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Abstract Soybean [Glycine max (L.) Merr.] is one of
the major legume crops for human and livestock, and
the double cropping system with soybean have been
widely applied to increase arable land utilization rate.
To employ the soybean for multiple cropping system,
cultivars, which are photoperiod insensitive and early
maturing, are required. The region-specific crop adapta-
tion could be achieved by the successful flowering
followed by progeny production, and it is important to
understand the mechanisms underlying the transition
from the vegetative to reproductive stage. In soybean,
10 genes/QTLs conferring flowering time were identi-
fied, and four genes, E1, E2, E3, and E4, are mainly
involved in geographic adaptation of soybean. Here, to
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develop the photoperiod-insensitive early-maturing soy-
bean varieties, QTL analysis was conducted using RILs
from the crosses between photoperiod-insensitive early-
maturing soybean cultivar, Keunol, and late maturity
soybean cultivar, Sinpaldal. Furthermore, to identify
the topological distribution within Korea peninsula,
SNPs in exon region of 40 soybean varieties were
investigated by sequencing of the exon region in E2
and comparing to their origin information. The results
showed that early flowering is mainly controlled by the
E2 in five different environments, and there are three
nonsynonymous SNPs in E£2. Two of them, SNPs in
exon 2 and 10, produce the premature stop codon. The
first SNP in exon 2 was strongly linked to topological
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distribution, which is mainly restricted to southern area
of Korea peninsula. This result could provide the useful
information to develop photo-insensitive early-maturing
soybean cultivar, which could be employed in various
cropping system.

Keywords Soybean - E2 locus - Flowering time -
Glycine max

Abbreviations

QTL  Quantitative trait loci

SNP  Single nucleotide polymorphism
RILs Recombinant inbred lines

Introduction

Soybean [Glycine max (L.) Merr.] is one of the major
legume crops to feed livestock and provide protein and
oil sources for human (Masuda and Goldsmith 2009).
To improve yield through increasing arable land utiliza-
tion rate, double cropping systems with soybean have
been widely applied. For double cropping system, early-
maturing soybean cultivars were preferred due to their
short cultivation period. However, photoperiod-
sensitive short-season soybean cultivars showed signif-
icant yield losses caused by insufficient vegetative
stage. In late sowing, these cultivars could not complete
canopy establishment prior to reproductive develop-
ment (Ball et al. 2000). To overcome this bottleneck,
photoperiod-insensitive soybean varieties, which
flowering date is not affected by the season change,
could be a useful genetic resource for soybean-
breeding program.

From an agricultural perspective, it is important to
understand the mechanisms underlying the transition
from the vegetative to the reproductive stage of crops,
which play a key role in the control of reproductive
success as flowering enables the completion of seed
development under favorable environment conditions
(Andres and Coupland 2012). Furthermore, the region-
specific crop adaptation could be available, when suc-
cessful flowering followed by progeny production.
Many physiological studies have revealed that the
timing of flowering is regulated by a complex network
of genetic pathways, enabling plants to response to
several external factors including photoperiod, temper-
ature, and abiotic stresses, and internal factors including
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gibberellin level, and age. In the model plant
Arabidopsis thaliana, it appears that there are four ge-
netic pathways, which regulate flowering time including
vernalization, autonomous, hormonal, and photoperiod
pathways (Sharma et al. 2016). And there are numerous
genes identified that are associated with the regulation
of flowering time, such as CONSTANS (CO),
FLOWERING LOCUS T (FT), SUPPRESSOR OF
OVEREXPRESSION OF COl (SOC), FCA, FVE, and
FLOWERING LOCUS C (Kobayashi et al. 1999;
Michaels and Amasino 1999; Turck et al. 2008). Among
the four pathways, photoperiod is considered as one of
the most important environmental signals for decision to
flower, where the circadian clock is known to be asso-
ciated with measuring photoperiod and day length is
used for perception of the season (Davis 2002; Wang
et al. 2010). For example, short-day plants, such as rice,
maize, sorghum, soybean, tobacco, and sugarcane, re-
quire long night for flowering; in contrast, long-day
plants will flower when exposed to long days. Long-
day plants include wheat, barley, ryegrass, peas, spin-
ach, and lettuce (Nakamichi 2015). In A. thaliana, the
GIGANTEA (GI), CONSTANS (CO), and
FLOWERING LOCUS T (FT) genes are involved in a
circadian clock-controlled photoperiodic flowering
pathway, and this GI-CO-FT module is highly con-
served in many plants including rice (Oryza sativa L.)
(Hayama et al. 2003). The unique plant-specific nuclear
protein, GI, is a key regulator of photoperiodic
flowering which promotes CO transcription, the central
component involved in measuring the day length
(Fowler et al. 1999; Park et al. 1999).

Soybean is a typical short-day plant, which requires
the day length decrease below some critical value to
trigger the flowering. Under the long-day condition,
floral induction and flowering are suppressed. The do-
mestication period based on genetic studies of G. max
from its wild relative, Glycine soja, is generally dating
back to 6000~9000 years ago (Carter et al. 2004). Since
then, soybeans have gone through the process of do-
mestication, which resulted in a variety of soybean
landraces that have adapted to wide range of environ-
mental conditions. As a consequence, the domestication
syndrome has occurred resulting in a common suite of
traits that distinguishes wild progenitors from domesti-
cated crops, and those traits include a loss of seed
dormancy, photoperiod sensitivity, and synchronized
flowering (Doebley et al. 2006). Generally, several
genes in various crops control these distinctive
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morphological and physiological traits in domesticated
crops. For example, the pseudoresponse regulator gene
Ppdl, TaGIl and the vernalization genes VERNALI-
ZATION 1 (VRNI1) and VRN2 in wheat, and Ppd-H]1,
HvGIL, HvVRNI1 and HvVRN2, HvCO1, EARLY MA-
TURITY 8, and EARLY FLOWERING 3 in barley
(Peng et al. 2015). Even though a number of genes are
known to be associated with domestication in soybean
based on the information from whole genome sequenc-
ing, only a few genes have been functionally identified
as domestication-related genes (Sedivy et al. 2017).
GmTfl1 alleles for controlling determinate growth habit,
GMSHATI-5 for mediating pod shattering, and GmHs1-
1 for controlling hard-seededness (Dong et al. 2014; Sun
et al. 2015; Tian et al. 2010).

In soybean, currently 10 genes/QTLs, £/-9, and J have
been identified to associate with flowering time and matu-
rity (Bernard 1971; Bonato and Vello 1999; Buzzell 1971,
Buzzell and Voldeng 1980; Cober et al. 2010; Cober and
Voldeng 2001; Kong et al. 2014; McBlain and Bernard
1987; Ray et al. 1995). Among these, four genes, E1, E2,
E3, and E4, are involved in geographic adaptation of
soybean, and they have cloned through either map-based
cloning or candidate gene approach (Jiang et al. 2014). The
E2 gene is an ortholog of Arabidopsis GIGANTEA,
GmGla (E2, Glyma.10g221500) (Watanabe et al. 2011).
In addition, E£3 and E4 are homologs of phytochrome A
(PHYA), which controls the response to light quality and
photoperiod length, and encode the photoreceptors
GmPHYA3 (E3, Glyma.19¢224200) and GmPHYA?2 (EA4,
Glyma.20g090000), respectively (Liu et al. 2008;
Watanabe et al. 2009). Interestingly, three GIGANTEA
homologs, GmGlla, GmGII, and GmGI2, are present in
soybean genome, and their molecular functions are found
to be different (Wang et al. 2016), although GmGlla has
multiple functions in the circadian clock and flowering
(Watanabe et al. 2011). A recent study has revealed that
one of the GmGla haplotypes, H1, is the most successful
for early flowering and may have facilitated the radiation
of domesticated soybeans (Wang et al. 2016).

The objectives of this research were to investigate the
photoperiod-insensitive soybean adaptation in Korea
based on the flowering time at different latitudes, using
natural regional genotype variation in the short-period
maturity soybean landraces using molecular approach.
First, Fg-derived F;, recombinant inbred lines (RILs)
developed from a cross between photoperiod-
insensitive early flowering variety, Keunol, and late
flowering variety, Sinpaldal were used to construct a

genome-wide molecular genetic linkage map to identify
the soybean flowering time responsible QTL using the
recently developed high-density 180K Axiom®
SoyaSNP assay. Furthermore, we investigated sequence
variations of identified soybean flowering gene using 60
Korean accessions collected from different latitudes to
develop SNP markers that could be valuable in breeding
soybean cultivars for photoperiod-insensitive early
flowering, which could be adapted to multiple-
cropping system in Korea.

Materials and methods
Plant materials

A total of 115 Fg-derived F{, RILs were developed
through single-seed descent from the cross between
two parents, which showed significant difference in
flowering time (Kim et al. 2006). Early flowering vari-
ety, Keunol showed the characteristic of photoperiod
insensitivity, in which long-day condition does not sup-
press the flowering, and Sinpaldal was late flowering
variety. Flowering date (DF), the number of days from
sowing to the day when the first flower had opened
between 40 to 50% of the plants in each plot, was
recorded at three different locations and year, Suwon
(37°15'N, 126° 58" E), Yeoncheon (38° 10" N, 127° 06’
E), and Cheonan, Korea (36° 83’ N, 127° 17" E), in
2005, 2006, and 2015, respectively.

Total 60 soybean varieties, which is consisting of
landraces or breeding lines developed by Korean
breeders that flowered within 33 days, were selected
from about 5000 accessions conserved in the Rural
Development Administration (RDA) in Korea
(Supplementary Table 1). A genotype variation of a
DF-associated candidate gene region was investigated
to show the soybean adaptability according to the region
and latitude in Korea (Supplementary Table 1). They
were sown in pots of 12 cm diameter filled with horti-
culture compost soil and sand (3:1) and grown in a
growth chamber under a long-day condition of 18/6 h
(light/dark) photoperiod at day/night and short-day con-
dition of 12/12 h at temperature of 28/23 °C.

Genetic map construction and QTL analysis

Young three trifoliate leaves from three different plants
per RIL line were harvested for genomic DNA
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extraction. Genomic DNA was extracted using the
cetyltrimethylammonium bromide (CTAB) method
with minor modification (Doyle 1987). To construct a
genome-wide molecular genetic linkage map, two par-
ents and 115 Fg-derived F;, RILs were genotyped with
180,961 SNP markers developed by Lee et al. (2015)
using the 180K Axiom SoyaSNP assay (Affymetrix,
Santa Clara, CA, USA) and scanned with a GeneTitan®
Scanner (Affymetrix). Of 180,961 SNPs, 169,028 high-
quality SNPs were used to construct a genetic linkage
map and QTL analysis, because 1185 SNPs and 10
SNPs were located in scaffolds and chloroplast,
respectively.

A genetic linkage map was constructed using
JoinMap software v.4.1 (Van Ooijen 2006) with a ML
mapping algorithm for calculation of genetic distances
with default parameters. The recombination fractions
were converted into genetic map distances (cM) be-
tween markers using the Kosambi map function.
Markers that detected to be scorable were 169,028, of
which a total of 26,054 SNP markers showed polymor-
phism. Segregation distortion of SNP markers was cal-
culated using the chi-square at the P<0.05 level of
significance. With segregation distortion and redundant
markers being removed, 8691 SNP markers were used
for the construction of genetic linkage map. Candidate
QTL regions associated with DF were identified with
composite interval mapping (CIM) based on MapQTL 6
software (Van Ooijen 2009). To determine QTL signif-
icance thresholds, a permutation test with 1000 replica-
tions with a walk speed of 1 ¢cM was performed with a
logarithm of odds (LOD) value greater 3.0 at a signifi-
cance level of 0.05. The manufacturer’s instructions
based on the Williams 82 genome assembly were im-
plemented to determine the physical locations of the two
nearest markers (Schmutz et al. 2010). The annotated
genes within the two nearest markers were identified by
SoyBase (Grant et al. 2010).

SNP variation for the candidate gene

Genomic DNAs from all 60 soybean varieties were
extracted using previously described method. The poly-
merase chain reaction (PCR) was conducted in a final
volume of 100 pl reaction system contained 50 pl of
AmpONE™ Taq (4U, GeneAll), 30 ul of distilled water,
5 ul of each forward and reverse primers, and 20 ng of
genomic DNA. The primers were designed according to
the E2 gene sequences from Williams 82 using the
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PrimerQuest software. Ten pairs of forward and reverse
primers were designed and used for amplification
(Supplementary Table 2). The PCR reaction was con-
ducted by an initial denaturation step at 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 s, annealing at
52 °C for 30 s, and extension at 72 °C for 30 s to 1 min.
PCR products were purified using the Favorprep™
GEL/PCR Purification Kit (Favorgen), and sequencing
was performed using ABI 3730XL DNA Analyzer (Ap-
plied Biosystems, Foster City, CA).

Results

Flowering date evaluation in five different
environments

The phenotypic variation attributed to DF was evaluated
in the RIL mapping population and their parents, early
flowering variety, Keunol, and late flowering variety,
Sinpaldal (Fig. 1). The early flowering parent, Keunol,
exhibited shorter DF values, while the late flowering
parent, Sinpaldal, showed longer DF values in Suwon
(40 vs. 45 for Keunol in 2005 and 36 vs. 56 for
Sinpaldal in 2006). Although DF of the parents varied
among three different sites, the DF was similarly ob-
served from Yeoncheon and Cheonan. In Yeoncheon,
Keunol flowered at 35 and 31 days, while Sinpaldal
flowered at 38 and 40, respectively. In 2015, DF was
also measured at Cheonan and showed that DF for
Keunol was at 43 days, while 54 days for Sinpaldal. In
the RIL population, the phenotypic frequency distribu-
tions for DF observed from three different places had a
relatively normal distribution, ranging from 31, 26, and
21 days to 60, 55, and 65 days in Suwon, Yeoncheon,
and Cheonan, respectively. Moreover, extreme
flowering times were between 41 and 45 in Suwon
and Cheonan, and 31-35 for 2005, and 41-45 for
2006 in Yeoncheon. All RILs showed a continuous,
unimodal phenotype distribution, indicating quantitative
regulation of flowering time (Fig. 1).

Composite interval mapping of QTLs associated
with flowering date

The high-density genetic linkage map for 115 RILs was
constructed using the recently developed genotyping
platform, the 180K Axiom® SoyaSNP assay. Of the
8691 SNP markers that were available for the
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Fig.1 Flowering date frequency distribution of 115 RILs derived from Keunol x Sinpaldal in 5 different environments. a Suwon (2005). b
Yeoncheon (2005). ¢ Suwon (2006). d Yeoncheon (2006). e Cheonan (2015)

construction of genetic linkage map, a total of 7321 SNP
markers were mapped into 20 linkage groups corre-
sponding to the 20 soybean chromosome pairs (Supple-
mentary Table 3). The map spanned a total of 3302 cM
with an average interval between adjacent markers of
0.5 ¢cM. Compared to the previously constructed genetic
linkage map using Illumina Infinium SoySNP6K
BeadChip (Akond et al. 2015), the number of markers
mapped and the total length of the genetic linkage map
increased by 4.9 and 2.3 times, respectively. Moreover,
our map was much denser than the previous report where
intervals between markers decreased by 53%.

To identify the candidate QTL regions, composite
interval mapping was used and detected 2 QTLs con-
ferring flowering date in the Fg.;» RILs from the cross
between Keunol and Sinpaldal. One QTL in the marker
interval of AX-90386027 and AX-90459836 on chro-
mosome 10 was detected to be associated with DF from
all five environments, Suwon, Yeoncheon, and
Cheonan, which was positioned between 45,283,870
and 45,329,450-bp genomic region on chromosome
according to Wm82.a2.vl soybean genome assembly
(Table 1). Another QTL controlling flowering date was
also identified on chromosome 16 between two flanking
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Table 1 The major QTL for flowering time by composite interval mapping in the 115 Fg-derived F,, mapping RIL population cross from

Keunol x Sinpaldal

Environ Chr®  Position (cM)° Physical position(bp)
2015 Cheonan 10 89.11-89.56 45,283,870-45,329,450
2005 Suwon 10 89.11-89.56 45,283,870—45,329,450
2005 Yeoncheon 10 89.11-89.56  45,283,870-45,329,450
16 116.68-129.80  30,161,532—31,442,389
2006 Suwon 10 89.11-89.56 45,283,870—45,329,450
2006 Yeoncheon 10 89.11-89.56 45,283,870—45,329,450

Interval® LOD! PVE%)* Add'

AX-90386027-AX-90459836  5.12 185 -251
AX-90386027-AX-90459836  7.95 273 ~243
AX-90386027-AX-90459836  6.67 234 -1.52
AX-90422463-AX-90460180 496  18.1 135
AX-90386027-AX-90459836  11.92 380 ~2.88
AX-90386027-AX-90459836  8.61 292 ~1.94

# Chromosome

° QTL Position in linkage map

°QTL interval in between two marker
4 Logarithm of odds score

¢ Phenotypic explained by the marker
“Mean of the distribution (P1-P2)/2

SNP markers, AX-90422463-AX-90460180 only from
Yeoncheon 2005. The QTLs conferring flowering date
on chromosome 10 had the LOD score ranged from 5.12
to 11.92, while the QTL on chromosome 16 had the
LOD score of 4.96. The additive effects of the QTL on
chromosome 10 from all five environments were nega-
tive, while the QTL on chromosome 16 was positive.
Within QTL interval on chromosome 16, there are sev-
eral genes conferring soybean flowering time, including
GmFT2a. However, this QTL was not identified in other
environments, including Yeoncheon 2006. This result
may be caused by the different sowing date and growth
climatic condition followed by the different length of
vegetative stage between 2005 and 2006 in Yeoncheon.
Also, flowering date frequency distribution showed sig-
nificant difference (Fig. 1). To elucidate the SNP varia-
tions underlying flowering time, the potential candidate
genes underlying the major QTL on Chr 10 were iden-
tified based on the Williams 82 reference genome ac-
cording to the USDA-ARS soybean genetic database
(Grantetal. 2010). Based on the search, there were three
candidate genes between 45,323,870 and
45,329,450 bp, which were Glyma.10g221500,
Glyma.10g221600, and Glyma.10g221700. A previous
report identified that Glyma.10g221500 was associated
with GIGANTEA gene associated with maturity and
flowering, which is a photoperiod response gene, E2,
in soybean (Watanabe et al. 2011). Therefore,
Glyma.10g221500 was used to detect the SNP varia-
tions in the early flowering variety, Keunol, and the late
flowering variety, Sinpaldal (Fig. 2).
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SNP variation for the candidate gene

Using the identified candidate gene, Glyma.10g221500,
sequence variability was screened between Keunol and
Sinpaldal for mutations that alter nucleotides. The se-
quence analysis revealed four nucleotide substitutions in
exon regions between Williams 82/Sinpaldal2 and
Keunol. They were located within the 2nd exon (posi-
tion 49; C to T), 6th exon (position 11; A to G), 7th exon
(position 152; G to T), and 10th exon (position 137; G to
T) (Fig. 3a). Furthermore, three nucleotide substitutions
resulted in nonsynonymous amino acid substitutions. A
C/T transition in the 2nd exon introduced a premature
stop codon to truncated immature protein, while a A/G
transition in the 6th exon and a G/T transition in the 10th
exon led to nonsynonymous amino acid substitutions of
isoleucine to valine and serine to isoleucine, respective-
ly, leading to putative structural changes in the protein.
There was a synonymous amino acid substitution in the
7th exon. Even though the position of SNP variation
varied, previous studies exhibited that there was a pre-
mature stop codon in the 10th exon occurred in a mutant
line of Japanese soybean varieties (Watanabe et al.
2011) and in Chinese soybean varieties (A/T transition)
(Wang et al. 2016).

The DF difference between short-day condition and
long-day condition for 60 accessions were evaluated to
identify the photoperiod-insensitive early-maturing soy-
bean varieties (Supplementary Table 4). These soybean
varieties should show minimum difference of DF. The 40
varieties among total 60 soybean accessions showed the
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Fig 2 Positions of major QTL
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AX-90414753 (88.65)
AX-90496471 (88.87) H
AX-90386027 (89.11) H
AX-90459836 (89.56) [T [
AX-90490202 (92.46) []
AX-90410234 (93.36)
AX-90513989 (93.38)
AX-90511913 (94.56) ]
AX-90332883 (95.69)

significantly small difference, less than 4 days, between the National Agrobiodiversity Center Database

long-day and short-day condition. To investigate the topo- (http://genebank.rda.go.kr), and marked on the map
logical distribution of 40 photoperiod-insensitive early- (Fig. 3). Interestingly, most of soybean varieties with T
maturing soybean, its origin information is obtained from allele in 2nd exon were obtained from southern area of
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Fig 3 Three SNPs in £2 exon region to 43 Korean photoperiod-
insensitive early-maturing soybean varieties and their topological
origin. (A) Gene model of Glyma.10g221500. Single nucleotide
polymorphism in exon region is marked with red asterisk. (B)
Origin information of 43 Korean photoperiod-insensitive early-
maturing soybean varieties and their SNP information. When its

Korea peninsula, and they are also different from Japan
origin varieties. These SNPs could significantly contribute
to regional adaptation and cultivation of current soybean
varieties.

Discussion

Plant breeding is broadly described as the science, art,
and business of the improvement of plants for human
benefit (Bernardo 2002). Breeding is often performed
by phenotype-based without knowledge composition of
genes that control the trait being selected, and artificial
selection accelerated phenotypic variations as early as
domestication period. Since G. max was domesticated
from G. soja in China about 6000~9000 years ago,
cultivated G. max has gone through domestication pro-
cesses involving artificial/natural selections and plant
adaption to different environment conditions that gave
rise to a loss of genetic diversity, and ultimately led to
the domestication bottleneck (Carter et al. 2004). As a
consequence, distinctive morphology and physiology
changes, also known as domestication-related traits
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specific origin is not available, it is marked as NA. (C) Topological
origin distribution in Korea peninsula. T allele in exon 2 is marked
with red reverse triangle; the C allele is marked with blue. All
North Korea and Japan origin varieties are marked in one repre-
sentative reverse tringle

(DRTs), appear to have evolved in numerous crop spe-
cies, enabling farmers to grow crops with desirable traits
(Doebley et al. 2006). These DRTs include those en-
hancing adaptation to cultivation practices and desirabil-
ity for human consumption and use (Gepts 2010).
Knowing that understanding the genetic basis underly-
ing DRTs is important for efficient breeding programs,
extensive efforts have been made to identify the geno-
mic regions responsible to DRTs in soybean such as
flowering time, determinate habit, plant height, number
of nodes, maximum internode length, twinning habit,
pod dehiscence, seed weight, and hard seededness.
Among those DRTs, flowering time is an important
adaptive trait in plant. A recent study has discovered the
geographic radiation of the GIGANTEAa (Gla) that re-
flects soybean domestication processes. Using the wild
soybean accessions originated from Korea, China, and
Japan, the H1 haplotype, one of the Gla haplotypes, was
only detected in soybeans restricted to the Yellow River
region in China, whereas H1 was not detected in Korean
and Japanese wild soybean germplasm (Wang et al.
2016). This study has hypothesized that H1 haplotype
was originated from the Yellow River region of China
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and subsequently spread to Japan, Korea, and other parts
of the world during domestication. Moreover, HI showed
a premature stop codon in the 10th exon, suggesting that
H1 was probably more efficient involved in promotion of
flowering compared to its closest Gla haplotype. In our
study, among 41 soybean landraces collected from differ-
ent parts of Korea, 12 varieties, as well as the early
flowering variety, Keunol, showed a C/T transition in
the 2nd exon resulted in a premature stop codon in
Glymal0g221500 which is known to be associated with
GIGANTE. All of these soybean accessions were surpris-
ingly originated from the southern part of Korea, showing
an interesting geographical pattern (Fig. 3). The Keunol
variety was collected in Gyeongsangbuk-do, and the
collection origin of other 12 soybeans were near the
Gyeongsangbuk-do areas including Samcheok,
Gangwon-do, Gyeongsangnam-do, Jeollanam-do, and
Jeollabuk-do. This geographical pattern suggests that a
premature stop codon in Glyma.10g221500 has under-
gone artificial selection by farmers in the southern part of
Korea, yet it has not been introduced in other parts of
Korea.

In conclusion, flowering time is an essential trait for
reproductive and adaptation to a wide range of environ-
mental conditions; therefore, identification of QTLs un-
derlying DF will provide opportunities for breeders to
develop new cultivars in changing environmental con-
ditions. In addition, sequence analysis in other candidate
genes controlling DF using a large set of soybean sam-
ples from other regions of Korea may provide the geo-
graphic radiation of soybeans during domestication in
Korea, and ultimately create SNP markers for different
flowering time that could be useful for soybean
cultivation.
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