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CHAPTER 1

Introduction

1.1 Introduction of flavonoids

Flavonoids is a kind of low molecular secondary metabolites and belong to a large
family of natural substances with variable phenolic structures (Koes et al. 1994). They
are found in wide range of plants species such as fruit, vegetables, grains, bark, roots,
stems and flowers, (Middleton et al. 1998).

Flavonoids have been studied many years and their potential benefits for human
health have been revealed. They have been proved to counteract the growth of several
types of cancer through multiple mechanisms (Maggioni et al. 2014), against coronary
heart disease (de Groot and Rauen. 1998) and antibacterial, antiviral and anti-
inflammatory effects (Bueno-Silva et al. 2013).

The presence of flavonoids in plant tissues also play important roles, such as
providing flower pigmentation to attract pollinators (Winkel-Shirley. 2001a, b),
involvement in pollen germination (Tanaka and Ohmiya. 2008), protection against
insect predation and defense against microbes (Bidart-Bouzat and Kliebenstein. 2008),
protecting plants from UV radiation, thus replacing mycosporine-like amino acids
detected in algae (Guo et al. 2008; Agati et al. 2013), acting as signal molecules in
biological communication in the rhizosphere (Cesco et al. 2012; Weston and Mathesius.

2013) and possible plant energy escape valves (Hernandez and Breusegem. 2012).

1.2 Flavonoid structure and classification

Flavonoids are benzo-y-pyrone derivatives consisting of phenolic and pyrane rings



(Fig. 1) and characterized by a planar structure because of a double bond in the central
aromatic ring (Nijveldt et al. 2001; Heim et al. 2002). flavonoids differ in the
arrangements of hydroxyl, methoxy, and glycosidic side groups, and in the conjugation
between the A- and B- rings. One of the best-described flavonoids, quercetin, is a member
of this group. Quercetin is found in abundance in onions, apples, broccoli, and berries.
The second group is the flavanones, which are mainly found in citrus fruit. An example
of a flavonoid of this group is narigin. Flavonoids can be divided into various classes on
the basis of their molecular structure (Rice-Evans et al. 1996). The major groups of

flavonoids are exhibited in Fig. 2.

1.3 Pathway of flavonoid biosynthesis

Molecular aspects of flavonoid pathway have been extensively investigated and
reviewed (Winkel-Shirley. 2001a, b; Grotewold. 2006a; Saito et al. 2013). Many genes
have been identified within the flavonoid biosynthetic pathway. Plant phenolics are
products of the shikimate, phenylpropanoid, flavonoid, anthocyanin, and lignin pathways.
The shikimate pathway produces the aromatic amino acids, including phenylalanine,
which can be further modified through the sequential of elongation and cyclization steps
to form the flavonoids (Fig. 3). In general, flavonoids are sub-classified into several
families of fifteen-carbon molecules including flavonol, flavone, flavanone, flavan-3-ol,
isoflavone and anthocyanidin (Ferreyra et al. 2012). As a first step, phenylalanine gets
converted into coumaroyl-CoA by a number of enzymatic reactions involving PAL,
cinnamate 4-hydroxylase (C4H) and 4-coumarate:CoA ligase (4CL). The CHS and CHI
convert coumaroyl-CoA into naringenin and onward, the pathway diverges forming
flavanones, dihydroflavonols, leucoanthocyanins, anthocyanidins, and flavan-3-ols
through a series of enzymatic steps shown in Fig.3. These molecules can produce a series

of products, flavones and isoflavones, flavonols, anthocyanins, and proanthocyanidins



(condensed tannins) existing in the forms of monomers, dimers, and polymers (Chan et

al. 2009; Pati et al. 2009; Abeynayake et al. 2012; Hancock et al. 2014).

1.4 Flavonol glycosides genes for flavonoid biosynthesis in soybean

Leaves of soybean (Glycine max (L.) Merr.) contain a variety of flavonol glycosides
(FGs), derivatives of quercetin and kaempferol (Buttery and Buzzell. 1973). Also HPLC
analysis of the soybean leaves showed that different cultivars have different kind and
content of flavonol glycosides (Table 1) (Rojas Rodas et al. 2014). Buttery and Buzzell
(1975) proposed four flavonol glycoside alleles, Fgl (B(1-6)-glucoside present), Fg2
(a(2-6)-rhamnoside present), Fg3 (P(1-2)-glucoside present), and Fg4 (a(1-2)-
rhamnoside present). These alleles are defined by the ability to bind glucose or rhamnose
at either 2"- or 6”-position to glucose that is bound to the 3-position of flavonols (Fig. 4).
Later, Buzzell and Buttery (1992) reported a new allele of the Fg2 locus, resulting in a
series of alleles, Fg2-a, Fg2-b and fg2. Fg3 and Fg4 are linked with a recombination
frequency of 12 % in the molecular linkage group C2 (chromosome 6) (Buzzell. 1974).

Glycosyltransferases (GTs) catalyze the transfer of sugar moieties from activated
donor molecules to specific acceptor molecules, forming glycosidic bonds (Lairson et al.
2008). GTs are encoded by large multigene families, and classified into at least 96
families (GT1-GT96, http://www.cazy.org/GlycosylTransferases.html). The family 1
glycosyltransferase, referred to as UDP glycosyltransferases (UGTSs), comprise the largest
group in plants. UGTs catalyze the transfer of a glycosyl moiety from UDP sugars to a
wide range of acceptor molecules including flavonoids (Yonekura-Sakakibara and
Hanada. 2011).

Rojas Rodas et al. (2014) performed genetic analysis using RILs derived from a cross
between soybean cultivars with gray pubescence, Koganejiro and Kitakomachi. FGs of

Koganejiro had rhamnose at the 6”-position of glucose or galactose that is bound to the



3-position of kaempferol, whereas FGs of Kitakomachi were devoid of the rhamnose.
Presence of the 6”-rhamnose was controlled by a single gene. They cloned a candidate
gene GmF3G6"Rt in the molecular linkage group O (chromosome 10). The recombinant
GmF3G6"Rt protein converted UDP-rhamnose and kaempferol 3-O-glucoside or
kaempferol 3-O-galacoside to kaempferol 3-O-rutinoside or kaempferol 3-O-
robinobioside, proving that GmF3G6"Rt encodes flavonol 3-O-glucoside (1—6)
rhamnosyltransferase and corresponds to the Fg2 gene. Thus, either glucose or galactose
was attached at the 3-position of kaempferol in contrast to the report of (Buttery and
Buzzell. 1975) in which only glucose was attached to the 3-position. In addition, FGs
having rhamnose at the 4”-position of 3-O-galactose, kaempferol 3-O-rhamnosyl-(1—4)-
[rhamnosyl-(1—6)-galactoside] and kaempferol 3-O-rhamnosyl-(1—4)-[glucosyl-
(1—6)-galactoside] have been identified in the leaves of soybean (Murai et al. 2013;
Rojas Rodas et al. 2014), suggesting the existence of flavonol 3-O-glucoside (1—4)
rhamnosyltransferase in soybean. Accordingly, the schematic diagram on the genetic
control of FG biosynthesis proposed by (Buttery and Buzzell. 1975) should be revised.
Overall, glucose or galactose is attached to the 3-position of kaempferol or quercetin in
the biosynthesis of FGs in soybean leaves. To the glucose or galactose, glucose can be
attached to 2"- or 6”-positions and rhamnose can be attached to 2"-, 4"- or 6”-positions,
resulting in a wide variety of FGs (Rojas Rodas et al. 2014).

In 1976, Buttery and Buzzell found that plants with the Fg1Fg3 alleles have a lower
rate of photosynthesis, lower leaf chlorophyll concentration, lower leaf weight, and lower
seed yield and (Buzzell and Buttery I. 1976). Further, Fg1 and Fg3 control waviness of
leaf margins (Buttery and Buzzell. 1998) and inhibition of stomatal development (Liu-

Gitz et al. 2000).

1.5 Aim of this study



Preliminary experiments suggested that a Japanese landrace Nezumisaya and a
Canadian cultivar Harosoy, both having gray pubescence, had a distinct FG composition
in leaves (lwashina et al. unpublished results) and using different cultivars cross to
identify the FGs is a possible method.

The first objective of this study was to identify other genes for FG biosynthesis,
locate them in the soybean genome and verify their function using crosses between
different germplasm. The second objective was to evaluate agronomic importance of FG
genes by developing near-isogenic lines (NILs) for FG genes. The third objective was to
evaluate variation of FGs in leaves among various germplasm of soybean and G.soja.
By understand the biosynthesis pathway of FGs in soybean leaves and the physiological
effects in soybean, we can improve the quality and yield of soybean cultivars and make

more profitable to agriculture.



Table 1: Flavonol glycosides distribution in leaves of different soybean germplasm (in

percentage). (Unpublished)



Figure 1.

Nuclear structure of flavonoids (Heim et al. 2002).



Flavonols R,

C
Qo
OH
OH o

Ry = OM; Ry = Ry= H : Kaemplaral
R, = R, = 0OM; Ry = H : Quercetin
R, = Ry = Ry=0H: Myricetin

Isoflavones

HO

R; = H ! Daigzein
R, = OH ; Genistein

Anthocyanidins

CH
ot g R,

OH

Ry = Rs= H : Pelargonidin

R, = OH; R; = H ; Cyanidin

Ry =R, = OH : Deiphinidin

Ry = OCH;; Ry = OH : Petunidin
R = Ry = 0CH, ! Malvidin

Figure 2.

Flavones

HO

Ry =H; R, = OH : Apigenin
Ry=R.= 0H : Lutealin

Flavanones

Ry = H; Ry= OH ; Naringenin
R, = R, = QH : Eriodictyo!
Ry = OH: Ry = OCH,: Hesperatin

Flavanols

HO

R;=R,=0H; R;=H: Catechins
Ry =R, = Ry= OH ; Gallocatechin

Classification of flavonoid groups (Manach et al. 2004).



naringenin
o R
lFaH ’ Ry
flavones o OH
o
OH — | -
OH O FLS OH
2, 3-dihydrokassmpferal 0
(DHK)
flavonols
lDFR R,
OH
OH
OH OH
leucopelargonidin
ANS LAR
OH \:HR 1 OH
anthocyanidin 2,3-trans-flavan-3-ol
l [catechins)
tn'l , s
F-cis-flavan-3-ol
(epicatechins)
1 oy
0
y
Ol £

anthocyanins
" proanthocyanidins

Figure 3.

Schematic representation of flavonoid pathway in plants (Mouradov and Spangenberg.
2014).

ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; DFR, dihydroflavonol 4-
reductase; F3H, flavonoid 3'-hydroxylase; FLS, flavonole synthase; FNS, flavone

synthase; GT, glucosyltransferase; LAR, leucoanthocyanidin reductase.
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Schematic presentation of flavonol glycoside genes (Buttery and Buzzell. 1975).



CHAPTER 2

Linkage mapping, molecular cloning and functional analysis of FG

gene segregated in Nezumisaya X Harosoy population

2.1 Background

Preliminary experiments suggested that a Japanese landrace Nezumisaya and
Harosoy, both having gray pubescence, had a distinct FG composition in leaves
(Iwashina et al unpublished results). Two genes are involved in Nezumisaya x Harosoy
Fe RILs. Linkage mapping revealed that one of the gene is responsible for attachment
of glucose to the 6”-position which located in the molecular linkage group |
(chromosome 20) between Satt623 and Sat_420. The other gene is responsible for
attachment of glucose to the 2"-position.

The objective of this study is to locate, identify, clone, sequence, verify the function
of candidate gene responsible for attachment of glucose to the 2”-position and develop

NILs for the target gene to evaluate agronomic characters in planta.

2.2 Material and Methods
2.2.1 Plant Materials

Nezumisaya crossed with harosoy and selfing to develop recombinant inbred lines
to Fe generation. (NH population) Nezumisaya with yellow hilum, yellow seed coats,
gray pubescence and purple-blue flowers (11ttW1W1lw2w2w3w3W4W4WmWmWpWp)
was crossed with a Canadian cultivar Harosoy with yellow hilum, yellow seed coats,
gray pubescence and purple flowers (I1ttW1W1W2W2 w3w3W4W4WmWmWpWp).

Flowers of Nezumisaya were emasculated one day before opening and pollinated with



Harosoy in 2004. Hybridity of F1 plants was ascertained based on purple flowers. A
total of 120 RILs of Fe generation were developed without any selection by the
single-seed descent method from the F1 plant. Seeds were planted at the National
Institute of Crop Science, Tsukuba, Japan (36°06'N, 140°05'E) on June 9, 2011. N, P,
and K were applied at 3.0, 4.4, and 8.3 g m, respectively. Plants were individually
planted with spaces between rows and plants of 70 and 10 cm, respectively. On
average, nine plants were grown for each parent and RIL (Rojas Rodas et al.

unpublished).

2.2.2 SSR analysis

Genomic DNA of the parents and the F> plants was isolated from trifoliolate
leaves by the CTAB method (Murray and Thompson. 1980). A total of 462 SSR
markers developed by USDA (Song et al. 2004) and by the Kazusa DNA Research
Institute (Hisano et al. 2007) was used for screening of polymorphisms between the
parents. The PCR mixture contained 20 ng of genomic DNA, 2.25 pmol of primer,
625 pmol of nucleotides, and 0.125 unit of ExTaq in 1 x ExTaq buffer supplied by the
manufacturer (Takara Bio, Ohtsu, Japan) in a total volume of 5 puL. The initial 15 min
denaturation at 95° C was followed by 35 cycles of 1 min denaturation at 92° C, 1 min
annealing at 46 °C, and 1 min extension at 68° C. A final extension at 68° C for 5 min
completed the program. PCR was performed in an Applied Biosystems 9700 thermal
cycler (Applied Biosystems, Foster City, CA). The PCR products were separated in
8 % nondenaturing acrylamide gels, and the fragments were visualized by staining

with ethidium bromide. (Rojas Rodas et al. 2014).

2.2.3 Linkage mapping



The linkage map was constructed using AntMap software version 1.2 (lwata and
Ninomiya. 2006). The parameter were: grouping method — all combinations; grouping
criterion — LOD; threshold value — 3; map function — Kosambi; the designation of the
linkage groups followed by Cregan et al. (1999). All the marker were tested by Chi-

square test for segregation in 1:1 ratio.

2.2.4 QTL analysis (Unpublished)

2.2.5 Molecular cloning

Total RNA was extracted from trifoliolate leaves (200 mg) of Nezumisaya and
Harosoy using the TRIZOL reagent (Invitrogen) according to the manufacturer’s
instructions. cDNA was obtained by reverse transcription of total RNA using the

superscript Il First-Stand Synthesis System (Invitrogen) and an oligo d (T) primer

according to the manufacturer’s instructions. The full-length cDNA was cloned by
end-to-end PCR from Nezumisaya and Harosoy using a pair of PCR primers (Table 2)
designed based on the genome sequence of US cultivar Williams 82 deposited in the
soybean genome database (Phytozome, http://www.phytozome.net/soybean.php). The
PCR mixture contained 0.5 ug of cDNA, 10 pmol of each primer, 5 pmol of
nucleotides and 1 unit of ExTaq in 1 x ExTaq Buffer supplied by the manufacturer
(Takara Bio) in a total volume of 25 ul. A 30 sec denaturation at 94°C was followed
by 30 cycles of 30 sec denaturation at 94°C, 1 min annealing at 59°C and 1 min
extension at 72°C. A final 7 min extension at 72°C completed the program. The 5°
upstream region which about 1.8 kb was amplified from Nezumisaya and Harosoy
using GenomicWalker (Invitrogen) according to the manufacturer’s instructions.

Primer using for nested PCR was shown in Table 1. The PCR product was cloned into



pCR 2.1 vector (Invitrogen) and sequenced.

2.2.6 Sequencing analysis

Nucleotide sequences of both strands were determined with the BigDye
terminator cycle method using an ABI13100 Genetic Analyzer (Applied Biosystems).
Nucleotide sequences and the putative amino acid translations were analyzed with the
BLAST program (Altschul et al. 1997). Intron/exon structure of the gene was
estimated based on the comparison between the cDNA sequence and the
corresponding genome sequences of Williams 82 deposited in the soybean genome
database. Sequence alignment was performed with Clustalw
(http://clustalw.ddbj.nig.ac.jp/top-j.html) using default settings. The amino acid
sequences were aligned using ClustalW and the alignment was used to construct a
phylogenetic tree using the neighbor-joining method with MEGADS version 5.2.2

(http://www.megasoftware.net/) (Tamura et al. 2011). Bootstrap test was performed

for1000 replication

2.2.7 dCAPS analysis

A pair of PCR primers (Table 2) was designed to detect the two-base substitution.
A mismatched base G was incorporated in the forward primer to the produce a Kpnl
site in the amplified product Harosoy. The substitution within the restriction site
absence in Nezumisaya to generate a polymorphism. The PCR mixture contained 30
ng of genomic DNA, 5 pmol of each primer, 10 pmol of nucleotides and 1 unit of
ExTag in 1 x ExTaq Buffer supplied by the manufacturer (Takara) in a total volume of
25 ul. After an initial 30 sec denaturation at 94 °C, there were 30 cycles of 30 sec

denaturation at 94 °C, 1 min annealing at 56 °C and 1 min extension at 72 °C. A final


http://www.megasoftware.net/

7 min extension at 72 °C completed the program. The amplified products were
digested with Kpnl, and the digests were separated on an 8 % nondenaturing
polyacrylamide gels. After electrophoresis, the gel was stained with ethidium bromide

and the DNA fragments were visualized under UV light.

2.2.8 In vitro characterization of recombinant GmF3G2" Gt

The entire coding region of GmF3G2"Gt was amplified from cDNA of Harosoy
and Nezumisaya by PCR using the KOD -Plus- DNA polymerase (Toyobo) with high
PCR fidelity using primers containing restriction enzyme sites of Sacl and Xhol
(Table 2). The PCR mixture contained 30 ng of genomic DNA, 10 pmol of each
primer, 5 pmol of nucleotides, 2 mM of MgSO4 and 0.5 unit of KOD —Plus- in 1 x
KOD -Plus- Buffer supplied by the manufacturer in a total volume of 25 ul. After an
initial 2 min denaturation at 94°C, there were 40 cycles of 15 sec denaturation at
94°C, 30 sec annealing at 59°C and 1 min extension at 68°C. A final 7 min extension
at 68°C completed the program. The PCR amplicon was digested by Sacl and Xhol,
and was cloned into the pCold ProS2 vector (Takara Bio) digested with the same
restriction enzymes. The plasmid was sent to RIKEN for functional analysis.
GmMF3G2"Gt proteins were expressed and purified as described previously (Yonekura
et al. 2014). Enzyme assays and MS and MS/MS analyses were conducted as
described previously (Rojas Rodas et al. 2014; Yonekura et al. 2014). The ESI source

was operated in negative ionization mode.

2.2.9 Quantitative real-time PCR
Quantitative real-time PCR cDNA was conducted by reverse-transcription of 5 ug

of total RNA of the parents at R6 stage from three replicated leaves using the



Superscript 111 First-Strand Synthesis System and an oligo d (T) primer according to
the manufacturer’s instruction. Primer was designed at the 5 upstream of the genes
(Table 2).Analysis was carried out in a StepOnePlus Real-Time PCR system. The
expression level of soybean actin gene (GenBank accession number: J01298) was
used as a control and compared by the t-test using Statistica03J (StatSoft). The initial
30 sec denaturation at 94°C was followed by 40 cycles of 3 sec denaturation at 94°C,
30 sec annealing at 58°C and 30 sec extension at 72°C. A final 7 min extension at

72 °C completed the program (Rojas Rodas et al. 2014).

2.2.10 Functional analysis using NILs (Unpublished)

2.3 Results
2.3.1 HPLC and genetic analyses

The HPLC chromatogram of Nezumisaya and Harosoy results indicated that FGs
of Nezumisaya had a glucose at the 2” position of glucose or galactose that is bound
to the 3-position of kaempferol, whereas the glucose was absent in Harosoy.
Conversely, FGs of Harosoy had a rhamnose at the 4” position of glucose or galactose
that is bound to the 3-position of kaempferol, whereas the glucose was absent in
Nezumisaya (Fig. 5)

Among the total of 91 RILs, 21 RILs had peaks of the Harosoy-type, and 23 RILs
had peaks of the Nezumisaya-type. 17 RILs had a peak combination designated as
‘type 3’ that lacked three peaks, F1, F3 and F4 from the Harosoy-type. Further, 28
RILs had a peak combination designated as ‘type 4’ having peaks of a mixture of both
cultivars in addition to a unique peak F13 (Fig. 5). Base on the results of the HPLC

chromatogram of NH RILs F6 population (Rojas Rodas et al. unpublished) Two RILs



had unique peak distribution, suggesting that these RILs might have heterozygous
allele(s). Excluding the RILs, the segregation fitted to 1:1:1:1 ratio (x*=2.82, P= 0.42),

suggesting that two genes control the FG pattern.

2.3.2 SSR analysis
Among the 1025 SSR markers tested, 146 exhibited polymorphism between the
parents and distinctly segregated in the RILs. A total of 99 markers fell into 28

linkage groups spanning 2172 cM (Rojas Rodas et al. unpublished).

2.3.3 Linkage mapping

Linkage mapping revealed that one gene which responsible for attachment of
glucose to the 6”-position was located in the molecular linkage group I (chromosome
20) between Satt623 and Sat_420, in which Harosoy is dominant and Nezumisaya is
recessive. Which had been found the genes Fgl (Rojas Rodas et al. unpublished). The
other that responsible for attachment of glucose to the 2”-position was located in the
molecular linkage group C2 (chromosome 6) between Satt307 and Sat_202, in which

Nezumisaya is dominant and Harosoy is recessive.

2.3.4 QTL analysis (Unpublished)

2.3.5 Molecular cloning

Survey of the genome sequence of a US cultivar Williams 82 suggested that
existence of a gene similar to GT gene, Glyma06g43380 between Satt307 and
Sat_202 (Fig. 6). The entire coding region of Glyma06g43380 was amplified by PCR

and cloned. Sequencing analysis revealed that ORF of Glyma06g43380 is 1380 bp



long encoding 459 amino acids. We designated the gene as GmF3G2” Gt.
GmF3G2"Gt belongs to the family 1 glycosyltransferase, and it was designated as
UGT79B30 by the UGT Nomenclature Committee (Mackenzie et al. 1997). BLAST
analysis suggested that it had a 55 % amino acid similarity with In3GG gene of
morning glory encoding anthocyanin 3-O-glucoside-2”-O-glucosyltransferase (Morita
et al. 2005) (Fig. 7). Comparison with the genome sequence of Williams 82 suggested
that GmF3G2’Gt had one intron. Eight nucleotides were polymorphic between
Harosoy and Nezumisaya; six single-nucleotide substitutions and one two-nucleotides
substitution. The polymorphism resulted in four amino acid substitutions between the
cultivars (Fig. 7). The cDNA of Nezumisaya and Harosoy were designated as
GmF3G2”Gt-a and GmF3G2’Gt-b respectively. The 5 upstream region of about
1.8kb was cloned of Nezumisaya and Harosoy by GenomeWalker Kit. Nucleotide
sequence of 5 upstream region, exons and introns of Harosoy was identical with those
from William 82. Contrast, Nezumisaya had many indels and substitutions in the

5 upstream region compare with Harosoy (Fig. 8).

2.3.6 dCAPS analysis

Bands with molecular size of about 230 bp were amplified with the dCAPS
primers in Nezumisaya and harosoy (Fig. 9). Kpnl digestion generated a band of
about 213 bp in Harosoy, whereas the PCR amplicon of Nezumisaya was unaffected.
Banding pattern of the RILs was classified into Nezumisaya type, Harosoy type and
heterozygous type having both bands. In total, 52 RILs had bands of Nezumisaya
type, 40 RILs had bands of Harosoy type and 2 RILs had both bands (Fig. 9).

Banding patterns were co-segregated with FG patterns; RILs with FGs of

Nezumisaya type and Type4 had bands of nezumisaya type, whereas RILs with FGs



of Harosoy type and Type3 had bands of only harosoy type (Fig. 9).

2.3.7 Gene expression

Survey of soybean genome sequence revealed the existence of a gene similar to
GmF3G2"Gt, Glymal2g14050 with nucleotide similarity of 93 % in chromosome 12
(molecular linkage group H) and it was difficult to design primers that specifically
amplify fragment of GmF3G2"Gt based on the nucleotide sequence of the coding
region. So, we designed primers for real-time PCR based on sequences of 5'
untranslated region distinct between the genes (Table 2). At the R6 stage, transcript
level of GmF3G2"Gt in leaves of Harosoy was 14.6 % of that in Nezumisaya (t =

3.60%) (Fig. 10).

2.3.8 Functional analysis using NILs (Unpublished)

2.3.9 In vitro characterization of recombinant GmF3G2" Gt

The GmF3G2"Gt recombinant protein of Nezumisaya (GmF3G2"Gt-a) and
Harosoy (GmF3G2"Gt-b) were expressed in E. coli as a His/ProS2 fusion and
purified. After cleavage of the His/ProS2 tag, GmF3G2"Gt proteins were used for
enzymatic assays.

GmF3G2"G-a and GmF3G2"G-b converted kaempferol 3-O-glucoside to
kaempferol 3-O-sophoroside as confirmed by comparison of retention time, UV
spectra and MS/MS ionization with the standard compound (Fig 13). GmF3G2"Gt-a
showed a broad activity for kaempferol/quercetin 3-O-glucoside/galactoside
derivatives.

However, GmF3G2"Gt-a did not glucosylate kaempferol 3-O-rhamnosyl-(1 —4)-



[rhamnosyl-(1 — 6)-glucoside] and 3-O-rhamnosyl-(1 — 4)-[glucosyl-(1 —6)-
glucoside]. GmF3G2"Gt-a had a higher preference for UDP-glucose than UDP-
galactose, with only 3 % activity relative to that for UDP-galactose. No UGT activity
was detected for UDP-arabinose and UDP-glucuronic acid. GmF3G2"Gt-b also
showed similar substrate specificity (Table S1). Accordingly, GmF3G2"Gt-a and
GmF3G2"Gt-b were defined as flavonol 3-O-glucoside/galactoside (1—2)

glucosyltransferases.

2.4 Discussion

Soybean cultivars, Harosoy and Nezumisaya have gray pubescence and primarily
deposit kaempferol derivatives in leaves. However, structure of FG components was
distinct. HPLC analysis and comparison with authentic samples suggested that FGs
having glucose at the 2”-positon of glucosr or galactose thai is bound to the 3-positon
of kaemoferol were present in Nezumisay, whereas FGs of Harosoy were devoid of
2”-glucose. Conversely, FGs having glucose at the 6”-positon of glucosr or galactose
thai is bound to the 3-positon of kaemoferol were present in Harosoy whereas FGs of
nezumisaya were absent. Apigenin 7-O-glucoside almost exclusively deposits in the
cytoplasm of gray pubescence (lwashina et al. 2006), suggested that the peak F8 may
have been derived from pubescence on leaves.

From the genetic analysis of NH RILs, One of the genes may be responsible for
attachment of glucose to the 2”-position, and probably encodes flavonol 3-O-
glucoside (1-2) glucosyltransferase. Nezumisaya may have a dominant, and Harosoy
may have a recessive allele of the genes. The gene was mapped in molecular linkage
groupC2 (chromosome 6) between Satt307 to Sat_202. Judging from relative location

with SSR markers, its position was similar to that of Fg3 reported by Buzzell (1974).



QTLs analysis indicate that existence of peak components existened F1, F3, F4
and F13 were mapped in linkage group | (chromosome 20), near the marker
GMGLPSI2, which was similar as the previous results (Rojas Rodas et al. 2014).The
components of peak F1, F3 and F4 are only existened in Harosoy and all had 6”-
glucose, so this gene is similar like Fg2. And existence of peak components from F2,
F5, F6, F9, F10 and F11 were mapped in linkage group C2 (chromosome 6), near the
marker SATT202. Peak F9 and F10 are only existened in Nezumisaya and all had 6”-
glucose, so this gene is similar like Fg2. For the peak F5 and F6, they all existed in
both Harosoy and Nezumisaya, and it is the upstream products of F9 and F10. Maybe
because of the function of FG gene, F5 and F6 transform into F9 and F10. (Table 3)

Survey of the genome sequence of a US Williams 82 suggested that a gene similar
to GT gene, Glyma06g43880 existed between Satt307 and Sat_202. We cloned the
cDNA clone and designated as GmF3G2’Gt. The coding region to the GmF3G2” Gt
is 1380 bp long encoding 459 amino acids. GmF3G2”’Gt belongs to the 1,2/1,6
branch-forming glucosyltransferase gene cluster. GmF3G2”’ Gt of Nezumisaya had
amino acid similarity of 55% either the INGGT of morning glory encoding 3-O-
gluscoside (1-2) glucosyltransferase that also attaches glucose to the 2”-position of
glucose that is bound to the 3-position of anthocyanidins (Morita et al. 2005).
Genome sequence of Williams 82 suggest existence of a gene Glymal2g14050 having
93% of nucleotide identity with Glyma06g43880 in chromosome 12, However, the
gene responsible for attachment of glucose to the 2”-position was not mapped to
chromosome 12 in the current as well as previous study (Buzzell. 1974). So
Glymal2g14050 may not be responsible for attachment of glucose to the 2”-positon
in experimental materials analyzed so far.

In the coding region of GmF3G2"Gt, eight nucleotides were polymorphic between



Harosoy and Nezumisaya, resulting in four amino acid substitutions. The dCAPs
marker to discriminate the two-base substitution was co-segregated with FG patterns,
suggesting that GmF3G2 "Gt might correspond to a flavonol 3-O-glucoside (1—2)
glucosyltransferase (Fg3) gene. The recombinant GmF3G2"Gt-a protein converted
UDP-glucose and kaempferol 3-O-glucoside or kaempferol 3-O-robinobioside to
kaempferol 3-O-sophoroside or kaempferol 3-O-glucosyl-(1—2)-[rhamnosyl-(1—6)-
galactoside], proving that GmF3G2"Gt encodes flavonol 3-O-glucoside (1—2)
glucosyltransferase (analyzed by RIKEN). The transcript level of GmF3G2"Gt in
leaves of Harosoy was about 15 % of that in Nezumisaya. Indels and substitutions in
the 5' upstream region may be responsible for the differences in expression level.
Promoter assays may be necessary to determine which polymorphism is critical for
gene expression. GmF3G2"Gt protein may have a threshold for catalysis and that of
Harosoy may be lower than the threshold.

The nucleotide sequence of the 5" upstream region, exons and intron of
GmF3G2"Gt from Harosoy was identical with that from Williams 82. The HPLC
chromatogram of leaf methanol extracts of Williams 82 was same with that of US
cultivar Clark having allelic combination of fg1Fg2fg3Fg4 (Buzzell and Buttery.
1998), suggesting that Williams 82, Clark and Harosoy might have a recessive allele
at the Fg3 locus. The results were consistent with our assumption that Nezumisaya
has a dominant and Harosoy has a recessive allele for the Fg3 gene. Based on the
HPLC profiles, Harosoy may have the allelic combination of Fg1Fg2fg3Fg4 whereas
Nezumisaya have the combination of fglFg2Fg3Fg4. It is consistent with the
previous report that Harosoy has allelic combination of either Fg1Fg2fg3 or
fglFg2fg3 depending on the line (Buzzell and Palmer. 1985).

Cloning of Fgl encoding flavonol 3-O-glucoside (1-6) glucosyltransferase and



Fg4 encoding flavonol 3-O-glucoside (1-2) rhamnosyltransferase may help clarity the
mechanisms of site-specificity (at 2”- or 6”-position) and suger specificity (UDP-
glucose or UDP-rhamnose) in the attachment of sugar to suger in flavonols, and
molecular evolution of the genes. In addition, another gene having function of
flavonol 3-O-glucoside (1-4) rhamnosyltransferase remains to be cloned. Cloning of
the entire FG gene set may be necessary to get the entire picture of FG biosynthesis in
soybean.

...... (Unpublished data)



Table 2. PCR primers used in this study.

Purpose Target gene Forward primer (5'-3") Reverse primer (5'-3")
Cloning of cDNAfor | GmF3G2"Gt AATCACGTCCTTTGCACATA CAAAACCATTGCCATTCATG
sequencing
Sequencing of | GmF3G2"Gt AGGCTGTGCACTATTGTACT TCACAATGCTCACAGCTTTA
cDNA CCATATATGGATTACATTGG CACTTCCAAAGCAACAATAA
TTCTTGCACACCCTTCTGTA GACAGAGCTAGCAGTACAAT
Cloning of S| GmF3G2"Gt GTGTGTGTCTCTGGTGTAGTAATCATG
upstream region? CTCACACAAAACAGAGGTTCAATACGAGG
Sequencing of 5'| GmF3G2"Gt ACAACGGTCATATATGCATG TGGCGGAGAGGAAGAAGATA
upstream region ACAACGGTCATTTCTGCATG CTCTCTGAAATGGATCCCAA
GTCAACAATGAAGGACATGG TAGAAATGCACGTAGTAGGT
TCCACCACAATATGCTATGT
dCAPS analysis GmF3G2"Gt CCAAACTCACGAGGCTGGT TCCTCCAAATCTAAAGTTGG
GmMF3G6"Gt CCGGAGCTCATGTCTTGTGAAGTTGTGAAC | GCCGAAGCTTCTAAGCCATAGACTTCAACT
Cloning for | GmF3G2"Gt GCCGGAGCTCATGAAATCACGTCCTTTGC GCCGCTCGAGTCAAATTCCCTCTACAATCTC
functional analysis®
Real-time PCR GmF3G2"Gt | GATCTCCGTTACTCTCGTTT CATGGCTTTGTGGAAACAAG
actin GTCCTTTCAGGAGGTACAACC CCACATCTGCTGGAAGGTGC

4Gene-specific primers for genome walking.

PRestriction sites incorporated in primers, Sacl site in forward primer and Xhol site in reverse primer are underlined.




Table 3. QTLs responsible for areas of HPLC peak F1-F13 observed in a F6 RILs

population cross between Nezumisaya and Harosoy (Unpublished)
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Figure 5

HPLC chromatogram of MeOH extracts from leaves of soybean cultivars Nezumisaya,
Harosoy and recombinant inbred lines derived from a cross of the cultivars, and
chemical structure of flavonol glycosides corresponding to HPLC peaks. (A) HPLC
chromatogram. 100 mg of trifoliolate leaves was extracted with 1 ml of MeOH. Eluent:
phosphoric acid/acetonitrile/H>O (0.2:18:82). Flow-rate: 1.0 ml/min. Injection: 10 ul.
Detection: 350 nm.

F1, kaempferol 3-O-rhamnosyl-(1—4)-[glucosyl-(1—6)-galactoside];

F2, kaempferol 3-O-rhamnosyl-(1—4)-[rhamnosyl-(1—6)-galactoside];

F3, kaempferol 3-O-glucosyl-(1—6)-galactoside;

F4: kaempferol 3-O-glucosyl-(1—6)-glucoside;



F5, kaempferol 3-O-rhamnosyl-(1—6)-galactoside;

F6, kaempferol 3-O-rhamnosyl-(1—6)-glucoside;

F7, kaempferol 3-O-glucoside;

F8, apigenin 7-O-glucoside;

F9, kaempferol 3-O-glucosyl-(1—2)-[rhamnosyl-(1—6)-galactoside];

F10, kaempferol 3-O-glucosyl-(1—2)-[rhamnosyl-(1—6)-glucoside];

F11, kaempferol glycoside;

F12, kaempferol 3-O-glucosyl-(1—2)-glucoside; F13, unidentified kaempferol

glycoside.
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Figure 6.

Linkage mapping of a gene (F3G2"Gt) responsible for attachment of glucose to the 2"-
position of glucose or galactose that is bound to the 3-position of kaempferol using
recombinant inbred lines derived from a cross between soybean cultivars Nezumisaya
and Harosoy. The name of the linkage groups is indicated at the top followed by the
chromosome number in parenthesis. Distances (cM) of markers from the top of the

linkage group are shown on the left.
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Gene structure and amino acid alignment of GmF3G2"Gt. (A) Intron-exon structure of

GmF3G2"Gt gene. (B) Amino acid alignment of soybean GmF3G2"Gt-a and the

morning glory In3GG encoding anthocyanin 3-O-glucoside (1—2) glucosyltransferase

(accession number: Q53UH4). Identical amino acids are indicated in black, similar

amino acids in gray. Four amino acids that differed in GmF3G2"Gt-b are exhibited

below the sequence of Nezumisaya.



Nezumisaya

AATTTGTGGGTTTTGAGAACTACCATTGGTAGGTGGCTCTACATTGGATGAAGGATGCAT -1782

Harosoy AATTTGTGGGTTTTGAGAACTACCGTTGGTAGGTGGCTCTACATTGGATGAAGGATGCAT -1785
Nezumisaya ATATCACATGTGTGGGGGTGGTGGATACATAATATATTGTGGTGGATTTTGAGAATTTTC -1722
Harosoy ATACCACATGTGTGGGGGTGGTGGATACATAATATATTGTGGTGGATTTTGAGAATTTTC -1725
Nezumisaya ACATAGCATATTGTGGTGGATTTTGAAAATTTTCACTGGTATGGGGTGGTCGATACATAA -1662
Harosoy ACATAGCATATTGTGGTGGATTTTAAAAATTTTCACTGGTATGGGGTGGTCGATACATAA -1665
Nezumisaya CATATTGCGGTGGATTTTGAAAATTTTCACTAGTAGGAAGTGATTGATTTTGCAAATAAC -1602
Harosoy CATATTGCGGTGGATTTTGAGAATTTTCA-TAGTAGGGAGTGATTGATTTTGCAAATAAC -1606
Nezumisaya TATAGTAACATTGATAATTATACTGATTGGGATCCATTTCAGAGAGAATAAAAAAATTTG -1542
Harosoy TATAGTAACATTGATAATTATACTGATTGGGATCCATTTCAGAGAGAATAAAAAAAATTG -1546
Nezumisaya ACACTTGATAGCAACAACAACAAAAAAAATTAGCAGTACAAGAACTATGCAAAAAATGTT -1482
Harosoy ACACTTGATAGCAACAACAACAAAAAAAATTAGCAGTACAAGAACTATGCAAAACATGTT -1486
Nezumisaya CTACCGTGCACACATTTATAGTGAATAGTGTTGTACAGTGAAAAAATACTACACAACGGT -1422
Harosoy GTACCGTGCACAAATTTATAATGAATAGTGTAGTACAGTGAAAAAATACTACACAACGGT -1426
Nezumisaya CATATATGCATGTTTAACGGTATTATTTTTCATATCAACGGTACATAACAACGATAACAT -1362
Harosoy CATTTCTGCATGTTCAACGGTATTA-TTTTCAGATGAACGGTACATAACAACGGTAACAT -1367
Nezumisaya TTCCATCAACGTTCAAAATCCTTTCCTCATTAATTACCTAGGCTGTTCAACAGTCCATAT -1302
Harosoy TTCCATCAACGTTCAAAATCC-TTCCTCATTAATTACCTAAGTTGTTCAATAGTCCATAT -1308
Nezumisaya TCATCCTCATTAATAAAATGGATGGTCCAGATCGTGTCACCTCATTAATTACCTAAAGCT -1242
Harosoy TCATCCTCATTAATCAAATGGATGGTCCAGATCGTGTCACCTTATTAATTACCTAAAGCT -1248
Nezumisaya ACCTACTACATGCATTTCTATCTTCTCGAGAGAACATTTTCTCTCTTCACCACCTCCAGA -1182
Harosoy ACCTACTACGTGCATTTCTATCTTCTCGAGAGAACATTTTCTCTCTTCACCACCTCCAGA -1188
Nezumisaya AGCTTCCCCCTCTGCTCCTATCTATCTTCTTCCTCTCCGCCATGGCCCAATCATCTCGTG -1122
Harosoy AGCTTCCCCCTCTGCTCCTATATATCTTCTTCCTCTTCGCCATGGCCCATTCGTCTCGTG -1128
Nezumisaya TGACCTTTGTCGGCATCAACACCTCCGACCACCACCGCAACACCTTCGTGTCACCACACC -1062
Harosoy TGACCTTTGTCGGCATCAACACCTCCGGCCACCACCGCAACACCTTCGTGTCACCACACC -1068
Nezumisaya TTCGTCTGGTCTCACCTTCACTTCGCGTCACCACCTCTGGCCATGGTAGTGTCTCGCGTC -1002
Harosoy TTTGTCTGGCCTTACCTTCACTTCGCGTCACCACCTCTGGCCATGGTAGTGTCTCGCATC -1008
Nezumisaya ACCTTTGTTGGCGTCAACAATGAAGGACATGGTCGCGTCTCCAGTCATGGTCTTGTICTCC -942
Harosoy ACCTTTGCTGGGGTCAACAATGAAGGACATGGTCGCGTCTCCGGTCATGGTTTCATCTTC -948
Nezumisaya GGCATGGTGCGTTTGTTGTCAGAATTGTTGTGTTTGATTTTCTCCTTTTTCTCCTTTACT -882
Harosoy GGCATGGTGCGTTTGTCGTCACAATTGTTGCGTTTGATTTTTTCCTTTTTCTCCTTTACT -888
Nezumisaya GITTTGCTTGAATCTAGATTTAAATCACATTTTTTTTTCAAATTTGATGATTTTTGGGAT -822
Harosoy GTTTTGCTTGAATCTAGATTTAAATCACTTTTTTTTTTTAAATTTGATGATTTTTGGGAT -828
Nezumisaya TTATTGTGATTGTTCAATGAGTCTATACGTTCCCTATTCTTTCCTTGGACAATTATTITTT -762
Harosoy TTATTGTGGTTGTTCAACGAGTCTATACGTTTTGTGTTCTTTCCTTGGATAGTTATTTTT -768
Nezumisaya CCTCGTATTGAACCTCTGTTTTGTGTGAGAAAATCAATTTTTTAATGGTTAAATATTTGT -702
Harosoy CCTCGTATTGAACCTCTGTTTTGTGTGAGAAAATCAATTTTTTAATGATTAGATATTTGT -708
Nezumisaya TATGTATGTGAAAATCATTTTTAAAATAGGTTCTCTTTCCCTAAGAACATCAAAGTTTAT -642
Harosoy TATGTATGTGAAAATCATTTTTAAAATAGGTTCTCTTTCCGTAAGAACATCAAAGTTTAT -648
Nezumisaya GATTATGTTTTCCCTTTAATTTTTGTGGCCGTTATGGTTTTAACTTTAATGTAGCTTCAA -582
Harosoy GATTATGTTTTCCCTTTAATTTTTGTGGCCGTTATGGTTTTAACTTTAATGTAGCTTCAA -588
Nezumisaya TTATATTCCCAAATGGGTTTTAACTTATTAAAATAGATACATGATTACTACACCAGAGAC -522
Harosoy TTATATTCCCAAATGGGTTTTAACTTATTAAAATAGATACATGATTACTACACCAGAGAC -528
Nezumisaya ACACACATTACACTACTGAAATGTTAAAATATTATTAAAAATGGGATC————-——— ATAT -470
Harosoy ACACACATTACACTACTGAAATGTTAAAATATTATTAAAAATGGGATCATATATATATAT -468
Nezumisaya ATATATATATATATTATAATTGTTTCGAATTAATATGAAATTCTTATCCTGCCCTCATAT -410
Harosoy ATATATATATATATTATAATTGTTTCGAATTAATATGAAATTCTTATCCTGCGCTCATAT -408
Nezumisaya TATATTTTGCTCCTGCGATACGCTGTTAACTTTTTATTCGTAAAATTTAAAAATATGGTT -350
Harosoy TATATTTTGCTCCTGCGATACGTTGTTAAC-TTTTATTCGTAAAATTTAAAAATATGGTT -349
Nezumisaya ACGTGTCACCTAAAAATTAGGTGGGACTACATGAAATAATTTCTCCTACAGAAAGTAATA -290
Harosoy ACGTGTCACCTAAAAATTAGGTGGGACTACATGAAATAATTTCTCCTACAGAAAGTAATA -289
Nezumisaya AATTATATAACTACTTTATTTATTGGGATGATCGACGTATTTATAA-TTTTGTATGAGAA -231
Harosoy AATTATATA---ACTTTATTTATTGTGATGATCGACGTGTTTATAATTTTTGTATGAGAA -232
Nezumisaya TCACGAGATCACCATGTGCACACTCCTATGTTTACGGTCCACAATTCTACACCACGTAGC -171
Harosoy TCACGAGATCACGATGTGCACACTCCTATGTTTACGCTCCACAATTCTACACCACGTAGC -172
Nezumisaya CCTCATCAAATCGTTTTCCACCACAAGAACCATAGGATCTCCGTTACTCTCGTTTICTTCT -111
Harosoy CCTCATCAAATCGTTTTCCACCACAAGAACCAAAGGATCTCCGTTACTCTCGTTTCTTCT -112
Nezumisaya CCAACAACTGAAAGCAAAAACCTTACT-TTCTCACTTATCTCCTTGGCAAAAACAATTTT -52
Harosoy -CAACAACTGAAAGCAAAAACCTTACTCTTCTCACTTATCTCCTTGGCAAAAACAATTTT  -53
Nezumisaya GGTTCAGTTAATTAGTTTCTCCCTTTGCACTTTCTCT-TGTTTCCACAAAGCCATGAAAT 7
Harosoy GGTTCAGTTAATTAGTTTCTCTCTTTGCACTTTCCCTCGGTTTCCACAAAGCCATGAAAT 7
Figure 8

Alignment of the 5’ upstream region of GmF3G2"Gt gene in soybean cultivars Harosoy
and Nezumisaya. Polymorphic nucleotides are shown in red font. Coding sequence is

underlined.



A

Forward primer 5'"-CCARACTCRACGAGGCTEGT

Harosoy 57 —AAGCTCCAAACTCACGAGGCTCGTCTTTGCT 555
PCR product 5'"-CCARACTCACGAGGCTGGTACCTTTGCT———-
KpnI
Nezumisaya 5’ -RAGCTCCARACTCACGAGGCT CGTCTTT GCT 555
PCER product 5'"-CCARACTCACGAGGCTGGTGTCTTTGCT————
o N H Recombinant Inbred Lines

NH4 3 HNH4 4 HHN 4 4NH 3 4 4 NH

Flavonoid Composition

Figure 9

Outline and results of dCAPS analysis of GmF3G2"Gt in soybean. (A) Schematic
presentation of dCAPS analysis. Partial nucleotide sequences around the region
polymorphic between Harosoy and Nezumisaya are exhibited. A mismatched base in
the forward primer is highlighted in gray. Polymorphic nucleotides are highlighted in
black. (B) Results of dCAPS analysis of the parents and the recombinant inbred lines
derived from a cross between Nezumisaya and Harosoy. PCR products amplified with
dCAPS primers were digested by Kpnl and the digests were separated on an 8 %
polyacrylamide gel. ¢, molecular marker ¢x174/Haelll; N, Nezumisaya; H, Harosoy.
FG pattern of the recombinant inbred lines is exhibited below the gel. H, Harosoy-type;
N, Nezumisaya-type, 3, type 3; 4, type 4. The migration of size markers (bp) is shown

to the left of the gel.
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Figure 10
Relative gene expression (mean+SD) of GmF3G2"Gt in leaves of Nezumisaya and

Harosoy at R6 stage.




Figure 11

Agronomic characters (mean+SD) in NILs for Fg3, F7-50 and F8-100. (Unpublished)

Figure 12

Agronomic characters (mean+SD) in NILs for Fgl, F8-17 and F8-98. (Unpublished)
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Figure 13
Identification of reaction product of GmF3G2"Gt-a (cultivar Nezumisaya). (A) Elution
profiles of the standards (kaempferol 3-O-glucoside and kaempferol 3-O-sophoroside)

and reaction product of GmF3G2"Gt-a protein. (B) UV spectra of the standard



(kaempferol 3-O-sophoroside) and reaction product of GmF3G2"Gt-a protein. Mass
spectra (C) and MS/MS spectra (D) of the standard (kaempferol 3-O-sophoroside) and
reaction product of GmF3G2"Gt-a protein. E, The MS/MS fragmentation for
kaempferol 3-O-sophoroside. K3Glc, kaempferol 3-O-glucoside; K3Glc2"Glc,

kaempferol 3-a-sophoroside.



CHAPTER 3

Linkage mapping and molecular cloning of FG gene segregated in T0O05

X Clark population (Unpublished)



CHAPTER 4

Allelic variation of flavonol glycoside genes (Unpublished)



CHAPTER 5

General Discussion (Unpublished)



Summary

We cloned two FG genes, Fg3 gene and the third allele of Fg2 gene. The Fg3 gene
was identified from the RILs developed from a cross between cultivars, Nezumisaya and
Harosoy. FGs were separated by HPLC and identified based on comparison with authentic
samples. Segregation of the RILs suggested that two genes control FG composition and
that one of the genes is responsible for attachment of glucose to the 2”-position. Based on
SSR analysis, linkage mapping and genome database survey, we cloned a candidate gene
designated as GmF3G2"Gt. The coding region of GmF3G2"Gt is 1380 bp long encoding
459 amino acids. The GmF3G2"Gt recombinant protein of Nezumisaya converted UDP-
glucose and kaempferol 3-O-glucoside to kaempferol 3-O-sophoroside. These results
indicate that GmF3G2"Gt encodes a flavonol 3-O-glucoside (1—2) glucosyltransferase
and corresponds to Fg3 gene. GmF3G2"Gt was designated as UGT79B30 by the UGT
Nomenclature Committee. To investgate the relationship between FG genes and
agronomic characters, we developed two sets of NILs for Fgl and Fg3. Only one set of
NILs for Fg3 had significant difference between Nezumisaya-type and Harosoy-type in
photosynthesis rate, chlorophyll contents, plant height, branch number and node number.
Only one set of NILs for Fg1 had significant differences in chlorophyll contents, branch
mount and 100-seed weight.

The third allele of Fg2 gene was cloned and characterized from F» plants derived from
a cross between cultivar Clark and Glycine soja accession T0O05 having Fg2-b allele.
Leaves of Clark having Fg2-a allele contained seven FGs, whereas leaves of T005

contained eight FGs. HPLC chromatogram of F> plants was classified into Clark-type and



TO05-type at a 3:1 ratio, suggesting that a single gene controls FG composition. SSR
analysis and linkage mapping revealed that the gene was located in molecular linkage
group O (chromosome 10) between Satt123 and Satt592 that was close to the position of
Fg2 gene. The nucleotide sequence of the coding region of GmF3G"Rt of TO05 was
identical with that of Clark except for a SNP at nucleotide position 20. The SNP generated
amino acid polymorphism at amino acid position 7. The dCAPS marker to discriminate
the SNP co-segregated with the FG composition in the F> population. These results
suggest that the amino acid substitution might be responsible for FG composition.

Based on HPLC analysis of leaf extracts from 79 Japanese soybean core collections,
80 foreign soybean core collections and 35 other germplasms including soybean and
G.soja, FGs pattern were classified into 12 different flavonoid types. Flavonoid
composition and genetic analysis suggested that the 12 patterns may be explained by
combination of alleles of Fgl to Fg5 genes. We propose a new scheme for FG

biosynthetic pathway.
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