home/cc_data/2020/Korean_Climate_Change_Assessment_Report_2020_1_summary.pdf
http://www.climate.go.kr/home/cc_data/2020/Korean_Climate_Change_Assessment_Report_2020_1_summary.pdf
http://www.climate.go.kr/home/cc_data/2020/Korean_Climate_Change_Assessment_Report_2020_1_summary.pdf
https://data.kma.go.kr


Page 13 of 13Han et al.		 Journal of Ecology and Environment (2023)47:02

herbicide tolerant genetically modified soybean. Korean J Agric Sci. 
2016 43(4):560-6. https://doi.org/10.7744/kjoas.20160057.

Koo KA, Kong WS, Nibbelink NP, Hopkinson CS, Lee JH. Potential ef-
fects of climate change on the distribution of cold-tolerant evergreen 
broadleaved woody plants in the Korean peninsula. PLoS One. 
2015;10(8):e0134043. https://doi.org/10.1371/journal.pone.0134043.

Kouam EB, Pasquet RS, Campagne P, Tignegre JB, Thoen K, Gaudin R, 
et al. Genetic structure and mating system of wild cowpea popula-
tions in West Africa. BMC Plant Biol. 2012;12:113. https://doi.
org/10.1186/1471-2229-12-113.

Lamichhane JR, Debaeke P, Steinberg C, You MP, Barbetti MJ, Aubertot 
JN. Abiotic and biotic factors affecting crop seed germination and 
seedling emergence: a conceptual framework. Plant Soil. 2018;432: 
1-28. https://doi.org/10.1007/s11104-018-3780-9.

Lee HK, Lee SJ, Kim MK, Lee SD. Prediction of plant phenological shift 
under climate change in South Korea. Sustainability. 2020;12(21): 
9276. https://doi.org/10.3390/su12219276.

Lee HW, Yoon SR, Dang YM, Kang M, Lee KH, Ha JH, et al. Ultrami-
crobacteria in various fermented cabbages. BioRxiv. 477936 [Pre-
print]. 2022 [cited 2022 Oct 12]. Available from: https://doi.org/ 
10.1101/2022.01.26.477936.

Lezcano MÁ, Velázquez D, Quesada A, El-Shehawy R. Diversity and 
temporal shifts of the bacterial community associated with a toxic 
cyanobacterial bloom: an interplay between microcystin producers 
and degraders. Water Res. 2017;125:52-61. https://doi.org/10.1016/
j.watres.2017.08.025.

Liang C, Prins TW, Van De Wiel CCM, Kok EJ. Safety aspects of geneti-
cally modified crops with abiotic stress tolerance. Trends Food Sci 
Technol. 2014;40(1):115-22. https://doi.org/10.1016/j.tifs.2014.08. 
005.

Lim HS, Kim IR, Lee S, Choi W, Yoon AM, Lee JR. Establishment and 
application of a monitoring strategy for living modified cotton in 
natural environments in South Korea. Appl Sci. 2021;11(21):10259. 
https://doi.org/10.3390/app112110259.

Long RL, Gorecki MJ, Renton M, Scott JK, Colville L, Goggin DE, et al. 
The ecophysiology of seed persistence: a mechanistic view of the 
journey to germination or demise. Biol Rev Camb Philos Soc. 
2015;90(1):31-59. https://doi.org/10.1111/brv.12095.

Mcdonald A, Riha S, Ditommaso A, Degaetano A. Climate change and 
the geography of weed damage: analysis of U.S. maize systems sug-
gests the potential for significant range transformations. Agric Eco-
syst Environ. 2009;130(3-4):131-40. https://doi.org/10.1016/j.
agee.2008.12.007.

McGraw JB, Vavrek MC, Bennington CC. Ecological genetic variation in 
seed banks I. Establishment of a time transect. J Ecol. 1991;79(3): 
617-25. https://doi.org/10.2307/2260657.

Nam KH, Han SM. Seed germination of sunflower as a case study for the 
risk assessment and management of transgenic plants used for envi-
ronmental remediation in South Korea. Sustainability. 2020;12(23): 
10110. https://doi.org/10.3390/su122310110.

NIAST (National Institute of Agricultural Sciences and Technology). 
Methods of soil and plant analysis. Suwon: National Institute of Ag-

ricultural Sciences and Technology; 2000.
Ooi MKJ, Auld TD, Denham AJ. Climate change and bet-hedging: inter-

actions between increased soil temperatures and seed bank per-
sistence. Glob Chang Biol. 2009;15(10):2375-86. https://doi.org/ 
10.1111/j.1365-2486.2009.01887.x.

Park KW, Lee B, Kim CG, Kim DY, Park JY, Ko EM, et al. Monitoring 
the occurrence of genetically modified maize at a grain receiving 
port and along transportation routes in the Republic of Korea. Food 
Control. 2010;21(4):456-61. https://doi.org/10.1016/j.foodcont.2009. 
07.006.

Patterson DT. Weeds in a changing climate. Weed Sci. 1995;43(4):685-
701.

Queiroz Rego CH, Cardoso FB, da Silva Cândido AC, Teodoro PE, Alves 
CZ. Co-inoculation with Bradyrhizobium and Azospirillum increases 
yield and quality of soybean seeds. Agron J. 2018;110(6):2302-9. 
https://doi.org/10.2134/agronj2018.04.0278.

Ramesh K, Matloob A, Aslam F, Florentine SK, Chauhan BS. Weeds in a 
changing climate: vulnerabilities, consequences, and implications for 
future weed management. Front Plant Sci. 2017;8:95. https://doi.
org/10.3389/fpls.2017.00095.

Shine C, Williams N, Gündling L. A guide to designing legal and institu-
tional frameworks on alien invasive species. Gland: IUCN; 2000.

Slingo JM, Challinor AJ, Hoskins BJ, Wheeler TR. Introduction: food 
crops in a changing climate. Philos Trans R Soc Lond B Biol Sci. 
2005;360(1463):1983-9. https://doi.org/10.1098/rstb.2005.1755.

Stackebrandt E, Goebel BM. Taxonomic note: a place for DNA-DNA re-
association and 16S rRNA sequence analysis in the present species 
definition in bacteriology. Int J Syst Bacteriol. 1994;44(4):846-9. 
https://doi.org/10.1099/00207713-44-4-846.

Traba J, Azcárate F, Peco B. From what depth do seeds emerge? A soil 
seed bank experiment with Mediterranean grassland species. Seed 
Sci Res. 2004;14(3):297-303. https://doi.org/10.1079/SSR2004179.

Walck JL, Hidayati SN, Dixon KW, Thompson K, Poschlod P. Climate 
change and plant regeneration from seed. Glob Chang Biol. 2011; 
17(6):2145-61. https://doi.org/10.1111/j.1365-2486.2010.02368.x.

Walther GR. Community and ecosystem responses to recent climate 
change. Philos Trans R Soc Lond B Biol Sci. 2010;365(1549):2019-
24. https://doi.org/10.1098/rstb.2010.0021.

Xu WY, Wang ML, Sun XX, Shu CL, Zhang J, Geng LL. Peanut (Arachis 
hypogaea L.) pod and rhizosphere harbored different bacterial com-
munities. Rhizosphere. 2021;19:100373. https://doi.org/10.1016/
j.rhisph.2021.100373.

Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer KH, et 
al. Uniting the classification of cultured and uncultured bacteria and 
archaea using 16S rRNA gene sequences. Nat Rev Microbiol. 
2014;12(9):635-45. https://doi.org/10.1038/nrmicro3330.

Yook MJ, Park HR, Zhang CJ, Lim SH, Jeong SC, Chung YS, et al. En-
vironmental risk assessment of glufosinate-resistant soybean by pol-
len-mediated gene flow under field conditions in the region of the 
genetic origin. Sci Total Environ. 2021;762:143073. https://doi.org/ 
10.1016/j.scitotenv.2020.143073.

https://doi.org/10.7744/kjoas.20160057
https://doi.org/10.1371/journal.pone.0134043
https://doi.org/10.1186/1471-2229-12-113
https://doi.org/10.1186/1471-2229-12-113
https://doi.org/10.1007/s11104-018-3780-9
https://doi.org/10.3390/su12219276
https://doi.org/10.1101/2022.01.26.477936
https://doi.org/10.1101/2022.01.26.477936
https://doi.org/10.1016/j.watres.2017.08.025
https://doi.org/10.1016/j.watres.2017.08.025
https://doi.org/10.1016/j.tifs.2014.08.005
https://doi.org/10.1016/j.tifs.2014.08.005
https://doi.org/10.3390/app112110259
https://doi.org/10.1111/brv.12095
https://doi.org/10.1016/j.agee.2008.12.007
https://doi.org/10.1016/j.agee.2008.12.007
https://doi.org/10.2307/2260657
https://doi.org/10.3390/su122310110
http://know.nifos.go.kr/book/search/DetailView.ax?cid=25897
http://know.nifos.go.kr/book/search/DetailView.ax?cid=25897
http://know.nifos.go.kr/book/search/DetailView.ax?cid=25897
https://doi.org/10.1111/j.1365-2486.2009.01887.x
https://doi.org/10.1111/j.1365-2486.2009.01887.x
https://doi.org/10.1016/j.foodcont.2009.07.006
https://doi.org/10.1016/j.foodcont.2009.07.006
http://www.jstor.org/stable/4045831
http://www.jstor.org/stable/4045831
https://doi.org/10.2134/agronj2018.04.0278
https://doi.org/10.3389/fpls.2017.00095
https://doi.org/10.3389/fpls.2017.00095
https://www.worldcat.org/ko/title/48098641
https://www.worldcat.org/ko/title/48098641
https://doi.org/10.1098/rstb.2005.1755
https://doi.org/10.1099/00207713-44-4-846
https://doi.org/10.1079/SSR2004179
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1098/rstb.2010.0021
https://doi.org/10.1016/j.rhisph.2021.100373
https://doi.org/10.1016/j.rhisph.2021.100373
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1016/j.scitotenv.2020.143073
https://doi.org/10.1016/j.scitotenv.2020.143073

