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ARTICLE INFO ABSTRACT
Keywords: Drought is a major abiotic stress that severely limits sustainable wheat (Triticum aestivum L.)
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complex nature and polygenic control of drought tolerance traits make breeding tolerant geno-
types quite challenging. However, naturally occurring variabilities among wheat germplasm re-
sources could potentially help combating drought. The present study was conducted to assess the
drought tolerance of 18 Bangladeshi hexaploid wheat genotypes, focusing on the identification of
potent sources of diversity by combining microsatellite markers, also known as single sequence
repeat markers, and morpho-physiological characteristics that might help accelerating wheat crop
improvement programs. Initially, the genotypes were evaluated using 25 microsatellite markers
followed by an on-field evaluation of 7 morphological traits (plant height, spike number, spike
length, grains per spike, 1000-grain weight, grain yield, biological yield) and 6 physiological
traits (SPAD value, membrane stability index, leaf relative water content, proline content, canopy
temperature depression, and leaf K' ion content). The field-trial was conducted in a factorial
fashion of 18 wheat genotypes and two water regimes (control and drought) following a split-plot
randomized complete block design. Regardless of genotype, drought was significantly damaging
for all the tested traits; however, substantial variability in drought stress tolerance was evident
among the genotypes. Spike length, 1000-grain weight, SPAD value, leaf relative water content,
canopy temperature depression, proline content, and potassium (K") ion content were the most
representative of drought-induced growth and yield impairments and also correlated well with
the contrasting ability of genotypic tolerance. Microsatellite markers amplified 244 alleles
exhibiting 79% genetic diversity. Out of 25 markers, 23 was highly polymorphic showing 77%
average polymorphism. Morpho-physiological trait-based hierarchical clustering and microsat-
ellite marker-based neighbor-jointing clustering both revealed three genotypic clusters with 71%
co-linearity between them. In both cases, the genotypes Kanchan, BAW-1147, BINA Gom 1, BARI
Gom 22, BARI Gom 26, and BARI Gom 33 were found to be comparatively more tolerant than the
other tested genotypes, showing potential for cultivation in water-deficit environments. The
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findings of this study would contribute to the present understanding of drought tolerance in
wheat and would provide a basis for future genotype selection for drought-tolerant wheat
breeding programs.

1. Introduction

Wheat (Triticum aestivum L.), an annual, herbaceous plant belonging to the grass family Poaceae is one of the leading cereals
satisfying the carbohydrate requirement for 35% of the global population [1]. However, abiotic stresses, drought in particular is
significantly affecting wheat productivity worldwide by altering the plant’s morphological, physiological, and biochemical attributes
[2]. Recent reports highlighted drought as a permanent constraint to wheat cropping for at least 40 million hectors and 25 million
hectors of croplands belonging to the developing and industrialized nations respectively [3]. Moreover, drought is yet to become more
frequent in occurrence, longer in duration, and acuter in intensity in many parts of the world as a result of rapid exploitation of
freshwater and groundwater resources, unproductive water loss, as well as climate change driving factors like global warming and
greenhouse gas emission [4,5]. Under these circumstances, wheat production could drop as low as 50% or even more due to irrigation
water deficit [6,7]. Developing a suitable wheat genotype tolerant to drought is thus essential to protect the crop loss from occurring
[8,9]. Understanding germplasm diversity could play a significant part in this aspect as availability of desirable genes are prerequisite
for any crop improvement program [10]. Particularly for wheat, greater variability within the cultivated varieties and breeding stocks
could be observed because of extensive genetic recombination and wider variability during its domestication and development from its
center of origin [11,12] which can be further manipulated to achieve adaptive/tolerance mechanisms against water deficit stress [10].
Bread wheat is a hexaploid crop with three sets of chromosomes (A, B, and D) for a total of 42 chromosomes making its genome size
approximately 17 giga base pairs [13]. Wheat genome is comparatively larger than many other cereals and it contains about 107,000
genes in its genome [14]. This large genome size on one hand makes it challenging to work with [13,15]; however, on the other hand
also indicates higher possibility of finding diverse and novel genes for desirable traits such as disease resistance, abiotic stress
tolerance, and improved nutritional content [7,10,16,17].

Drought stress negatively impacts wheat growth and development by restricting water availability, leading to impaired cellular
metabolic activities, membrane instability, increased free radical generation, altered hormonal balance, reduced photosynthetic ac-
tivity, and ultimately low yield [18,19]. Conversely, these traits in association with other morphological and physiological traits (e.g.,
plant height, yield components, canopy temperature, water content, water use efficiency, osmolyte synthesis) are also excellent
contrastable indicator for assessing the extent of drought tolerance within wheat genotypes [20,21]. Morphological, physiological, and
yield contributing parameters-based phenotyping had been very effective for evaluating the genetic diversity of crops for drought
tolerance, despite its polygenic hereditary nature and variable environmental restrictions [11]. However, relying only on phenotyping
approach can prove to be highly resource-intensive, time-consuming and financially draining and might be hardly conclusive when a
big number of genotypes are involved [6,7,16]. According to Lopes et al. [22], the predictability of the genotypic variability under
stressful environments was about 34% when only agronomic and physiological traits were focused; although phenological, physio-
logical, and yield attributes were reported extensively reliable in measuring genetic variation within a gene pool [23,24]. These
shortcomings could easily be complemented by the integration of advanced tools and techniques such as marker-assisted selection
(MAS) using deoxyribonucleic acid (DNA)-based molecular markers [25,26]. Molecular markers like random amplified polymorphic
DNA (RAPD), amplified fragment length polymorphism (AFLP), and microsatellites are highly efficient for providing comparatively
rapid, accurate and direct estimate of genetic diversity [27,28]. In the context of drought tolerance, molecular markers can help
examining the presence or absence of novel genomic regions associated with drought tolerance and assist in MAS by allowing focus
towards the most promising candidates [29-31]. Microsatellite markers also known as simple sequence repeat (SSR) markers are one
of the best choices for wheat because of their chromosomal specificity, multi-allelic composition, co-dominant nature, high poly-
morphism rate and widespread prevalence within the genome [32,33]. Because of these unique characteristics, a few markers can draw
contrastable relationship among small to large population of wheat genotypes [34]. Recent reports had highly recommended using
microsatellite markers for genetic diversity evaluation of wheat germplasms for drought-tolerance breeding programs [24,32,35].
Both the morpho-physiological trait-based and microsatellite marker-based germplasm evaluation methodologies had been exten-
sively used individually or combinedly on wheat population across continents; however, in the context of Bangladesh such approaches
had rarely been adopted even though the country harbors quite big germplasm resource [36,37]. Thus, keeping the research gap in
mind as well as considering the potential negative impacts on drought on wheat cultivation the objective of the current study was to
investigate the genetic diversity of Bangladeshi wheat genotypes for drought tolerance combining two different approaches (i) mi-
crosatellite markers-based screening of genetic diversity for drought tolerance and (ii) morpho-physiological trait-based on-field
performance evaluation of genotypes under drought exposure for aiding in drought tolerant wheat crop improvement programs.

2. Materials and methods
2.1. Experimental conditions and plant materials

A laboratory experiment followed by a field trial was conducted for the study at Bangabandhu Sheikh Mujibur Rahman Agricultural
University (BSMRAU), Gazipur 1706, Bangladesh to assess the extent of drought tolerance among wheat (T. aestivum L.) genotypes. In
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total, 18 wheat genotypes consisting of 17 domestic cultivars and an advanced line were evaluated during this study (Table 1). The
laboratory experiment aimed at evaluating the genetic diversity of the genotypes using microsatellite molecular markers and the field
trial focused on assessing the drought tolerance of the genotypes via morphological and physiological characteristics. For efficient
inter-genotype comparison, a well-known drought tolerant check Sonoita F-81 was included with the genotypes during the laboratory
experiment which was generously provided by International Maize and Wheat Improvement Center (CIMMYT), Mexico.

2.2. Laboratory experiment

A laboratory experiment was conducted at the Advanced Plant Breeding Laboratory of Department of Genetics and Plant Breeding,
BSMRAU; to characterize the genetic diversity among the wheat genotypes (18 domestic genotypes and Sonoita F-81 as tolerant check)
using microsatellite markers also known as SSR (single sequence repeat) markers. Highly polymorphic 25 SSR markers covering most
of the chromosomes of the hexaploid wheat genome were chosen for the study (Table 1S). Marker selection were done based on their
high polymorphism, genetic diversity and substantial genome coverage reported in previous investigations. Wheat seeds were surface
sterilized with 3% sodium hypochlorite for 10 min, rinsed properly with distilled water and sown in pots containing 250 g of soil.
Genomic DNA was extracted from leaves of 15 days old wheat seedlings.

2.2.1. Genomic DNA extraction

Genomic DNA was extracted following the modified cetyl-trimethyl ammonium bromide (CTAB) method as described by Yu et al.
[38]. Briefly, 100 mg of fresh leaf samples were grounded to powder with liquid nitrogen using an ice-cold mortar and pestle. The
powder was then mixed with 1000 pL. CTAB extraction buffer and incubated in a water bath for 60 min at 65°C. Afterwards, 1000 pL of
24:1 (v/v) chloroform:isoamyl alcohol was added and mixed vigorously to form a homogenous emulsion. Then the samples were
centrifuged at 2500G for 15 min and the supernatant was separated. Upon separation, 1500 pL absolute ethanol (99.9% v/v) was
added to the supernatant, mixed carefully by rocking the tube back and forth sideways and centrifuged at 12000G for 15 min to obtain
DNA pallet. The DNA pallet was then separated and suspended in 1x TE buffer [Tris-EDTA (ethylenediamine tetra-acetic acid)].
Ribonuclease A was added to the sample at 10 pg mL™! rate and incubated at 37°C for 60 min. Afterwards 24:1 (v/v) chloroform:
isoamyl alcohol was added again to the samples, mixed vigorously and centrifuged. The supernatant was separated, absolute ethanol
was added, mixed carefully and recentrifuged to obtain DNA pallet. The DNA pallet was then carefully washed with 70% ethanol and
dried overnight in an orbital shaker at room temperature. Finally, the pallet was suspended in 50 pL TE buffer and stored at —20°C.

2.2.2. Polymerase chain reaction amplification and gel electrophoresis

Polymerase chain reaction (PCR) was performed in 10 L reaction mixture containing 3 uL DNA (50 ng pL™1), 1 pL 10x reaction
buffer, 2 uL 25 mM MgCl,, 0.8 pL 25 mM dNTP (deoxynucleoside triphosphate), 0.5 pL each of 10 pM forward and reverse micro-
satellite primers, and 0.2 pL of Taq DNA polymerase following the procedures of Mohi-Ud-Din et al. [7]. The PCR amplification was
performed on an Eppendorf thermocycler (Mastercycler® nexus, Scientific Laboratory Supplies Ltd., United Kingdom) with the
following conditions: initial denaturation at 95°C for 5 min followed by 36 cycles where denaturation was performed at 95°C for 45 s,
annealing for 45 s at 55°C, and extension for 5 min at 72°C. The DNA amplicons of the resultant PCR product were separated on 3.5%
metaphor agarose gel in a 0.5x TBE (Tris Borate EDTA) system with a voltage of 100 V for 2 h [39]. Ethidium bromide was used for gel

Table 1
Wheat (Triticum aestivum L.) genotypes used in this study.
Serial  Name of the genotype Pedigree Source
1 BARI Gom 19 (Sourav) NAC/VEE (NL 560) BWMRI
2 BARI Gom 20 (Gourav) TURACO/CHIL BWMRI
3 BARI Gom 21 (Shatabdi) MRNG/BVC//BLO/PVN/3/PJB-81 BWMRI
4 BARI Gom 22 (Sufi) KAN/6/COQ/F61.70//CNDR/3/0OLN/4/PHO/5/MRNG/ALDAN//CNO BWMRI
5 BARI Gom 23 (Bijoy) NL297*2/LR25 BWMRI
6 BARI Gom 24 (Prodip) G. 162/BL 1316//NL 297 BWMRI
7 BARI Gom 25 ZSH 12/HLB 19//2*NL297 BWMRI
8 BARI Gom 26 ICTAL 123/3/RAWAL 87//VEE/HD 2285 BWMRI
9 BARI Gom 27 WAXWING*2/VIVISTI BWMRI
10 BARI Gom 28 CHIL/2*STAR/4/BOW/CROW//BUC/PVN/3/2*VEE#10 BWMRI
11 BARI Gom 29 SOURAV/7/KLAT/SOREN//PSN/3/BOW/4/VEE#5. 10/5/CNO 67/MFD//MON/3/SERI/6/ BWMRI
NL297
12 BARI Gom 30 BAW 677/Bijoy BWMRI
13 BARI Gom 31 KAL/BB/YD/3/PASTOR BWMRI
14 BARI Gom 32 SHATABDI/GOURAV BWMRI
15 BARI Gom 33 KACHU/SOLALA BWMRI
16 BARI advanced wheat 1147 (BAW- - BWMRI
1147)

17 BINA Gom 1 1L-880-43 BINA
18 Kanchan UP301/C306 BWMRI

BARI: Bangladesh Agricultural Research Institute; BWMRI: Bangladesh Wheat and Maize Research Institute; BINA- Bangladesh Institute of Nuclear
Agriculture
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staining and the separated PCR products were visualized in G:Box F3 gel documentation system (Syngene, Synoptic Ltd., United
Kingdom). Clear and explicit bands were used for scoring in the form of binary data (1 for presence of band and 0 for absence of band).

2.3. Field experiment

A field trial was conducted at the experimental field of Department of Crop Botany, BSMRAU; (24.03866° N, 90.39795° E)
involving 18 wheat genotypes (17 domestic cultivars and an advanced line). The experimental site falls under AEZ (agro-ecological
zone) number 28 of Bangladesh that features a sub-tropical climate with a temperature of 20.6 + 3.8°C and scanty rainfall during
winter season (October to March) which is the dominant wheat cultivation period (available from https://en.climate-data.org/asia/
bangladesh/dhaka-division/gazipur accessed at 15 March 2023). Edaphically, the experimental site is characterized as upland and the
soil was of silty loam textural class that attained full field capacity at 30.6% volumetric soil water content. The physical and chemical
properties of the soil have been presented in Table 28S.

2.3.1. Experimental design and treatments

The experiment was laid out in a factorial combination of 18 wheat genotypes and two water regimes (control and drought)
following a randomized complete block design (split plot) with three replications (Fig. 1S). The entire plot was divided into two main
plots among which one was regularly irrigated (control) and in another irrigation was discontinued after 45 days of seed sowing
(drought). The genotypes were assigned randomly in the sub-plots within the main plots. Soil moisture content was regularly
monitored at 15 cm depth using a handheld digital soil moisture meter (PMS-714, Lutron Electronic Enterprise Co., Ltd., Taipei,
Taiwan) till maturity. Withdrawing irrigation caused gradual dropping of soil moisture resulting in water scarcity (average field ca-
pacity 37.1%) in drought treated plots whereas, the controlled plots had ample available soil moisture (average field capacity 71.8%)
during the experimental period (Fig. 1).

2.3.2. Determination of morphological traits, yield and yield components

Data on plant height (cm), spike number (m~?2), spike length (cm), grains per spike, 1000-grain weight (g), grain yield (ton ha™1),
and biological yield (ton ha™!) was collected as morphological, yield and yield contributing traits for the study. Plant height (cm) was
measured from the collar region to the tip of spike using a centimeter scaled measuring tape. Spike number (m~2) was recorded by
manual counting with help of a quadrat (2500 cm?) sampler. Spike length (cm) was measured from the base to the tip of a spike using a
centimeter scale. Grains per spike was manually counted. 1000-grain weight (g) was measured by weighing thousand wheat grains in
an electrical balance. Grain yield (ton ha™!) was recorded by weighing the harvested grains per sub-plot. Both the 1000-grain weight
(g) and grain yield (ton ha~!) were recorded at 12% grain moisture content. Harvested wheat shoots were sun dried and then oven
dried till constant weight for recording straw yield (ton ha™ 1) in an electrical balance. Biological yield (ton ha™!) was then calculated
using the formula: [Biological yield (ton ha™!) = grain yield (ton ha’l) + straw yield (ton ha D).

2.3.3. Quantification of SPAD value and membrane stability

Leaf greenness measurement by SPAD (soil plant analysis development) value is a non-destructive quantification method of leaf
chlorophyl content which was measured from the middle portion of the flag leaf using a hand held SPAD meter (SPAD-502 Plus,
Minolta Co. Ltd., Osaka, Japan) [40]. Measurements were taken during heading (70 days after sowing), anthesis, 7 days after anthesis
(DAA), 14 DAA and 21 DAA in between 10.00 AM and 12.00 PM from randomly selected ten flag leaves. For each sub-plot all the
measured values were averaged and recorded. Heading and anthesis of the genotypes were ascertained by observing the visibility and
blooming of 50% of the spikes in a plot, respectively.

Membrane stability index (%) was calculated from the middle portion of the flag leaf during heading according to Ahmed et al.
[41]. Immediately after collection, leaf samples were wiped with tissue paper, stored in airtight zip-lock bags and transported to the
laboratory. Leaf discs of 1 cm diameter were prepared and rinsed in deionized water. Thirty well-washed leaf discs were placed in a
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Fig. 1. Pattern of changes in soil field capacity of the control and drought treated plots during pre-anthesis, anthesis and post-anthesis period. DBA:
days before anthesis, A: anthesis, DAA: days after anthesis.


https://en.climate-data.org/asia/bangladesh/dhaka-division/gazipur
https://en.climate-data.org/asia/bangladesh/dhaka-division/gazipur

S.F. Ahmed et al. Heliyon 9 (2023) 21629

closed vial containing 10 mL deionized water and incubated for 30 min at 40°C in a hot water bath. Upon incubation, the electrical
conductivity of the solutions was measured (EC;). Another set of samples containing the same number of leaf disks and the same
volume of deionized water were boiled (100°C) in a hot water bath for 20 min and the electrical conductivity (ECy) was measured.
Afterwards, membrane stability index (%) was calculated using the following formula: Membrane stability index (%) = [1 —
(EC1/EC32)] x 100.

2.3.4. Measurement of leaf relative water content and proline content

Leaf relative water content (%) was determined from the middle portion of flag leaf during heading (70 days after sowing) ac-
cording to Das et al. [42]. Harvested leaves were wiped with tissue paper, stored in airtight zip-lock bags and taken to the laboratory.
Leaf disks of 1 cm diameter were prepared and thirty disks were weighed in an analytical balance for recording their fresh weight (F,).
Afterwards, those disks were immersed in distilled water and kept in room temperature for 12 h and turgid weight (T,,) was recorded.
Surface moisture on the leaf disks were removed gently with blotting paper before measuring T,,. Then the leaf disks were dried in an
oven (72°C) till constant weight and their dry weight (D,,) was measured. Finally leaf relative water content (%) was calculated using
the formula: [Leaf relative water content (%) = {(Fw—Dw)/(Tw—Dyw)} x 100].

Proline content (umol g~ ! fresh weight) of flag leaf samples was measured following the original methods of Bates et al. [43] as
described in Ahmed et al. [44]. Freshly collected leaf samples were wiped with tissue paper, stored in airtight zip-lock bags and
transported to the laboratory. Leaf sample (0.1 g) was homogenized in 2.0 mL of 10% aqueous sulfosalicylic acid. The homogenate was
then centrifuged at 10,000 rpm for 10 min and 1 mL of the supernatant was transferred into a test tube containing 2 mL of 1:1 (v/v)
acid ninhydrin solution:glacial acetic acid. The mixture was then incubated in a boiling water bath for 1 h, and the reaction was
terminated rapidly in an ice bath. Afterwards, 2 mL toluene was added, vortexed vigorously at 6000 rpm for 5 min and kept at room
temperature for precipitation. The upper layer of the mixture was separated for measuring spectrophotometer absorbance at 520 nm
(Genesys 10S UV-VIS, Thermo Fisher Scientific, Waltham, MA, USA). Finally, the free proline levels in leaf samples were determined
from a standard curve prepared with known concentrations of proline solutions and was expressed as pmol g~* fresh weight.

2.3.5. Determination of canopy temperature depression and potassium ion content

Canopy temperature depression (°C) was determined following the procedures of Balota et al. [45]. Temperature of the crop canopy
(CT) and instantaneous air temperature (AT) was measured simultaneously using a hand-held infrared thermometer (Model: IR-818,
URCERI, USA; the distance-spot ratio of 13:1). Measurements were taken during heading (70 days after sowing), anthesis, 7 days after
anthesis (DAA), 14 DAA and 21DAA in between 10.00 AM and 12.00 PM from five randomly selected locations within a sub-plot. All
the measured values within a subplot were averaged and recorded. Finally canopy temperature depression (°C) was calculated using
the equation: [Canopy temperature depression (°C) = AT (°C) — CT (°C)]. While taking a temperature measurement, the infrared
thermometer was held at 2 m distance from the pointing surface and about 30° pointing angle with the horizontal soil surface were
maintained.

Leaf K™ ion content (mg g~ ! fresh weight) was estimated using the LAQUAtwin-B-731 potassium ion meter (HORIBA instruments,
CA, USA) as described by Apon et al. [46]. Briefly, 0.1 g plant sample was homogenizing (taken from the middle portion of fully
expanded flag leaf) with 10 mL of deionized water. The homogenate was then incubated in a hot water bath for 20 min at 120°C for
complete ion extraction into the solution. Afterwards, the tubes were allowed to cooldown and centrifuged at 10,000 rpm for 10 min.
The supernatant was then used for K* ion content determination (mg L™!) and the values were expressed as mg g~ * fresh weight.

2.4. Data analysis

Data obtained from the laboratory experiment were subjected to analysis of major allele frequency, polymorphic information
content (PIC) and gene diversity using PowerMarker 3.23 [47]. Genetic distances among the genotypes were measured through
Euclidean distance matrix, and an unweighted pair group method with arithmetic means (UPGMA) based neighbor-jointing
dendrogram was constructed to categorize the genotypes into different tolerance groups using Darwin 6.0.21 for windows (http://
darwin.cirad.fr/) (accessed on 28 December 2021) [48].

Data obtained from field experiment were fitted to a linear model for the factorial randomized complete block design in R-4.3.0 for
Windows. The analysis of variance (ANOVA) was performed using the following equation to determine if genotype, water regime, and
their interactions had a significant influence on the parameters:

Yie=p+ G+ W; + By + (GW);; + &

where, Yjj is observation for the i-th genotype in the j-th water regime and k-th replication (block); 4 is the grand mean effect; G; is the
effect of the i-th genotype; W is the effect of the j-th water regime; By is the effect of the k-th replication (block) within the j-th water
regime; (GW);; is the interaction effect of the i-th genotype with the j-th water regime; and ¢ is the effect of the pooled error associated
with the i-th genotype, j-th water regime and k-th replication (block).

Means of significant treatment effects were separated via post hoc analysis using Tukey’s honest significant difference test. In all
analyses, differences were considered significant at P < 0.05. Descriptive statistics of the traits was presented as box and whisker plots
prepared using the packages ggplot2 along with reshape2 [49] in R-4.3.0 for windows (https://cran.r-project.org/) in
RStudio-2023.03.0-386 (https://posit.co/) (accessed on 30t April 2023). The degree of association of the studied traits was deter-
mined by correlation coefficients among them. The correlation coefficient matrix and correlation heatmap were visualized using the
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web-based MVApp application [50]. The magnitude of stress tolerance of the genotypes was quantified as [stress tolerance = per-
formance under drought/performance under control]. The obtained data were normalized and used for categorizing the genotypes into
genotype clusters using hierarchical cluster algorithm in the library pheatmap [16,51]. The extracted clusters were based on Eucledian
distance matrix where genotypes grouped within same cluster were broadly similar to each other and genotypes belonging to different
clusters are distinct to each other. The magnitude of tolerance for the studied traits was visualized for every genotype using a con-
ditional tri-color scaled heatmap. Relative change in performance of genotype clusters under drought compared to control were
extracted as percent change using the following equation: [% change over control = {(performance under drought—performance under
control)/performance under control} x 100] and was presented as stacked dot-plot [7,49]. Principal component analysis (PCA) was
carried out to reduce the dimensionality of the dataset without losing important information using the packages ggplot2, factoextra
and FactoMineR [49,52]. Using the online interactive application Venny 2.1, the co-linearity between morpho-physiological trait--
based hierarchical (HR) clusters and UPGMA-based neighbor-joining (NJ) clusters was determined [53].

3. Results
3.1. Microsatellite amplification and genetic diversity among wheat genotypes

A total of 25 microsatellite markers were used to determine the genetic variability related to drought tolerance patterns within 19
wheat genotypes. Among the genotypes 18 were Bangladeshi wheat genotypes (Table 1) and a well-recognized drought tolerant
variety Sonoita F-81 which was included to aid in drawing reliable and contrastable comparison. Major allele frequency, allele
number, gene diversity and PIC were determined for all the microsatellite markers. The 25 microsatellite loci amplified 244 alleles in
total although the number of amplified alleles by individual microsatellite was variable (Fig. 2S). Allele detection ranged from 3
(wms186) to 16 (wmcl77) alleles with an average of 9.76 alleles per locus. Frequencies of major alleles amplified from the 25 mi-
crosatellite loci ranged between 0.16 (wmc179 and wms484) to 0.84 (wms186) with an average of 0.35. An average PIC of 0.77 was
evident among the used microsatellites within a range between 0.27 (wms186) to 0.90 (wmc179 and wms484). Fifteen microsatellites
were found showing PIC value > 0.80 those amplified >10 alleles. The microsatellite wms136 also amplified 10 alleles although its PIC
value was <0.80 (Table 2). Gene diversity of the genotypes lied between 0.28 (wms186) to 0.90 (wmc179, wmc177 and wms484) with
an average of 0.79. Microsatellites of D genomes produced the highest mean allele per locus (10.3) and gene diversity (0.83) followed
by B genome; whereas, A genome had the lowest mean allele per locus (9.2) and gene diversity (0.75) (Table 2). Based on the genetic
diversity revealed by the microsatellites, an unweighted pair group method with arithmetic means (UPGMA)-based neighbor-jointing

Table 2
Allele frequency, number of alleles, genetic diversity and polymorphic information content (PIC) for 25 microsatellite loci.

Marker Location on chromosome Major allele frequency Number of alleles Gene diversity PIC

wms136 1A 0.42 10 0.78 0.77
wmcl77 2A 0.21 16 0.90 0.89
wms304 2A 0.21 10 0.87 0.86
wms369 3A 0.21 12 0.88 0.86
wms165 4A 0.47 5 0.73 0.70
wms186 5A 0.84 3 0.28 0.27
wms169 6A 0.16 9 0.88 0.86
barc108 7A 0.74 6 0.44 0.43
wmc9 7A 0.37 11 0.82 0.81
wms260 7A 0.21 10 0.87 0.86
Mean (genome A) 0.38 9.2 0.75 0.73
wmsll 1B 0.37 10 0.81 0.80
wms257 2B 0.21 10 0.86 0.85
wms389 3B 0.21 11 0.87 0.86
wms149 4B 0.26 10 0.85 0.84
wms375 4B 0.21 11 0.88 0.86
wms118 5B 0.53 9 0.69 0.67
wmcl05 6B 0.42 8 0.75 0.73
wms46 7B 0.47 9 0.74 0.72
Mean (genome B) 0.34 9.8 0.81 0.79
wmcl79 1D 0.16 13 0.90 0.90
wms484 2D 0.16 13 0.90 0.90
wmsl61 3D 0.21 10 0.88 0.86
wms192 4D 0.42 9 0.76 0.73
wms292 5D 0.37 10 0.81 0.80
psp3200 6D 0.53 8 0.69 0.67
wms295 7D 0.32 11 0.85 0.83
Mean (genome D) 0.31 10.6 0.83 0.81
Mean (total) 0.35 9.76 0.79 0.77
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dendrogram was constructed to classify the genotypes in different clusters using the Euclidean distance matrix. The dendrogram
revealed three genotype clusters where genotypes from same cluster group were genetically similar and genotypes belonging to
different clusters were genetically distinct from each other (Fig. 2). The cluster I comprised of BARI Gom 22, BARI Gom 26, BARI Gom
33, BINA Gom 1, BAW-1147, Kanchan, and the drought tolerant check Sonoita F-81. This indicated genetic similarity of the genotypes
among each other and also their closeness with Sonoita F-81. Moreover, the genotype BARI Gom 33 and BAW-1147 respectively shared
the highest and second highest genetic similarity with Sonoita F-81. Furthermore, the cluster III comprising of 3 genotypes (BARI Gom
19, BARI Gom 28 and BARI Gom 31) had the least genetic similarity with the drought tolerant check Sonoita F-81 (Fig. 2).

3.2. Morpho-physiological evaluation of drought tolerance

Genotypic evaluation for drought tolerance based on morphological traits, yield and yield components, and physiological traits (all
together referred as ‘morpho-physiological traits’ hereafter) revealed a high level of significance among the 18 Bangladeshi wheat
genotypes due to drought exposure. The two-way ANOVA between the genotypes (G) and water regimes (control and drought) (T)
reviled significant individual and interactive effects for all the studied parameters except for the interactive effect (G x T) of spike
number (m~2). The main effect of genotype or water regimes were significant at P < 0.01 across all the tested traits; however, their
interactive effect (G x T) for plant height (cm), grains per spike, grain yield (ton ha™1), and biological yield (ton ha™!) were significant
at P < 0.05 (Tables 3 and 4).

3.2.1. Mean variability in studied traits

The descriptive statistics of the studied traits in response to control and drought treatments have been presented in the boxplots
(Fig. 3S). The performance of the genotypes significantly decreased under drought compared to control for all the tested morpho-
physiological traits except for proline content (pmol g~! fresh weight) and K* ion content (mg g~ fresh weight) where the perfor-
mance of the genotypes significantly increased under drought compared to control (Tables 3 and 4, Fig. 3). Regardless of genotype, the
tested morphological traits, yield and yield components showed a steep performance downfall compared to control. For example,
drought treatment led to 8.5, 15, 8, 15, 12, 22 and 19% decrease in plant height (cm), spike number (m’z), spike length (cm), grains
per spike, 1000-grain weight (g), grain yield (ton ha_l), and biological yield (ton ha_l), respectively compared to control (Table 3).
Likewise, in case of physiological parameters, we recorded 7.8, 12.5, 24.5, and 34.6% decrease in SPAD value, leaf relative water
content (%), membrane stability index (%), and canopy temperature depression (°C) respectively compared to control. Contrariwise,
we have observed that proline content (ymol g~ fresh weight) was about 2-folds and K* ion content (mg g~ fresh weight) increased

BARI gom 26

BAW-1147

Sonoita F-81  — Cluster |

BARI gom 33
BINA gom 1
BARI gom 22 ]
BARI gom 30 N
{ BARI gom 25

BARI gom 27

BARI gom 21

BARIgom 20 — Cluster II
BARI gom 32
—|: BARI gom 29
BARI gom 24
{ BARI gom 23 N
BARI gom 28 N
4{ BARI gom 19 {— Cluster III

BARI gom 31

T 1T 117 T 17T T
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 2. Unweighted pair group method with arithmetic means-based neighbor jointing dendrogram showing genetic relationship among wheat
genotypes based on SSR allele data.



S.F. Ahmed et al. Heliyon 9 (2023) 21629

Table 3
Effect of different water regimes (control and drought) on morphological, yield and yield contributing traits (plant height, spike number, spike length,
grains per spike, 1000-grain weight, grain yield and biological yield) of tested wheat genotypes.

Factor Plant height Spike number Spike length Grains per 1000-grain Grain yield (ton Biological yield (ton
(cm) (m? (cm) spike weight (g) ha 1) ha™ 1)
Genotype
BARIgom 19  77.7 +£0.54b- 225+119f 10.2 + 0.20 51.7+1.19¢ 349 +0.20 hi 3.97 +£0.03 g 9.7 + 0.49 efg
g fgh
BARIgom 20 72.3+0.49gh 239 +4.2ef 9.8 + 0.20 gh 40.5 +1.20 38.3 +0.67 fg 4.41 + 0.06 d-g 9.8 £ 0.47 d-g
gh
BARI gom 21 789 £ 1.12 a- 307 + 8.7 abc 10.6 £ 0.28 35.8+0.63h 36.5 + 0.42 gh 5.05 + 0.07 bed 10.9 + 0.25 a-f
e efg
BARIgom 22 769 +1.11c- 300 + 8.1 a-d 10.7 £ 0.14ef  49.8 +£0.75 37.1 + 0.38 gh 4.64 + 0.07 def 11.7 £ 0.12 a-d
g cde
BARIgom 23 83.5+1.25a 300 +11.3 ad 12.6 + 0.09 41.3 + 0.59 43.1 + 0.81 bed 5.29 + 0.10 abc 11.8 £ 0.25 abc
abc gh
BARI gom 24 80.3 £ 0.98 a- 212 +7.2f 12.2 +0.10 be 52.7+£0.70 ¢ 44.4 + 0.43 abc 390+0.18¢g 9.9 +£0.34d-g
d
BARIgom 25  70.6 + 0.69 h 247 + 6.5 def 10.2 + 0.08 e- 44.0 +0.93 38.4 + 0.40 fg 4.12 £ 0.07 efg 11.2 + 0.36 a-e
h efg
BARI gom 26 76.1 + 0.49 d- 283 + 8.9 bede 9.3+0.13h 44.2 +1.08 42.0 + 0.34 cde 4.75 4+ 0.05 cde 10.0 £ 0.13 b-g
h efg
BARIgom 27  77.7 +£0.90b- 326 +10.9 ab 10.2 + 0.05 42.8 +0.59 31.1 £0.39j 4.02 + 0.08 fg 10.5 + 0.21 b-f
g fgh fg
BARI gom 28  73.1 +1.13 214 £55f 11.1 +£ 0.12 51.3+1.13¢c  38.4+0.58fg 3.92+0.02¢g 82+0.07g
fgh def
BARI gom 29 73.4 £ 0.86 e- 233 £ 9.3 ef 10.5+0.14 51.0 +£ 0.88 40.7 £+ 0.61 def 4.97 £ 0.14 cd 9.9 +£0.38 d-g
h efg cd
BARIgom 30  75.5+ 1.04d- 258 £6.1 c-f 10.9 + 0.08 47.0 + 1.67 40.7 £+ 0.21 def 4.03 + 0.08 fg 10.0 + 0.18 c-g
h def c-g
BARI gom 31 78.2 £ 0.62 a- 255 +13.1 c-f 12.3 +£ 0.13 be 50.3 £ 0.52 31.3+0.76j 4.24 + 0.17 efg 10.6 + 0.27 a-f
f cde
BARIgom 32  77.2+0.28b- 302 + 4.0 abc 11.0 + 0.01 36.2+0.68h  44.6 +0.13 abc 4.73 £ 0.11 cde 10.1 + 0.28 b-f
g def
BARIgom 33 821 £ 0.67 a- 266 + 7.6 c-f 13.3+0.10a 70.2+1.37a  46.4 + 0.68 ab 591 +0.04a 12.5+0.12a
c
BAW-1147 79.7 £ 1.03a- 258 £ 7.3 c-f 12.8 4+ 0.10ab  48.8 +1.78 47.1 £0.33 a 5.64 + 0.17 ab 11.9 + 0.25 ab
d c-f
BINA gom 1 829 +0.65ab 238 +8.8ef 11.1+£0.01de 60.0+1.01b 31.7 £0.12ij 3.80 £ 0.06 g 9.2 + 0.26 fg
Kanchan 82.0 + 0.83 342 +82a 11.7 £ 0.12cd  44.5 £+ 0.52 39.5 + 0.29 efg 4.70 £+ 0.12 cde 11.3 £ 0.19 a-e
abc d-g
Treatment
Control 81.1 £0.85a 288 +8.32a 11.6 £ 0.11a 51.8 +1.02a 41.8+0.42a 5.12 + 0.09 a 11.6 £ 0.24 a
Drought 74.2 + 0.78 b 246 + 8.08 b 10.7 £ 0.12b 44.0 + 0.90 b 36.7 + 0.44 b 3.99 +£0.09b 9.4 +0.28b
Significance
Genotype (G) *% *k *% *% *% *% *%
Treatment ek ek *¥k k¥ ek k¥ ek
m
GxT * ns % o % *

Data are means of three replications + standard errors. Means within a column followed by different letters are significantly different based on
Tukey’s honest significant difference test at P < 0.05. **, *, and ns indicates significance at P < 0.01, P < 0.05 and non-significant respectively.

13.4% under drought compared to control (Table 4). Apart from the differences due to different water regimes, contrastable variations
were also present among the genotypes in terms of their individual performances on the studied traits. The genotype BARI Gom 33
followed by BAW-1147 showed overall outstanding performance compared to the other tested genotypes and stood out of the crowd.
However, some other genotypes showed quite distinctive performance in some particular parameters. Notable mentions are BARI Gom
23 for plant height (cm), Kanchan for spike number (m’z), BINA Gom 1 for membrane stability index (%), and BARI Gom 20 and BARI
Gom 26 for K ion content (mg g’1 fresh weight) (Tables 3 and 4). Similar trends were also evident for the interactive effects while
genotype performances were compared across the two water regimes and vice versa (Tables 3S and 45).

3.2.2. Association among the examined traits

The relationship between all the examined traits were assessed to highlight the nature and the magnitude of association among the
traits. Under control condition, most of the traits showed a non-significant positive correlation; however, grain yield (ton ha™!) and
biological yield (ton ha’l) showed significant positive correlation with plant height (cm), spike number (m’z) and spike length (cm)
(Fig. 3). On the contrary, most of the tested morpho-physiological traits showed strong and significant positive correlation among them
under drought stress. Under water deficit condition, the grain yield (ton ha™!) and biological yield (ton ha~') was positively correlated
to all the tested traits particularly with the physiological traits and yield components. Among the physiological traits, SPAD value, leaf
relative water content (%), canopy temperature depression (°C) and proline content (pmol g~ fresh weight) showed the strongest
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Table 4
Effect of different water regimes (control and drought) on physiological parameters (SPAD value, leaf relative water content, membrane stability
index, canopy temperature depression, proline content and potassium (K™) ion content) of tested wheat genotypes.

Factor SPAD Leaf relative water Membrane stability Canopy temperature Proline content (pmol K™ ion content (mg g’1
value content (%) index (%) depression (°C) ¢! fresh weight) fresh weight)
Genotype
BARI gom 43.1 + 67.1 + 0.24 fg 60.6 + 0.14 fg 5.14 £ 0.09 fg 4.35 £ 0.07 d-g 49.5 £ 0.33 cde
19 0.11 fg
BARI gom 42.6 + 68.4 + 0.45 ef 75.3 £ 0.49 cd 4.07 £ 0.01 jk 3.86 +0.09 g 60.7 £ 0.93 a
20 0.25¢
BARI gom 43.5 + 65.3+0.52g 56.7 + 0.69 gh 5.71 4+ 0.06 de 4.14 + 0.04 fg 51.8 + 0.67 cd
21 0.22 efg
BARI gom 45.2 + 71.2 £ 0.45 cde 62.5 + 0.60 f 6.09 + 0.05 bed 4.91 £ 0.11 cde 47.0 £0.48 d-g
22 0.23 bed
BARI gom 42.2 + 67.4 + 0.35 fg 55.5+0.87 h 5.14 + 0.10 fg 4.40 + 0.06 d-g 45.5 + 0.19 efg
23 031g
BARI gom 44.4 + 67.2 + 0.58 fg 63.0 £ 0.59 f 5.44 £ 0.05 ef 4.09 £ 0.13 fg 45.2 + 0.68 efg
24 0.12 cf
BARI gom 45.6 + 58.8 £1.07 h 44.2 £0.92j 5.84 £ 0.12 b-e 4.60 + 0.01 def 50.2 + 0.67 cde
25 0.10 be
BARI gom 46.5 + 73.5 4+ 0.34 be 81.1 +0.12 ab 3.83 4+ 0.03 kl 4.99 4+ 0.02 cd 60.8 £ 0.53 a
26 0.18 ab
BARI gom 44.7 + 68.7 + 0.32 def 50.8 £0.79 i 6.16 + 0.12 bc 5.84 + 0.20 ab 54.2 + 0.54 bc
27 0.36 c-f
BARI gom 43.8 + 64.7 £ 0.26 g 57.7 + 0.36 gh 4.50 + 0.06 hij 5.54 + 0.04 abc 48.3 + 0.84 c-f
28 0.17 d-g
BARI gom 43.2 + 71.7 4+ 0.34 bed 48.6 £ 0.451i 8.00 £ 0.06 a 4.48 +0.18d-g 58.3 4+ 1.23 ab
29 0.44 fgg
BARI gom 44.4 + 74.4 + 0.40 ab 55.5+0.99 h 6.27 £ 0.05 b 6.01 + 0.23 ab 49.5 + 1.26 cde
30 0.25 c-f
BARI gom 44.7 + 68.4 + 0.44 ef 79.4 4+ 0.47 be 4.14 + 0.04 jk 4.42 £ 0.02d-g 42.5+0.19 fg
31 0.21 cf
BARI gom 44.4 + 73.0 + 0.37 be 73.1 £0.96d 4.83 £ 0.08 gh 4.21 + 0.06 efg 51.2 + 1.06 cde
32 0.33 c-f
BARI gom 47.3 + 70.8 + 0.16 cde 82.1 + 0.28 ab 3.57 +0.03 1 6.23 +£0.03 a 60.8 + 0.86 a
33 0.29 a
BAW-1147 44.9 + 76.7 £ 0.30 a 71.9 +£0.28d 5.73 £ 0.02 cde 6.16 £ 0.06 a 49.3 £ 0.96 cde
0.07 b-e
BINA gom 1 46.3 + 70.7 £ 0.53 cde 84.6 £ 0.71 a 4.32 £+ 0.05 ij 4.09 +£0.13 fg 58.8 + 1.04 ab
0.25 ab
Kanchan 44.6 + 72.1 4+ 0.19 be 67.3 £0.55¢e 4.59 + 0.01 hi 5.35 + 0.07 be 41.7 £1.94 g
0.20 c-f
Treatment
Control 46.3 + 74.1 £0.30 a 70.3 £ 0.49 a 6.27 £ 0.05 a 3.25 +0.06 b 48.2 +0.49 b
0.20 a
Drought 42.7 + 64.8 +£0.51 b 59.7 + 0.65 b 4.10 £ 0.06 b 6.49 £0.11a 54.6 +1.12a
0.26 b
Significance
Genotype . . sk ok .
(@]
Treatment *% *k *% *k w3 %
(@V]
GxT . ok . ok . ok

Data are means of three replications + standard errors. Means within a column followed by different letters are significantly different based on
Tukey’s honest significant difference test at P < 0.05. ** indicates significance at P < 0.01. SPAD: soil plant analysis development.

positive correlation with the other tested traits in most cases. Moreover, plant height (cm), spike number (m~2), spike weight, grains
per spike, and 1000-grain weight (g) had stronger positive correlation with grain yield (ton ha™!) and biological yield (ton ha™!). Such
responses indicated a high relatedness of the tested traits under drought compared to control.

3.2.3. Morpho-physiological trait-based hierarchical clustering of genotypes

Based on the performance of genotypes a hierarchical cluster analysis was conducted using Euclidean distant matrix and the
magnitude of tolerance for the tested traits were presented by a tri-colored heatmap along with the clusters (Fig. 4). Eighteen ge-
notypes were grouped into three distinct clusters where genotypes belonging to same cluster shared close similarity among themselves.
Thus, genotypes belonging to different clusters were distinct from each other. Cluster 1 assembled 5 genotypes (BARI Gom 19, BARI
Gom 20, BARI Gom 21, BARI Gom 28, BARI Gom 31), cluster 2 grouped 7 genotypes (BARI Gom 22, BARI Gom 25, BARI Gom 26; BARI
Gom 33, BAW-1147, BINA Gom 1, and Kanchan), and cluster 3 gathered 6 genotypes (BARI Gom 23, BARI Gom 24, BARI Gom 27, BARI
Gom 29, BARI Gom 30, BARI Gom 32). The heatmap also revealed that, among the genotype clusters, cluster 2 genotypes showed the
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Fig. 3. Correlation and pair-wise associations among the studied traits of wheat genotypes. Lower and upper diagonal shows correlation coefficients
under control and drought respectively. The size and color intensity of squares indicates the magnitude of correlation based on the provided scale.
Crossmark ( x ) indicates a non-significant correlation at P < 0.05.

highest relative tolerance and the cluster 1 genotypes showed the lowest relative tolerance regarding the individual performance of the
morpho-physiological traits (Fig. 4).

3.2.4. Principal component analysis

Principal component analysis (PCA) revealed a total of 13 principal components (PCs) (Fig. 5, Table 5S); however, only one PC was
found significant as they exhibited eigenvalues >1. The PC1 and PC2 could jointly explain >80% of the genotypic variability among
which PC1 exhibited 73.6% of the variability, largely contributed by all the studied traits (Table 5S). The PC2 explained only 7.1% of
the variability mostly explained by biological yield (ton ha™1) and proline content (pmol g~ fresh weight) (Table 5S). The rest three
PCs (PC3-PC13) jointly explained <20% of the total variability. Importantly, the PCA-biplot also classified wheat genotypes into 3
distinct groups similar to those from the hierarchical cluster analysis (Figs. 4 and 5). The genotypes of cluster 2 were positioned to-
wards the vectors of PC1 implying that the superiority of those genotypes under drought was positively contributed by the traits
belonging to PC1 (Fig. 5).

3.2.5. Cluster-based changes in the tested traits under drought

The magnitude of change in trait performances under drought in respect to control was quantified for each cluster groups as percent
change over control and presented in stacked dot plot (Fig. 6). Cluster 2 and cluster 1 respectively showed the least and highest
reduction in plant height (cm), spike number (m_z), spike length (cm), grains per spike, 1000-grain weight (g), grain yield (ton ha_l),
biological yield (ton ha’l), SPAD-value, leaf relative water content (%), membrane stability index (%), and canopy temperature
depression (°C). On the other hand, cluster 2 and cluster 1 respectively showed the highest and lowest increase of proline content (pmol
g~ ! fresh weight) and K* ion content (mg g™ ! fresh weight). Cluster 3 showed intermediate change in trait performances in between
cluster 2 and cluster 1; however, performance of cluster 3 remained comparatively closer to cluster 2 than cluster 1 (Fig. 6).

3.3. Co-linearity between morpho-physiology and microsatellite-based clusters

Similarity between morpho-physiological trait-based hierarchical (HR) clusters and UPGMA-based neighbor-jointing (NJ) clusters
extracted from microsatellite data were compared using co-linearity of the model-based analysis and presented as Venn diagrams
(Fig. 7). Both of the clusters had three distinct genotype groups among which HR cluster 1: NJ cluster III (60% co-linearity), HR cluster
2: NJ cluster I (85.7% co-linearity), and HR cluster 3: NJ cluster I (66.7% co-linearity) showed well alignment based on maximum
possible similarity. Overall, both clusters shared 71% co-linearity between them with 15 genotype matches.
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Fig. 4. Hierarchical clustering and heatmap analysis of wheat genotypes.
4. Discussion

Knowledge of morpho-physiological attributes contributing towards yield as well as physio-biochemical and genetic modes of crop
adaptability under stressful environments are fundamental for proper execution of crop improvement programs against complex abiotic
stresses like drought that could result from the interactive effects of multiple edaphic and environmental factors [10]. Drought itself is a
complex trait that could result from the interactive effects of multiple edaphic and environmental factors [54]. Moreover, the heritability of
drought tolerance is very low in wheat due to comparatively large genome size (approximately 17 giga base-pairs) and polygenic control
[13,15]. Thus, evaluation of wheat genotypes based on either morpho-physiological traits or the genetic diversity might not translate
towards effective conclusion. Previous studies extensively explored the hexaploid bread wheat gene-pool utilizing either agronom-
ic/phenotypic or physiological traits and considerable studies have already been conducted to evaluate the genetic diversity among the
wheat germplasms using various molecular markers [11,17,24,36,55,56]. However, the combined approach utilizing
morpho-physiological trait-based evaluation and microsatellite-based evaluation of genetic diversity analysis of wheat is highly limited in
Bangladesh, although a big number of native wheat germplasms are available here and she has yet to achieve much contribution from
genome wide studies and MAS [7,37]. Furthermore, combined phenotyping and genotyping approach could potentially offer more precise
genomic characterization, selection, marker and candidate gene discovery, and quanititative trait loci (QTL) mapping [57-59].

In our present study, we employed highly polymorphic 25 microsatellite markers covering the whole genome of hexaploid wheat to
assess the genetic diversity (Table 1 and 1S). We obtained an average of 9.76 alleles per locus, 0.77 PIC-value, and 0.79 gene diversity
(Table 2) which could be comparable to the reports of previous studies on wheat using microsatellite markers [24,32]. Allelic diversity
in a population results from the existing diversity of genetic compositions; whereas, PIC-value is a reliable indicator for plant genetic
diversity [24]. A PIC-value >0.5 indicates higher diversity and <0.25 denotes a lower diversity [60,61]. Our results are thus not only
consistent with the existing literature but also indicates a high diversity among the tested genotypes [17,24,32,55,62]. We have also
noticed, 15 of the 25 microsatellite markers amplified >10 alleles and scored PIC-value >0.8 (Table 2). This implied that, the
microsatellites used in this study was robust, highly informative and effective to aid in parent selection for molecular plant breeding
against drought [17,24,32]. While comparing among the genomes we observed that, D genome had the highest mean allele per locus,
PIC value, and gene diversity followed by B and A genome (Table 2) implying the presence of higher diversity for drought tolerance in
D genome compared to the other two. This result is in partial agreement with some of the recent studies where B genome was reported
to harbor considerable genetic diversity for drought tolerance [17,63,64].
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Fig. 7. Venn diagram showing co-linearity between morpho-physiological trait-based hierarchical (HR) and microsatellite marker data-based
neighbor-joining (NJ) clusters.

In our current study we employed UPGMA-based neighbor-jointing cluster analysis that is a highly useful technique in screening
studies for grouping target genotypes against one or more factors [41,65]. In total, three cluster groups were revealed among which
cluster I comprised of 7 genotypes including the tolerant check Sonoita F-81 implying that the genotypes BARI gom 22, BARI gom 26,
BARI gom 33, BINA gom 1, BAW-1147 and Kanchan shares close genetic similarity to a naturally tolerant genotype and hence the
cluster one can be referred as tolerant cluster (Fig. 2). The genotype Sonoita F-81 was an ideal choice for comparison as drought
tolerant genotypes developed by CIMMYT possessed very high genetic diversity mostly due to the integration of genetic materials from
diverse sources like synthetic varieties and landraces [62,66,67]. The genotype BARI gom 33 followed by BAW-1147 was the closest to
the tolerant check Sonoita F-81 which made them genetically superior compared to the other genotypes of cluster I. Contrariwise, the
genotypes of cluster III (BARI gom 19, BARI gom 28, BARI gom 31) shared the least genetic similarity with Sonoita-F81 and hence the
cluster III could be referred as sensitive cluster (Fig. 2). Performance observed for these genotypes under field trial of the present study
also supported the genotypic grouping based on genetic similarity (Fig. 5, Tables 3 and 4).

Productivity of wheat is comparatively low under arid and semi-arid regions due to both water deficit and degree of susceptibility
of cultivated genotypes [68,69]. Water scarcity leads to physiological and metabolic impairments like membrane instability, high free
radical generation, hormonal imbalance, chlorophyll damage, reduced photosynthesis thereby resulting in low productivity [3,18,19,
70]. Tolerant genotypes on the other hand could mitigate the water stress to suffer as less injury as possible through variable means
involving physiological and biochemical adjustments thereby ensuring better yield and biomass [71]. Therefore, crop improvement
against drought for wheat can be achieved via genotype selection targeting enhanced traits related to morphology, yield, yield
components, physiology and biochemical attributes [22,62,66,72,73]. The traits we have considered for this current study such as
plant height, number of productive tillers (spikes), spike length, number of grains per spike, 1000-grain weight, above-ground biomass,
leaf greenness, relative water content, bio-membrane stability, canopy temperature, free proline concentration, and K* ion accu-
mulation had been previously utilized in wheat crop improvement programs against numerous abiotic stress tolerance [10,22,72,
74-79]. Furthermore, our results agree with these previous findings via exhibiting a strong association among these traits as well as
with grain yield and plant biomass (Fig. 3). We employed Pearson’s correlation test to draw relationship among the tested
morpho-physiological test and found significant positive correlation mostly under drought (Fig. 3). According to Wiirschum et al. [80]
and Zhang et al. [78] genotypes with plant height around 60-80 cm was reported to well correlate with better biomass which was
consistent with our results although we observed comparatively higher biomass with increased plant height (Table 3, Fig. 4). Similar to
the report of Islam et al. [81], plant height was also found highly positively correlated with SPAD value (leaf greenness) that could
explain the significant positive correlation of plant height with tested yield components and grain yield (Fig. 4). Similar to Beche et al.
[79] and Gummadov et al. [68] we have also observed that both the grain yield and biological yield had strong positive correlation
with yield components and physiological traits (Fig. 4). Parallel to our findings, previous investigations also reported spike number,
spike length, grains per spike, 1000-grain weight as important agronomic traits positively influencing biomass and grain yield po-
tential in wheat [22,76,77,82-90]. However, we did not record any significant correlation between grains per spike, and 1000-grain
weight with spike number (Fig. 3). According to Bustos et al. [91], enhanced yield and biomass resulted from higher photosynthesis
and radiation-use efficiency. Water and chlorophyll are the two essential prerequisite for photosynthesis that results in yield and
biomass production [92]. In the present study, both the grain and biological yield was strongly and positively correlated with SPAD
value, leaf relative water content, and membrane stability index (Fig. 4). SPAD value is an indicator of chlorophyll content and leaf
relative water content acts as the medium aiding normal metabolic reactions within the cellular system [93,94]. Drought in turn
reduced relative water content in leaves leading to metabolic disequilibrium and over-production of free radicals which was detri-
mental for bio-membranes, photosynthetic pigments, cell organelles, nucleic acids, proteins and other important cellular biomolecules
[95,96]. Damage to chlorophyll ultrastructure, photosynthetic inhibition via impairing ribulose-1,5-bisphosphate carboxylase/ox-
ygenase (Rubisco) activity was reported as one of the most devastating consequences of drought mediated free radical overproduction
[97-99]. Water deficit also reduced photosynthesis via stomatal closure as well as photosynthate translocation impairing yield and
biomass production substantially [70,100,101]. These reports helped explaining the significant positive correlation among the traits
themselves as well as with both grain and biological yield under drought. Canopy temperature depression measured from difference
between air temperature and canopy temperature is an integrative trait that indicated water status of plant under drought [102,103].
Previously canopy temperature depression was reported to show strong correlation with traits related to plant water status and yield
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components [104,105]. Our results also support the previous reports except the fact that we did not record any significant correlation
between canopy temperature depression and grain yield; however, we reported a very strong positive correlation between canopy
temperature depression and leaf relative water content of wheat (Fig. 4). Proline content and K* ion content is two of the most desired
traits within a tolerant genotype. Proline is a cyclic amino acid that has osmoregulation, free radicle scavenging, protein and mem-
brane structure stabilizing, and signaling roles in plants [106-109]. Potassium ion is involved in ion homeostasis, protein synthesis,
electrolytes balance, activation of various enzymes for a range of metabolic reactions, and free radical scavenging apart from its
osmoregulatory roles [110,111]. Similar to our results, recent reports have shown that drought stress stimulates proline synthesis and
K" ion accumulation in wheat which is directly dependent on the degree of genotypic tolerance and positively correlates with plant
growth, yield and biomass production [112-115]. Apart from the traits association we noticed that, the overall performance among the
genotypes on tested morpho-physiological traits varied greatly under drought compared to control (Tables 3S and 4S). However,
genotypes showing better performance in physiological traits and yield components exhibited comparatively better grain yield and
biological yield (Tables 3 and 4). Our results are also in parallel with reports from previous studies which could be due to the genetic
superiority of the genotypes resulting in enhanced mitigation effects via morpho-physiological attributes [20,36,116-118].

We used a hierarchical cluster analysis to classify the genotypes in different tolerance groups based on their overall performance in
the tested morpho-physiological traits under drought compared to control (relative tolerance). We found three distinct clusters among
which the cluster 2 and cluster 1 genotypes showed the highest and the lowest relative tolerance, respectively. Hence, the genotype
clusters could be ranked as cluster 2 > cluster 3 > cluster 1 and could be referred as tolerant, moderately tolerant, and susceptible
clusters, respectively (Fig. 5). The magnitude of performance change in the three genotype clusters for all the tested morpho-
physiological traits was also examined, where cluster 2 and cluster 1 genotypes, respectively, showed the lowest and highest im-
pairments that strongly supported the hierarchy of the clusters (Fig. 6). Similar results were also reported by Mohi-Ud-Din et al. [16]
and Grzesiak et al. [119] while examining the drought tolerance potential of diverse wheat genotypes. Principal component analysis is
a strong statistical tool for representing highly correlated data that effectively draws constructive feedback by reducing the dimen-
sionality of variables [120]. In a PCA biplot, cosine of the angles between vectors represents their correlation, where an angle <90°,
>90°, and = 90°, respectively represents positive, negative and no correlation. Similar to our present study, PCA biplot had been
previously employed by other researchers for effective screening of wheat genotypes [7,121]. Similar to the HR cluster analysis, PCA
biplot also grouped the tested genotypes into three distinct clusters (Fig. 7). Furthermore, the direction and cosine angles between
vectors also strongly represented the correlations among the tested morpho-physiological parameters (Figs. 4 and 7); although a
previous report stated that, the angles between two vectors of a PCA biplot might not match precisely with their correlation [122].
Among the two different genotypic clustering (morpho-physiological trait-based HR clusters and UPGMA-based NJ clusters) similarity
index was assessed using co-linearity of the model-based analysis. Both the clusters had 71% co-linearity with 15 exact genotype
matches. The tolerant genotype clusters from both analysis (HR cluster 2 and NJ cluster I) had 6 genotypes in common and the
susceptible cluster from both analysis (HR cluster 1 and NJ cluster III) had 3 genotypes in common (Fig. 7). High similarity between
both clusters greatly enhanced the experimental reliability and reproducibility [7,16,123]. Performance variations on the tested
morpho-physiological traits were evident among the genotypes; however, genotypes belonging to UPGMA-based NJ cluster I showed
comparatively better performance than the genotypes from the other two clusters (Tables 3 and 4). Similarly, the genotypes belonging
to HR cluster 2 were found combatively superior in genetic diversity and had better genetic similarity with the drought tolerant check
Sonoita F-81 (Fig. 2) explaining and supporting the thumb rule, genetically superior genotypes tend to perform significantly better
than inferior genotypes under stressful environments [124,125].

The research progress on wheat drought tolerance worldwide has witnessed significant strides in recent years, owing to the growing
concerns about climate change-induced water scarcity and its impact on global food security. Researchers have conducted compre-
hensive studies to decipher the genetic basis of drought tolerance in wheat [126-131]. Numerous genes and molecular pathways have
been identified across diverse wheat germplasms (Table 6S) revealing a complex interplay of genetic elements in conferring resilience
to drought. Among hundreds of identified drought tolerance contributor candidates only a notable few such as TaDREB2, TaSnRK2.4,
and TaMYB44 are at the forefront [132-134]. Advancement of sequencing technologies and functional genomics could accelerate the
process; however, understanding the genetic basis of wheat germplasms from diverse geographic regions would fuel the ongoing
efforts of breeding drought-tolerant wheat cultivars [135-138] which is pivotal for ensuring food security in a changing climate.

5. Conclusion

Drought stress induced water scarcity negatively influenced the tested morpho-physiologial traits as well as reduced wheat pro-
ductivity for all tested wheat genotypes although the magnitude of drought tolerance among them were considerably diverse which
was evident via microsatellite marker-based and morpho-physiological trait-based assessments. Although drought stress resulted in
significant performance drop in all the traits, the genotypes BARI Gom 22, BARI Gom 26, BARI gom 33 and BAW-1147 sharing close
genetic similarities with the tolerant check Sonoita F-81 showed distinctively low impairments compared to the other tested geno-
types. Among the used 25 microsatellite markers, most were robust for wheat genetic evaluation and effective for screening genetically
diverse wheat germplasm resources. Tested morpho-physiological traits were strongly and positively corelated under drought, hence
are important target traits for drought tolerance studies. Both microsatellite marker-based and morpho-physiological trait-based
approaches were individually effective; however, combining both approaches would aid in more efficient screening and coming up to
more reliable conclusion. The reported findings should improve the present understanding on drought tolerance responses of wheat
and should provide a basis for future genotype selection for enhancing drought tolerance in wheat. Furthermore, the selected tolerant
genotypes particularly BARI Gom 22, BARI Gom 26, BARI gom 33 and BAW-1147 showed potentials for cultivation in drought affected
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lands for better productivity.
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