
Introduction

Soybean (Glycine max (L.) Merr.) is one of the most popu-
lar crops in the world. Many traditional soy-foods that are 
currently consumed in Asian countries, including tofu, tem-
peh, and natto, are known to be healthy foods. Worldwide 
soy consumption has continually increased due to soy’s nu-
tritional properties and the functional characteristics of the 
compounds it contains. The black soybean, a type of soy-
bean with a black seed coat, has been used as a medicinal 
food for centuries. Black soybeans have also become more 
popular as a food source in recent years, presumably be-
cause they contain rich nutritional resources and healthy 
functional substances that yellow soybeans lack (Ross and 
Kasum 2002, Tsoyi et al. 2008).

Proanthocyanidins, also called condensed tannins, are 
oligomeric or polymeric flavonoid molecules (Beecher 
2004). They are widely distributed throughout the plant 
kingdom but are found predominantly in fruits, legume 
seeds, and certain kinds of plant-derived beverages, such as 

juice, wine, tea, and cocoa (Santos-Buelga and Scalbert 
2000). Proanthocyanidin functionally affects plant, animal, 
and human health. The main function of proanthocyanidin 
in plants is to protect against pathogens such as fungi and 
insect pests as well as against UV radiation (Dixon et al. 
2005). Its role in human health is to protect against cancer 
activity, potentially enhance the cardioprotective system, 
protect skin from sun damage, and boost anti-inflammatory 
activity (Santos-Buelga and Scalbert 2000, Scalbert et al. 
2005).

Anthocyanins are an important class of phenolic com-
pounds belonging to the flavonoid class of plant secondary 
metabolites (Kong et al. 2003). Anthocyanins are soluble in 
polar solvents and are stored in the vacuoles of cells in flow-
ers, fruits, and seed coats with red to black pigmentation 
(Koes et al. 2005, Tanaka et al. 2008). Because they are 
pigments, anthocyanins make plants attractive to insects and 
other animals and thus encourage pollination and seed dis-
persal in nature. They also protect themselves against stress-
ful conditions such as insect damage, phytoalexins, anti-
bacterial agents, and high doses of radiation (Gonzali et al. 
2009, Harbone and Williams 2001, Kong et al. 2003). In 
addition, anthocyanins have been used in pharmaceuticals 
for human therapy in anti-inflammatory, anti-edema (Kong 
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et al. 2003), and anti-tumor roles (Kamei et al. 1998), and 
they have also been used against diabetes (Takikawa et al. 
2010).

The seed coats of black soybeans exhibit high levels of 
antioxidant activity because of their high concentration of 
flavonoids, especially proanthocyanidin and anthocyanin 
(Kim et al. 2006). Seed coat polyphenol levels are higher in 
black soybeans than in green or yellow soybeans (Kumar et 
al. 2010, Xu and Chang 2008b). Several reports have sug-
gested the possibility of wide genetic diversity in the phe-
nolic content of black soybean cultivar seed coats, but these 
studies have focused on only a limited number of cultivars 
(Choung et al. 2001, Furuta et al. 2003, Malencic et al. 
2007, 2008). Recently, Zhang et al. (2011) analyzed the 
phenolic compounds of 60 cultivars, but all were derived 
from China. The aim of this report is to determine the genet-
ic diversity of phenolic compound contents (PCCs) in the 
seed coats of black soybean cultivars that were mainly de-
rived from Japan. Kaga et al. (2012) classified soybean ge-
netic resources using 191 single nucleotide polymorphism 
(SNP) markers and revealed that Japanese soybean acces-
sions belonged to different clusters than Chinese landraces. 
Therefore, it is important to know the variation of PCCs in 
the Japanese population. Correlations among PCCs and ag-
ronomic traits were also investigated.

The W1 gene regulates flower colors (purple and white) 
(Zabala and Vodkin 2007). It also regulates anthocyanin 
components in seed coats. Anthocyanins in seed coats with 
purple flowers are hydrated at the B ring but seed coats with 
white flowers are not (Takahashi et al. 2010). We then com-
pared PCCs between cultivars with different flower colors 
to investigate the effects of the W1 gene on PCCs.

Materials and Methods

Plant materials
Two hundred and twenty-seven black soybean cultivars 

were provided from the National Institute of Agrobiological 
Sciences (NIAS) Genebank and the Nagano Chushin Agri-
cultural Experiment Station in Japan. The cultivars mainly 
originated from Japan, but a few are from Korea, the USA, 
India, and China (Supplemental Table 1). Ten plants for 
each cultivar were grown and harvested in 2003 and 2010 at 
the experimental farm of Kyoto University, Kyoto, Japan. 
The sowing dates were 18 June, 2003 and 25 June, 2010, 
respectively. N, P2O5, and K2O were applied as basal ferti-
lizers in quantities of 20, 60, and 70 kg/ha, respectively. 
Plant spacing was 10 × 30 cm. Seeds were harvested as a 
bulk, and were kept in a seed storage room at 10°C with 
relative humidity of 20% until use.

Extraction of total phenolics from seed coats
Total phenol compounds were extracted according to the 

method of Xu and Chang (2008a), because of its high ex-
traction efficiency. Briefly, seed coats were peeled from 
seeds. The seed coats (20 mg) were then immersed in a buff-

er consisting of acetone/water/acetic acid (70 : 29.5 : 0.5, 
v/v/v). They were extracted twice, first with 1 ml of the 
buffer for 16 h and then with 0.5 ml for 6 h, at room temper-
ature under dark conditions. The combined extract was 
stored at 4°C in the dark until use. The extractions were 
conducted in triplicate for each individual line.

Determination of proanthocyanidin (condensed tannin) con
tent

One hundred microliters of the extraction sample were 
added to 6 ml of 0.4% (w/v) vanillin in methanol and 3 ml 
of 4% (v/v) hydrochloric acid, and allowed to stand for 
15 min (Broadhurst and Jones 1978). The absorbance was 
measured at 500 nm against methanol as a blank in a spec-
trophotometer (BioSpec-1600, Shimadzu, Japan). Proantho-
cyanidin (condensed tannin) content (PAC) was expressed 
as milligrams of (+)-catechin equivalents (mg CAE/g sam-
ple) using a (+)-catechin calibration curve. The linear range 
of the calibration curve was 10 to 1000 μg/ml.

Determination of monomeric anthocyanin content
Monomeric anthocyanin content (MAC) was determined 

using a pH differential method (Lee et al. 2005). One hun-
dred microliters of the extraction sample was added to 1 ml 
of 0.025 M potassium chloride (pH 1.0) and another 100 μl 
was added to 1 ml of 0.4 M sodium acetate (pH 4.5). Each 
of these was allowed to stand for 20 min and was then 
measured at 520 and 700 nm against water as a blank in a 
spectrophotometer. MAC was calculated according to the 
formula described in Lee et al. (2005), and was expressed as 
milligrams of cyanidin-3-glucoside equivalents (mg of CGE/g 
sample) using the calibration curve of cyanidin-3-glucoside 
from 50 to 1000 μg/ml.

Determination of total flavonoid content
Total flavonoid content (TFC) was determined using a 

colorimetric method (Zhishen et al. 1999). One hundred 
microliters of the extraction sample was mixed with 500 μl 
of distilled water and 30 μl of 5% sodium nitrite. Sixty 
microliters of 10% aluminum trichloride was added after 
6 min, and the mixture was allowed to stand for an addition-
al 5 min. Next, 200 μl of 1 M sodium hydroxide and 1 ml of 
distilled water were added. The absorbance was measured at 
510 nm against a blank (the same mixture without the ex-
traction sample) in a spectrophotometer. TFC was expressed 
as milligrams of (+)-catechin equivalents (mg CAE/g sam-
ple) using the (+)-catechin calibration curve. The linear 
range of the calibration curve was 10 to 1000 μg/ml.

Determination of total phenolic content
The total phenolic content (TPC) was determined using 

the Folin–Ciocalteu assay (Xu and Chang 2008b). One hun-
dred microliters of the extraction sample was mixed with 
6 ml of distilled water and 500 μl Folin–Ciocalteu’s re-
agents solution and allowed to stand for 3 min. Next, 1.5 ml 
of 7% sodium carbonate was added. Eight minutes later, 
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1.9 ml distilled water was added and allowed to stand for 
120 min at room temperature. The absorbance was mea-
sured at 765 nm against distilled water as a blank in a spec-
trophotometer. TPC was expressed as milligrams of gallic 
acid equivalents (mg of GAE/g sample) using the calibra-
tion curve of gallic acid from 50 to 1000 μg/ml.

Radical scavenging activity
The radical scavenging activity (RSA) was determined 

using a DPPH assay, as described by Chen and Ho (1995). 
One hundred microliters of the extracted sample was mixed 
with 0.5 mM DPPH solution and allowed to stand for 90 min 
at room temperature under dark conditions. The absorbance 
(Asample) was measured at 517 nm against ethanol as a blank 
in a spectrophotometer. A negative control (Acontrol) consist-
ed of extraction solvent mixed with 0.5 mM DPPH solution. 
The percent of DPPH discoloration of the sample was 
calculated according to the following equation:

Percent discoloration (%) = (1-Asample/Acontrol) × 100.

Statistical analysis
Three replicate samples from each variety were analyz-

ed. Analysis of variance (ANOVA) was performed to test 
for significance differences between cultivars, between 
years, and for their interactions. Correlation analysis was 
used to characterize the relationships among the four con-
tents and RSA, and between these traits and seed weight or 
flowering time.

Results and Discussion

The variation in the traits tested in the seed coats of black 
soybean cultivars is shown in Table 1 and Fig. 1. All of the 
traits showed significant differences (p < 0.01) among the 
227 black soybean cultivars. Cultivation year was signifi-
cant (p < 0.01) for PAC, TFC, TPC, and RSA but not for 
MAC (p > 0.05). Additionally, there was significant inter-
action (p < 0.01) between cultivars and cultivation year for 
all of the traits tested (Table 1).

The cultivars with the highest and lowest PAC values in 

2010 are shown in Table 2. The PAC values in 2010 ranged 
from 9.8 to 311.3 mg/g CAE. The MAC, TFC, TPC, and 
RSA values in 2010 ranged from 0.1 to 16.0 mg/g CGE, 1.0 
to 62.1 mg/g CAE, 19.3 to 389.3 mg/g GAE, and 0.8 to 
88.7%, respectively (Table 1). When the values from 2003 
and 2010 were compared, we found that some cultivars ap-
peared to produce PCCs stably across the years tested, but 
others did not (Table 2).

The highest values of PAC (311.3 mg/g CAE) and TPC 
(388.2 mg/g GAE) measured in this experiment were ap-
proximately 20 times higher than the highest values of PAC 
(17.4 mg/g CAE) and TPC (60.6 mg/g GAE), which were 
reported in another study that analyzed the seed coats of 60 
Chinese black soybean varieties (Zhang et al. 2011). We 
used different genetic resources from theirs, but this dis-
crepancy was probably due to the different extraction sol-
vents used in the studies. We used acidic acetone (acetone/
water/acetic acid (70 : 29.5 : 0.5, v/v/v) as our extraction 
solvent because of its higher extraction efficiency (Xu and 
Chang 2007).

The anthocyanin content was measured based on 
cyanidin-3-glucoside content in this study, according to the 
method of Lee et al. (2005). There are six monomeric antho-
cyanins (3-glucoside of pelargonidin, cyanidin, peonidin, 
delphinidin, petunidin, and malvidin), of which, cyanidin- 
3-glucoside is the most prevalent in the soybean seed coat 
(Zhang et al. 2011). The range of MAC values observed in 
this study was similar to those in previous reports, in which 
monomeric anthocyanins in soybean seed coats were deter-
mined by means of high-performance liquid chromatogra-
phy (HPLC) (Choung et al. 2001, Yoshida et al. 1996, 
Zhang et al. 2011). However, Yoshida et al. (1996) found a 
wild soybean (Glycine soja) accession with a high cyanidin- 
3-glucoside content (20.4 mg/g), indicating that plants with 
a higher MAC values could be present in the wild soybean 
population.

PCCs had a moderately positive relationship with flower-
ing time (Table 3). On average, cultivars derived from the 
southern area of Japan tended to have a higher PAC than 
cultivars from the northern area, although a few cultivars 
with a late flowering date over 60 days after sowing showed 

Table 1. Ranges and analysis of variance of PCCs in seed coats of black soybean cultivars

Source of 
variation

PACa MAC TFC TPC RSA
Mean Square

Years 4770.7 **b 0.5 11069.6 ** 868103.2 ** 57.3 **
Cultivars 17463.9 ** 63.0 ** 976.8 ** 32076.2 ** 1788.1 **
C × Yc 3838.0 ** 12.1 ** 241.1 ** 7385.0 ** 655.6 **
Error 326.4 0.5 9.9 480.4 15.5
Range (mgCAE/g) (mgCGE/g) (mgCAE/g) (mgGAE/g) (%)
2003 8.5–262.3 0.1–15.1 1.3–73.6 27.2–438.5 3.2–84.3
2010 9.8–311.3 0.1–16.0 1.0–62.1 19.3–389.3 0.8–88.7

a Trait abbreviations: Phenolic compound contents (PCCs), Proanthocyanidin content (PAC), Monomeric anthocyanin content (MAC), Total fla-
vonoid content (TFC), Total phenolic content (TPC), Radical scavenging activity (RSA).

b *,** = Significant difference at p < 0.05 and p < 0.01 levels, respectively.
c C × Y = Interaction between cultivars and years.
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a lower PACs (Fig. 2). Because northern cultivars generally 
begin to flower earlier than southern cultivars, temperature 
during maturation of northern cultivars is probably higher 
than southern cultivars in Kyoto. High temperature was 
reported to suppress the accumulation of PCCs in soybean 
and grape berry. Tsukamoto et al. (1995) found that the iso-
flavone content was lower in seeds that developed under 
high temperature conditions than in seeds that developed 
under lower temperatures. The accumulation of PCCs in 
grape berry is also associated with temperature. Higher tem-
perature inhibited the expression of flavonoid pathway 
genes and resulted in lower phenolic accumulation (Cohen 
et al. 2008, 2012, Yamane et al. 2006). Our findings in this 
research may be attributed to the same mechanisms. Further 
research is needed to determine the relationships between 
PCCs and temperature during maturation in accurately- 
controlled environments, such as in a phytotron. Seed 
weight was not associated with PCCs (Table 3).

We classified the cultivars by flower color according to 
evaluation data from the NIAS genebank. There were 49 

cultivars with white flowers and 157 with purple flowers. 
Ranges of PACs and MACs in cultivars with white flowers 
were similar to those in cultivars with purple flowers 
(Fig. 2), but many cultivars with white flowers had a ten-
dency to produce lower values compared with those with 
purple flowers. The average PAC of cultivars with white 
flowers and purple flowers was 100 and 138 mg/g CAE, 
respectively. The average MAC of cultivars with white 
flowers and purple flowers was 5.3 and 7.4 mg/g CGE, re-
spectively. The difference in the average between the two 
groups was significant at a 5% level in PAC (t = 3.4, p <  
0.05) and in MAC (t = 3.4, p < 0.05). The W1 locus for 
flower color encodes a flavonoid 3′,5′-hydroxylase protein 
that can affect PCCs: the seed coats of black soybean with 
purple flowers contain delphinidin 3-O-glucoside and 
cyanidin 3-O-glucoside, whereas the seed coats of black 
soybean with white flowers only contain cyanidin 3-O- 
glucoside (Buzzell et al. 1987). The comparison between 
cultivars with different-colored flowers thus suggests that 
the W1 locus partly influences PCCs, although the other 

Fig. 1. A. Distribution of PAC, MAC, TFC, TPC, and RSA in seed coats of various black soybean cultivars in 2010. B. Comparison of PAC 
and MAC between purple- and white-flowered cultivars. Trait abbreviations: phenolic compound contents (PCCs), proanthocyanidin content 
(PAC), monomeric anthocyanin content (MAC), total flavonoid content (TFC), total phenolic content (TPC), radical scavenging activity (RSA). 

: Cultivars with purple flowers : Cultivars with white flowers.
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genetic factors may also be involved in the control of PCCs, 
as indicated by the overlapping variation between the two 
groups (Fig. 2).

Proanthocyanidin and anthocyanin are known as impor-
tant phenolic compounds. Significant positive correlations 
were observed among PCCs (Table 3). Our results further 
indicated that high levels of the proanthocyanidin and an-
thocyanin pigments provided a significant contribution to 
RSA in the black soybean seed coats (Table 3). The syn-
chronized accumulation of the phenolic compounds may 
indicate that all of the phenolic compounds may be regulat-
ed by the same genetic factors. Therefore, developing black 
soybean cultivars with high phenolic compound functional 
activity is feasible.
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