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Abstract: Drought stress provokes plants to change their growth pattern and biochemical contents
to overcome adverse situations. Soybean was grown under 40 (drought) and 80% (control) of field
capacity (FC) to determine the morpho-physiological and biochemical alterations that occur un-
der drought conditions. The experiment was conducted following a randomized complete block
design with three replications. The results showed that drought exerted detrimental effects on
photosynthetic attributes, leaf production, pigment and water content, plant growth, and dry mat-
ter production of soybean. However, drought favored producing a higher amount of proline and
malondialdehyde in soybean leaf than in the control. The pod and seed production, grain size,
and seed yield of soybean were also adversely affected by the drought, where genotypic variations
were conspicuous. Interestingly, the studied morpho-physiological and biochemical parameters of
AGS383 were minimally affected by drought. This genotype was capable of maintaining healthier
root and shoot growth, greater leaf area, preserving leaf greenness and cell membrane stability, higher
photosynthesis, absorbing water and sustaining leaf water potential, and lower amount of proline
and malondialdehyde production under drought conditions. The heavier grains of AGS383 make
it out yielder under both growth conditions. Considering the changes in morpho-physiological,
biochemical, and yield contributing parameters, the genotype AGS383 could be cultivated as
a relatively drought-tolerant, high-yielding soybean variety. Further study is needed to uncover the
genes responsible for the adaptation of AGS383 to drought-stress environments, and this genotype
might be used as parent material in a breeding program to develop a high-yielding, drought-tolerant
soybean variety.

Keywords: chlorophyll; photosynthesis; proline; seed yield; stomatal conductance

1. Introduction

Soybean [Glycine max (L.) Merr.] seeds are an important source of protein, folic
acid, vitamins, and minerals [1–6]. The wide adaptability of this crop makes it popular
worldwide and its cultivation is increasing gradually. Annually, the majority of the world’s
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soybeans are produced in the USA, while a large percentage of soybean is also produced in
Sub-Saharan Africa, Brazil, and Nigeria [7].

This crop has been cultivated since the early 1970s in Bangladesh by the Mennonite
Central Committee; recently, the cultivation of soybean has been extended dramatically
from only 5000 ha in 2005 [8] to 62,508.50 ha in 2018–2019 [9]. The consciousness about the
high protein and nutrient content of soybean is increasing day by day [10,11]. Bangladesh
has achieved almost self-sufficiency in cereal production, though the levels of malnutrition
among children, adolescents, and women are amongst the highest in the world. Plants
are natural sources of biochemicals with numerous phenolics, antioxidants, vitamins,
flavonoids, minerals, numerous pigments, dietary fiber, protein, and carbohydrates [12–17].
Due to the high protein, oil, carbohydrate, sugar, dietary fiber, vitamin, and mineral content
of soybean, it can be a good candidate crop for improving the nutrition of Bangladeshi
people. Moreover, the isoflavones present in soybean seeds are beneficial for decreasing
certain cancers, osteoporosis, cardiovascular diseases, and menopausal symptoms.

Three planting times may be recommended for soybean cultivation in Bangladesh,
namely Rabi (started in mid-October and ended in mid-March), Kharif 1 (started in mid-
March and ended in mid-July), and Kharif 2 (started in mid-July and ended in mid-October).
However, most of the lands remain occupied with Aman rice in Kharif 2, while during
Rabi, the land is used for growing winter crops. Therefore, Kharif 1 season may be a good
option for growing soybean when only a few field crops are grown. However, it is difficult
to harvest good crops in Kharif 1 season due to the shortage of water and prevailing high
temperature. Another option to increase soybean production is to intensify its cultivation
in char lands (land of a riverbank or any accretion in a river course or estuary), which
comprised one million hectares. The soils of char lands are sandy or silty loam with low
moisture-holding capacity. There is minimum crop diversity in chars compared to that of
the mainland [18]. Moreover, there is no good variety of soybeans developed so far for the
Kharif 1 season, and no significant attempt has been taken to include soybean in Kharif 1
for fitting into a rice-cropping pattern in the drought-prone areas.

Drought, a shortage of water in the plant root zone, is the most significant abiotic
stress affecting food production and security worldwide [19]. It hampers farming, and
changes the morphology of the plants, reducing seed quality and quantity [20,21]. Drought
affects the physiological processes of plants that are related to crop growth, development,
and economic yield [22–24]. Drought stress reduces the production of crops [25] by creating
osmotic stress [26,27] and reactive oxygen species (ROS) [28], which eventually generate
oxidative damage and change numerous physiological and biochemical activities such as
membrane, DNA, and protein damages, nutrient imbalance [29,30], and diminution in
photosynthetic rates and changes color pigments [31–33]. Plant cells lose their turgidity,
which hampers cell enlargement and plant growth under drought conditions [34]. The most
important physiological process of photosynthesis (Pn) reduces under drought conditions
resulting in decreased productivity of plants [35]. Further, it also decreases the leaf area
index (LAI) in various crops [36]. Reduction in LAI causes lower Pn in plants leading to
less dry matter (DM) production. Reduction in plant growth, leaf size, root, and stem DM is
a common phenomenon when plants are exposed to drought at any growth stage. Moreover,
plants are severely affected when water stress occurs at the reproductive stages rather than
at the vegetative stage [37]. Moradi et al. [38] stated that drought during reproductive stages
significantly reduced flower and pod numbers, and consequently, crop yield. To mitigate
stresses, the plant has enhanced both enzymatic and non-enzymatic antioxidants, such as
tocopherols, betalain, ascorbic acids, carotenoids, betacyanin, betaxanthin, chlorophyll a
(Chl a), Chl b, beta-carotene, phenolic and flavonoids [39–45] and detoxify the ROS. Under
drought conditions, grain yield could be considered as suitable criteria for the selection of
drought tolerant variety. The varieties that perform better in terms of yield loss in drought
conditions could be considered drought tolerant.

The crop damage due to environmental stress, i.e., drought and high temperature, dif-
fers among crop species and within the genotypes of a single species. Several physiological



Sustainability 2023, 15, 1427 3 of 19

changes occur during the prevailing stress; notably, changes in water relations, biochemical
and enzymatic activities, etc. [46,47]. According to Zlatev and Lindon [48], the effect of
drought is perceived in the decrease in growth and photosynthetic carbon assimilation.
The changes in plant water content, physiological process, and biochemical attributes of the
cell are the common changes during drought. However, changes in membrane structure
and ultrastructure of subcellular organelles are also fundamental changes that occur under
drought stress [49]. Moreover, those changes are situation-specific and thus, it is necessary
to analyze those changes that occur in plants using a particular situation of environmental
stress to understand the mechanisms of stress tolerance of the particular crop. In this study,
the popular soybean varieties, including new lines, were cultivated under favorable as well
as drought conditions. The findings of the study will help to identify some mechanisms of
drought tolerance in soybean and identify some phenotypes tolerant under water-scarce
conditions. Understanding drought tolerance potential in the plant is crucial to facilitate
the genetic improvement of crop plants, especially for developing climate-smart crop
varieties [50,51]. Given the importance of soybean production under changing climatic
conditions, the specific objectives of this present study were (i.) to select drought-tolerant
soybean genotypes which can be grown under field conditions with less water, and (ii.) to
determine the effects of drought stress on various morpho-physiological and biochemical
properties, as well as the yield of soybean genotypes.

2. Materials and Methods
2.1. Experimental Site

Two experiments were carried out in the research field of Bangabandhu Sheikh Mujibur
Rahman Agricultural University (24◦09′ N and 90◦26′ E), Gazipur, Bangladesh. The soil
has low organic matter (1.5–2.0%) and the metrological data are shown in Table 1. The air
temperature and relative humidity were low in the early crop growth stage and increase
gradually from January to June (Table 1). Total monthly precipitation was minimal up to
March, but dramatically increases from April.

Table 1. Temperature, precipitation, and relative humidity of the research site during the
experiment period.

Months and Metrological Events January February March April May June

Year 1 (2015)
Average temperature (◦C) 18.5 21.0 25.3 27.4 29.0 30.8
Maximum temperature (◦C) 24.2 27.1 32.0 32.5 33.5 32.8
Minimum temperature (◦C) 12.8 14.9 18.1 23.3 24.5 26.8
Relative humidity (%) 85.0 75.9 71.7 81.6 83.4 84.8
Total precipitation (mm) 12.9 3.9 29.2 367.7 254.8 643.1

Year 2 (2018)
Average temperature (◦C) 16.9 22.2 26.4 26.7 27.5 30.1
Maximum temperature (◦C) 23.2 28.5 33.1 32.1 31.8 33.2
Minimum temperature (◦C) 10.7 15.9 19.6 21.3 23.3 27.0
Relative humidity (%) 87.9 84.5 84.3 85.0 87.6 85.3
Total precipitation (mm) 0.0 15.9 30.8 313.9 445.5 295.5

2.2. Experimental Treatment and Design

The land of the experimental field was prepared by plowing with a tractor and then
harrowing. At the final land preparation, nine soil samples were collected from 0–15 cm
depth of the experimental plot. A composite soil sample was prepared by mixing the
collected samples. The sample was air-dried, crushed, and passed through a 2 mm sieve.
The pH of the experimental soil was 6.1, soil organic matter was 1.20%, and total N
was 0.12%. The status of available P, exchangeable K, and available S were 6.33 µg g−1,
0.18 meq/100 g, and 12 µg g−1, respectively. The plot was fertilized with 55, 160, 110,
95, and 10 kg ha−1 urea, triple super phosphate, muriate of potash, gypsum, and zinc
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sulfate, respectively. All the fertilizers except half of the urea were applied as basal and
the remaining half of the urea was applied 30 days after sowing (DAS). The fertilizers
were uniformly incorporated into the plot before sowing seeds. The first experiment was
conducted in 2015, while the second one was in 2018. In the first experiment, 50 soybean
genotypes were used as planting material (Table 2) from which two genotypes (AGS383
and BD2336) were selected as drought tolerant and used in the second experiment. Seeds
of soybean were sown by hand in mid-January maintaining 30 cm from line to line and
5 cm from plant to plant spacing, and the crop was harvested in mid-April each year. In
both years, crops were grown in control (80% of field capacity, FC) and drought (40% FC)
conditions. The findings of our previous study showed that soybean cultivars used in this
experiment were tolerant up to 40% FC. BARI Soybean6 was used as a drought susceptible
check variety. Each experiment was laid out in a randomized complete block design with
three replications.

Table 2. Drought tolerance indexes of agronomic parameters in soybean under drought conditions.

Soybean Genotypes Plant Height Stem DM Pods Seeds 100-Seed Weight Grain Yield

G00001 0.71 0.68 0.83 0.81 0.95 0.85
G00006 0.92 0.81 0.93 0.89 0.86 0.83
G00008 0.73 0.44 0.60 0.54 0.99 0.57
G00009 0.95 0.93 0.89 0.83 0.88 0.64
G00010 0.75 0.53 0.68 0.63 0.97 0.75
G00011 0.71 0.75 0.78 0.75 0.81 0.61
G00012 0.83 0.60 0.81 0.72 0.95 0.79
G00013 0.76 0.62 0.74 0.70 1.01 0.73
G00017 0.78 0.69 0.72 0.67 0.96 0.71
G00018 0.82 0.57 0.78 0.73 0.96 0.77
G00025 0.62 0.56 0.70 0.63 0.97 0.66
G00037 0.83 0.70 0.90 0.85 0.94 0.89
G00043 0.66 0.70 0.77 0.76 0.94 0.79
G00046 0.85 0.90 0.96 0.90 0.97 0.94
G00051 0.72 0.66 0.85 0.79 0.92 0.81
G0055 0.86 0.68 0.89 0.79 0.93 0.82
G00075 0.73 0.64 0.77 0.72 0.86 0.67
G00112 0.93 0.86 0.88 0.83 0.94 0.89
G00135 0.70 0.42 0.61 0.50 0.91 0.50
G00152 0.73 0.62 0.71 0.67 0.87 0.54
G00154 0.74 0.49 0.69 0.65 0.76 0.44

BU Soybean1 0.72 0.60 0.70 0.67 0.97 0.65
G00168 0.74 0.70 0.66 0.56 0.96 0.67
G00170 0.66 0.48 0.55 0.48 0.87 0.40
G00196 0.82 0.68 0.85 0.83 0.97 0.84
G00197 0.62 0.39 0.74 0.66 0.98 0.63
G00209 0.97 0.94 0.99 0.93 0.93 0.79
G00246 0.71 0.62 0.76 0.69 0.95 0.79
G00341 0.69 0.68 0.78 0.72 0.94 0.74
G00352 0.74 0.56 0.57 0.55 0.96 0.62
G00354 0.69 0.61 0.86 0.70 0.99 0.90
BD2326 0.75 0.73 0.80 0.73 0.97 0.82
BD2329 0.82 0.73 0.94 0.80 0.99 0.87
BD2331 0.80 0.72 0.91 0.81 0.91 0.89
BD2333 0.73 0.53 0.69 0.59 0.97 0.61
BD2334 0.80 0.64 0.73 0.67 0.89 0.77
BD2336 0.94 0.82 0.90 0.87 1.04 0.88

BARI Soybean6 0.71 0.63 0.78 0.68 0.94 0.76
BD2350 0.80 0.64 0.84 0.80 0.91 0.81
AGS191 0.71 0.41 0.65 0.60 0.89 0.44
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Table 2. Cont.

Soybean Genotypes Plant Height Stem DM Pods Seeds 100-Seed Weight Grain Yield

AGS205 0.80 0.89 0.97 0.91 0.94 0.80
AGS313 0.76 0.73 0.95 0.88 0.87 0.93
AGS383 0.92 0.87 0.91 0.87 0.95 0.93

BARI Soybean5 0.78 0.76 0.78 0.67 0.96 0.78
BD2350 0.86 0.94 0.84 0.75 0.96 0.85

BGH2033 0.81 0.85 0.93 0.89 0.95 0.83
GMOT22 0.76 0.75 0.91 0.84 0.97 0.82

PK262 0.78 0.80 0.89 0.80 0.94 0.85
PK472 0.81 0.70 0.94 0.91 0.97 0.89
Shohag 0.81 0.81 0.80 0.78 0.95 0.81

DM = dry matter.

2.3. Water Stress Imposition

Light irrigation was given after the sowing of soybean seeds. Most of the seedlings
emerged within 3–4 DAS. Excess seedlings were thinned out after one week of emergence.
Regular irrigation was applied with a hosepipe attached to a water tape both in control
and drought plots up to the trifoliate stage (15 DAS) of soybean for seed germination and
establishment of the young seedling. Drought treatments were imposed after the trifoliate
stage of the crop. One day before treatment imposition, irrigation was applied to each
plot to maintain the soil moisture content of all plots equally. Water stress condition was
induced by withholding water until the wilting symptom was observed in plants. The
wilting symptom in plants was visually observed every day.

To maintain 40% of FC, water was applied in each plot at the first appearance of
wilting symptoms in plants. In general, water was applied after 3–5 days of the previous
application. Before applying water, soil moisture content was measured using a soil
moisture meter. During soil moisture content, 15 cm soil depth was considered. The soil of
the experimental plot contains 30% soil moisture at FC. Thus, about 12% of soil moisture
content was ensured through irrigation for maintaining 40% FC of the experimental soil.
In the control treatment, water was applied to ensure 80% of FC by maintaining 24% soil
moisture in the experimental plot.

2.4. Intercultural Operation and Harvesting Crops

Weeding and other cultural operations were done uniformly for the proper growth of
the crop. Plant protection measures were taken by spraying admire @ 0.5 mL L−1 (Syngenta,
Dhaka, Bangladesh). The crop was harvested when the plants attained full maturity.

2.5. Sampling and Data Collection

Data were collected on plant height, stem DM, and yield attributes from ten plants,
and means were determined. Data were collected from the center of each plot to maintain
data accuracy. For growth and DM, estimation sampling was done at 30 and 60 DAS.
Five plants from each plot were sampled at the base. The plant parts were segmented into
different components, such as leaf, root, nodule, stem, pod, and seed. The plant height was
measured by a measuring scale (100 cm). The height was measured from the base of the cut
plants to the tip of the shoot and the height of five plants was averaged. The total leaves of
the collected five plants were counted and averaged for leaves plant−1. The leaf area was
measured by an automatic leaf area meter (model: AAM-8, Hayashi Denko, Tokyo, Japan).
To record DM of leaf, nodule, stem, and root, the plant parts were dried at 70 ◦C for 72 h.

2.6. Estimation of Proline and Malondialdehyde

Proline and malondialdehyde (MDA) content in the leaf of all soybean varieties grown
in two water regimes was estimated at 60 DAS [26]. Leaves were collected from each plot
and immediately kept in an ice bag and brought to the laboratory. The 0.5 g of fresh weight
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(FW) of the leaf was taken for proline estimation and subsequently, proline was estimated.
At first, a 0.5 g leaf sample was homogenized in 5 mL of 6% aqueous sulfosalicylic acid and
centrifuged for 20 min at 4000 rpm. Two (2) mL supernatant was taken in a test tube with
2 mL of acid ninhydrin and 2 mL of glacial acetic acid and covered tightly with aluminum
foil. The test tube was heated at 100 ◦C for 30 min and the reaction was terminated in an ice
bath for 15 min. The reaction mixture was added with 4 mL toluene and mixed vigorously
for 15–20 s. Keeping at room temperature for 10 min, the toluene layer was separated and
absorbance was measured at 520 nm using a toluene blank. The proline concentration was
determined from the standard curve and calculated on an FW basis as follows:

Proline (µg g−1 FW) =
(µg mL−1 proline× vol. of toluene× vol. of salfosalicylic acid)

0.5 g sample× 115.13 µg mole−1

For MDA estimation, 0.5 g of fresh leaves are homogenized in 3 mL 5% trichloroacetic
acid solution. The homogenate was centrifuged for 15 min at 15,500× g at 4 ◦C. Then,
1 mL supernatant was added with 4 mL reaction mixture to the test tube and heated at
95 ◦C for 30 min in a water bath. After cooling down, the solution was centrifuged again at
15,500× g for 10 min. Finally, the absorbance of the colored supernatant was measured at
532 nm and 600 nm. The MDA content was calculated on an FW basis as follows:

MDA (nanomoles g−1 FW) = [{(A532 — A600)/155} × 103 × dilution factor]/0.5

where A532 = Absorbance reading at 532 nm, A600 = Absorbance reading at 600 nm. The
MDA concentration is calculated using the Lambert-Beer law with an extinction coefficient
εM = 155 mM−1 cm−1.

2.7. Determination of Chlorophyll Content

At 60 DAS, Chl was determined on an FW basis extracted with 80% acetone using
a double-beam spectrophotometer [30]. The formulae for computing Chl a, b and total
Chl were—

Chl a (mg g−1 FW) = [12.7(D663) — 2.69(D645)] × [V/1000 ×W]

Chl b (mg g−1 FW) = [22.9 (D645) — 4.68(D663)] × [V/1000 ×W]

Total Chl (mg g−1 FW) = [20.2(D645) + 8.02(D663)] × [V/1000 ×W]

where D (663, 645) = Optical density of the Chl extract at a wavelength of 663 and 645 nm,
respectively. V = Final volume (mL) of the 80% acetone with Chl extract and W = Weight of
fresh leaf sample in g.

2.8. Measurement of Photosynthetic Traits

Photosynthetic traits such as Pn, transpiration rate (Tr), stomatal conductance (Gs),
and leaf temperature were measured on young, fully expanded leaves in the same position
on 60 DAS at full sunshine. The measurement was taken using a portable Pn system
(Li-COR-LI-6400) assembled with an infra-red gas analyzer (Li-COR-LI-6250).

2.9. Estimation of Water-Related Parameters

The FW, turgid weight (TW), dry weight (DW), and area of leaves were recorded at
each sampling time. The segmented plant parts were then dried in an oven at 70 ◦C for
72 h and weighed. Relative water content (RWC) was measured using fully expanded
leaves of each variety under both control and water deficit condition. Immediately after
cutting at the base of the lamina, leaves were sealed within plastic bags and kept in the ice
box and quickly transferred to the laboratory. The FW of the leaf from each treatment was
recorded just after removal. The TW was obtained after soaking leaves in distilled water
in beakers for 24 h at room temperature and under low light conditions in the laboratory.
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After soaking, leaves were quickly and carefully blotted and dried with tissue paper for
determining TW. The DW of the leaf was obtained after oven drying the leaf samples for
72 h at 70 ◦C. The RWC was calculated in the following equation.

RWC =
FW−DW
TW−DW

× 100

Water saturation deficit (WSD), water retention capacity (WRC), and water uptake
capacity (WUC) were calculated as follows according to Sangakkara et al. [52].

WSD =
TW− FW
TW−DW

× 100

WRC =
FW
DW

WUC =
FW−DW

DW
The plant growth rate (PGR) was calculated by the following formula as

PGR =
W2 −W1

T2 − T1
g plant−1 day−1

where W1 = DW at time T1 (30 DAS) and W2 = DW at time T2 (60 DAS).
Ten plants from each plot were sampled randomly for collecting yield component data.

All pods of collected plants were counted and averaged. Pods having at least one seed
were considered in this measurement. The seeds of the collected pods were separated
and counted to determine seeds plant−1. After counting the seeds, weight was taken to
determine the 100-seed weight. Plants from a 4.5 m−2 area were harvested for taking yield
data at harvest. The plant was cut at the soil surface level. Threshing, cleaning, and drying
of seeds were done separately and the weight of seeds was recorded plot-wise and adjusted
at 12% moisture content.

2.10. Data Analysis

Comparison of genotypes based on a single morphological character is often inaccurate,
artificial, and cumbersome, especially when a large number of genotypes and multiple
characters for each genotype must be screened. However, using cluster analysis, genotypes
can be scored on multiple parameters simultaneously. In the first experiment, all the
collected data were converted to relative values, i.e., drought tolerance indexes before
cluster analysis. The drought tolerance index was defined as the observations under
drought divided by the means of the controls. Cluster analysis followed the methods
described by Khrais et al. [53]. Cluster group rankings were obtained based on Ward’s
minimum variance cluster analysis on the means of the drought tolerance indexes for
four parameters, i.e., stem DM per plant, pods per plant, seeds per plant, and seed yield.
The cluster groups were identified in dendrograms. The cluster group rankings were
obtained from the averages of means over multiple parameters in each cluster group, i.e.,
cluster mean, in order from highest to lowest averages. A sum was obtained by adding the
numbers of cluster group ranking at each drought level in each genotype. The genotypes
were finally ranked based on the sums so that those with the smallest sums were ranked as
the most tolerant and those with the largest sums were ranked as the least tolerant in terms
of relative drought tolerance. The collected data were analyzed location-wise each year.
The ANOVA of different responses within the location was performed with the computer
software package Crop Stat, version 7.2 [54]. The pairwise treatments mean was compared
with t statistics at p < 0.05. Graphical analyses were done using Excel software (Microsoft
Corporation, Redmond, WA, USA).
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3. Results and Discussion
3.1. Selection of Drought-Tolerant Soybean Genotypes

Generally, relative drought tolerance in terms of plant height, shoot DM produc-
tion, seeds, pod production, and grain yield parameters varied among genotypes in 2015
(Table 2). Among the soybean genotypes, the drought tolerance indices of plant height
ranged from 0.62 to 0.95 under drought conditions. Similarly, the drought indices of the
genotypes varied from 0.60 to 0.94 for stem DM, 0.60 to 0.99 for pods per plant, 0.50 to
0.93 for seeds per plant, and 0.44 to 0.94 for grain yield (Table 2). In the analysis of the
relationships between seed yield and the other parameters, stem DM, pods, and seeds per
plant contributed the most variation to seed yield when data from all genotypes were com-
bined (Table 3). Based on simultaneous analysis of the means of drought tolerance indices
in stem DM, pods, and seeds per plant using Ward’s minimum variance cluster analysis,
the genotypes were divided into five cluster groups in drought treatments (Table 4). In
the first study in 2015, the morpho-physiological and yield-contributing traits that con-
tribute to drought tolerance were determined. Fifty soybean genotypes were subjected to
drought during the first experimentation. The effects of drought on tested genotypes were
compared with the control treatment. Plant elongation, DM accumulation, and yield and
yield components were studied, which were negatively affected due to water stress. Stem
DM yield, pods, and seeds-production plant−1 were the most important yield-contributing
characteristics. These parameters were determined to be the most drought-sensitive that
caused yield loss in soybean (Table 3). From the first trial, two genotypes, BD2336 and
AGS383, were identified as the most drought tolerant while G00012 and BARI Soybean6
were the most drought-susceptible genotypes. The tolerant genotypes were (AGS383 and
BD2336) included as planting materials in the second experiment in 2018.

Table 3. Relationship between grain yield and other agronomic parameters under drought condi-
tions based on a stepwise analysis. Regression equation determined by stepwise analysis: Grain
yield = −2.15 + 0.85 (stem dry weight per plant) + 0.51 (pods per plant) + 0.31 (seeds per plant) + 0.24
(100-seed weight).

Relationship to Grain Yield Stem DM Pods Seeds 100-Seed Weight

Correlation (r2) 0.84 0.71 0.75 0.11
Partial regression coefficient (r) 0.87 0.63 0.16 0.07

DM = dry matter.

Table 4. Ranking of soybean genotypes for relative drought tolerance based on yield components
and grain yield in a cluster analysis.

Soybean Genotypes
Cluster Group Ranking a Based on

Rank Sum b Genotypes Ranking c

Stem DM Pods Seeds Grain Yield

BD2336 1 1 1 1 4 1
AGS383 1 1 1 1 4 1
G00046 1 2 1 1 5 2
G00006 1 2 1 2 6 3
G00112 1 1 3 1 6 3
AGS205 1 2 1 2 6 3

BGH2033 1 2 1 2 6 3
PK262 1 1 3 2 7 4

AGS313 4 2 1 1 8 5
PK472 4 2 1 1 8 5
G00009 1 1 3 4 9 6
G00037 4 1 3 1 9 6
G00209 1 2 1 5 9 6
BD2331 4 1 3 1 9 6
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Table 4. Cont.

Soybean Genotypes
Cluster Group Ranking a Based on

Rank Sum b Genotypes Ranking c

Stem DM Pods Seeds Grain Yield

BD2350 1 1 5 2 9 6
G00001 4 1 3 2 10 7
G00008 2 3 2 3 10 7
G0055 4 1 3 2 10 7

G00135 2 3 2 3 10 7
G00196 4 1 3 2 10 7
BD2329 4 2 3 1 10 7

GMOT22 4 1 3 2 10 7
G00051 5 1 3 2 11 8
G00170 3 3 2 3 11 8
G00354 5 1 4 1 11 8
BD2350 5 1 3 2 11 8
Shohag 1 5 3 2 11 8
G00352 3 3 2 4 12 9
AGS191 2 4 4 3 13 10
G00154 3 4 4 3 14 11
G00168 4 4 2 4 14 11
G00197 2 4 4 4 14 11
G00025 3 4 4 4 15 12
BD2333 3 4 4 4 15 12
G00010 3 4 4 5 16 13
G00152 5 4 4 3 16 13
BD2326 4 5 5 2 16 13
G00013 5 4 4 5 18 14
G00017 4 4 4 5 17 14
G00018 3 5 5 5 18 14

BU Soybean-1 5 4 4 4 17 14
G00011 4 5 5 4 18 15
BD2334 5 4 4 5 18 15

BARI Soybean5 4 5 4 5 18 15
G00043 4 5 5 5 19 16
G00075 5 5 5 4 19 16
G00246 5 5 4 5 19 16
G00341 4 5 5 5 19 16

BARI Soybean6 5 5 4 5 19 16
G00012 5 5 5 5 20 17

a Cluster groups were obtained from Ward’s minimum variance analysis of the drought tolerance indexes based
on yield and yield components. The genotypes were divided into five cluster groups. The cluster group rankings
were obtained from cluster means in the order from the highest to the lowest cluster means. b Sums were obtained
from the cluster group rankings by adding the ranking numbers in each genotype. c Cultivars were finally ranked
based on the sums with the smallest sum being the most relatively tolerant. DM = dry matter.

3.2. Morphological Responses of Selected Soybean Genotypes to Water Deficit

In 2018, the plant height of soybean genotype BD2336 was 40.5 and 66.3 cm in control,
which decreased to 37.3 and 59.7 cm in drought stress on 30 and 60 DAS, respectively
(Table 5). A similar trend was also true for the other two genotypes. The water deficit
caused a decrease in the number, area, and DM production of leaves to a large extent. On
30 DAS, BD2336 produced 41 leaves with 603.33 cm2 area and 4.34 g plant−1 dry mass in
control, which decreased to 38 leaves with 445 cm2 area and 3.62 g plant−1 DM in drought
conditions. AGS3838 and BARI Soybean6 also followed a similar trend regarding leaf
number, area, and DM production. However, BD2336 was less affected by drought in
nodule production compared to the other two genotypes. Water stress decreased stem
and whole plant biomass to a large extent. When compared to the other two genotypes,
AGS383 showed better morphological growth, and BARI Soybean6 was severely affected
by drought stress.
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Table 5. Effect of drought on the growth of soybean at 30 and 60 DAS.

Soybean Genotypes
30 DAS 60 DAS

Control Drought Control Drought

Plant height (cm)
BD2336 40.5 ± 1.2 a 37.3 ± 2.1 a 66.3 ± 2.1 a 59.7 ± 1.7 a
AGS383 23.4 ± 1.1 b 21.5 ± 1.5 b 41.8 ± 2.4 b 35.5 ± 1.6 b

BARI Soybean6 21.2 ± 2.2 b 16.7 ± 1.1 c 39.6 ± 2.3 b 30.8 ± 1.7 c
Leaves plant−1

BD2336 41 ± 3.2 38 ± 2.8 76 ± 6.2 63 ± 3.6
AGS383 37 ± 4.0 31 ± 3.7 60 ± 5.5 61 ± 5.2

BARI Soybean6 45 ± 2.7 39 ± 3.7 76 ± 4.5 56 ± 4.1
Leaf area plant−1 (cm2)

BD2336 603.3 ± 33 a 445.0 ± 45 bc 1538.3 ± 84 a 1476.7 ± 52 a
AGS383 573.0 ± 38 b 380.7 ± 22 c 1650.0 ± 76 a 859.3 ± 35 bc

BARI Soybean6 600.7 ± 62 a 443.3 ± 43 bc 1014.3 ± 66 b 677.3 ± 44 c
Leaf dry matter plant−1 (g)

BD2336 4.3 ± 0.35 a 3.6 ± 0.37 b 16.3 ± 1.3 a 12.8 ± 1.3 c
AGS383 4.8 ± 0.38 a 2.9 ± 0.32 c 18.4 ± 1.1 a 11.8 ± 1.7 cd

BARI Soybean6 4.7 ± 0.45 a 3.6 ± 0.31 b 14.4 ± 1.9 bc 10.7 ± 1.5 d
Nodules plant−1

BD2336 15 ± 6.6 b 17 ± 3.3 b 65 ± 15 bc 40 ± 16 d
AGS383 21 ± 4.4 a 8 ± 5.1 c 120 ± 18 a 50 ± 15 c

BARI Soybean6 18 ± 3.3 b 15 ± 4.2 b 81 ± 11 b 48 ± 12 c
Nodule dry matter plant−1 (g)

BD2336 0.05 ± 0.05 0.06 ± 0.02 0.53 ± 0.2 0.51 ± 0.3
AGS383 0.11 ± 0.03 0.04 ± 0.03 1.29 ± 0.3 0.71 ± 0.2

BARI Soybean6 0.06 ± 0.02 0.06 ± 0.01 0.88 ± 0.2 0.59 ± 0.4
Root dry matter plant−1 (g)

BD2336 1.2 ± 0.12 1.3 ± 0.16 4.3 ± 0.42 a 2.4 ± 0.33 b
AGS383 1.3 ± 0.15 1.04 ± 0.11 4.8 ± 0.48 a 3.8 ± 0.49 a

BARI Soybean6 1.6 ± 0.11 1.15 ± 0.10 3.5 ± 0.52 a 2.8 ± 0.51 b
Stem dry matter plant−1 (g)

BD2336 5.16 ± 0.34 a 4.25 ± 0.31 bc 28.9 ± 2.2 a 20.2 ± 1.1 b
AGS383 5.29 ± 0.22 a 3.40 ± 0.19 d 27.4 ± 2.9 a 18.4 ± 1.0 b

BARI Soybean6 4.92 ± 0.26 b 4.09 ± 0.22 c 19.3 ± 2.8 b 13.9 ± 1.2 c
Whole plant dry matter plant−1 (g)

BD2336 10.8 ± 0.75 9.2 ± 0.31 50.0 ± 4.3 b 38.4 ± 5.3 d
AGS383 11.5 ± 0.59 7.4 ± 0.65 57.8 ± 5.1 a 40.8 ± 6.8 c

BARI Soybean6 11.4 ± 0.38 8.9 ± 0.63 46.9 ± 4.8 bc 35.7 ± 3.7 d
Root: shoot

BD2336 0.24 ± 0.02 0.30 ± 0.03 0.15 ± 0.01 0.12 ± 0.02
AGS383 0.24 ± 0.03 0.31 ± 0.02 0.18 ± 0.02 0.21 ± 0.01

BARI Soybean6 0.34 ± 0.02 0.28 ± 0.01 0.18 ± 0.01 0.20 ± 0.01

Data are means ± standard error of three replications. Figures with similar letters did not differ significantly at
p < 0.05 level.

Water deficit-seized plant growth compared to control in all genotypes (Figure 1). The
PGR of BD2336, AGS383, and BARI Soybean6 were 1.2, 1.4, and 1.1 g plant−1 day−1 in
the control, which reduced to 0.88, 1.01, and 0.81 g plant−1 day−1 in drought conditions,
respectively. The genotype AGS383 showed faster growth than the other two genotypes.

Plant elongation, DM accumulation, and yield and yield components were studied
which were negatively affected due to drought. Stem DM yield, pods, and seeds production
per plant were the most important yield-contributing characteristics. These parameters
were determined to be the most drought-sensitive that caused yield loss in soybean (Table 3).
From the first trial, two genotypes BD2336 and AGS383 were identified as the most drought
tolerant while G00012 and BARI Soybean6 were the most drought-susceptible genotypes.
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The results of the first experiment showed that regardless of the soybean genotypes,
drought dramatically reduced the growth parameters, including plant height, leaf num-
ber, leaf area, leaf DM, root DM, stem and whole plant biomass production, PGR, and
plant height at maturity (Figure 1). This finding was in agreement with the previous
results [55,56]. The quantity of plant growth depends on cell division, enlargement, and
differentiation which are affected by drought [57,58]. Under dry conditions, plants try
to reduce water loss and decrease their above-ground growth [59]. In contrast, plants
in dry conditions often increase their root biomass to increase water uptake [60,61]. The
adjustment of root and shoot growth may play a role in drought tolerance in plants. The
cessation of the shoot but not root growth can be explained by the higher sensitivity to the
water deficit of the shoot than the root [62].

3.3. Effect of Water Deficit on Water-Related Traits of Soybean

The RWC and WSD varied significantly due to water stress on 30 DAS but remain
unaffected at 60 DAS (Figure 2). Under drought conditions, RWC content was higher in
BD2336, but lower in other genotypes compared to the control on 30 DAS. On the contrary,
compared to the control, the WSD was lower in BD2336 but higher in AGS383 and BARI
Soybean6 under drought conditions on 30 DAS. Though RWC and WSD did not vary due
to drought, significant variations were observed among the genotypes at 60 DAS. The RWC
was significantly lower and WSD was higher in AGS383 compared to other genotypes
during 60 DAS. The WRC and WUC of all the genotypes were higher in control than in
drought conditions. The WRC and WUC of BD2336 and AGS383 were higher than BARI
Soybean6 on both 30 and 60 DAS (Figure 2).

Drought decreased leaf RWC, WRC, and WUC of the tested soybean genotypes, but
increased WSD. However, leaf water potential, RWC, and WSD of soybean are reduced
under drought [63]. In our experiment, the soil water content of drought treatment was 40%
FC which was much lower than the control. Thus, plants uptake less water under drought,
resulting in the dehydration of leaf tissue [64]. Under drought conditions, the RWC and
leaf water potential of plant leaves are reduced [65–68]. The reduced WRC under drought
conditions indicated higher destruction of plant tissues due to scarcity of water [69]. In
this experiment, a higher WSD was measured under drought, which indicated that the
plants are subjected to a greater degree of water deficit. The increasing trend of WSD under
water deficit conditions was also reported by Islam [70] in the mungbean. Drought-tolerant
species maintain water use efficiency by reducing water loss. Moreover, a higher WUC of
AGS383 indicated that plants are subjected to a greater degree of moisture stress as these
plants would absorb a greater amount of water to reach TW [71].
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3.4. Physiological Responses of Soybean to Water Deficit

The Pn and Gs were negatively affected by drought BD2336 and BARI Soybean6
(Figure 3). Similarly, Tr was also significantly reduced under drought in all soybean geno-
types. Drought reduced Pn, Gs, and Tr by 6.97, 45, and 10%, respectively for BD2336.
Though Pn, Gs, and Tr were slightly reduced by drought, the effect was not statistically
significant for AGS383. The leaf temperature of BD2336 and BARI Soybean6 was compara-
tively higher than that of AGS383 under drought conditions. The opening and closing of
stomata in leaves are regaled by RWC and tend to close with decreasing RWC resulting
in lower Gs under drought. Thus, the stomatal closure is the primary cause of lower Pn
under drought [72,73]. Similarly, Tr in leaves decreased under drought also reported by
Zhang et al. [74]. Leaf temperatures in drought-stressed plants were comparatively higher
than in control plants. An increase in leaf temperature due to drought might be attributed
to low transpiration under drought. Chowdhury et al. [75] also found significantly higher
leaf temperatures under drought-stressed plants compared to irrigated ones.

3.5. Biochemical Responses of Soybean to Water Deficit

Drought decreased Chl a, b, and total Chl content of the leaf to a large extent. Among
the three genotypes, AGS383 showed a minimum decrease in Chl content (Figure 4).
Under control conditions, these genotypes did not show much variation in Chl a though
BD2336 showed the maximum amount of Chl a followed by BARI Soybean6, while AGS383
showed the minimum. The same genotype BD2336 also showed the highest Chl a under
drought conditions, followed by AGS383, and BARI Soybean6 showed the lowest amount
of Chl. The three genotypes showed a similar Chl b content under the control condition.
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However, under drought, AGS383 showed the highest, and BD2336 had the lowest amount
of Chl b. Total Chl was found the maximum in BD2336 followed by BARI Soybean6 and the
minimum in AGS383 under control conditions. Interestingly, the genotype AGS383 showed
the maximum total Chl (2.17 mg g−1 FW), though it showed the least amount under the
control condition. BD2336 followed AGS383, while BARI Soybean6 had the minimum
total Chl.
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Proline and MDA in the leaves on 60 DAS increased significantly by drought in all
soybean genotypes. In the case of AGS383, it accumulated the lowest amount of proline in
leaves under drought (Figure 5). The BD2336 was more active towards drought and showed
the maximum accumulation of proline and MDA in leaves. Under control conditions, the
genotypes did not show much variations in MDA content, though the content was the
highest (6.0 n mole g−1 FW) in AGS 2336, followed by BARI Soybean6, while AGS383 had
the lowest amount of MDA. On the other hand, under drought, the genotype BD2336 had
the highest amount of MDA (35.93 n mole g−1 fresh weight), which was closely followed
by AGS383, while BARI Soybean6 had the lowest MDA content (31.78 n mole g−1 FW).
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Photosynthetic pigments like Chl a and Chl b capture sunlight. In this experiment,
drought reduced Chl a, Chl b, and total Chl content in leaves of soybean genotypes
(Figure 4). However, Chl b was reduced more than Chl a. Under water deficit conditions,
the chloroplast of plant cells is damaged by active oxygen species resulting in decreased Chl
content [58]. Proline and MDA contents in the leaves were increased under water deficit
conditions (Figure 5). The findings also coincide with the report of previous work [58,76,77].
Accumulation of proline and MDA in the plant body may be an adaptation to overcome
the stress condition.

3.6. Effect of Water Deficit on Yield and Yield Components of Soybean

Yield and yield-contributing characters were also affected by the drought, and geno-
typic variations were conspicuous (Table 6 and Figure 6). Under control conditions, the
highest number of pods plant−1 (32) was found in BD2336, which was closely followed
by BARI Soybean6, and the least was produced by AGS383. Like the control condition,
a similar trend was also observed under drought. Under drought conditions, however,
BD2336 had the significantly highest number of pods (21), while AGS383 had the minimum
(17), which was closely followed by BARI Soybean6.

Table 6. Effect of drought on yield components of soybean at harvest.

Soybean Genotypes
Pods Plant−1 Seeds Plant−1 100-Seed Weight (g)

Control Drought Control Drought Control Drought

BD2336 32 ± 1.3 a 21 ± 0.9 b 64 ± 2.2 a 51 ± 2.3 ab 7.60 ± 0.3 d 6.13 ± 0.5 d
AGS383 21 ± 1.0 b 17 ± 1.0 c 35 ± 2.4 bc 30 ± 2.1 bc 17.78 ± 0.6 a 17.35 ± 0.6 a
BARI Soybean6 28 ± 0.7 a 19 ± 1.1 c 43 ± 3.2 b 28 ± 1.3 c 12.54 ± 0.4 b 11.10 ± 0.8 c

Data are means ± standard error of three replications. Figures with similar letters did not differ significantly at
p < 0.05 level.
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The highest number of pods per plant was found in BD2336 under both control and
drought. Drought affected the seeds number plant−1 where the variety BARI Soybean6
produced the lowest number of seeds, i.e., 43 and 28 seeds plant−1 under control and
drought conditions, respectively. The seed production was minimally affected by drought
in AGS383. The 1000-seed weight was significantly heavier in AGS383 under both control
(17.78 g) and drought conditions (17.35 g) compared to BARI Soybean6 (12.54 and 11.10 g)
and BD2336 (7.60 and 6.13 g). Drought decreased the seed yield significantly in all the
genotypes (Figure 6). BD2336 produced 2.4 and 2.19 t ha−1 seeds in control and drought,
respectively. Similarly, AGS383 and BARI Soybean6 yielded 2.7 and 2.4 t ha−1 seeds in
control, which were reduced to 2.32 and 2.1 t ha−1 under drought, respectively.

Drought significantly reduced yield and yield components of soybean genotypes. The
reduction in the number of pods might be due to water shortage at the flowering stage. The
scarcity at this stage increases pollen abortion as reported by Teran and Singh [78]. It seems
that a shortage of water in the reproductive phase leads to the reduction of the Pn rate. The
reduction in seeds plant−1 might be due to the reduction in pollen fertility under drought
as reported by Omae et al. [79]. The weight of 100-seed was unaffected by drought. The
stable grain size under drought indicated that this character is rather genetically controlled
as reported by Yoshida [80]. The lower reduction in 100-seed weight indicated the higher
partitioning of DM towards the seeds under water deficit conditions. Lizana et al. [81] did
not find any effect of water deficit on seed size in French beans. However, seed size varied
among the soybean genotypes and a relatively heavier-sized seed was produced by AGS383
compared to the other two. This result indicated that genotypic differences existed with
seed size under water deficit conditions. The seed yield of the soybean reduced significantly
under drought. The yield of BD2336, AGS383, and BARI Soybean6 was reduced by 10, 14,
and 12%, respectively, under drought conditions in comparison with the control. However,
under both control and drought conditions, AGS383 was the top yielder. The heavier
grain size in AGS383 mostly contributed to the higher grain yield as compared to the other
two genotypes. Akand et al. [82] also reported that AGS383 performed better under both
control and water deficit conditions. Reduction of leaf area under drought is an important
cause of reduced crop yield through reduction of Pn [77]. The drought reduces grain yield
by reducing the number of pods plant−1 and seed size. The drought reduces the number
of pods plant−1 and seed size resulting in lower grain yield. The results of this study
concerning the effect of water stress on grain yield are also comparable with the findings of
other researchers [83–87].

4. Conclusions

The results of these studies revealed that drought strongly affected the morpho-
physiological attributes, yield, and yield-contributing characteristics of soybean. However,
the proline and malondialdehyde content in soybean leaves increased under drought
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conditions. The soybean genotype AGS383 was minimally affected by water deficit stress
by maintaining better root and shoot growth, higher growth rate, more photosynthesis,
and lower amount of proline and malondialdehyde production. This genotype produced
heavier grains and gave maximum grain yield. Considering the yield performance and
other attributes, our results showed that AGS383 could be considered preferentially for
cultivation in drought-prone areas, and it will improve the economic and social conditions
of soybean growers. In addition, AGS383 could be exploited as valuable genetic material for
comparative genomics to uncover molecular mechanisms underlying soybean adaptation
to drought, and this genotype might be used as parent material in a breeding program to
develop a high-yielding drought-tolerant soybean variety.
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