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ABSTRACT

Modern soybean cultivars should have good agronomic performance in addition to high bioactive
properties. This study evaluated anthocyanin content, isoflavone composition, antioxidant activity,
and agronomic traits of sixteen black soybean genotypes grown in Mojokerto, East Java, Indonesia.
Seed samples were analysed for total anthocyanin content (TAC), antioxidant activity, and isoflavone
composition, including daidzein, glycitein, and genistein, in both the seed coat and the cotyledon.
Significant variation was observed among genotypes for all biochemical and agronomic traits. TAC
was higher in the seed coat than in the seed cotyledon. Genotypes with black seed coats exhibited
high TAC in the seed coat, whereas green cotyledon genotypes showed higher TAC in the cotyledon.
Isoflavone concentrations ranged from 9.42-27.94 mg/kg for daidzein, 25.18-67.14 mg/kg for
glycitein, and 12.93-34.52 mg/kg for genistein. Antioxidant activity in the cotyledon was generally
low, while the seed coat exhibited antioxidant activity ranging from low to strong, with three
genotypes classified as having strong antioxidant potential. The number of nodes was identified as
auseful selection criterion for high-yielding genotypes. The Genotype-by-Trait (GT) biplot showed
that the genotype G2 (JPG 15/Anj-884) had the highest values for all isoflavone compositions.
Genotypes G6 (Khl/Anj-890), G7 (Khl/Anj-891), and G8 (Khl/Anj-893) performed best in terms

of seed yield and antioxidant activity. Genotypes

G9 (Khl/Anj-894), G11 (Khl/Anj-896), and G15

(Mallika) had large seed size and high TAC in
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INTRODUCTION

Black soybean is a promising industrial crop with high nutritional and functional value,
such as anthocyanin, isoflavone, and antioxidants (Mitharwal et al., 2024). These functional
properties are important for supporting human health. Anthocyanins, which are secondary
metabolites and water-soluble pigments found in many fruits, vegetables, and cereal grains,
are responsible for the red, purple, or blue colour (Singh et al., 2024). Isoflavones are
compounds found in soybeans that act as antioxidants and prevent free radical damage.
Similarly, isoflavones from the flavonoid group found in soybean seeds have been shown
to benefit people with diabetes mellitus (Kim et al., 2021).

The functional properties of black soybean differ among genotypes, due to variations in
genetic, environmental factors, and crop management practices (Choi et al., 2020). A study
by Dajanta et al. (2013) found that black soybeans exhibited greater antioxidant properties,
total phenolics, and total flavonoids than yellow soybeans. Choi et al. (2020) investigated
the relationship between the functional properties and the seed size of 24 black soybeans
and found that the large-seeded seeds had higher total anthocyanin and total isoflavone
contents than the small seeds, while the small seeds had higher total phenolic content. In
another study, it was found that the isoflavone content in the green seed coat and yellow seed
coat colours was 2.11 mg/g and 5.24 mg/g, respectively (Bursaca et al. 2017). According
to Dhungana et al. (2021), anthocyanins were only found in black soybeans. In contrast to
immature soybean seeds, Carrao-Panizzi et al. (2019) found that matured soybean seeds
(R8 development stage) have higher levels of isoflavones, anthocyanins, protein, oleic fatty
acid, B-glucoside, and aglucone isoflavones. However, it was shown that both anthocyanins
and malonyl isoflavones were high in the R7 stage (physiological maturity),

Those research findings offer a potential chance to improve and enhance the functional
properties of the soybean genotype. However, the economic value of soybeans, on the
other hand, is characterised not only by their nutritional content, but also by commercially
valuable agronomic qualities such as seed yield and agronomic traits that maintain high
yields (Karges et al., 2022; Ramlal et al., 2023). Several studies on soybeans have shown
that seed yield is significantly influenced by yield components, such as the number of pods
per plant, the number of seeds per pod, and seed size (Kezar et al., 2023; Tayade et al.,
2023; Wang et al., 2025). These traits are frequently used as reliable selection criteria in
soybean breeding research and have been shown as significant predictors of seed production
(Karyawati & Puspitaningrum, 2021; Mustofa et al., 2021). Furthermore, it has been
shown that seed size and seed weight have a significant contribution to yield stability and
market value in soybean, especially across different environmental conditions (Egli, 2013).
Collectively, these findings emphasise that the integration of bioactive compound evaluation
with agronomic performance is essential for the development of superior soybean cultivars.

Several studies on soybeans reported a significant relationship between isoflavones and
agronomic traits (Zhang et al., 2014; Kim et al., 2023; Kuswantoro et al., 2023). However, a
limited study was found on the relationship between antioxidant activity, anthocyanin, and
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isoflavone content with agronomic performance. Selecting several soybean genotypes with
beneficial functional properties combined with a diversity of agronomic traits, especially
seed yield, can help to increase the economic value of soybeans. This study aimed to
determine the anthocyanin content, isoflavone composition, and antioxidant activities of
black soybean genotypes resulting from crosses of several parental lines, and to examine
their relationship with the performance of agronomic traits.

MATERIALS AND METHODS
Plant Genotypes and Study Location

Sixteen black soybean genotypes, consisting of 14 lines derived from crosses and selection
among several parental lines and two commercial check cultivars (Mallika and Detam 4),
were used in this study (Table 1). Several genotypes listed in Table 1 exhibit brown or
blackish-brown seed coats as a result of segregation from crosses between black- and
yellow-seeded parents. All genotypes were planted in the experimental field in Mojokerto,
East Java, Indonesia, from August to November 2025. The research location has the soil
type of Vertisol, C3 climate type based on the Oldeman system, and elevation of 54 a.s.l.
The anthocyanin, isoflavone, and antioxidant measurements were performed in the
Laboratory of the School of Life Sciences and Technology, Bandung Institute of Technology.

Table 1
The list of soybean genotypes, pedigree, and seed colour

No. Genotype Code Pedigree Colour
Female Male Seed Coat Seed Cotyledon
1 JPG 15/Anj-883 Gl JPG 15 Anjasmoro Black Green
2 JPG 15/Anj-884 G2 JPG15 Anjasmoro Black Green
3 JPG 15/Anj-885 G3 JPG 15 Anjasmoro Black Green
4 JPG 15/Anj-886 G4 JPG 15 Anjasmoro Black Green
5  JPG 15/Anj-887 G5 JPG 15 Anjasmoro Blackish brown  Green
6  Khl/Anj-890 G6  Khl Anjasmoro Blackish brown  Yellow
7  Khl/Anj-891 G7  Khl Anjasmoro Blackish brown  Yellow
8  Khl/Anj-893 G8 Khl Anjasmoro Black Yellow
9  Khl/Anj-894 G9 Khl Anjasmoro Black Green
10 Khl/Anj-895 G10  Khl Anjasmoro Black Green
11 Khl/Anj-896 G11  Khl Anjasmoro Brown Green
12 Khl/Anj-898 G12  Khl Anjasmoro Brown Green
13 Khl/Anj-899 G13  Khl Anjasmoro Brown Green
14 Khl/Anj-900 Gl14 Khl Anjasmoro Black Green
15 Mallika Gl15 Local variety Black Yellow
16  Detam 4 Gl6  W9837 G100H Black Yellow
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Experimental Design and Field Study

The field experiment employed a randomised block design using 16 black soybeans, each of
which was replicated four times. The study was conducted in a lowland after rice planting
and without any soil tillage. Each genotype was sown in a plot of 2 m x 4.5 m with a
planting distance of 40 cm between rows and 15 ¢cm between hills, using two plants per
hill. Fertilisers were applied at the time of sowing, consisting of 250 kg/ha Phonska and
100 kg/ha SP-36. Pest, disease, and weed control were managed through regular
monitoring. The observations were on the yield and yield components (days to flowering,
days to maturity, plant height, number of branches, nodes, filled pods, empty pods, and
100-seed weight).

Determination of Total Anthocyanin Content (TAC)

The seed coat and cotyledon of 16 black soybean genotypes were examined for total
anthocyanin content (TAC). Before anthocyanin extraction, the seed coats and cotyledons
were manually removed and freeze-dried. After being frozen using liquid nitrogen, 30 grams
of each sample were ground with pestles and mortars. The extraction of the TAC followed
Giusti and Wrostald (2001). The amount of anthocyanin was quantified by comparing the
absorbance to the standard curves at 700 nm and 512 nm at pH 1 and pH 4.5, respectively.

Determination of Antioxidant Activity

The seed coat and cotyledon of black soybeans were examined for antioxidant activity.
The DPPH method (Jadid et al. 2017) was used to determine the antioxidant activity.
Methanol was used to prepare the DPPH solution, which was subsequently added to
extracts at several concentrations (5, 15, 30, 45, and 60 ppm). The absorbance changes
were recorded at 517 nm. The standard was ascorbic acid. The following formula was used
to calculate the percentage of DPPH inhibition (Pi) as shown in Equation 1:

P = (AbA—‘b“ x 100 [1]

ADb is the absorbance of the control, As is the absorbance of the compound/standard. The
antioxidant ability of the sample was expressed as ICs,. The antioxidant activity based on
the ICs, (ppm) was classified according to Molyneux (2004): <50 ppm indicated very strong
antioxidant activity, 50-100 ppm showed strong antioxidant activity, 100-150 ppm denoted
intermediate antioxidant activity, and > 150 ppm indicated weak antioxidant activity.
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Determination of Isoflavone Composition

Isoflavone content consisting of daidzein, genistein, and glycitein was determined using
the methods of Vyn et al. (2002). The concentrations of daidzein, genistein, and glycitein
were quantified by comparing sample peak areas with known standards based on calibration
curves derived from the standard chromatograms.

Data Analysis

Agronomic traits were analysed using analysis of variance (ANOVA). The relationships
between agronomic traits, yield, and bioactive properties were assessed using Pearson
correlation in RStudio version 1.3.959 (RStudio Team, 2020). Genotypic performance
based on selected agronomic traits and bioactive properties was displayed using a
“which-won-where” graph of the genotype-by-trait (GT) biplot (Yan & Rajcan, 2002)
using RStudio.

RESULTS AND DISCUSSION

Variation in the Seed Coat and Cotyledon Colour

Soybeans have a variety of seed coat colours, including green, brown, black, and yellow, as
well as various cotyledon colours (Gao et al., 2021; Lim et al., 2021). Soybeans with black
seed coats can be divided into two classes based on the colour of their cotyledons, which
can be green or yellow (Jo et al., 2021). In this study, the 16 black soybeans consisted of
10 genotypes with black seed coat colours, three genotypes had blackish brown colours,
and the rest (three genotypes) had brown seed coat colours. The cotyledon consisted of
the green cotyledon (11 genotypes) and the yellow cotyledon (five genotypes) (Figure 1).
The formation of a black seed coat is mainly attributed to the accumulation of anthocyanins
and is genetically regulated by the 7 allele. The most common anthocyanins in black-seeded
soybean types are delphinidin 3-O-glucoside, petunidin 3-O-glucoside, and cyanidin
3-0-glucoside (Choung et al., 2001).

The variation in the seed coat colour of black soybean could be due to gene action.
Gene R is responsible for seed hilum colour variation, while gene T is responsible for brown
pubescent colour. The allelic combination RT displays a black seed coat colour, while
the allelic combination 7 displays a brown seed coat colour (Bernard & Weiss, 1973).
In Indonesia, information on the genetic variation of the seed coat and cotyledon colours
of black soybean is still limited. Meanwhile, in South Korea, soybeans with black seed
coats and green cotyledons exhibit narrow genetic variation (Jo et al., 2021).
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Figure 1. Variation in seed coat and cotyledon colours of 16 black soybean genotypes (A = seed colour;
B = cotyledon colour; C = seed coat colour)

Anthocyanin Content

Black soybeans have the potential to provide nutritional and health benefits for humans
(Bhartiya et al., 2020) due to the noticeable variations in compounds compared to yellow
soybeans (Anjum et al., 2022; Li et al., 2024), such as anthocyanin. In this study, the TAC
was measured in both the seed coat and the cotyledon. The average TAC of the black
soybean genotypes was higher in the seed coat (283.69 mg/100 g) than in the cotyledon
(118.25 mg/100 g). Previous studies also found a high amount of anthocyanin in the seed
coat (Choi etal., 2020; Zhang et al., 2011). It has been estimated that over 99% of the total
anthocyanin in black soybeans is found in the epidermal palisade layer of the seed coat,
which is primarily responsible for the black colouration (Zhang et al., 2011).

The TAC range in the seed coat was 54.98-734.51 mg/100 g (Figure 2a) while it was
13.47-272.40 mg/100 g in the cotyledon (Figure 2b). The highest anthocyanin content
in the seed coat was Khl/Anj-894 (734.51 mg/100 g), higher than that of the check
cultivar of Mallika (707.29 mg/100 g). Both genotypes had black seed coat colour. The
highest anthocyanin content in seed cotyledons was Khl/Anj-896 (272.40 mg/100 g) and
Khl/Anj-900 (229.02 mg/100 g)—both had green cotyledon colour. Soybeans with black seed
coats and green cotyledons have been commonly utilised in medicinal treatments in Japan,
Korea, and China (Jo et al., 2021). A study on Korean black soybean revealed that the range of
TAC was from 19.8 to 1,420.4 mg/100 g (Lee et al., 2016). Another study conducted by Choi
et al. (2020) linked anthocyanin content with soybean seed size and reported that the TAC
varied in small seeds (280.16-1085.89 mg/100 g), medium seeds (189.461-1191.028 mg/100 g),
and large seeds (457.508-2633.454 mg/100 g). The available information on the variation
and anthocyanin content among soybean genotypes provides an excellent opportunity to
develop soybean varieties with high anthocyanin content.
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Figure 2. Anthocyanin content of 16 black soybean genotypes in the (a) seed coat and (b) seed cotyledon

Isoflavone Composition

The isoflavone composition, which consisted of daidzein, glycitein, and genistein, varied
among black soybean genotypes. The contents of daidzein, glycitein, and genistein ranged
from 9.42 to 27.94 mg/kg, 26.80 to 67.14 mg/kg, and 12.93 to 34.52 mg/kg, respectively.
Among 16 genotypes, the average glycitein was higher than daidzein and genistein. Several
studies found a higher variation in daidzein than in genistein (Anjum et al., 2022; Sumardi
et al., 2017). Furthermore, another study found a higher genistein content (de Oliveira et
al. 2024). These results suggest that the variation in the isoflavone content was influenced
by environment (E), genotype (G), and the GE interaction (Choi et al., 2020).

The check cultivars of Mallika and Detam 4 had the highest daidzein (27.94 and 25.39
mg/kg, respectively). The Detam 4 had the highest glycitein (67.14 mg/kg), followed
by Khl/Anj-896 (49.30 mg/kg). The highest genistein was found in JPG 15/Anj-883
and Mallika n (34.52 and 33.66 mg/kg, respectively). These findings show that Mallika
has excellent daidzein and genistein contents, while Detam 4 has excellent daidzein and
glycitein contents. The JPG 15/Anj-883 showed high glycitein and genistein (Figure
3). The biological activities of genistein and daidzein are widely recognised. However,
genistein was reported to have about ten times higher biological activity than daidzein and
glycitein (Kocar et al., 2019). Numerous significant effects of genistein have been reported,
including anti-cancer activity (Yu et al., 2020), suppression of axillary osmidrosis (Saito et
al., 2020), and potential nematocidal activities against soybean cyst nematodes (Ma et al.,
2022). Several studies have also shown that genistein and other isoflavones derived from
soybean roots affect the diversity of microbial development, notably fungus populations
(Colpas et al., 2003; Guo et al., 2011).
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Figure 3. Isoflavone composition (daidzein, glycitein, and genistein) of 16 black soybean genotypes

Antioxidant Activity

Antioxidants are compounds that support human health by neutralising damaging free
radicals in the body. These substances help to minimise oxidative stress, which is linked
to a variety of chronic diseases and the ageing process. Previous research has revealed that
the extract of black soybean showed strong antioxidant activity, indicating its potential use
as an alternative anti-ageing agent due to the presence of phenolic chemicals that work
as antioxidants (Asan et al., 2019). In this study, the determination of antioxidant activity
was performed in the seed coat and cotyledon. The ICs, value was used to measure the
antioxidant activity. It is determined as the substrate concentration required that causes
a 50% loss of the DPPH activity (Molyneux, 2004). Hence, the lower the ICs, value, the
higher the antioxidant activity (Rivero-Cruz et al., 2020). Accordingly, the black soybean
cotyledon of all genotypes has a weak antioxidant activity, with the ICy, value ranging
from 4,115.47 - 6,813.84 ppm. In contrast, the antioxidant activity in the seed coat ranged
from strong to weak, with a range of 5,595.05 -78.29 ppm. These findings are consistent
with previous studies, which reported that antioxidant activity was primarily found in the
seed coat (Soedarjo, 2019; Lim et al., 2021).

In this study, black soybean lines (Khl/Anj-894, Khl/Anj-896, and Khl/Anj-898 showed
strong antioxidant activity in the seed coat. Meanwhile, eight lines exhibited intermediate
antioxidant activity, while the other lines had low antioxidant activity (Table 2). Three lines with
strong antioxidant activity had black and brown seed coats. Significant polymerised procyanidin
and anthocyanin content in the black seed coat of soybeans may explain the excellent antioxidant
effect (Takahata et al., 2001). In line with research, Lee et al. (2020) found that soybean
genotype 42 KSBLs exhibited higher levels of phytochemicals and antioxidant activities.
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A study by Prvulovi¢ et al. (2016) showed variation in the antioxidant activity of five soybean
genotypes. In other crops, such as Vigna unguiculata, there was also variation in antioxidant
potential (Saeed et al., 2020). A high variation in the antioxidant activity of black soybean
(10.99-20.38 umol TE/g) was also reported by Yusnawan et al. (2016).

Table 2
The ICs, values and antioxidant activities of 16 black soybean genotypes

Cotyledon Seed coat
No Genotype
ICs, value Category ICs, value Category
1 JPG 15/Anj-883 4,606.23 Weak 116.23 Intermediate
2 JPG 15/Anj-884 4,115.47 Weak 129.85 Intermediate
3 JPG 15/Anj-885 4,876.50 Weak 164.70 Intermediate
4 JPG 15/Anj-886 4,701.73 Weak 114.72 Intermediate
5 JPG 15/Anj-887 5,212.34 Weak 105.26 Intermediate
6  Khl/Anj-890 6,782.94 Weak 4,127.60 Weak
7  Khl/Anj-891 5,115.20 Weak 5,595.05 Weak
8  Khl/Anj-893 5,928.30 Weak 4,381.18 Weak
9  Khl/Anj-894 4,273.08 Weak 78.29 Strong
10  Khl/Anj-895 4,479.00 Weak 104.89 Intermediate
11 Khl/Anj-896 4,989.82 Weak 82.77 Strong
12 Khl/Anj-898 5,312.81 Weak 84.09 Strong
13 Khl/Anj-899 4,365.55 Weak 3,292.59 Weak
14 Khl/Anj-900 4,875.08 Weak 2,892.42 Weak
15 Malika 6,813.84 Weak 130.07 Intermediate
16 Detam 4 4,833.56 Weak 104.89 Intermediate

Performance and Correlation of Agronomic Traits

The agronomic traits showed variation among the black soybean genotypes (Table 3). The
performance of the agronomic traits was presented in Figure 4. Based on the performance
of the agronomic traits, it was noted that the plants grew normally. The range of seed was
2.54 to 3.89 t/ha, with a range of days to maturity from 81 to 87 days. These indicate that
soybean genotypes have a high genetic potential.

Genotype and environment have a significant impact on soybean seed yield and
yield components. As new cultivars are developed through breeding, it is important for
breeders to investigate the correlations between yield and yield components (Mecha et al.,
2017). The study of the effect of agronomic traits on seed yield showed that plant height
(r=-0.602%), number of nodes (r = 0.502%*), and number of empty pods (r =-0.703*) had
a significant correlation with seed yield (Figure 5).
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Table 3
Analysis of variance for agronomic traits of 16 black soybean genotypes

Mean Square

Traits Symbol

Replication Genotype
Days to flowering (days) DTF 0.5208" 3.2291™
Days to maturity (days) DTM 7.8541™ 19.0958™
Plant height (cm) PHG 694.9980" 192.8692"
Number of branches NOB 0.1297™ 3.3707*"
Number of nodes NON 54.1696™ 118.2683™
Number of filled pods NFP 388.0618™ 322.8526™
Number of empty pods NEP 2.4340" 4.6653™
100 seed weight (g) SWG 0.3536" 4.7384™
Seed yield (t/ha) YIELD 0.0858™ 0.4085™

Note. ns = not significant; * = significant at 5 % probability level (p <0.05); ** =significant at 1 % probability
level (»p <0.01)

In this study, plant height was negatively correlated with seed yield. A higher plant may
not consistently demonstrate a higher yield because tall plants may have a denser canopy,
which limits the interception of photosynthetically active radiation in the plant's lower
parts (Vu et al., 2019). Higher seed yields have been observed in soybean cultivars with
greater efficiency in intercepting photosynthetically active radiation within the vegetative
canopy (Miiller et al., 2017).

In this study, the number of nodes showed a positive correlation with seed yield. This
result is similar to previous studies (Hapsari et al., 2021; Karyawati & Puspitaningrum,
2021). This finding implies that the number of filled pods was influenced by the number of
nodes. The number of pods per unit area is frequently correlated with seed yield, suggesting
that the number of pods with nodes affects soybean yield (Egli, 2013). Additionally, the
number of nodes per plant could contribute to the changes in the number of pods per plant
(Egli, 2013; Wei & Molin, 2020). The present study also revealed a significant negative
correlation between the number of empty pods and seed yield, indicating that an increase
in non-reproductive nodes may reduce seed yield potential (Du et al., 2020; Egli, 2013).
Information on the relationship between soybean yield and yield components can be
beneficial in the selection of parental lines for producing cultivars with higher genetic yield
potential. Based on these findings, the indirect selection for short plants could increase
the seed yield in soybean, and the number of nodes can be used as one of the indicators to
obtain high-yielding soybean genotypes in the breeding selection stage.
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Figure 4. The agronomic trait performance of 16 black soybean genotypes
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Figure 5. Correlation among agronomic traits of 16 black soybean genotypes. The limit of significance
correlation is > + 0.50; the agronomic trait codes are shown in Table 3

Correlation between Yield and Bioactive Properties

No significant correlation was found between seed yield and the bioactive properties (TAC,
antioxidant activities, isoflavone), nor among the bioactive properties, except for daidzein
with genistein (Figure 6). A non-significant correlation between seed yield and both daidzein
and genistein was also reported by Laurenz et al. (2017). However, a previous study by Vyn
et al. (2002) revealed a positive correlation between isoflavone concentrations and seed
yield. In the present study, daidzein and genistein were strongly and positively correlated
with each other (r = 0.676").

The individual isoflavones (daidzein, glycitein, genistein) also showed no significant
correlation with the TAC and antioxidant activity, respectively. This finding is in line
with earlier studies, which reported no significant correlation between anthocyanins and
isoflavones, or between antioxidant activity and isoflavone content (Choi et al., 2020;
Lee et al., 2016). Another study found negative or weak associations between individual
isoflavones with particular anthocyanins, indicating a trade-off between their biosynthesis
pathways (Wu et al., 2017). However, the lack of significant correlation between the seed
yield and the functional properties found in this study indicates the possibility of improving
these functional properties without significantly lowering seed yield.
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Figure 6. Correlation between yield and functional properties of 16 black soybean genotypes. The limit
of significance correlation is > + 0.50; DAZ = daidzein; GLY = glycitein; GNS = genistein; TACs = total
anthocyanin content in seed; TACsc = total anthocyanin content in seed cotyledon; ANTs = antioxidant activity
in seed; ANTsc = antioxidant activity in seed cotyledon; YLD = seed yield

Genotype Evaluation Based on Selected Agronomic Traits and Bioactive Properties

The characteristics of modern soybean varieties are determined by bioactive properties,
yield potential, and agronomic performance. Large seed size is one of these characteristics
that could be improved to meet the specific demand of society. In addition, large-seeded
soybeans were used by the industry as raw material for tempeh production (Krisnawati
& Adie, 2015). In this study, the genotype evaluation was based on important agronomic
traits (large seed size and high yield) and bioactive properties.

A GT biplot with a polygon view was used to help identify genotypes with the highest
values for one or more traits (Figure 7). The biplot was divided into six sectors, with ten
traits falling into three sectors. The genotype with the greatest value of the traits within
each sector was considered to be the vertex genotype (Paramesh et al., 2016). Figure
7 illustrates that the vertex genotypes are G2, G6, G7, G8, G9, G11, and G15. The GT
biplot suggests that G2 has the highest or near-highest value for all isoflavones (daidzein,
glycitein, genistein). The genotypes G6, G7, and G8 demonstrated superior performance
in seed yield and antioxidant activity in the seed and cotyledon. The genotypes G9, G11,
and G15 exhibited superior performance in the large seed size and TAC in the seed and
seed cotyledon.
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The identified soybean genotypes with specific superior traits could be used as elite
genetic resources for soybean breeding programs or be further developed to improve black
soybean cultivars for industrial purposes. For example, genotypes with high daidzein,
glycitein, and genistein contents could be utilised as parents to breed soybean lines with
enhanced isoflavone levels and composition, which are desirable by the industry.

Previous research findings have focused on evaluating the content of bioactive
properties. However, research that simultaneously assesses both yield-related agronomic
traits and functional properties remains limited. By applying the GT biplot approach, the
results of this study provide valuable insights for identifying modern black soybean varieties
that combine excellent agronomic performance with high health benefits.
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-3 -2 -1 0 1 2

AXIS126.27 %

Figure 7. Polygon view of the “which-won-where” graph of genotype-by-trait biplot, illustrating
which genotypes exhibit the highest values for specific traits. DAZ = daidzein; GLY = glycitein;
GNS = genistein; TACs = total anthocyanin content in seed; TACsc = total anthocyanin content in seed cotyledon;
ANTSs = antioxidant activity in seed; ANTsc = antioxidant activity in seed cotyledon; B100 = 100-seed weight;
YLD = seed yield

CONCLUSION

The anthocyanin content, isoflavone composition, antioxidant activity, and agronomic
traits of black soybeans varied among genotypes. The anthocyanin content of black
soybeans in the seed coat was higher than in the seed cotyledon. The isoflavone
composition showed that the average glycitein content was higher than daidzein and
genistein. The antioxidant activity in the seed coat ranged from low to strong, while the
seed cotyledon showed a moderate to strong antioxidant activity. The number of nodes
can be used as one of the selection indicators to obtain high-yielding soybean genotypes.
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The soybean genotype G2 (JPG 15/Anj-884) had the highest values for the traits
of all isoflavones (daidzein, glycitein, genistein). Genotypes G6 (Khl/Anj-890),
G7 (Khl/Anj-891), and G8 (Khl/Anj-893) exhibited superior performance in seed yield
and antioxidant activity in both seed and cotyledon. Genotypes G9 (Khl/Anj-894),
G11 (Khl/Anj-896), and G15 (Mallika) showed superior performance in seed size and
total anthocyanin content in both the seed and the cotyledon. These genotypes represent
promising candidates for further improvement of new black soybean cultivars, either
through selection as pure lines or as parental lines in the breeding program.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Dadang Sumardi (Bandung Institute of Technology) for
sharing his knowledge and providing access to the laboratory of the School of Life Sciences
and Technology, Bandung Institute of Technology (Bandung, West Java, Indonesia).
This research was supported by the RIIM LPDP Grant and the National Research and
Innovation Agency (BRIN) under the 2™ year of the RIIM4 Project (Grant Nos. B-3844/
11.7.5/FR.06.00/11/2023 and B-4113/111.11/PR.02/11/2023). The authors also acknowledge
the Research Organisation for Agriculture and Food (ROAF) and the Research Centre for
Food Crops for their support.

REFERENCES

Anjum, S., Rana, S., Dasila, K., Agnihotri, V., Pandey, A., & Pande, V. (2022). Comparative nutritional and
antimicrobial analysis of Himalayan black and yellow soybean and their okara. Journal of the Science of
Food and Agriculture, 102(12), 5358-5367. https://doi.org/10.1002/jsfa.11889

Asan, T., Lister, I. N. E., Fachrial, E., Amalia, A., Widowati, W., Samin, B., & Liena, L. (2019). Potency of black
soybean (Glycine max (L.) Merr) extract and daidzein as antioxidant and antihyaluronidase. Traditional
Medicine Journal, 24(1), 52-58. https://doi.org/10.22146/mot.43615

Bernard, R. L., & Weiss, M. G. (1973). Qualitative genetics of soybean. In B. E. Caldwell (Ed.), Soybeans:
Improvement, production, and uses (pp. 117-154). The American Society of Agronomy.

Bhartiya, A., Aditya, J. P, Pal, R. S., Chandra, N., Kant, L., & Pattanayak, A. (2020). Bhat (black soybean):
A traditional legume with high nutritional and nutraceutical properties from NW Himalayan region of
India. Indian Journal of Traditional Knowledge, 19(2),307-319. https://doi.org/10.56042/ijtk.v19i2.35346

Bursaca, M., Krstonosicaa, M. A., Miladinovicb, J., Malenciéc, D., Gvozdenovica, L., & Cvejica, J. H. (2017).
Isoflavone composition, total phenolic content and antioxidant capacity of soybeans with colored seed
coat. Natural Product Communications, 12(4), 527-532. https://doi.org/10.1177/1934578X1701200417

Carrdo-Panizzi, M. C., Silva, B. dos S., Leite, R. S., Godoy, R. L. de O., Santiago, M. C. P. de A., Felberg, 1.,
& Oliveira, M. C. N. (2019). Isoflavone, anthocyanin, and fatty acid contents of vegetable-type soybean
grains at different maturity stages. Pesquisa Agropecudria Brasileira, 54, Article e00032. https://doi.
org/10.1590/51678-3921.pab2019.v54.00032

Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026) 1089



Mochammad Muchlish Adie, Saptowo Jumali Pardal, Khojin Supriadi, and Ayda Krisnawati

Choi, Y. M., Yoon, H., Lee, S., Ko, H. C., Shin, M. J., Lee, M. C., Hur, O. S., Ro, N.Y., & Desta, K. T. (2020).
Isoflavones, anthocyanins, phenolic content, and antioxidant activities of black soybeans (Glycine max
(L.) Merrill) as affected by seed weight. Scientific Reports, 10, Article 19960. https://doi.org/10.1038/
s41598-020-76985-4

Choung, M. G., Baek, I. Y., Kang, S. T., Han, W. Y., Shin, D. C., Moon, H. P., & Kang, K. H. (2001). Isolation
and determination of anthocyanins in seed coats of black soybean (Glycine max (L.) Mert.). Journal of
Agricultural and Food Chemistry, 49(12), 5848-5851. https://doi.org/10.1021/j010550w

Colpas, F. T., Ono, E. O., Rodrigues, J. D., & de Souza Passos, J. R. (2003). Effects of some phenolic compounds
on soybean seed germination and on seed-borne fungi. Brazilian Archives of Biology and Technology,
46(2), 155-161. https://doi.org/10.1590/S1516-89132003000200003

Dajanta, K., Janpum, P., & Leksing, W. (2013). Antioxidant capacities, total phenolics and flavonoids in black
and yellow soybeans fermented by Bacillus subtilis: A comparative study of Thai fermented soybeans
(thua nao). International Food Research Journal, 20(6), 3125-3132.

de Oliveira, I. C., Santana, D. C., de Oliveira, J. L. G., Silva, E. V. M., Seron, A. C. S. D., Blanco, M., Teodoro,
L. P. R., Junior, C. A. S., Baio, F. H. R., Alves, C. Z., & Teodoro, P. E. (2024). Flavonoids and their
relationship with the physiological quality of seeds from different soybean genotypes. Scientific Reports,
14, Article 17008. https://doi.org/10.1038/s41598-024-68117-z

Dhungana, S. K., Seo, J. H., Kang, B. K., Park, J. H., Kim, J. H., Sung, J. S., Baek, I. Y., Shin, S. O., & Jung, C. S.
(2021). Protein, amino acid, oil, fatty acid, sugar, anthocyanin, isoflavone, lutein, and antioxidant variations
in coloured seed-coated soybeans. Plants, 10(9), Article 1765. https://doi.org/10.3390/plants10091765

Du, Y., Zhao, Q., Li, S., Yao, X., Xie, F., & Zhao, M. (2020). Shoot/root interactions affect soybean
photosynthetic traits and yield formation: A case study of grafting with record-yield cultivars. Frontiers
in Plant Science, 10, Article 445. https://doi.org/10.3389/fpls.2019.00445

Egli, D. (2013). The relationship between the number of nodes and pods in soybean communities. Crop Science,
53(4), 1668-1676. https://doi.org/10.2135/cropsci2012.11.0663

Gao, R., Han, T., Xun, H., Zeng, X., Li, P, Li, Y., Wang, Y., Shao, Y., Cheng, X., Feng, X., Zhao, J., Wang, L.,
& Gao, X. (2021). MYB transcription factors GmMYBA2 and GmMYBR function in a feedback loop
to control pigmentation of seed coat in soybean. Journal of Experimental Botany, 72(12), 4401-4418.
https://doi.org/10.1093/jxb/erab152

Giusti, M. M., & Wrostald, R. E. (2001). Characterisation and measurement of anthocyanin by UV-Visible
spectroscopy. In R. E. Wrostald, E. A. Acree, M. H. Dekker, D. S. Penner, S. J. Reid, C. F. Schwarrtz,
D. Shoemaker, & P. S. Smith (Eds.), Handbook of food analytical chemistry: Pigments, colourants,
favours, texture, and bioactive food components. John Wiley & Sons. https://doi.org/10.1002/0471142913.
faf0102s00

Guo, Z.Y., Kong, C.H., Wang, J. G., & Wang, Y.F. (2011). Rhizosphere isoflavones (daidzein and genistein)
levels and their relation to the microbial community structure of mono-cropped soybean soil in field
and controlled conditions. Soil Biology and Biochemistry, 43(11), 2257-2264. https://doi.org/10.1016/].
s0ilbio.2011.07.022

1090 Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026)



Bioactive Properties and Agronomic Performance of Soybeans

Hapsari, R. T., Adie, M. M., & Krisnawati, A. (2021). Yield performance and agronomic character association
in soybean genotypes. /OP Conference Series: Earth and Environmental Science, 911(1), Article 012023.
https://doi.org/10.1088/1755-1315/911/1/012023

Jadid, N., Hidayati, D., Hartanti, S.R., Arraniry, B.A., Rachman, R.Y., & Wikanta, W. (2017). Antioxidant
activities of different solvent extracts of Piper retrofractum Vahl. using DPPH assay. AIP Conference
Proceedings, 1854, Article 020019. https://doi.org/10.1063/1.4985410

Jo, H., Lee, J.Y., Cho, H., Choi, H.J., Son, C.K., Bae, J.S., Bilyeu, K., Song, J.T., & Lee, J.D. (2021). Genetic
diversity of soybeans (Glycine max (L.) Merr.) with black seed coats and green cotyledons in Korean
germplasm. Agronomy, 11(3), Article 581. https://doi.org/10.3390/agronomy11030581

Karges, K., Bellingrath-Kimura, S. D., Watson, C. A., Stoddard, F. L., Halwani, M., & Reckling, M. (2022).
Agro-economic prospects for expanding soybean production beyond its current northerly limit in Europe.
European Journal of Agronomy, 133, Article 126415. https://doi.org/10.1016/j.€ja.2021.126415

Karyawati, A. S., & Puspitaningrum, E. S. V. (2021). Correlation and path analysis for agronomic traits
contributing to yield in 30 genotypes of soybean. Biodiversitas, 22(3), 1146-1151. https://doi.org/10.13057/
biodiv/d220309

Kezar, S., Ballagh, A., Kankarla, V., Sharma, S., Sharry, R., & Lofton, J. (2023). Response of soybean yield
and certain growth parameters to simulated reproductive structure removal. Agronomy, 13(3), Article
927. https://doi.org/10.3390/agronomy13030927

Kim, L. S., Kim, C. H., & Yang, W. S. (2021). Physiologically active molecules and functional properties of
soybeans in human health—A current perspective. International Journal of Molecular Sciences, 22(8),
Article 4054. https://doi.org/10.3390/ijms22084054

Kim, J. M., Seo, J. S., Lee, J. W., Lyu, J. I, Ryu, J., Eom, S. H., Ha, B. K., & Kwon, S. J. (2023). QTL mapping
reveals key factors related to the isoflavone contents and agronomic traits of soybean (Glycine max). BMC
Plant Biology, 23(1), Article 517. https://doi.org/10.1186/s12870-023-04519-x

Kocar, M. M., Vila, S., Petrovic, S., Rebekic, A., Sudaric, A., Duvnjak, T., Kulundzic, A. K., & Josipovic, A.
(2019). Isoflavone concentrations in soybeans suitable for growing in Europe. Genetika, 51(1), 47-59.
https://doi.org/10.2298/GENSR1901047M

Krisnawati, A., & Adie, M. M. (2015). Selection of soybean genotypes by seed size and its prospects for
industrial raw material in Indonesia. Procedia Food Science, 3, 355-363. https://doi.org/10.1016/j.
prof0o0.2015.01.039

Kuswantoro, H., Ginting, E., Yusnawan, E., Utomo, J. S., & Sundari, T. (2023). Agronomic performance, seed
chemical composition, and bioactive components of selected Indonesian soybean genotypes (Glycine max
[L.] Merr.). Open Agriculture, 8(1), Article 20220229. https://doi.org/10.1515/opag-2022-0229

Laurenz, R., Tumbalam, P., Naeve, S., & Thelen, K. D. (2017). Determination of isoflavone (genistein and
daidzein) concentration of soybean seed as affected by environment and management inputs. Journal of
the Science of Food and Agriculture, 97(10), 3342-3347. https://doi.org/10.1002/jsfa.8184

Lee, K.J., Baek, D., Lee, G., Cho, G., So, Y., Lee, J., Ma, K., Chung, J., & Hyun, D. J. (2020). Phytochemicals
and antioxidant activity of Korean black soybean (G/lycine max L.) landraces. Antioxidants, 9(3), Article
213. https://doi.org/10.3390/antiox9030213

Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026) 1091



Mochammad Muchlish Adie, Saptowo Jumali Pardal, Khojin Supriadi, and Ayda Krisnawati

Lee, M., Sorn, S. R., Park, Y., & Park, H. (2016). Anthocyanin rich-black soybean testa improved visceral fat
and plasma lipid profiles in overweight/obese Korean adults: A randomised controlled trial. Journal of
Medicinal Food, 19(11), 995-1003. https://doi.org/10.1089/jmf.2016.3762

Li, S., Chen, J., Hao, X., Ji, X, Zhu, Y., Chen, X., & Yao, Y. (2024). A systematic review of black soybean
(Glycine max (L.) Merr.): Nutritional composition, bioactive compounds, health benefits, and processing
to application. Food Frontiers, 5(3), 1188-1211. https://doi.org/10.1002/{{t2.376

Lim, Y.J.,Kwon, S.J., Qu, S., Kim, D. G., & Eom, S. H. (2021). Antioxidant contributors in seed, seed coat, and
cotyledon of $\gamma$-ray-induced soybean mutant lines with different seed coat colours. Antioxidants,
10(3), Article 353. https://doi.org/10.3390/antiox 10030353

Ma, Y., Yuan, R., Sikandar, A., Zhu, X., Duan, Y., & Wang, Y. (2022). Genistein and daidzein effects
on the physiological indices of soybean cyst nematode. Scientia Agricola, 79(2), 1-8. https://doi.
org/10.1590/1678-992x-2020-0298

Mecha, B., Alamerew, S., Assefa, A., Assefa, E., & Dutamo, D. (2017). Correlation and path coefficient studies
of yield and yield associated traits in bread wheat (7riticum aestivum L.) genotypes. Advances in Plants
and Agriculture Research, 6(5), 128-136. https://doi.org/10.15406/apar.2017.06.00226

Mitharwal, S., Saini, A., Chauhan, K., Taneja, N. K., & Oberoi, H. S. (2024). Unveiling the nutrient-wealth
of black soybean: A holistic review of its bioactive compounds and health implications. Comprehensive
Reviews in Food Science and Food Safety, 23(5), Article €70001. https://doi.org/10.1111/1541-4337.70001

Molyneux, P. (2004). The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for estimating
antioxidant activity. Songklanakarin Journal of Science and Technology, 26(2), 211-219.

Miiller, M., Rakocevic, M., Caverzan, A., & Chavarria, G. (2017). Grain yield differences of soybean cultivars
due to solar radiation interception. American Journal of Plant Sciences, 8(11), 2795-2810. https://doi.
org/10.4236/ajps.2017.811189

Mustofa, A., Zubaidah, S., & Kuswantoro, H. (2021). Correlation and path analysis on yield and yield
components in segregating populations. AP Conference Proceedings, 2353(1), Article 030030. https://
doi.org/10.1063/5.0052842

Paramesh, M., Reddy, D. M., Priya, M. S., Sumathi, P., Sudhakar, P., & Reddy, K. H. P. (2016). GT biplot
analysis for yield and drought related traits in mung bean (Vigna radiata L. Wilczek). Electronic Journal
of Plant Breeding, 7, 538-543. https://doi.org/10.5958/0975-928X.2016.00069.7

Prvulovi¢, D., Malenci¢, D., & Miladinovi¢, J. (2016). Antioxidant activity and phenolic content of soybean
seeds extracts. Agro-knowledge Journal, 17(2), 121-132. https://doi.org/10.7251/AGREN1602121P

Ramlal, A., Nautiyal, A., Lal, S. K., & Chigeza, G. (2023). A wonder legume, soybean: Prospects for
improvement. Frontiers in Plant Science, 14, Article 1294185. https://doi.org/10.3389/fpls.2023.1294185

Rivero-Cruz, J. F., Granados-Pineda, J., Pedraza-Chaverri, J., Pérez-Rojas, J. M., Kumar-Passari, A., Diaz-Ruiz,
G., & Rivero-Cruz, B. E. (2020). Phytochemical constituents, antioxidant, cytotoxic, and antimicrobial
activities of the ethanolic extract of Mexican brown propolis. Antioxidants, 9(1), Article 70. https://doi.
org/10.3390/antiox9010070

RStudio Team. (2020). R: 4 language and environment for statistical computing. R Foundation for Statistical
Computing. https://www.R-project.org/

1092 Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026)



Bioactive Properties and Agronomic Performance of Soybeans

Saeced, Z., Igbal, S., Younas, U., Pervaiz, M., Bukhari, S. M., & Zaidi, A. (2020). Variation in antioxidant
potential of Vigna unguiculata grown in pure and amended soil. Kuwait Journal of Science, 47(3), 2-14.

Saito, H., Toyoda, Y., Hirata, H., Ota-Kontani, A., Tsuchiya, Y., Takada, T., & Suzuki, H. (2020). Soy isoflavone
genistein inhibits an axillary osmidrosis risk factor ABCC11: In vitro screening and fractional approach
for ABCC11-inhibitory activities in plant extracts and dietary flavonoids. Nutrients, 12(8), Article 2452.
https://doi.org/10.3390/nu12082452

Singh, S., Bhatt, P., Kumar, V., & Singh, N. P. (2024). Phytonutrients, anthocyanidins, and anthocyanins:
Dietary and medicinal pigments with possible health benefits. In S. Nisha, D. Saini, R. J. Kesharwani, P.
C. Gupta, & R. K. Keservani (Eds.), Advances in flavonoids for human health and prevention of diseases
(pp. 23-46). Apple Academic Press. https://doi.org/10.1201/9781003369813-2

Soedarjo, M. (2019). In vitro investigation on phenolic compound and antioxidant activities from methanolic
extracts of black soybean seed. International Journal of Research Studies in Agricultural Sciences, 5(12),
1-7. https://doi.org/10.20431/2454-6224.0512001

Sumardi, D., Pancoro, A., Yulia, E., Musfiroh, 1., Prasetiyono, J., Karuniawan, A., & Syamsudin, T. S. (2017).
Potential of local black soybean as a source of the isoflavones daidzein and genistein. International Food
Research Journal, 24(5), 2140-2145.

Takahata, Y., Ohnishi-Kameyama, M., Furuta, S., Takahashi, M., & Suda, 1. (2001). Highly polymerised
procyanidins in brown soybean seed coat with a high radical-scavenging activity. Journal of Agricultural
and Food Chemistry, 49(12), 5843-5847. https://doi.org/10.1021/jf010307x

Tayade, R., Imran, M., Ghimire, A., Khan, W., Nabi, R. B. S., & Kim, Y. (2023). Molecular, genetic, and
genomic basis of seed size and yield characteristics in soybean. Frontiers in Plant Science, 14, Article
1195210. https://doi.org/10.3389/1pls.2023.1195210

Vu, T. T. H, Le, T. T. C., Vu, D. H., Nguyen, T. T., & Ngoc, T. (2019). Correlations and path coefficients
for yield related traits in soybean progenies. Asian Journal of Crop Science, 11(1), 32-39. https://doi.
org/10.3923/ajcs.2019.32.39

Vyn, T.J., Yin, X., Bruusema, T. W., Jackson, C. J. C., Rajcan, L., & Brouder, S. M. (2002). Potassium fertilisation
effects on isoflavone concentrations in soybean [Glycine max (L.) Merr.]. Journal of Agricultural and
Food Chemistry, 50(12), 3501-3506. https://doi.org/10.1021/j0200671

Wang, X., Sun, J.,, Yi, Z., & Dong, S. (2025). Effects of seed size on soybean performance: Germination,
growth, stress resistance, photosynthesis, and yield. BMC Plant Biology, 25(1), Article 219. https://doi.
org/10.1186/s12870-025-06224-3

Wu, H. J,, Deng, J. C., Yang, C. Q., Zhang, J., Zhang, Q., Wang, X. C., Yang, F., Yang, W. Y., & Liu, J. (2017).
Metabolite profiling of isoflavones and anthocyanins in black soybean [Glycine max (L.) Merr.] seeds
by HPLC-MS and geographical differentiation analysis in Southwest China. Analytical Methods, 9(5),
792-802. https://doi.org/10.1039/C6AY02970A

Yan, W., & Rajcan, I. R. (2002). Biplot analysis of test sites and trait relations of soybean in Ontario. Canadian
Journal of Plant Science, 82(1), 11-20. https://doi.org/10.2135/cropsci2002.1100

Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026) 1093



Mochammad Muchlish Adie, Saptowo Jumali Pardal, Khojin Supriadi, and Ayda Krisnawati

Yu, Y., Xing, Y., Zhang, Q., Zhang, Q., Huang, S., Li, X., & Gao, C. (2020). Soy isoflavone genistein inhibits
hsa_circ_0031250/miR-873-5p/FOXM1 axis to suppress non-small-cell lung cancer progression. /[UBMB
Life, 73(1), 92-107. https://doi.org/10.1002/iub.2404

Yusnawan, E. (2016). The diversity of secondary metabolites in Indonesian soybean genotypes. Biodiversitas,
17(2), 704-710. https://doi.org/10.13057/biodiv/d170245

Zhang, J., Ge, Y., Han, F., Li, B., Yan, S., Sun, J., & Wang, L. (2014). Isoflavone content of soybean cultivars
from maturity group 0 to VI grown in Northern and Southern China. Journal of the American Oil Chemists'
Society, 91(6), 1019-1028. https://doi.org/10.1007/s11746-014-2440-3

Zhang, R. F., Zhang, F. X., Zhang, M. W., Wei, Z. C., Yang, C. Y., Zhang, Y., Tang, X. J., Deng, Y. Y., & Chi,
J. W. (2011). Phenolic composition and antioxidant activity in seed coats of 60 Chinese black soybean
(Glycine max L. Merr.) varieties. Journal of Agricultural and Food Chemistry, 59(11), 5935-5944. https://
doi.org/10.1021/j£201593n

1094 Pertanika J. Trop. Agric. Sci. 49 (3): 1075 - 1094 (2026)



