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Isoflavones in soybean seeds are responsible for plant-microbe interactions and defend against pathogens, and
are also beneficial to human health. We used two biparental populations and mini core collection of soybean
germplasm to identify and validate QTLs underlying the content of isoflavone components. We identified a
major QTL, gMGly 11, which regulates the content of malonylglycitin, on chromosome Gm11, in populations
bred from parents with high, low, and null glycitein contents. ¢gMGly 11 explained 44.5% of phenotypic vari-
ance in a population derived from a cross between ‘Aokimame’ (high) and ‘Fukuyutaka’ (low) and 79.9% of
that in a population between ‘Kumaji-1’ (null) and ‘Fukuyutaka’ (low). The effect was observed only in the
hypocotyl. We further confirmed the effect of gMGly 11 in a mini-core collection, where it explained 57.1%
of the genetic diversity of glycitin production and 56.5% of malonylglycitin production. gMGly 11 increased
the contents of glycitin and malonylglycitin at the expense of daidzin and malonyldaidzin in all analyzed pop-
ulations. We discuss the gene responsible for this QTL and the availability of the null allele for metabolic engi-

neering of soybean seed isoflavones.
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Introduction

Soybean (Glycine max (L.) Merrill) is one of the most im-
portant crops for oil production and food for humans and
livestock. Soybean seeds contain not only carbohydrates,
proteins, and oils, but also secondary metabolites with func-
tional benefits for human health. Among these metabolites,
isoflavones function in plant-microbe interactions (Dakora
and Phillips 1996, Graham 1991). Soybean accumulates
three aglycone forms of isoflavones—genistein, daidzein,
and glycitein—which are mostly glycosylated and then mal-
onylated in mature seeds. These aglycones have health ben-
efits, including reducing the risks of cardiovascular disease
and osteoporosis, mitigating menopausal symptoms (van de
Weijer and Barentsen 2002), and suppressing the prolifera-
tion of certain cancers (Yu and McGonigle 2005).

The biosynthesis of isoflavones in legumes is well char-
acterized, and key enzymes and their physical interactions
have been elucidated (Yu and McGonigle 2005). The first
step in the flavonoid biosynthesis pathway is the synthesis
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of naringenin chalcone from 4-coumaroyl-CoA and three
units of malonyl-CoA by chalcone synthase (CHS, Kreuzaler
and Hahlbrock 1975). CHS and chalcone reductase also cata-
lyze isoliquiritigenin synthesis (Welle and Grisebach 1988).
Both chalcones (naringenin chalcone and isoliquiritigenin)
are converted into isoflavone aglycones (genistein and
daidzein) by chalcone isomerase (Kreuzaler and Hahlbrock
1975), isoflavone synthase (IFS, Jung et al. 2000, Steele et
al. 1999), and 2-hydroxyisoflavanone dehydratase, sequen-
tially (Akashi et al. 2005). Glycitein aglycone is synthe-
sized from liquiritigenin by flavonoid 6-hydroxylase (F6H,
Latunde-Dada et al. 2001) and an unidentified isoflavone
O-methyl transferase. After the synthesis of these aglycones
on the surface of the endoplasmic reticulum, glycosyltrans-
ferase and malonyltransferase respectively catalyze the syn-
thesis of glycosides (daidzin, Da; glycitin, Gly; genistin,
Ge) and malonyl glycosides (malonyldaidzin, M Da;
malonylglycitin, M_Gly; and malonylgenistin, M Ge,
Dhaubhadel et al. 2008, Funaki et al. 2015). These com-
pounds are transported into the vacuole from the cytoplasm
(Dhaubhadel et al. 2008). Among these enzymes, the ex-
pression profiles of CHS7 and CHSS8 during seed develop-
ment coincide well with the patterns of isoflavone accumu-
lation in soybean seeds, and their gene expression levels
differed significantly between high- and low-isoflavone-
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content lines (Dhaubhadel et al. 2006). In addition, transient
expression of an R1-type MYB gene, GmMYB176 (acces-
sion DQ822924), induced endogenous expression of CHS8
(Yi et al. 2010). Further, overexpression of some R2R3-
MYB transcription factors regulating isoflavone biosynthe-
sis in soybean and Lotus japonicus (Chu et al. 2017,
Kunihiro et al. 2017, Shelton et al. 2012) induced the up-
regulation of genes encoding enzymes related to branched
phenylpropanoid and isoflavone biosynthesis pathways.
Nevertheless, knowledge of genes associated with the genetic
diversity of isoflavone contents in soybean is still limited.
Although the association between isoflavone content and
SNPs found in /FS genes was reported, detailed effects of
SNPs were not elucidated (Cheng et al. 2008).

Many studies have identified loci controlling the accu-
mulation of isoflavones through quantitative trait locus
(QTL) analysis (Akond et al. 2014, Cai et al. 2018,
Gutierrez-Gonzalez et al. 2010, 2011, Han et al. 2015,
Kassem et al. 2004, Li et al. 2014, Meksem et al. 2001, Pei
et al. 2018, Primomo et al. 2005, Wang et al. 2015,
Yoshikawa et al. 2010, Zeng et al. 2009); at least 293 QTLs
related to isoflavones (61 for daidzein, 69 for genistein, 72
for glycitein, 91 for total isoflavone contents) are listed in
SoyBase (April 2019). Isoflavone contents in soybean seeds
are also affected by environmental factors, such as tempera-
ture during seed maturation, soil, and cultivation conditions
(Hoeck et al. 2000, Rasolohery et al. 2008, Tsukamoto e? al.
1995). Multiple environmental evaluations with the same
population indicated that the heritability of each isoflavone
component is 0.6 to >0.9 (Yoshikawa et al. 2010). The com-
parison of FOH expression among several lines with high,
low, and null glycitein contents revealed a putative associa-
tion with accumulation of glycitein (Artigot et al. 2013).
However, detailed knowledge of the effects of these QTLs
is still limited.

We screened a soybean mini core collection (Kaga et al.
2012) and our own soybean genetic resources for their seed
isoflavone contents and found three lines with similar M_
Gly contents as reported previously (Artigot et al. 2013):
‘Aokimame’ (high content), ‘Fukuyutaka’ (low), and
‘Kumaji-1’ (null; Table 1). We used QTL analysis to find
loci controlling seed M_Gly content in a population derived
from a cross between ‘Aokimame’ and ‘Fukuyutaka’. We
also confirmed the reliability of one of the detected QTLs,
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gMGly 11 on chromosome Gm11, which showed the high-
est effect on M_Gly accumulation in seeds of several dif-
ferent types of populations. We characterized this QTL
by measuring the isoflavone contents of the cotyledons and
the other seed tissues. gMGly 11 controlled the accumula-
tion of M_Gly and glycitin instead of daidzin and malonyl-
daidzin in specific seed tissues, and can explain the majority
of the genetic diversity underlying these isoflavones in soy-
bean germplasms.

Materials and Methods

Plant materials

We used populations derived from a cross between the
Chinese soybean (Glycine max) landrace ‘Aokimame’ (AO,
JP28298 in Genebank of National Agriculture and Food
Research Organization: NARO) and the Japanese breeding
cultivar ‘Fukuyutaka’ (FUK, JP29668, bred at the Kyushu
Okinawa Agricultural Research Center, NARO), and from a
cross between the Japanese landrace ‘Kumaji-1° (KUM,
JP28377, collected from Kumamoto Prefecture, Kyusyu)
and FUK. We also used a soybean mini core collection
(developed by Kaga et al. 2012) of 158 lines. Parental lines,
the derived populations, and the soybean mini core collec-
tion were grown in a field at Saga University (33°14'N
130°17E’) following standard cultivation practices under
natural daylength conditions in 2016. The population de-
rived from AO x FUK, with 96 individuals in the F4 genera-
tion obtained by single-seed decent from the F, (“AF-F4”),
was used for construction of a genetic linkage map. The
AF-F4 and AF-F; populations were grown in 2013 (sown on
July 17, harvested in late October to late November) and
2014 (sown on July 22, harvested in late October to mid
November). We obtained phenotypic data (see Measure-
ment of isoflavone contents below) from Fs.5 seeds (10 seeds
per line) of AF-F, and selected one residual heterozygous
line (RHL) heterozygous for gMGly 11 from AF-F4 (AF
RHL46), and evaluated Fs seeds of AF_ RHL46 (24 seeds
for isoflavone extraction from whole seed, 48 seeds for
tissue-specific accumulation of isoflavones; see Measure-
ment of isoflavone contents below). The population derived
from FUK x KUM, with 180 F, individuals (“KF-F,”), was
grown in 2017 (sown on July 21, harvested in mid Novem-
ber) and used for phenotypic evaluation with 5 bulked seeds

Table 1. Phenotypes of isoflavone contents of parental lines used in this study

. TR Aokimame (AO)“ Fukuyutaka (FUK) Kumaji-1 (KUM)
Trait (abbreviation) Mean + SD (ug/g) Mean + SD Mean + SD
Daidzin (Da) 232 38 27.1 6.5 104.3 10.2
Genistin (Ge) 83.2 13.9 90.8 153 223.1 22.0
Glycitin (Gly) 78.4 4.8 352 1.2 ND? ND
Malonyl daidzin (M_Da) 747.4 79.3 807.0 124.0 2002.1 180.6
Malonyl genitin (M_Ge) 1313.9 165.3 1524.7 179.6 2335.2 165.3
Malonyl glycitin (M_Gly) 194.9 13.7 73.3 2.4 ND ND

@ Abbreviations of line name and isoflavone molecules are shown in parentheses.

b ND, not detected: peak areas were below detection level.
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of each individual. A single seed obtained from each F, indi-
vidual of KF-F, was used for genotyping and measurement
of isoflavone contents (“KF-F;”, 96 lines evaluated). The
parental lines (FUK, AO, and KUM) and the mini core col-
lection were grown again in 2017 (sown on July 21, harvest-
ed in October to November). Seeds were harvested and then
held at 4°C until phenotypic evaluation.

DNA extraction

Genomic DNA was extracted from young trifoliate
leaves (~100 mg fresh weight) of growing plants or from
seed powder (~10 mg) by the CTAB method (Murray and
Thompson 1980). Linkage mapping with AF-F, and KF-F,
was conducted with DNA extracted from leaves, and other
genotyping experiments were performed with DNA extract-
ed from seed powder.

DNA marker analysis

For construction of the linkage map, we used simple
sequence repeat (SSR) markers and designated derived
cleaved amplified polymorphic sequence (dCAPS) markers.
Each amplicon was digested according to the manufactur-
er’s (Wako, Osaka, Japan) instructions for dCAPS markers,
and PCR products of SSR and digested DNAs were separat-
ed in a 12% polyacrylamide gel, stained with ethidium bro-
mide, and visualized with a UV transilluminator. Automatic
programs developed in a previous study (Watanabe et al.
2017) were used for designing primers for dCAPS analysis
from SNPs obtained in a previous study from the parental
lines (Yamagata et al. 2018). We also designed primers for
additional DNA markers with the technique of nearest-
neighboring-nucleotide substitution—high-resolution melt-
ing analysis (NNNs-HRM) to map or evaluate target QTLs
as described previously (Yamagata et al. 2018). We used a
Light Cycler 96 sequencer (Roche Diagnostics K.K., Tokyo,
Japan) to detect polymorphism of PCR fragments contain-
ing SNPs for NNNs-HRM markers and determined geno-
type with the manufacturer’s software. The primers used for
NNNs-HRM markers are listed in Supplemental Table 1.
The primer sequences and physical positions of the other
SSR markers on the soybean genome were taken from
SoyBase (https://soybase.org/).

Measurement of isoflavone contents

We extracted isoflavones from whole seeds and from
embryo tissues. For the analysis of parents, we crushed
freeze-dried whole seeds in a powder mill (5 of AF-F4 and
KF-F, and 1 of AF RHLA46). For the analysis of progeny,
we removed the seed coat and separated seeds into cotyle-
dons and “hypocotyl” (plumule, epicotyl, hypocotyl, and
radicle) with a knife. We analyzed 1 hypocotyl of AF
RHLA46 and KF-F; and 3 to 5 hypocotyls of the mini core
collection for association analysis. We weighed freeze-dried
hypocotyls for adjustment of isoflavone contents by their
weight, and crushed them in a Multibeads shocker
(Yasuikikai, Osaka, Japan) in a 3-mL tube with metal beads.
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We suspended 100 mg of powder obtained from whole
seeds or cotyledons or all powder obtained from crushed
hypocotyls in 1 mL of buffer containing 70% ethanol (v/v)
and 0.1% acetic acid (v/v) and vortexed it. To enhance ex-
traction efficiency, we sonicated the mixture for 30 min at
room temperature with an ultrasonic cleaner (Bransonic
5800, Emerson Japan, Ltd., Kanagawa, Japan). After brief
centrifugation, the supernatant was collected in a new tube.
These extraction steps were performed three times, and the
final extract (close to 3 mL) was filtered through a 0.45-um
membrane. Samples of 3 uL were analyzed by high-
pressure liquid chromatography (HPLC; Jasco Corp.,
Tokyo, Japan) on a Hydrosphere C18 column (YMC Co.
Ltd., Kyoto, Japan). Separation was performed with a
water-based two-solvent system: solvent A contained 3%
acetic acid; solvent B contained 3% acetic acid and 50%
acetonitrile. The percentage of solvent B during one 20-min
separation at 35°C was programmed as follows: 25%
(+75% solvent A) for 1 min, a linear gradient from 25% to
60% for 10 min, 100% for 2 min, and 25% for 7 min. Isofla-
vones were detected at 254 nm with a UV detector.

External standard curves for daidzein, daidzin, malonyl-
daidzin, glycitein, glycitin, malonylglycitin, genistein,
genistin, and malonylgenistin (all purchased from Wako,
Osaka, Japan) were drawn, and peak areas of extracted
isoflavones were calculated according to their retention
times and areas of the standards.

Statistical analysis

We constructed the linkage map in AntMap software
(Iwata and Ninomiya 2006) with default parameters. We
identified QTLs by composite interval mapping in R/qtl
software (Broman et al. 2003) with threshold LOD scores
calculated by permutation testing (1000x) at the 5% signifi-
cance level. We also used the “fitqtl” function to estimate
the effect of each QTL. Genotype and phenotype data for
AF-F, are provided as Supplemental Text 1. We used line-
ar regression analysis and analysis of variance (ANOVA) to
confirm the effects of QTLs and for association analysis of
the genotype of the closest DNA marker and isoflavone con-
tents. We calculated Pearson’s correlation coefficient among
pairs of traits. All analyses were performed in R software (R
Development Core Team 2008).

QOTL analysis with AO x FUK (AF) population

The parental lines of AF-F, differed significantly in M_
Gly (FUK, 73.3 ng/g; AO, 194.9 pg/g; P<0.01) and Gly
(FUK, 35.2 ng/g; AO, 78.4 ng/g; P <0.01). Six isoflavones
were extracted from whole seeds of the AF-F, population:
daidzin (Da), genistin (Ge), glycitein (Gly), malonyldaidzin
(M_Da), malonylgenistin (M_Ge), and malonylglycitin
(M_Gly) (Supplemental Text 1). Contents of other isofla-
vones were below the detection limit (aglycone forms and
acetylated forms). We also omitted Gly for QTL analysis of
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AF-F, population because of the large number of missing
data.

Accumulation patterns and ratios of each isoflavone co-
incided well with previous results (Tsukamoto ef al. 1995);
M_Ge (51.1% of total isoflavone content in AF-F, calcu-
lated from Supplemental Text 1), Ge (8.9%,), Da (3.6%),
M _Da (29.4%) accounted for the majority of the content in
mature seeds, while M_Gly accounted for only 4.4%.
Among these molecules, correlations between malonyl gly-
cosides (M_Da, M_Ge) and glycosides (Da, Ge) were very
high (M_Da:Da, r=0.94, P<0.01; M_Ge:Ge, r=0.88,
P <0.01, we also calculated these values from Supplemen-
tal Text1). The correlation between M Da and M_Ge
(r=10.93, P<0.01) was higher than those between M_Da
and M Gly (r=0.23) and between M _Ge and M Gly
(r=10.22). We used the contents of these malonylated forms
as phenotypic data for QTL analysis for their abundance and
high correlations with glycosylated forms.

We constructed a linkage map covering the soybean ge-
nome with 335 DNA markers (Supplemental Text 1) for
QTL analysis of malonyl glycosides (M_Da, M_Ge and M_
Gly). The total map length was 1771.2 ¢cM and the average
marker interval was 5.6 cM. QTL analysis located 2 QTLs
for M_Gly, and 1 QTL for M_Ge (Table 2). The QTL with
the highest LOD score was associated with M_Gly on
Gml1 at 37.0 cM (LOD, 7.6; proportion of phenotypic vari-
ance explained [PVE] by QTL, 27.9%). We named this QTL
gMGly 11 (QTL for malonylglycitin content located on
Gmll); the AO allele increased M_Gly (additive effect,
21.8 pg/g that was calculated by a half of difference be-
tween homozygous phenotype of each parental line) in
whole seed. Another QTL for M_Gly was detected on
Gml5 (LOD, 4.4; PVE, 15.1%); the AO allele also in-
creased M_Gly (additive effect, 16.0 pg/g). Hereafter, we
focus on gMGly 11.
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Evaluation of ¢gMGly_11 by progeny tests with whole seeds
and tissue-specific accumulation of glycitein

To confirm the effect of ¢gMGly 11, we analyzed the
progeny of line AF RHL46, which was heterozygous for
gMGly 11. The genotype of DNA marker M23 AF (SNP
for Gmll, 8182360 bp, 35.0 cM), close to gMGly 11
(37.0 cM), was significantly associated (P < 0.001, Table 3)
with seed contents of M_Gly and Gly. The additive effect of
gMGly 11 in AF RHL46 was 17.9 pg/g, almost the same as
in AF-F4 (21.8 ng/g). The genetic uniformity of the RHL
increased the PVE by ¢gMGly 11 to 55.8% for M_Gly and
49.6% for Gly. Previous studies with several soybean culti-
vars (Rasolohery ef al. 2008, Tsukamoto et al. 1995)
showed that the pattern of M_Gly accumulation differed
between the cotyledon and the “hypocotyl” (plumule, epi-
cotyl, hypocotyl, and radicle). The cultivar ‘Jack’ showed a
similar pattern, in which the embryo axes contained most of
the glycitein (Lygin et al. 2013). To confirm whether this
trend also applied to the phenotypes of the parental lines of
AF-F, and KF-F,, we measured the isoflavone contents of
cotyledons and hypocotyls of mature seed of the soybean
mini core collection: in AO and FUK, the hypocotyls con-
tained all or most of the M_Gly (Supplemental Table 2);
the average ratio of Gly + M_Gly to total isoflavone content
in the hypocotyls was 34.5% (average of mini core collec-
tion). We further evaluated whether the effect of gMGly 11
was associated with the accumulation of M_Gly in hypo-
cotyls in AF RHL46. Not only M_Gly and Gly contents but
also M_Da and Da contents in hypocotyls were highly asso-
ciated with the genotype of M23 AF (Table 4). The con-
tents of Da and M_Da were oppositely associated with the
genotype. PVEs by gMGly 11 were 44.5% for M _Gly,
46.7% for Gly, 50.4% for M_Da, and 47.4% for Da.

Table 2. Summary of QTL analysis with the population derived from the cross between Fukuyutaka and Aokimame

Trait Chromosome LOD peak position (cM) LOD PVE* Additive effect’ QTL name
M_Gly Gmll 37.0 7.6 279 -21.8 gMGly_11

Gml5 9.7 4.4 15.1 -16.0 gMGly 15
M Ge Gml2 78.1 53 19.7 -162.8 gMGe 12

¢ PVE, proportion of phenotypic variance explained.
b Additive effect (ug/g) of Fukuyutaka allele relative to Aokimame allele.

Table 3. Confirmation of qMGly 11 in progeny of AF RHL46 (heterozygous for qgMGly 11) by the genotype of SNP marker M23 AF

Homozygous for AO Heterozygous Homozygous for FUK
Trait (n=4) (n=13) (n=7) PVE? F-value P-value
Mean + SD (pg/g) Mean + SD Mean + SD
Da Not significant NC 0.8 0.445
Ge Not significant NC 0.2 0.823
Gly 101.0 34.4 88.1 18.2 46.8 222 49.6% 10.3 0.001
M Da Not significant NC 0.4 0.653
M_Ge Not significant NC 0.3 0.748
M_Gly 60.4 18.7 51.3 11.8 24.7 10.9 55.8% 13.2 0.000

¢ Numbers of plants with indicated genotypes are shown in parentheses.
b PVE, proportion of phenotypic variance explained.
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Evaluation of gMGly_11 in population derived from a line
with null glycitin content

We screened the soybean mini core collection (Kaga et
al. 2012) for M_Gly phenotypes and identified KUM as
having null Gly or M_ Gly (details in Association analysis in
soybean mini core collection below). We analyzed the seg-
regation of glycitin content in the F, population derived
from KUM x FUK (KF-F,). We conducted QTL analysis
for M_Gly content with the linkage map of Gm11 construct-
ed from KF-F, because gMGly 11 had a large effect on
M_Gly content in AF-F4. QTL analysis of KF-F, using iso-
flavone contents of whole seeds detected a major QTL at
almost the same location as gMGly 11 in AF-F, (Supple-
mental Fig. 1A). The peak LOD score of gMGly 11 detect-
ed in KF-F, was 44.3, and its PVE was 71.8% (23.5 ¢cM on
Gml1) at SNP marker M12 KF (8.2 Mbp) (Supplemental
Fig. 1B). Relative to the allele of Fuk allele, the gMGly 11
allele of KUM had an additive effect of —36.0 pug/g and a
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dominance effect of 1.8 ng/g for M_Gly (Table 5).

We confirmed the effect of gMGly 11 on isoflavone con-
tents of hypocotyls of 96 individuals in KF-F3. The geno-
type of M12 KF segregated completely with M_Gly and
Gly phenotype (no content when homozygous for KUM al-
lele) in hypocotyls (Table 6). gMGly 11 KUM explained
79.9% of phenotypic variance for M_Gly and 67.3% for
Gly. It also explained 26.2% for M_Da and 20.2% for Da.
The allele of KUM of ¢gMGly 11 reduced M_Gly and Gly
contents but increase M_Da and Da contents (Table 6).

Association analysis in soybean mini core collection

Next, we performed association analysis of gMGly 11 in
the mini core collection. We measured isoflavone contents
in cotyledons and hypocotyls of the 158 accessions of the
mini core collection and analyzed the association between
the contents and the gMGly 11 genotype using DNA mark-
ers M1_AS to M6_AS (8.12 to 8.17 Mbp, Supplemental

Table 4. Association between genotypes of SNP marker M23 AF and contents of isoflavones extracted from hypocotyl in AF_ RHL46

Homozygous for AO Heterozygous Homozygous for FUK
Traits (n=11) (n=22) (n=13) PVE? F-value P-value
Mean + SD (ug/mg) Mean + SD Mean + SD
Da 0.5 0.3 0.9 0.3 1.4 0.5 47.4% 19.4 0.000
Ge Not significant 0.0% 0.0 0.995
Gly 3.5 1.1 3.1 0.8 1.6 0.6 46.7% 18.8 0.000
M_Da 2.6 1.0 4.0 1.1 6.0 1.7 50.4% 21.8 0.000
M_Ge Not significant 1.5% 0.3 0.718
M_Gly 2.4 0.8 22 0.5 1.2 0.4 44.5% 17.2 0.000
¢ Numbers of plants with indicated genotypes of M23 AF are shown in parentheses.
b PVE, proportion of phenotypic variance explained.
Table 5. Contents of isoflavones in whole seed in KF-F2 by ¢gMGly 11 allele
Homozygous for KUM Heterozygous Homozygous for FUK
Trait (n=41) (n=385) (n=31) PVE’ F-value P-value
Mean + SD (nug/mg) Mean + SD Mean + SD
Da Not significant NC 1.2 0.305
Ge Not significant NC 2.5 0.084
M_Da Not significant NC 0.4 0.662
M_Ge Not significant NC 2.0 0.133
M_Gly 13.2 7.8 48.8 16.0 81.8 16.9 72.1% 203.0 0.000
¢ Numbers of plants with indicated genotypes of M12_KF are shown in parentheses.
b PVE, proportion of phenotypic variance explained.
Table 6. Association between genotypes of SNP marker M12 KF and contents of isoflavones extracted from hypocotyl in KF-F;
Homozygous for KUM Heterozygous Homozygous for FUK
Trait (n=34) (n=30) (n=32) PVE? F-value P-value
Mean + SD (ug/mg) Mean + SD Mean + SD
Da 0.9 0.4 0.6 0.3 0.6 0.2 20.2% 11.8 0.000
Ge Not significant NC 1.6 0.204
Gly 0.0 0.0 0.4 0.2 1.0 0.4 67.3% 95.9 0.000
M_Da 13.2 43 9.1 2.4 9.3 2.6 26.2% 16.5 0.000
M Ge Not significant NC 1.7 0.182
M_Gly 0.0 0.0 0.9 0.3 1.8 0.6 79.9% 184.6 0.000

¢ Numbers of plants with indicated genotypes of M12 KF are shown in parentheses.

b PVE, proportion of phenotypic variance explained.
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Table 1), close to M23 AF (8.18 Mbp). M_Gly contents in
cotyledons of most lines (88.0%) were below the detection
level. KUM and three other lines had no M_Gly or Gly in
hypocotyls (Supplemental Table 2). We analyzed correla-
tions among isoflavone components and detected high cor-
relations (0.84 to 0.96) between glycosides and malonyl
glycosides (Supplemental Table 3). However, the correla-
tion between M_Da of hypocotyl and that of cotyledon was
very low (0.05), as were those of M_Ge and M_Gly be-
tween hypocotyl and cotyledon (0.20 and 0.22). We found
significant associations of the contents of Da, Gly, M_Da,
and M_Gly in hypocotyls with the genotype of marker M4
AS (8.16 Mbp bp): gMGly 11 explained 19.1% of the pheno-
typic variance of Da, 57.1% of Gly, 18.2% of M_Da, and
56.5% of M_Gly (Table 7). There was no association with
M _Gly and Gly contents of cotyledons, but there was a
weak association between contents of Da, M_Da, Ge, and
M_Ge in cotyledons (Table 7). To confirm the chromoso-
mal region conferring the high association between M_Gly
and Gly contents in hypocotyl, we analyzed associations
with markers M58 AF (7.76 Mbp) and M66 AF
(9.42 Mbp) also. Neither had a significant association with
M_Gly like M4 _AS (data not shown). Allelic association
(linkage disequilibrium) was absent at these loci, and the
gene underlying gMGly 11 is located between these two
markers.

We identified a QTL associated with the contents of Gly and
M_Gly on chromosome Gmll. Other major QTLs at this
locus explaining 40% to 50% of variance were also reported
in crosses between ‘Essex’ and ‘Forrest’ (Kassem et al.
2004, Meksem et al. 2001) and between ‘Peking’ and
‘Tamahomare’ (Yoshikawa et al. 2010). Genome-wide asso-
ciation analysis detected significant association with gly-
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citein content on Gm11 (Chu et al. 2017). These QTLs are
probably gMGly 11, because gMGly 11 explained most of
the genetic diversity of M_Gly and Gly contents in soybean
hypocotyl. gMGly 11 had specific effects relating to the ac-
cumulation of glycitein instead of daidzein in hypocotyl.
The results of progeny testing (Table 4) and of association
study in the mini core collection (Table 7) show that the
FUK allele of gMGly 11 (or G/G genotype of M4 AS) re-
duces M_Gly and Gly, but increases Da or M_Da. The
amounts of both glycosylated and malonylated forms of
glycitein were inversely related to those forms of daidzein.
The gMGly 11 FUK allele, however, did not cause any ac-
cumulation of glycitein aglycone (data not shown). Hence,
gMGly 11 probably regulates the divergence between
daidzein and glycitein. F6H, which regulates the biosynthe-
sis step from liquiritigenin (4',7-dihydroxyflavanone) to
6,7,4'-trihydroxyflavanone, would play an important role in
this divergence. A CYP71D9 (cytochrome P450) with F6H
activity was previously identified in soybean (Latunde-
Dada et al. 2001), and three homologous soybean genes
(F6HI1, Glymal8g08950; F6H2, Glymal8g08930; and
F6H3, Glyma08g43890) were identified by their sequence
similarity to the gene encoding CYP71D9 (Artigot et al.
2013). Comparison of the expression profiles of these F6H
genes among tissues and time points during seed develop-
ment of cultivars with null, low, medium, and high glycitein
contents revealed that PIS67580A (Chinese landrace Qi Si
Mi), with the null phenotype for glycitein, did not express
F6H3 (Glyma08g43890), but the other cultivars expressed it
similarly. F6H1 and F6H?2 had no association with glycitein
content (Artigot et al. 2013).

The gene responsible for the null glycitein in PIS67580A
is likely to be the same as that in KUM. So further studies,
such as expression analysis of F6H3 with near isogenic
lines for gMGly 11, will be necessary to uncover the gene
underlying this QTL. If we can find differences in the

Table 7. Association of gMGly 11 with contents of isoflavones extracted from hypocotyl and cotyledon of soybean mini core collection

SNP genotype at 8161366 (M4 _AS) on Gml1

Trait?
G/G (n=97) +SD¢ A/A (n=157) +SD PVE? F-value P-value

Da_hy 1.7 0.8 1.0 0.7 19.1% 18.3 0.000
Ge _hy Not significant NC 1.8 0.169
Gly hy 2.7 1.1 5.7 1.3 57.1% 103.2 0.000
M Da hy 11.4 3.6 8.1 2.9 18.2% 17.3 0.000
M_Ge hy Not significant NC 3.9 0.022
M_Gly hy 2.5 1.0 52 1.3 56.5% 100.6 0.000
Da_co 134.2 81.3 220.3 142.6 13.9% 12.5 0.000
Ge_co 262.5 130.4 364.6 189.6 10.5% 9.0 0.000
Gly co Not significant NC 0.7 0.521
M Da co 524.8 289.1 808.7 448.5 13.7% 12.3 0.000
M _Ge co 805.9 367.6 1077.7 477.8 10.4% 8.9 0.000
M Gly co Not significant NC 4.6 0.011

@* hy”, hypocotyl (ng/mg); “ co”, cotyledon (ng/g).

b Genotypes of marker M4_AS are indicated in parentheses. Four individuals with undetermined genotypes were omitted from calculations.

¢ SD, standard deviation.
4 PVE, proportion of phenotypic variance explained by gMGly 11.
¢ NC, not calculated.
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expression of F6H3 between such near isogenic lines, a tran-
scription factor regulating the expression of F6H3 would
become a strong candidate for the product of gMGly 1.
When we considered the physical position of gMGly 11,
DNA markers located at 8.12 to 8.17 Mbp (M1_AS to M6 _
AS) showed a strong association with M_Gly in the mini
core collection, while markers at 7.76 and 9.42 Mbp showed
a very weak association. In addition, a marker at 8.21 Mbp
(M12_KF) co-segregated with the null M_ Gly phenotype in
the mapping experiment with KF-F; (Table 6), and some
recombinants (within 1 cM) were observed between M12
KF and M13 KF (8.5 Mbp, Supplemental Table 1). From
these results, the region from 8.0 to 8.5 Mbp is likely to en-
compass gMGly 11. Further studies for positional cloning
with a large number of individuals and complementation
testing with soybean mutant lines with little or no M_Gly
will be necessary to uncover the identity of the multiallelic
gMGly 11 locus.

There was, however, weak associations of M_Da, M_Ge,
Da, and Ge in cotyledons with the marker of M4 AS were
detected in the mini core collection (Table 7). As we used
only a simple regression model to estimate the effect of
gMGly 11 in the mini core collection without consideration
of population structure or kinship, further study using our
data (Supplemental Table 2) and information on SNPs
across the whole genome of the mini core collection would
provide better knowledge of the effects of loci controlling
isoflavone accumulation in cotyledons and hypocotyls.

The negative relationship between the accumulation of
Gly+M _Gly and of Da+M Da under the control of
gMGly 11 was restricted to the hypocotyl. Moreover, we
found a low correlation of isoflavones between cotyledon
and hypocotyl (Supplemental Table 3). During soybean
seed development, the axis at the early maturity stage (about
40 days after flowering: DAF) contains root meristem, vas-
cular tissue, shoot meristem, and plumule tissue (Le ef al.
2007). This stage is followed by cell expansion in the coty-
ledons and the accumulation there of seed proteins and
lipids. The accumulation of M_Gly peaks by 40 DAF, but
other malonyl glycosides, M_Ge and M_Da, continue to in-
crease after (Kudou ez al. 1991). These results and our data
indicate that the biosynthesis of M_ Gly might stop earlier in
the hypocotyl than in the cotyledons, and other malonyl gly-
cosides continue to accumulate during late seed develop-
ment mainly in the cotyledons, and therefore the mecha-
nisms of isoflavone biosynthesis might differ between
cotyledons and hypocotyls. Enzymes related to the bio-
synthesis of isoflavones are considered to be involved in
metabolon that perform sequential reactions (Laursen et al.
2015). Isoflavone synthase (IFS, a membrane-bound P450
protein) is anchored to the endoplasmic reticulum mem-
brane, and some related cytoplasmic enzymes, such as chal-
cone isomerase, CHS, and IFS, are physically associated
with each other (Waki et al. 2016). The affinity of protein—
protein interactions and the efficient transfer of substrates
between enzymes, however, are affected by the combination
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of homologous genes (Mameda et al. 2018). In addition,
gMGly 11 might affect the components of the metabolon
(controlled by dose and type of enzymes) with tissue-
dependent manner.

Finding genes responsible for the diversity of isoflavone
contents in soybean germplasms would provide not only
knowledge about components of the isoflavone metabolon
and its regulatory mechanisms, but also alleles for metabol-
ic engineering of isoflavones. One derivative of daidzein,
glyceollin, a phytoalexin, is induced by multiple external
stimuli in legumes (reviewed by Dakora and Phillips 1996),
and transgenic soybean plants in which the accumulation
of isoflavones was suppressed by an IFS transgene were
damaged severely by pathogens owing to a deficiency of
glyceollin synthesis (Lygin et al. 2013). Glyceollin also pro-
motes human health in multiple ways (Nwachukwu et al.
2013), notably through antioxidant and anti-inflammatory
activities (Kim et al. 2012), and inhibits the growth of pros-
tate and breast cancer cells in mouse models (Salvo et al.
2006). Increasing the flow of substrate molecules into
daidzein production by reducing the biosynthesis of gly-
citein might increase daidzein and glyceollin in soybean
seeds. Further study to identify the gene responsible for
gMGly 11 will be necessary. Genetic material with alleles
that increase or decrease glycitein will provide new possi-
bilities for improving the nutritional effects soybean in the
human diet.
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