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ABSTRACT
The asynchronous flowering and pod maturity of mung beans create challenges for farmers, seed producers and researchers when

establishing optimal seed selection practices. This study, conducted in Bunamhala Ward (Simiyu Region) and at Sokoine University

of Agriculture (Morogoro, Tanzania), evaluated how harvest maturity and seed position within the pod affect seed quality in five

Vigna radiata varieties. Field trials used a triplicate split-plot design, while laboratory experiments employed a three-factor factorial

layout, both based on a randomised complete block design (RCBD). Harvesting was performed at 60, 70, 80 and 90 days after sowing

and seeds were collected from basal, middle and apical pod positions. Significant differences emerged among varieties and harvest

maturities for most seed quality traits at p¼ 0:05. Seed position notably impacted 1000-seed weight, germination percentage and

seedling vigour index II. The interaction between variety and harvest maturity influenced several seed quality parameters, while

other interactions were minimal. The varieties Imara, Tari Green Gram 1 and Tari Green Gram 2, harvested at 70–80 days and from

the basal end of the pod, exhibited the best quality. Additionally, a negative correlation was observed between seeds per pod and seed

quality. These results highlight the crucial roles of harvest timing and seed position in improving green gram seed quality.

1 | Introduction

Green gram (Vigna radiata (L.) Wilczek), commonly referred to

as ‘mung bean’, is an annual legume from the Fabaceae family [1,

2]. Native to South and Southeast Asia, mung beans are widely

cultivated across tropical and subtropical regions for their excep-

tional nutritional and agronomic value [3, 4]. The seeds are high

in protein, essential amino acids and micronutrients, playing an

important role in food and nutrition security. Mung beans also

improve soil fertility through biological nitrogen fixation, making

them valuable for sustainable agriculture. Its short growth cycle

of around 65–90 days [5], early maturity and low input needs

make it suitable for a range of production systems, including

marginal and semi-arid environments. Worldwide, mung beans

are cultivated on about 7.3million hectares, yielding ~5.3million

tonnes annually [6, 7]. More than 74% of production comes from

India, Bangladesh, Pakistan and Myanmar, with India and

Myanmar each producing about 30% of the global total. China

and Indonesia contribute 16% and 5%, respectively [7, 8].

In East Africa, mung beans are an important source of protein,

iron and calcium, ranking third among pulses after soybeans and

common beans. In Tanzania, mung beans are cultivated on

around 0.3million hectares, while in Kenya, the area is about
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0.15million hectares [9, 10]. Production in Tanzania reached
73,073 metric tonnes during the 2016/2017 season, with an aver-
age yield of about 400 kg/ha [9]. Despite its ability to grow in
nutrient-poor soils and its tolerance to several abiotic stresses [5,
11], on-farm yields remain low at 400 to 500 kg/ha compared to
the potential yield of 1.5 t/ha. This yield gap is mainly due to
biotic and abiotic stresses, limited access to improved varieties
and the widespread use of low-quality farmer-saved seed [12].
Therefore, improving seed quality is a crucial step in increasing
productivity and strengthening the seed system.

Onemajor biological constraint affecting seed quality in mung bean
is its indeterminate growth habit, which results in multiple flower-
ing flushes and asynchronous pod maturity [13]. This uneven mat-
uration complicates harvesting and often leads to a trade-off
between early harvesting—associated with immature, low-vigour
seeds—and delayed harvesting, which increases the risk of pod
shattering and field losses [14–16]. Previous studies have demon-
strated that the harvesting stage significantly influences physical
and physiological seed quality parameters, emphasising the impor-
tance of identifying the optimal harvest window. However, these
studies largely focus on harvest timing as an independent factor,
with limited consideration of within-pod variability.

The position of a seed within the pod has been found to influence its
weight, germination rate and vigour. Differences in seed develop-
ment along the pod can lead to variation in physical and physiologi-
cal traits atmaturity. For instance, research on cowpea indicates that
seeds near the base of the pod are usually heavier and of higher
physiological quality than those at the tip [17, 18]. This positional
advantage is primarily attributed to differential assimilate partition-
ing, inwhich seeds closer to the peduncle receive a greater assimilate
supply during the seed-filling period [19]. These findings highlight
positional heterogeneity in seed development, whichmay contribute
to variability in seed lot quality. Nevertheless, most studies have
evaluated seed position effects independently of harvest maturity
stage, and evidence specific to mung bean remains limited.

Although both harvest maturity and seed position have been indi-
vidually studied, little is known about their interaction and its
combined effect on seed quality in mung bean. Given the crop’s
asynchronous flowering pattern, farmers and seed producers often
face uncertainty about the appropriate harvest stage and whether
to preferentially select seeds from specific pod positions to opti-
mise quality. The absence of integrated knowledge on these two
factors represents a critical research gap. Therefore, this study was
designed to examine the interaction between harvest maturity and
seed position within the pod on selected seed quality parameters of
the mung bean. It is hypothesised that both factors, as well as their
interaction, significantly influence seed physical and physiological
quality attributes. The findings are expected to provide evidence-
based guidance for farmers and seed producers to improve seed
quality and overall crop productivity.

2 | Materials and Methods

2.1 | Experimental Site

Seed production took place in Bunamhala Ward, Bariadi Town
Council, Simiyu Region, Tanzania (2.890°S, 34.044°E) (Figure 1).
This region experiences a tropical climate with temperatures
ranging from 15°C in July to 35°C in January, February, April
and October. Annual rainfall is between 600 and 900mm, with
the highest amounts occurring in April and November, while
May and October see the most sunshine. The area’s soil is mainly
black, well-drained and loamy [20], which is ideal for mung bean
cultivation. These soil conditions, combined with suitable tem-
peratures and adequate rainfall, fulfil the ecological require-
ments for green gram (25–35°C, 350–700mm, pH 6.0–7.0) [21,
22]. Bunamhala Ward was selected for its strong potential for
green gram production, with favourable yields and seed quality.
The experimental plot had a pH of 5.94, 0.092% nitrogen and
15.52 ppm phosphorus. Laboratory analyses were conducted at
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FIGURE 1 | The selected area for seed production in Mahaha village, located in Bariadi TC, Simiyu region, Tanzania.
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the African Seed Health Center, Sokoine University of Agricul-
ture, Morogoro.

2.2 | Origin of Planting Materials

Certified seeds of four green gram varieties: Nuru, TARI Green
Gram 1 (TG1), TARI Green Gram 2 (TG2) and Imara were
sourced from the Tanzania Agricultural Research Institute (TAR-
I)–Ilonga Station. The Nduru variety, a farmer-maintained local
type, was collected from farmer-saved seeds in the study area and
produced during the 2023/2024 cropping season. TG1 and TG2
exhibit semi-asynchronous growth patterns depending on envi-
ronmental conditions, with maturation occurring 60 to 90 days
after sowing (DAS). In contrast, Imara, Nuru and Nduru exhibit
asynchronous maturation, typically maturing 65 to 90 DAS. TG2
produces large, heavy black seeds, while TG1 and Nuru produce
medium-sized, shiny green seeds. Nduru seeds are smaller and
greenish, whereas Imara seeds are larger and also greenish.

2.3 | Field Experiment

The experiment was conducted in triplicate using a split-block
design within a randomised complete block design (RCBD). Each
whole plot measured 13m by 4m, separated by 5m both within
and between replications to facilitate management, while each
subplot was 3m by 4m, resulting in a total experimental area of
1,960 m2. Seeds from each variety were planted at a rate of 2
seeds per hole, spaced 50 cm by 20 cm, resulting in a total plant
density of 1,040 plants per plot [23]. Standard management prac-
tices, such as weeding and pesticide application, were carried out
to prevent yield loss. Pods were harvested from 32 tagged plants
in the middle rows of each variety, between 60 and 90 DAS, at 10-
day intervals. The average pod length and seed count per pod
were recorded. Pods were first sun-dried for two days, then man-
ually sorted into basal (B), middle (M) and apical (A) sections,
threshed, further dried and cleaned. Moisture levels were moni-
tored throughout using both tactile assessment and a moisture
metre. The final dried seeds were packed in paper bags and sent
to the laboratory for quality assessment.

2.4 | Laboratory Seed Quality Testing

The study employed a factorial laboratory design that included
three key factors: variety, harvesting maturity and seed position
in the pod. The treatment varieties were allocated using a RCBD,
and the categorised seeds were analysed in the laboratory to eval-
uate various quality parameters. These included metrics such as
1000-seed weight, moisture content (MC), germination percentage
(GP), the proportion of abnormal seedlings, average seedling
length, average seedling dry weight and seedling vigour indices.

2.4.1 | Evaluation of the Average Pod Length andAverage
Number of Seeds per Pod

At each harvest stage, pods were collected from the mother plant,
and 20 mature pods were randomly chosen. Their lengths were
measured to determine the average pod length. These same pods
were manually shelled to calculate the average number of seeds
per pod.

2.4.2 | Evaluation of 1000-Seed Weight and Seed MC

A 1000 true seeds were counted by hand and weighed with an
electronic balance. To measure MC according to ISTA [24] pro-
cedures, the empty Petri dish and its cover were first weighed.
Then, 5 g of seed were placed in the dish and dried in an oven at
103Æ 2°C for 24 h. The seed moisture content was determined
using Equation (1) as outlined by ISTA [24].

SMC %ð Þ ¼ W2 −W3
W2 −W1

× 100; ð1Þ
where

SMC= seed moisture content,

W1 is the weight of the empty petri dish plus its cover,

W2 is the weight of the petri dish, plus cover and sample, before
drying,

W3 is the weight of the petri dish, cover and sample after drying.

2.4.3 | Evaluation of GP (%)

A germination test was performed using 300 seeds, divided into
three replicates of 100 seeds each. The seeds were placed in
sterilised and moistened sand inside a seed germination chamber
maintained at optimal room conditions for 7 days, following
ISTA [24] guidelines. GP was calculated using Equation 2 from
ISTA [24].

Germination percentage %ð Þ
¼Number of germinated seeds

Number of seeds planted
× 100:

ð2Þ

2.4.4 | Evaluation of the Percentage of Abnormal
Seedlings

The total count of abnormal seedlings was recorded, and their
percentage was determined using Equation 3 below.

Percentage abnormal seedling %ð Þ
¼Number of abnormal seedlings

Number of seeds germinated
× 100:

ð3Þ

2.4.5 | Evaluation of Average Seedling Length and Dry
Weight

Ten seedlings were chosen at random, their length recorded and
dried in an oven at 80Æ 1°C for 24 hours to measure dry weight.
The mean dry weight was then calculated using Equation 4.

Seedling dry weight¼ W3 −W1; ð4Þ

where

W1 is the weight of an empty dry paper bag,

W3 is the weight of the dried sample plus the dry paper bag.

2.4.6 | Evaluation of Seedling Vigour Indices

Seedling vigour indices I and II were calculated following
Sharma [25], using Equations 5 and 6, which rely on measured
average seedling length and dry weight.
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SVI ¼ Germination percentage %ð Þ
× Average seedling length cmð Þ; ð5Þ

SV II ¼ Germination percentage %ð Þ
× Average seedling dryweight mgð Þ: ð6Þ

2.5 | Statistical Data Analysis

R and RStudio were used for data analysis to evaluate how variety,
harvestingmaturity and seed position influenced the results. Aver-
age pod length and seed number per pod at the whole-pod level
were analysed using a two-way ANOVA, while a three-way
ANOVA assessed the main and interactive effects of these factors
on the other traits. Prior to these analyses, data normality was
checked with the Shapiro-Wilk test, and homogeneity of variances
was tested with Levene’s test. When significant differences
occurred at the 5% level, Tukey’s Honest Significant Difference
(HSD) test was applied to distinguish statistically different groups.

3 | Results

3.1 | The Effect of Variety and Harvesting Maturity
on Pod Characteristics

The results showed that variety (p¼ 0:001), harvesting maturity
(p¼ 0:016) and their interaction (p¼ 0:006) all significantly
influenced average pod length. Imara produced the longest pods,

whereas Nuru had the shortest (Table 1). While maturity stages
differed significantly overall, no significant differences were
found in pairwise comparisons; pods collected at 90 DAS were
the longest (Table 1). Imara consistently had the longest pods
across all maturity stages. Regarding seeds per pod, variety had
a significant effect (p¼ 0:0003). Nduru and Imara had the highest
average seed counts (13.2 and 12.98, respectively), while TG1 and
Nuru had the lowest. However, there was no significant differ-
ence in the number of seeds per pod due to harvesting maturity
(p¼ 0:772). Likewise, the interaction between harvesting matu-
rity and variety was not significant (p¼ 0:318) (Table 1).

For each factor, means within the same column that share a
letter are not significantly different at p≤ 0:05 based on Tukey’s
HSD test.

3.2 | The Effect of Variety, HarvestingMaturity and
Seed Position on Seed Quality

The study revealed significant effects of variety, harvesting matu-
rity, seed position and the interaction between variety and har-
vestingmaturity on thousand-seedweight. Imara and TG2had the
highest weights (~45 g), while Nduru had the lowest (~37 g)
(Table 2). Seed weight increased from 60 to 80 DAS and then
declined at 90 DAS, except for Nduru and Nuru, which continued
to increase. These results concur with Bhuker et al. [26], who
reported that seeds harvested later in the growing season had
higher seed weights. Seed position also influenced weight, with
values generally decreasing from basal to apical pod sections.
However, no significant interactions were observed among variety
× seed position, harvesting maturity × seed position, or the three-
way interaction. Overall, seed weight tended to increase from
apical to basal positions, although Imara and Nuru recorded the
highest weights at the middle pod section at 70 DAS (Figure 2)

In line with seed weight, GP was also significantly influenced by
variety, harvesting maturity, seed position and the interaction
between variety and harvesting maturity (Table 2). TG2 (95.97%)
and TG1 (92.17%) exhibited the highest germination rates, while
Nduru had the lowest (89.28%), as reported byMakungu et al. [23].
Germination increased with advancing maturity, from 85.23% at
60 DAS to 95.78% at 90 DAS, though the difference between 80
and 90 DAS was not significant. Across pod sections, germination
decreased from basal (92.98%) to apical (90.90%) positions. Within
the variety×harvest maturity interaction, germination improved
with maturity for Imara, Nduru and Nuru but declined slightly at
90 DAS for TG1 and TG2. As observed for seed weight, interactions
involving seed position were not significant. Generally, basal seeds
recorded the highest germination rates, although minor deviations
occurred, with middle seeds slightly outperforming basal seeds at
90 DAS.

Consistent with the improvements observed in germination at
advanced maturity stages, harvesting maturity also significantly
affected the proportion of abnormal seedlings (p¼ 0:001). Abnor-
malities decreased from 7.70% at 60 DAS to 2.46% at 80 DAS
before slightly increasing at 90DAS. Variety, seed position and
all interaction effects were not significant. Nduru and Nuru
showed relatively higher abnormal rates, whereas TG2 had the
lowest (Table 2). Although abnormalities were highest at the
apical position and lowest at the basal position, the pattern was
not statistically significant. Thus, delayed harvesting generally

TABLE 1 | The effect of variety and harvesting maturity on average

pod length and average number of seeds per pod (MeanÆ SE).

Variety
Mean average pod

length (cm)
Mean average seed

per pod

IMARA 10.35Æ 0.03a 12.98Æ 0.06ab

NDURU 8.97Æ 0.06d 13.2Æ 0.05a

NURU 8.70Æ 0.07e 12.31Æ 0.15c

TARI green
gram 1

9.30Æ 0.04c 12.36Æ 0.06bc

TARI green
gram 2

9.84Æ 0.05b 12.61Æ 0.11abc

p-Value 0.001 0.006

Harvest maturity

60 9.38Æ 0.18ab 12.74Æ 0.13a

70 9.36Æ 0.18b 12.62Æ 0.15a

80 9.47Æ 0.14ab 12.70Æ 0.12a

90 9.51Æ 0.14a 12.71Æ 0.09a

p-Value 0.016 0.676

Interaction 0.006 0.131

L.s.d 0.233 0.567

CV (%) 1.5 2.2

Note: For each factor, means within the same column that share super-
script lowercase letters are not significantly different at p≤ 0:05 based on
Tukey’s HSD test. The bold values are the p-Value for each parameter
including the interaction.
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TABLE 2 | The effect of variety, harvesting maturity and seed position on 1000-seed weight, germination percentage, percentage of abnormal

seedlings and average seedling length (MeansÆ S.E).

Variety
1000-seed
weight (g)

Germination percent-
age (%)

Percentage of abnormal
seedlings (%)

Mean seedling
length (cm)

IMARA 45.11Æ 0.78a 90.44Æ 1.35b 4.32Æ 0.69a 27.38Æ 0.25b

NDURU 37.35Æ 0.44b 89.28Æ 0.93b 5.22Æ 0.70a 28.67Æ 0.44a

NURU 44.09Æ 0.48a 91.83Æ 1.07b 4.67Æ 0.76a 29.03Æ 0.17a

TARI green gram-1 43.43Æ 0.28a 92.17Æ 0.95ab 4.24Æ 0.58a 28.45Æ 0.17a

TARI green gram-2 45.04Æ 0.56a 95.97Æ 0.39a 3.17Æ 0.49a 29.47Æ 0.24a

p-Value 0.001 0.001 0.134 0.0002

Harvest maturity (DAS)

60 39.62Æ 0.58b 85.24Æ 1.0c 7.70Æ 0.74a 28.05Æ 0.28b

70 43.16Æ 0.58a 91.62Æ 0.73b 4.11Æ 0.37b 28.82Æ 0.32ab

80 44.87Æ 0.63a 95.11Æ 0.48a 2.46Æ 0.40b 28.45Æ 0.24ab

90 44.34Æ 0.47a 95.78Æ 0.47a 2.98Æ 0.42b 29.07Æ 0.16a

p-Value 0.001 0.001 0.001 0.035

Seed position

Apical 42.29Æ 0.58b 90.90Æ 0.88b 4.84Æ 0.55a 28.59Æ 0.28a

Middle 43.23Æ 0.59ab 91.93Æ 0.83ab 4.07Æ 0.51a 28.56Æ 0.20a

Basal 43.49Æ 0.50a 92.98Æ 0.71a 4.03Æ 0.46a 28.63Æ 0.20a

p-Value 0.023 0.008 0.357 0.950

Interactions

Variety×harvest maturity 0.0003 0.0006 ns ns

Variety× seed position ns ns ns ns

Harvest maturity× seed
position

ns ns ns ns

Variety×harvest maturity×
Seed position

ns ns ns ns

Note: For each factor, means within the same column that share superscript lowercase letters are not significantly different at p≤ 0:05 based on Tukey’s
HSD test. The bold values are the p-Value for each parameter including the interaction.
Abbreviation: ns, No significant difference.
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reduced seedling abnormalities, reinforcing the importance of
physiological maturity for seed quality.

Beyond germination and abnormality rates, seedling growth traits
further reflected the influence of variety and maturity. Seedling
length was significantly affected by variety (p¼ 0:0002) and har-
vesting maturity (p¼ 0:035). TG2 and Nuru produced the longest
seedlings, while Imara had the shortest. Seedling length increased
with delayed harvesting, peaking at 90 DAS (29.06 cm) compared
to 60 DAS (28.05 cm). Seed position and all interactions were not
significant, though seeds from the middle and apical sections pro-
duced slightly shorter seedlings. While most varieties showed
increased seedling length with maturity, positional patterns were
inconsistent, indicating that maturity played a stronger role than
intrapod position in determining elongation.

A comparable trend was observed for seedling biomass accumu-
lation. Seedling dry weight was significantly influenced by vari-
ety, harvesting maturity and their interaction (p¼ 0:001). TG1
and TG2 recorded the highest dry weights, whereas Nduru had
the lowest. Dry weight increased steadily with maturity, from
5.95mg at 60 DAS to 10.61mg at 90 DAS (Table 3). This increas-
ing trend was consistent across varieties; for example, Nduru rose

from 4.34mg to 9.96mg between 60 and 90 DAS. Although seed
position effects were not statistically significant, dry weight gen-
erally increased from apical to basal sections, with minor devia-
tions in some varieties. These findings suggest that physiological
maturity enhances reserve accumulation, thereby supporting
stronger seedling establishment.

The cumulative effects of improved germination and seedling growth
were further reflected in the vigour indices. Seedling vigour index I
was significantly affected by variety, harvesting maturity and their
interaction (p¼ 0:001). TG2 exhibited the highest vigour, while
Nduru had the lowest (Table 3). Vigour index I increased with
delayed harvesting, from 2397.47 at 60 DAS to 2789.59 at 90 DAS
(Figure 3), whereas TG2 peaked earlier at 70 DAS and then declined
slightly (Table 4). Seed position effects were not significant, but
values generally increased from apical to basal positions.

Similarly, vigour index II was significantly influenced by variety,
harvesting maturity and their interaction (p¼ 0:001). TG1, TG2
and Nuru recorded the highest values, whereas Nduru remained
the lowest (Table 3). Vigour index II increased markedly with
delayed harvesting, from 507.84 at 60 DAS to 1015.87 at 90 DAS,
although TG1 declined slightly at the final stage. Unlike most

TABLE 3 | The effect of variety, harvesting maturity and seed position on the seedling dry weight and seedling vigour indices (MeansÆ S.E).

Variety Mean seedling dry weight (mg) Seedling vigour index I Seedling vigour index II

IMARA 8.61Æ 0.30ab 2478.48Æ 46.00c 789.64Æ 35.60ab

NDURU 7.33Æ 0.45b 2563.17Æ 50.74bc 664.23Æ 44.92b

NURU 9.00Æ 0.33a 2666.76Æ 38.00b 835.24Æ 36.68a

TARI green gram 1 9.69Æ 0.32a 2621.87Æ 31.52bc 899.74Æ 35.17a

TARI green gram 2 9.25Æ 0.31a 2828.15Æ 25.15a 887.66Æ 29.88a

p-Value 0.001 0.001 0.001

Harvest maturity (DAS)

60 5.95Æ 0.17c 2397.47Æ 43.20c 507.84Æ 15.91c

70 8.26Æ 0.26b 2643.80Æ 37.37b 758.09Æ 26.25b

80 10.28Æ 0.10a 2703.88Æ 21.66ab 978.40Æ 11.39a

90 10.61Æ 0.12a 2783.59Æ 19.41a 1015.87Æ 12.25a

p-Value 0.001 0.001 0.001

Seed position

Apical 8.67Æ 0.29a 2601.35Æ 38.00a 797.28Æ 30.61b

Middle 8.77Æ 0.28a 2627.85Æ 33.13a 815.35Æ 30.17ab

Basal 8.88Æ 0.29a 2665.85Æ 29.62a 833.28Æ 30.28a

p-Value 0.337 0.148 0.019

Interactions

Variety×harvest maturity 0.001 0.001 0.001

Variety× seed position ns ns ns

Harvest maturity× seed position ns ns ns

Variety×harvest maturity× seed
position

ns ns ns

Note: For each factor, means within the same column that share superscript lowercase letters are not significantly different at p≤ 0:05 based on Tukey’s
HSD test. The bold values are the p-Value for each parameter including the interaction.
Abbreviation: ns, No significant difference.
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TABLE 4 | The interaction effect of variety and seed harvesting maturity on 1000-seed weight, seed germination percentage, seedling dry weight and

the seedling vigour indices (MeanÆ SE).

Interaction
1000-seed
weight (g)

Germination
percentage (%)

Seedling dry
weight (mg)

Seedling vigour
index I

Seedling vigour
Index II

IMARA× 60DAS 38.76Æ 0.38fg 79Æ 0.87g 6.36Æ 0.35fg 2136.82Æ 68.38e 501.4Æ 26.06h

IMARA× 70DAS 45.1Æ 1.2abcde 89Æ 1de 7.82Æ 0.29e 2379.72Æ 18.44cde 694.41Æ 20.44f

IMARA× 80DAS 48.87Æ 0.66a 95.78Æ 1.4abc 10.21Æ 0.24abcd 2630.78Æ 43.53abc 976.21Æ 16.74abcd

IMARA× 90DAS 47.7Æ 1.05abc 98Æ 0.8ab 10.07Æ 0.04bcd 2766.6Æ 32.34a 986.54Æ 9.13abc

NDURU× 60DAS 33.87Æ0.49h 82Æ 1.65fg 4.34Æ0.17h 2223.2Æ 86.87de 356.54Æ 16.23i

NDURU× 70DAS 37.28Æ 0.69gh 88.78Æ 0.74de 5.4Æ 0.56gh 2680.11Æ 122.85ab 477.12Æ46.69h

NDURU× 80DAS 38.73Æ 0.55fg 93.67Æ 1.12abcd 9.6Æ 0.15cd 2622.82Æ 35.61abc 900.38Æ 24.46cde

NDURU× 90DAS 39.5Æ 0.25fg 92.67Æ 0.44abcd 9.96Æ 0.27cd 2726.54Æ 34.82a 922.86Æ 27.09bcde

NURU× 60DAS 41.7Æ 0.98def 84.56Æ 1.07efg 5.7Æ 0.19fg 2424.8 53.11bcd 481.17Æ14.06h

NURU× 70DAS 44.56Æ 1.01bcde 91.33Æ 2.37cd 9.62Æ 0.15cd 2623.17Æ 59.99abc 878.59Æ 24.94de

NURU× 80DAS 44.81Æ 0.97bcde 93Æ 0.71abcd 10.23Æ 0.03abcd 2746.87Æ 48.59a 951.71Æ 8.08bcde

NURU× 90DAS 45.28Æ 0.37abcde 98.44Æ 0.71a 10.46Æ 0.15abc 2872.21Æ 53.41a 1029.49Æ 18.39ab

TG 1× 60DAS 42.28Æ 0.52def 85.33Æ 1.89ef 6.86Æ 0.31ef 2372.51Æ 42.38cde 580.9Æ 15.41gh

TG 1× 70DAS 43.6Æ 0.57de 92.22Æ 1.27bcd 9.38Æ 0.08cd 2624.29Æ 37.88abc 864.87Æ 14.31e

TG 1× 80DAS 43.94Æ 0.85cde 96.67Æ 0.88abc 11.18Æ 0.12ab 2706.48Æ 28.03a 1080.79Æ 17.47a

TG 1× 90DAS 43.88Æ 0.24cde 94.44Æ 0.97abcd 11.36Æ 0.11a 2784.19Æ 37.59a 1072.41Æ 14.77a

TG 2× 60DAS 41.51Æ 1.3ef 95.33Æ 0.85abc 6.49Æ 0.18fg 2830.03Æ 59.08a 619.2Æ 20.34fg

TG 2× 70DAS 45.29Æ 0.73abcde 96.78Æ 0.76abc 9.1Æ 0.07d 2901.69Æ 25.42a 880.46Æ 6.32cde

TG 2× 80DAS 48.01Æ 0.74ab 96.44Æ 0.65abc 10.19Æ 0.07abcd 2812.47Æ 58.28a 982.93Æ 12.45abcd

TG 2× 90DAS 45.36Æ 0.36abcd 95.33Æ 0.87abc 11.21Æ 0.32ab 2768.39Æ 48.83a 1068.03Æ 28.25a

Note: For each factor, means within the same column that share superscript lowercase letters are not significantly different at p≤ 0:05 based on Tukey’s
HSD test. The bold values are the p-Value for each parameter including the interaction.
Abbreviations: DAS, Day’s after sowing; TG1, TARI green gram 1; TG2, TARI green gram 2.
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other traits, seed position had a significant effect (p¼ 0:019), with
vigour increasing from apical to basal pod sections. While most
varieties followed this pattern, some deviations were observed,
particularly at 90 DAS (Figure 4).

3.3 | Correlation Relationship Between Seed
Quality Parameters

Correlation analysis revealed that the GP was positively associ-
ated with 1000-seed weight (r= 0.534, p <0:001), suggesting that
heavier seeds tend to have higher germination rates. There was
also a strong positive correlation between seedling length and
vigour index I (r= 0.754, p <0:001), highlighting the influence
of seedling length on vigour. In contrast, GP showed a negative
correlation with the proportion of abnormal seedlings
(r=−0.469, p <0:001), indicating that higher germination rates

are associated with fewer abnormal seedlings. Furthermore,
1000-seed weight displayed a weak positive correlation with aver-
age pod length (r= 0.38, p <0:001) and a negative correlation
with the average number of seeds per pod (r=−0.4, p <0:001).
The average pod length was also weakly positively correlated
with seeds per pod and negatively correlated with the percentage
of abnormal seedlings (Table 5).

4 | Discussion

4.1 | The Effect of Variety on Seed Quality
Parameters

The differences in average pod length among mung bean varieties
are due to genetic factors that affect pod development. Other crops
also show that organ size is controlled by genetics, suggesting pod
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FIGURE 4 | Interaction of variety, harvesting maturity and seed position in the pod on seedling vigour index II.

TABLE 5 | The correlation coefficients among seed quality attributes and pod characteristics.

Seed quality parameter 1000SW GP (%) %AbS SeedL SV I SeedrW SV II AvL AsP

1000SW 1 — — — — — — — —

GP (%) 0.53∗∗∗ 1 — — — — — — —

%AbS −0.46∗∗∗ −0.47∗∗∗ 1 — — — — — —

SeedL 0.12 0.22∗∗ −0.19∗ 1 — — — — —

SV I 0.43∗∗∗ 0.80∗∗∗ −0.42∗∗∗ 0.75∗ 1 — — — —

SeedrW 0.61∗∗∗ 0.61∗∗∗ −0.56∗∗∗ 0.14 0.49∗∗∗ 1 — — —

SV II 0.63∗∗∗ 0.74∗∗∗ −0.57∗∗∗ 0.15∗ 0.58 0.98∗∗∗ 1 — —

AvL 0.38∗∗∗ 0.14 −0.17∗ −0.19∗∗ −0.02 0.12 0.13 1 —

AsP −0.4∗∗∗ −0.11 0.13 −0.21∗∗ −0.21∗∗∗ −0.31∗∗∗ −0.29∗∗∗ 0.28∗∗∗ 1

Note: 1000SW=Thousand seed weight, GP (%)=Germination percentage, %AbS=Percentage of abnormal seedlings, SeedL=Average seedling length,
SV I= Seedling vigour index I, SV II= Seedling vigour index II, SeedrW= Seedling dry weight, AvL=Average pod length and AsP=Average seeds per
pod.
∗Significant at p<0:05.
∗∗Significant at p<0:01.
∗∗∗Significant at p<0:001.
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length is determined by inherited traits [27, 28]. Most varieties
reached near-maximum pod development by 60 DAS, with limited
growth afterward, consistent with Dracup and Kirby [29], who
observed rapid pod elongation after setting in narrow-leaf lupin.
The significant variety and maturity interaction suggests differing
growth rates across genotypes, as seen in Nduru, which elongated
notably between 60 and 90 DAS, likely due to differences in cell
division, growth rate, or resource allocation [30].

Variation in seed number per pod was likewise genotype-
dependent, consistent with reports that ovule number, fertilisa-
tion efficiency and floral architecture are under strong genetic
control [30]. The absence of a harvesting maturity effect indicates
that seed number is determined early during pod development
and remains stable thereafter [31]. Although a positive associa-
tion between pod length and seed number was observed, shorter
pods, such as those of Nduru, occasionally produced more seeds,
suggesting that internal seed arrangement and size also influence
final seed count [32].

Genotypic differences were also evident in 1000-seed weight, GP,
seedling growth and vigour indices. Higher seed weight in Imara
and TG2 indicates superior seed-filling capacity, reflecting differ-
ences in seed-filling rate and duration [33, 34]. These differences
translated into improved physiological performance, with TG2
consistently exhibiting higher germination and vigour. Seed
weight is closely associated with reserve accumulation, which
supports early seedling establishment [35]. In contrast, Nduru
produced lighter seeds and exhibited a higher proportion of
abnormal seedlings, supporting the notion that lighter seeds
are more susceptible to developmental deficiencies [36]. Genetic
factors affecting seed coat permeability, dormancy and hormonal
signalling pathways can also explain the pattern observed in GP
[37, 38].

Although larger seeds generally produced more vigorous seed-
lings, the observation that Nduru seedlings were longer despite
lower seed weight suggests that seedling elongation is not solely
determined by seed mass but also by genetic differences in
reserve mobilisation efficiency and growth strategy. Overall, vari-
etal performance in vigour indices reflects integrated effects of
seed size, physiological quality and genetic control over reserve
utilisation, a finding supported by Golijan-Pantović et al. [35] and
Ambika et al. [39]. The strong positive association between GP
and seed vigour indices provides additional evidence for this
relationship.

4.2 | The Effect of Harvesting Maturity on Seed
Quality Parameters

Delayed harvesting significantly enhanced seed weight, germina-
tion, seedling growth and vigour indices, indicating progressive
reserve accumulation during seed development. Increased 1000-
seed weight up to 80 DAS reflects continued deposition of carbo-
hydrates, proteins and lipids during the seed-filling phase, as per
findings by Begum and Ayub [31], Aswin et al. [40] and Groot
[41]. The slight decline at 90 DAS suggests the onset of field
weathering or deterioration due to prolonged exposure after
physiological maturity, as reported by Martins et al. [42].

Lower germination and higher abnormal seedlings at 60 DAS
confirm that premature harvesting results in incomplete physio-
logical development [43]. Improvement in germination up to 90

DAS indicates attainment of physiological maturity; however, the
slight increase in abnormalities at the final stage suggests early
deterioration under field stress. Enhanced seedling length, dry
weight and vigour indices at later harvest stages further demon-
strate the importance of adequate reserve accumulation. Seed vig-
our improves once a critical threshold of stored reserves is reached,
enabling rapid and uniform seedling establishment [19]. Although
extended field exposure may eventually reduce physiological qual-
ity, the overall trend suggests that harvesting at or slightly after
physiological maturity optimises seed performance.

4.3 | The Effect of Seed Position in the Pod on Seed
Quality Parameters

Seed position within the pod significantly affected 1000-seed
weight and GP, with seeds at the basal end exhibiting superior
quality traits due to earlier development and longer filling and
after-ripening periods. Basu and Groot [44] reported that assimi-
late partitioning favours basal seeds due to their proximity to the
vascular connection to the mother plant. The findings of the
highest seed weight, the highest GP and the lowest abnormal
seedling rate at the basal end align with Adie et al. [17], who
reported comparable results in cowpea. Seedling length, dry mat-
ter and vigour indices followed a similar trend. Despite minor
variations in dry weight, the significance of the seedlings’ vigour
index II reflects the compounding effects of higher GP, as Sharma
[25] reported.

4.4 | The Interaction Effect on the Seed Quality
Parameters

The notable interaction between variety and harvest maturity for
1000-seed weight, germination rate, seedling dry weight and vig-
our indices suggests that differences in seed reserve accumulation
and use depend on genotype. While Kara et al. [45] and Tetteh
et al. [46] reported seed weight as relatively stable across interac-
tions, the present findings suggest that varietal differences in
reserve deposition and tolerance to delayed harvest can alter final
seed performance. Variability in reserve mobilisation efficiency
among genotypes likely contributed to differences in seedling vig-
our, consistent with Padilha et al. [47]. The decline in vigour
observed at 90 DAS in TG1 and TG2 further demonstrates the
adverse effects of delayed harvesting beyond physiological matu-
rity, as similarly reported by Martins et al. [42]. Moreover, the
positive association between higher seed weight and improved
germination and vigour supports earlier findings that heavier
seeds generally exhibit superior physiological performance [48].

The absence of significant interactions between variety and seed
position suggests that seed-filling patterns and pod structural
characteristics are broadly similar across genotypes. In legumes,
assimilate partitioning typically favours basal seeds due to earlier
development and proximity to vascular connections [49], which
may explain their relatively superior performance. Although
minor deviations were observed, such as slightly higher seed
weight in the middle section for Imara, these differences likely
reflect genotype-specific pod architecture rather than fundamen-
tal changes in assimilate distribution. Similarly, the lack of har-
vesting maturity × seed position interaction indicates that
physiological maturity was largely synchronised across pod
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sections at harvest. Variations in pod length and seed number
among varieties may explain occasional inconsistencies in seed
weight trends with delayed harvesting, as noted by Sakthivel et al.
[50]. The nonsignificant three-way interaction further suggests
that seed quality stabilises at maturity across varieties and pod
positions.

5 | Conclusion and Recommendation

This study demonstrated that genotype, harvesting maturity and
seed position within the pod significantly influence mung bean
seed quality. Varieties exhibiting favourable morphological traits,
such as higher 1000-seed weight, higher GP and improved seed-
ling vigour. Seeds harvested 70–80 DAS achieved the best overall
quality, indicating that timely harvest at or near physiological
maturity enables optimal reserve accumulation and seed devel-
opment. Seeds located at the basal end of the pod generally out-
performed those from middle and apical positions, reflecting
earlier fertilisation and more effective assimilate partitioning.
The lack of a significant interaction among variety, harvesting
maturity and seed position indicates that, after physiological
maturity is reached, seed quality remains consistent across dif-
ferent genotypes and pod positions.

These findings emphasise that selecting genotypes with favour-
able pod and seed morphological traits, combined with harvest-
ing at optimal maturity, can enhance seed quality and support
sustainable production. For practical application, mung bean
farmers and seed producers should focus on monitoring pod
development and harvesting seeds at physiological maturity,
while paying attention to seed positioning to ensure high-quality
seed selection. Future research should examine how these factors
interact under variable environmental conditions and storage
conditions to inform broader strategies to improve seed quality
and yield in mung bean and related legume crops.
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