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among genotypes. In previous studies, we identified two 
flavonoid glycoside glycosyltransferase genes that segre-
gated in recombinant inbred lines developed from a cross 
between cultivars Nezumisaya and Harosoy; one was 
responsible for the attachment of glucose to the 2″-posi-
tion of glucose or galactose that is bound to the 3-position 
of kaempferol and the other was involved in the attach-
ment of glucose to the 6″-position. This study was con-
ducted to clone and characterize the 6″-glucosyltransfer-
ase gene. Linkage mapping indicated that the gene was 
located in the molecular linkage group I (chromosome 20). 
Based on the genome sequence, we cloned a candidate 
cDNA, GmF3G6"Gt from Harosoy but the correspond-
ing cDNA could not be amplified by PCR from Nezumi-
saya. The coding region of GmF3G6″Gt in Harosoy is 
1386 bp long encoding 462 amino acids. This gene was 
not expressed in leaves of Nezumisaya. The GmF3G6″Gt 
recombinant protein converted UDP-glucose and kaemp-
ferol 3-O-glucoside or kaempferol 3-O-galactoside to 
kaempferol 3-O-glucosyl-(1→6)-glucoside or kaempferol 
3-O-glucosyl-(1→6)-galactoside, respectively. These 
results indicate that GmF3G6″Gt encodes a flavonol 
3-O-glucoside/galactoside (1→6) glucosyltransferase and 
corresponds to the Fg1 gene. GmF3G6″Gt had an amino 
acid similarity of 82 % with GmF3G6″Rt encoding flavo-
nol 3-O-glucoside/galactoside (1→6) rhamnosyltransfer-
ase, suggesting a recent evolutionary divergence of the 
two genes. This may be the first cloning of a sugar-sugar 
glucosyltransferase gene in the UGT family that attaches 
glucose to the 6″-position of sugar bound to a flavonol. 
A scheme for the control of FG biosynthesis is proposed.
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Abstract
Key message  Flavonoids are important secondary metab-
olites in plants. Sugar–sugar glycosyltransferases are  
involved in the final step of flavonoid biosynthesis and  
contribute to the structural diversity of flavonoids. This 
manuscript describes the first cloning of a sugar–sugar 
glucosyltransferase gene in the UGT family that attaches 
glucose to the 6″-position of sugar bound to a flavonol. The 
results provide a glimpse on the possible evolution of sugar–
sugar glycosyltransferase genes and identify putative amino 
acids responsible for the recognition of the hydroxyl group 
of the sugar moiety and specification of sugar. A scheme 
for the genetic control of flavonol glycoside biosynthesis is 
proposed.
Abstract  Flavonol glycosides (FGs) are predominant 
in soybean leaves and they show substantial differences 
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the 6″-position of glucose or galactose that is bound to the 
3-position of kaempferol, whereas FGs of Kitakomachi were 
devoid of rhamnose. The FG composition was controlled 
by a single gene. The candidate gene, GmF3G6″Rt encod-
ing 464 amino acids was located in MLG O (chromosome 
10). The recombinant GmF3G6″Rt protein converted UDP-
rhamnose and kaempferol 3-O-glucoside to kaempferol 
3-O-rutinoside, and catalyzed kaempferol 3-O-galactoside. 
These results prove that GmF3G6″Rt encodes a flavonol 
3-O-glucoside/galactoside (1→6) rhamnosyltransferase and 
corresponds to the Fg2 gene.

Similarly, genetic analysis was performed using RILs 
derived from a cross between cultivars Nezumisaya and 
Harosoy (Di et al. 2015). Harosoy had eight primary HPLC 
peaks corresponding to FGs (F1–F8), whereas Nezumisaya 
had seven peaks (F2, F5, F6 and F9–F12); 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, kaemp-
ferol 3-O-glucoside; F8, apigenin 7-O-glucoside; F9, kaemp-
ferol 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. Thus, FGs of Nezumisaya 
had glucose at the 2″-position of glucose or galactose that is 
bound to the 3-position of kaempferol, whereas FGs of Haro-
soy were devoid of the glucose. Conversely, FGs of Harosoy 
had glucose at the 6″-position, whereas FGs of Nezumisaya 
were devoid of the glucose. Among the 91 RILs, 21 RILs 
had peaks of the Harosoy-type and 23 RILs had peaks of the 
Nezumisaya-type. 17 RILs had a peak distribution desig-
nated as type 3 that lacked F1, F3 and F4 from the Harosoy-
type. Further, 28 RILs had a peak distribution designated 
as type 4 having a mixture of peaks from both cultivars in 
addition to a unique peak (F13). The segregation fitted to a 
1:1:1:1 ratio, suggesting that two genes control the FG pat-
tern. One of the genes was postulated to be responsible for 
the attachment of glucose to the 2″-position and it probably 
encodes a flavonol 3-O-glucoside (1→2) glucosyltransfer-
ase. Nezumisaya had a dominant allele while Harosoy had 
a recessive allele of the gene. The other gene was presumed 
to be involved in attachment of glucose to the 6″-position. 
Harosoy may have a dominant allele whereas Nezumisaya 
may have a recessive allele of the gene. RILs of type 3, in 
which FGs with 2″-glucose and 6″-glucose were absent, 
were postulated to have double-recessive alleles. RILs of 
type 4, in which FGs with 2″-glucose and 6″-glucose were 
present, were presumed to have double-dominant alleles. 
F13 was presumed to be kaempferol 3-O-glycoside having 
both 2″-glucose and 6″-glucose.

Introduction

Flavonoids are important secondary metabolites of plants. 
They act as attractants to pollinators and symbionts, as sun-
screens to protect against UV irradiation, as allelochemi-
cals, and as antimicrobial or antiherbivory factors (Dixon 
and Pasinetti 2010; Harborne and Williams 2000). Glyco-
sylation is often the final step in flavonoid biosynthesis and 
is catalyzed by the family 1 glycosyltransferases referred to 
as UDP glycosyltransferases (UGTs) that transfer a glyco-
syl moiety from UDP sugars to a wide range of acceptors 
including flavonoids (Yonekura-Sakakibara and Hanada 
2011). Flavonoid glycoside glycosyltransferases (FGGs) 
attach additional sugars to an existing sugar moiety of flavo-
nol glycosides (FGs), resulting in a wide variety of binding 
positions and sugar combinations.

Leaves of soybean (Glycine max (L.) Merr.) contain 
various FGs. Derivatives of quercetin with 3′,4′-dihydroxyl 
groups in the B-ring, and derivatives of kaempferol with 
4′-hydroxyl group are predominant (Buttery and Buz-
zell 1973). Four flavonol glycoside genes, Fg1 (β(1–6)-
glucoside present), Fg2 (α(1–6)-rhamnoside present), Fg3 
(β(1–2)-glucoside present) and Fg4 (α(1–2)-rhamnoside 
present) have been proposed in the biosynthesis of FGs 
(Buzzell and Buttery 1974). These alleles are defined by the 
ability to bind glucose or rhamnose at either 2″ or 6″-posi-
tion of glucose that is bound to the 3-position of flavonols. 
Further, a new allele of the Fg2 locus was reported, result-
ing in a series of alleles, viz., Fg2-a, Fg2-b and fg2 (Buzzell 
and Buttery 1992). Fg3 and Fg4 are linked with a recom-
bination frequency of 12 % in the molecular linkage group 
(MLG) C2 (chromosome 6) (Buzzell 1974). Soybean plants 
with the Fg1Fg3 alleles have a lower rate of photosynthesis, 
lower concentration of leaf chlorophyll, lower leaf weight, 
and lower seed yield (Buttery and Buzzell 1976). Further, 
Fg1 and Fg3 control waviness of leaf margins in soybean 
(Buzzell and Buttery 1998; Rode and Bernard 1975). A 
scheme for the genetic control of FG biosynthesis was pro-
posed in which glucose or rhamnose is attached to either 2″ 
or 6″-position of glucose that is bound to the 3-position of 
flavonol (Buttery and Buzzell 1975). Actually, either glu-
cose or galactose was attached to the 3-position of flavonol 
(Rojas Rodas et al. 2014). Furthermore, FGs having rham-
nose at the 4″-position of 3-O-galactose were identified in 
soybean leaves (Di et al. 2015; Murai et al. 2013; Rojas 
Rodas et al. 2014), suggesting the existence of flavonol 
3-O-glycoside (1→4) rhamnosyltransferase. Accordingly, 
the schematic diagram for this biosynthetic pathway needed 
to be revised (Rojas Rodas et al. 2014).

Genetic analysis of FG composition was performed 
using recombinant inbred lines (RILs) derived from a cross 
between cultivars Koganejiro and Kitakomachi (Rojas 
Rodas et al. 2014). FGs of Koganejiro had rhamnose at 
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areas (F1–F13) in the HPLC chromatogram was performed 
by composite interval mapping (Zeng 1993) using the QTL 
Cartographer ver. 2.5 (Wang et al. 2007). The threshold LOD 
score was determined by permutation test with 1000 repeti-
tions corresponding to a genome-wide 5 % level of signifi-
cance. Peaks F7 and F8 were too small to accurately quantify 
area so these peaks were not subjected to QTL analysis.

Molecular cloning

The methods for RNA extraction and cDNA synthesis were 
described previously (Di et al. 2015). The full-length cDNA 
was cloned by end-to-end PCR using a pair of PCR primers 
(Table 1) whose design was based on the genome sequence 
of US cultivar Williams 82 deposited in the soybean genome 
database (Phytozome, http://www.phytozome.net/soybean.
php). The genomic fragment including the entire coding 
region was amplified by PCR from Nezumisaya. In addition, 
the 5′ upstream region of about 1500 bp was amplified by 
PCR from Harosoy and Nezumisaya. The PCR mixture con-
tained 0.5 µg of cDNA or 50 ng of genomic DNA, 10 pmol 
of each primer, 5 pmol of nucleotides and 1 unit of ExTaq 
in 1× ExTaq Buffer supplied by the manufacturer (Takara 
Bio) in a total volume of 25 µl. A 30 s denaturation at 94 °C 
was followed by 30 cycles of 30  s 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 
PCR products with expected molecular lengths were cloned 
into pCR 2.1 vector (Invitrogen) and sequenced.

Sequencing analysis

Nucleotide sequencing, estimation of intron/exon struc-
ture and phylogenetic analysis followed a previous report 
(Di et al. 2015). Gene prediction in the upstream region of 
Glyma20g33820 and Glyma20g33831 was performed with 
the GENSCAN software (http://genes.mit.edu/GENSCAN.
html). Transcription factor binding site was searched with 
TFSEARCH ver. 1.3 (http://diyhpl.us/~bryan/irc/protocol-
online/protocol-cache/TFSEARCH.html).

dCAPS analysis

dCAPS analysis was performed using the PCR amplicon of 
the 5′ upstream region. The base substitution in Nezumisaya 
is expected to abolish EcoNI site in the amplified product 
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 ExTaq in 1× ExTaq Buffer in 
a total volume of 25 µl. After an initial 30 s denaturation at 
94 °C, there were 30 cycles of 30 s denaturation at 94 °C, 
1  min annealing at 65 °C and 1  min extension at 72 °C. 
A final 7  min extension at 72 °C completed the program. 

The candidate gene for 2″-glucosyltransferase, 
GmF3G2″Gt encodes 459 amino acids and it is located in the 
MLG C2. The GmF3G2″Gt recombinant protein converted 
UDP-glucose and kaempferol 3-O-glucoside to kaempferol 
3-O-sophoroside, and catalyzed kaempferol 3-O-galacto-
side. These results indicate that GmF3G2″Gt encodes a fla-
vonol 3-O-glucoside/galactoside (1→2) glucosyltransferase 
and corresponds to the Fg3 gene. This study was conducted 
to clone and characterize the second gene that is responsible 
for the attachment of glucose to the 6″-position.

Materials and methods

Plant materials

A total of 91 RILs derived from a cross between Nezumi-
saya and Harosoy was used. Methods for RIL development, 
plant cultivation and HPLC analysis were performed as pre-
viously described (Di et al. 2015).

Chemical analysis

To identify FG component corresponding to peak F13 (Di et 
al. 2015), MeOH extracts from RILs of type 4 were subjected 
to HPLC analysis performed with the Prominence HPLC 
System (Shimadzu Corporation) using Kinetex C18 column 
[2.6  μm, I.D. 4.6 × 100  mm (Phenomenex Inc.)] at a flow 
rate of 0.8  ml/min, detection wavelengths at 190–700  nm 
and phosphoric acid/acetonitrile/H2O (0.2:12:88) as eluent, 
along with the authentic sample of kaempferol 3-O-glucosyl-
(1→2)-[glucosyl-(1→6)-glucoside] (Iwashina et al. 2013). 
Furthermore, the samples were subjected to LC-MS analysis 
performed with the Shimadzu LCMS-2010EV system using 
L-column2 ODS column [3 μm, I.D. 2.1 × 100 mm (Chemi-
cals Evaluation and Research Institute)] at a flow rate of 
0.2 ml/min, detection wavelengths at 190–700 nm and for-
mic acid/acetonitrile/H2O (1:10:89) as eluent.

Linkage mapping and QTL analysis

Methods for genomic DNA extraction and SSR analysis 
were performed as previously described (Di et al. 2015). For 
mapping of a gene responsible for attachment of glucose to 
the 6″-position, RILs having FG composition of the Nezu-
misaya type and type 3 were considered to have the geno-
type of Nezumisaya, whereas RILs having FG composition 
of the Harosoy type and type 4 were considered to have the 
genotype of Harosoy. A linkage map was constructed using 
genotypes indicated by 99 SSR markers and FG patterns by 
the MAPMAKER/EXP. ver. 3.0 (Lander et al. 1987) with 
the threshold LOD score of 3.0. Designation of linkage 
groups followed Cregan et al. (1999). QTL analysis for peak 
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Accession number

Sequence data from this article have been deposited with 
the DDBJ Data Libraries under the accession number 
LC126028 (Harosoy) and LC126029 (Nezumisaya).

Results

Chemical analysis, linkage mapping and QTL analysis

Based on HPLC comparison with the authentic sample and 
LC-MS measurement, peak F13 was identified as kaemp-
ferol 3-O-glucosyl-(1→2)-[glucosyl-(1→6)-glucoside]. 
A total of 99 SSR markers were classified into 28 linkage 
groups spanning 2172 cM (Di et al. 2015). A gene responsi-
ble for attachment of glucose to the 6″-position was mapped 
in MLG I (chromosome 20) between Satt623 and Sat_419 
(Fig.  1). QTLs associated with peaks F1–F6 and F9–F13 
in the HPLC chromatogram were found in the vicinity of 
Sat_419 in MLG I and/or in the vicinity of Satt202 in MLG 
C2 (Table 2). The only exception was peak F2 that had a 
QTL in the vicinity of Satt156 in MLG L (chromosome 
19) in addition to those in MLGs I and C2. The peak of 
the QTLs in MLG I was close to the position of the gene 
responsible for attachment of glucose to the 6″-position 
whereas the peak of QTLs in MLG C2 was close to the posi-
tion of the gene for attachment of glucose to the 2″-position 
(Fg3). Nezumisaya-types at the QTL in MLG I displayed 
smaller peaks for F1, F3, F4 and F13, and larger peaks for 
F2, F11 and F12. Nezumisaya-types at the QTL in MLG C2 
had smaller peaks for F2–F6, and larger peaks for F9–F13.

Molecular cloning

A survey of the genome sequence of Williams 82 sug-
gested that three genes similar to UGT genes, viz., 
Glyma20g33810 (deduced polypeptide consists of 462 

The amplified products were digested with EcoNI, and the 
digests were separated in an 8 % polyacrylamide gel. After 
electrophoresis, the gel was stained with ethidium bromide 
and the DNA fragments were visualized under UV light.

Expression of recombinant GmF3G6″Gt protein

The entire coding region of GmF3G6″Gt was amplified from 
cDNA of Harosoy by PCR using the KOD-Plus-DNA poly-
merase (Toyobo) with high PCR fidelity using primers contain-
ing restriction enzyme sites of SacI and HindIII (Table 1). PCR 
conditions were identical to those in a previous report except 
that MgSO4 was added to a final concentration of 2 mM (Rojas 
Rodas et al. 2014). The PCR amplicon was digested by SacI and 
HindIII, and then cloned into the pCold ProS2 vector (Takara 
Bio). GmF3G6″Gt proteins were expressed and semi-purified 
as described previously (Yonekura-Sakakibara et al. 2014).

Enzyme assays

Enzyme assays and MS and MS/MS analyses were con-
ducted as described previously (Rojas Rodas et al. 2014).

Quantitative real-time PCR

cDNA was synthesized by reverse transcription of 5 µg of 
total RNA derived from leaves at the V3 stage (Fehr et al. 
1971), flower petals at the R1 stage, and immature cotyle-
dons, developing seed coats, roots and root nodules at the 
R7 stage in three replications using the Superscript III First-
Strand Synthesis System and an oligo (dT) primer. Primer 
sequences are shown in Table 1. Expression levels of the soy-
bean actin gene (GenBank Accession Number: J01298) (Shah 
et al. 1983) were used to normalize the target gene expres-
sion. Primers for the actin 1 gene and PCR conditions are 
identical to a previous report (Rojas Rodas et al. 2014). PCR 
products from Harosoy were cloned into the pCR 2.1 vector. 
The nucleotide sequence of sixteen clones was determined.

Table 1  PCR primers used in this study

Purpose Forward primer (5′–3′) Reverse primer (5′–3′)

Cloning of coding region for sequencing CCATAAGGAACTTGCAGAAA CAAGAAATCCGAATCCTGAA
Sequencing of coding region ACCTTACTCAACCTCATGTA

GATCAAATCAAAGAAGTGGC
AAAGGTAAGCCACTGAGTTC
TGAGATTTGCAGCCAAGTTT

Cloning of 5′ upstream region GCTGAGTTCATGAAGGATAT CAGCTGACAAGAAAGTGATA
dCAPS analysisa GATAACTGGATCCTCATC TCTGCAAGTTCCTTATGG
Sequencing of 5′ upstream region TGGGAATGTAAATGACTCTC TTCCTTATGGATGTTGGCTT
Cloning for functional analysisb GCCGGAGCTCATGTCTTGTGAAGTTGTGAAC GCCGAAGCTTCTAAGCCAT 

AGACTTCAACT
Real-time PCR CTCTGGCCAGTGATTGTGAA TTTGCTTCCCTGGCTCTTTA
aA mismatched nucleotide is double-underlined
bRestriction sites incorporated in primers, SacI site in forward primer and HindIII site in the reverse primer are underlined
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3-O-glucoside/galactoside (1→6) rhamnosyltransferase 
(Rojas Rodas et al. 2014) (Fig.  2), whereas it had only 
35 % similarity with GmF3G2″Gt encoding flavonol 
3-O-glucoside/galactoside (1→2) glucosyltransferase. 
The flavonoid glycosyltransferase phylogenetic tree sug-
gested that GmF3G6″Gt belongs to the FGG gene cluster 
(Fig. 3).

In contrast to Harosoy, the coding region of GmF3G6″Gt 
could not be amplified by RT-PCR from Nezumisaya. So 
we amplified and cloned the genomic fragment containing 
the entire coding region from Nezumisaya. The fragment 
corresponding to the coding region is 1386 bp long capa-
ble of encoding 462 amino acids similar to Harosoy. There 
was a single nucleotide polymorphism (SNP) at nucleotide 
position 1041 between the cultivars, but their amino acid 
sequences were identical. Comparison between the cDNA 
sequence and the corresponding genome sequence sug-
gested that GmF3G6″Gt had no intron similar to that of 
GmF3G6″Rt (Rojas Rodas et al. 2014).

In contrast to the coding region, the 5′-upstream region of 
GmF3G6″Gt was quite polymorphic between the cultivars; 
there are eight SNPs, an indel of 52 consecutive nucleotides 
and a substitution of 30 consecutive nucleotides (Fig. S1). 
The consecutive substitution may be derived from duplica-
tion of 35 nucleotides in Harosoy (Fig.  4a). A nucleotide 
motif (AACTACCCG) similar to the binding site of myb-
homologous P gene responsible for phlobaphene pigmenta-
tion (Grotewold et al. 1994) existed in the duplicated region 
(Fig. 4a). Harosoy had two copies of the motif in tandem 
because of the fragment duplication, whereas Nezumisaya 
had one copy in the region.

dCAPS analysis

The dCAPS primer generated a band of 169  bp in Haro-
soy and Nezumisaya. EcoNI digestion of the PCR ampli-
con generated bands of 152 bp in Nezumisaya, whereas the 
amplicon of Harosoy was undigested (Fig.  4b). Banding 
patterns co-segregated with FG patterns; RILs with FGs of 
the Harosoy type and type 4 had bands of Harosoy type, 
whereas RILs with FGs of the Nezumisaya type and type 3 
had bands of Nezumisaya type (Fig. 4c).

In vitro characterization of recombinant GmF3G6″Gt

The GmF3G6″Gt recombinant protein was expressed in 
E. coli as a His/ProS2 fusion and then semi-purified. After 
cleavage of the His/ProS2 tag, the GmF3G6″Gt protein 
was used for enzymatic assays. GmF3G6″Gt converted 
kaempferol 3-O-glucoside to kaempferol 3-O-glucosyl-
(1→6)-glucoside as confirmed by comparison of reten-
tion time, UV spectra and MS/MS ionization with the 
standard compound (Fig. 5). GmF3G6″Gt showed a broad 

amino acids), Glyma20g33820 (322 amino acids) and 
Glyma20g33831 (126 amino acids), were aligned in a 
15  kb region between Satt623 and Sat_419. Sequence 
similarity among the deduced amino acids was 52 to 75 %. 
BLAST analysis and multiple alignment suggested that 
Glyma20g33820 and Glyma20g33831 retained 3′ ends 
but lacked 5′ ends. We cloned and sequenced genome 
fragments of about 500  bp upstream of the presumed 
coding region from Glyma20g33820 and about 1000 bp 
upstream from Glyma20g33831. GENSCAN analysis 
suggested that no coding region existed in the upstream 
regions of Glyma20g33820 and Glyma20g33831 for 
both cultivars (data not shown). So we concluded that 
they might be pseudogenes. The entire coding region of 
Glyma20g33810 was amplified by RT-PCR from Haro-
soy and then cloned into plasmid vectors for sequenc-
ing. Sequencing analysis revealed that the coding region 
is 1386  bp long encoding 462 amino acids. We desig-
nated the gene as GmF3G6″Gt, and it was designated as 
UGT79A7 by the UGT Nomenclature Committee (Mack-
enzie et al. 1997). The GmF3G6″Gt gene had 82 % amino 
acid similarity with GmF3G6″Rt encoding flavonol 

Satt5710.0

Satt61410.1

Satt35431.7

Satt27037.1

Sat_41859.7
Satt33063.4
Satt29268.4
Satt16273.1
Satt62375.9
F3G6"Gt80.2
Sat_419
Sat_420
GMGLPS12

82.1

Sct_18990.5

I (20)

Fig. 1  Linkage mapping of a gene responsible for the attachment of 
glucose to the 6″-position of glucose or galactose bound to the 3-posi-
tion of kaempferol using recombinant inbred lines derived from a cross 
between soybean cultivars Nezumisaya and Harosoy. The name of the 
linkage group 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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Discussion

Soybean cultivars, Harosoy and Nezumisaya have gray 
pubescence and deposit predominantly kaempferol deriva-
tives in leaves, but their FG components were distinctly dif-
ferent (Di et al. 2015). Genetic analysis suggested that two 
genes control the FG pattern, one responsible for the attach-
ment of glucose to the 2″-position and another responsible 
for the attachment of glucose to the 6″-position. The former 
gene was cloned from the MLG C2 region (Di et al. 2015) 
in accordance with a previous study (Buzzell 1974).

In this study, we mapped a gene responsible for the attach-
ment of glucose to the 6″-position in the MLG I. A survey 
of the genome sequence of Williams 82 suggested that three 
genes similar to GT genes, Glyma20g33810, Glyma20g33820 
and Glyma20g33831 were found in this region. Multiple 
alignment and sequencing of the upstream regions suggested 
that the last two genes might be truncated pseudogenes. We 
cloned a cDNA sequence corresponding to Glyma20g33810 
from Harosoy and designated it as GmF3G6″Gt. GmF3G6″Gt 

activity for kaempferol/quercetin 3-O-glucoside/galacto-
side derivatives (Table 3). GmF3G6″Gt has a higher pref-
erence for UDP-glucose than for UDP-galactose, with 
only 7.5 % activity relative to that for UDP-galactose. 
No UGT activity was detected for UDP-arabinose and 
UDP-glucuronic acid. Accordingly, GmF3G6″Gt was 
defined as a flavonol 3-O-glucoside/galactoside (1→6) 
glucosyltransferase.

Gene expression

At the V3 stage, GmF3G6″Gt was expressed in leaves of 
Harosoy, whereas the gene was not expressed in Nezumi-
saya in accordance with the results of RT-PCR experiments 
(Table  4). In Harosoy, the gene was expressed slightly in 
immature cotyledon and root, expressed strongly in devel-
oping seed coat and root nodule and expressed very strongly 
in flower petals. The PCR products from Harosoy were 
ascertained to be derived from the expected genomic region 
by sequencing.

Table 2  QTLs responsible for area of peaks (F1–F13) in HPLC chromatogram of leaf extracts from soybean recombinant inbred lines developed 
from a cross between cultivars, Nezumisaya and Harosoy in 2011, Tsukuba, Japan

HPLC peak Linkage group QTL peak 
positiona (cM)

Proximal marker LOD score Additive effectb Variance 
explained (%)

Allele associ-
ated with 
increase of 
peak area

F1c I 81.0 Sat_419 36.21 −145.8 78.2 Fg1
F2 C2 139.1 Satt202 10.20 −200.2 37.0 fg3

I 82.1 Sat_419 3.59 93.7 8.7 Fg1
L 10.0 Satt156 3.90 −120.2 13.9 –

F3 C2 137.1 Satt202 5.73 −57.9 7.9 fg3
I 82.0 Sat_419 27.14 −164.7 64.7 Fg1

F4 C2 138.1 Satt202 8.25 −131.3 21.5 fg3
I 82.0 Sct_189 14.92 −184.7 41.4 Fg1

F5 C2 139.1 Satt202 17.69 −217.4 56.2 fg3
F6 C2 140.1 Satt202 22.57 −378.0 67.3 fg3
F9 C2 139.1 Satt202 29.28 379.0 80.0 Fg3
F10 C2 139.1 Satt202 24.05 324.2 67.6 Fg3
F11 C2 138.1 Satt202 14.07 90.9 34.1 Fg3

I 82.0 Sat_419 10.74 73.9 22.4 fg1
F12 C2 137.1 Satt202 8.21 72.0 21.5 Fg3

I 82.0 Sat_419 10.96 85.4 29.1 fg1
F13 C2 139.1 Satt202 8.69 149.7 20.0 Fg3

I 82.0 Sat_419 15.17 −210.2 39.2 fg1
aDistance from the top of linkage group
bAdditive effects of each QTL are those of Nezumisaya allele in contrast to Harosoy allele
cF1, 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; 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, kaempferol 3-O-glucosyl-(1→2)-[glucosyl-(1→6)-glucoside]
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(1→2) glucosyltransferase. This is consistent with the notion 
that FGG genes established recognition mechanisms for the 
hydroxyl group of the sugar moiety (2″-position or 6″-posi-
tion) before developing the ability to specify the nature of 
the sugar (glucose or rhamnose) (Yonekura-Sakakibara et al. 
2012). GmF3G6″Gt was closer to GmF3G6″Rt according to 
phylogenetic analysis and had higher amino acid similarity 
compared with flavonoid glucoside (1→6)-rhamnosyltrans-
ferases of other plant species; it had 56 % similarity with 
flavanone 7-O-glucoside (1→6)-rhamnosyltransferase of 
Citrus sinensis (Frydman et al. 2013) and 53 % similarity 
with anthocyanin 3-O-glucoside (1→6)-rhamnosyltransfer-
ase of petunia (Kroon et al. 1994). These results suggest that 
soybean FG6″Gs established substrate specificity for nature 
of sugar after speciation of plants.

Multiple alignment of FGGs (four FG6″Gs and six 
FG2″Gs) suggested 31 amino acids specific to FG6″Gs, and 
3 amino acids specific to FG2″Gs (Fig.  S2). In addition, 
three amino acids associated with sugar donor (glucose or 
rhamnose) were found; amino acid positions 26 (Ala or Gly 
for glucose/Pro for rhamnose), 136 (Ser or Thr for glucose/
Val or Pro for rhamnose) and 218 (Ser or Arg for glucose/
Lys for rhamnose). The second amino acid corresponded 
to that responsible for sugar donor specificity in an FGG 
gene involved in saponin biosynthesis (Ser for xylose/Gly 
for glucose) (Sayama et al. 2012). Site-directed mutagenesis 
may reveal which amino acids are responsible for glycosyl-
ation of specific positions of the sugar moiety or specifica-
tion of the sugar donor.

is 1386  bp long encoding 462 amino acids. Recombinant 
GmF3G6″Gt protein of Harosoy converted UDP-glucose and 
kaempferol 3-O-glucoside or kaempferol 3-O-galacoside to 
kaempferol 3-O-glucosyl-(1→6)-glucoside or kaempferol 
3-O-glucosyl-(1→6)-galactoside, respectively. These results 
proved that GmF3G6″Gt encodes flavonol 3-O-glucoside/
galactoside (1→6) glucosyltransferase. dCAPS analysis con-
firmed the association between the nucleotide polymorphism 
and FG pattern. We confirmed that peak F13 corresponds 
to kaempferol 3-O-glucosyl-(1→2)-[glucosyl-(1→6)-
glucoside], supporting the hypothesis that the peak was gener-
ated by the double-dominant alleles of the Fg1 and Fg3 loci.

The GmF3G6″Gt had no intron similar to GmF3G6″Rt, 
consistent with most UGT genes that have either none or 
one intron (Paquette et al. 2003). The GmF3G6″Gt gene 
was expressed in various tissues including leaves, develop-
ing seed coats and root nodules, but it was expressed most 
strongly in flower petals. This is consistent with the results 
of a previous study in which kaempferol 3-O-gentiobioside 
was predominant in flower petals and accounted for more 
than 70 % of total FG contents (Iwashina et al. 2007). To our 
knowledge, this is the first cloning of a sugar-sugar glucos-
yltransferase gene in the UGT family that attaches glucose 
to the 6″-position of sugar bound to flavonol.

The GmF3G6″Gt gene had 82 % amino acid similarity 
with GmF3G6″Rt of soybean encoding flavonol 3-O-gluco-
side/galactoside (1→6) rhamnosyltransferase. In contrast, 
GmF3G6″Gt had only 35 % of amino acid similarity with 
GmF3G2″Gt encoding flavonol 3-O-glucoside/galactoside 

06PSALEPMtR"6G3FmG S NNDELHVVMFPFLAFGHI FVQLSNKLFSHGV TFLSAASNIPRI STLNLRVHM
95ANVECM-tG"6G3FmG S NNDELHVVMFPFLAFGHI FVQLSNKLFSHGV TFLSAASNIPRI STLNLKIRV

021DGNKStR"6G3FmG NPAINVI L FPNGIT TAELPP LA NLIHALDLTQ VKSLLLELKPHYVFFDFAQ WHQH
911PASYPtG"6G3FmG NPAINVI L FPNGIT TAELPP LA NLIHALDLTQ VKSLLLELKPHYVFFDFAQ WNHN

081VtR"6G3FmG LPKLASE GIKSV F SAISD YITVPSR AD EGRNITFEDLKKPPPGYPQNSNISLV H S Y A F V
971StG"6G3FmG LPKLASE GIKSV F SAISD YITVPSR AD EGRNITFEDLKKPPPGYPQNSNISLL R A F S L I

GmF3G6"Rt T S G GP T R P 240KAFEAMD MFLF RFGEKN TGYERVLQ CS IVF CKEIE YLDYIE QF K VF L L E F KT
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Fig. 2  Amino acid alignment of soybean GmF3G6″Gt and GmF3G6″Rt. Identical amino acids are indicated in white font highlighted in black, 
similar amino acids in gray. The PSPG (plant secondary product glycosyltransferase)-box is underlined
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assays using deletion clones may be necessary to determine 
if the duplication or other nucleotide polymorphism(s) are 
critical for gene expression.

QTLs for the area of the peaks in the HPLC chromato-
gram were found close to the position of the Fg1 and/or Fg3 
genes except for peak F2 which had an additional minor QTL 
in MLG L. A gene with small effects on FG composition 
may exist in MLG L. Thus, results of QTL analysis are con-
sistent with those of genetic analysis and linkage mapping. 
The QTLs in MLGs C2 and the QTLs in MLG I may cor-
respond to the Fg3 and Fg1 genes, respectively. The scheme 
for genetic control of FG biosynthesis is shown in Fig. 6. 
The dominant allele of the Fg1 gene increased the amount 
of F1, F3 and F4 that had glucose at the 6″-position. The 
dominant allele of the Fg3 gene increased the amount of F9, 

In contrast to Harosoy, the coding region of GmF3G6″Gt 
could not be amplified by RT-PCR from Nezumisaya. Quan-
titative real-time PCR analysis suggested that GmF3G6″Gt 
of Nezumisaya may not be expressed in leaves. Thus, the 
intensity of gene expression is associated with the dominance 
relationships of this gene. The 5′ upstream region was quite 
polymorphic between the cultivars; there were eight SNPs, an 
indel of 52 nucleotides and a substitution of 30 consecutive 
nucleotides in Harosoy. Further, a nucleotide motif similar to 
the binding site of myb-homologous P gene responsible for 
phlobaphene pigmentation existed in duplicate in Harosoy, 
but Nezumisaya had only one instance of this motif in the pro-
moter region. The nucleotide polymorphism(s) in this region 
may be responsible for non-expression of this gene in the 
leaves of Nezumisaya. Transgenic experiments or transient 
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Fig. 3  Unrooted molecular phylogenetic tree of the some flavo-
noid glycosyltransferases. Bar represents 0.1 amino acid substitu-
tions/site. The GenBank accession numbers for the sequences are 
shown in parentheses: At3Rt (NM_102790); At3Gt (NM_121711); 
Vv3Gt (AF000371); Ph3Gt (AB027454); Pf3Gt (AB002818); 
Hv3Gt (X15694); Zm3Gt (X13501); At5Gt (NM_117485); Pf5Gt 
(AB013596); Vh5Gt (BAA36423); Ph5Gt (AB027455); Db7Gt 
(CAB56231); Nt7Gt (AAB36653); Sb7Gt (BAA83484); At7Rt 
(AY093133); CmF7G2″Rt (AAL06646); CsF7G6″Rt (ABA18631); 
IpA3G2″Gt (AB192315); PhA3G6″Rt (X71059); BpA3G2″Glt 

(AB190262); AcA3Ga2″Xt (FG404013); At3G2″Xt (Q9FN26); 
GmF3G6″Rt (AB828193); GmF3G2″Gt (LC017844). Gt, glucos-
yltransferase; Rt, rhamnosyltransferase; Xt, xylosyltransferase; Glt, 
glucuronosyltransferas. Ac, Actinidia chinensis; At, Arabidopsis thali-
ana; Bp, Bellis perennis; Cm, Citrus maxima; Cs, Citrus sinensis; Db, 
Dorotheanthus bellidiformis; Gm, Glycine max; Hv, Hordeum vulgare; 
Ip, Ipomoea purpurea; Nt, Nicotiana tabacum; Pf, Perilla frutescens; 
Ph, Petunia hybrida; Sb, Scutellaria baicalensis; Vh, Verbena hybrida; 
Vv, Vitis vinifera; Zm, Zea mays
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well as substrates of flavonol 3-O-glycoside (1→4) rhamno-
syltransferase. The Fg3 protein may have catalyzed F5 and 
F6 in competition with the flavonol 3-O-glycoside (1→4) 

F10 and F12 that had glucose at the 2″-position. The same 
allele decreased the amount of F2, F5 and F6. This is prob-
ably because F5 and F6 are substrates of the Fg3 protein as 

Forward primer GATAACTGGATCCTCATC
ATCCCCAT -134Harosoy CCGGAGGTGGATAACTGG CCACACGTTTCAACTACCCGGAGGTGGATAACTGG

PCR product GATAACTGGATCCTCATCCACACGTTTCAACTACCCGGAGGTGGATAACTGG

ATCCCCATCAAGGTGGAGGCATTAATCAATGCACCAAATCTGG -134Nezumisaya CCGGAGGTTGATAACTGG
PCR product GATAACTGGAT CATCA TGGAGGCATTAATCAATGCACCAAATCTGGCCT AGG

NIEco

Harosoy AAGTACATGAAATTGTCTATATATATATATATATATATATATAT---------------- -301
Nezumisaya AAGTACATGAAATTGTATATATATATATATATATATATATATATATATATATTGTGTTCT -353

**************** ***************************

Harosoy ----------------------------------------------------TGTGCGCT -293
Nezumisaya TTACAGGTTAAGTTGTATAGGATAGGCTGGCCAGACTAAAGAAGACATAGTCTGTGCACT -293

***** **

Harosoy GGTCATGACCAAGAGTGCGTCGTGACAACATTCATAATTTTTTGCCAAGAATATTAAAAT -233
Nezumisaya GGTCATGACCAAGAGTGCGTCATGACAACATTCATAATTTTTTGCCAAGAATATTAAAAT -233

********************* **************************************

Harosoy TAACTTTGGCAAGATTATGAA ATCC -173CCACACGTTTCAACTACCCGGAGGTGGATAACTGG
Nezumisaya TAACTTTGGCAATATTATGAA ATCC -173CCACACGTTTCAACTACCCGGAGGTTGATAACTGG

************ ********************************* *************

Harosoy CCAT TAATCAATCCAGACACGAAGC -113CCACACGTTTCAACTACCCGGAGGTGGATAACTGG
Nezumisaya CCATCAAGGTGGAGGCATTAATCAATGCACCAAATCTGGTAATCAATCCAGACACGAAGC -113

***** * * * ** * * * * *************************

Recombinant Inbred Lines

N  3   H  N   4   N  H  N   3   H   H  4   4   4   H  4   N  3   H   3   N   
Flavonoid Composition 

 N  H

-194

-118

(A)

(B)

(C)

Fig. 4  Partial nucleotide sequences of 5′ upstream region of 
GmF3G6″Gt gene in soybean cultivars, Harosoy and Nezumisaya, 
and outline and results of dCAPS analysis. a Nucleotide alignment 
of 5′ upstream region. Identical nucleotides are shown by asterisks. 
Dashes represent gaps to improve alignment. Nucleotide fragment 
duplicated in Harosoy is in white font highlighted in black. A nucleo-
tide motif similar to the binding site of myb-homologous P gene is 
shown by arrows. b Outline of dCAPS analysis. Mismatched nucleo-
tide (T) introduced in the forward primer is double-underlined. EcoNI 
site (CCTNNNNNAGG) is shown in white font highlighted in gray. 

Nucleotide fragments duplicated in Harosoy is in white font high-
lighted in black. c Results of dCAPS analysis of GmF3G6″Gt gene in 
soybean cultivars, Harosoy and Nezumisaya, and recombinant inbred 
lines derived from a cross of the cultivars. PCR amplicon was digested 
with EcoNI and the digests were separated on an 8 % polyacrylamide 
gel. ϕ: molecular marker ϕx174/HaeIII; N, Nezumisaya; H, Harosoy. 
FG pattern of the recombinant inbred lines is exhibited below the gel. 
N, Nezumisaya-type; H, Harosoy-type; 3, type 3; 4, type 4. The migra-
tion of size markers (bp) is shown to the right of the gel
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Fig. 5  Identification of the reaction product of GmF3G6″Gt protein 
from soybean cultivar Harosoy. a Elution profiles of the reaction 
product of GmF3G6″Gt protein (K3Glc + GmF3G6″Gt) and the stan-
dards, kaempferol 3-O-glucoside, kaempferol 3-O-glucosyl-(1→6)-
glucoside. b UV spectra of the reaction product of GmF3G6″Gt pro-
tein and the standard, kaempferol 3-O-glucosyl-(1→6)-glucoside. 

Mass spectra (c) and MS/MS spectra (d) of the reaction product of 
GmF3G6″Gt protein and the standard, kaempferol 3-O-glucosyl-
(1→6)-glucoside. e The MS/MS fragmentation for kaempferol 
3-O-glucosyl-(1→6)-glucoside. K3Glc, kaempferol 3-O-glucoside; 
K3Glc6″Glc, kaempferol 3-O-glucosyl-(1→6)-glucoside
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al. 2015; Murai et al. 2013; Rojas Rodas et al. 2014), sug-
gesting the existence of a gene that attaches rhamnose to the 
4″-position. Soybean FGs having rhamnose at the 4″-posi-
tion of flavonol are galactosides having glucose or rhamnose 
at the 6″-position. Flavonol 3-O-glycoside (1→4) rhamno-
syltransferase of soybean possibly has a narrow substrate 
specificity in contrast to Fg1–Fg3 proteins that have wide 
substrate specificity. Cloning of the 4″-rhamnosyltransfer-
ase gene is intriguing because FGG genes responsible for 
attachment of sugar to the 4″-position have not been cloned 
from any plant species as of this writing. Overall, the bio-
synthesis of FGs in soybean leaves may be as follows; glu-
cose or galactose is attached to the 3-position of kaempferol 
or quercetin. Subsequently, either glucose or rhamnose is 
attached to 2″-, 4″- or 6″-positions of glucose or galactose, 
resulting in a wide variety of FGs (Rojas Rodas et al. 2014). 
Cloning and analysis of Fg4 gene and a gene responsible 
for attachment of rhamnose to the 4″-position may help fur-
ther understand the evolution of FGG genes, the recognition 
mechanism of specific positions of the sugar moiety and 
ability to specify nature of sugar to be attached to an exist-
ing sugar moiety.
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rhamnosyltransferase. The amounts of F3, F4 and F12 were 
controlled by both Fg1 and Fg3 genes, probably because F7 
is a substrate of both Fg1 and Fg3 proteins.

We cloned Fg1 encoding flavonol 3-O-glucoside/galac-
toside (1→6) glucosyltransferase, Fg2 encoding flavonol 
3-O-glucoside/galactoside (1→6) rhamnosyltransferase and 
Fg3 encoding flavonol 3-O-glucoside/galactoside (1→2) 
glucosyltransferase, but Fg4 probably encoding flavonol 
3-O-glycoside (1→2) rhamnosyltransferase remains to be 
cloned (Buzzell and Buttery 1974). In addition, FGs having 
rhamnose at the 4″-position of 3-O-galactose (kaempferol 
3-O-rhamnosyl-(1→4)-[glucosyl-(1→6)-galactoside] and 
kaempferol 3-O-rhamnosyl-(1→4)-[rhamnosyl-(1→6)-
galactoside]) have been identified in soybean leaves (Di et 

Table 3  Substrate specificity of GmF3G6″Gt protein from soybean 
cultivar Harosoy

Relative activity (%)

Sugar acceptora

Kaempferol (Kae) 3-O-glucosideb 100.0 ± 10.8
Kae 3-O-galactoside 66.7 ± 7.8
Kae 3-O-glucosyl-(1→2)-glucoside 74.1 ± 6.2
Kae 3-O-glucosyl-7-O-rhamnoside 10.3 ± 1.8
Quercetin (Que) 3-O-glucoside 71.1 ± 6.7
Que 3-O-galactoside 53.4 ± 6.8

Sugar donorc

UDP-glucose 100.0 ± 6.2
UDP-galactose 7.5 ± 0.6
UDP-arabinose N.D.
UDP-glucuronic acid N.D.

aThe reactions were performed with UDP-glucose as a sugar donor
bThe product was identified based on comparison with the standard
cThe reactions were performed with kaempferol 3-O-glucoside as a 
sugar acceptor

Table 4  Relative gene expression of soybean GmF3G6″Gt gene in 
various tissues

Tissue Devel-
opmen-
tal stage

Cultivar Relative 
expressiona

Trifoliolate leaf V3 Harosoy 1.00 ± 0.38
Nezumisaya 0.00 ± 0.00

Flower petal R1 Harosoy 57.73 ± 7.23
Immature cotyledon R7 Harosoy 0.05 ± 0.02
Developing seed coat R7 Harosoy 3.80 ± 0.85
Root R7 Harosoy 0.05 ± 0.04
Root nodule R7 Harosoy 3.82 ± 2.11
aTranscript levels were standardized to actin 1 transcript. The expres-
sion level in the leaves of Harosoy was considered as 1. The means 
and SDs from 3 biological repeats are exhibited
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Fig. 6  Schematic presentation of genetic control of flavonol glycoside 
(FG) biosynthesis in soybean leaves based on FG composition of cul-
tivars Harosoy and Nezumisaya, and recombinant inbred lines devel-
oped from a cross of the cultivars. K3G, kaempferol 3-O-glucoside/
galactoside. K3G is followed by a suffix indicating the position (2″, 4″ 
or 6″-position) and nature of sugar (Rh, rhamnose, Gl glucose) that is 
attached to the glucose/galactose. 4″Rt: flavonol 3-O-glycoside (1→4) 
rhamnosyltransferase. Corresponding peaks in HPLC chromatogram 
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