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showed significant differences among tested geno-
types for almost all studies traits. Non-hierarchical 
clustering classified entire set of germplasm into five 
groups, with the recognition of cluster IV for selec-
tion potential. Correlation analysis indicated that seed 
yield of soybean was positively associated with all 
yielding components, while a highly negative asso-
ciation was observed between seed quality traits such 
as protein content (%) and oil content (%). The multi-
variate principal component analysis (PCA) extracted 
five essential PCs, which explained 81.22% of the 
total accumulative variation. Moreover, PCA unveiled 
the most discriminatory traits as well as superior 
genotypes which participated intensely in pheno-
typic variability. Most diverse genotypes identified 
during study were Jhunghwang, K-D, 24,598, G-35, 
Brazil-3, 24,560, Ajmeri-1, NARC-2 and 24,608 for 
improved productivity and enhanced nutritional qual-
ity of soybean. The essential traits, including 100-
seed weight, seed yield  plant−1, protein content and 
oil content depicted influential effects in identifying 
these desired genotypes. Conclusively, the hybridiza-
tion of divergent parents in cross-breeding programs 
may have successful chances to get transgressive seg-
regants with higher seed yield potential along with 
improved nutritional quality for developing new soy-
bean varieties.

Keywords Soybean · Characterization · Correlation 
analysis · Principal component analysis · Cluster 
analysis

Abstract The assessment of genetic variability is 
indispensable for the development of high-yielding 
and nutritionally enriched soybean varieties. In this 
study, fifty-nine soybean genotypes (56 test entries 
and three standard checks) from different origins were 
characterized for eight qualitative and 20 quantita-
tive traits. The experiment was laid out in a complete 
augmented block design for two consecutive seasons 
under natural rainfed conditions. Results revealed that 
among qualitative traits, flower colour was found to 
be most dynamic morphological marker trait for gen-
otypic distribution. Mean square variances for twenty 
agro-morphological, seed yield and quality traits 
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Introduction

Soybean is regarded as a miracle crop due to its 
numerous beneficial properties and versatile usages 
in human food and animal diet (Ali et  al. 2022; 
Hartman et  al. 2011). Being main source of edible 
oil, soybean is a protein-rich crop mainly used to 
feed livestock, poultry and aquaculture (Guo et  al. 
2022; Medic et al. 2014; Selle et al. 2020). It is one 
of the most widely cultivated oilseed crop, accounting 
for more than 60% of the global oilseed production 
(Soy Stats 2022), and holding a premium position 
in terms of area and production among the oilseed 
crops (Rai et  al. 2016). Globally, the growing area 
engaged under soybean cultivation is about 122 
million hectares, with a total annual production of 
385.524 million tons and an estimated average grain 
yield of 2.8 tons  ha−1 (USDA 2019). Brazil is the 
world’s leading producer and exporter of soybean 
accounting for 36% of global production, followed by 
the United States (28%), while Argentina, China, and 
Paraguay each contributing about 15%, 5% and 3% 
of global production, respectively (FAOSTAT 2023). 
The demand of soybean has increased manifolds 
during the recent years, owing to its extensive utility 
in human food and animal feed as well as multiple 
industrial applications (Dei 2011; Wilson 2004).

Natural genetic diversity is the basis for crop 
improvement as well as plant survival that should 
be exploited to cope with food security demand for 
growing world population (Breseghello and Coelho 
2013; Dong et  al. 2014; Salgotra and Chauhan 
2023). The presence of genetic variability would help 
plants in adaptation to a wide range of ecological 
conditions; however, low variability responses to 
crop susceptibility to various environmental stresses 
(Ali et al. 2023; Maxted et al. 1997). Exploration of 
genetic diversity in initial breeding material provides 
more opportunities to select potential lines for direct 
cultivation or efficiently utilized in cross-breeding 
programs (Govindaraj et  al. 2015; Misganaw et  al. 
2023; Yadava et  al. 2022). Thus, the knowledge 
of genetic diversity would assist plant breeders in 
broadening the genetic base of adaptable cultivars 
(Bhandari et al. 2017; Fu 2015; Tester and Langridge 
2010; Žulj Mihaljević et al. 2020).

The ultimate goal of a soybean breeder is to 
develop new cultivars with improved seed yield and 
acceptable nutritional quality to meet the growing 

demand for edible oil and protein meal (Dornbos 
and Mullen 1992; Ghanbari et al. 2018; Sobko et al. 
2020). Large-seeded soybean varieties with high 
protein content coupled with significant amount of 
oil concentration are foremost demand by the food 
and feed industries (Stobaugh et  al. 2017; Xu et  al. 
2022). Therefore, novel genes or alleles for these 
targeted traits must be searched from diverse sources 
and recombined through conventional breeding 
procedures to maximize soybean productivity along-
with nutritional quality (Mello-Filho et  al. 2004; 
Sharma et al. 2014; Zhao et al. 2021). Nevertheless, 
selecting promising parents with multiple features is 
a monumental task in soybean breeding because of 
the narrow genetic bottleneck of modern cultivars 
and unknown pedigrees of available genetic resources 
(Hyten et al. 2006; Kumar et al. 2022; Grainger and 
Rajcan 2014). Thus developing improved varieties 
with desired attributes including high seed yield 
and enhanced nutritional quality is the central focus 
of soybean breeders (Ali et  al. 2022; Sudarić et  al. 
2019).

Despite being an agricultural country, Pakistan 
is facing severe shortage of edible oils and 
overwhelmingly depends on the import of edible 
oil to meet domestic needs (Asad et  al. 2020; Tariq 
et al. 2022). The total domestic production of edible 
oil from all sources is about 0.496 million tons, 
accounting for 12% of the entire necessity. However, 
3.177 (88%) million tons would acquire from foreign 
sources with annual spending of $ 3.562 billion, 
resulting in a massive trade deficit and a huge burden 
on the national exchequer (Government of Pakistan 
2022–2023). Moreover, Pakistan is unable to produce 
enough soybeans mainly due to the lack of improved 
quality varieties with desired characters (Asad et  al. 
2020; Nasir et al. 2023). Currently, very few varieties 
are available for general cultivation but most of 
them are deficient in desirable attributes (Iqbal et al. 
2008). Even though the climatic conditions and soil 
composition of the country are ideal for soybean 
cultivation, but very little effort has been made to 
improve the genetic make-up of this valuable crop 
(Iqbal et al. 2010; Malik et al. 2007). As a result, the 
imports of soybean has been increased manifolds in 
recent years and almost reached up to 2.5 million 
metric tons (USDA 2019), owing to urban sprawl and 
the steadily expanding poultry industry of the country 
(Habib et al. 2016).



Euphytica (2024) 220:67 

1 3

Page 3 of 15 67

Vol.: (0123456789)

Agro-morphological characterization is a 
conventional breeding procedure which used to 
determine the yield potential, genomic selection and 
maintaining genetic purity of cultivated varieties 
(Farahani et  al. 2019; Li et  al. 2020; Malek et  al. 
2014). The phenotyping of germplasm provides 
a valuable information for sustainable gene-bank 
conservation, dynamic management and optimal 
utilization of elite genetic resources in initial 
breeding programs (Dong et al. 2004; Gautam et al. 
2004; Govindaraj et  al. 2015). Traditionally, genetic 
variability among local and exotic genetic pools of 
soybean has been evaluated on the basis of pheno-
morphic and agronomic traits to undertake selection 
of elite breeding lines focusing to improve soybean 
productivity and nutritional composition (Assefa 
et  al. 2019; Sharma et  al. 2014; Kumar et  al. 2015; 
Ghanbari et  al. 2018). Thus, the current study aims 
to provide comprehensive information on agro-
morphological characterization and selection strategy 
of available soybean germplasm which might be 
utilized in future breeding programs to develop new 
varieties with high yield potential and improved 
nutritional quality in order to ensure national food 
security.

Materials and methods

Experimental site discription, plant materials and 
layout of design

The field experimental trial was conducted at the 
Knoot Research Farm of PMAS-Arid Agriculture 
University Rawalpindi, Pakistan, during two Kharif 
seasons (2019 and 2020). The topsoil (0–15  cm) 
profiling of research site was examined as sandy 
clay loam with 54.2% sand, 23.4% silt and 22.4% 
clay. The geographic position of research station 
is 33°06′ N latitude, 73°01′ E longitudes and an 
altitude of 474 feet above sea level. A mini core 
collection, comprising fifty-nine soybean genotypes 
(56 test entries and three checks) originated from 
different countries were explored for qualitative and 
quantitative traits of soybean. Information of genetic 
material regarding passport code, variety name, 
geographic origin and collection source are presented 
briefly (Table S1).

The germplasm was grown under natural field 
condition for two cropping seasons using augmented 
block design (Federer 1956). At the start of rainy 
seasons, sowing was done on 14th July during the 
first year and 10th July during second year, depending 
on the soil moisture availability. The meteorological 
environment data of the experimental site during 
two cropping cycles is summarized (Table S2). Eight 
blocks were assigned for studied soybean genotypes 
and each block contained seven test entries and three 
standard checks. All genotypes were planted in a 
single row of 5-m length and space between row-to-
row and plant-to-plant was kept 45  cm and 10  cm, 
respectively. The test entries were planted in a single 
replicate, whereas commercial checks were repeated 
randomly once in each block. The seeds were sown 
manually in a depth of 3–4 cm and thinning was done 
after germination in order to maintain a density of 20 
plants per linear meter. To ensure proper crop growth, 
recommended cultural practices were implemented 
uniformly for each block. The agro-morphological 
measurements were recorded according to the 
standard descriptors for soybean (IBPGR 1984). 
However, seed quality parameters such as protein and 
oil content were estimated separately for all tested 
entries and replicated checks following standard 
procedures (AOAC 1995; Latimer 2016).

Data analysis

The transformed numerical codes data derived 
from each qualitative trait were subjected to cluster 
analysis using Ward’s distance matrix (Ward 1963). 
The Shannon–Weaver diversity index (H′) for all 
qualitative traits was calculated as per equation 
(Shannon 1948).

Pi = frequency of total number of genotypes; n = total 
number of classes for a trait; i = total number of 
individuals; log = maximum value obtained from all 
groups.

The mean data of twenty quantitative agro-
morphological traits were subjected to Analysis of 
Variance (ANOVA) and using statistical R software 
(ver. 3.6.1) for augmented block design analysis. 
The descriptive statistics was summarized for the 

Shannon Index (H�) = −

n
∑

i=1

pi log pi
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arithmetic mean, range (minimum and maximum), 
variance and coefficient of variation using computer 
software IBM SPSS version 23 (Kirkpatrick 2015). 
Two-year mean data (Tables  S3–S22) were adjusted 
by ignoring treatment and block effects and computed 
for multivariate statistical analyses. Non-hierarchical 
K-means clustering was calculated based on 
Euclidian distances to discriminate the trait-specific 
groups using XLSTAT. The correlation matrices were 
calculated at a significance level of α = 0.05 (Kwon 
and Torrie 1964), whereas Principal Component 
Analysis (PCA) was performed by using R-Studio 
software.

Results and discussion

Phenotypic characterization of qualitative traits

Seed morphometry is a vital feature for genomic 
classification and maintaining the seed quality of 
soybean. The consumers’ preference and global 
market demand are greatly inspired by soybean seeds 
quality and purity (Sudarić et  al. 2019). In present 
study, frequency distribution of eight qualitative 
traits was visually assessed for all soybean genotypes 
(Table 1). The tested germplasm exhibited remarkable 
variation for flower colour and pod pubescence, while 
stem growth, pod colour, seed coat colour, hilum 
colour, seed shape and seed lustre displayed relatively 
moderate variation across the genotypes. The wide 
range of variation for qualitative traits assist soybean 
breeders to select promising lines with distant 
features (Kachare et al. 2020; Shrestha et al. 2023).

Among the studied soybean population, major-
ity of genotypes attended determinate stem growth 
habit. The white flower colour was more common 
in population than purple flower colour. There were 
three different colours were recognized for pods 
appearance. Hairy structures (pubescence) on the 
upper surface of pods were present on 39 genotypes 
and absent on 20 genotypes (Table  1). The evalu-
ated genotypes showed discernible variation for 
other seed traits, such as seed coat colour, hilum 
colour, seed shape and seed lustre (Fig. 1). Further-
more, the Shannon’s Diversity Index (H′) was high-
est (1.704) for hilum colour and seed shape (1.268) 
while it was found lowest (0.364) for flower colour 

because 88% of the entire population retained white 
flower colour. Several previous studies highlighted 
the importance of qualitative traits in germplasm 
characterization and varietal identification of soy-
bean (Tripathi and Khare 2016; Khanande et  al. 
2016; Shrestha et al. 2023; Arteaga et al. 2019).

Table 1  Frequency distribution, percentage and Shannon 
Diversity Index (SDI) for eight qualitative traits

Trait variants Frequency Percentage 
(%)

Shannon’s 
Diversity Index 
(H′)

Stem determination 0.967
Determinate 34 58
Indeterminate 15 25
Semi determinate 10 17
Flower colour 0.364
White 52 88
Purple 7 12
Pod colour 1.053
Brown 21 36
Black 12 20
Tan 26 44
Pod pubescence 0.641
Absent 20 34
Present 39 66
Seed coat colour 1.051
Yellowish white 17 29
Yellow 33 56
Green 7 12
Reddish Brown 2 3
Hilum colour 1.704
Yellow 9 15
Buff 14 24
Brown 17 29
Gray 7 12
Imperfect black 6 10
Black 6 10
Seed shape 1.268
Spherical 27 46
Spherical flattened 12 20
Elongated 13 22
Elongated flattened 7 12
Seed luster 1.089
Shiny 16 27
Intermediate 21 36
Dull 22 37
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Cluster analysis based on qualitative traits

The cluster analysis distributed the soybean geno-
types into three main groups and six distinct clus-
ters. The highest number of genotypes (13) were 
retained in cluster-III, followed by two similar 
clusters i.e., cluster-IV and cluster-V with 12 gen-
otypes in each. Minimum six genotypes retained 
by cluster-II, chased by cluster-VI and cluster-I 
with 7 and 9 genotypes, respectively (Fig. 2). The 
clustering patterns were found to be very logical 
based on flower colour because first five clusters 
(I–V) having 52 genotypes exhibited white flowers, 
while cluster-VI exhibited only seven genotypes 
with purple colour. This indicated that the flower 
colour would be an important marker-trait in soy-
bean breeding in order to identify the desired cross 
combinations.

Analysis of variance for augmented block design

Augmented block design is an ideal model which 
primarily used to evaluate large sets of test entries 
in pre-breeding programs to identify the new selec-
tions (Federer 1963; Kempton and Gleeson 1997). 
It is a cost-efficient design and feasible in  situations 
where the experimental seed is limited in quan-
tity for replication, or the plant breeder is unable to 
maintain the differences between experimental units 
(Federer 1956). The information obtained from 
standard checks can be used to adjust the means of 
tested entries and provide an appropriate error mean 
square for various source comparisons (Federer et al. 
2001; Saba et  al. 2017). In this study, the variabil-
ity range was measured for 20 agro-morphological, 
seed yield and quality traits of soybean and observed 
significant differences across genotypes and other 

Fig. 1  The phenotypic variation in seed appearance and seed shape of fifty-nine soybean genotypes
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Fig. 2  Dendrogram show-
ing the divergence and 
relatedness of fifty-nine 
soybean genotypes for eight 
quantitative traits

Table 2  Mean square of 20 quantitative traits from analysis of variance during Kharif 2019 and 2020

*  = significant (P ≤ 0.05); ** = highly significant (P ≤ 0.01); ns = non-significant, DFF (d); days to 50% flowering, DFC (d); days 
to flower completion, DM (d); days to maturity, PH (cm); plant height, NNP; number of  nodesplant−1, NBP; number of branches 
 plant−1, NFP; number of filled pods  plant−1, NUFP; number of unfilled pods  plant−1, PL (cm); pod length, PW (mm); Pod width, 
NSP; number of seeds  pod−1, SL (mm); seed length, SW (mm); seed width, ST (mm); seed thickness, HSW (g); hundred seed 
weight, SD (mm); stem diameter, DMWP (g); dry matter weight  plant−1, SYP (g); seed yield  plant−1, PC (%); protein content, OC 
(%); oil content

S.O.V Blocks 
(df = 7)

Genotypes (df = 58) Checks (df = 2) Test Entries 
(df = 55)

Checks vs. Test 
Entries (df = 1)

Error (df = 14)

Season 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

DFF (d) 5.048 2.471 23.555** 23.566** 2.375 ns 2.542 ns 27.618** 28.563** 83.705** 80.610** 4.28 5.542
DFC (d) 9.185 7.137 22.799* 23.159* 3.792 ns 6.500 ns 27.501** 27.090** 58.688* 73.334* 7.363 11.98
DM (d) 14.65 9.429 62.265** 61.843** 12.542 ns 18.00 ns 68.234** 69.400** 239.26** 271.21** 6.018 8.143
PH (cm) 23.27 26.73 133.84** 140.12** 375.55** 355.42** 145.67** 149.92** 193.94** 259.29** 18.22 18.51
NNP 7.082 2.038 6.510 ns 3.904 ns 4.905 ns 2.687 ns 7.098 ns 4.51 ns 0.123 ns 0.035 ns 4.193 2.624
NBP 0.958 1.035 2.872** 2.025** 0.178 ns 0.382 ns 3.113** 2.293** 0.717 ns 0.184 ns 0.303 0.530
NFP 45.29 48.94 222.89** 228.45** 12.62 ns 71.55 ns 263.64** 274.13** 28.47 ns 49.09 ns 36.04 34.14
NUFP 1.491 4.315 9.136** 9.391** 0.772 ns 5.012 ns 10.458** 3.374** 9.783* 0.320 ns 2.107 2.886
PL (cm) 0.013 0.029 0.094** 0.102** 0.081* 0.163** 0.104** 0.104** 0.070* 0.250** 0.020 0.024
PW (mm) 0.015 0.006 0.203** 0.191** 0.016 ns 0.003 ns 0.225** 0.206** 0.024 ns 0.001 ns 0.011 0.014
NSP 0.008 0.016 0.038* 0.042* 0.052 ns 0.056 ns 0.039* 0.046* 0.081* 0.034 ns 0.014 0.016
SL (mm) 0.156 0.034 0.227** 0.218** 0.010 ns 0.050 ns 0.244** 0.239** 0.194 ns 0.114 ns 0.079 0.046
SW (mm) 0.052 0.015 0.208** 0.252** 0.011 ns 0.003 ns 0.219** 0.279** 0.015 ns 0.041 ns 0.038 0.011
ST (mm) 0.095 0.101 0.268** 0.341** 0.029 ns 0.067 ns 0.305** 0.391** 0.263* 0.815** 0.061 0.073
HSW (g) 0.356 0.517 3.529** 4.047** 0.673 ns 0.495 ns 3.759** 4.172** 2.998** 5.702** 0.38 0.210
SD (mm) 0.719 1.457 1.249* 0.930* 0.771 ns 0.624 ns 1.422* 1.097** 2.169 ns 0.008 ns 0.617 0.841
DMWP (g) 17.31 32.55 115.85** 118.49** 41.68 ns 43.901 ns 136.44** 142.82** 466.15** 373.03** 16.97 17.36
SYP (g) 3.684 2.210 9.343** 12.351** 0.016 ns 0.830 ns 11.036** 14.471** 0.437 ns 0.426 ns 2.902 2.369
PC (%) 0.301 0.669 3.284** 3.817** 28.047** 7.060** 2.787** 4.146** 0.218 ns 1.657 ns 0.767 0.729
OC (%) 0.281 0.306 2.327** 2.405** 23.122** 20.906** 0.851** 1.052** 42.44** 41.544** 0.081 0.238
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source for all studied traits, except number of nodes 
 plant−1 (Table 2). This indicates that evaluated germ-
plasm penal exhibited high level of variation, which 
favoured the selection process (Li et  al. 2020; Ullah 
et  al. 2021). The high degree of genetic variability 
plays a vital role in selective breeding and explor-
ing the genetic potential of soybean materials for 
varietal development (Anderson et  al. 2019; Bailey-
Serres et  al. 2019). Several earlier studies have also 
reported significant variation for various agronomic 
traits of soybean (Iqbal et  al. 2010; Khurshid et  al. 
2020; Ullah et al. 2021). Thus, substantial variability 
observed among tested soybean germplasm could be 
exploited to maximize the genetic gain of target traits.

Descriptive statistics for quantitative traits

The basic summary statistics (mean, range, variance 
and coefficient of variation) was computed for each 

studied trait (Table  3). A remarkable variation was 
observed in range of all studied traits except number 
of branches, pod length, pod width, seeds per pod, 
seed dimension-related features and stem diameter. 
The presence of sufficient variability indicating that 
the evaluated soybean materials were highly diverse 
and could be utilized in various breeding programs 
to increase soybean grain yield and nutritional qual-
ity (Aditya et  al. 2011; Sharma et  al. 2014). Impor-
tantly, high values of variance were noticed for DFF, 
DFC, DM, PH, NFP and DMWP, which indicating 
that these traits are of greater importance in soybean 
selection and genetic improvement (Reni and Rao 
2013). However, moderate to low variances observed 
for SYP, NUFP, PC, NNP, HSW, NBP, OC, SD, ST, 
SW, SL, PW, PL and NSP subsequently which indi-
cating that selection and improvement of these traits 
might be limited due to narrow genetic variability. 
Ghafoor et  al. (2001) suggested that conventional 

Table 3  Descriptive statistics for 20 agro-morphological, yield and quality traits during Kharif 2019 and 2020

CV (%) = Coefficient of variation, DFF (d); days to 50% flowering, DFC (d); days to flower completion, DM (d); days to maturity, 
PH (cm); plant height, NNP; number of nodes  plant−1, NBP; number of branches  plant−1, NFP; number of filled pods  plant−1, 
NUFP; number of unfilled pods  plant−1, PL (cm); pod length, PW (mm); Pod width, NSP; number of seeds  pod−1, SL (mm); seed 
length, SW (mm); seed width, ST (mm); seed thickness, HSW (g); hundred seed weight, SD (mm); stem diameter, DMWP (g); dry 
matter weight  plant−1, SYP (g); seed yield  plant−1, PC (%); protein content, OC (%); oil content

Traits Mean ± SE Minimum Maximum Variance CV (%)

Season 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

DFF (d) 45.62 ± 0.67 46.87 ± 0.68 33.00 36.00 58.00 61.00 26.44 27.33 4.60 5.10
DFC (d) 52.82 ± 0.67 54.86 ± 0.66 40.00 42.00 66.00 67.00 26.27 25.93 5.20 6.40
DM (d) 100.67 ± 1.05 102.81 ± 1.06 78.00 80.00 123.0 125.0 65.46 66.68 2.50 2.80
PH (cm) 64.18 ± 1.54 66.05 ± 1.56 35.00 39.40 95.40 96.20 140.32 144.45 6.60 6.40
NNP 12.52 ± 0.34 13.22 ± 0.27 6.60 8.80 19.80 18.40 6.75 4.29 16.30 12.20
NBP 4.48 ± 0.22 4.98 ± 0.19 1.40 2.80 9.40 8.80 2.95 2.18 12.40 14.50
NFP 53.38 ± 2.06 54.52 ± 2.10 18.20 19.60 82.80 89.60 250.13 260.40 11.20 10.60
NUFP 5.78 ± 0.41 4.91 ± 0.40 1.20 0.60 17.00 19.60 9.95 9.26 26.00 34.80
PL (cm) 3.53 ± 0.04 3.59 ± 0.04 2.70 2.86 4.43 4.62 0.12 0.10 6.80 4.40
PW (mm) 8.25 ± 0.06 8.31 ± 0.06 6.94 7.07 9.78 9.85 0.21 0.20 1.20 1.40
NSP 2.16 ± 0.03 2.23 ± 0.03 1.52 1.68 2.76 2.78 0.06 0.04 8.80 5.70
SL (mm) 6.52 ± 0.06 6.69 ± 0.06 5.67 5.30 8.13 8.21 0.23 0.23 4.30 3.20
SW (mm) 5.67 ± 0.06 5.72 ± 0.07 4.65 4.68 7.18 8.05 0.21 0.26 3.40 1.90
ST (mm) 4.74 ± 0.07 4.85 ± 0.08 3.30 3.42 6.38 6.49 0.29 0.37 5.20 5.50
HSW (g) 9.15 ± 0.25 9.28 ± 0.26 6.47 5.26 14.92 15.52 3.57 3.98 6.80 5.00
SD (mm) 5.73 ± 0.15 6.10 ± 0.14 3.28 3.66 8.34 8.67 1.36 1.08 13.90 15.00
DMWP (g) 31.66 ± 1.49 32.47 ± 1.52 8.67 10.01 58.89 65.12 130.92 136.71 13.60 13.30
SYP (g) 9.60 ± 0.38 10.46 ± 0.48 3.43 4.20 18.77 25.00 8.43 13.73 17.80 14.70
PC (%) 33.48 ± 0.22 33.65 ± 0.35 29.77 29.49 38.50 40.45 2.76 7.04 2.60 5.30
OC (%) 18.15 ± 0.13 18.23 ± 0.17 15.79 14.38 20.91 20.68 1.03 1.61 1.50 4.00
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breeding procedures would be helpful in improving 
characters having low magnitude of variance. Moreo-
ver, the coefficient of variation (CV) is a crucial indi-
cator for measuring the precision and accuracy of 
field experiments. During both years, high CV (%) 
was observed for number of unfilled pods (NUFP), 
while the lowest CV (%) was recorded for pod width 
(Table  3). According to Poehlman (2013), the coef-
ficient of variation less than 20% is considered to be 
reliable for field experiments.

Non-hierarchical cluster analysis

Non-hierarchical clustering technique was used 
to categorize the soybean genotypes into five 
distinct clusters (I–V) based on the Euclidean 
distances. Among the clusters, first cluster retained 
highest number of genotypes (18) with cumulative 
contribution of 30.50% (Table  4). The remaining 
genotypes were grouped in such a way that 12 
genotypes in cluster II, 15 were assembled in cluster 
III, 08 in cluster IV and 06 were grouped in cluster V.

The genotypes concerning to cluster V exhib-
ited the highest mean values for days to flower-
ing (57.42 ± 1.86), days to flower completion 
(64.25 ± 1.78), maturity duration (117.50 ± 7.40), 
nodes number (13.78 ± 0.81), branches per plant 
(6.70 ± 2.43), highest unfilled pods (9.60 ± 4.47), 
stem diameter (6.78 ± 0.88). This indicated that late 
maturing genotypes with higher number of empty 
pods were gathered in cluster V. The genotypes with 
longest plant height (75.11 ± 13.01) and filled pods 
(69.83 ± 9.18) were retained in cluster II (Table  5). 
Likewise, the genotypes assembled in cluster IV 
were found superior for majority of seed yield related 
traits such as pod length (3.89 ± 0.40), pod width 
(8.84 ± 0.53), seeds number per pod (2.42 ± 0.24), 

seed length (7.23 ± 0.72), seed width (6.39 ± 0.74), 
seed thickness (5.27 ± 0.69), hundred seed weight 
(11.95 ± 2.69), dry matter (49.53 ± 7.89) and seed 
yield per plant (15.23 ± 4.26). For seed quality traits, 
relatively minor differences were observed between 
the clusters. Non-hierarchical cluster analysis classi-
fied the germplasm by using multiple variables simul-
taneously and provides distinct classes based on dis-
similarity matrices (Anuradha et al. 2011). Our results 
are consistent with the earlier findings in which soy-
bean germplasm were collected from different coun-
tries and classified on the basis of phenotypic varia-
bility (Getnet 2018; Malik et al. 2011). Thus selecting 
potential genotypes from clusters II and IV would be 
an efficient breeding strategy for improving soybean 
seed yield accompanied with nutritional composition 
through conventional breeding procedures.

Correlation analysis of quantitative traits

Correlation analysis is a powerful statistical tool for 
determining the interrelationships between multi-
ple traits simultaneously. Results revealed that out 
of all possible 190 combinations, 106 pairs were 
found statistically significant at a probability level 
of ≥ 95% with a regression coefficient not less than 
0.26 (Fig. 3). The phenological traits like DFF, DFC 
and DM showed a positive correlation with SD and 
DMWP but a negative association was observed 
with seed yielding traits i.e., PL, PW, SL, SW, ST 
and HSW. This indicated that late flowering and 
delayed maturity would adversely affect pod fea-
tures and seed related-traits under certain edapho-
climatic conditions (Jiang et  al. 2014). According 
to Arshad and Ghafoor (2006), traditional breeding 
approaches might be productive in overcoming these 
undesirable linkages for developing short-duration 

Table 4  Five clusters of soybean genotypes based on agro-morphological, yield and quality traits

Clusters Frequency Percentage Cluster membership

Cluster I 18 30.50 Rawal, 24,609, Aga1, 24,614, 24,615, 24,590, 24,588, 24,587, Daol19-2, Chinese 89, Seotu 18, 
Hill19-1, 24,559, 24,564, 24,563, 24,577, 24,578, 24,585

Cluster II 12 20.34 24,567, 24,570, 24,572, 24,574, 24,573, 24,600, 24,604, 24,586, 24,583, 24,594, 24,595, 
24,580

Cluster III 15 25.42 KY China, 24,569, 24,571, 24,616, Brazil-3, 24,605, 24,589, 24,568, 24,593, 24,565, Ajmeri, 
24,576, Ajmeri-1, Ajmeri-2, NARC-2

Cluster IV 8 13.56 24,603, G-35, 24,608, 24,598, 24,584, K-D, Jhunghwang, 24,581
Cluster V 6 10.17 24,560, 24,592, Sungmong, 24,561, 24,566, 24,562
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cultivars with improved grain yield in soybean. The 
correlation among DFF, DFC, DM, NNP, NBP and 
NUFP were found significant and positive direc-
tion which indicating that late-flowering genotypes 
also delayed maturity and produce higher number of 
branches and empty pods. Thus selection based on 
these traits may not be a sound breeding strategy for 
improving soybean productivity.

Seed yield of soybean is a complex trait which 
significantly influenced by environmental changes 
and is primarily determined by the other contributing 
traits (Malek et  al. 2014). In this study, seed yield 
(SYP) showed positive association with PH, NNP, 
NFP, PL, PW, NSP, SL, SW, ST, HSW, SD and 
DMWP but a weak association was observed for 
seed quality traits including protein and oil content. 

Table 5  Grand means and 
standard deviation of 20 
agro-morphological, yield 
and quality traits

S.D; standard deviation; 
DFF (d); days to 50% 
flowering, DFC (d); days to 
flower completion, DM (d); 
days to maturity, PH (cm); 
plant height, NNP; number 
of nodes  plant−1, NBP; 
number of branches  plant−1, 
NFP; number of filled pods 
 plant−1, NUFP; number 
of unfilled pods  plant−1, 
PL (cm); pod length, PW 
(mm); Pod width, NSP; 
number of seeds  pod−1, 
SL (mm); seed length, 
SW (mm); seed width, ST 
(mm); seed thickness, HSW 
(g); hundred seed weight, 
SD (mm); stem diameter, 
DMWP (g); dry matter 
weight  plant−1, SYP (g); 
seed yield  plant−1, PC (%); 
protein content, OC (%); oil 
content

Traits Cluster I Cluster II Cluster III Cluster IV Cluster V
Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D

DFF 45.25 ± 5.00 46.04 ± 1.92 43.66 ± 3.02 45.25 ± 2.43 57.42 ± 1.86
DFC 53.08 ± 4.97 54.00 ± 1.95 51.09 ± 3.43 52.63 ± 2.75 64.25 ± 1.78
PH 54.84 ± 7.82 75.11 ± 13.1 65.06 ± 8.05 69.69 ± 8.79 70.00 ± 9.16
DM 100.19 ± 7.9 100.83 ± 5.4 99.04 ± 5.15 99.81 ± 3.51 117.50 ± 7.4
NNP 12.65 ± 1.84 13.43 ± 2.21 12.01 ± 1.85 13.46 ± 1.24 13.78 ± 0.81
NBP 3.99 ± 1.25 5.79 ± 0.87 4.39 ± 0.79 3.95 ± 1.08 6.70 ± 2.43
NFP 35.52 ± 8.28 69.83 ± 9.18 54.81 ± 4.87 63.76 ± 4.00 62.27 ± 17.4
NUFP 3.87 ± 1.19 6.74 ± 3.35 5.03 ± 1.62 4.00 ± 2.19 9.60 ± 4.47
PL 3.48 ± 0.34 3.61 ± 0.15 3.57 ± 0.20 3.89 ± 0.40 3.29 ± 0.29
PW 8.15 ± 0.47 8.27 ± 0.20 8.27 ± 0.15 8.84 ± 0.53 7.98 ± 0.35
NSP 2.09 ± 0.17 2.21 ± 0.12 2.21 ± 0.14 2.42 ± 0.24 2.16 ± 0.21
SL 6.49 ± 0.32 6.59 ± 0.28 6.56 ± 0.30 7.23 ± 0.72 6.25 ± 0.36
SW 5.56 ± 0.38 5.63 ± 0.18 5.67 ± 0.15 6.39 ± 0.74 5.38 ± 0.28
ST 4.64 ± 0.60 4.80 ± 0.28 4.91 ± 0.30 5.27 ± 0.69 4.30 ± 0.49
HSW 9.07 ± 1.44 8.79 ± 0.95 8.87 ± 0.96 11.95 ± 2.69 7.74 ± 1.76
SD 5.41 ± 1.06 5.89 ± 0.99 5.84 ± 0.62 6.58 ± 1.12 6.78 ± 0.88
DMWP 19.84 ± 5.50 38.04 ± 4.11 29.09 ± 3.91 49.53 ± 7.89 40.96 ± 4.94
SYP 7.21 ± 1.85 11.52 ± 0.69 9.84 ± 1.00 15.23 ± 4.26 9.07 ± 1.41
PC 34.15 ± 1.73 32.46 ± 1.76 33.73 ± 1.81 34.46 ± 2.50 32.41 ± 2.00
OC 18.03 ± 1.14 18.44 ± 0.67 18.42 ± 1.27 18.03 ± 1.07 17.84 ± 1.39

Fig.3  Pairwise correlation 
patterns between 20 agro-
morphological, seed yield 
and quality related traits
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This indicated that simultaneous selection of elite 
genotypes with higher protein concentration and oil 
content accompanied with improved seed yield is 
a major challenge in soybean improvement (Cober 
and Voldeng 2000; Vollmann et al. 2000). The major 
contributing traits such as number of filled pods, seed 
vigour and hundred seed weight should be prioritized 
in the genomic selection of soybean (Liu et  al. 
2019; Malek et  al. 2014; Malik et  al. 2011). Thus, 
selecting promising genotypes with a set of positively 
correlated traits with seed yield may be favoured in 
indirect selection (Leite et  al. 2018; Ghanbari et  al. 
2018).

The correlation of seed quality traits including 
protein content (%) and oil content (%) was found to 
be strongly negative (Fig. 3). This indicating that an 
increase in oil content would significantly reduce the 
protein content in soybean seed. Although soybean is 
a good source of edible oil and harbours a significant 
amount of seed protein, but the negative association 
between these two traits poses a real challenge for 
soybean breeders (Kwanyuen et  al. 1997; Qin et  al. 
2014). This inverse relationship might be due to the 
distribution of carbon chains that synthesize protein 

and oil content in soybean (Hernández-Sebastià 
et  al. 2005; Guo et  al. 2022). It is noteworthy both 
seed quality traits are quantitatively inherited and 
determined by the interaction of multiple genes 
(Hwang et  al. 2014). Several previous studies have 
also confirmed the strong negative correlation 
between protein content and oil content in soybean 
seed composition (Mello-Filho et  al. 2004; Popovic 
et  al. 2012). Thus knowledge of characters’ 
association in soybean would assist breeders in 
formulating long-term breeding strategies (Ghanbari 
et al. 2018; Machado et al. 2017).

Principal component analysis (PCA)

The principal component analysis was performed 
in order to estimate the phenotypic diversity among 
soybean genotypes. Scree plot indicated that out 
of twenty reserved principal components, only five 
initial PCs were declared significant as depicted 
eigenvalues greater than one (Fig.  4). The extracted 
five-component axes such as PC1, PC2, PC3, PC4 
and PC5 having eigen roots ranging from maxi-
mum to minimum of 7.42, 4.73, 1.81, 1.27 and 1.01, 

Fig. 4  Scree plot repre-
senting the eigenvalues 
and cumulative variances 
(%) for twenty principal 
components
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respectively explained 81.22% of the total variabil-
ity across the tested soybean genotypes. The rest of 
the variance (19%) was cumulatively described by 
the remaining 15 PCs with lower (< 1) eigenvalues, 
which were not considered for further interpretation.

PCA variable plot

The PCA variable plot revealed that initial two prin-
cipal components i.e., PC1 and PC2 estimated more 
than 60% of variation with the contribution of 37.11% 
and 23.67%, respectively to the total phenotypic vari-
ability (Fig. 5a). The projection of quantitative traits 
with positive loading vectors on PC1 were SW (0.92), 
HSW (0.88), PL (0.87), PW (0.87), ST (0.86), SL 
(0.85), SYP (0.82), DMWP (0.81) and NSP (0.69) 
subsequently (Table 6). On the other hand, traits with 
short to medium loading vectors were DFF (− 0.441), 
DFC (− 0.421), DM (− 0.412), NBP (− 0.513) and 
NUFP (− 0.443) stacked negatively in the first princi-
pal component (Table 6). Likewise, PC2 was mainly 
related to traits were PC (0.73), DFC (0.35), DM 
(0.32) and HSW (0.31), whereas traits with negative 
loadings on second principal component were OC, 
PH, NBP, NFP, NUFP, DMWP and SYP (Fig.  5a). 
The traits which described PC3 were PC and OC with 

positive loading weights, while other traits like PL, 
PW, ST and HSW exhibited very low variances with 
minor effects. In the case of PC4 and PC5, none of 
the traits contributed significantly towards assorted 
variation.

PCA score plot

Two-dimension PCA score plot was drawn between 
PC1 and PC2 for identifying the diverse geno-
types. The genotypes dispersed at the extreme posi-
tions away from the origin point, demonstrated high 
genetic variability (Fig.  5b). Certain genotypes 
namely, Jhunghwang, K-D, 24,598, G-35, Brazil-3, 
24,562, 24,592, 24,578, 24,560, Aga1, Ajmeri-1, 
NARC-2 and 24,608 were found to be more diverse 
in the studied materials. It is worth mentioning that 
the genotypes located at the right side of plot exhib-
ited high variances, and may be given preference in 
the selection process (Bartual et al. 1985). Thus geno-
types including G-35, K-D, Jhunghwang, and 24,598 
with higher variances for one or more traits identi-
fied as valuable genetic sources for introgressing 
desired genes into adaptable local varieties. Several 
former studies have utilized the principal component 
analysis for determining the genetic variability and 

Fig. 5  a Graphical ordination of loading factor plot displaying the contribution of 20 quantitative traits. b Score plot for PC1 and 
PC2 showing the divergence of soybean genotypes
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identification of diverse genotypes in soybean (Iqbal 
et al. 2008; Mannan et al. 2010).

Conclusion

This study comprehensively described a suitable 
strategy for the identification and selection of desir-
able superior progenitors with broad genetic spectrum 
based on phenotypic variability. The evaluated soy-
bean genetic materials displayed a considerable diver-
gence for all agronomic, yield and seed quality traits. 
Various agro-morphological characters were recog-
nized as key indices based on multivariate approach, 
which might be effective in future soybean breeding 
programs to improve seed yield and nutritional qual-
ity simultaneously. Overall, three exotic lines viz., 
K-D, Jhunghwang and 24,598 were identified for 
improved productivity and may be approved for gen-
eral cultivation or even conserved as elite resources 

for future breeding programs. Additionally, two local 
varieties such as NARC-2 and Ajmari-1 performed 
better for oil composition, hence could be utilized as 
potential parents for increasing oil content in other 
commercial cultivars. Taken together, the promi-
nent genotypes identified during this study would be 
served as benchmark for developing high-yielding 
and nutritionally enriched soybean cultivars for local 
ecologies.
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Table 6  The first five 
principal components 
determined the greater 
variation for studied 
quantitative traits

Traits PC 1 PC 2 PC 3 PC 4 PC 5

Days to 50% flowering − 0.441 0.288 − 0.733 0.353 − 0.106
Days to flower completion − 0.421 0.346 − 0.730 0.318 − 0.168
Plant height (cm) 0.271 − 0.109 − 0.635 − 0.427 − 0.107
Days to maturity − 0.412 0.322 − 0.659 0.394 − 0.029
Number of nodes  plant−1 0.238 0.259 − 0.496 − 0.396 − 0.580
Number of branches  plant−1 − 0.513 − 0.253 − 0.693 − 0.168 − 0.018
Number of filled pods  plant−1 0.242 − 0.497 − 0.728 − 0.166 0.255
Number of unfilled pods  plant−1 − 0.443 − 0.008 − 0.511 − 0.208 0.273
Pod length (cm) 0.878 0.046 0.063 − 0.014 − 0.064
Pod width (mm) 0.871 0.017 0.011 0.217 0.150
Number of seeds  pod−1 0.695 0.029 − 0.305 − 0.147 − 0.321
Seed length (mm) 0.859 0.121 − 0.005 0.014 0.008
Seed width (mm) 0.926 0.103 − 0.018 0.158 0.064
Seed thickness (mm) 0.860 0.050 0.059 0.132 0.091
100-seed weight (g) 0.884 0.301 0.017 0.179 − 0.096
Stem diameter (mm) 0.351 0.022 − 0.591 0.182 0.252
Dry matter weight  plant−1 (g) 0.505 − 0.082 − 0.759 − 0.031 0.210
Seed yield  plant−1 (g) 0.811 − 0.164 − 0.469 − 0.049 0.071
Protein content (%) 0.128 0.726 0.212 − 0.429 0.175
Oil content (%) 0.227 − 0.659 0.129 0.287 − 0.431
Eigenvalues 7.42 4.73 1.81 1.27 1.01
Proportion of variance (%) 37.11 23.67 9.07 6.33 5.04
Cumulative variance (%) 37.11 60.78 69.85 76.18 81.22
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