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Abstract

India is a major soybean producer, but vegetable soybean (Edamame) is cultivated in very limited areas due to a lack of variety awareness
and adaptive practices. To promote growth, a targeted breeding program is crucial, but inadequate research on the genetic diversity
of edamame hinders progress. The analysis of 80 advanced soybean lines derived from crosses between grain and vegetable-type
germplasm lines revealed significant correlations between seed yield, seed weight, and 100-seed weight at R6 and R8 stages. Principal
component analysis further supported these findings, emphasizing traits crucial for identifying genotypes with hybridization potential.
Promising lines, particularly from crosses MACS-1188 x AGS-459 and JS-SH-93-05 x Swarna Vasundhara, may be very useful in developing

better-adapted, high-yield edamame varieties, fostering wider acceptance and consumption.
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Introduction

India plays a great role in the global soybean market and
it stands at fifth position on soybean production and
export, after the United States, Brazil, Argentina, and China.
Soybean is also the chief oilseed crop in India (Bhatia et al.
2018; Chandra et al. 2022) with production of 127.20 lakh
tons for the 2021-22 year. Despite the remarkable growth
in soybean production in India over the past few decades,
there remains an underappreciated vegetable, soybean,
which is also called as edamame. Edamame is a Japanese
dish prepared with immature soybeans in the pod. It has
not yet gained widespread popularity in the country, mainly
because of a lack of adaptive accessions and farmers are
unaware of the potential of this crop. Edamame is a highly
nutritious food, rich in fiber, healthy protein, vitamins, and
minerals while being low in fat and trypsin (Dhakal et al.
2021; Lu et al. 2022). Edamame is best harvested during the
R6 to R7 growth stages, just before the pods start exhibiting
a yellow hue. This timeframe relates to the peak levels of
moisture and bean weight (Yu et al. 2022). It can be enjoyed
as a whole seed, either as a snack or a vegetable in the
human diet (Agyenim-Boateng et al. 2023). The increasing
cultivation of high-yielding and adaptable varieties of
vegetable soybeans by farmers indicates a positive trend
in China (Agyenim-Boateng et al. 2023), North Europe
(Zeipina et al. 2022) and Taiwan (Huang et al. 2022). This

observation suggests that vegetable soybean has the
capacity to become a pivotal crop in India’s agricultural
economy. Short-duration vegetable soybean types make
them ideal for cultivating by small-scale farmers and the
increasing demand for fresh, healthy options in India’s
growing vegetarian trend (Kumar et al. 2023a) and thus,
vegetable soybeans have a promising future in India. The
crop’s potential has been recognized by researchers and
breeders, indicating that it could be a very successful crop
in the near future (Kumar et al. 2023a; Pardeshi et al. 2023).
The present study, was, therefore, conducted to identify
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Table 1. Pedigree of 80 advance lines of vegetable soybean

Pedigree

9.VS-1-38-17,10.VS-1-41-17, 11.VS-1-47-17, 12.VS-1-52-17, 13.VS-1-60-17, 14.VS-1-67-17, 15.VS-1-

17.VS-2-114-17,18.VS-2-116-17,19.VS-2-122-17,20.VS-2-123-17, 21.VS-2-124-17, 22.VS-2-125-17,
23.VS-2-128-17,24.VS-2-129-17, 25.VS-2-130-17, 26.VS-2-131-17, 27.VS-2-132-17, 28.VS-2-133-17,
29.VS-2-135-17, 30.VS-2-136-17, 31.VS-2-137-17, 32.VS-2-139-17, 33.VS-2-141-17, 34.VS-2-146-17,
35.VS-3-98-17, 36.VS-3-99-17, 37.VS-3-103-17, 38.VS-3-104-17, 39.VS-3-105-17, 40.VS-3-106-17,

44.VS-4-178-17,45.VS-4-182-17, 46.VS-4-183-17, 47 VS-4-184-17, 48.VS-4-186-17, 49.VS-4-187-17,
50.VS-4-190-17, 51.VS-4-192-17, 52.VS-4-195-17, 53.VS-4-198-17, 54.VS-4-200-17, 55.VS-4-201-17,

56.VS-4-205-17,57.VS-4-209-17, 58.VS-4-213-17, 59.VS-4-219-17, 60. VS-4-223-17, 61.V5-4-226-17,62.

VS-4-227-17,63.VS-4-238-17, 64.VS-4-239-17, 65.VS-4-241-17, 66.VS-4-244-17, 67.VS-4-245-17, 68.

Lines Name of the genotypes
1-16 1.VS-1-6-17,2.VS-1-13-17,3.VS-1-17-17,4.VS-1-20-17, 5.
VS-1-21-17,6.VS-1-28-17,7.VS-1-30-17, 8.VS-1-34-17
75-17 and 16.
VS-1-80-17
17-43
41.VS-3-108-17,42.VS-3-154-17 and 43.VS-3-152-17
44 -70
VS-4-247-17,69.VS-4-250-17 and 70.VS-4-254-17
71-80

71VS-5-267-17,72.VS-5- 255-17, 73.VS-5-265-17, 74.VS-5-266-17, 75.VS-5-268-17, 76.VS-5-272-17,
77.VS-5-273-17,78.VS-5-274-17,79.VS-5-275-17 and 80.VS-5-276-17

Himso-1563 x NRC-55

JS-SH-93-37 x Swarna
Vasundhara

MACS-1188 x AGS-459

JS-SH-93-05 x Swarna
Vasundhara

promising and diverse lines of vegetable soybeans suitable
for farming in Indian conditions. Since vegetable soybean
is still in its initial stage of establishment in the country, the
research aimed to pinpoint varieties that hold great potential
for agricultural growth.

Material and methods

Plant material and experimental conditions

In the present study, a set of 80 advanced lines was selected
for the analysis. These lines were carefully chosen based on
desired characters from 300 advanced recombinant lines
(F,) generated from the four crosses, namely, Himso-1563
x NRC-55, JS-SH-93-37 x Swarna Vasundhara, MACS-1188 x
AGS-459 and JS-SH-93-05 x Swarna Vasundhara involving
popular grain and vegetable type soybean varieties obtained
from Agharkar Research Institute, Pune, Maharashtra state of
India (Table 1). During kharif 2021, a set of 80 lines was raised
at the experimental field of Dr. Panjabrao Deshmukh Krishi
Vidyapeeth, Akola, Maharashtra, India (2042 26.0208" N, 77°
0.10.6560" E). The genotypes were planted in a randomized
complete block design with three replications. The single-
row plot of 50 cm x 20 cm was the experimental unit with
planting density was 35 plants per plot. The soil pH ranged
between 7.6 and 8.1, with moderate organic carbon levels.
The recommended package of practices, including the
recommended fertilizer dose, was executed to raise the
good crop.

Morpho-physiological and biochemical
characterization

The data were recorded on days for 50% flowering (DF), days
to maturity (DM) on pot basis, plant height (PH), number
of branches per plant (NB), number of pods per plant (NP),
number of seeds per pod (NS), chlorophyll content (CC), leaf

area index (LAI), protein content in green seed (PR6 in %),
protein content in mature seed (PR8 in %), green pod yield
per plant (GPY in g), 100-green seed weight (GSW in g),
100- mature seed weight (MSW in g), seed yield at R6 stage
(GY/Plin g), seed yield at R8 stage (MY/Plin g), carbohydrate
content in R6 stage (CHORG6 per 100g), carbohydrate content
in R8 stage (CHORS per 100 g), oil contentin R6 stage (OilR6
in %) and oil content in R8 stage (OilR8 in %). The various yield
and quality-contributing traits in the lines were assessed at
two different growth stages for better indulgent, which is
a green stage (R6), characterized by pods containing green
seeds filling the pod volume at one of the four topmost nodes
on the central stem, and mature stage (R8), when 95% of the
pods have attained their complete coloration.

To measure chlorophyll content, the SPAD 502 device was
used, and the results were expressed in SPAD units at the
flowering stage on the fifth leaf. For the evaluation of the leaf
areaindex (LAl), a leaf area meter (HS 1395) was applied, which
was available at the Physiology Laboratory, Dr. PDKV, Akola.
The oil percentage was determined using a nuclear magnetic
resonance (NMR) machine at the Instrumental Cell of the
Oilseeds Research, Dr.PDKV, Akola. Additionally, carbohydrate
and protein content were estimated as percentages following
the methods suggested by Pardeshi et al. (2023).

Data analysis

Coefficients of variation (CV) and correlations between
traits using Indo Stat software were estimated. Subsequent
analysis was conducted using the R software. To construct
the correlation network, we utilized the ‘Q graph’ package
(Epskamp et al. 2012) and interpreted the results to assess
the relative importance of each trait in relation to genetic
diversity among the studied lines. For principal component
analysis (PCA), the average trait values were utilized. To
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Table 3. Eigenvalues, per cent variance and cumulative percentage
of variance of promising lines

Principal Eigenvalue Percentage Cumulative
component percentage ofvariance  percentage of variance
PC1 4353 22910 22910
PC2 3.119 16.415 39.325
PC3 1.769 9.312 48.638
PC4 1.364 7.178 55.815
PC5 1.268 6.672 62.488
PC6 1.084 5.706 68.194
PC7 0.907 4.771 72.965
PC8 0.783 4.124 77.089
PC9 0.744 3917 81.006
PC10 0.629 3.311 84.317
PC11 0.592 3.114 87.431
PC12 0.555 2.920 90.351
PC13 0.420 2.209 92.560
PC14 0.401 2111 94.670
PC15 0.303 1.594 96.265
PC16 0.225 1.184 97.449
PC17 0.214 1.127 98.576
PC18 0.173 0.910 99.487
PC19 0.098 0.513 100.000

several related variables into a smaller set of variables.
In the context of assessing diversity and correlation in
soybean genotypes, researchers such as El-Hashash et al.
(2016) and Siddquie et al. (2023) have endorsed its utility.
In our study, PCA was conducted on the economic traits of
vegetable soybeans. Out of the nineteen initial variables,
only six principal components (PCs) exhibited eigenvalues
exceeding 1.00 (Table 3). These six components collectively
accounted for approximately 68.194% of the variability
observed among the studied traits. Notably, the first
principal component contributed the most to this variability,
with a substantial proportion of 22.19%.

The obtained scores from PCA serve as valuable
indicators for designing precise selection indices, with
the intensity of each index determined by the variability
explained by each principal component. A high PC score
for a specific line within a particular component signifies
high values for the variables associated with that line.
Additionally, the rotated component matrix sheds light on
the variability of all the components and their influence on
the performance of traits, (Fig. 2). Forinstance, RC1 primarily
encompasses yield-related traits such as NS, GPY, GY/Pl and
MY/PI, Fig. 3 illustrates the superior performing lines for each
principal component. In the case of PC1, line VS-5-276-17

Roted component matrix

CHO_R6
= CHO R¥
Oil_Ré
Oil_RS

DF: Days for 50% flowering, DM Days for maturity, PH: Plant height, NBP:
Number of branches per plant, N_P: Number of pods per plant, NSP: Number
of seeds per pod, GPY: Green pod yield per plant, GSW: 100-green seed
weight, MSW: 100- mature seed weight per, GY-PI: Seed yield at R6 stage,
MY/PI: Seed yield at R8 stage, CC: Chlorophyll content, LAl: Leaf area index,
PR6: Protein content in green seed, PR8:Protein content in mature seed,
CHO_R6: Carbohydrate content in R6 stage, CHO_R8: Carbohydrate content
in R8 stage, Oil_R6: Oil content in R6 stage, Oil_R8: Oil content in R8 stage

Fig. 2. Rotation component matrix PC for 19 variables in 80 advanced
vegetable soybean lines

recorded the highest score, followed by VS-5-268-17, VS-4-
200-17,VS-5-272-17,and VS-5-266-17, suggesting these lines
as potential selections for yield-related traits.

Moving on to RC2, it encompasses traits like, DF, DM, PH
and NBP, with line VS-1-20-17 scoring the highest, followed
by VS-3-104-17. RC3 is primarily subject by PH and NP
number of pods per plant, while the fourth component is
closely allied to LAI, GSW, MSW and CHO at R8. Among the
lines, VS-4-223-17 followed by VS-4-195-17 exhibited the
highest scores for this component. RC5 is closely associated
with, Oil at R6: Oil content at R6 and Oil at R8: Oil content at
R8 stage, with line VS-3-98-17 achieving the highest scores.
RC6 is characterized by CC and CHO at R6, and the top
scorers for this component are line VS-4-192-17, followed
by VS-5-267-17 and VS-1-30-17.RC7 is dominated by a single
trait, which is PR6, lines VS-5-274-17 and VS-5-276-17 scoring
the highest among all the lines, as depicted in Fig. 3. These
findings align with those observed by El Hashish et al. (2016),
who noted that PC1 and PC2, with eigenvalues greater than
unity, explained a significant portion of the total variability
among soybean genotypes, mainly related to seed yield.

The principal component biplot, as illustrated in Fig.
4, further exemplifies the relationships between various
traits and genotypes within their respective principal
components. This figure delineates four groups of traits
against four groups of lines, providing valuable insights
into their associations. In summary, the results of PCA
offer valuable insights into the relationships between
different traits and genotypes, guiding us toward more
informed selections and breeding strategies for soybean
improvement.
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Fig. 4. Biplot illustrating the relationship between 80 lines and 19 traits of vegetable soybean

Minor angles concerning length of vectors specifying
in a similar direction proposed a high degree of significant
correlation of the different characters in terms of
discriminating lines (Al-Naggar et al. 2020) as GY/Pl with MY/
Pl: Seed yield at R8 stage and GPY with GSW and MSW was
highly correlated with each other. These conclusions align
with the findings obtained from the correlation analysis.

Correlation analysis

Correlation coefficients were employed to assess the degree
of association between various traits in vegetable soybeans.
Given the limited available literature on trait associations in
vegetable soybeans in India, our objective was to determine
the relative contributions of different traits to yield at both
the R6 and R8 stages, providing a clearer understanding
for effective selection. It is well-known that grain yield is
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Fig. 5. Association analysis of 19 yield and quality governing traits in advanced lines of vegetable soybean

significantly influenced by environmental factors, making
it a complex trait influenced by multiple related traits
(Kumar et al. 2023a). To explore these associations, we
calculated Pearson correlation coefficients (Fig. 5) among
physio-morphological traits, another notable finding was
the strong and positive correlation between GY_PI and
various traits, including GSW (0.39, p < 0.001), MSW (0.47, p
< 0.001), and GPY (0.41, p < 0.001). The significant positive
connection observed may be due to the pleiotropic action
of the same gene or the presence of genes governing both
characteristics on the same chromosome with tight linkage.
This shows that positively associated traits can be addressed
concurrently if they both contribute to yield. Seed weight
is an important component of soybean produce and is
commonly associated with seed yield. Seed size was also
found to be associated with seed yield (Li et al. 2019; Kumar
et al. 2023b).

A moderate negative correlation between the NP and
GPY (-0.37, p < 0.001) was recorded, which suggested that
selecting plants with a greater number of pods may lead
to a reduction in the green pod weight per plant. This
phenomenon may be due to compensation mechanisms
in certain traits related to yield. However, it's important
to note that the external appearance of pods and their
substantial size are crucial criteria for selecting high-quality
vegetable soybeans (Casas-Leal et al. 2022). Additionally,

it was also observed that GY/Pl and MY/PI, as well as Oil
at R6 and Oil at R8 stages, showed high heritability and
strong correlations with each other. This suggests that
these traits are mostly influenced by genetics rather than
the environment, making them reliable candidates for
selection. The association indicates that gains in one trait
are likely to result in improvements in others, simplifying
breeding efforts. This also suggests that if these traits are
controlled by a limited number of genes, selecting for their
combination could be an effective approach for vegetable
soybean improvement. Kumar et al. (2023a) has identified 11
distinct QTLs were mapped for the yield and yield-related
traits using 105 polymorphic microsatellite markers across
20 chromosomes of soybean.

Cluster analysis

The examination of clustering holds significance in
evaluating the variability within populations. These studies
facilitate the monitoring of germplasm banks and the
identification of highly promising crosses. Additionally, they
provide crucial insights into the genetic distance among
genotypes, offering valuable information for leveraging
genetic variability in the creation of new cultivars (Cantelli
et al. 2016). A dendrogram was constructed using 19 traits
influencing desirable features in vegetable soybeans. The
genotypes were classified into three main clusters. Cluster
I with 38 lines derived from Himso-1563 x NRC-55 and a few
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from the JS-SH-93-05 x Swarna Vasundhara. Although they
had lower yields and yield-related traits compared to other
lines, however, they excelled in the number of pods per
plant. Notably, 16 lines from the cross, Himso-1563 x NRC-55,
had the highest average protein content in the R8 stage.
Cluster Il comprised 18 progenies resulting from the JS-SH-
93-37 x Swarna Vasundhara cross. These lines matured late,
had numerous branches and pods per plant, and yielded an
average of 161.8 g of green pods.

Cluster Il contained 24 lines with exceptional
characteristics as they displayed the highest average
protein content in the green stage and excelled in yield-
related traits such as GPY, GSW, MSW, GY/PI, MY/PI. Previous
studies also stressed the importance of producing a large
number of fresh pods in vegetable soybeans. A study
conducted by Chandra et 1. (2022) on genetic divergence
analysis using k-means clustering and principal component
analysis reported seed longevity, which may be useful in
vegetable soybeans. Their study successfully grouped all
125 genotypes from three species of soybean into three
distinct clusters. Selecting divergent parents based on
genetic variance is crucial for breeding superior progenies
with specific traits. The lines chosen in this study exhibited
significant diversity and heritable desirable traits, making
them valuable resources for India’s vegetable soybean
breeding program to develop improved varieties with
enhanced characteristics.

PCA condensed the initial 19 trait parameters into seven
principal components, effectively capturing the dataset’s
essential variation. This reduced set of components is
invaluable for further analysis, as it maximizes variance
explanation within a lower-dimensional space. Genetic
divergence analysis was then conducted, precisely
estimating diversity among selected accessions. This
information empowers plant breeders to select diverse
parents for hybridization strategically. In conclusion,
multivariate analysis, including CA and PCA, grouped
accessions and streamlined data dimensions. Genetic
divergence analysis provided insights into genetic diversity,
can help breeders for selection of potential parents in
developing improved plant varieties. The identified better
performing lines, VS-4-276-17, VS-4-255-17, VS-4-268-17,
VS-4-200-17, VS-5-272-17, and VS-5-266-17, represent novel
genotypes resulting from the cross of vegetable and
grain type soybean genotypes. These genotypes exhibit
promising traits and offer potential for further utilization in
vegetable breeding programs in India.
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