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Abstract

Whole-genome re-sequencing is a powerful approach to detect gene variants, but it is expen-

sive to analyse only the target genes. To circumvent this problem, we attempted to detect novel

variants of flowering time-related genes and their homologues in soybean mini-core collection

by target re-sequencing using AmpliSeq technology. The average depth of 382 amplicons tar-

geting 29 genes was 1,237 with 99.85% of the sequence data mapped to the reference genome.

Totally, 461 variants were detected, of which 150 sites were novel and not registered in dbSNP.

Known and novel variants were detected in the classical maturity loci—E1, E2, E3, and E4.

Additionally, large indel alleles, E1-nl and E3-tr, were successfully identified. Novel loss-of-

function and missense variants were found in FT2a, MADS-box, WDR61, phytochromes, and

two-component response regulators. The multiple regression analysis showed that four

genes—E2, E3, Dt1, and two-component response regulator—can explain 51.1–52.3% of the var-

iation in flowering time of the mini-core collection. Among them, the two-component response

regulator with a premature stop codon is a novel gene that has not been reported as a soybean

flowering time-related gene. These data suggest that the AmpliSeq technology is a powerful

tool to identify novel alleles.
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1. Introduction

Flowering time is critical for successful seed production by plants.
Flowering time and maturity are the most important traits to deter-
mine the adaptability of soybean [Glycine max (L.) Merr.] cultiva-
tion. These not only restrict the cultivation area but also greatly
affect plant architecture and yield.1,2 Therefore, it is necessary to
clarify the genetic factors affecting flowering time and maturity and
control them using a combination of alleles with different genetic
effects on flowering time. To combine such alleles freely based on

DNA marker-assisted selection, a catalogue of alleles for breeding
materials will be necessary. Soybean is a typical short-day plant.
Several functional nucleotide polymorphisms responsible for diver-
sity in flowering time among cultivars are already known.3

Classical maturity loci designated as E loci have been character-
ized, including E1 and E2,4 E3,5 E4,6 E7,7 E8,1 E9,8 and E10.9 Of
these, E1,10 E2,11 E3,12 E4,13 and E98 have been isolated as flow-
ering time-related genes. E1 encodes putative transcriptional factor
containing plant-specific B3 domain.10 E2 encodes a homologue of
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GIGANTEA.11 E3 and E4 encode a homologue of the photoreceptor
phytochrome A (PHYA).12 E9 encodes the florigen protein FT2a.8

In the E1 gene, three alleles, namely e1-as (=e1 designated by
Bernard4), e1-fs, and e1-nl, have been reported as early flowering
phenotype under long-day conditions.10 The e1-as allele has a single
missense mutation (Arg15Thr) in the coding region. The e1-as geno-
type promotes flowering for �10 days compared with that by the E1
genotype under natural day-length conditions at Matsudo, Japan
(35�780N, 139�900E). The e1-fs allele has a 1-bp deletion, resulting
in a premature stop codon in the cultivar Sakamotowase.10 e1-nl is a
null allele in which �142 kb, including the entire E1 gene, is deleted
in some early flowering cultivars.10 In contrast, only one e2 allele has
been reported in the E2 gene. The e2 allele has one premature stop
codon mutation due to single nucleotide polymorphism (SNP) in the
10th exon.11 The e2 genotype promotes flowering for �9 days under
natural day-length conditions at Tsukuba, Japan (36�030N,
140�040E).11 In the E3 gene, e3-Mo, e3-fs, e3-tr (=e3 designated by
Buzzell5), and e3-ns have been reported as nonfunctional alleles.12,14

The e3-Mo alleles have SNP for a non-synonymous amino acid sub-
stitution (G1050R) in the third exon.3,12 The e3-fs allele has a single
base insertion in the exon, resulting in frameshift mutation.14

The e3-ns allele has a nonsense mutation in which a single nucleotide
substitution in exon 3 creates a stop codon.14 The e3-tr alleles lack a
13.33-kb genomic region including a part of exons 3 and 4.3,14

These nonfunctional alleles promote flowering under long-day condi-
tions. In addition, E3-Mi and E3-Ha also have been reported as
functional alleles.12,14 The E3-Mi alleles have a 2.633-kb deletion
in the third intron. As for the E4 gene, five nonfunctional alleles,
viz., e4-SORE-1, e4-kam, e4-kes, e4-oto, and e4-tsu, have been
reported.12,14,15 The e4-SORE-1 (=e4 designated by Buzzell and
Voldeng6) alleles have a Ty1/copia-like retrotransposon (SORE-1)
insertion in first exon, resulting in a nonfunctional allele.

These E1–E4 genes can result in variation in flowering time by
controlling the expression of FLOWERING LOCUS T (FT) genes,
FT2a and FT5a.10,11,14,16 The florigen protein FT2a is encoded by
E9. The e9 allele has a SORE-1 insertion in the first intron.
Although eight SNPs and six InDels in the E9 have been reported,
the influence on gene function is unknown.17 The FT5a gene was
identified as qDTF-J, which promotes the flowering time for �5 days
under natural day-length conditions at Hokkaido, Japan (43�070N,
141�350E).18 In the FT5a gene, 13 SNPs and 3 InDels are reported
only in the promoter and untranslated regions (UTRs) in 439 culti-
vated and wild soybean accessions.

The functional nucleotide polymorphisms of the four E genes
(E1–E4) are useful to predict the flowering time and could explain
�62–66% of the phenotypic variation in flowering time among 63
Japanese accessions under long-day conditions.3 However, predic-
tion of flowering time will be difficult if the breeding materials have
unknown alleles affecting flowering phenotype. Therefore, develop-
ment of a sequencing system that can easily capture as many alleles
as possible is required. Recently, it became possible to obtain whole-
genome information easily with the development of next-generation
sequencing (NGS) technologies. However, it is still expensive for re-
sequencing large genomes. Moreover, it is necessary to have analyti-
cal and storage environments to deal with enormous amounts of
whole-genome sequence data of genetic resources. Target re-
sequence is one of the alternative sequencing methods to obtain se-
quence data of a limited region, which can minimize cost and time
for data analysis and decrease data storage. The AmpliSeq technol-
ogy (Thermo Fisher Scientific, Waltham, MA, USA) is one of the tar-
get re-sequencing technologies, a multiplex polymerase chain

reaction (PCR)-based assay targeting regions of interest. The
AmpliSeq Designer19 designs primer set that amplifies PCR products
ranging from 75 to 375 bp in the target region, and multiplex-PCR
products are sequenced by NGS. The method enables amplification
of �6,000 amplicons by ultra-high multiplex PCR and constructs a
targeted sequencing library in 10 h.20 In routine genotyping of crop
breeding, NGS-based techniques need to meet several criteria. The
processing time between sample collection and interpretation of se-
quencing should be short. Furthermore, it is necessary to construct li-
braries using limited amount of input DNA including partially
degraded DNA sample and the read depth must be deep enough to
detect variant accurately. The Ion Torrent platform19,20 in combina-
tion with the AmpliSeq multiplex PCR can use DNA input of as low
as 10 ng, and the processing time between sample collection and se-
quence analysis can be finished within 5 days.20 The AmpliSeq tech-
nology is frequently used for studying human inherited cancer, but it
can also be applied to plant and agronomic research.

In this study, we applied AmpliSeq technology to clarify the alleles
of flowering time-related genes and their homologues in diverse soy-
bean germplasm to identify novel and known variations associated
with flowering time.

2. Materials and methods

2.1. Plant materials and DNA extraction

DNA was extracted from 192 accessions of a soybean mini-core col-
lection, provided by Genebank, NARO21 (Supplementary Table S1).
Of these, 122 accessions were sown and germinated in plastic pots
on rock wool material ‘grodan’ (Nittobo, Tokyo, Japan) moistened
with water. After 10 days under 12 h light/12 h dark conditions at
25�C, the first leaf was collected in a 2-ml tube. The leaf tissue of 38
samples was ground in liquid nitrogen and CTAB buffer, and then
immediately used for DNA extraction manually.22 The remaining 84
samples were dried in a freeze dryer (FDU-2100, EYELA, Tokyo,
Japan). These samples were lyophilized at �80�C for 12 h and stored
at 4�C. The dried leaves were crushed using a ShakeMaster (Bio
Medical Science Inc. Tokyo, Japan) and the leaf powder was used to
extract DNA. DNA from 44 samples was extracted using the CTAB
DNA extraction kit (NR-502, KURABO, Osaka, Japan) and DNA
extraction robot PE-480 (GENE PREP STAR, KURABO). DNA
from another 40 samples was extracted by the bead-based method of
the BioSprint 96 DNA Plant Kit on robotic workstation (QIAGEN,
Hilden, Germany). From the other 70 samples, DNA was extracted
from the seed tissue using the BioSprint 96 DNA Plant Kit on robotic
workstation, according to the manufacturer’s instruction
(QIAGEN). The seed tissue samples were obtained by scraping dried
seed and crushing using Zirconia beads and TissueLyser II
(QIAGEN). The quality of extracted DNA was evaluated based on
the DNA integrity number, which is an index showing the fragmen-
tation degree of DNA using TapeStation (Agilent Technologies,
Santa Clara, CA, USA). The DNA concentration was measured using
the Qubit Fluorometer (Thermo Fisher Scientific) by exciting at
485 nm and measuring the fluorescence intensity at 520 nm. The in-
strument was calibrated with the Quant-iT dsDNA BR Assay kit
(Thermo Fisher Scientific), according to the manufacturer’s
instructions.

2.2. Ion AmpliSeq custom panel design

A custom panel targeting 29 genes was designed based on Soybean
reference genome version 1.123 using the Ion AmpliSeq Designer
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tool19 version 1.2.9 using the standard DNA (125–275 bp amplicon
target sizes) option. Two primer pools were designed to amplify 382
amplicons, covering 29 target genes of total length 64.98 kb (Table 1
and Supplementary Tables S2 and S3). These included the coding
regions of B3 domain containing genes (E1 and homologue),
Phytochrome A genes (E3 and E4), Phytochrome B genes, FT/
TERMINAL FLOWER 1 (TFL1) family genes (including FT2a,
FT5a, and Dt1), two-component response regulator-like genes,
MADS box gene, WD repeat-containing gene (WDR61), Achaete-
scute transcription factor gene, and a part of the exon of
GIGANTEA (E2).

2.3. Library preparation and sequencing

The Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher
Scientific) was used to quantify DNA for NGS library construction.
The NGS library was constructed using the Ion AmpliSeq Library
Kit 2.0 (Thermo Fisher Scientific), according to the manufacturer’s
protocol (Japanese version corresponding to Manual 2014.7 rev.B.0
version: https://assets.thermofisher.com/TFS-Assets/LSG/manuals/
MAN0013432_Ion_AmpliSeq_Library_Prep_on_Ion_Chef_UG.
pdf, 25 March 2019, date last accessed). For the multiplex-PCR am-
plification, 1–10 ng of each DNA was amplified using one primer
pool (191 amplicon primer pairs) per reaction. This was performed
using 4 ml of 5� Ion AmpliSeq HiFi Master Mix, 10 ml of 2�
AmpliSeq Custom Primer Pool, 1–10 ng of DNA, and the volume
was made up to 20 ml with nuclease-free water. The reaction mix
was heated for 2 min at 99�C for enzyme activation, followed by 18
two-step cycles at 99�C for 15 s and at 60�C for 4 min, and ending
with a holding period at 10�C. As for low-quality DNA samples, 21
cycles were subjected under similar conditions. The primers of ampli-
cons were digested and phosphorylated for adapter ligation using
2 ml of FuPa enzyme per sample at 55�C for 10 min, followed by en-
zyme inactivation at 60�C for 20 min. To enable multiple libraries to
be loaded per chip, 2 ml of a unique diluted mix, including Ion
Xpress Barcode and Ion P1 Adapters at standard volumes, was li-
gated to the end of the digested amplicons using 2 ml of DNA ligase
at 22�C for 30 min, followed by ligase inactivation for 10 min at
72�C. The resulting un-amplified adapter-ligated library was purified
using 45 ml of Agencourt AMPure XP Reagent (Beckman Coulter,
Brea, CA, USA), followed by washing using 150 ml of freshly pre-
pared 70% ethanol. After purification, 50 ml of Platinum PCR
SuperMix High Fidelity and 2 ml of Library Amplification Primer
Mix of the Ion AmpliSeq Library Kit 2.0 were added to the dried
AMPure XP beads, and then the reaction plate was placed on a mag-
netic rack to separate the beads from the supernatant. The amplicon
library in the supernatant was further amplified to enrich the mate-
rial for accurate quantification at 98�C for 2 min, followed by five
two-step cycles at 98�C for 15 s and at 60�C for 1 min. The amplified
amplicon library was then purified using 25 ml of AMPure XP, fol-
lowed by a second purification step with 60 ml of AMPure XP and
150 ml of freshly prepared 70% ethanol. The concentration and size
distribution of amplicons in the library were then determined using
an Agilent BioAnalyzer DNA High-Sensitivity chip or TapeStation
4200 D1000 chip (Agilent Technologies), according to the instruc-
tion of the manufacturer. After quantification, each library was di-
luted to a concentration of 100 pM prior to template preparation.
Subsequently, the libraries were pooled in equimolar amounts prior
to further processing. Emulsion PCR, emulsion breaking, and enrich-
ment for template preparation of ion sphere particles were performed
using the Ion 520 & 530 and 540 Kit-Chef (Thermo Fisher

Scientific) according to the instruction of the manufacturer. After the
preparation of ion sphere particles, sequencing was performed with
an Ion Torrent Ion S5 or S5XL system using Ion 520 and 540 Chip
(Thermo Fisher Scientific), according to the instruction of the
manufacturer.

2.4. Data analysis

The Ion S5/S5XL sequence data were mapped to the soybean ge-
nome reference version 2.0 (Gmax275: https://genome.jgi.doe.gov/
portal/pages/dynamicOrganismDownload.jsf?%20organism=
Phytozome, 25 March 2019, date last accessed) using Ion Torrent
Suite version 5.2.1 software. In typical genome databases of soybean
(Williams 82), such as, Phytozome and Soybase, Gmax275 is widely
used instead of Gmax189.23 The assembly size and number of pre-
dicted protein-coding loci of Gmax275 are 978 Mb and 56,044,
which are higher than 969.6 Mb and 46,430 of Gmax189, respec-
tively. In the Gmax275 assembly, several genes are located on chro-
mosomes/scaffolds different from those of Gmax189. For example,
238 genes on the chromosomes of Gmax189 are located on the scaf-
folds of Gmax275, whereas 100 genes on the scaffolds of Gmax189
are located on the chromosomes of Gmax275 (http://www.soybase.
org/correspondence/methods.txt, 25 March 2019, date last
accessed). In this study, one of the target genes, Glyma18g22670 (B3
domain-containing protein), on chromosome 18 of Gmax189 was
located on chromosome 4 (Glyma.04G143300) in Gmax275.
However, the structure of all target genes used in this study was the
same between Gmax189 and Gmax275. Ion Torrent Suite software
was optimized for Ion Torrent raw data analysis; alignment using
Torrent Mapping Alignment Program (TMAP) version 5.2.25 and
Coverage Analysis v.5.8.0.8, and variant calling using Torrent
Variant Caller version 5.2.1.38 and plug-in version 5.2.25. To evalu-
ate PCR amplification efficiency of each amplicon, the amplicons per
100k reads mapped (APKM) as the count scaled by the total number
of amplicons sequenced N times per 100k reads as follows:

APKM ¼ Xi
N

105

¼ Xi

N
:105;

where Xi represents the read coverage X of target amplicon i.
Variant calling was performed using the default (low stringency)

and custom parameters (Supplementary Table S4). All accessions
used in this study were propagated by the single seed descent
method; therefore, all variants should be detected as homozygous
theoretically. The parameter of TMAP in Torrent Variant Caller was
changed to loosen the judgment condition of homozygous by setting
‘snp_min_allele_freq’ from 0.15 (default) to 0.3. In this condition,
the SNP was detected with allele frequency of >70% as homozy-
gous. The InDels were detected as homozygous when allele fre-
quency was >75% (default parameter). Sequence variants detected
as heterozygous under these conditions were excluded. The vcf files
obtained were annotated and filtered using the snpEff version 4.0e.24

2.5. Detection of known and novel SNPs and InDels

The known alleles E1, E2, E3, and E4 were investigated as described
above.3 The polymorphism information from the Single Nucleotide
Polymorphism Database25 (dbSNP: https://www.ncbi.nlm.nih.gov/
snp, 25 March 2019, date last accessed, data downloaded on 29
April 2016) was used to investigate whether the detected polymor-
phism has already been identified in the whole-genome sequence of
soybean. As the position of soybean genome in the National Center
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for Biotechnology Information (NCBI) and Phytozome v12.1 are not
consistent, we converted the position of SNP in the dbSNP from the
NCBI to that of Gmax275 of Phytozome v12.1. The SNP ID number
(rs; refSNP cluster) was used for the SNP name.

2.6. Validation of SNPs and InDels

The detected variants of the Phytochrome A (E3, E4) and FT genes
(FT2a and FT5a) were further confirmed by Sanger sequencing. The
exon containing the novel variants was amplified by PCR using the
primers shown in Supplementary Table S5. The PCR product was
purified using Affymetrix ExoSap-IT regent (ExoSap-IT, USB
Corporation, Staufen, Germany) and directly sequenced for both
sense and antisense strands using Big Dye Terminator version 3.1
(Applied Biosystems, Foster City, CA, USA) in an ABI 3500 Genetic
Analyzer (Applied Biosystems), according to the manufacturer’s pro-
tocol. The sequences were analysed using Genetics software version
10.0.8 (GENETYX Corp., Japan).

2.7. Gene-based multiple regression association test-

ing for flowering time

Flowering time was evaluated from 2011 to 2013 at the National
Institute of Crop Science (36�020N, 140�110E), Tsukuba, Japan.
Seeds were sown on 12 July 2011, and 10 July 2012 and 2013. A
starter fertilizer containing 3, 10, and 10 g m�2 of N, P2O5, and
K2O, respectively, was applied. Each accession was planted in single-
row plots. Each row was paved 0.7 m apart and each plot comprised
12 plants that were spaced 0.13 m apart. The average days to flower-
ing in each plot were used for analysis. Association between days to
flowering and each polymorphic SNPs/InDels was assessed using lin-
ear regression, where the simulated trait values across the 190 indi-
viduals were regressed onto the numeric code of each SNP and InDel
genotype; this tested the null hypothesis of the additive allelic effect
on the trait. Regression analyses were performed using ‘lm()’ in R.26

First, simple linear regression analysis was performed to assess
the influence of the detected variant on flowering time at the signifi-
cance level of P < 0.05. Subsequently, multiple linear regression
analysis was performed using the significantly representative
variants after removing redundant variants at the significance level
of P < 0.05.

3. Results and discussion

3.1. Amplicon design and comparison of library quality

using DNA samples derived from the leaf and seed

To evaluate the performance of AmpliSeq, we focused on gene
region of 29 genes (Table 1) selected from known genes related
to flowering time and their homologues in soybean. A total of
382 amplicon primer pairs consisting of two primer pools
(Supplementary Table S3) were designed for the 64.98-kb target re-
gion using the AmpliSeq designer tool. These primer pairs covered
98.4% of the target region, ranging from 89.8% to 100%, by over-
lapping PCR products of total length 70,180 bp (Supplementary
Table S2). The average amplicon size including primer region was
237.1 bp ranging from 125 to 275 bp (target region was 65–
232 bp). The target gene with the lowest coverage (89.8%) was
Glyma.16g044200 (FT-like gene).

We examined the DNA quality necessary for AmpliSeq library
construction because genotyping is commonly performed using low-
quality DNA especially that derived from the seed of soybean forT
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marker-assisted selection. Low-quality DNA derived from the seed
was obtained at concentrations of 0.5–3 ng/ml, whereas high-quality
DNA from the leaf was obtained at concentrations of 30–50 ng/ml
(Fig. 1A). We used 1–10 ng of seed-derived DNA and 10 ng of leaf-
derived DNA for preparing AmpliSeq library. To confirm whether
low-quality DNA can produce a library of sufficient quality, distribu-
tion range of amplicons in the libraries prepared using low-quality
DNA was compared with that of high-quality DNA, which is recom-
mended for sequencing using the Agilent 2100 Bioanalyzer or
TapeStation 4200 (Fig. 1A and B). No difference was observed be-
tween low-quality DNA from the seed and high-quality DNA from
the leaf in the size range of amplicons (130–370 bp) or maximum
peak amplitude (Fig. 1B and C). These results reveal that the
AmpliSeq library of sufficient yield and quality can be prepared from
low-quality DNA. We then prepared sufficient amount of library

using DNA derived from the leaf or seed of the soybean mini-core
collection.

3.2. Performance of NGS and uniformity of amplicon

coverage

Among 105,761,267 reads obtained, 105,603,249 (99.85%) reads
were mapped to Williams 82 reference genome Gmax275 using
TMAP and the average read depth across the target region was
1,237� (Supplementary Table S6). According to the on-target rate,
94.12% of the reads was mapped to the targeted regions. The aver-
age read length, average on-target rate, and uniformity (percent of
reads >0.2� of mean coverage in the sample) of the leaf and seed
samples were similar, but a few seed samples showed lower average
read length and uniformity (Fig. 2A). The highly fragmented DNA
sample showed low amplification of long amplicons (> 200 bp) and

Figure 1. Evaluation of quality of DNA and AmpliSeq library prepared from the DNA using the Agilent 2200 TapeStation system. The AmpliSeq libraries were

evaluated using the D1000 screen tape. (A) Quality of the DNA derived from the leaf and seeds. W and E indicate Williams 82 and Enrei, respectively. The nu-

merical assessment of DNA quality ranged from 1 to 10 based on the DNA integrity number (DIN). A high DIN indicates highly intact DNA, whereas a low DIN

indicates degraded DNA. (B) Distribution of amplicons in the AmpliSeq library shown as a gel image. (C) Electropherogram of the same AmpliSeq library as

shown in (B). Lower (25 bp) and upper (1,500 bp) peak are the standard markers. The middle peak indicates the library.

Figure 2. Comparison of sequence performance metrics classified by the plant materials used for DNA extraction. (A) The box plot of average read length, on-

target rate, and uniformity. The on-target rate is on-target percent of the aligned reads. Uniformity is the percent of bases in all the amplicon-targeted regions

covered by at least 0.2� the mean base read depth. (B) Average normalized reads (APKM) per sample across 382 amplicons generated from the 192 mini-core

collection. The X and Y axes indicate 382 amplicons sorted in their read coverage and APKM shown as the mean on a log scale, respectively.

248 Variation in soybean flowering time-related genes

https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsz005#supplementary-data


low uniformity (Supplementary Fig. S1A and B). Low average ampli-
con length or low uniformity of the samples might be caused by
DNA fragmentation or contamination of the DNA solution.27

To compare the efficiency of PCR amplification of each amplicon,
the APKM was calculated for each amplicon. The magnitude of APKM
was similar irrespective of the type of DNA sample between the leaf and
seed (Supplementary Fig. S2A). In contrast, there was no relationship
between the APKM and read length of amplicons (Supplementary Fig.
S2B). The APKM ranged from 0 to 3,333. Only one amplicon
(AMPL1040290) had zero read. As the primer pair of AMPL1040290
was designed for the region flanking the TA-repeat microsatellite, it is
difficult to amplify by multiplex PCR. We could amplify amplicons of
400–450 bp using the single primer pair of AMPL1040290.

We evaluated known alleles as an example to verify whether the
reads were correctly mapped. Among two alleles with a large dele-
tion, e3-Mo and e3-tr, at the E3 gene on Chr19,12 the read mapping
status of the e3tr allele, with a 15-kb deletion including the fourth exon,

was examined by designing four amplicons, viz., AMPL1040313,
AMPL1040314, AMPL1037722, and AMPL1036854 (Fig. 3). The
mapped reads from Williams 82 covered the entire fourth exon by the
four amplicons (Fig. 3A). In contrast, the reads from PGC010 were
mapped to a part of the fourth exon, which could not be mapped be-
cause of absence of the fourth exon in PGC010. When we confirmed
the sequence of the mapped reads, these are found to contain several
polymorphic sites originated from another region (Supplementary
Fig. S3A). The primer pair of AMPL1040313 was found to have a
similar (2- and 1-bp mismatches in the forward and reverse primers)
sequence to that of the E3 homologous gene on Chr3 (Supplementary
Fig. S3B). A comparison of sequence of the original amplicon designed
for the E3 gene on Chr19 with that designed for the phyA gene on
Chr3 revealed that the amplicon of phyA could be mapped preferen-
tially to E3 in the absence of sequence information (Supplementary
Fig. S3C). To preferentially output the alignment containing indel, we
changed the penalty parameter by using the option ‘-A 10 -M 60 -O

Figure 3. Distribution of mapped sequence reads of two different alleles in the E3 gene region. (A) Top: Read coverage of Williams 82 with the default parame-

ters of TMAP. Bottom: Read coverage of PGC010 with the default and optimized parameters of TMAP. The E3 gene of PGC010 has a large deletion in the fourth

exon. (B) APKM of amplicons from variant (e3T) and wild type (WT) on the fourth exon of E3. Average APKM of four amplicons (left most) and APKM of each

amplicon—(a) AMPL1040313, (b) AMPL1040314, (c) AMPL1037722, and (d) AMPL1036854.
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50 -E 1’ to TMAP. The default parameters of TMAP option are as fol-
lows: ‘-A’, score for a match [default = 1]; ‘-M’, the mismatch penalty
[3]; ‘-O’, the indel start penalty [5]; and ‘-E’, the indel extension pen-
alty [2]. By increasing the penalty values related to base match and
InDels, the miss-mapped reads on the fourth exon can be reduced
from 2,426 (default parameter) to 3 reads (Fig. 3A). By optimizing
these parameters, the miss-mapped reads on the second exon of E3

were also mapped to the correct position, phyA on Chr3 (second
exon; Fig. 3A and Supplementary Fig. S4). We also investigated
whether the 15-kb deletion can be detected using the read coverage.
The APKM of the four amplicons located at the fourth exon of E3

was compared between the E3 and e3tr alleles (Fig. 3B). The number
of accessions classified as E3 and e3tr by additional marker analysis
was 152 and 36, respectively (Supplementary Table S7). The APKM
of four amplicons on the fourth exon of the e3tr allele was almost
zero, whereas the APKM of the E3 allele varied depending on the
accessions, and it was difficult to judge the presence or absence of dele-
tion from the APKM of each amplicon. However, it was possible to
classify the presence or absence of deletion clearly (Fig. 3B and
Supplementary Table S7) when the average APKM of the four ampli-
cons was used instead, because differences in amplification efficiency
due to sequence variation at the priming site can be cancelled using
the APKM of multiple amplicons.

As described above, appropriate parameters are required to map
short amplicon reads to the correct genomic region. As the AmpliSeq
technology has been mainly used in animals in which palaeopoly-
ploidy is considerably rare, no such limitation has been reported.
Soybean is an ancient tetraploid, which underwent two whole-
genome duplications (palaeopolyploidy); most of the genes have
paralogous genes with multiple copies.23 The information provided
above would be useful when the AmpliSeq technology is applied to
plant species, which have experienced whole-genome duplication or
triplications.

3.3. Detected variants of flowering time-related genes

A total of 192 soybean mini-core collection was analysed to detect
novel variants in flowering time-related genes by AmpliSeq. Among
the 461 variants (SNPs or InDels) detected in the target regions, 311
(67.5%) sites have already been reported or registered in dbSNP,25

whereas 150 sites (32.5%) were novel (Table 2 and Supplementary
Table S8). The variants detected were compared in depth with infor-
mation of flowering time-related genes, E1, E2, E3, E4, FT2a, FT5a,
and their homologues.3,17,18 Further, we performed linear regression
analysis to detect responsible variants associated with flowering time
under long-day field conditions. Among the 461 variants, 207, 206,
and 219 were found to be potentially associated with flowering time
in 2011, 2012, and 2013 by the simple linear regression analysis, re-
spectively (Table 3 and Supplementary Table S8). The most signifi-
cantly associated variant with flowering time was SNP
(rs124971350) at E2 (e2 allele) (P < 2.0e�16 for 3 yrs) (Table 3 and
Supplementary Table S8). The second most significant variant was a
large deletion in E3 (e3-tr allele) (P < 1.9e�13, 1.6e�13, and 5.2e�14

for 2011, 2012, and 2013, respectively). The other seven genes, WD

repeat-containing protein 61, Dt1, MADS-box protein, two genes of
two-component response regulator-like genes, FT2a, and PhyB,
showed highly significant association with flowering time
(P < 0.0001) (Table 3 and Supplementary Table S8).

E1 and E1-like genes
Five alleles, E1, e1-as, e1-nl, e1-fs, and one novel missense
(Chr06_20207355) were identified at E1 (Fig. 4, Supplementary Fig.
S5A, and Supplementary Tables S8 and S9). In the other two B3 do-
main containing E1-like genes, only one synonymous variant
(rs123097808) was detected in Glyma.04G156400/E1La, whereas
no variant was detected in the coding region of Glyma.04G143300/

E1Lb (Supplementary Fig. S5B and C). Among the five E1 alleles,
the frequency of e1-as allele (Chr06:20207322 C: Williams 82 type)
was 0.09 and Chr06:20207322 C to G nucleotide change
(rs123612969) was 0.91 among the soybean mini-core collection. In
contrast, e1-nl, which lacks the entire E1 gene,10 was only found in
Swedish cultivar FiskebyV (PGC001) (Supplementary Table S9).
This allele was determined by the read coverage at the E1 genomic
region. The average normalized read coverage of all six amplicons
(AMPL1037682–AMPL1037687) was three in PGC001, whereas
that of these amplicons in the other accessions was 181 (ranging
from 36 to 430). Additional experiments to confirm the deletion in
the E1 genomic region by PCR amplification revealed that only
PGC001 lacks the E1 genomic region among all accessions and pos-
sesses the e1-nl allele. Another allele, e1-fs, which had 1-bp deletion
variant (Chr06_20207323) was also found in one accession PGC002
(Fig. 4, Supplementary Fig. S5A, and Supplementary Table S9). The
deletion (Chr06_20207323) causes a frameshift and introduces a
premature stop codon at Lys76. These loss-of-function alleles were
not included in the association analysis due to very low allele fre-
quency (only one accession each), but might explain very early flow-
ering of PGC001 and PGC002 under long-day-length field
condition. PGC002 (Wase kuro daizu) is originated from the south-
ern part of Japan and classified as the summer-type soybean, early-
maturity group in low-latitude regions of Japan. The summer-type
soybean has low photoperiod sensitivity, and e1-fs can explain this
characteristic. In contrast, the novel missense (Chr06_20207355)
from PGC139 and PGC147 (Supplementary Fig. S5A and
Supplementary Table S9) did not show large effect on flowering time
and might not significantly affect the E1 function.

E2
Two alleles, E2 and e2, and one novel SNP variant
(Chr10_45310686) were detected at E2 (Fig. 4, Supplementary Fig.
S5D, and Supplementary Table S8). Among them, functional defec-
tive e2 allele had A to T nucleotide change (Table 3, K528*,
rs124971350) and the allele frequency among the soybean mini-core
collection was 0.42 (Supplementary Table S8). A novel SNP
(Chr10_45310686), which causes missense variant of Ile490Met,
was detected only in PGC086 with the e2 allele (Supplementary
Table S9 and Supplementary Fig. S5D).

E3
Among two alleles, e3-tr and e3-Mo, detected at E3, the frequency of
e3-tr allele, which has a large deletion in the fourth exon, was 0.19
(Fig. 4, Supplementary Fig. S5E, and Supplementary Tables S7 and
S8). The missense variant of e3-Mo (Chr19_47638302: G to A,
Gly1050Arg) in the third exon of E3 was detected in PGC019 and
PGC042 (Moshidou Gong 503)3 derived from Korean Peninsula and
China, respectively. The e3-Mo variant is not registered in dbSNP,
but we found in one Chinese landrace Ni Ding Hua Mei Dou from
302 soybean re-sequence data28 (SRR1533240 in NCBI SRA).
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Figure 4. Detected variants in E1, E3, E4, FT5a, and FT2a from 192 mini-core collection. The grey and white boxes indicate UTRs and exons. The solid lines indi-

cate 50-uptream and intron regions. The black and grey circles indicate loss-of-function (described as ‘HIGH’ impact on the gene function in Supplementary

Table S8) and missense variants. Braces indicate known large InDels. These InDels can be detected by read depth.
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E4
The e4-SORE-1 allele has a 6.2-kb insertion in the first exon. It was
difficult to estimate this insertion from the read coverage of amplicon
in the region. However, the presence or absence of a large insertion
could be estimated from the read coverage of amplicon
(AMPL1037734) at the break point of a large insertion
(Supplementary Fig. S5F). The average APKM of break point was
325 in the reference type sequence, whereas it was zero in the inser-
tion type sequence of PGC001 and PGC021 derived from Sweden
and Japan, respectively. This insertion was also confirmed by the
PCR.

Most SNPs (11 of 13 sites) in E4 were found from PGC123 and
PGC134 derived from Nepal and China (Supplementary Table S9),
but there was only one missense variant (rs390866037: Leu151Ser),
which likely affects gene function. As these variants were detected as
homozygous, they are considered to be real variants, not detected by
the miss-mapped reads. A frameshift variant in the second exon was
only found in PGC005 (Supplementary Table S9). This accession
flowered earlier than Williams 82 under field conditions in spite of
the same gene combination for all other flowering-related genes
(Supplementary Table S1).

Other Phytochrome A genes
Five variants, three frameshifts and two splice site variants, were
identified to be high-impact variant to another PhyA gene,
Glyma.03G227300/GmPHYA4 (Supplementary Fig. S5G and
Supplementary Table S9). This PhyA gene consisted of two main
haplotypes, namely, reference type (Hap1–Hap5) and pseudogene
type (Hap6–Hap11), which had various loss-of-function sites. The
other PhyA gene, Glyma.10G141400, had only one novel frameshift
variant (Chr10_37491867) from two accessions, PGC045 and
PGC189 derived from Korea and East Timor (Supplementary Tables
S6 and S9 and Supplementary Fig. S5H).

Phytochrome B genes
There has been no report of natural variation in the PhyB genes af-
fecting flowering, but the overexpression of GmPHYB1 accelerates
flowering under short-day conditions in Arabidopsis.29 Only one
missense variant (rs124458274) was found from GmPHYB1
(Glyma.09G035500) (Supplementary Table S8 and Supplementary
Fig. S5I). rs124458274 was a common variation in the mini-core col-
lection (allele frequency = 0.69). Two novel frameshifts and six mis-
sense variants (one was novel) were found in the other PhyB gene
Glyma.15G140000 (Supplementary Table S8 and Supplementary
Fig. S5J). Although the frameshift variant (Chr15_11442094) was
identified in the 19 accessions (Hap8, Supplementary Table S9), no
association with flowering time under the examined field conditions
was observed.

FLOWERING LOCUS T
Two florigen genes FT5a and FT2a in the soybean genome play a
major role in the induction of flowering.17,18,30 As no variant was
detected in the exon of FT5a, it appears that FT5a is highly con-
served under the evolutionary constraint (Fig. 4 and Supplementary
Fig. S5K). Nine and five variants were detected in the intron and 30-
UTR, respectively. Of these, four variants were associated with flow-
ering time determined by simple linear regression analysis
(Supplementary Tables S3 and S8). Two variants (rs126630615 in
30-UTR and rs126639618 in the third intron) were reported by
Takeshima et al.18 This FT5a region has been reported to be one of

the flowering time quantitative trait loci (QTLs) in the chromosomal
segment substitution lines (CSSLs) derived from a cross between
Peking and Enrei.31 In this study, the nucleotide differences between
Enrei and Peking were identified as rs126639616_1 (Fig. 4) in the in-
tron and rs388994144_1 (Fig. 4) in the 30-UTR region
(Supplementary Fig. S5K and Supplementary Table S8). As natural
variants in 50- and 30-UTR of the FT-like gene affect gene expression
and flowering time in rice,32,33 the variant rs388994144_1 in 30-
UTR region might be involved in gene expression of FT5a and regu-
lation of flowering time in soybean.

The FT2a is a paralogue of FT5a and has been named as E9.8 E9
is a leaky allele that is caused by allele-specific transcriptional repres-
sion due to the insertion of SORE-1 into the first intron. The pres-
ence of SORE-1 (FT2a-TO allele) delays flowering for 10 days
under natural day-length conditions at Harbin, China (45�430N,
126�450E).8 Zhao et al.17 also reported a difference of 10 days or
more in flowering time between E9 and e9 in Sapporo, Japan
(43�070N, 141�350E). As we did not design the primers on the intron
of FT2a, the presence or absence of SORE-1 is unknown. In this
study, one frameshift and two missense variants were found in FT2a
(Glyma.16G150700) (Fig. 4 and Supplementary Fig. S5L). In the
first exon, missense SNP rs388788554 (Glu23Asp) was detected in
PGC066 (Hap13, Supplementary Table S9). In the fourth exon, mis-
sense novel SNP (Chr16_31114633) was detected in seven accessions
(Hap10, Supplementary Table S9). Another novel frameshift variant
(Chr16_31111088) in the fourth exon was detected in PGC166
(Hap14, Supplementary Table S9). Enrei had four known and two
novel variants in the intron and 30-UTR of FT2a, whereas there was
no variant in Peking. As QTL is not reported in the FT2a region of
the CSSL between Peking and Enrei,31 these variants might be not in-
volved in the regulation of flowering time under the evaluation con-
ditions of CSSLs.

FT-like genes
Four missense variants were detected in the other three FT homo-
logues, rs126830445 in Glyma.16G151000 (GmFT2b/GmFTL5,
Supplementary Fig. S5M), rs127848197 in Glyma.19G108200
(GmFT5b/GmFTL6, Supplementary Fig. S5O), a novel SNP
(Chr16_35778390) in Glyma.16G196300 (GmTFL3, Supplementary
Fig. S5N), and Chr16_4162554 in Glyma.16G044200 (FT3a/
GmFTL1, Supplementary Fig. S5P). The frequency of rs126830445 in
GmFT2b/GmFTL5 was 0.45, whereas that of rs127848197 in
GmFT5b/GmFTL6 was 0.94. A novel missense (Val98Ile) SNP
(Chr16_35778390) in GmTFL3 was only found in PGC037. This ac-
cession (YAKUMO MEAKA) is a landrace from Hokkaido, northern
part of Japan. In contrast, a novel missense variant (Chr16_4162554)
in FT3a/GmFTL1 was only found in PGC134 (Hap7, Supplementary
Table S9), which is a medium-maturing accession. No functional de-
fect or missense variant in the other FT-like genes, Glyma.02G069500
(GmFTL7, Supplementary Fig. S5Q), Glyma.08G363100 (GmFT4,
Supplementary Fig. S5R), and Glyma.08G363200 (GmFTL6,
Supplementary Fig. S5S), was found. No variants were detected in
Glyma.19G108100 (GmFT3b/GmFTL2). The information of alleles
identified in these FT-like genes will be useful to clarify the influence of
these variants on flowering regulation.

TFL1-like genes
Two TFL1-like genes, GmTFL2 (Glyma.03G194700) and GmTFL1
(Glyma.19G194300), exist in the soybean genome. No loss-of-func-
tion or missense variant was found in GmTFL2 (Supplementary Fig.
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S5T), whereas five missense variants were found in GmTFL1, which
determine the growth habit of soybean, classically named as Dt1 lo-
cus34 (Supplementary Fig. S5U and Supplementary Table S8). These
sites are located where amino acids are highly conserved across
TFL1 orthologues: GmTFL2, GmTFL1/Dt1, Lotus japonicas CEN/
TFL1, pea TFL1a, Arabidopsis TFL1, Arabidopsis ATC, and
Antirrhinum majus CEN.35–39 The variant site of rs745009806
(Arg130Lys) was conserved in TFL, but not in ATC and CEN.
Another four variant sites, rs127928577 (Arg62Ser), rs392653457
(Leu67Gln), rs127928574 (Pro113Leu), and rs127928573
(Arg166Trp), exist at a highly conserved amino acid site. Of these,
rs127928573 (Arg166Trp) is known as dt1 allele in soybean.34 As
the loss-of-function Sidt1 allele has been reported at S79N in
Sesamum indium L.,40 the other three missense variants should be
examined to verify whether they are new defective dt1 alleles or not.

Two-component response regulator-like genes
Among three two-component response regulator-like genes screened,
the stop-lost variant (rs125308117) and five missense variants were
found in Glyma.12G073900 (Supplementary Table S8 and
Supplementary Fig. S5V). The allele frequency of the stop-lost vari-
ant (rs125308117) was 0.31. In Glyma.19G260400, only seven mis-
sense variants were found (Supplementary Table S8 and
Supplementary Fig. S5W). Among seven variants with high impact
on gene function in Glyma.U034500 on scaffold 32 (Supplementary
Table S8 and Supplementary Fig. S5), four were frameshift variants
due to InDels. Frameshift variant (A > AT, M737I, Scaffold32:
198773) was the major allele, and 82% of the mini-core collection
possesses this allele. In contrast, other frameshift variants of insertion
(C > CT, Q759M, scaffold_32: 198706) from PGC044, deletion
(TTGCC > -, G409D, scaffold_32: 200001) from 16 accessions, and
deletion (AC > A, V355L, scaffold_32: 200258) from three acces-
sions, PGC005, PGC094, and PGC174, were rare alleles in the
mini-core collection (Supplementary Table S9). The remaining three
variants (scaffold_32_199043, scaffold_32_202754, and scaf-
fold_32_218486) with high impact on gene function were stop-
gained variant. These results indicate that Glyma.U034500 of most
soybean accessions, except for Hap1, Hap2, Hap3, and Hap4
(Supplementary Table S9), losses its function. Among these three
genes, Glyma.12G073900 and Glyma.U034500 showed high simi-
larity (91%) at the amino acid sequence level. The fact that length of
the amino acid sequence of Glyma.12G073900 of Williams 82 is
shorter (92 aa) than that of Glyma.U034500 (765 aa) at the C termi-
nal indicates that Glyma.12G073900 encodes truncated protein.
Although flowering control by two-component response regulator-
like genes has been reported in various species,41–43 the role of this
gene and its variant in soybean flowering are unknown. Among the
two-component response regulator-like genes, only variants in
Glyma.12G073900 and Glyma.U034500 were associated with flow-
ering time, determined by simple linear regression analysis (Table 3
and Supplementary Table S8). Glyma.U034500 (Chr11 11.23-
11.26Mb on Gmax189) is located near a previously reported QTL
as qFT-B1 (nearest marker: Satt519 74.7cM, Chr11 13.98Mb on
Gmax189) in the 96 from the cross between Tokei 780 and the soja
accession Hidaka 4.44 Although they reported the effect of qFT-B1 is
3.4–10.8 days, the genotype of this frameshift site (Scaffold
32:198773) in the parent of recombinant inbred lines (RILs) is un-
known. It can be confirmed using the detected variants as a DNA
marker whether detected stop-lost and stop-gained variants in two-

component response regulator-like genes are responsible genes for
the flowering time.

Other genes
Seven missense variants were identified in Glyma.16G200700 encod-
ing MADS box protein, whereas functional defect variant was not
found (Supplementary Table S8 and Supplementary Fig. S5Y).
MADS-domain transcription factor of the AGL6 gene is known to
be a factor responsible for the regulation of lateral organ develop-
ment, flowering time, and circadian clock in Arabidopsis.45,46 AGL6
regulates flowering through the FLC family genes and FT.46 Two
missense variants, rs389022394 and rs126888609, on
Glyma.16G200700 are significantly associated with the flowering
time, determined by the simple linear regression analysis (Table 3
and Supplementary Table S8). As there is no report for FLC-like
genes in soybean, it will be important to examine whether the
detected two variants from Glyma.16G200700 have an effect on the
flowering time.

One novel frameshift variant (Chr17_3955763) of WD repeat-
containing protein 61 (Glyma.17g52100) was significantly associ-
ated with flowering time, determined by the simple linear regression
analysis (Table 3 and Supplementary Table S8). Although the allele
frequency of the frameshift variant was 0.52 (Supplementary Table
S8), no QTL has been reported in this region. In Arabidopsis, WD
repeat-containing protein VIP3 regulates flowering time via the ver-
nalization pathway;47 however, the vernalization pathway is not
known in soybean and it is difficult to infer the role. As a large
proportion of the mini-core collection has the novel frameshift
variant for Glyma.17G052100 and missense variant for
Glyma.16G200700, it is necessary to confirm genetically whether
these novel variants really affect the flowering time. The transcrip-
tion factor gene, Glyma.17G090500, was sequenced as the control
for variant detection. All known variants were detected correctly
(data not shown).

3.4. Gene-based association test for flowering time

To refine responsible variants associated with variation in flowering
time in the mini-core collection, we performed multiple linear regres-
sion analysis using variants significantly associated with flowering
time in the simple linear regression analysis. The variants of e2, e3-tr
and stop-lost variant (rs125308117) of two-component response
regulator-like gene on Chr12 were significant in 3 yrs, and
rs127928573 in Dt1 was significant only in 2013 (Table 4). These
genes could explain 51.82%, 51.13%, and 52.83% of the pheno-
typic variation of flowering time among the mini-core collection in
3 yrs, respectively. In this study, the variants of E1 and E4 could not
be incorporated into the association analysis due to the low fre-
quency of e1-nl (0.5%) and e4-SORE1 (1%) alleles in the mini-core
collection. The extent of variation explained in this study was �10%
lower than 62–66% reported by Zhai et al.48 Even though the allele
frequency of e1-as was relatively high (9%), e1-as was not significant
in the multiple linear regression analysis. This is probably because
the genetic effect of e1-as is smaller than that of E2, E3, and two-
component response regulator-like gene. In the simple linear regres-
sion analysis, the P-value of E2 (2.0e�16), E3 (5.2e�14–1.9e�13), and
two-component response regulator-like gene (7.7e�11–1.8e�8) was
considerably lower than that of e1-as (0.015–0.033) (Table 3).
Further experiment using a larger population size is required to ex-
amine the remaining variation that could not be explained by the
three genes with e1-as.
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The other five genes, namely, WD repeat-containing protein 61
(Glyma.17G052100), MADS-box protein (Glyma.16G200700),
PhyB (Glyma.15G140000), two-component response regulator-like
gene (Glyma.U034500), and FT2a/GmFTL3 (Glyma.16G150700),
were significant in the simple linear regression analysis (P < 0.0001)
but not significant in the multiple linear regression analysis (Table 3
and Supplementary Table S8). Variants that differ between Enrei and
Peking can be used to confirm allele effect on flowering time using
the phenotypic data of CSSLs.31 Peking had a novel frameshift vari-
ant (Chr17_3955763) in WD repeat-containing protein 61
(Glyma.17G052100), two missense variants (rs389022394 and
rs126888609) in MADS-box protein (Glyma.16G200700), and one
frameshift variant (Chr15_11442094) in PhyB (Glyma.15G140000),
and no variant in Enrei (Supplementary Table S8). However, no
flowering time QTL has been reported to Chr17, Chr16, and Chr15;
these genes may not be involved in flowering time regulation under
the evaluation conditions of CSSLs.31

It was the stop-gain allele E2 that showed the highest association
with flowering time. The effect of this variant promotes flowering
about 5 days (Table 4). Watanabe et al.11 reported that the difference
in days to flowering between E2/E2 and e2/e2 was �9 days, which is
consistent with the result of this study. The next strong association
with flowering time was observed at E3. The e3-tr allele (Horosy-e3)
has been reported to promote flowering for �17 days,13 but it was
estimated as 9–13 days in this study. The smaller estimation at E3
can be explained by the absence of e3-Mo allele. As there are only
two accessions, PGC019 and PGC042 (Supplementary Table S9),
the e3-Mo allele could not be included in the association analysis.

The effect of the missense variant (rs127928573, Arg166Trp) of
Dt1 was detected only for 2013 data set; it delayed flowering by
�11 days compared with that by the Dt1 allele (Table 4). Dt1 is
reported as the locus strongly associated with days to maturity and
plant height.49 Zhang et al.49 identified the Dt1 gene at 18.6-kb up-
stream of the peak SNP, which was associated with days to maturity
and plant height. Dt1 plays a primary role in not only stem termination
but also floral transition.50,51 As no visible influence on the flowering
time has been reported with dt1 VIGS-induced suppression,34 the
detected SNP on Dt1 in this study suggests the presence of other gene
in the surrounding region related to the flowering time.

The effect of stop-lost variant (rs125308117) in the two-component
response regulator-like gene (Glyma.12G073900) was significant
(P = 4.5 e�3 in 2011, P = 1.0 e�2 in 2012, P = 3.5 e�3 in 2013), and the
plant flowers�10–13 days later. Involvement of the two-component re-
sponse regulator-like gene in flowering time has been reported in
Arabidopsis and rice; it may be functionally preserved as a flowering
time-related gene in soybean. Williams 82 (reference genome) has C-ter-
minal truncated protein as described above, whereas the rs125308117
variant has longer amino acid sequence and allele effect of delayed flow-
ering for 4.7 days (Table 4). Although Glyma.12G073900 is located
near a previously reported QTL as qFT-H (nearest marker: Satt442 on
Chr12: 6,390,806–6,391,062) in RILs with the E1 allele from the cross
between Tokei 780 and the soja accession Hidaka 4,44 the allele type of
Glyma.12G073900 in both accessions is unknown. The genomic region
surrounding Glyma.12G073900 has been reported to include flowering
time QTL qDFF-Gm12 in CSSLs.31 Glyma.12G073900 of Peking
(PGC084) is the stop-lost type (longer protein), whereas that of Enrei
(PGC025) is reference type (truncated protein). Similar to the present
study, Peking allele delayed flowering by �3.7 days (LOD score is 36.3,
flanking markers: C12-BARC- 015603-02006 and s024200450).31

These data suggest that Glyma.12G073900 is one of the candidate
gene for qDFF-Gm12.

4. Conclusions

Flowering time and maturity are the most important factors affecting
adaptability and yield. To increase the yield of soybean, it is necessary
to control flowering time at an appropriate time using a combination
of flowering time-related genes or alleles. Preparing a catalogue of
flowering time-related genes makes it possible to freely combine alleles
with various effects using the DNA markers. Our results indicate that
novel alleles and accessions with such novel alleles can be rapidly
detected using the AmpliSeq technology. Although multiple defective
alleles were identified, we could not include all of them in the associa-
tion study of flowering time due to low allele frequency. Nevertheless,
the variants detected in this study could explain 51.1–52.3% of the
flowering time variation in the soybean mini-core collection. These
variants consisted of a novel two-component response regulator gene
besides known flowering time-related genes. Therefore, the AmpliSeq
technology is useful for discovering novel variants in the target genes.

Data availability

All sequences analysed in this study have been deposited in the DDBJ
database under the BioProject Accession number: PRJDB7633.
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