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Abstract: Water deficit stress is a critical abiotic constraint to mung bean production that affects
plant growth and development and finally reduces crop yield. Therefore, a field experiment was
conducted at five diverse environments using four water stress-tolerant genotypes, namely BARI
Mung-8, BMX-08010-2, BMX-010015, and BMX-08009-7, along with two popular cultivated varieties
(check) of BARI Mung-6 and BARI Mung-7 to evaluate more stable tolerant genotypes across the
country. Stability analysis was performed based on the grain yield. The combined analysis of variance
showed significant variations among genotypes, environments, and their interactions. The AMMI
analysis of variance indicated that genotype accounted for 91% of the total sum of squares for grain
yield, followed by genotype × environment interaction (5%), and environment (4%). Partitioning
of interaction indicated that the first three interaction principal components (IPCA1–IPCA3) were
highly significant (p ≤ 0.01). Using these significant IPCAs, AMMI stability parameters and non-
parameter indices BMX-010015 was found stable across the environment based on yield traits and
grain yield. The BMX-08010-2 genotype also showed significant regression coefficient (bi) more
than unity, and non-significant deviation from regression (S2di) values, indicating suitable for a
favorable environment considering grain yield. So, based on the stability analysis (Eberhart and
Russell), additive main effects, and multiplicative interactions (AMMI) analysis, the BMX-010015
and BMX-08010-2 could be suitable for having tolerance to water deficit stress.
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1. Introduction

Mung bean (Vigna radiata L. Wilczak) is one of the important pulse crops in Bangladesh
due to its short duration, adaptation to various cropping systems, because it increases
tenant farmers’ income, and improves soil fertility by fixing atmospheric nitrogen through
nodulation in roots [1]. Despite its colossal significance, the area and production of mung
bean are declining due to several abiotic and biotic constraints, poor crop management
practices, and the non-availability of quality seeds of improved varieties to farmers [2].
Abiotic stresses affecting mung bean production include drought, heat, waterlogging,
and salinity. Drought and salinity stress are more prominent that affect the growth and
productivity of crops [3] by producing reactive oxygen species (ROS) [4], and osmotic
stress [5] that ultimately causes oxidative damage in plant cells [6]. Osmotic stress leads
to many physiological changes, including membrane, DNA, and protein damages, de-
creased photosynthetic activities [7], and nutrient imbalance in plants [8,9]. However, to
cope with stresses, plants have evolved both enzymatic antioxidant such as superoxide
dismutase (SOD), catalase (CAT), and guaiacol peroxidase (GOPX) [6], and non-enzymatic
antioxidants, such as tocopherols [10], betalain [11], ascorbic acids [12], carotenoids [13], be-
tacyanin [14], betaxanthin [15], chlorophyll a [16,17], chlorophyll b [18], beta-carotene [19],
phenolic and flavonoids such as hydroxybenzoic acids [20], hydroxycinnamic acids [21],
flavanols [22], flavonols [23], flavones [24], flavanones [25], with high radical quenching
capacity [26]. Abiotic stress-induced plant evolved mechanisms to enhance the concentra-
tion of these antioxidants [27], and detoxify the ROS. Various biotic and abiotic factors are
responsible for the low yield of mung beans. Among the abiotic stresses, water scarcity
stands prominent during Kharif-I subjected to the summer season (16 March to 30 June)
due to less precipitation coupled with high temperature. A prolonged dry period with a
high temperature significantly reduces the seed yield of grain legumes. The use of water
deficit stress-tolerant genotypes could be the best and the cheapest method to manage the
stress. However, drought stress is one of the main stresses that assigns 26% of the whole
stresses to itself [28]. It was noticed that water scarcity alone causes 70% of agricultural
yield loss globally [29]. Mung bean is a water stress-sensitive crop, and a 40–60% grain
yield reduction due to water deficit stress is very common [30]. With that point of view, few
drought-tolerant mung bean genotypes viz., BARI Mung-8, BMX-08010-2, BMX-010015,
and BMX-08009-7 had been identified [31], but the performance of yield and stability across
locations are still unexplored. Thus, identifying genotype-environment interaction (GEI) in
specific or broad environments is essential to evaluate the yield performance of different
mung bean genotypes accurately. In addition, it is required to assess crop genotypes at
diverse locations to evaluate their performance for more site-specific management due to
changing climate [32].

Yield is a complex quantitative characteristic controlled by multiple genes, influenced
by genotype, its environment, and genotype× environment (GE) interactions [1]. A variety
or genotype is considered to be more adaptive and stable if it gives a high mean yield with
a low degree of fluctuation in yields when grown over diverse environments [33]. Thus, the
GEI is a demanding issue for plant breeders and plays a major role in developing improved
varieties [32]. In any crop improvement program, the stable performance of genotypes is
an important task [27,28]. Fluctuation in genotypic performance across the environments
resulted from significant GE interaction and affects breeding programs [34]. Evaluating crop
performance across the environments is immensely important in selecting high-yielding
and stable genotypes [35,36]. Crops yielding ability and stable performances over the
environments are important in identifying genotypes for a wide range of environments [37].
There are several methods employed worldwide to identify stable genotypes [37–40]. The
joint regression [41], and Additive Main effect and Multiplicative Interaction (AMMI) [42]
models have been employed successfully in different crops to study stability parameters.
Several studies were conducted earlier on G × E interactions on different traits of mung
bean, but the information of G × E in water deficit stress-tolerant of mung bean was not
available. Hence, this study had been the pioneer report from Bangladesh. Therefore,
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the present investigation was carried out to find out the more stable tolerant mung bean
genotypes based on yield stability across environments using joint regression [41] and
AMMI [42] model. These findings might be helpful for both breeders and farmers to choose
appropriate genotypes for sustainable mung bean production.

2. Materials and Methods

The four most water deficit stress-tolerant genotypes, namely BARI Mung-8, BMX-
08010-2, BMX-010015, and BMX-08009-7 had been identified in the previous study [31]
based on the germination and seedling growth traits under polyethylene glycol (PEG
6000) induced stresses. The description of the experimental materials used in that study
has been presented in Table 1. To assess the performances of these selected genotypes
across the environments, the present study was designed with two promising cultivated
varieties BARI Mung-6 and BARI Mung-7 (popular cultivated varieties in Bangladesh)
evaluated at five different environments of Bangladesh viz., Ishurdi, Gazipur, Barishal,
Madaripur, and Jashore during Kharif-I season, 2019. The locations varied significantly in
their climate, altitude from the sea level, geographical position, and soil texture (Table 2).
The exact location is presented in Figure 1. The experiment was laid out in a Randomized
Complete Block (RCB) design with three replications and spacing of 40 cm between rows
with continuous seeding. Each entry was sown in 4 rows of 4 m long plot. The spacing
between the two plots was 50 cm. The crop was fertilized with 20-17-18-10-2 kg of N-P-K-
S-B ha−1 in the form of urea, triple superphosphate, muriate of potash, gypsum, and boric
acid, respectively [43]. All the fertilizers were applied during the final land preparation
and thoroughly mixed with soil. The date of the sowing ranged from 13 February 2019 to
26 March 2019 at a different location. Seeds were sown in the rows carefully by hands at
3 cm depth and then covered with soil. Post-sowing irrigation was given to ensure seed
germination. After seedling establishment (20 days after sowing: DAS), mung bean plants
were thinned out for keeping plant to plant distance of 6–7 cm. Other management practices
prevailing with the local requirements were done at each site. Each of the genotypes was
investigated from seedling to harvest, and compared with check varieties. Depending on
the different locations and genotypes, the crop was harvested two times, the first pickings
were done at 60–70 DAS, and the second was made in 70–85 DAS, respectively. From each
plot, 10 plants were selected randomly to compute data. Data on different parameters, e.g.,
days to flowering, days to maturity, pods plant−1, 100-grain weight were recorded from
those selected 10 plants of each unit plot. Grain yield data were recorded from the whole
plot and converted into kg ha−1.

Table 1. Illustration of the experimental material used in the study.

S. No. Genotypes Distinction Pedigree Remark

1 BARI Mung-8 ST Selection from the local
collection (LM-101) RV

2 BMX-08010-2 ST BARI Mung-6 ×
BMX-9902-2 AL

3 BMX-010015 ST NM-94 × BARI Mung -3 AL

4 BMX-08009-7 ST BARI Mung-6 × BU
Mung-2 AL

5 BARI Mung-6 Check NM-36 × VC-2768A
(AVRDC) RV

6 BARI Mung-7 Check VC-3960A-88 × VC-6173C RV
ST = Stress tolerant; RV = Released variety; AL = Advanced line.
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Table 2. Salient features of the study sites along with their climatic condition during 2019.

Location

Variable

Monthly Total Rainfall(mm) Monthly Average Temperature (◦C)

Altitude
(m)

Geographical
Position

Soil
Texture March April May June March April May June

Ishurdi 16.00 24◦ 03′ N
89◦ 05′ E CL 27.2 61.9 127.1 167.9 Tmax

Tmin
32.2
17.8

34.1
22.9

35.7
25.7

34.9
26.2

Jashore 6.10 23◦ 17′ N
89◦ 21′ E CL 85.0 155.0 152.0 155.0 Tmax

Tmin
32.2
19.3

34.9
23.4

36.7
26.2

36.0
26.7

Barishal 2.10 22◦ 48′ N
90◦ 37′ E SC 38.0 78.30 125.40 173.8 Tmax

Tmin
31.6
20.5

33.1
23.0

34.8
26.0

33.2
26.6

Madaripur 7.00 23◦10 N
90◦12′ E SL 52.3 117.2 229.1 370.9 Tmax

Tmin
31.6
20.5

33.1
23.7

32.9
25.1

31.7
25.9

Gazipur 14.00 22◦ 46′ N
90◦ 39′ E SCL 126.0 112.0 233.6 185.0 Tmax

Tmin
32.0
20.0

33.5
22.3

35.3
25.3

34.1
26.5

CL = Clay loam; SC = Silty clay; SL = Silty loam; SCL = Silty clay loam; Tmax = maximum temperature; Tmin = minimum temperature.
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Statistical Analysis

Data were analyzed by using MS Excel and the R platform [44]. Analysis of variance
was performed from the mean data of all environments to track out the appearance of GEI
and to allocate the deviation due to genotype, environment, and genotype × environment
interaction. Stability analysis was carried out to estimate different parameters based on the
AMMI model [38] using GEA-R (version 2.0), a statistical program that used the R platform.
Stability analysis provided a common outline of the response patterns of the genotypes
to environmental change [32]. AMMI stability value (ASV) was estimated to quantify the
genotypes based on their yield stability [45]. The AMMI model can be written as

Yij = µ+ Gi + Ej +
n

∑
k=1

λkαikγjk + θij

where Yij was the yield of the ith genotype in the jth environment, Gi was the ith genotype
mean deviation, Ej was the jth environment mean deviation, λk was the square root of the
eigenvalue of the PCA axis k, αik and γjk are the principal component scores for PCA axis
k of the ith genotype and the jth environment, respectively, and Өij was residual, n is the
number of PCA axes retained in the model.

Significance test for PCA axes had been attained by following the method [46].
The ASV described by [45] was calculated as follows:

AMMI stability value (ASV) =

√
[
(SSIPCA1)
(SSIPCA2)

× (IPCA1score)]2 + [IPCA2score]2

where SS (IPCA1)/SS (IPCA2) was the weight given to the IPCA1 value by dividing the
IPCA1 sum of squares by the IPCA2 sum of squares. The higher the IPCA score, either
negative or positive, the more specifically adapted a genotype to certain environments.
Lower ASV scores indicated a more stable genotype across the environments.

The parameters of stability indices like regression coefficient (bi), deviation from re-
gression (S2di), and phenotypic index (Pi) were calculated according to methods described
by Eberhart and Russel [41]. The equation has been given below:

bi = [YijIj/I2]

where Ij is the sum of the product of environmental index (Ij) with the corresponding mean
of that genotype of each environment. The phenotypic index may be used to determine
a genotype’s superiority (Pi). The better genotype is the one with a less Pi value, which
remained among the most productive in a given set of locations.

S2di = [ ∑ jδ2ij/(e− 2)− S2e/r]

where, S2e = estimated pooled error, and r = number of replication

∑ δ2ij =
[
δ2 vi− bi ∑ YijIj]

which is the variance of the mean over different environments with regard to individual
genotypes.

Pi = Yi−Y

where, Y i = mean of the ith genotype over the environment, Y = overall mean
Significance of differences among bi value and unity was tested by t-test, between S2di

and zero by F-test. The environmental index (Ij) is defined as the deviation of the mean of
all the genotypes at a given environment from the overall mean. An environmental index
can be calculated to determine which environmental factors contribute to poor, fair, or
ideal growth conditions. The environmental index reflects the adequacy of an environment
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to exhibit a specific characteristic. The positive and negative environmental indices (Ij)
indicate the characteristics of favorable and unfavorable environments, respectively. A
positive environmental index indicates the increased grain yield, whereas a negative index
indicates the decreased grain yield.

3. Results and Discussion
3.1. Chemical Properties of the Initial Soil of Five Studied Locations

The initial soil analysis reports of five studied locations are given in Table 3. The soil
pH showed above 7 in Ishurdi, Jashore, and Madaripur locations, whereas the pH of 6.8
and 6.25 were obtained in Barishal and Gazipur locations, respectively. The organic matter
content (%) of more than 1 was observed in all the sites except for Barishal (0.92%). The
status of total N was very low at all locations, and that was below the critical level (CL).
The amount of K was above the CL in Ishurdi, Jashore, and Madaripur locations, and it
was below the CL in Barishal and Gazipur locations. The P content was above the CLat all
the locations except for Gazipur. The amount of S was above the CL at all locations. Based
on the CL, the Zn content was above the CL in Ishurdi and Madaripur locations. Gazipur
site showed the Zn level below the CL, whereas the other two sites showed the Zn content
up to the mark of the CL. The B content was just below the CL in Jashore, Madaripur,
and Gazipur. Besides this, a higher amount of B over the CL was observed at the other
two locations.

Table 3. Chemical properties of initial soil sample (0–15 cm soil depth) of the five experimental sites.

Location pH OM
(%) Total N (%)

Exchangeable K meq
100 g Soil−1

P S Zn B

µg g−1

Ishurdi 7.36 1.10 0.060 0.31 31.12 10.75 1.43 0.35
Jashore 7.6 1.17 0.065 0.18 13.00 14.00 0.56 0.16
Barishal 6.8 0.92 0.080 0.07 12.00 10.20 0.60 0.54

Madaripur 7.4 1.45 0.065 0.16 16.00 18.30 1.10 0.16
Gazipur 6.25 1.09 0.087 0.08 7.41 10.07 0.26 0.17
Critical

level (CL) - - 0.12 0.12 10 10 0.60 0.20

3.2. Variation in Phenology as Influenced by Different Environments

There was significant variation among the entries regarding days to flower and days
to maturity (Tables 4 and 5, respectively). The environmental and genotypic means for
the days to flowering ranged from 37.83 to 41.17, and 37.00 to 43.00, respectively. The
genotypes BARI Mung-8 and BMX-08010-2 flowered earlier than the two checks varieties
over the location, showing the lowest phenotypic index (Pi) based on genotype mean
(Table 4). The Ishurdi location holds the poor environment index (Ij), while Gazipur was
the rich one indicating that the environment of Ishurdi location might have forced the
plants to enter the reproductive phase earlier. Consequently, when days to maturity were
considered, the genotype BARI Mung-6 took the minimum days to reach maturity, while
the genotype BMX-08009-7 took a little bit longer time (Table 5). The maximum Ij was
recorded in Barishal and the minimum in Madaripur, indicating that Madaripur location
provided the most suitable environment for days to maturity, followed by Ishurdi location.
The genotypes BARI Mung-6, BARI Mung-7, and BARI Mung-8 exhibited a negative Pi,
while other genotypes showed positive pi value. Stability parameters ‘bi’ and ‘S2di’ were
estimated for the studied traits following Eberhart and Russell model [41]. Regression
coefficient ‘bi’ was used to consider identifying stable genotypes [47]. A genotype with a ‘bi’
of <1.0 value has shown above-average stability and is adapted simply to low-performing
environments. On the other hand, a cultivar with a ‘bi’ value of >1.0 shows below-average
stability and is adapted easily to high-performing environments. Likewise, a cultivar with
‘bi’ value of equal to 1.0 has the average stability and is well or poorly adapted to all
environments depending on having a high or low mean performance, respectively [47].
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According to Eberhart and Russel [41], the genotype is expressed as stable when it is
shown the regression co-efficient of unity (bi = 1), and a non-significant or minimum
deviation from the regression (S2di = 0). In relation to days to flowering and maturity, the
germplasm BMX-010015 gave a significant bi value closer to unity, and a non-significant
S2di, indicating a greater adaptation to all the locations/environments. Other genotypes
showed a significant value of bi and S2di, indicating they cannot be addressed as stable
following those parameters.

Table 4. Performance of mung bean genotypes for days to flowering at different environments during summer (Kharif-I)
season, 2019.

Entries
Days to Flowering

Pi bi S2di
Ish Gaz Jas Bar Mad Mean

BMX-010015 43 41 38 40 38 40 0.60 0.75 * 10.64
BMX-08009-7 38 48 40 45 45 43 3.60 0.56 *** 5.78 **
BMX-08010-2 37 38 40 35 40 38 −1.40 1.48 ** 4.54 ***
BARI Mung-6 34 43 36 41 38 39 −0.40 0.66 ** 2.87 ***
BARI Mung-7 39 40 42 34 36 39 0.00 0.40 *** 14.57 **
BARI Mung-8 36 37 39 34 36 37 −2.40 2.15 12.63

Mean 37.83 41.17 39.17 38.17 38.83 39.40
Environmental

index (Ij) −1.57 1.77 −0.23 −1.23 −0.57

CV (%) 1.65 2.60 1.90 2.79 4.60 -
LSD (0.05) 2.12 2.42 3.53 2.43 2.81 -

* = Significant at p ≤ 0.05; ** = Significant at p ≤ 0.01; *** = Significant at p ≤ 0.001; Ish = Ishurdi; Gaz = Gazipur; Jas = Jashore;
Bar = Barishal; Mad = Madaripur; CV = Coefficient of variation; LSD = Least significant difference, Pi = Phenotypic index; bi = Regression
coefficient; S2di = Deviation from regression.

Table 5. Performance of mung bean genotypes for days to maturity at different environments during summer (Kharif-I)
season, 2019.

Entries
Days to Maturity

Pi bi S2di
Ish Gaz Jas Bar Mad Mean

BMX-010015 70 67 69 70 66 68 3.63 0.75 *** 2.46
BMX-08009-7 64 70 70 74 66 69 4.63 1.59 *** 3.16 ***
BMX-08010-2 63 63 64 64 68 64 0.03 1.62 *** 16.47 ***
BARI Mung-6 61 64 60 66 56 61 −3.37 0.17 ** 3.03 ***
BARI Mung-7 61 63 63 60 60 62 −2.17 0.46 *** 12.84 **
BARI Mung-8 61 61 62 61 60 62 −2.77 1.39 *** 1.13 ***

Mean 63.33 64.67 64.67 65.83 62.67 64.37
Environmental

index (Ij) −1.03 0.30 0.30 1.47 −1.70 0.00

CV (%) 1.94 2.00 0.80 2.77 7.07 -
LSD (0.05) 2.73 2.66 2.86 3.89 4.08 -

** = Significant at p ≤ 0.01; *** = Significant at p ≤ 0.001; Ish = Ishurdi; Gaz = Gazipur; Jas = Jashore; Bar = Barishal; Mad = Madaripur;
CV = Coefficient of variation; LSD = Least significant difference, Pi = Phenotypic index; bi = Regression coefficient; S2di = Deviation
from regression.

3.3. Environmental Impact on Yield Attributing Traits

The number of pods plant−1 varied significantly in all the locations (Table 6). From the
mean values of the locations, the highest mean value for the number of pods plant−1 was
recorded in the BMX 08010-2 genotype followed by the BARI Mung-6. The environment
of the Madaripur location was the favorable one which showed the highest Pi, while
Brishal possessed the lowest value. The genotypes BMX-08009-7 had a positive Pi, a non-
significant bi, and S2di values, indicating that this genotype was stable over the tested
locations for the pods plant−1. The genotype BARI Mung-6 showed the positive Pi values
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along with significant bi (<1), and non-significant S2di values, indicating this genotype is
suitable for the poor environment. Two genotypes namely BARI Mung-8 and BARI Mung-7
had negative Pi, a non-significant bi, and significant S2di values designating as unstable
genotypes across the environments. However, the genotypes BMX-010015 and BMX-08010-
2 having significant bi and S2di values for the number of pods plant−1 suggested that it
may be acceptable for the adverse environment.

Table 6. Performance of mung bean genotypes for pods plant−1 at different environments study during summer (Kharif-I)
season, 2019.

Entries
Pods Plant−1

Pi bi S2di
Ish Gaz Jas Bar Mad Mean

BMX-010015 26.21 17.42 21.31 19.42 20.2 20.91 0.04 2.89 *** 26.52 ***
BMX-08009-7 22.12 26.32 22.10 11.43 25.22 21.40 0.53 0.75 20.25
BMX-08010-2 25.64 23.25 24.00 18.6 24.27 23.15 2.28 0.11 *** 10.61 **
BARI Mung-6 13.14 25.22 25.17 9.64 38.03 22.24 1.37 −0.43 *** 7.93
BARI Mung-7 19.44 17.05 17.80 24.20 18.07 19.31 −1.56 1.24 19.76 ***
BARI Mung-8 19.97 17.58 18.33 16.60 18.60 18.22 −2.65 1.45 31.42 ***

Mean 21.09 21.14 21.45 16.65 24.07 20.87
Environmental

index (Ij) 0.22 0.27 0.58 −4.22 3.19

CV (%) 12.55 10.16 10.91 6.24 11.18 -
LSD (0.05) 4.98 2.59 3.34 8.94 3.61 -

** = Significant at p ≤ 0.01; *** = Significant at p ≤ 0.001; Ish = Ishurdi; Gaz = Gazipur; Jas = Jashore; Bar = Barishal; Mad = Madaripur;
CV = Coefficient of variation; LSD = Least significant difference, Pi = Phenotypic index; bi = Regression coefficient; S2di = Deviation
from regression.

In the case of the 100-grain weight, BARI Mung-7 showed the maximum grain weight
at Ishurdi, Gazipur, Barishal, and Madaripur (Table 7). Besides, considering mean values,
it also exhibits the highest 100-grain weight compared to all genotypes and locations. The
Barishal location showed the negative Ij, while Madaripur was at the higher end. The
genotype BMX-010015 displayed a negative Pi with a significant bi (>1), and non-significant
S2di value, indicating that this genotype performs better for the 100-grain weight under a
favorable environment. Two genotypes BARI Mung-6 and BARI Mung-8 showed positive
and negative pi, respectively, and non-significant S2di values with significant bi (<1),
indicating these genotypes were stable in a poor environment.

Table 7. Performance of mung bean genotypes for 100-grain weight at different environment studies during summer
(Kharif-I) season, 2019.

Entries
100 Grain Weight

Pi bi S2di
Ish Gaz Jas Bar Mad Mean

BMX-010015 4.47 4.34 4.29 4.42 4.52 4.41 −0.02 2.44 *** 0.08
BMX-08009-7 3.8 4.63 5.00 3.13 5.30 4.37 −0.06 1.32 0.16 ***
BMX-08010-2 3.91 3.43 3.55 4.52 3.93 3.87 −0.56 0.64 0.45 ***
BARI Mung-6 4.47 3.92 5.03 3.40 5.44 4.45 0.02 −0.08 *** −0.08
BARI Mung-7 5.12 4.64 4.97 5.94 5.60 5.25 0.82 1.68 ** 0.59 ***
BARI Mung-8 4.15 3.67 3.78 4.75 4.80 4.23 −0.20 0.002 *** 0.06

Mean 4.32 4.11 4.44 4.36 4.93 4.43
Environmental

index (Ij) −0.11 −0.33 0.01 −0.07 0.50

CV (%) 2.01 1.53 1.48 2.45 7.28 -
LSD (0.05) 0.89 0.41 0.08 1.05 0.62 -

** = significant at p ≤ 0.01; *** = significant at p ≤ 0.001; Ish = Ishurdi; Gaz = Gazipur; Jas = Jashore; Bar = Barishal; Mad = Madaripur;
CV = Coefficient of variation; LSD = Least significant difference, Pi = phenotypic index; bi = regression coefficient; S2di = deviation
from regress.
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3.4. Estimation of Grain Yield Stability and Genotype Environment Interaction

The grain yield data were subjected to stability analysis following the AMMI model to
study the performance of the genotypes across the environments. The analysis of variance
(AMMI model) revealed that genotypes (G), environments (E), and G× E were significantly
(p ≤ 0.01) varied (Table 8). The significant G × E interaction suggests that the grain yield of
genotypes varied across the environments and also reflected the existence of environmental
effects in the GE interaction. This furthermore showed that the genotypes were not
only genetically variable, but some of them also have different responses to variable
environments [48]. Similar findings were also found in mung bean wherein a significant
variation among the genotypes, environments, and the GEI for the grain yield [49–51].
The highest portion (91.03%) of the treatment sum of the square was explained by the
genotypic effects, while the least variation was explained by environmental effects (3.53%).
The interaction effect is explained by 5.44% of the total grain yield variation. This was
an indication that the genotypic influence was a major factor for the yield performance
of the mung bean. The sum of squares of the genotypes was larger than that of G × E,
which determined differences in genotypic response across the environments. In the earlier
study reported significant GEI for the grain yield of mung bean genotypes evaluated
under different environments [49]. The interaction term was further partitioned into
AMMI interaction principle components, and four terms of AMMI were extracted from
the decomposition of GEI by this method, where the first three AMMI components were
found significant following F-statistics. The first two AMMI interaction PCs explained 88%
of the total interaction effect, of which 71.74 and 16.27% were explained by PC1 and PC2,
respectively (Table 8). The significance of G × E interaction for the grain yield, the use of
AMMI analysis was effective for selecting promising genotypes for specific locations or
environmental conditions [52–55].

Table 8. Analysis of variance (AMMI model) for genotypes evaluate at different environments during
summer (Kharif-I) season, 2019.

SV DF SS MSS % Treatment
SS

% Interaction
SS

Cumulative
%

Gen 5 16496312.7 3299263 ** 91.03
Env 4 640406.65 160101.7 ** 3.53

Gen x Env 20 985227.21 49261.36 ** 5.44
IPCA I 8 706752.70 88344.09 ** 71.74 71.74
IPCA II 6 160280.95 26713.49 ** 16.27 88.00
IPCA III 4 109876.28 27469.07 ** 11.15 99.16
IPCA IV 2 8317.28 4158.639 ns 0.84 100

Residuals 60 110366.84 1839.45
AMMI = Additive main effect and multiplicative interaction; SV = Sources of variation; DF = Degrees of freedom;
SS = Sum of squares; MSS = Mean sum of squares; Gen = Genotype; Env = Environment; IPCA = Interaction
principle component axis. ** = significant at p ≤ 0.01; ns, no significance.

The grain yield of the studied genotypes varied from one location to another (Table 9).
It might be due to the existence of significant GEI. The mean values for grain yield varied
from 375.20 to 1591.71 kg ha−1 among the genotypes. The highest mean yield was recorded
from the BARI Mung-7 followed by the BARI Mung-8, but those were region-centric
(Figure 2), and the lowest mean value for the grain yield was obtained from BMX-08009-
7. This variation might be due to the genetic potential of the genotypes. No advanced
lines (water stress-tolerant) out yielded over the check varieties considering locations,
but the genotypes BMX-010015 and BMX 08010-2 contributed considerable grain yield.
Concerning the environments, the Madaripur location was a relatively better mung bean
growing area, showing an average grain yield of 1439.16 kg ha−1 followed by the Jashore
(1379.83 kg ha−1) location. The least average grain yield (1201.72 kg ha−1) was found at
the Barishal location.
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Table 9. Genotypes performance for yield stability evaluated at different environments.

Entries Ish Gaz Jas Bar Mad Mean Pi bi S2di ASV YSI RBY RBASV CV(%)

BMX-
010015 1483.27 1434.80 1478.92 1383.68 1448.30 1446.07 125.66 0.29 7804.83 1.98 6 4 2 2.78

BMX-
08009-7 327.14 455.74 424.73 283.96 394.41 375.20 −945.21 0.30 * 11,548.75 ** 1.78 7 6 1 18.81

BMX-
08010-2 1549.44 1299.88 1493.91 1278.86 1372.24 1398.99 78.58 0.65 ** 21,838.87 2.39 9 5 4 8.51

BARI
Mung-6 1531.48 1482.66 1712.74 1478.51 1533.33 1548.20 227.79 0.57 *** 597.2057 *** 2.16 6 3 3 6.18

BARI
Mung-7 1455.67 1433.48 1708.75 1387.67 1969.62 1591.71 271.30 2.41 *** 4988.177 * 4.45 7 1 6 15.48

BARI
Mung-8 1589.96 1443.45 1459.94 1397.65 1917.04 1562.28 241.87 1.78 ** 13,323.05 *** 3.88 7 2 5 13.55

Mean 1322.83 1258.34 1379.83 1201.72 1439.16 1320.41
Ei (Ij) 2.42 −62.07 59.42 −118.69 118.75
CV (%) 3.20 3.00 1.68 2.76 4.10 -
LSD
(0.05) 54.40 48.54 29.74 42.61 75.84 -

* = Significant at p≤ 0.05; ** = Significant at p≤ 0.01; *** = Significant at p≤ 0.001; Ish = Ishurdi; Gaz = Gazipur; Jas = Jashore; Bar = Barishal;
Mad = Madaripur; Ei = Environmental index; CV = Coefficient of variation; LSD = Least significant difference; ASV = AMMI stability value;
YSI = Yield stability index; RBY = Rank based on yield; RBASV = Rank based on ASV; CV = Coefficient of variation; Pi = Phenotypic index;
bi = Regression coefficient; S2di = Deviation from regression.
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Figure 2. AMMI 1 Biplot displaying AMMI PCA I against the grain yield. The genotypes BM-
6, BM-7, and BM-8 stand for BARI Mung-6, BARI Mung-7, and BARI Mung-8, respectively, and
the environments Ish, Gaz, Jas, Bar, and Mad stand for Ishurdi, Gazipur, Jashore, Barishaland
Madaripur, respectively.

Among the tested entries, the performance of the genotypes for stability parameters
was presented in Table 9. In entire the genotypes, the positive Pi reflected higher grain
yield, while the negative Pi reflected lower yield. The highest Pi was recorded in the
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BARI Mung-7 genotype followed by BARI Mung-8. Madaripur showed the highest Ij
followed by Jashore and Ishurdi. The BMX-010015 genotype displayed the positive Pi
with non-significant bi (closer to unity) and S2di values, demonstrating stability in all
tested environments. Besides, the genotype BMX-08010-2 displayed the positive Pi with a
significant bi (>1), and non-significant S2di values, representing a better performance of
this genotype in a favorable environment. The remaining genotypes showed the significant
bi and S2di values for the grain yield indicating unstable over the tested location. The ASV
was estimated for the studied genotypes, and the lowest ASV showing genotypes were
considered as the most stable ones. The ASV was the distance from the origin (0, 0) of the
biplot graph of the IPCA1 scores against the IPCA2 scores [45]. The calculated ASV varied
from 1.78 to 4.45 (Table 9). The higher ASV value reflected that the BARI Mung-7 and BARI
Mung-8 had a higher value, and they were not suitable across the environments. These
two genotypes could produce more grain yield in favorable environments under high
input conditions. The genotypes BMX-010015 and BMX-08010-2 showed low ASV values
with considerable grain yield having good stability performance across the environments.
In an earlier study reported that the genotypes with a high ‘bi’ value indicated better
responsiveness to a favorable environment, whereas the genotypes with a low ‘bi’ value
indicated the genotype suited to a poor environment [56]. Based on the yield stability index
(Table 9), the BMX-08010-2 genotype performed better with a CV value of 8.51%. Results
displayed that only stability cannot be the basis for screening and selection of genotypes to
release, as some genotypes were stable for poor grain yield across environments [57], and
selecting them would cause the development of a genotype that was consistently the least
grain yielding.

The AMMI biplot was produced by portraying the first multiplicative term against the
grain yield representing a clear picture of the grain yield variation as explained through
GE interaction. In AMMI 1 biplot, the IPCA 1 scores of genotypes and environments were
plotted against their respective means for the grain yield. The genotypes and environments
became high grain yielding as they become far away to the right side of the ordinate, and
they become low yielding as they become far away to the left side of the ordinate [58]. In
the present study, the AMMI 1 plot represented that the environment of the Madaripur
(Mad) location was the highest yielding environment, while Barishal (Bar) location was the
least performing one (Figure 2). Accordingly, BARI Mung-7, which is situated far away to
the right side of the ordinate, was the high yielding genotype. Besides this, the genotype
BMX-08009-7, which was situated far away to the left side of the ordinate, was the low
grain yielding genotype (Figure 2 and Table 9).

AMMI 2 biplot represents the stability of environments and genotypes and also is
used to illustrate the magnitude of G × E. In AMMI 2 biplot, the IPCA 1 and IPCA 2 scores
of genotypes and environments were plotted against each other. Under the study, the IPCA
I component accounted for 71.73% of G x E interaction, while the IPCA 2 accounted for
16.27%. The plot also clearly showed that the genotypes BMX-010015 and BMX-08010-2
were closer to the center than the higher grain yielding ones. The genotype BMX-08009-
7 was the closest to the center and low grain yielding but was not a suitable one. The
genotypes BARI Mung-7 and BARI Mung-8 were region-centric and confirmed the earlier
assumption (Figure 3). The genotypes near the center indicated minimal interaction with
environments, and away from the origin in the biplot, indicating that the genotypes were
more sensitive to the environmental effects [56]. Our results indicated that the genotypes
BMX-010015 and BMX-08010-2 were moderate grain yielding genotypes, and obsessed
wide adaptation to tested environments, whereas the genotypes BARI Mung-7 and BARI
Mung-8 were high grain yielding and well adapted to specific environments.
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Ishurdi, Gazipur, Jashore, Barishaland Madaripur, respectively.

In Figure 4, the CV (%) of each genotype was portrayed against the genotypes’ mean
grain yield. From the figure, it was clear that the genotypes BARI Mung-6, BMX-010015,
and BMX-08010-2 were performed well and were stable, and they were suitable across
the cultivated locations (CV = 4–1010%). However, the genotype BMX-010015 exhibited
more stability showing a CV (%) of below 5. On the contrary, the genotypes BMX-08009-7,
BARI Mung-7, and BARI Mung-8 showed un-stability due to high variability (CV > 10%)
as compared to other genotypes. The CV was classified as low variability (CV = 5% or less),
moderate variability (CV = 5–10%) and the highest variability for the value of greater than
this [59].

The GGE biplot (“which-won-where”) is the most effective tool for mega-environment
analysis in a variety of trials [60]. It quantifies the G × E interaction and provides a
meaningful interpretation of multi-environmental trial data [49]. The application of GGE
biplot to the mung bean multi-environmental yield trial facilitated the visual comparison
and identification of the winning genotype concerning the tested environments. GGE biplot
also represents both genotype main effects and genotype × environment interaction effects,
which were two important sources of variations relevant to genotype evaluation [36]. GGE
biplot is used for the yield data by using the graphical display of the G × E pattern with
many advantages. The grain yield of each cultivar in a tested environment is a result of the
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main genotypic effect, main environmental effect, and genotype × environment interaction
in biplot analysis [57]. In the present study, Figure 5 shows the mega-environments and
includes genotypes and top-performing ones in each mega-environment. Four sector mega-
environments were found from the results, and five studied environments only fall within
two mega-environments. It was revealed that two more probable mega-environments
were not utilized. Ishurdi, Jashore, Barishal, and Gazipur fall in one mega-environment
and Madaripur alone formed a mega-environment which was the highest grain yielding
mega-environment. In this experiment, the PCs of the GGE model (two-axis) explained
98.81% of the variation in G + GE (Figure 5). Nevertheless, BARI Mung-7 and BARI
Mung-8 genotypes were found better for Madaripur location and the genotype BARI
Mung-7 was the topmost performing genotype. Conversely, the genotypes BMX-010015
and BARI Mung-6 were found suitable for the other four locations in which BARI Mung-6
was superior performing one to BMX-010015. The BMX-08010-2 genotype falls nearer
to this mega-environment but falls in the other environment. On the other hand, the
genotype BMX-08009-7 falls in the sectors without any mega environments and was the
low-yielding genotype.
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for Ishurdi, Gazipur, Jashore, Barishal, and Madaripur, respectively.

From the above discussion, it was quite clear that the genotypes BMX-010015 and BMX-
08010-2 were found stable but moderate grain yielders, whereas the BARI Mung-7 and BARI
Mung-8 varieties were better grain yielders but region-specific. In an earlier study [31],
the genotypes BARI Mung-8, BMX-010015, BMX-08009-7, and BMX-08010-2 were found
tolerant to water deficit stress. But the genotype BARI Mung-8 was region-centric and
was suitable for the Madaripur environment only. The other two genotypes BMX-010015
and BMX-08010-2 were moderate yielders with some sort of tolerance to water deficit
conditions and were suitable for cultivation across the environments, especially under
limited water conditions. The genotype BARI Mung-6 was identified as a good yielder with
less tolerance to water deficit stress, but that was not suitable for the recommendation to
limited water environments. In contrast, the genotype BMX-08009-7 was tolerant to water
deficit stress but not suitable for the recommendation due to low yielding performance.
Overall, genetic, inheritance pattern and transcriptional regulatory mechanism behind the
overall improvement in growth, physiology and yield stability under different stressors is
also important for sustainability perspectives [61–65].

4. Conclusions

Water deficit stress is becoming an increasing reality in many areas of Bangladesh.
Crop variety having the ability to exhibit tolerance to water deficit stress along with stable
yielding performance over the environments has a clear benefit over susceptible ones.
The present study attempted to assess the regional adaptability of mung bean genotypes
which was previously identified as water deficit stress-tolerant through a series of selection
with the high yielding check varieties. Testing for stability was also intended to judge
the competitiveness in performance under drought stress as well as normal growing
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conditions to affirm the genotypes as suitable for across the environment with superior
performance over the existing variety. A large proportion of the total grain yield variation
across the environments accounted by genotypes indicated it as the most important source
of variation, while GEI term also explained a certain share of the total variability. Different
stability indices, rankings, and depiction from multiple biplots, it was clearly assumed that
the BMX-010015 was the broadly adapted genotype across the environments. However,
the genotype BMX-08010-2 adapted to a favorable environment showing its significant bi
(>1) and non-significant S2di values. Though, the existing varieties were higher yielders
but not suitable for water deficit conditions or region-centric in nature. The identified
BMX-010015 and BMX-08010-2 genotypes could be used as tolerant genotypes to moisture
deficit stress over the existing cultivars. Apart from this, the tolerant genotypes could be
used as parents for hybridization in mung bean improvement programs to develop water
deficit stress-tolerant variety for resource-poor farmers.
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