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Mung bean [Vigna radiata (L.) Wilczek] cultivation is challenging under the changing climate as less precipitation
during the summer season, which is becoming increasingly common, results in soil moisture deficiency and
affects production especially at the early growth stages. Hence, this study was conducted to assess the phenology,
growth, and protein yield traits of mung bean related to drought tolerance. Eight mung bean genotypes were grown
in pots inside a rain-out shelter under well-watered (WW) and water-deficit (WD) conditions. These genotypes
included four water stress-tolerant genotypes: G-1 (BARI Mung-8), G-2 (BMX-010015), G-3 (BMX-08010-2), and
G-4 (BMX-08009-7), as well as four sensitive genotypes: G-5 (BARI Mung-1), G-6 (BARI Mung-3), G-7 (BU Mung-4),
and G-8 (BMX-05001). Soil moisture content was maintained at 22 * 0.5% (30% deficit of the available water) under
WW condition. Water deficit was maintained at WD condition during the entire life cycle and irrigation was applied
after symptoms of wilting were observed. Results showed that WD stress significantly influenced the phenology,
growth, and protein yield traits in all genotypes. For days to flowering and days to maturity, G-3 took two and
four days less in WD than in WW conditions, while G-5 took eight and 19 days less. Because G-3 was revealed
as the most drought-tolerant genotype and G-5 as the most vulnerable, G-3 showed the smallest decrease in
shoot dry weight and root dry weight under WD stress, whereas G-5 showed the biggest decrease. Likewise, G-3
experienced the smallest reductions in seed yield (35%) and protein yield (32%) under WD condition compared to
WW conditions, while G-5 showed the largest reductions (80% and 76%, respectively). The hierarchical clustering
analysis using two-dimension heat map also displayed the G-3 genotype as a potential and stable to water deficit
stress. These findings show that the studied parameters can be useful in evaluating mung bean tolerance to
drought stress and in screening for drought stress-tolerant mung bean genotypes, especially if there are no
facilities to determine biophysiological and molecular traits.
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INTRODUCTION

Mung bean [Vigna radiata (L.) Wilczek] is a crop with a short protein source, providing up to 25% of its seed’s dry weight,
lifespan and can be easily adapted to major cropping systems. and is a staple food for many Asian populations (Khattak et
Theacreageand production of mungbeanaresteadilyrisingdue  al. 2001). Various recipes also use mung beans for dal soup,
to the development of short-duration varieties that acclimatize ~ bean sprouts, noodles, bean curd, and dal cake (Islam 2001).
well to existing cropping patterns (PRC-RARS 2014). Itisarich ~ Additionally, it is rich in phosphorus, calcium, and vitamins
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(Ahmed et al. 2000). It also provides a significant amount of
nitrogen grown under rice-oriented cropping system (Sharma
and Prasad 1999). Mung bean is mainly grown in Bangladesh
from March to May (Kharif-1 season) when very scanty rainfall
occurs. However, irrigation facilities are not readily available.
Climate change and global warming have deleterious effects
on crop production, as high temperatures and less rainfall
impact mung bean growth and yield (Islam et al. 2024; Islam
et al. 2021; Sarkar et al. 2017). Drought also remains to be a
significant limiting factor for crop production (Bashandi and
Poehlman 1974). Globally, only about 10% of arable land is free
from stress (Levitt 1980), with drought stress accounting for 26%
of the total stress (Mirzaei et al. 2014). In summer (Kharif-1),
the crop suffers from soil moisture stress due to insufficient
rainfall or drought. At the same time, increasing temperatures
(> 35°C) are likely to decrease mung bean production through
suppression of seedlings and vegetative and reproductive
growth, along with shedding of flowers (Sinha 1997; Rainey
and Griffiths 2005; Kumar, Kaur et al. 2011). Inadequate water
availability is the single most crucial agroecological factor
for mung bean cultivation (Kramer and Boyer 1995). Water
shortage during the seedling stage hinders the development
of healthy seedlings, ultimately reducing seed yield. It also
hampers photosynthesis, which controls the growth and yield
of crop plants (Athar and Ashraf 2005). According to previous
studies, reduced leaf area and dry matter accumulation are
the causes of crop photosynthetic reduction and water stress
in plants (Pandey et al. 1984; Kriedemann 1986; Hamid et al.
1990). A well-developed root system is vital in addressing the
effects of drought stress through water uptake from both the
shallow and the deep layers of the soil (Gaur et al. 2008), which
contributes positively to seed yield (Kashiwagi et al. 2006; Singh
and Bell 2021).

Drought stress can be alleviated through drought
management or development of drought-resistant cultivars.
However, development of trait-specific variety is controlled
by inherent genetic makeup and environmental factors, while
the majority of crop varieties do not perform optimally across
all environments. The yield ranking of genotypes often differs
when they are compared with one another, primarily due to
the interaction between the genotype and the environment (Al-
Otayk 2010). This makes the combination of resilient cultivars
with proper operational strategies a promising approach
to cultivation in a stressful environment. Hence, tolerant
genotypes play a significant role in the production of mung bean,
especially in adverse agroclimatic conditions. Phenological
changes, growth, and morphological trait mechanisms under
water stress indicate drought tolerance and have been used to
determine drought-tolerant genotypes. Therefore, this study
was conducted to assess the phenology, growth, and protein
yield traits of mung bean related to drought tolerance, which
may help in screening for drought stress-tolerant mung bean
genotypes.
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MATERIALS AND METHODS

Plant Resources and Study Site

Four water stress-tolerant genotypes [G-1 (BARI Mung-8),
G-2 (BMX-010015), G-3 (BMX-08010-2), and G-4 (BMX-08009-
7)] as well as four sensitive genotypes [G-5 (BARI Mung-1),
G-6 (BARI Mung-3), G-7 (BU Mung-4), and G-8 (BMX-05001]
were produced at well-watered (WW) and water-deficit (WD)
conditions within pots. These genotypes were selected from a
laboratory screening experiment with 33 mung bean genotypes
based on their germination indices, seedling development
performance, and their comparative performance under WD
stress induced by PEG-6000 (Islam 2020). During the Kharif-1
season in 2016, the experiment was conducted in a rain-out
shelter in the research field of the Department of Agronomy at
Hajee Mohammad Danesh Science and Technology University
(HSTU), Dinajpur District, Bangladesh. The experimental site
was situated under the Old Himalayan Piedmont Plain (Agro-
Ecological Zone-1) in Bangladesh. The area was situated
between 25°38” N latitude and 88°41" E longitude, and 38.20
m asl. Agroclimatic information, namely temperature, relative
humidity, and sunshine hour during the experimental period
is shown in Fig. 1.
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Fig. 1. Decades-wise mean temperature, relative humidity (RH),
and sunshine hour (day") during the experiment (T__ = maximum
temperature, T . = minimum temperature).

Soil Characteristics

The soil used in the experiment had a sandy loam texture with
a field capacity of 25.8%, a bulk density of 1.49 g/cc, and a
permanent wilting point of 11.6%. Its initial composition
included 5.01 pH, 0.68% organic matter, 0.03% total nitrogen,
11.53 pg/mL available phosphorus, 0.26 meq/100 g available
potassium, 17.53 ug/mL sulfur, 0.15 nug/mL boron, and 0.88
pg/mL zinc.

https://pas.uplb.edu.ph



Cluster Heatmap Analysis of Drought Tolerance in Mung Bean

Experimental Design and Treatments

The research was carried out using a two-factor completely
randomized design replicated four times. The treatments
were done on four susceptible and four tolerant mung bean
genotypes evaluated under WW and WD conditions.

Preparation of Pots for Seed Sowing

The experiment was conducted using plastic pots that had
an interior diameter of 23 cm, a height of 23 cm, and a base
volume of 17 cm. Ten kilograms of well-pulverized, air-dried
soil combined with compost in a 4:1 ratio was placed into
each pot. Urea, triple superphosphate, muriate of potash, and
boric acid were evenly applied at rates of 0.103, 0.088, 0.093,
0.046, and 0.007 g per pot, or 20-17-18-10-2 kg of N, P, K, S,
and B per hectare, respectively (Azad et al. 2017). The seeds
were rinsed well under running water after being treated for
2 min with a 0.1% mercuric chloride solution (Dutta and Bera
2008; Saminathan 2013; Swathi et al. 2017). Each pot was then
seeded with 20 seeds, maintaining a seeding depth of 2-3 cm.
Five robust and steady seedlings were kept in each pot to
reach maturity following emergence and establishment.

Water Regimes

To ensure consistent germination and seedling establishment,
irrigation was provided to both the WW and WD stress
treatments after seeding, and then again five days after
sowing (DAS). From 10 DAS onward, the WW treatment was
maintained by regularly providing adequate water to each pot
to support optimal plant growth and development throughout
the growing period, with soil moisture content maintained at
approximately 22 + 0.5%, equivalent to 20% moisture content
(MC) and a 30% deficit of available water (Fig. 2a). In the WD
treatment, water stress was maintained for the entire growth
period, and irrigation was only performed when wilting
symptoms became apparent (Fig. 2b), with soil moisture at
that stage around 50% of field capacity. A digital soil moisture
meter (Model PMS-714) was used to continuously measure
the soil moisture levels for both treatments, and water was
administered to bring the soil moisture levels back to field
capacity. The net water requirement per irrigation was
determined using Michael’s (1978) formula:

FC-MC
d= ———xpxD
w00 7
Where, FC = soil’s field capacity used in the pot (%)
MC = soil’s moisture content at the time of watering (%)
p = soil’s bulk density (g cm-3)
D = depth of the root zone (cm)
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Fig. 2 (a, b). Differences in soil moisture content between WW
and WW conditions. MC = moisture content; FC = field capacity;
PWP = permanent wilting point.*

*This content is adapted from ‘Drought Tolerance in Mung Bean is Associated
with the Genotypic Divergence, Regulation of Proline, Photosynthetic Pigment
and Water Relation’ by Islam et al. (2023), published on TSP Website, and
licensed under CC-BY 4.0.

Cultural Management and Crop Outcome

Weeding was done as needed during the entire the growth
span. Imidacloprid (Imitaf 20 SL) insecticide was applied at
a concentration of 0.5 mL per liter of water during the peak
flowering and full podding stages to safeguard the crop from
flower thrips. Spraying with lambda-cyhalothrin (Karate 2.5
EC) was also done twice at a rate of 1 mL per liter of water,
first at 100% podding and again after a seven-day interval to
control pod borer, which affects the crop from the flowering
stage onward.

Data Collection

Phenology, growth, and seed yield of the mung bean genotypes
were measured for drought tolerance from five plant samples
of each pot in the growing period. For seed yield (SY), the
matured pod was collected thrice by handpicking. After the
final pod harvest from each pot per treatment, the stems of all
plants were cut at the soil surface using secateurs and collected
to measure the aboveground shoot dry weight, including
the leaves. To determine the root dry weight (g plant?), the
roots from each pot were carefully separated from the potted
plants by turning the pots over. Soil contaminants were then
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removed by gently washing the roots with running water. The
samples were dried in an electric oven at 80°C for 72 h, after
which they were weighed to determine the dry weight. The
weights of the shoot and root of the individual plant were
recorded. To compare the performance of the samples” plant
traits and yield, the relative performances (RP) of the traits
were calculated using the following formula as described by
Asana and Williams (1965):

_ Data obtained of a trait in water - deficit condition

Data obtained of a trait in well - watered condition

Assessment of the Protein and Nitrogen Content of Mung Bean
Seeds

The Micro-Kjeldahl method (Bremner and Mulvaney 1982) was
used to assess the N content of the corresponding mung bean
genotypes under WW and WD conditions. Each sample’s N
content was determined using a standard curve and reported
as a percentage. The protein yield (PY) and seed protein
content were then computed using the formulae described by
Habibzadeh and Moosavi (2014) and Thalooth et al. (2006):

Protein content of seed (%) = 6.25 x total N (%)
Protein yield (g plant-1) = protein (%) x seed yield (g plant-1).
Data Analysis

Using computer-based R software (R Core Team 2016), the
data were assembled and statistically analyzed in accordance
with the fundamental process described by Gomez and Gomez
(1984). Correlation analysis was done using the “Agricolae’
package (Mendiburu 2023). The least significant difference
(LSD) test was done at a 5% probability level to separate the
means. Functional associations within the various traits as
influenced by drought stress were formed through regression
analysis using Microsoft Excel.

RESULTS AND DISCUSSION

Distribution Pattern of Agroclimatic Elements

Agroclimatic elements such as temperature, relative humidity,
and sunshine hours are significant factors that contribute to
crop growth and development. The ideal temperature range
for the growth and maximum yield of mung bean is 28°C-30°C
(Kaur et al. 2015). However, increasing temperatures above
35°C negatively affect summer-sown mung bean genotypes,
hindering both vegetative and reproductive growth (Kumar,
Karajol et al. 2011). In this study, a fluctuating pattern was
observed in these weather parameters throughout the growing
period of mung bean (Fig. 1). During the crop season (April
to July), the maximum temperature (T __ ) was 30.4°C-36.4°C,
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while the minimum temperature (T, ) was 21°C-25.2°C. In the
growing season, the 2" decade showed the highest T _ and
the 4™ decade exhibited the lowest T , . Moreover, the relative
humidity varied from 76.3% to 90.7%. However, the maximum
sunshine hours were also found at the 4" decade of the crop
lifespan. Data for T was above-range and T , was below-
range throughout the crop’s growing period (Fig. 1).

Phenological Behavior of Mung Bean Genotypes

The tested mung bean genotypes showed a semi-determinate
habit regarding flowering and pod maturity, and notable
differences were found in WW and WD conditions (Table 1).
Under WD stress, the duration of flowering and maturity was
reduced. The range of days to flowering was 3849 d under
WW condition, whereas the range was 34-44 d under WD
condition. Similarly, the range of days to maturity was 65-80 d
under WW condition and 57-70 d under WD condition (Table
1). Due to WD stress, G-5 flowered and matured earlier by 8
and 19 d, respectively. The genotype G-3 attained flowering and
maturity stages 2 and 4 d earlier, while G-4 attained these stages
3 and 5 d earlier. The longer time to maturity (70 d) observed
in the G-3 genotype during WD stress might be due to the
delayed initiation of first flowering (44 d). These results also
conform with the study of Nunez Barrios (1991), who found
that water stress delayed the onset of flowering in common
bean (Phaseolus vulgaris), which enhanced to reduce the number
of flowers resulted low pod setting. Levitt (1980) also reported
that environmental stresses reduce the crop maturity period
due to premature leaf senescence, limiting available resources
that support the sink. Under WD stress, plants may be able to
avoid unfavorable stress circumstances by blooming a few days
sooner, which could lead to early flowering and pod maturity.
The results also agree with those published by Ahmed et al.
(2008) for mung bean and De Costa and Shanmugathasan (1999)
for faba bean. In addition, the days to flowering and maturity
in WD stress are likely primarily influenced by the genetic
characteristics of the mung bean genotypes. On the contrary,
grain growth duration (days to reproduction) also varied
considerably from 26-31 d and 17-26 d under WW and WD
conditions, respectively. The longest duration for grain growth
(26 d) under WD condition was recorded in G-3 which was 2 d
less than the other genotypes, while the shortest period (17 d)
was observed in G-5 which was 11 d less than other genotypes.

Growth Parameters of Mung Bean in Response to Water-
deficit (WD) and Well-watered (WW) Conditions

Shoot Dry Weight

Shoot dry weight (SDW) was measured at harvest and was
significantly reduced under WD stress. The extent of the decline
in SDW varied among the genotypes (Fig. 3). At WW condition,
the G-2 genotype produced the highest SDW (1.95 g), followed
by G-5 (1.73 g). The lowest SDW (1.30 g) was in G-6, whereas
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other genotypes had SDW values at 1.57-1.62 g. Under WD
stress condition, the G-2 genotype had the highest SDW (1.16
g), followed by G-3 (1.13 g). The lowest SDW was observed in
G-6 (0.64 g), while the SDW for the other genotypes were at
0.65-0.88 g. The G-3 genotype exhibited the best performance,
with the highest relative value of 0.70, followed by G-4 at
0.67. In contrast, G-5 showed the lowest relative value of 0.38,
indicating the poorest performance under drought stress. These
results indicate that the highest relative reduction of SDW
(62.43%) was found in G-5 due to WD stress, while the lowest
was from G-3 (30.25%). Similar reductions in SDW due to WD
stress have been reported in common bean (Ramos et al. 1999)
and soybean (Gadallah 2000). This may be because plants under
WD stress have lower cell turgor which causes prolonged cell
elongation, resulting in reduced plant growth and development
and lower shoot dry weight (Amira and Qados 2014; Suresh
et al. 2015). The translocation of assimilates towards the roots
significantly contributes to SDW, but this process is impaired by
water stress (Ghebremariam et al. 2013).

Md. Rafiqul Islam et al.

Root Dry Weight

Root physiology and architecture are essential for a plant’s
ability to cope with soil moisture and nutrient deficiencies.
Although roots do not directly participate in the process of
reproduction or carbon accumulation, they are crucial to the
plant’s sustainability and play a key role in stress tolerance
(Jenks and Hasegawa 2005). The WD stress significantly
reduced root dry weight (RDW) in all the mung bean genotypes
(Fig. 4). Under WD stress, G-3 had the highest RDW (0.32 g
plant™) followed by G-2 (0.28 g plant™”), while the lowest RDW
(0.15 g plant™) was recorded in G-5. However, G-3 produced the
highest relative value (0.81) while G-5 had the lowest relative
value (0.46), indicating drought tolerance and susceptibility.
Wasaya et al. (2018) reported that root characteristics such as
thin root thickness, root length efficiency, root surface area,
root orientation, and root length per unit volume influence
a plant’s productivity under drought conditions. Especially
during the initial growth stage, these are important in

Table 1. Phenological changes of selected mung bean genotypes under WW and WD conditions.

Days to Flowering

Days to Maturity (60%—70%)

Days of Reproduction

Genotypes  well-watered ~ Water-deficit Difference Over Well-watered ~ Water-deficit Difference Over Well-watered ~ Water-deficit Difference Over
Condition Condition Stress Condition Condition Ctress Condition Condition Stres
G1 38 34 4 65 57 8 27 23 4
G-2 49 43 6 75 64 1 26 21 5
G-3 46 44 2 74 70 4 28 26 2
G4 44 41 3 70 65 5 26 24 2
G5 46 38 8 74 55 19 28 17 1
G-6 39 35 4 70 57 13 31 22 9
G-7 39 35 4 67 56 1 28 21 7
G-8 49 42 7 80 67 13 31 25 6
LSD (5%) 463 5.82 7.05
CV (%) 6.48 5.04 16.08
LS ns * ns
Where: LS = level of significance; ns = non-significant at P = 0.05; *significant at P = 0.05.
mRelative value —Well-watered condition —Water-deficit condition
2.20 - Gonotypeniis - 0.80
2.00 a Treatment : ***
p GxT:* 0.70
T 1.80 b
§ 1.60 | 0.60
o
g 1.40 - 0.50 o
S 1.20 - -
© 0.40 >
2 1.00 - 2
E 0.80 0.30 g
o (4
% 0.60 0.20
0.40 Fig. 3. Shoot dry weight of selected
0.20 e mung bean genotypes in response
0.00 _ 0.00 to WW and WD conditions.
0'\ Oa' 0’5 0} Ofo 0"0 0:\ 03’
Mungbean Genotypes
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avoiding soil moisture stress and play a key role in drought
tolerance for lentils and other food legumes (Kashiwagi et al.
2005; Sarker et al. 2005; Gaur et al. 2008; Vadez et al. 2008; Asfaw
and Blair 2012). The development of vigorous shoot and root
contributes to drought avoidance and tolerance, which has been
reported in mung bean (Kashiwagi et al. 2005; Asfaw and Blair
2012), chickpea (Gaur et al. 2008), and lentil (Sarker et al. 2005).
Well-developed roots also support the growth of seedlings in
soils where the surface dries rapidly, ensuring that adequate
moisture remains in deeper layers. Thus, better knowledge
about plant reactions against abiotic stresses can aid in selecting
more tolerant genotypes (Den Herder et al. 2010).

Root-Shoot Ratio

Studying root traits is essential for determining water stress-
tolerant genotypes (Suresh et al. 2015). Considerable variation
was observed in the root-shoot ratios (RSR) among the different
mung bean genotypes under WW and WD conditions (Fig. 5).
Nonetheless, in all genotypes, RSR values were higher under
WD condition than under WW condition (Fig. 3). Less available
water may have caused the roots to expand in search of moisture,
which led to more assimilates to be directed towards the roots.
Moreover, plants under WD stress condition frequently reduced
dry matter assimilation in the shoot and produced higher dry
weight in the roots, resulting in a higher RSR than under WW
condition. The highest RSR values (0.243 and 0.283) were
observed in G-3 both in WW and WD conditions, respectively,
while the lowest ratios (0.187 and 0.200) were observed in
G-5. It has been reported that high values of root-shoot ratio
represent a species’ drought tolerance (Lopes et al. 2011; Greco
et al. 2012), which is also observable in the results of this study.
Water stress also induced an increase in root-shoot ratio in
mung bean (Uddin and Parvin 2013), maize (Sharp et al. 2004),
cowpea (Itani et al. 1992), and chickpea (Ali et al. 2005).

Md. Rafiqul Islam et al.

Functional Relationship Between Shoot Dry Weight and Root
Dry Weight

A regression analysis was done to evaluate and quantify the
relationships among the selected traits. In both WW and WD
conditions, a positive linear relationship between SDW and
RDW (Y = 0.216X + 0.004, R* = 0.69; Y = 321X - 0.075, R*= 0.92)
was observed. The co-efficient of determination (R?) was much
higher at WD than WW conditions, showing a comparatively
weak relationship among traits in WW condition (Fig. 6). Shoot
dry weight increased at the rate of 0.216 g and 0.321 g plant-1
along with an increase of 1 g plant-1 for RDW in WW and WD
conditions. The R? values of 0.69 and 0.92 indicate that SDW
for WW and WD conditions were 69% and 92%, respectively.
Previous studies also showed a positive linear regression
among plant height, number of pods plant?, and shoot and root
biomass with seed yield of mung bean (Islam 2008) and French
bean (Choudhury 2009) under well-watered and water-stress
conditions.

Seed Yield

There was a significant reduction in seed yield in response to
water stress in all the studied mung bean genotypes (Table 2).
Under WW condition, G-3 had the highest SY (2.23 g plant™),
followed by G-5 (2.15 g plant™) and G-1 (2.12 g plant™); under
WD condition, G-3 also had the highest SY (1.46 g plant™). The
relative decrease in SY in WD compared with WW conditions
ranged from 0.20 to 0.65, depending on the genotype. The
highest relative value (0.65) was observed in G-3 and the
lowest was observed in G-5 (0.20). The increased relative seed
yield of G-3 compared with the other genotypes was likely
due to its high relative values of 100-seed weight and pod
number. These findings further confirm the superior water
stress tolerance of G-3. Previous studies have also shown that

mRelative value —Well-watered condition —Water-deficit condition
0.50 - - 0.90
a
Genotype 1 ***
0.45 Treatment : *** - 0.80
GxXT:*

- 0.40 - " 0.70
S 035 de
s gh - 0.60
2 030 g
.g -050 T
@ 0.25 =
3 -S040 2
2 020 =
kS L0300 &
o 015
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: Fig. 4. Root dry weight of selected

0.05 - 0.10 mung bean genotypes in response

to WW and WD conditions.
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Mung bean genotypes
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Fig. 6. (a, b). Association of shoot dry weight with root dry weight in response to WW and WD conditions (**significant at P = 0.01;

***significant at P = 0.001).

Table 2. Seed yield of selected mung bean genotypes in response
to WW and WD conditions.

mung bean yield decreased by 64% and 34% under WD stress
of 75% and 50% of field capacity, respectively (Ambachew et

al. 2014). The results are consistent with previous research on

mung bean (De Costa and Shanmugathasan 1999), faba bean
(Ricciardi et al. 2001), and common bean (Simsek et al. 2011),

Seed yield (g plant”)
Well-watered Water-deficit .
Genotypes condition condition Relative value

G- 2.12 1.08 051
G-2 1.43 0.66 0.46
G-3 2.23 146 0.65
G-4 1.17 0.63 0.54
GS 2.15 0.44 0.20
G6 1.74 057 033
G7 1.89 0.62 0.33
G8 1.03 0.46 0.45

LSD (5%) 0.21

CV (%) 9.97

LS .

all of which reported that water stress during the reproductive
stages, especially at flowering and pod formation, greatly
diminished grain yield. Previous studies have also shown that
the reduced number of pods per plant was due to a higher rate
of reproductive organ abortion, which led to lower seed yield
under drought stress (Graham and Ranalli 1997; Kokubun et
al. 2001; Teran and Singh 2002; Liu et al. 2003; Liu et al. 2004).
Based on the results of this study, G-3 has shown itself to be
a relatively drought-tolerant mung bean genotype due to its
superior performance in the studied traits, while G-5 can be
considered the most drought-susceptible genotype.

Where: LS = level of significance; *significant at P = 0.05; ***significant at P = 0.001.
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Seed Protein Content and Protein Yield

The seeds’ protein content and protein yield were measured
at harvest. Both traits showed significant differences among
the studied genotypes and stress levels (Table 3). Protein
content was higher under WD condition, with the highest
values observed in G-4 (30.50%) and G-8 (30.53%). The highest
differences were recorded in G-5 (3.35) and G-6 (2.09), while
the lowest differences were recorded in G-3 (1.02) and G-4
(1.27). This means that G-5 and G-6 were more affected by
water stress than G-3 and G-4. Nonetheless, G-3 was the most
tolerant and G-5 was the most susceptible genotype due to
the respective values of seed protein content. These are in line
with the results of previous studies on spotted bean (Bayat et
al. 2010), red bean (Mohammadzadeh et al. 2011), mung bean
(Habibzadeh and Moosavi 2014), and in black gram (Baroowa
and Gogoi 2015), where it was observed that the amount of
seed protein increased significantly under water deficit stress.
In addition, protein contributes to a plant’s resistance under
water deficit stress (Mathur and Vyas 1995).

Protein yield significantly decreased under WD condition
(Table 3). Among the genotypes, G-5 showed the highest
relative reduction in PY (75.90%), while G-3 had the least
relative reduction in PY (31.95%). Therefore, G-3, which had a
higher PY under WD condition, can be modified to withstand
drought and be used as a drought-tolerant material for future
crop enhancement initiatives. The results are consistent with
earlier studies on mung bean (Allahmoradi et al. 2011), black
bean (Nielsen and Nelson 1998), and common bean (Rosales-
Serna et al. 2004), where it was found that protein yield
decreased as water deficit stress increased.

Table 3. Protein content and protein yield of seeds of selected
mung bean genotypes under WW and WD conditions.

Protein content (%) Protein yield (g plant”)

Well-watered Water-deficit Difference Well-watered Water-deficit

Genotypes condition condition over stress condition condition % reduction
G-1 26.26 27.56 1.30 55.62 29.68 46.64
G-2 25.73 2713 1.40 36.81 17.91 51.34
G-3 26.33 27.35 1.02 58.75 39.98 31.95
G4 29.23 30.50 1.27 34.35 19.09 44.43
G-5 26.60 29.95 3.35 57.19 13.78 75.90
G-6 28.36 30.45 2.09 49.35 17.31 64.92
G-7 25.03 26.54 1.51 4717 18.95 59.83
G-8 28.95 30.53 1.58 29.76 12.83 56.89

LSD (0.05) 1.58 4.90

CV (%) 3.26 8.40
LS ns b

Where: LS = level of significance; ns = non-significant at P = 0.05; ***significant at P = 0.001.
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Correlation of Seed Yield with Phenology, Growth, and
Protein Yield Traits

Correlation was computed for seven phenology, growth, seed
yield, and protein yield traits to assess the possible relationship
between any two traits (Fig. 7). The correlation analysis
showed positive and negative correlations among the traits.
Days to maturity (DM), SDW, and RDW all exhibited a strong
and positive relationship with days to flowering (DF), while
DF was found to have a negative insignificant association
with PY and SY and a less positive insignificant relationship
with the RSR. Positive non-significant correlations were
found between the DM and the SDW and RSR, negative non-
significant correlations with the PY and SY, and positive and
significant correlations with the RDW. There was a positive
significant association between the SDW and the DF and RDW,
a negative non-significant correlation with the PY and SY, and
a positive non-significant correlation with the RSR. The trait
RDW exhibited significant positive correlations with DF, DM,
and RSR, while showing non-significant positive correlations
with PY and SY. The RSR and other remaining qualities
were found to have positive non-significant correlations,
while PY exhibited positive correlations with RDW and RSR.
Understanding the relationships between various parameters
is essential for the simultaneous improvement and selection of
these traits; for example, if two traits are positively associated,
selection for one trait will consequently benefit the other
(Varma 2016). A significant correlation among number of pods
per plant (NPPP), number of seeds per pod (NSPP), hundred
seed weight (HSW), and SY of mung bean was also reported
in treatments under control and water stress conditions (Islam
2008). Hence, correlation analysis provides valuable insights
into the nature and extent of the relationships among various
traits. It is also helpful in selecting suitable genotypes for any
crop improvement program.

Cluster Heatmap Analysis

A heatmap is a two-dimensional data visualization technique
presented in the form of a diagram where values are displayed
as color intensities. This is useful in determining genotypes that
are tolerant to water deficit stress, since the cluster heatmap
analysis also groups various traits between genotypes (Nazari
and Pakniyat 2010; Dehbalaei et al. 2013; Liu et al. 2015;
Sakinah et al. 2021). In this study, the analysis was performed
with the relative values of the studied traits using the kmeans
clustering method. Then, two types of dendrograms, namely
a horizontally directed genotype dendrogram and a vertically
directed trait dendrogram, were partitioned (Fig. 8). The
subsequent clustering of the selected genotypes clearly
demonstrates the trait variability for each genotype according
to relative trait values of the WW and WD treatments. A light-
to-dark-red color intensity with positive values in all studied
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Fig. 7. Correlation for yield and yield-related traits of selected
mung bean genotypes. DF = days to flowering; DM = days to
maturity; SDW =shoot dry weight; RDW = root dry weight; RSR =
root-shoot ratio; PY = protein yield; and SY = seed yield.
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Fig. 8. Correlations among the selected mung bean genotypes,
classified as either sensitive or drought-tolerant, and measured
variables. Relative values obtained from the studied traits were
normalized and clustered. The heatmap’s color intensity, which
represents a normalized relative scale from -1 to +2, illustrates
the link between genotypes and traits. Darker red denotes
resilience to water deficit stress, while darker blue denotes
sensitivity.
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traits is displayed for G-3, indicating WD stress tolerance. This
is followed by G-4 which obtained positive values in most of
the traits except for RSR. A darker blue color intensity with
higher negative values for most of the studied traits was found
in G-5, representing a higher susceptibility to WD stress than
other genotypes. These results are similar to earlier findings
where G-3 was found to be water stress-tolerant as indicated by
the heatmap generated from the hierarchical cluster analysis,
which was performed on morphological, physio-biochemical,
and plant water status traits. Conversely, G-5 was found to be
susceptible (Islam et al. 2023).

CONCLUSION

This study assessed the phenology, growth, and protein yield
traits of mung bean related to drought tolerance by observing
eight mung bean genotypes grown under well-watered
(WW) and water-deficit (WD) conditions. Results showed
that G-3 (BMX-08010-2) had the highest tolerance to drought
due to its delayed flowering and maturation stages. Under
WD condition, it also had the smallest decrease in shoot dry
weight and root dry weight and had the highest seed yield and
protein yield. Conversely, G-5 (BARI Mung-1) was identified
as the most drought-susceptible genotype, exhibiting opposite
trait outcomes. The hierarchical clustering analysis using
a two-dimension heatmap further confirmed the drought
tolerance and susceptibility of these genotypes. Hence, G-3 is
recommended for inclusion in varietal improvement programs
targeting water-deficient farming areas.

REFFERENCES CITED

AHMED AK, TAWFIK KM, ZINAB AA. 2008. Tolerance of
seven faba bean varieties to drought and salt stresses.
Res J Agric Biol Sci. 4(2):175-186. http:/ /www.aensiweb.
net/ AENSIWEB/rjabs/rjabs /2008 /175-186.pd]f.

AHMED F, HARAGUCHI T, HIROTA O, RAHMAN MA.
2000. Growth analysis, yield and canopy structure in
maize-mungbean intercropping. Bull Inst Trop Agr
Kyushu Univ. 23:61-69. https://www.jstage.jst.go.jp/
article/bita/23/0/23_61/_pdf.

AL-OTAYK SM. 2010. Performance of yield and stability of
wheat genotypes under high stress environments of
the central region of Saudi Arabia. JKAU: Met Env Arid
Land Agric Sci. 21(1):81-92. doi:10.4197 /Met. 21-1.6.

ALI MY, JOHANSEN C, KRISHNAMURTHY L, HAMID A.
2005. Genotypic variation in root system of chickpea
(Cicer arietinum L.) across environments. ] Agron Crop Sci.
191(6):464-472. doi:10.1111/j.1439-037X.2005.00177 ..

| Philipp Agric Scientist (2024)107(4):366-378 374



Cluster Heatmap Analysis of Drought Tolerance in Mung Bean

ALLAHMORADI P, GHOBADI M, TAHERABADI S,
TAHERABADI S. 2011. Physiological aspects of
mungbean (Vigna radiata L.) in response to drought
stress. Proceedings of the 2011 International Conference
on Food Engineering and Biotechnology; 2011 Sep 28-30;
Singapore. Singapore: IACSIT Press.

AMBACHEW S, ALAMIREW T, MELESE A. 2014. Performance
of mungbean under deficit irrigation application in the
semi-arid highlands of Ethiopia. Agr Water Manage.
136:68-74. doi:10.1016/j.agwat.2014.01.012.

AMIRAMS, QADOS A. 2014. Effect of ascorbic acid antioxidant
on soybean (Glycine max L.) plants grown under water
stress conditions. Int ] Adv Res Biol Sci. 1(6):189-205.
https:/ /api.semanticscholar.org/CorpusID:212522557.

ASANA RD, WILLIAMS RE. 1965. The effect of temperature
stress on grain development in wheat. Aust ] Agr Res.
16(1):1-13. doi:10.1071/ AR9650001.

ASFAW A, BLAIR MW. 2012. Quantitative trait loci for rooting
pattern traits of common beans grown under drought

stress versus non-stress conditions. Mol Breeding.
30:681-695. doi:10.1007/s11032-011-9654-y.

ATHAR HR, ASHRAF M. 2005. Photosynthesis under
drought stress. In: Pessarakli M, editor. Handbook of
photosynthesis, 2nd edition. Boca Raton (FL): CRC
Press. p. 793-809.

AZAD AK, GOSSHAMI BK, RAHMAN ML, MALAKER PK,
HASAN MS, RAHMAN MHH. 2017. Krishi projukti
hatboi (Handbook on agro-technology), 7th edition.
Gazipur, Bangladesh: Bangladesh Agricultural Research
Institute. 488 p.

BAROOWA B, GOGOI N. 2015. Changes in plant water status,
biochemical attributes and seed quality of black gram
and green gram genotypes under drought. Int Lett Nat
Sci. 42:1-12. d0i:10.18052 / www.scipress.com /ILNS.42.1.

BASHANDI MMH, POEHLMAN JM. 1974. Photoperiod
response in mungbeans (Vigna radiata /L./ Wilczek).
Euphytica. 23: 691-697. https://pdf.usaid.gov/pdf_
docs/PNAAB100.pdf.

BAYAT A, AHMADVAND G, DORRI H. 2010. The effect
of water stress on the yield and yield components of
spotted beans genotypes. ] Agron Sci Iran. 45:42-45.

BREMNER JM, MULVANEY CS. 1982. Nitrogen-total. In:
Page AL, Miller RH, Keeney DR, editors. Methods of
soil analysis. Part 2. Chemical and microbiological
properties. Madison (WI): Soil Science Society of
America. p. 595-624.

375 | Philipp Agric Scientist (2024)107(4):366-378

Md. Rafiqul Islam et al.

CHOUDHURY AK. 2009. Water stress tolerance of French
bean (Phaseolus wvulgaris L.) [dissertation]. Gazipur,
Bangladesh: Bangabandhu Sheikh Mujibur Rahman
Agricultural University.

DE COSTA WAJM, SHANMUGATHASAN KN. 1999. Effects
of irrigation at different growth stages on vegetative
growth of mung bean, Vigna radiata (L.) Wilczek, in dry
and intermediate zones of Sri Lanka. ] Agron Crop Sci.
183(2):137-143. doi:10.1046/j.1439-037x.1999.00328 x.

DEHBALAEI S, FARSHADFAR E, AND FARSHADFAR M.
2013. Assessment of drought tolerance in bread wheat
genotypes based on resistance/tolerance indices. Int J
Agric Crop Sci. 5(20):2352-2358. http:/ /ijagcs.com /wp-
content/uploads/2013/09/2352-2358.pdf.

DEN HERDER G, VAN ISTERDAEL G, BEECKMAN T, DE
SMET 1. 2010. The roots of a new green revolution.
Trends Plant Sci. 15(11):600-607.  doi:10.1016/j.
tplants.2010.08.009.

DUTTA P, BERA AK. 2008. Screening of mungbean genotypes
for Legume Res. 31(2):145-
148. https:/ /www.cabidigitallibrary.org/doi/
full/10.5555/20083263847.

drought tolerance.

GADALLAH MAA. 2000. Effect of indole-3-acetic acid and
zinc on the growth, osmotic potential and soluble carbon
and nitrogen components of soybean plants growing
under water deficit. J Arid Environ. 44(4):451-467.
doi:10.1006/jare.1999.0610.

GAUR PM, KRISHNAMURTHY L, KASHIWAGI ]. 2008.
Improving drought-avoidance root traits in chickpea
(Cicer arietinum L.) - current status of research at ICRISAT.
Plant Prod Sci. 11(1):3-11. doi:10.1626 /pps.11.3.

GHEBREMARIAM KM, YAN L, ZHANG Z, WANG Q.
2013. Effect of drought stress on physiological growth
parameters of tomato inbred lines at germination stage.
Eur Sci J. 9(33):25-33. https:/ /eujournal.org/index.php/
esj/article/view /2087 /2000.

GOMEZ KA, GOMEZ AA. 1984. Statistical procedures for
agricultural research. 2™ edition. Hoboken (NJ): John
Wiley & Sons, Inc. p. 302-307.

GRAHAM PH, RANALLI P. 1997. Common bean (Phaseolus
vulgaris L.). Field Crops Res. 53(1-3):131-146.
doi:10.1016/S0378-4290(97)00112-3.

GRECO M, CHIAPPETTA A, BRUNO L, BITONTI MB. 2012.
In Posidonia oceanica cadmium induces changes in
DNA methylation and chromatin patterning. ] Exp Bot.
63(2):695-709. doi:10.1093 /jxb /err313.

https://pas.uplb.edu.ph



Cluster Heatmap Analysis of Drought Tolerance in Mung Bean

HABIBZADEH Y, MOOSAVI Y. 2014. The effects of water
deficit stress on protein yield of mung bean genotypes.
Peak J Agric Sci. 2(3):30-35. https:/ /www.researchgate.
net/publication/316665846_The_effects_of_water_
deficit_stress_on_protein_yield_of_mung_bean_

genotypes.

HAMID A, KUBOTA F, AGATA W, MOROKUMA M. 1990.
Photosynthesis, transpiration, dry matter accumulation
and yield performance of mungbean plant in response
to water stress. ] Fac Agric Kyushu Univ. 35(1-2):81-92.
https:/ /catalog.lib.kyushu-u.ac.jp/opac_download_
md/23953/p081.pdf.

ISLAM MR. 2020. Improving mungbean productivity
under drought stress through screening of genotypes
and potassium application [dissertation]. Dinajpur,
Bangladesh: Hajee Mohammad Danesh Science and
Technology University.

ISLAM MR, SARKER BC, ALAM MA, JAVED T, ALAM
MJ, ZAMAN MSU, AZAM MG, SHABBIR R, RAZA
A, HABIB-UR-RAHMAN M, DESSOKY ES, ISLAM
MS. 2021. Yield stability and genotype environment
interaction of water deficit stress tolerant mung bean
(Vigna radiata L. Wilczak) genotypes of Bangladesh.
Agronomy. 11(11):2136. doi:10.3390/agronomy11112136.

ISLAM MR, KAMAL MM, HOSSAIN MF, HOSSAIN J, AZAM
MG, AKHTER MM, HASAN MK, AL-ASHKAR I,
ALMUTAIRI KF, SABAGH AE, RAHMAN MA, IQBAL
MA, ISLAM MS. 2023. Drought tolerance in mung bean
is associated with the genotypic divergence, regulation
of proline, photosynthetic pigment and water relation.
Phyton-Int ] Expt Bot. 92(3):955-981. doi:10.32604/

phyton.2023.025138.  Available at:  https://www.
techscience.com/phyton/v92n3/50579. Licensed under
CC-BY 4.0.

ISLAM MR, HOSSAIN A, HOSSAIN J, ALAM MA, AKHTER
M, SABAGH AE, AONTI AJ, ISLAM MS. 2024. Assessing
the productivity and water use efficiency of two summer
mungbean (Vigna radiata L.) genotypes grown under
drought stress condition. ] Crop Health. 76(2):499-516.
doi:10.1007 /s10343-023-00960-y.

ISLAM MS. 2001. Morpho-physiology of black gram and
mungbean as influenced by salinity [master’s thesis].
Gazipur, Bangladesh: Bangabandhu Sheikh Mujibur
Rahman Agricultural University.

ISLAM MS. 2008. Water stress tolerance of mungbean [Vigna
radiata (L.) Wilczek] genotypes as influenced by plant
growth regulators [dissertation]. Gazipur, Bangladesh:
Bangabandhu Sheikh Mujibur Rahman Agricultural
University.

https://pas.uplb.edu.ph

Md. Rafiqul Islam et al.

ITANI J, UTSUNOMIYA N, SHIGENAGA S. 1992. Drought
tolerance of cowpea. Jpn] Trop Agr. 36(1):37-44. https:/ /
www.jstage.jst.go.jp/article/jstal957/36/1/36_1_37/_
pdf.

JENKS MA, HASEGAWA PM. 2005. Plant abiotic stress.
Oxford (UK): Blackwell Publishing Ltd.

KASHIWAGI J, KRISHNAMURTHY L, CROUCH JH, SERRA]
R. 2006. Variability of root length density and its
contributions to seed yield in chickpea (Cicer arietinum
L.) under terminal drought stress. Field Crops Res. 95(2—
3):171-181. doi:10.1016 /j.fcr.2005.02.012.

KASHIWAGI J, KRISHNAMURTHY L, UPADHYAYA HD,
KRISHNA H, CHANDRA S, VADEZ V, SERRAJ R. 2005.
Genetic variability of drought-avoidance root traits in
the mini-core germplasm collection of chickpea (Cicer
arietinum L.). Euphytica 146:213-222. doi:10.1007/
s10681-005-9007-1.

KAURR, BAINS TS, BINDUMADHAVA H, NAYYAR H. 2015.
Responses of mungbean (Vigna radiata L.) genotypes to
heat stress: effects on reproductive biology, leaf function
and yield traits. Sci Hortic-Amsterdam. 197:527-541.
doi:10.1016/j.scienta.2015.10.015.

KHATTAK GSS,HAQMA, ASHRAFM, TAHIR GR, MARWAT
EUK. 2001. Detection of epistasis, and estimation of
additive and dominance components of genetic variation
for synchrony in pod maturity in mungbean (Vigna
radiata L.). Field Crops Res. 72(3):211-219. d0i:10.1016/
S0378-4290(01)00178-2.

KOKUBUN M, SHIMADA S, TAKAHASHI M. 2001. Flower
abortion caused by preanthesis water deficit is not
attributed to impairment of pollen in soybean. Crop Sci.
41(5):1517-1521. doi:10.2135/ cropsci2001.4151517x.

KRAMER PJ, BOYER ]JS. 1995. Water relations of plants and
soils. Cambridge (MA): Academic Press.

KRIEDEMANN PE. 1986. Stomatal and photosynthetic
limitations to leaf growth. Funct Plant Biol. 13:15-31.
d0i:10.1071 /PP9860015.

KUMAR RR, KARAJOL K, NAIK GR. 2011. Effect of
polyethylene glycol induced water stress on
physiological and biochemical responses in pigeonpea
(Cajanus cajan L. Millsp.). Rec Res Sci Technol. 3(1):148—
152. https:/ /updatepublishing.com/journal/index.
php/rrst/article/view /565 /550.

KUMAR S, KAUR R, KAUR N, BHANDHARI K, KAUSHAL
N, GUPTA K, BAINS TS, NAYYAR H. 2011. Heat-stress
induced inhibition in growth and chlorosis in mungbean

| Philipp Agric Scientist (2024)107(4):366-378 376



Cluster Heatmap Analysis of Drought Tolerance in Mung Bean

(Phaseolus aureus Roxb.) is partly mitigated by ascorbic
acid application and is related to reduction in oxidative
stress. Acta Physiol Plant. 33:2091-2101. doi:10.1007/
s11738-011-0748-2.

LEVITT ]. 1980. Response of plants to environmental stress:
chilling, freezing, and high temperature stress. 2"
edition. New York: Academic Press.

LIU F, ANDERSEN MN, JENSEN CR. 2003. Loss of pod set
caused by drought stress is associated with water status
and ABA content of reproductive structures in soybean.
Funct Plant Biol 30(2):271-280. doi:10.1071/FP02185.

LIUE ANDERSEN MN, JENSEN CR. 2004. Root signal controls
pod growth in drought-stressed soybean during the
critical, abortion-sensitive phase of pod development.
Field Crops Res. 85(2-3):159-166. doi:10.1016/S0378-
4290(03)00164-3.

LIU Y, ZHANG X, TRAN H, SHAN L, KIM J, CHILDS K,
ERVIN EH, FRAZIER T, ZHAO B. 2015. Assessment of
drought tolerance of 49 switchgrass (Panicum virgatum)
genotypes using physiological and morphological
parameters. Biotechnol Biofuels. 8:152. doi:10.1186/
s13068-015-0342-8.

LOPES MS, ARAUS JL, VAN HEERDEN PDR, FOYER CH.
2011. Enhancing drought tolerance in C4 crops. ] Exp
Bot. 62(9):3135-3153. doi:10.1093 /jxb/err105.

MATHUR N, VYAS A. 1995. I. Influence of VA mycorrhizae
on net photosynthesis and transpiration of Ziziphus
mauritiana.] Plant Physiol. 147(3-4):328-330. d0i:10.1016 /
S0176-1617(11)82161-9.

MENDIBURU FD. 2023. Agricolae: statistical procedures for
agricultural research. https://cran.r-project.org/web/
packages/agricolae/agricolae.pdf.

MICHAEL AM. 1978. Irrigation theory and practice. New
Delhi (India): Vikas Publishing.

MIRZAEI A, NASERI R, VAFA P. MORADI M. 2014. Effects of
drought stress on qualitative and quantitative traits of
mungbean. Int ] Agr Biosyst Sci Eng. 8(2):83-87. https:/ /
www.researchgate.net/publication/287986477_Effects_
of_Drought_Stress_on_Qualitative_and_Quantitative_
Traits_of_Mungbean.

MOHAMMADZADEH A, MAJNOONHOSEINI N,
MOGHADDAM H, AKBARI M. 2011. The effect of
various water stress and nitrogen levels on the yield and
yield components in red beans genotype. ] Agric Sci.
43:29-38.

NAZARI L, PAKNIYAT H. 2010. Assessment of drought

377 | Philipp Agric Scientist (2024)107(4):366-378

Md. Rafiqul Islam et al.

tolerance in barley genotypes. ] Appl Sci. 10(2):151-156.
https:/ /www.researchgate.net/publication /42586801 _
Assessment_of_Drought_Tolerance_in_Barley_
Genotypes.

NIELSEN DC, NELSON NO. 1998. Black bean sensitivity to
water stress at various growth stages. Crop Sci. 38(2):422—
427. d0i:10.2135/ cropsci1998.0011183X003800020025x.

NUNEZ BARRIOS A. 1991. Effect of soil water deficits on
the growth and development of dry beans (Phaseolus
vulgaris L.) at different stages of growth [dissertation].
East Lansing (MI): Michigan State University.

PANDEY RK, HERRERA WAT, PENDELTON JW. 1984.
Drought of grain legumes under irrigation gradient: I.
Yield and yield components. Agron J. 76(4):549-553.
doi:10.2134 /agronj1984.00021962007600040009x.

[PRC-RARS] and Regional
Agricultural Research Center. 2014. Annual research
report for 2013-14. Ishwardi, Pabna, Bangladesh:
Bangladesh Agricultural Research Institute.

Pulses Research Center

R CORE TEAM. 2016. R: a language and environment for
statistical computing. https://www.r-project.org/.

RAINEY KM, GRIFFITHS PD. 2005. Inheritance of heat
tolerance during reproductive development in snap bean
(Phaseolus wvulgaris L.). ] Am Soc Hortic Sci. 130(5):700—
706. doi:10.21273 /JASHS.130.5.700.

RAMOS MLG, GORDON AJ, MINCHIN FR, SPRENT ]I,
PARSONS R. 1999. Effect of water stress on nodule
physiology and biochemistry of a drought tolerant
cultivar of common bean (Phaseolus vulgaris L.). Ann Bot-
London. 83(1):57-63. d0i:10.1006 /anbo.1998.0792.

RICCIARDI L, POLIGNANO GB, GIOVANNI CDE. 2001.
Genotypic response of faba bean to water stress.
Euphytica. 118:39—46. doi:10.1023/ A:1004078017159.

ROSALES-SERNA R, KOHASHI-SHIBATA ], ACOSTA-
GALLEGOS JA, TREJO-LOPEZ C, ORTIZ-CERECERES
J, KELLY JD. 2004. Biomass distribution, maturity
acceleration and yield in drought-stressed common bean
cultivars. Field Crops Res. 85(2-3):203-211. doi:10.1016/
S0378-4290(03)00161-8.

SAKINAH AIl, MUSA Y, FARID M, ANSHORI ME
ARIFUDDIN M, LARASWATI AA. 2021. Cluster
heatmap for screening the drought tolerant rice through
hydroponic culture. IOP Conf Ser: Earth Environ Sci.
807:042045. d0i:10.1088,/1755-1315/807 /4 /042045.

SAMINATHAN B. 2013. Effect of chromium studies on
germinationandbio chemical contentofblack gram (Vigna

https://pas.uplb.edu.ph



Cluster Heatmap Analysis of Drought Tolerance in Mung Bean

mungo (L.) Hepper.). Int J Adv Res. 1(7):216-222. https:/ /
www.journalijar.com/uploads/2013-10-03_140503_388.
pdf.

SARKER A, ERSKINE W, SINGH M. 2005. Variation in shoot
and root characteristics and their association with
drought tolerance in lentil landraces. Genet Resour Crop
Ev. 52:89-97. d0i:10.1007 /s10722-005-0289-x.

SARKARM, DATTAS, KUNDAGRAMIS. 2017. Global climate
change and mung bean production: a roadmap towards
future sustainable agriculture. In: Pandey D, Sarkar A,
editors. Sustaining future food security in changing
environments. Nova Science Publishers, Inc. New York.
pp- 99-119. http:/ /hdl.handle.net/20.500.11937 /62414.

SHARMA SN, PRASAD R. 1999. Effects of Sesbania green
manuring and mungbean residue incorporation of
productivity and nitrogen uptake of a rice-wheat
cropping system. Bioresource Technol. 67(2):171-175.
doi:10.1016/50960-8524(98)00101-1.

SHARP RE, POROYKO V, HEJLEK LG, SPOLLEN WG,
SPRINGER GK, BOHNERT HJ, NGUYEN HT. 2004. Root
growth maintenance during water deficits: physiology
to functional genomics. ] Exp Bot. 55(407):2343-2351.
doi:10.1093/jxb /erh276.

SIMSEK M, COMLEKCIOGLU N, OZTURK I. 2011. The
effects of the regulated deficit irrigation on yield and
some yield components of common bean (Phaseolus
vulgaris L.) under semi-arid conditions. Afr ] Biotechnol.
10(20):4057-4064. d0i:10.5897 / A]B10.2012.

SINGH V, BELL M. 2021. Genotypic variability in architectural
development of mungbean (Vigna radiata L.) root systems
and physiological relationships with shoot growth
dynamics. Front Plant Sci. 12:725915. doi:10.3389/
fpls.2021.725915.

SINHA SK. 1997. Food legumes: distribution adaptability
and biology of yield. Rome (Italy): Food and
Agriculture Organization of the United Nations. Plant
production and protection paper no. 3. https://www.
echocommunity.org/en/resources/eb81ddfc-1b56-
4e54-872b-67d9167c606f.

SURESH K, BHADAURIA HS, RAVINDRA BABU Y, SATISH
K. 2015. Drought-induced changes in root and shoot
growth of pigeonpea [Cajanus cajan (L.) Millspaugh]. Int
J Trop Agric. 33(4):1-4. https:/ /www.researchgate.net/
publication/289533405_Drought-induced_Changes_
in_Root_and_Shoot_Growth_of_Pigeonpea_Cajanus_
cajan_L_Millspaugh.

https://pas.uplb.edu.ph

Md. Rafiqul Islam et al.

SWATHI L, REDDY DM, SUDHAKAR P, VINEELA V. 2017.
Screening of mungbean (Vigna radiata L. Wilczek)
genotypes against water stress mediated through
polyethylene glycol. Int J Curr Microbiol App Sci.
6(10):2524-2531. doi:10.20546/ijcmas.2017.610.296.

TERAN H, SINGH SP. 2002. Comparison of sources and lines
selected for drought resistance in common bean. Crop
Sci. 42(1):64-70. doi:10.2135/ cropsci2002.6400.

THALOOTH AT, TAWFIK MM, MOHAMED HM. 2006. A
comparative study on the effect of foliar application
of zinc, potassium and magnesium on growth, yield
and some chemical constituents of mungbean plants
grown under water stress conditions. World ] Agric
Sci. 2(1):37-46. https:/ /www.researchgate.net/
publication/26433588_A_Comparative_Study_on_the_
Effect_of_Foliar_Application_of_Zinc_Potassium_and_
Magnesium_on_Growth_Yield_and_Some_Chemical_
Constituents_of_Mungbean_Plants_Grown_under_
Water_Stress_Conditions.

UDDIN S, PARVIN S. 2013. Yield performance of mungbean
(Vigna radiata L.) as influenced by irrigation. Int ]
Agron Plant Prod. 4(S):3659-3667. https://www.
cabidigitallibrary.org/doi/pdf/10.5555/20143088461.

VADEZ V, RAO S, KHOLOVA J, KRISHNAMURTHY L,
KASHIWAGI ], RATNAKUMAR P, SHARMA KK,
BHATNAGAR-MATHUR, P, BASU PS. 2008. Root
research for drought tolerance in legumes: quo vadis?.
J Food Leg. 21(2):77-85. https:/ / oar.icrisat.org/1409/1/
JouOfFoodLeg21_2_77-85__2008.pdf.

VARMA PN. 2016. Studies on yield and stress tolerance in
green gram [master’s thesis]. Bhubaneswar (India):
Odisha University of Agriculture and Technology.

WASAYA A, ZHANG X, FANG Q, YAN Z. 2018. Root
phenotyping for drought tolerance: a review. Agronomy:.
8(11):241. doi:10.3390/agronomy8110241.

| Philipp Agric Scientist (2024)107(4):366-378 378



