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Abstract: The interest in phytochemicals from crops has grown in recent years, with soybean, as a
functional crop, having great potential for providing a high level of nutrition. Therefore, the aim of
this study was to evaluate phytochemicals from Korean soybean varieties, and to provide the basic
information necessary for targeted breeding of soybean. The seeds of 172 soybean varieties were
collected from various domestic institutes, and their phytochemicals were analyzed and compared
based on agronomic characteristics (color, size, usage, etc.) using cluster analysis. We found that the
soybean varieties contained relatively higher levels of the following phytochemicals: lutein (3 var.,
>7.0 µg g−1 seed), tocopherols (26 var., >300 µg g−1 seed), and phytosterols (33 var., >1000 µg g−1

seed). Overall, phytochemical levels were higher in varieties released since 2000 and with small-sized
seeds (<12 g, 100-seed weight). The distribution of phytochemicals varied according to the usage
(cooking, sauce, sprouts, etc.), even though the highest levels of each phytochemical were mainly
observed in sprouts. The cluster analysis using three main components classified the varieties into
five groups. Of them, group III showed relatively higher tocopherols, group IV had relatively higher
lutein, and group I had relatively higher phytosterols. Jonam and Manpoong (group I) were observed
in varieties high in phytochemicals. Overall, some Korean soybean varieties were found to have
relatively higher levels of phytochemicals compared to those reported in previous studies of other
origins. In conclusion, our findings suggest that some varieties might provide suitable breeding
material for target-centered improvement of soybean varieties, and a comparison between different
origins is necessary for providing better knowledge for soybean breeding.
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1. Introduction

Soybean, as one of the staple crops that provides nutrition for humans, is also a main crop in
South Korea. Thus, new varieties are constantly released, having been developed toward various goals
such as high yield and quality, pest and disease resistance, suitability for machine customization, and
to meet social needs. In Korea, a total of 178 soybean varieties have been developed since 1913, when
the first variety, Jangdanbaekmok, was developed using pure line selection, demonstrating a wide
variety of function and usage [1].

Soybean contains large amounts of phytochemicals that are beneficial to human health, including
proteins and lipids. Phytochemicals such as lutein, tocopherol, and phytosterol play important
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roles as antioxidants [2,3], anticancer agents [4–6], eyesight protectants [7], and in lowering blood
cholesterol [8–11]. Lutein is an abundant compound in soybean seed; however, its contents are
dependent upon genetic and environmental traits such as chlorophyll in cotyledons [12], seed
maturity [12,13], and planting time [14]. Tocopherols are also compounds that are largely contained in
soybean seeds, especially in α, γ, and δ forms [15]. The contents of tocopherol vary from plant organs,
ranging from the highest in photosynthetic tissues such as leaves, to the lowest in seeds [16]. Tocopherol
contents are largely affected by environmental factors such as planting time, fertilization, and soil
texture in addition to genetic traits [17,18], and can be increased two to three times by high temperature
and drought conditions [19]. Phytosterols from soybean seeds generally represent 0.2%–0.3% of total
phytochemicals, even though the contents may differ across cultivars and according to environmental
factors [20,21].

In Korea, like in other countries, soybean is a staple food that is consumed in various forms, such
as in sauces, sprouts, and cooked with rice and vegetables. The use of soybean seed is determined
by seed color: e.g., yellow seeds are used in sauce, green as sprouts, and black for cooking with
rice. In addition, soybean seeds in Korea are divided into three sizes; small, medium, and large,
based on their 100-seed weight. The present investigation was performed to survey the genotypic
variability of several functional phytochemicals—lutein, tocopherols, and phytosterol—among the
soybean genotypes released in Korea over the past 100 years, and to determine the relationship between
those metabolites and the usage and size of soybean seeds using multivariate analysis. We suggest that
the results from this study may assist in directing future soybean breeding according to market needs.

2. Materials and Methods

2.1. Plant Materials and Cultivation

We examined 172 varieties of soybean (Glycine max (L.) Merrill), which were released in the
past 100 years, from 1913 to 2013, from various research centers in Korea (Table S1). Soybean, which
has various usages including in sauces, as sprouts, and for cooking with rice and vegetables, was
cultivated at an experimental field of Chungbuk National University after sowing on 28 May 2014.
The density was 0.7 m (row) × 0.15 m (plant) with three seeds, and two seedlings were thinned as the
first leaf emerged. Per the recommendation of the Rural Development Administration (RDA), South
Korea, the supplied fertilization was 500 kg/ha (N/P2O5/K2O = 30:30:34 kg/ha) as a dressing, and other
management was performed following the RDA recommendations.

2.2. Metabolite Analysis

All chemicals used for targeted metabolites were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). The soybean seeds were harvested and dried for 3 days in a 40 ◦C dry oven, and then
used for analysis after confirming that the moisture content was 16% or less. For lutein analysis, the
powder (0.25 g) of well-dried soybean seeds after harvest was extracted with an extraction solution of
ethanol/acetone/hexane (1:1:2). The extracts reacted with methanol containing 15% KOH at 80 ◦C for
15 min, separated by a mixture of dH2O/petroleum ether/diethyl ether (1:2:1), and the supernatants
were finally incorporated into a mixture of methanol/acetonitrile/chloroform (5:4:1) including 0.2%
butylated hydroxy-toluene (BHT) as an analytical sample. Tocopherol from soybean seeds (1 g of
powder) was first extracted using 6% pyrogallol and, finally, by addition of 30 mL of 0.1% NaCl
after reaction with 8 mL of 60% KOH at 75 ◦C for 50 min. The extracts were separated by 20 mL
of hexane/ethyl acetate (85:15 (v/v)) including 0.1% BHT. The supernatants re-separated by MgSO4

solution were dissolved in 1 mL of hexane. Phytosterols from soybean seeds (1 g of powder) were
first extracted using 10% of ethanol, reacted with 4 mL of 60% KOH at 80 ◦C for 50 min, and finally
separated by 20 mL of hexane/ethyl acetate (85:15 (v/v)) including 0.01% BHT. The supernatants
re-separated by MgSO4 solution were dissolved in 3 mL of hexane. Lutein and tocopherol were
analyzed by high-performance liquid chromatography (HPLC), and phytosterols were analyzed
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by gas chromatography (GC). The HPLC and GC operating conditions, standard calibration curve
determination, acquisitions of chromatograms, and quantification for all metabolites mentioned above
are described in detail in the Supplementary Materials (Tables S2–S7, Figures S1–S3).

2.3. Statistics

Analysis was conducted in triplicate, with data reported as mean ± standard deviation. All data
were subjected to statistical analysis (ANOVA) with SAS software package (ver. 9.4, SAS Institute,
Cary, NC, USE). Data were analyzed using PROC general linear model (GLM) procedure, and means
were separated on the basis of Duncan’s multiple range test (DMRT). Significances were set at the 5%
level. Soybean varieties based on the contents of metabolites were classified according to release year,
usage, and seed size, using multivariate analysis. Principal component analysis (PCA) was performed
for the results of lutein, tocopherol, and phytosterols of the soybean varieties. After performing the
PCA, the cluster analysis was performed using the average-linkage cluster (ALC) method by means of
the main component score.

3. Results

3.1. Lutein, Tocopherol, and Phytosterol Contents in Soybean Seeds

Phytochemicals, lutein, tocopherols, and phytosterols were measured in the seeds of 172 soybean
varieties released in Korea since 1913. The contents of lutein, total tocopherols, and phytosterols were
0.2–8.3 µg g−1 seed (average = 2.52 µg g−1 seed), 76.9–360.3 µg g−1 seed (average = 221.4 µg g−1 seed),
and 425–1313 µg g−1 seed (average = 810 µg g−1 seed), respectively. Of the 172 varieties, the majority of
varieties (133, 77%) ranged between 1.0 and 4.0 µg g−1 seed of lutein content, and varieties containing
higher lutein (>7.0 µg g−1 seed) were Heukcheong (8.31 µg g−1 seed), Soheuk (8.09 µg g−1 seed), and
Youngyang (7.02 µg g−1 seed). Tocopherols are classified into α, β, γ, and δ isomers. The highest
levels of α- (>50.0 µg g−1 seed), β- (>5.0 µg g−1 seed), γ- (>200.0 µg g−1 seed), and δ-tocopherols
(>90.0 µg g−1 seed) were observed in one variety, (Sohwang, 93.3 µg g−1 seed), five varieties including
Gyeongsang#1 (7.5 µg g−1 seed), 24 varieties including Galchae (251.1 µg g−1 seed), and seven varieties
including Saeal (104.9 µg g−1 seed), respectively. A higher proportion of α-tocopherol, compared to
total tocopherols, was found in 16 varieties (ranging from 15% to 31%), and Sohwang had the highest
ratio (31%). Phytosterols are also classified into β-sitosterol, campesterol, and stigmasterol. The highest
β-sitosterol (>700 µg g−1 seed), campesterol (>300 µg g−1 seed), and stigmasterol (>300 µg g−1 seed)
were observed in four varieties including Iksannamul (766 µg g−1 seed), one variety (Jonam, 303 µg g−1

seed), and seven varieties including Wonkwang (347 µg g−1 seed), respectively (Figure S4 and Table S8).
Overall, the proportion of β-sitosterol, campesterol, and stigmasterol ranged from 37%–69%, 13%–31%,
and 14%–38%, respectively.

We specifically re-evaluated the contents of phytochemicals in three categories: breeding year
(Table 1), usage (Table 2), and seed size (Table 3). Lutein contents were higher in recently released
varieties (since 1990), even though the difference between breeding years was not statistically significant.
Soybean varieties released since 2000 showed markedly higher tocopherol contents, and a similar
tendency was observed for phytosterols. Tocopherol contents were largely dependent on the usage of
soybean (Table 2). α- and β-tocopherols were relatively higher in vegetable varieties, and the maximum
was observed in sprouts for α-tocopherol and in cooking with rice for β-tocopherol. By contrast,
the highest levels of γ- and δ-tocopherols were found in sauce varieties. Phytosterols, β-sitosterol,
campesterol, and stigmasterol were highest in sprout varieties followed by cooking with rice, in sauce,
and as vegetable. In Korea, soybean seeds are generally classified into three sizes, small, medium, and
large, based on their 100-seed weight. A majority of phytochemicals were found to be in higher levels
in the small-seed varieties. The average content of lutein was 3.63 µg g−1 seed in the small-seed group,
2.71 µg g−1 seed in the medium-seed group, and 2.17 µg g−1 seed in the large-seed group. The average
contents of α-, β-, γ-, and δ-tocopherol were respectively 22.7, 1.77, 151.2, and 49.4 µg g−1 seed in the
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small-seed group; 17.2, 1.61, 146.1, and 51.9 µg g−1 seed in the medium seed group; and 18.4, 1.92,
149.0, and 54.2 µg g−1 seed in the large seed group. The average contents of β-sitosterol, campesterol,
and stigmasterol were 522.8, 213.7, and 216.3 µg g−1 seed in the small-seed group; 464.0, 181.0, and
180.4 µg g−1 seed in the medium-seed group; and 401.0, 162.9, and 196.6 µg g−1 seed in the large-seed
group, respectively.

3.2. Diversity of Soybean Varieties

PCA was performed with 10 phytochemicals, including the total contents for 172 Korean soybean
varieties (Table S9 and S10). The first principal component (PC1) had the highest eigenvalue of 3.27,
and accounted for 32.7% of the variability in the dataset. The second and third PCs (PC2 and PC3,
respectively) had eigenvalues of 2.88 and 1.34, accounting for 28.8% and 13.4% of the variance in the
data, respectively. Cluster classification is performed by selecting only the principal components that
explain the variation of the data among the 10 principal components, and generally determines the
number of PCs with an eigenvalue of 1 or more [22]. Therefore, the PCA of 10 components revealed
that the cumulative contribution from the first to the third main component was 74.9%, and it was
possible to classify Korean soybean varieties using the three main components.

As a result of cluster analysis using the first to third main components, the 172 Korean soybean
varieties were divided into five clusters based on an average distance of 1.0 (Figure 1). Each variety
was classified into two varieties (1.2%) in cluster I, 106 varieties (61.6%) in cluster II, 15 varieties
(8.7%) in cluster III, 36 varieties (20.9%) in cluster IV, and 13 varieties (7.6%) in cluster V. About 82.5%
of the total number of varieties belonged to cluster II and III. The total tocopherol and phytosterol
contents of cluster I were highest at 311.5 and 1284.9 µg g−1, respectively. Cluster II had the lowest
contents of lutein (2.2 µg g−1), α-tocopherol (15.0 µg g−1), γ-tocopherol (121.3 µg g−1), and δ-tocopherol
(42.2 µg g−1). In cluster III, the α-tocopherol (38.2 µg g−1) and β-tocopherol (4.6 µg g−1) contents were
the highest. Cluster IV had the highest lutein content of 3.2 µg g−1. Cluster V contained the lowest
levels of β-tocopherol (1.2 µg g−1), β-sitosterol (286.1 µg g−1), campesterol (90.4 µg g−1), stigmasterol
(128.2 µg g−1), and total phytosterol (504.6 µg g−1) (Table 4).

The distributions of each cluster by breeding year, usage, and 100-seed weight are shown in
Table 5. Cluster I belonged to the breeding years of 2000 to 2013. In cluster II, 64 varieties (37.2%) were
most widely distributed in the period 2000 to 2013, 32 varieties (18.6%) in the 1990s, nine varieties
(5.2%) in the 1980s, and only one variety (0.6%) before 1980. In cluster III, seven varieties (4.1%) were
distributed in breeding year of 2000 to 2013, and the lowest included two varieties (1.2%) in the 1990s.
In cluster IV, 18 varieties (10.5%) were distributed in breeding years 2000 to 2013, 10 varieties (5.8%)
before 1980s, six varieties (3.5%) in the 1980s, and two varieties (1.2%) in the 1990s. In cluster V, eight
varieties (4.7%) were mostly distributed before the 1980s, and none represented breeding years 2000 to
2013 (Table 5). For distribution by use type, in cluster I, two varieties (1.2%) were for sauce. Cluster
II was the most common, with 40 varieties (23.3%) for sauce, 33 varieties (19.2%) for bean sprouts,
20 varieties (11.6%) for cooking with rice, and 13 varieties (7.6%) for vegetables. In cluster III, seven
varieties (4.1%) were for sauce, six varieties (3.5%) for bean sprouts, and one (0.6%) for cooking with
rice and vegetables. In cluster IV, 21 varieties (12.2%) were for sauce, 11 (6.4%) for bean sprouts, three
varieties (1.7%) for cooking with rice, and one (0.6%) for vegetables. In cluster V, 10 varieties (5.8%)
were for sauce, and two varieties (1.2%) for bean sprouts (Table 5). For distribution by 100-seed weight,
cluster I included both small and large varieties. Cluster II consisted 61 large varieties (35.5%), 35
medium varieties (20.3%), and 10 small varieties (5.8%). Cluster III had seven large varieties (4.1%),
six medium varieties (3.5%), and two small varieties (1.2%). In cluster IV, 18 varieties (10.5%) were
large, 11 varieties (6.4%) were medium, and seven varieties (4.1%) were small. Cluster V had six large
varieties (3.5%) and seven medium varieties (4.1%) (Table 5).
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Table 1. Distribution of lutein, tocopherols, and phytosterols of 172 soybean varieties by breeding year.

Breeding Lutein
(µg g−1)

Tocopherol (µg g−1) Phytosterol (µg g−1)

α B γ δ β-Sitosterol Campesterol Stigmasterol

Before 1980
Max. 4.71 38.9 6.47 237.0 104.9 561.5 249.1 324.2
Min. 1.19 11.1 0.12 127.0 48.9 183.7 65.3 95.8

Mean ± SD 2.15 ± 0.9 ns 21.8 ± 7.4 a 2.02 ± 1.43 ns 192.1 ± 27.2 a 76.7 ± 16.6 a 393.8 ± 108.2 b 146.0 ± 51.5 b 178.4 ± 55.8 ns

1980s
Max. 4.09 44.3 4.86 218.6 85.8 673.4 266.6 274.2
Min. 0.23 5.2 0.21 30.0 22.4 275.4 86.8 112.5

Mean ± SD 2.26 ± 1.09 19.0 ± 9.4 ab 1.78 ± 1.30 156.1 ± 47.5 b 56.9 ± 19.5 b 490.1 ± 115.5 a 192.3 ± 51.2 a 192.7 ± 49.8

1990s
Max. 8.31 42.4 6.44 230.3 81.0 765.9 282.2 275.0
Min. 0.49 6.5 0.03 78.7 27.5 225.0 66.2 97.1

Mean ± SD 2.17 ± 1.28 15.8 ± 7.1 b 1.37 ± 1.32 137.3 ± 39.3 b 48.4 ± 13.1 c 405.6 ± 139.8 b 166.9 ± 53.0 ab 181.2 ± 48.2

After 1999
(2000–2013)

Max. 8.09 93.3 7.48 251.1 90.3 724.9 302.7 347.2
Min. 0.2 4.0 0.03 54.2 23.5 206.2 88.2 100.4

Mean ± SD 2.82 ± 1.70 18.7 ± 11.8 ab 1.93 ± 1.40 140.6 ± 41.4 b 48.1 ± 16.0 c 448.7 ± 121.2 ab 181.7 ± 55.4 a 202.3 ± 61.0

* a, b, c, and ns: Means with different letters within a column are significantly different at the 5% level.

Table 2. Distribution of lutein, tocopherols, and phytosterols of 172 soybean varieties by usage.

Usage Lutein
(µg g−1)

Tocopherol (µg g−1) Phytosterol (µg g−1)

α B γ δ β-Sitosterol Campesterol Stigmasterol

Sauce
Max. 8.09 42.4 6.47 237.0 104.9 724.9 302.7 324.2
Min. 0.23 6.0 0.03 30.0 24.0 183.7 65.3 95.8

Mean ± SD 2.09 ± 1.12 b 18.9 ± 7.8 ab 1.81 ± 1.34 ab 160.5 ± 46.4 a 60.3 ± 19.4 a 424.7 ± 120.1 a 172.0 ± 53.7 ab 191.2 ± 53.3 ns

Sprouts
Max. 7.02 93.3 5.24 251.1 90.3 765.9 292.4 347.2
Min. 0.77 5.2 0.03 70.3 22.4 234.2 68.1 97.1

Mean ± SD 3.02 ± 1.44 a 19.3 ± 13.9 ab 1.73 ± 1.33 ab 141.2 ± 42.9 ab 46.8 ± 15.7 b 486.7 ± 130.0 a 192.1 ± 54.7 a 197.4 ± 57.9

Cooking with rice
Max. 8.31 41.7 7.48 226.5 79.6 706.3 285.5 320.7
Min. 1.29 4.0 0.40 98.0 25.9 225.7 66.2 114.0

Mean ± SD 3.59 ± 1.96 a 13.8 ± 7.7 a 1.53 ± 1.43 b 140.3 ± 31.9 ab 48.0 ± 13.6 b 430.1 ± 112.6 a 166.6 ± 57.7 ab 194.2 ± 64.0

Vegetable
Max. 2.36 32.5 6.44 162.0 81.0 538.4 264.5 298.8
Min. 0.20 6.0 0.09 69.0 24.2 206.2 100.5 100.4

Mean ± SD 1.29 ± 0.55 c 21.4 ± 8.3 a 2.41 ± 1.65 a 120.4 ± 24.6 b 42.5 ± 14.9 b 339.2 ± 92.8 b 145.8 ± 45.3 b 189.4 ± 64.8

* a, b, c, and ns: Means with different letters within a column are significantly different at the 5% level.
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Table 3. Distribution of lutein, tocopherols, and phytosterols of 172 soybean varieties by seed weight.

100-Seed Weight Lutein
(µg g−1)

Tocopherol (µg g−1) Phytosterol (µg g−1)

α β γ δ β-Sitosterol Campesterol Stigmasterol

Small
(<12 g)

Max. 7.02 93.3 3.87 251.1 90.3 724.9 302.7 321.3
Min. 1.50 5.2 0.03 82.0 23.5 318.6 131.2 97.1

Mean ± SD 3.63 ± 1.7 a 22.7 ± 18.7 a 1.77 ± 1.16 ns 151.2 ± 49.4 ns 49.4 ± 17.2 ns 522.8 ± 109.4 a 213.7 ± 45.9 a 216.3 ± 54.4 a

Medium
(12–24 g)

Max. 8.09 44.3 5.24 217.6 92.7 765.9 292.4 347.2
Min. 0.23 6.5 0.03 30.0 22.4 183.7 65.3 95.8

Mean ± SD 2.71 ± 1.42 b 17.2 ± 9.1 b 1.61 ± 1.29 146.1 ± 44.4 51.9 ± 18.5 464.0 ± 137.4 b 181.0 ± 60.0 b 180.4 ± 54.0 b

Large
(>24 g)

Max. 8.31 42.4 7.48 237.0 104.9 656.3 288.8 324.4
Min. 0.20 4.0 0.05 54.2 24.2 206.2 66.2 99.2

Mean ± SD 2.17 ± 1.34 b 18.4 ± 8.0 ab 1.92 ± 1.47 149.0 ± 42.0 54.2 ± 18.6 401.0 ± 107.7 c 162.9 ± 49.4 b 196.6 ± 57.4 ab

* a, b, c, and ns: Means with different letters within a column are significantly different at the 5% level.

Table 4. The average content of lutein, tocopherols, and phytosterols by each group of 172 Korean soybean varieties.

Cluster
Lutein

(µg g−1)
Tocopherol (µg g−1) Phytosterol (µg g−1)

α β γ δ β-Sitosterol Campesterol Stigmasterol

I
(n = 2) 2.42 33.9 3.64 202.3 71.6 690.6 295.8 298.6

II
(n = 106) 2.22 15.0 1.47 121.3 42.2 436.4 174.2 190.6

III
(n = 15) 2.83 38.2 4.62 183.1 68.1 391.4 170.4 178.2

IV
(n = 36) 3.22 19.5 1.75 192.0 70.5 493.2 203.2 223.3

V
(n = 13) 2.80 20.1 1.19 198.6 69.5 286.1 90.4 128.2
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Table 5. Distribution by breeding year, usage, and 100-seed weight of 172 Korean soybean varieties included in each group.

Cluster
Breeding Year Usage 100-Seed Weight

Before 1980 1980s 1990s After 1999 (2000–2013) Sauces Sprouts Cooking with Rice Vegetables <12 g 12–24 g >24 g

I
(n = 2) - - - 2

(1.2)
2

(1.2) - - - 1(0.6) - 1(0.6)

II
(n = 106)

1
(0.6)

9
(5.2)

32
(18.6)

64
(37.2)

40
(23.2)

33
(19.2)

20
(11.6)

13
(7.5)

10
(5.8)

35
(20.3)

61
(35.5)

III
(n = 15)

3
(1.7)

3
(1.7)

2
(1.2)

7
(4.1)

7
(4.1)

6
(3.5)

1
(0.6)

1
(0.6)

2
(1.2)

6
(3.5)

7
(4.1)

IV
(n = 36)

10
(5.8)

6
(3.5)

2
(1.2)

18
(10.5)

21
(12.2)

11
(6.4)

3
(1.7)

1
(0.6)

7
(4.1)

11
(6.4)

18
(10.5)

V
(n = 13)

8
(4.7)

2
(1.2)

3
(1.7) - 10

(5.8)
2

(1.2)
1

(0.6) - - 7
(4.1)

6
(3.5)

Note: The value in parenthesis indicates the percentage of each cluster of the total of all varieties.
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Figure 1. Cluster analysis of 172 Korean soybean varieties based on the phytochemical, lutein,
tocopherol, and phytosterol data.
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4. Discussion

The quality of soybean seeds was reported to be relatively largely dependent on environmental
conditions such as temperature, CO2 level, and soil water status [23]. In this study, we evaluated several
phytochemicals that exist in relative abundance in common soybean varieties by breeding year, usage,
and seed size. Among 172 varieties, three varieties have lutein contents above 7.0 µg g−1 seed, and 23
varieties more than 4.0 µg g−1 seed. Even though lutein contents in soybean are widely distributed by
genotype [24], our results showed that Korean soybean varieties have relatively higher levels than
those reported from other origins, such as the United States, China, Japan, Taiwan, and Vietnam [25].
Lutein, a member of the xanthophyll family of carotenoids, is effective for human eye protection [26]
and anti-aging [7]. Therefore, some of the Korean varieties that have higher lutein contents could be
used as breeding material to enhance lutein content. In particular, three varieties (more than 7.0 µg g−1

seed; Heukcheong, Soheuk, and Youngyang) have higher pest resistance and primary metabolites
(sugar, protein, and oil), and are generally used in sauces or for cooking with rice in Korea. Among
the four isomers of tocopherols, α-tocopherol is relatively important for human health. However, a
majority of soybean varieties throughout the world contain only less than 10% of total tocopherols in
soybean seed [27]. Our findings revealed that 14 Korean varieties, including Sohwang (31%), had more
than 15% of tocopherols in the form of α-tocopherol, and these varieties commonly contained relatively
less γ-tocopherol. Due to the relatively important value of α-tocopherol, many of the previous studies
examined the variability of α-tocopherol under various genetic and environmental factors [18,27,28]. In
general, α-tocopherol ranges from 4% to 10% of the total tocopherols in Korean soybean seeds [29] and is
strongly affected by environmental conditions, particularly high temperature [27,28,30]. Nevertheless,
the variability of α-tocopherol was found to be affected more by genotype than by environmental
factors and agricultural practices [28], and the broad- and narrow-sense heritability of α-tocopherol are
higher (0.59 to 0.645) compared to other crop species [31,32]. As shown in Table 1, soybean varieties
containing higher α-tocopherol content were created in recent years. Our possible explanation for this
observation is that some of the high α-tocopherol-containing varieties could be material lines used
to enhance α-tocopherol and, particularly, the combination with agricultural practices (planting date
and density) may involve environmental variance that contributes to elevating α-tocopherol against
climate change.

We also found some interesting results regarding phytosterols in the soybean seeds. The major
phytosterol present in soybean seed was reported to be β-sitosterol (43%–67%), followed by campesterol
(17%–34%) and stigmasterol (10%–30%) [33]. Overall, we found that Korean soybean varieties contain
relatively higher phytosterol contents compared with those of other origins, and among these, 18
varieties contained in excess of 600 µg g−1 seed, which is at least 1.5-fold higher compared to the highest
level reported in previous studies [33]. As shown in Table 3, the highest levels of phytosterols being
observed in sprout varieties suggests possibilities for a new breeding strategy for phytosterol-rich
varieties. In addition, small-sized varieties (less than 12 g 100-seed−1) showed a tendency to have
higher phytosterol contents (Table 4). These observations differ somewhat from previous reports, in
which phytosterol levels were almost constant across genotypes, seed sizes, and harvest years [33–35].
The differences in the current study suggest the need to compare phytosterols from different origins to
provide more information for breeding strategies corresponding to an increasing demand. Clustering
of the data was used to group the 172 evaluated varieties into five distinct clusters (Figure 1). Jonam
and Manpoong, belonging to group I, are the most valuable varieties in terms of the average contents
of phytochemicals (Table 5). These varieties have the same primary usage (sauce), although their seed
sizes differ. Group III consists of 15 varieties that have relatively higher levels of α- and β-tocopherols,
and group IV has higher lutein. The current findings provide useful information for developing new
varieties suitable for various breeding goals. We recommend comprehensive studies be conducted
comparing contents between different origins according to the same parameters to further build upon
our findings.
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5. Conclusions

Soybean is an important nutritional source for human and animal health, containing not only
protein, oil, and carbohydrate, but also being a major source of functional metabolites (phytochemicals).
Higher levels of phytochemicals were found in recently bred lines (since 2000) that are primarily used
as sprouts, and with a 100-seed weight less than 20 g. The cluster analysis showed that the highest
lutein-containing varieties belong to group III, higher tocopherols to group I, and higher phytosterols
to groups I and IV. The characterization of phytochemicals reported here, from the 172 Korean varieties,
provides a useful foundation upon which to base such decisions as variety selection and breeding
strategy to meet the needs of farmers and consumers, and even regarding environmental variance,
although more studies are necessary for better evaluation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/4/100/s1:
Table S1: Breeding year and organization used in this study; Table S2–S7 and Figure S1–S3: HPLC and GC
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of for all metabolites; Figure S4: Distribution of phytochemicals; Table S8: Contents of phytochemicals; Table S9
and S10: Principal component analysis.
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