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Abstract
Background  Short life span of soybean seed under ambient storage conditions is a serious challenge for crop 
production and germplasm maintenance. There are scarce reports on linkage mapping of QTLs for seed longevity, 
and the molecular mechanisms remain largely unclear. The study aimed to develop a biparental recombinant inbred 
lines (RIL) mapping population suitable to examine seed and seed coat properties contributing to seed viability as 
well as seed yield and yield traits. An RIL population from JS 93 − 05 × Local Black Soybean (LBS) cross was developed 
and evaluated for seed and seed coat properties at F5 generation providing a robust resource for QTL mapping and 
breeding for improved seed longevity.

Results  Comprehensive assessment of RIL population for seven seed and seed coat properties including water 
permeability and seedling vigor index revealed broad and continuous variation in quantitative traits. The mean, range 
and coefficient of variation of these 7 seed traits indicated the presence of high variability in the RIL population. 
Distinct segregation in qualitative seed coat features, such as seed coat colour, hilum colour and seed coat lustres 
further underscore the involvement of these traits on seed longevity. RILs with black seed coats exhibited an 
association between higher seed coat content and reduced water permeability, suggesting pigmentation mediated 
enhanced seed longevity. Furthermore, RIL lines with low-permeability displayed greater seed coat thickness, 
reinforcing the role of physical seed coat traits in regulating water uptake.

Conclusions  The developed biparental F5 mapping population demonstrates extensive genetic and phenotypic 
diversity for seed and seed coat traits, offering a valuable resource for mapping loci associated with seed longevity.

Keywords  Seed viability, Recombinant inbred lines, Seed coat colour, Seed coat thickness, Seed permeability, 
Mapping population, Seed logevity
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Background
Soybean (Glycine max [L.] Merr.) is a leading oilseed crop 
grown in many countries with seeds containing approxi-
mately 40% protein, 20% oil, and 30% carbohydrate, mak-
ing them highly valuable for food, feed, and processing 
applications [1, 2]. In 2024, India ranked fourth in area 
with 13.26 million hectares, accounting for 9.50% of the 
global cultivated area, and fifth in production with 13.06 
million tonnes [3], and the demand for soybean contin-
ues to increase world-wide including India. Soybean area 
for India depicts an overall upward trend in recent years 
[4]. However, soybeans are associated with poor seed 
longevity [5]. During storage, soybean seeds experience 
a decline in quality, viability and a reduced germination 
capacity, ultimately leading to significant yield losses 
in soybean crop. The short life span of soybean seed (< 
8 months in tropics) under ambient storage conditions 
hampers its usage in the ensuing seasons by farmers thus 
burdening the seed industry with entire seed supply [6]. 
In cultivated crops, extended seed longevity is important 
for retention of seed germination and seed vigor during 
storage for meeting the norms of regulatory regimes and 
profitable seed production. The phenomenon of seed 
deterioration involves numerous physical, biochemical, 
and physiological changes, including the loss of enzy-
matic activities and membrane integrity, and genetic 
alterations [7–14]. However, the mechanisms by which 
the aging process affect soybean seed viability have not 
yet been fully elucidated [15].

Substantial efforts have been made to understand the 
potential causes for the deterioration of viability in soy-
beans and in other crops [16]. Seed coat is an important 
protective agent that shields the underlying embryo from 
quick deterioration. The degree of protection offered by 
seed coat depends on its structural properties of the seed 
surface, such as cutin deposition, presence of cracks, 
and the arrangement of other chemical deposits on the 
seed surface, all of which influence the permeability, 
thus longevity [17, 18]. Generally, high seed permeabil-
ity is associated with rapid deterioration of lignin content 
and seed longevity [19, 20]. The size, shape and chemical 
deposition of the testa is also correlated with permeabil-
ity [21–23]. The black or dark seed coat colour genotypes 
with a few pores on the seed coat, small seed size, and 
high lignin content prolong seed longevity in soybean 
[24–27]. Higher proportion of seed coat and seed coat 
thickness also showed positive association with viability 
in soybean [18, 28]. In summary, the properties of seeds 
like seed size, seed weight, seed coat thickness, seed coat 
colour, seed surface properties, hilum colour, and water 
permeability are the primary factors influencing viability 
in soybean.

The advances in molecular mapping technologies 
enable QTL and gene mapping, which enables breeders to 

identify, select, and combine desirable traits to improve 
crop varieties by pinpointing genome regions responsible 
for natural phenotypic variation in complex traits [29, 
30]. Biparental mapping population offers simplicity and 
the ability to control the genetic background [31] but are 
limited by the number of allelic variants per locus that 
can be evaluated [32]. There are scarce reports related to 
the linkage mapping of QTLs for soybean seed longevity, 
and the molecular mechanisms underlying soybean seed 
longevity are largely unclear. However, a few studies using 
biparental mapping population have identified QTLs for 
seed longevity in soybean [21, 33, 34] which were not 
repeatable in different mapping populations [35]. Singh 
et al. [33] identified four SSR markers (Satt434, Satt538, 
Satt281, and Satt598) explaining 6.3 to 7.5% of variation 
for longevity. While Hosamani et al. [21] reported linkage 
of three SSR markers with testa color and seed storabil-
ity. In one study, QTL mapping conducted on F2:3 and F3:4 
seeds under both natural and artificial ageing conditions 
identified 13 SSR markers distributed across six linkage 
groups [36]. Zhang et al. [34] performed a more extensive 
analysis using two RIL populations and high-density SNP 
linkage maps, uncovering 34 QTLs located on 11 chro-
mosomes, including two hotspots on chromosome 5 and 
17. A recent genome-wide association study by Thenveet-
til et al. [37] revealed 28 candidate genes associated with 
seed longevity in soybean. Genes associated with late 
embryogenesis abundant proteins, heat shock proteins, 
transcription factors, RNA helicase, delay of germination 
(DOG-1) domain proteins, GIBBERELLIN 2-OXIDASE 1 
(GA2OX1), ENHANCED RESPONSE TO ABA1 (ERA1), 
ETHYLENE INSENSITIVE 2 (EIN 2) [37–40] are among 
the many candidate genes that were reported to be asso-
ciated with seed longevity. These existing studies have 
reported diverse and inconsistent genetic control of seed 
longevity in soybeans. Successful improvement of seed 
longevity depends in identifying genomic loci that con-
tribute significantly to phenotypic variation, along with 
key physiological and physical seed traits associated with 
it. These seed traits would render easy identification of 
superior sources for seed longevity.

The diversity and recombination in the mapping popu-
lation are essential in identification of markers closely 
linked to the trait [41]. The choice of the parental lines 
and the mapping population for the trait of interest, size 
of the mapping population and the density of the markers 
determine the stability of the markers identified for the 
QTL. Until now, there were only a few findings focusing 
on the mapping of QTL for the properties of seed coat, 
seed size, shape and permeability of seeds in soybean 
[42]. Despite the more sophisticated methods which are 
now available, linkage maps remain important for QTL 
analysis [43]. Considering this, we have developed a 
large biparental RIL population suitable to examine seed 
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and seed coat properties contributing to seed viability. 
A large number of RILs is crucial for higher statistical 
power to detect QTLs, better accuracy in determining 
the effect and higher resolution mapping [44]. This study 
describes the development and initial characterization 
of the RIL population for seed coat and seed character-
istics relevant to seed viability in soybean. It is based on 
the hypothesis that seed longevity is influenced by both 
seed and seed coat properties [25]. Our findings repre-
sent a valuable reference population and a resource for 
the future research on soybean seed viability as it encom-
passes diverse allelic variation for traits governing seed 
longevity.

Methods
Hybridization of parental lines
We developed a biparental mapping population by cross-
ing JS 93 − 05 with Local Black Soybean (LBS) during 
kharif season of 2020. JS 93 − 05 is a commercial variety 
developed by Jawaharlal Nehru Krishi Vishwavidyalaya, 
Jabalpur and the male parent Local Black Soybean (LBS) 
was collected at University of Agricultural Sciences, 
Dharwad and maintained by the first author for the 
use in research. The female parent is a yellow seed coat 
colour genotype with bold seeds (seed weight: 13.8 g/100 
seeds). It has determinate, semi-erect growth habit, lan-
ceolate leaf shape, purple flower colour and brown pods. 
The male parent is a black seed coat colour genotype 
with medium seed size (seed weight: 7.98 g/100 seed). 
It has indeterminate, semi-erect growth habit, pointed 
ovate leaf shape, purple flower colour and yellow colour 
pod. The parental lines were evaluated for seed longevity 
using accelerated ageing (AA) method [45]. During AA, 
the seeds were subjected to 41 ± 0.3 °C temperature and 
more than 95% relative humidity in an ageing chamber 
for 72 h. The female parent exhibited only 6% seed germi-
nation, while LBS showed 85% germination after AA [46]. 
The parental lines also differed for various agronomic and 
yield related traits [46]. The two genotypes were grown in 
pots in the greenhouse during kharif 2020 and F1 from 
the cross was produced. The F1 plants were grown dur-
ing kharif 2021 and the true F1 plants were identified by 
carefully observing the morphological traits of individual 
F1 plants which were later confirmed using DNA markers 
[46]. The F1 progenies were then selfed under controlled 
conditions to produce F2 progenies. A total of 352 F2 
seeds were obtained from true F1 plants.

Advancement of F2 population to F5 generation 
recombinant inbred lines
Three hundred and fifty-two F2 seeds harvested from 
true F1 plants were grown in 16 rows with 22 plants per 
row during Rabi, 2021. A row of parental lines was sown 
after every 5 rows of F2. A spacing of 40 × 15  cm was 

maintained between rows and plants, respectively, to 
avoid competition between the plants. All the agronomic 
practices were followed to raise a good crop. Subsequent 
cycles of controlled selfing were conducted for each F2 
plant, ultimately producing F5 generation seeds by 2024. 
The inbreeding phase utilized a single seed descent (SSD) 
strategy, where the seeds of one plant were grown and 
only one plant was harvested per line and advanced to 
succeeding generations. Totally F5 generation seeds pro-
duced from 352 lines during Kharif 2024 were used for 
advancing to succeeding generations as mentioned ear-
lier. The following observations were recorded on F5 gen-
eration RIL population.

Seed and seed coat characteristics
For the present study, the row bulk of F5 generation seeds 
were used. Out of 352 lines, a representative 150 lines 
were chosen randomly for recording the following obser-
vations on seed characteristics. The observations on three 
qualitative seed characteristics, namely seed coat color, 
seed hilum color, and seed coat lustre were recorded in 
five replications based on manual observation according 
to the soybean crop descriptor [47]. In the present study 
using 150 RILs, the seed coat colour was broadly repre-
sented by four colours, black, yellow, yellow green and 
green; the seed hilum colour was represented by grey, 
brown, brownish black/imperfect black, and black; and 
the seed lustre by shiny, intermediate, dull, and bloom. 
The quantitative variables measured are seed length, 
seed width, seed thickness, seed coat percentage, water 
permeability, seedling vigour, 100-seed weight and seed 
coat thickness. The length of the seed was measured as 
the longest distance across the seed parallel to the hilum, 
the seed width as the longest distance from top (hilum) 
to bottom of the seed, and the seed thickness as the lon-
gest distance across the seed perpendicular to the hilum 
on five randomly selected seeds from each RIL genotype 
[48]. To measure the seed coat percentage, ten seeds per 
RIL per replication (3 replications per RIL) were ran-
domly drawn and the seeds were soaked in water for 24 
h after which the seed coat was carefully peeled from the 
cotyledons. Both seed coats and cotyledons were then 
dried in a hot air oven at 90 °C for 48 h. After drying, the 
weights of the seed coat and cotyledons were recorded, 
and seed coat percentage was estimated as follows:

	
Seed coat (%) = Seed coat weight (mg)

Seed coat weight (mg) + Cotyledon weight (mg)
× 100

The water permeability of the seed coat of all the 150 RILs 
was checked after 3 h of soaking in water in petri plates 
(rapid imbibition). Based on the preliminary study, 3 h of 
rapid imbibition was sufficient to discriminate the RILs 
for seed coat permeability (data not given). Ten seeds per 
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RIL per replication and three replications per RIL were 
used. The initial weight of ten seeds before imbibition 
and final weight after imbibition was recorded. Water 
permeability was quantified as the amount of water 
imbibed by seeds, estimated as percent water absorption.

	Percent water imbibed = Weight of the seeds after imbibition-Initial weight of the seeds
Initital weight of the seeds

× 100

Seedling vigor index
The seedling vigour index was estimated based on germi-
nation percentage and seedling length. The germination 
test was conducted using the Between paper method [49] 
with four replications of 50 seeds for each RIL, incubated 
at 28 °C. The paper towels were wetted every alternate 
day with water. On the 5th day, the germination percent-
age was determined as the (number of seeds germinated 
on the 5th day/total number of seeds sown) × 100. After 
taking the germination percentage, five seedlings from 
each replication were randomly chosen, and the total 
seedling length was measured in cm. The seedling vigour 
index was calculated using the following formula,

	Seedling vigour index = Germiantion percentage × Seeding length (cm)

Test weight for each RIL was determined as the weight 
of 100 seeds and expressed in grams. The measurement 
was carried out in three replications. To know the rela-
tionship between water permeability and seed coat thick-
ness, ten RILs with lowest water permeability and ten 
RILs with highest water permeability were chosen from 
150 RILs studied. The seed coat thickness of chosen 20 
RILs were recorded by carefully removing the seed coat 
after breaking the dry seed and the thickness was mea-
sured using a screw gauge. Since the seed thickness was 
not constant across the seed, we have chosen two regions 
of the seed- top (near the hilum) and basal region of the 
seed considered separately for measuring seed coat thick-
ness. Five seeds per RIL were used for recording the 
observation on seed coat thickness.

Statistical analysis
Summary statistics for each quantitative trait in the RIL 
population was computed using MS Excel. The distri-
bution of quantitative traits among the RILs was tested 
using the single-sample Kolmogorov–Smirnov (KS) test 
/ Lilliefors test [50] assuming that the traits under study 
are normally distributed. The traits showed normal dis-
tribution. The RILs were grouped based on seed coat 
colour and significance of differences in the mean val-
ues of colour groups for different traits was tested using 
Tukey’s Honestly Significant Difference (HSD) test at α 
= 0.05 using the R software, assuming that the observa-
tions being tested are independent within and among the 

groups under consideration. A two-sample t-test with 
unequal variances was performed in MS Excel to assess 
the significance of differences in water permeability and 
seed coat thickness between low and high permeable 
genotypes. Pearson’s correlation between water perme-
ability and seed coat thickness was estimated using MS 
Excel.

Results
Seed and seed coat properties are important for seed 
longevity in soybean. The mean, range, and coefficient 
of variation of 150 RILs for seven seed properties such 
as seed length, seed width, seed thickness, seed coat 
percentage, 100 seed weight, water permeability, and 
seedling vigour are presented in Table 1. The mean seed 
length among RILs was 7.02  mm and it ranged from 
2.69 to 8.57  mm. Seed width values in the RIL popula-
tion ranged between 5.13 mm and 7.05 mm with a mean 
of 6.04 mm. The parental line JS 93 − 05 had higher value 
for seed length, seed width and seed thickness than those 
of LBS. The seed thickness ranged from 3.97 to 5.76 mm 
among the RILs population with a mean of 4.80 mm. The 
parental line JS 93 − 05 recorded a seed coat content of 
6.99%, while LBS showed 9.39% of the seed coat content. 
Among the 150 RILs, the seed coat content ranged from 
5.80 to 11.56%. On the other hand, the parental line JS 
93 − 05 exhibited higher values than LBS for 100- seed 
weight, water permeability, and seedling vigour index. 
The mean 100 seed weight was 13.81 g for JS 93 − 05 and 
7.98 g for LBS, while it ranged from 8.70 to 17.70 g across 
the RILs population, with an average of 12.01  g. The 
water permeability ranged from 15.83 to 110.79% among 
the RILs population with a mean of 78.06%. The seedling 
vigour index also showed a wide variation among the 
RILs with a mean of 2452.32 and it ranged from 2009.69 
to 3561.73. High coefficient of variability was observed 
for all the traits in RILs population. The highest coeffi-
cient of variability was observed for water permeability 
(20.33%) followed by seed coat percentage (11.22%) and 
seedling vigour index (8.77%). Histograms showing the 
distribution of the phenotypic variation for the seven 
quantitative traits studied in the 150 RILs population are 
presented in Fig. 1, indicating a continuous distribution. 
A small value of D observed for all the traits indicate that 
the observed distributions follow the theoretical distri-
bution. The higher P- values for all the traits suggest that 
the data fit the normal distribution. The Lilliefors nor-
mality test concluded normal distributions for all traits. 
It also illustrated that the frequency distribution varied 
widely, and a few outliers were also observed for all the 
traits suggesting transgenic segregation for all the traits.

Three qualitative traits viz., seed coat colour, hilum 
colour and seed coat lustre were studied in the RILs 
population. The seed coat colour in the RILs could be 
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broadly classified into 4 distinct colours: black, yellow, 
green, and yellow green in the RILs (Fig. 2). The highest 
number of RILs recorded was black seed coat colour (80) 
followed by yellow (30) (Table 2). The lowest number of 
RILs recorded yellow green seed coat colour. However, by 
careful observation it was noticed that within each class 
there were variation in the intensity of colour among RILs 
and also within the line. Similar variation was noticed 
for the hilum colour and seed coat lustre. Therefore, we 
did not attempt to fit the genetic ratio to study the role 
of gene interaction in the expression of these traits. Both 
the parental lines had black hilum colour. However, seg-
regation for hilum colour was observed with 4 distinct 
colours. The majority of the RILs showed black hilum 
colour followed by imperfect black and a few RILs with 
grey and brown hilum colours (Table  2). Four different 
categories were observed for seed coat lustres. The high-
est number of RILs (69) had intermediate lustre followed 
by shiny (36) and dull (30).

The RILs were classified into four seed coat colour 
groups-black, yellow, yellow-green, and green, and the 
mean and range of seven quantitative traits were deter-
mined and compared for each colour group (Table 3). For 
seed length, seed width, seed thickness, seedling vigour 
index, and 100-seed weight, the mean values of the four 
colour groups did not differ significantly. However, the 
black colour RILs class had significantly higher mean 
value for seed coat percentage (8.50%) with a wider range 

(6.13–11.56%) compared to the other three colour groups 
among the RILs (Table 3). The mean values of the green 
(7.68%), yellow green (7.72%) and yellow (7.89%) were 
not significantly different. Similarly, the black seed colour 
RILs recorded significantly lower mean water perme-
ability (71.06%) with a wider range of 15.83 to 110.79%. 
The other three classes of RILs (yellow, yellow green, and 
green) had significantly higher mean water permeability 
compared to black class; they did not differ significantly 
for water permeability among themselves. In conclusion 
the black seed coat colour class had significantly higher 
seed coat content and lowest permeability.

To identify the relationship between seed coat thick-
ness and permeability, ten RILs with highest permeability 
and 10 RILs with lowest seed permeability were chosen 
from 150 RILs. The seed coat thickness was not uni-
form across different regions of the seed; therefore, two 
regions were chosen for measuring the seed coat thick-
ness. It was observed that the thickness of the top end of 
the seed (hilum region) had higher mean value compared 
to basal end in both the high water permeable and low 
water permeable RILs (Table  4). The mean thickness of 
the low water permeable RILs was significantly higher 
than that of the mean of the high water permeable RILs 
at both the top and bottom regions of the seed. The cor-
relation between water permeability and seed coat thick-
ness at the top end of the seed was significantly negative 
among the chosen 20 genotypes.

Table 1  Mean, range, coefficient of variation of 7 quantitative traits in the RILs population and parental genotypes
Sl. No. Trait Generation Range Mean ± SE Coefficient of variation (%)
1. Seed length (mm) P1* 7.97–8.83 8.34 ± 0.15 3.79

P2* 5.82–6.11 5.93 ± 0.05 1.79
RILs 2.69–8.57 7.02 ± 0.04 7.60

2. Seed width (mm) P1 6.08–6.70 6.41 ± 0.11 3.81
P2 4.79–5.22 4.98 ± 0.07 3.35
RILs 5.13–7.05 6.04 ± 0.02 5.96

3. Seed thickness (mm) P1 4.83–5.18 4.98 ± 0.062 2.82
P2 3.70–4.38 3.92 ± 0.12 6.81
RILs 3.97–5.76 4.80 ± 0.03 7.20

4. Seedling vigour index P1 1981.56-2327.04 2197.03 ± 80.03 7.28
P2 1700.68–2267.00 2007.87 ± 121.15 12.07
RILs 2009.69-3561.73 2452.32 + 17.56 8.77

5. Water permeability (%) P1 68.75–76.40 72.06 ± 2.27 5.46
P2 24.32–30.64 27.24 ± 1.84 11.70
RILs 15.82-110.79 78.06 ± 1.30 20.33

6. Seed coat percentage P1 6.90–7.13 6.99 ± 0.073 1.81
P2 9.18–9.70 9.39 ± 0.16 2.90
RILs 5.80-11.56 8.16 ± 0.07 11.22

7. 100 seed weight (g) P1 - 13.81 -
P2 - 7.98 -
RILs 8.20–17.70 12.01 ± 0.16 16.61

*P1 = JS 93 − 05, P2 = Local black soybean
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Fig. 1  Histogram depicting distribution of RIL genotypes for quantitative traits (Note: P1- JS 93 − 05, P2- LBS). The D and P values are from the Kolmogorov-
Smirnov (KS) test for normality distribution. D represents the maximum deviation between the empirical and theoretical distribution and P value is the 
probability value indicating whether the deviation is statistically significant
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Discussion
Seed longevity is a vital trait in soybeans to maintain con-
tinuous supply chain with high quality seeds [6]. Reduced 
seed longevity can lead to unexpected declines in viabil-
ity during storage, thereby hampering seedling establish-
ment and ultimately reducing crop yield [34]. Linkage 
analysis to dissect seed longevity in a bi-parental cross 
has been reported in soybean [34, 39] and other crops 
[51, 52]. However, the resolution and accuracy of QTL 
depend more on the size of the mapping population [53]. 

The population with high number of individuals improve 
the accuracy and reliability of QTL mapping [44, 54]. 
Majority of the earlier studies on QTL mapping in soy-
bean are based on limited population size; therefore, no 
common QTLs were detected in the RILs [33, 38, 55, 56]. 
The most important step to discover the genetic determi-
nants of seed longevity is development of a suitable large 
mapping population. In this study, two genotypes show-
ing contrasting seed longevity, JS 93 − 05 (poor longevity) 
and LBS (superior longevity) were used to develop a large 
RIL population segregating for seed longevity and related 
traits [46]. The choice of the present mapping population 
with 352 RILs offer to improve the accuracy of QTL map-
ping for seed traits in the future. A large number of RILs 
have been collected for the future research on longevity 
in durum wheat [57] and rice [44, 58]. The present study 
focuses on the characterization of a RIL population (F5) 
with the aim of enhancing the understanding of factors 
influencing seed viability in future research.

Seed viability is quite complicated, influenced by many 
seed and seed coat related characteristics [28, 59–61]. 
Several findings have reported that large seed size con-
tribute to better seed germination and seedling vigor [62, 
63], while it is negatively correlated with seed longevity 
under storage [64]. It is mainly attributed to the increased 

Table 2  Segregation pattern of seed coat color, hilum colour 
and seed coat lustre in the RILs population
Trait Class Number of RILs
Seed coat colour Yellow 30

Yellow green 18
Green 22
Black 80

Hilum colour Grey 8
Brown 3
Brownish black/imperfect black 15
Black 124

Seed coat lustre Shiny 36
Intermediate 69
Dull 30
Bloom 15

Fig. 2  Segregation of seed coat color in the RIL population of JS 93 − 05 × Local black soybean
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surface area of bold seeds will make them prone to 
mechanical damage, increased infestations of pest and 
diseases under storage conditions [65, 66]. In addition, 
it was observed that the black seed coat color and thick 
seed coat impart higher seed viability under storage [67–
69]. Notably, the black soybean seeds are characterized 
by thicker and tougher testas and slower imbibition than 
non-black seeds [70]. Studies have shown seed viability is 
also influenced by seed permeability [64]. Genetic vari-
ability and recombination rate within the mapping popu-
lation for seed size, seed coat color, seed coat thickness 
and content, testa composition and color, and seed per-
meability play a crucial role in the identification of closely 
linked marker and/or location of genes responsible for all 
the seed longevity related traits. In this study, the RILs 
showed diversity for their seed and seed coat character-
istics. A wide variation was observed in seed dimensions 
(length, width, and thickness) ranging from smaller to 
bold sized seeds. The classification of seeds based on the 
seed coat color of RILs suggested that black seeded lines 
had higher seed coat percentage and less water perme-
ability as evidenced in the earlier studies [25], thus, regu-
lating the seed germination and seedling vigour through 
imbibition [71–73]. A similar observation was reported 
by Kumar et al. [64] in soybean RIL population. A study 
by Zhang et al. [74] observed that the black and brown 
seeded F3 lines derived from a cross between G. soja 
and G. max retained approximately 30% viability after 
240 days of soil burial, compared to significantly lower 
viability in yellow and green seeded lines that evidenced 
the potential of black seed coat color in maintaining the 
seed viability under prolonged storage. The association 
between seed coat color and seed longevity is very well 
established in soybean with black or dark seed coat color 
associated with higher longevity [25–27]. In this study, 
the RIL population broadly exhibited four seed coat 
colors ranging from yellow to black displaying substan-
tial variability in different seed and seed coat traits. We 
have also observed variation within the line for depth of 
coat colour, hence the genetic interpretation will be car-
ried out in the future after developing complete homozy-
gous lines. Earlier studies indicated monogenic [75–78], Ta
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Table 4  Relationship between water permeability and seed coat 
thickness in low and high permeable RIL genotypes
Water permeability Water 

perme-
ability 
(%)

Seed coat thickness (mm)
Top side (hilum) Bottom 

side

Low permeable 36.46a 0.1191a 0.0676a

High permeable 101.72b 0.0977b 0.0586b

Correlation between water permeabil-
ity and seed coat thickness

-0.51 (p 
value- 0.023)

-0.41 (p 
value- 
0.071)

Mean values with the same superscript do not differ each other
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digenic [77, 79–81], trigenic [71, 80, 82] and complex 
inheritance [82] for seed coat color. Recombination 
among specific seed traits is fundamentally important in 
soybean breeding for improving agronomic qualities and 
seed longevity. Yellow seed coat is commercially desir-
able; black seed coat colour is also gaining attention due 
to nutritional and other medicinal uses. The mean and 
range for different seed traits for black and yellow groups 
of RILs showed that many black seed coat genotypes are 
bold seeded with higher test weight and vice versa. The 
black and yellow groups differed significantly for water 
permeability and seed coat percentage. However, the 
range within each class showed that there are yellow gen-
otypes with low water permeability, indirectly suggesting 
yellow genotypes with higher seed longevity. Such lines 
will be useful in commercial breeding. It is important to 
test the selected genotypes for seed longevity under both 
natural and artificial ageing techniques before using them 
in breeding.

Seed coat is the primary point of contact between seed 
and its environment. Thus, seed coat thickness plays 
a major role in seed survival [83]. Studies suggest that 
thicker seed coat confer increased resistance to mechani-
cal damage and pathogen pressure in storage and soil 
[84]. A positive association was established between seed 
coat thickness and seed longevity, exhibiting reduced 
seed mortality in thicker seeds [67, 83]. In this study, cor-
relation analysis between water permeability and seed 
coat thickness revealed a negative association on both the 
top and bottom sides of the seed [85]. Our study involv-
ing 20 selected RILs with high and low permeability dem-
onstrated that seed coat thickness influence permeability. 
The seed coat permeability is the major factor in seed 
viability and longevity [86].

The RILs also showed segregation for hilum color 
and seed coat lustre. Black seed coat color was domi-
nant with more frequency among RILs. Majority of the 
seeds possessed black hilum color and intermediate seed 
coat lustre. Genotypes exhibiting a shiny or smooth lus-
ter typically have minimal surface deposits of endocarp, 
whereas those with a bloom lustre display dense, con-
tinuous endocarp deposits arranged in a characteristic 
honeycomb pattern [86]. It was reported that the seed 
coat surfaces of the black and brown seeded F3 lines 
were heavily covered with deposited materials forming 
a honeycomb-like structure with no surface pits, unlike 
the yellow and green seeded lines, which showed fewer 
deposits and a flat pitted surface [74]. The seed coat shin-
iness also has been associated with reduced seed imbi-
bition and provides insect and pathogen resistance to 
common beans [87], thereby improving seed storability. 
On the other hand, the association of seed hilum color 
with seed longevity is not established so far. The present 

study offers to study the relationship between hilum 
colour, seed coat lustre, and seed longevity.

Overall, RILs population showed segregation for many 
seed coat characteristics, seed coat thickness and water 
permeability which are important traits for seed viability. 
The frequency distribution of all the seven quantitative 
seed traits showed continuous and normal distribution 
and appearance of transgressive segregants: thus, consis-
tent with the genetic principle of QTL mapping [56, 88]. 
The present mapping population capture higher pheno-
typic variability of the target traits related seed viability 
in soybean enabling QTL mapping and marker devel-
opment for molecular breeding. However, the present 
results are based on only 150 RILs as a representation of 
352 lines and are also not completely homozygous. To 
address the limitations of the study, we are advancing all 
the 352 lines to complete homozygosity; as a resource for 
QTL mapping to identify closely linked markers and the 
genetic analysis of seed traits for higher seed viability.

Conclusion
The biparental F5 segregating mapping population 
showed extensive variability for all the seed longevity 
associated traits. The frequency distribution of all the 
seven quantitative seed traits showed continuous normal 
distribution with appearance of transgressive segregants: 
thus, suitable for mapping seed viability and studying 
seed related traits in soybean. The results also showed 
that the black seed coat associated with thicker seed coat 
and low water permeability. Higher range was observed 
for water permeability and seed coat percentage among 
the yellow genotypes suggesting the potentiality of the 
population in identification of recombinants with yellow 
seed coat colour, low water permeability with higher seed 
viability. The large mapping population developed in this 
study has the potential to offer insights into the genetic 
determinants of seed longevity and form a valuable per-
manent resource for mapping and/or fine mapping QTLs 
for seed longevity traits.

Acknowledgements
The authors would like to extend thanks to DST-FIST funded Department of 
Plant Biotechnology, University of Agricultural Sciences, Bangalore, Karnataka, 
India, for extending the facilities to carry-out the work.

Authors’ contributions
The first author RRL conceptualized, designed, conducted and participated in 
the development of RILs from the beginning, supervised the experiments and 
collection of data and written the original manuscript. NT performed crossing, 
collected and analysed the data of F2 generation and supported in writing 
the manuscript. MPK ASN and HKPS conducted F5 experiments, collected and 
analysed data and supported in writing manuscript. BSP assisted in advancing 
the RILs from F2 to F5 generation and edited the manuscript. The authors read 
and approved the final manuscript.

Funding
The first author R L Ravikumar received a small funding Emeritus Scientist 
Project from Indian Council of Agriculture Research Govt. Of India. The funders 



Page 10 of 12Ravikumar et al. BMC Plant Biology          (2026) 26:175 

had no role in study design, data collection and analysis, decision to publish or 
preparation of the manuscript.

Data availability
All the generated or analysed data during the study are included in this article. 
The F5 generation RILs are being advanced to succeeding generations using 
SSD to achieve complete homozygous lines by the first author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Plant Biotechnology, College of Agriculture, UAS, GKVK, 
Bangalore, Karnataka 560 065, India
2Department of Seed Science and Technology, College of Agriculture, 
UAS, GKVK, Bangalore, Karnataka 560 065, India
3ICAR-IARI Regional Research Centre, Dharwad, Karnataka 580 005, India
4Department of Plant and Soil Sciences, Mississippi State University, 
Mississippi State, MS 39762, USA
5ICAR-Indian Institute of Agricultural Biotechnology, Ranchi,  
Jharkhand 834003, India

Received: 12 June 2025 / Accepted: 18 December 2025

References
1.	 Li S, Cong Y, Liu Y, Wang T, Shuai Q, Chen N, et al. Optimization of Agrobacte-

rium-mediated transformation in soybean. Front Plant Sci. 2017;8:246. 10.39/
fpls.2017.00246.

2.	 Zhu Y, Fu S, Wu C, Qi B, Teng F, Wang Z, et al. The investigation of protein 
flexibility of various soybean cultivars in relation to physicochemical and 
conformational properties. Food Hydrocoll. 2020;103:105709. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​h​​y​d​.​2​​0​2​​0​.​1​0​5​7​0​9.

3.	 Indiastat. 2024. India Position in Harvested Area of Soybean in the World 
(2024). n.d. Accessed July 29, 2025. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​n​d​i​​a​s​t​​a​t​.​c​​o​m​​/​t​a​​b​l​e​​/​w​e​s​​t​-​​b​e​
n​​g​a​l​​-​s​t​a​​t​e​​/​s​o​​y​a​b​​e​a​n​/​​i​n​​d​i​a​​-​p​o​​s​i​t​i​​o​n​​-​h​a​​r​v​e​​s​t​e​d​​-​a​​r​e​a​​-​s​o​​y​b​e​a​​n​-​​w​o​r​l​d​-​2​0​2​2​/​1​4​6​
7​7​9​1

4.	 Prashnani M, Dupare B, Vadrevu KP, Justice C. Towards food security: 
exploring the spatio-temporal dynamics of soybean in India. PLoS ONE. 
2024;19(5):e0292005. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​2​9​2​0​0​5.

5.	 Shelar VR, Shaikh RS, Nikam AS. Soybean seed quality during storage: a 
review. Agric Rev. 2008;29(2):125–31.

6.	 Rao PJM, Pallavi M, Bharathi Y, Priya PB, Sujatha P, Prabhavathi K. Insights 
into mechanisms of seed longevity in soybean: a review. Front Plant Sci. 
2023;14:1206318. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​3​.​1​2​0​6​3​1​8.

7.	 Leprince O, Pellizzaro A, Berriri S, Buitink J. Late seed maturation: drying 
without dying. J Exp Bot. 2017;68(4):827–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​j​​x​b​/​e​r​w​
3​6​3.

8.	 Salvi P, Saxena SC, Petla BP, Kamble NU, Kaur H, Verma P, et al. Differentially 
expressed galactinol synthase(s) in Chickpea are implicated in seed Vigor 
and longevity by limiting the age-induced ROS accumulation. Sci Rep. 
2016;6:35088. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​r​e​p​3​5​0​8​8.

9.	 Zinsmeister J, Lalanne D, Terrasson E, Chatelain E, Vandecasteele C, Vu BL, et 
al. ABI5 is a regulator of seed maturation and longevity in legumes. Plant Cell. 
2016;28(11):2735–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​5​​/​t​​p​c​.​1​6​.​0​0​4​7​0.

10.	 Chatelain E, Hundertmark M, Leprince O, Gall SL, Satour P, Deligny-Penninck 
ST, et al. Temporal profiling of the heat-stable proteome during late 
maturation of Medicago truncatula seeds identifies a restricted subset of 
late embryogenesis abundant proteins associated with longevity. Plant Cell 
Environ. 2012;35(8):1440–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​3​0​4​0​​.​2​​0​1​2​.​0​2​5​0​1​.​
x.

11.	 Nagel M, Kranner I, Neumann K, Rolletschek H, Seal CE, Colville L, et al. 
Genome-wide association mapping and biochemical markers reveal that 
seed ageing and longevity are intricately affected by genetic background 
and developmental and environmental conditions in barley. Plant Cell Envi-
ron. 2015;38(6):1011–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​c​e​.​1​2​4​7​4.

12.	 Debeaujon I, Leon-Kloosterziel KM, Koornneef M. Influence of the testa on 
seed dormancy, germination, and longevity in Arabidopsis. Plant Physiol. 
2000;122(2):403–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​4​​/​p​​p​.​1​2​2​.​2​.​4​0​3.

13.	 Boca S, Koestler F, Ksas B, Chevalier A, Leymarie J, Fekete A, et al. Arabidopsis 
lipocalins AtCHL and attil have distinct but overlapping functions essential 
for lipid protection and seed longevity. Plant Cell Environ. 2014;37(2):368–81. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​c​e​.​1​2​1​5​9.

14.	 Rao D, Pashwan VR, Chaitanya G, Verma B, Negi PS. Physiological and 
biochemical changes during seed deterioration in seed–A review. ELSJ. 
2023;9(1):1–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​7​5​3​9​6​6​3.

15.	 da Silva MF, Soares JM, Xavier WA, dos Santos Silva FC, da Silva FL, da Silva LJ. 
The role of the biochemical composition of soybean seeds in the tolerance to 
deterioration under natural and artificial aging. Heliyon. 2023;9(12):e20314. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​h​e​​l​i​y​​o​n​.​2​​0​2​​3​.​e​2​1​6​2​8.

16.	 Tan S, Cao J, Li S, Li Z. Unraveling the mechanistic basis for control of seed 
longevity. Plants (Basel). 2025;5(5):805. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​4​0​5​0​8​
0​5.

17.	 Ranathunge K, Shao S, Qutob D, Gijzen M, Peterson CA, Bernards MA. Proper-
ties of the soybean seed coat cuticle change during development. Planta. 
2010;231:1171–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​2​5​-​0​1​0​-​1​1​1​8​-​9.

18.	 Kuchlan MK, Dadlani M, Samuel DV. Seed coat properties and longevity of 
soybean seeds. J New Seeds. 2010;11(3):239–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​5​2​2​​
8​8​6​​X​.​2​0​​1​0​​.​4​9​7​9​6​0.

19.	 Abati J, Zucareli C, Brzezinski CR, Lopes ID, Krzyzanowski FC, Moraes LA, et al. 
Water absorption and storage tolerance of soybean seeds with contrasting 
seed coat characteristics. Acta Sci Agron. 2022;44:e53096. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​
0​2​5​​/​a​​c​t​a​​s​c​i​​a​g​r​o​​n​.​​v​4​4​i​1​.​5​3​0​9​6.

20.	 Zhou W, Chen F, Luo X, Dai Y, Yang Y, Zheng C, et al. A matter of life and death: 
Molecular, physiological, and environmental regulation of seed longevity. 
Plant Cell Environ. 2020;43(2):293–302. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​c​e​.​1​3​6​6​6.

21.	 Hosamani J, Kumar MB, Talukdar A, Lal SK, Dadlani M. Molecular characteriza-
tion and identification of candidate markers for seed longevity in soybean 
[Glycine max (L.) Merrill]. Indian J Genet. 2013;73(1):64–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​
9​5​8​​/​j​​.​0​0​​1​9​-​​5​2​0​0​​.​7​​3​.​1​.​0​0​9.

22.	 Pourcel L, Routaboul JM, Kerhoas L, Caboche M, Lepiniec L, Debeaujon 
I. TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in 
oxidative polymerization of flavonoids in Arabidopsis seed coat. Plant Cell. 
2005;17(11):2966–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​5​​/​t​​p​c​.​1​0​5​.​0​3​5​1​5​4.

23.	 Debeaujon I, Lepiniec L, Pourcel L, Routaboul JM. Seed coat development 
and dormancy. In: Bradford KJ, Nonogaki H, editors. Seed Development, 
Dormancy and Germination. Annu Plant Rev. 2007;27:25–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​0​2​​/​9​​7​8​0​4​7​0​9​8​8​8​4​8

24.	 Pawar PV, Naik RM, Deshmukh MP, Satbhai RD, Mohite SG. Biochemical and 
molecular marker based screening of seed longevity in soybean [Glycine max 
(L.) Merrill]. Legume Res. 2019;42(5):575–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​8​8​0​​5​/​​L​R​-​3​9​1​
5.

25.	 Adsul AT, Chimote VP, Deshmukh MP. Inheritance of seed longevity and its 
association with other seed-related traits in soybean (Glycine max). Agric Res. 
2018;7:105–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​4​0​0​0​3​-​0​1​8​-​0​2​9​7​-​7.

26.	 Chandra S, Talukdar A, Taak Y, Yadav RR, Saini M, Sipani NS. Seed longev-
ity studies in wild type, cultivated and inter-specific Recombinant inbred 
lines (RILs) of soybean [Glycine max (L.) Merrill]. Genet Resour Crop Evol. 
2022;69:2877–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​7​2​2​-​0​2​1​-​0​1​2​4​0​-​2.

27.	 Naflath TV, Rajendraprasad S, Ravikumar RL. Population structure and 
genetic diversity characterization of soybean for seed longevity. PLoS ONE. 
2022;17(12):e0278631. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​2​7​8​6​3​1.

28.	 Ertekin M, Kirdar E. Effects of seed coat colour on seed characteristics of 
honeylocust (Gleditsia triacanthos). Afr J Agric Res. 2010;5(17):2434–8.

29.	 Semagn K, Bjørnstad Å, Ndjiondjop MN. An overview of molecular marker 
methods for plants. Afr J Biotechnol. 2006;5(25):2540–68.

30.	 Xu Y, Li P, Yang Z, Xu C. Genetic mapping of quantitative trait loci in crops. 
Crop J. 2017;5(2):175–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​j​.​2​0​1​6​.​0​6​.​0​0​3.

31.	 Arif MAR, Shokat S, Plieske J, Lohwasser U, Chesnokov YV, Kumar N, Kulwal P, 
McGuire P, Sorrells M, Qualset CO, Börner A. A SNP-based genetic dissection 
of versatile traits in bread wheat (Triticum aestivum L). Plant J. 2021;108:960–
76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​t​​p​j​.​1​5​4​0​7.

https://doi.org/10.1016/j.foodhyd.2020.105709
https://doi.org/10.1016/j.foodhyd.2020.105709
https://www.indiastat.com/table/west-bengal-state/soyabean/india-position-harvested-area-soybean-world-2022/1467791
https://www.indiastat.com/table/west-bengal-state/soyabean/india-position-harvested-area-soybean-world-2022/1467791
https://www.indiastat.com/table/west-bengal-state/soyabean/india-position-harvested-area-soybean-world-2022/1467791
https://doi.org/10.1371/journal.pone.0292005
https://doi.org/10.3389/fpls.2023.1206318
https://doi.org/10.1093/jxb/erw363
https://doi.org/10.1093/jxb/erw363
https://doi.org/10.1038/srep35088
https://doi.org/10.1105/tpc.16.00470
https://doi.org/10.1111/j.1365-3040.2012.02501.x
https://doi.org/10.1111/j.1365-3040.2012.02501.x
https://doi.org/10.1111/pce.12474
https://doi.org/10.1104/pp.122.2.403
https://doi.org/10.1111/pce.12159
https://doi.org/10.1111/pce.12159
https://doi.org/10.5281/zenodo.7539663
https://doi.org/10.1016/j.heliyon.2023.e21628
https://doi.org/10.1016/j.heliyon.2023.e21628
https://doi.org/10.3390/plants14050805
https://doi.org/10.3390/plants14050805
https://doi.org/10.1007/s00425-010-1118-9
https://doi.org/10.1080/1522886X.2010.497960
https://doi.org/10.1080/1522886X.2010.497960
https://doi.org/10.4025/actasciagron.v44i1.53096
https://doi.org/10.4025/actasciagron.v44i1.53096
https://doi.org/10.1111/pce.13666
https://doi.org/10.5958/j.0019-5200.73.1.009
https://doi.org/10.5958/j.0019-5200.73.1.009
https://doi.org/10.1105/tpc.105.035154
https://doi.org/10.1002/9780470988848
https://doi.org/10.1002/9780470988848
https://doi.org/10.18805/LR-3915
https://doi.org/10.18805/LR-3915
https://doi.org/10.1007/s40003-018-0297-7
https://doi.org/10.1007/s10722-021-01240-2
https://doi.org/10.1371/journal.pone.0278631
https://doi.org/10.1016/j.cj.2016.06.003
https://doi.org/10.1111/tpj.15407


Page 11 of 12Ravikumar et al. BMC Plant Biology          (2026) 26:175 

32.	 Hemshrot A, Poets AM, Tyagi P, Lei L, Carter CK, Hirsch CN, et al. Development 
of a multiparent population for genetic mapping and allele discovery in six-
row barley. Genetics. 2019;213(2):595–613. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​3​4​​/​g​​e​n​e​​t​i​c​​s​.​1​
1​​9​.​​3​0​2​0​4​6.

33.	 Singh RK, Raipuria RK, Bhatia VS, Rani A, Husain SM, Chauhan D, et al. SSR 
markers associated with seed longevity in soybean. Seed Sci Technol. 
2008;36(1):162–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​2​5​​8​/​​s​s​t​.​2​0​0​8​.​3​6​.​1​.​1​7.

34.	 Zhang X, Hina A, Song S, Kong J, Bhat JA, Zhao T. Whole-genome mapping 
identified novel QTL hotspots regions for seed storability in soybean (Glycine 
max L). BMC Genomics. 2019;20:27. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​4​-​0​1​9​-​5​8​9​
7​-​5.

35.	 Gelli M, Konda AR, Liu K, Zhang C, Clemente TE, Holding DR, et al. Validation 
of QTL mapping and transcriptome profiling for identification of candidate 
genes associated with nitrogen stress tolerance in sorghum. BMC Plant Biol. 
2017;17:123. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​1​7​-​1​0​6​4​-​9.

36.	 Dargahi H, Tanya P, Srinives P. Mapping of the genomic regions controlling 
seed storability in soybean (Glycine max L). J Genet. 2014;93:365–70. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​2​0​4​1​-​0​1​4​-​0​3​8​1​-​0.

37.	 Thenveettil N, Ravikumar RL, Prasad SR. Genome-wide association study 
reveals the QTLs and candidate genes associated with seed longevity in 
soybean (Glycine max (L.) Merrill). BMC Plant Biol. 2025;25:829. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​2​5​-​0​6​8​2​2​-​1.

38.	 Pereira Lima JJ, Buitink J, Lalanne D, Rossi RF, Pelletier S, Da Silva EAA, et al. 
Molecular characterization of the acquisition of longevity during seed matu-
ration in soybean. PLoS ONE. 2017;12(7):e0180282. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​
u​r​​n​a​l​​.​p​o​n​​e​.​​0​1​8​0​2​8​2.

39.	 Jiamtae P, Hashiguchi M, Lelapiyamit I, Harada K, Gondo T, Tanaka H et al. QTL 
analysis for soybean (Glycine max L. Merr.) seed storability in high-tempera-
ture storage conditions. Euphytica 2022;218,169. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​
6​8​1​-​0​2​2​-​0​3​1​2​2​-​9

40.	 Bizouerne E, Ly Vu J, Ly Vu B, Diouf I, Bitton F, Causse M, et al. Genetic variabil-
ity in seed longevity and germination traits in a tomato MAGIC population in 
contrasting environments. Plants. 2023;12(20):3632. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​
l​a​n​t​s​1​2​2​0​3​6​3​2.

41.	 Capilla-Pérez L, Solier V, Gilbault E, Lian Q, Goel M, Huettel B, et al. Enhanced 
recombination empowers the detection and mapping of quantitative trait 
loci. Commun Biol. 2024;7:829. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​2​0​0​3​-​0​2​4​-​0​6​5​3​0​-​w.

42.	 Karikari B, Chen S, Xiao Y, Chang F, Zhou Y, Kong J, et al. Utilization of inter-
specific high-density genetic map of RIL population for the QTL detection 
and candidate gene mining for 100-seed weight in soybean. Front Plant Sci. 
2019;10:1001. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​9​.​0​1​0​0​1.

43.	 Li Z, Liu P, Zhang X, Zhang Y, Ma L, Liu M, et al. Genome-wide association 
studies and QTL mapping uncover the genetic architecture of ear tip-
barrenness in maize. Physiol Plant. 2020;170(1):27–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​
/​p​​p​l​.​1​3​0​8​7.

44.	 Raghavan C, Mauleon R, Lacorte V, Jubay M, Zaw H, Bonifacio J, et al. 
Approaches in characterizing genetic structure and mapping in a rice multi-
parental population. G3: Genes, genomes. Genetics. 2017;7(6):1721–30. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​3​4​​/​g​​3​.​1​1​7​.​0​4​2​1​0​1.

45.	 TeKronyD M. Accelerated atging test: principles and procedures. Seed Tech-
nol. 2005;27(1):135–46. ​h​t​t​p​​:​/​/​​w​w​w​.​​j​s​​t​o​r​​.​o​r​​g​/​s​t​​a​b​​l​e​/​2​3​4​3​3​2​2​8

46.	 Naflath TV, Rajendraprasad S, Ravikumar RL. Usefulness of improved crossing 
methods for hybridization to develop mapping population for seed longev-
ity in soybean (Glycine max (L.) Merrill). Mysore J Agric Sci. 2022;56(1):236–43.

47.	 PPV&FRA. Guidelines for the conduct of test for distinctiveness, uniformity, 
and stability on soybean (Glycine max (L.) Merrill). Protection of Plant Varieties 
and Farmer’s Rights Authority, GOI; 2009. ​h​t​t​p​​s​:​/​​/​p​l​a​​n​t​​a​u​t​​h​o​r​​i​t​y​.​​g​o​​v​.​i​​n​/​s​​i​t​e​s​​/​d​​
e​f​a​​u​l​t​​/​f​i​l​​e​s​​/​f​s​o​y​a​b​e​a​n​.​p​d​f.

48.	 IBPGR, Descriptors, International Board for Plant Genetic Resources. for 
soybean. ; 1984. Available from: ​h​t​t​p​​s​:​/​​/​c​g​s​​p​a​​c​e​.​​c​g​i​​a​r​.​o​​r​g​​/​s​e​​r​v​e​​r​/​a​p​​i​/​​c​o​r​​e​/​b​​i​t​s​
t​​r​e​​a​m​s​​/​b​0​​3​6​2​3​​2​a​​-​0​0​​0​1​-​​4​7​2​1​​-​8​​b​0​0​-​5​9​2​e​c​d​5​6​e​4​e​1​/​c​o​n​t​e​n​t

49.	 International Rules for Seed Testing. ISTA (International seed testing Associa-
tion), international rules for seed testing. Switzerland: Bassersdorf; 2013. ​h​t​t​p​​s​
:​/​​/​w​w​w​​.​s​​e​e​d​​t​e​s​​t​.​o​r​​g​/​​e​n​/​​p​u​b​​l​i​c​a​​t​i​​o​n​s​​/​i​n​​t​e​r​n​​a​t​​i​o​n​​a​l​-​​r​u​l​e​​s​-​​s​e​e​d​-​t​e​s​t​i​n​g​.​h​t​m​l.

50.	 Harrison D, Sutton D, Carvalho P, Hobson M. Validation of bayesian posterior 
distributions using a multidimensional Kolmogorov–Smirnov test. Mon not R 
Astron Soc. 2015;451(3):2610–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​n​r​a​s​/​s​t​v​1​1​1​0.

51.	 Arif MAR, Agacka-Mołdoch M, Qualset CO, Borner A. Mapping of additive and 
epistatic QTLs linked to seed longevity in bread wheat (Triticum aestivum L). 
Cereal Res Commun. 2022;50:709–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​4​2​9​7​6​-​0​2​1​-​0​0​
2​4​0​-​3.

52.	 Raquid R, Kohli A, Reinke R, Dionisio-Sese M, Kwak J, Chebotarov D, et al. 
Genetic factors enhancing seed longevity in tropical Japonica rice. Curr Plant 
Biol. 2021;26:100196. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​p​b​.​2​0​2​1​.​1​0​0​1​9​6.

53.	 Ferreira A, Silva MFD, Cruz CD. Estimating the effects of population size and 
type on the accuracy of genetic maps. Genet Mol Biol. 2006;29:187–92. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​9​0​​/​S​​1​4​1​​5​-​4​​7​5​7​2​​0​0​​6​0​0​0​1​0​0​0​3​3.

54.	 Charmet G. Power and accuracy of QTL detection: simulation studies of one-
QTL models. Agronomie. 2000;20(3):309–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​5​1​​/​a​​g​r​o​:​2​0​0​
0​1​2​9. ⟨hal-00886017.

55.	 Liu W, Pan X, Li Y, Duan Y, Min J, Liu S, et al. Detection and validation of 
QTL s associated with seed longevity in rice (Oryza sativa L). Plant Breed. 
2018;137(4):546–52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​b​r​.​1​2​6​1​1.

56.	 Saini M, Yadav RR, Kumar R, Chandra S, Rathod NK, Taku M, et al. Mapping 
of quantitative trait loci and mining of candidate genes for seed viability in 
soybean (Glycine max (L.) Merr). Front Plant Sci. 2025;15:1372037. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​4​.​1​3​7​2​0​3​7.

57.	 Kidane YG, Gesesse CA, Hailemariam BN, Desta EA, Mengistu DK, Fadda 
C, et al. A large nested association mapping population for breeding and 
quantitative trait locus mapping in Ethiopian durum wheat. Plant Biotechnol 
J. 2019;17(7):1380–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​b​i​.​1​3​0​6​2.

58.	 Jiang W, Lee J, Jin YM, Qiao Y, Piao R, Jang SM, et al. Identification of QTLs 
for seed germination capability after various storage periods using two RIL 
populations in rice. Mol Cells. 2011;31(4):385–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​
0​5​9​-​0​1​1​-​0​0​4​9​-​z.

59.	 Kuchlan MK, Kuchlan P, Onkar M, Ramesh A, Husain SM. Influence of seed 
coat compactness around cotyledons, protein and mineral composition on 
mechanical strength of soybean (Glycine max (L.) Merrill) seed coat. Legume 
Res. 2018;41(2):246 – 52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​8​8​0​​5​/​​i​j​a​r​.​v​0​i​O​F​.​7​6​4​9

60.	 Pirredda M, Fañanás-Pueyo I, Oñate-Sánchez L, Mira S. Seed longevity and 
ageing: a review on physiological and genetic factors with an emphasis on 
hormonal regulation. Plants (Basel). 2023;13(1):41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​
n​t​s​1​3​0​1​0​0​4​1.

61.	 Kannababu N, Nanjundappa S, Narayanan N, et al. Role of functional genes 
for seed Vigor related traits through genome-wide association mapping in 
finger millet (Eleusine Coracana L. Gaertn). Sci Rep. 2025;15:5569. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​5​-​8​9​3​1​5​-​3.

62.	 Kaya MD, Day S. Relationship between seed size and NaCl on germination, 
seed Vigor and early seedling growth of sunflower (Helianthus annuus L). Afr J 
Agric Res. 2008;3(11):787–91.

63.	 Massimi M. 2018. Impact of seed size on seeds viability, vigor and storability 
of Hordeum vulgare (L.). Agricultural Science Digest - A Research Journal, 
2018; 38(1), 62–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​8​8​0​​5​/​​a​g​.​a​-​2​9​3

64.	 Kumar A, Chandra S, Talukdar A, Yadav RR, Saini M, Poonia S, et al. Genetic 
studies on seed coat permeability and viability in RILs derived from an inter-
specific cross of soybean [Glycine max (L.) Merrill]. Indian J Genet Plant Breed-
ing: Official Publication Indian Soc Genet Plant Breed. 2019;79(01):48–55. ​h​t​t​p​​
s​:​/​​/​i​s​g​​p​b​​.​o​r​​g​/​j​​o​u​r​n​​a​l​​/​i​n​​d​e​x​​.​p​h​p​​/​I​​J​G​P​​B​/​a​​r​t​i​c​​l​e​​/​v​i​e​w​/​2​8​6​2.

65.	 Martín I, Gálvez L, Guasch L, Palmero D. Fungal pathogens and seed storage 
in the dry state. Plants. 2022;11(22):3167. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​1​2​2​3​
1​6​7.

66.	 Dadlani M, Gupta A, Sinha SN, Kavali R. Seed storage and packaging. In: 
Dadlani M, Yadava DK, editors. Seed science and technology. Singapore: 
Springer; 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​9​​7​8​-​​9​8​1​​-​1​9​-​​5​8​​8​8​-​5​_​1​1.

67.	 Gardarin A, Dürr C, Mannino MR, Busset H, Colbach N. Seed mortality in the 
soil is related to seed coat thickness. Seed Sci Res. 2010;20(4):243–56. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​7​​/​S​​0​9​6​0​2​5​8​5​1​0​0​0​0​2​5​5.

68.	 Wu Y, Shen YB. Seed coat structural and permeability properties of Tilia 
Miqueliana seeds. J Plant Growth Regul. 2021;40(3):1198–209. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​0​7​​/​s​​0​0​3​4​4​-​0​2​0​-​1​0​1​7​9​-​0.

69.	 Naflath TV, Rajendraprasad S, Ravikumar RL. Evaluation of diverse soybean 
genotypes for seed longevity and its association with seed coat colour. Sci 
Rep. 2023;13(1). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​3​-​3​1​0​7​1​-​3.

70.	 Mursalimov S, Goncharova AV, Glagoleva AY, Shoeva OY. 2021. Black seed 
color of the spring Common Vetch (Vicia sativa L.) cultivar Obskaya 16 is 
caused by blue anthocyanins accumulating in macrosclereids. Vavilov Journal 
of Genetics and Breeding, 2021; 7, 91–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​8​6​9​​9​/​​L​e​t​​t​e​r​​s​V​J​2​​
0​2​​1​-​7​-​1​0

71.	 Zhang J, Cui Y, Zhang L, Wang Y, Li J, Yan G, Hu L. Seed coat color determines 
seed germination, seedling growth and seed composition of Canola (Brassica 
napus). Int J Agric Biol. 2013;15(3):535–40. 12–846/2013/15-3-535–540.

72.	 Vu DT, Velusamy V, Park E. Structure and chemical composition of wild soy-
bean seed coat related to its permeability. Pak J Bot. 2014;46:1847–57.

https://doi.org/10.1534/genetics.119.302046
https://doi.org/10.1534/genetics.119.302046
https://doi.org/10.15258/sst.2008.36.1.17
https://doi.org/10.1186/s12864-019-5897-5
https://doi.org/10.1186/s12864-019-5897-5
https://doi.org/10.1186/s12870-017-1064-9
https://doi.org/10.1007/s12041-014-0381-0
https://doi.org/10.1007/s12041-014-0381-0
https://doi.org/10.1186/s12870-025-06822-1
https://doi.org/10.1186/s12870-025-06822-1
https://doi.org/10.1371/journal.pone.0180282
https://doi.org/10.1371/journal.pone.0180282
https://doi.org/10.1007/s10681-022-03122-9
https://doi.org/10.1007/s10681-022-03122-9
https://doi.org/10.3390/plants12203632
https://doi.org/10.3390/plants12203632
https://doi.org/10.1038/s42003-024-06530-w
https://doi.org/10.3389/fpls.2019.01001
https://doi.org/10.1111/ppl.13087
https://doi.org/10.1111/ppl.13087
https://doi.org/10.1534/g3.117.042101
https://doi.org/10.1534/g3.117.042101
http://www.jstor.org/stable/23433228
https://plantauthority.gov.in/sites/default/files/fsoyabean.pdf
https://plantauthority.gov.in/sites/default/files/fsoyabean.pdf
https://cgspace.cgiar.org/server/api/core/bitstreams/b036232a-0001-4721-8b00-592ecd56e4e1/content
https://cgspace.cgiar.org/server/api/core/bitstreams/b036232a-0001-4721-8b00-592ecd56e4e1/content
https://www.seedtest.org/en/publications/international-rules-seed-testing.html
https://www.seedtest.org/en/publications/international-rules-seed-testing.html
https://doi.org/10.1093/mnras/stv1110
https://doi.org/10.1007/s42976-021-00240-3
https://doi.org/10.1007/s42976-021-00240-3
https://doi.org/10.1016/j.cpb.2021.100196
https://doi.org/10.1590/S1415-47572006000100033
https://doi.org/10.1590/S1415-47572006000100033
https://doi.org/10.1051/agro:2000129
https://doi.org/10.1051/agro:2000129
https://doi.org/10.1111/pbr.12611
https://doi.org/10.3389/fpls.2024.1372037
https://doi.org/10.3389/fpls.2024.1372037
https://doi.org/10.1111/pbi.13062
https://doi.org/10.1007/s10059-011-0049-z
https://doi.org/10.1007/s10059-011-0049-z
https://doi.org/10.18805/ijar.v0iOF.7649
https://doi.org/10.3390/plants13010041
https://doi.org/10.3390/plants13010041
https://doi.org/10.1038/s41598-025-89315-3
https://doi.org/10.1038/s41598-025-89315-3
https://doi.org/10.18805/ag.a-293
https://isgpb.org/journal/index.php/IJGPB/article/view/2862
https://isgpb.org/journal/index.php/IJGPB/article/view/2862
https://doi.org/10.3390/plants11223167
https://doi.org/10.3390/plants11223167
https://doi.org/10.1007/978-981-19-5888-5_11
https://doi.org/10.1017/S0960258510000255
https://doi.org/10.1017/S0960258510000255
https://doi.org/10.1007/s00344-020-10179-0
https://doi.org/10.1007/s00344-020-10179-0
https://doi.org/10.1038/s41598-023-31071-3
https://doi.org/10.18699/LettersVJ2021-7-10
https://doi.org/10.18699/LettersVJ2021-7-10


Page 12 of 12Ravikumar et al. BMC Plant Biology          (2026) 26:175 

73.	 Smýkal P, Vernoud V, Blair MW, Soukup A, Thompson RD. The role of the testa 
during development and in establishment of dormancy of the legume seed. 
Front Plant Sci. 2014;5:351. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​4​.​0​0​3​5​1.

74.	 Zhang L, Jia R, Liu L, Shen W, Fang Z, Zhou B, Liu B. Seed coat colour and 
structure are related to the seed dormancy and overwintering ability of crop-
to-wild hybrid soybean. AoB Plants. 2023;15(6):lad081. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​
3​​/​a​​o​b​p​l​a​/​p​l​a​d​0​8​1.

75.	 Terao H. Maternal inheritance in the soybean. Am Nat. 1918;52:51–6. ​h​t​t​p​​s​:​/​​/​w​
w​w​​.​j​​o​u​r​​n​a​l​​s​.​u​c​​h​i​​c​a​g​​o​.​e​​d​u​/​d​​o​i​​/​p​d​f​/​1​0​.​1​0​8​6​/​2​7​9​6​5​4.

76.	 Miku MG. Genetics of some qualitative characters of soybean. Biological 
Genetics I selektsiyazernobobkul’tur V Moldavii. Kishinev; 1970. pp. 117–31. ​h​t​
t​p​​s​:​/​​/​w​w​w​​.​c​​a​b​i​​d​i​g​​i​t​a​l​​l​i​​b​r​a​​r​y​.​​o​r​g​/​​d​o​​i​/​f​u​l​l​/. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​5​5​5​​/​1​​9​7​3​1​6​0​5​5​
9​1. Moldavian SSR.

77.	 Mikhailov VG. Inheritance of seed coat colour in soybean hybrids. CABI Digit 
Libr. 1985;2:65126. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​b​i​​d​i​g​​i​t​a​l​​l​i​​b​r​a​​r​y​.​​o​r​g​/​​d​o​​i​/​f​​u​l​l​​/​1​0​.​​5​5​​5​5​/​1​9​8​7​1​
6​5​8​0​2​5.

78.	 Chaudhari PN, Kulkarni YS, Deokar AB. Inheritance of some qualitative charac-
ters in soybean. Res J Mahatma Phule Agric Univ. 1973;4:23–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​5​5​5​5​​/​1​​9​7​4​1​6​2​0​1​1​3. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​b​i​​d​i​g​​i​t​a​l​​l​i​​b​r​a​​r​y​.​​o​r​g​/​​d​o​​i​/​f​u​l​l​/.

79.	 Probst AH. The inheritance of leaf abscission and other characters in soybeans. 
Agron J. 1950;42:35–45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​3​4​​/​a​​g​r​o​​n​j​1​​9​5​0​.​​0​0​​0​2​1​9​6​2​0​0​4​2​0​0​
0​1​0​0​0​7​x.

80.	 Williams LF. The inheritance of certain black and brown pigments in the 
soybean. Genetics. 1952;37:208–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​e​n​e​t​i​c​s​/​3​7​.​2​.​2​0​8.

81.	 Halvankar GB, Patil VP. Inheritance and linkage studies in soybean. Indian J 
Genet Plant Breed. 1994;54(3):216.

82.	 Ting CL. Genetic studies on the wild and cultivated soybeans. J Am Soc 
Agron. 1946. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​3​4​​/​a​​g​r​o​​n​j​1​​9​4​6​.​​0​0​​0​2​1​9​6​2​0​0​3​8​0​0​0​5​0​0​0​1​x. 
38:381 – 93.

83.	 Genna NG, Pérez HE. Intra-population seed survival during burial on a mass 
basis. Flora. 2021;274(151756):151756. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​l​​o​r​a​​.​2​0​2​​0​.​​1​5​1​
7​5​6.

84.	 Davis AS, Fu X, Schutte BJ, Berhow MA. Dalling interspecific variation in 
persistence of buried weed seeds follows trade-offs among physiological, 
chemical, and physical seed defenses. Ecol Evol. 2016;6:6836–45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​0​2​​/​e​​c​e​3​.​2​4​1​5.

85.	 King RD, Ashton SJ. Effect of seed coat thickness and blanching on the water 
absorption by soybeans. Int J Food Sci Technol. 1985;20(4):505–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​2​6​2​1​​.​1​​9​8​5​.​t​b​0​1​9​6​0​.​x.

86.	 Qutob D, Ma F, Peterson CA, Bernards MA, Gijzen M. Structural and perme-
ability properties of the soybean seed coat. Botany. 2008;86(3):219–27. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​9​​/​B​​0​8​-​0​0​2.

87.	 Konzen ER, Tsai SM. Seed coat shininess in Phaseolus vulgaris: rescuing a 
neglected trait by its screening on commercial lines and landraces. J Agric 
Sci. 2014;6(8):113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​5​3​9​​/​j​​a​s​.​v​6​n​8​p​1​1​3.

88.	 Hina A, Cao Y, Song S, Li S, Sharmin RA, Elattar MA, et al. High-resolution map-
ping in two RIL populations refines major QTL hotspot regions for seed size 
and shape in soybean (Glycine max L). Int J Mol Sci. 2020;21(3):1040. ​h​t​t​p​s​:​​​/​​/​d​
o​​i​.​​o​r​​g​​/​​1​0​​.​3​3​​​9​0​​/​i​j​m​s​2​1​0​3​1​0​4​0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3389/fpls.2014.00351
https://doi.org/10.1093/aobpla/plad081
https://doi.org/10.1093/aobpla/plad081
https://www.journals.uchicago.edu/doi/pdf/10.1086/279654
https://www.journals.uchicago.edu/doi/pdf/10.1086/279654
https://www.cabidigitallibrary.org/doi/full/
https://www.cabidigitallibrary.org/doi/full/
https://doi.org/10.5555/19731605591
https://doi.org/10.5555/19731605591
https://www.cabidigitallibrary.org/doi/full/10.5555/19871658025
https://www.cabidigitallibrary.org/doi/full/10.5555/19871658025
https://doi.org/10.5555/19741620113
https://doi.org/10.5555/19741620113
https://www.cabidigitallibrary.org/doi/full/
https://doi.org/10.2134/agronj1950.00021962004200010007x
https://doi.org/10.2134/agronj1950.00021962004200010007x
https://doi.org/10.1093/genetics/37.2.208
https://doi.org/10.2134/agronj1946.00021962003800050001x
https://doi.org/10.1016/j.flora.2020.151756
https://doi.org/10.1016/j.flora.2020.151756
https://doi.org/10.1002/ece3.2415
https://doi.org/10.1002/ece3.2415
https://doi.org/10.1111/j.1365-2621.1985.tb01960.x
https://doi.org/10.1111/j.1365-2621.1985.tb01960.x
https://doi.org/10.1139/B08-002
https://doi.org/10.1139/B08-002
https://doi.org/10.5539/jas.v6n8p113
https://doi.org/10.3390/ijms21031040
https://doi.org/10.3390/ijms21031040

	﻿Development and characterization of biparental mapping population for the properties of seed and seed coat applicable to seed longevity in soybean (﻿Glycine max﻿ (L.) Merrill)
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Hybridization of parental lines
	﻿Advancement of F﻿2﻿ population to F﻿5﻿ generation recombinant inbred lines
	﻿Seed and seed coat characteristics
	﻿Seedling vigor index
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


