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Abstract

Limited and variable rainfall conditions during flowering and grain filling stages remain the leading cause of poor yields
and quality in the major produced crops, including wheat. Cultivating water-use-effici  t wheat cultivars will buffer yield
stability and environmental plasticity to achieve food security and economic opportunities. Therefore, this study aimed
to evaluate the agronomic performance and water use efficie y (WUE) of newly bred wheat populations under drought-
stressed and non-stressed conditions to select drought-tolerant families for genetic advancement and production. Field
experiments were conducted in the 2022 and 2023 growing seasons to evaluate 100 genotypes (10 parental lines and
90 families) using a 5 x 20 alpha-lattice design under drought-stressed (DS) and non-stressed (NS) conditions. Controlled
experiments were conducted using custom-made plastic mulch under field conditions. The following agronomic traits
were recorded: number of days to 50% heading (DTH), number of days to 50% maturity (DTM), plant height (PH), number
of productive tillers (TN) per plant, spike length (SL), number of spikelets per spike (SPS), spike weight (SW), grain yield
(GY), shoot biomass (SB), root biomass (RB), and total plant biomass (PB). The water use efficie y for grain yield (WUEgy),
shoot biomass (WUE,), root biomass (WUE,,)) and total plant biomass (WUpr) were calculated. Eight drought tolerance
indices were computed based on grain yield response under DS and NS conditions. Significa t (p <0.05) genetic varia-
tions were recorded for agronomic traits and WUE variables. The mean grain yield value of the F; families was higher by
29.42% and WUE by 25.00% than the parental lines under DS conditions. Among the F; wheat populations, the WUE,,
ranged from 0.05 g mm~' (LM47 X LM70) to 0.21 g mm~' (BW141 X LM71) under DS conditions, whilst the WUEgy for
the parental lines ranged from 0.08 (BW162) to 0.18 (LM48) under DS. Twenty one percent of the wheat populations had
greater drought indices than parental lines. Families, BW141 X LM71, LM71 X BW162, BW140 X LM70, BW162 X BW140,
BW141 X LM26, BW162 X LM71, BW152 X LM71, LM70 X BW141, LM75 X LM47 and LM70 X BW140 were selected for
their high grain yield production and high WUE,, under DS conditions. These genotypes are recommended for further
selection and deployment as new cultivars in South Africa or other water-limited agro-ecologies.
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Highlights

e Drought stress significa tly reduce grain yield production of wheat genotypes.
o The water use efficie y potential of wheat genotypes is negatively affected by drought-stressed conditions
o Utilization of drought indices enables the effici  t selection of high-grain yield genotypes under drought stress.
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1 Introduction

Wheat (Triticum aestivum L., 2n=6x=42, AABBDD) is globally the second most widely produced cereal crop after maize
[1]. It supplies about 20% of the calories [2] and up to 60% of proteins in human nutrition [3]. The rapid increase in global
population and the adverse effects of climate change are expected to increase wheat demand to between 35 and 56%
by 2050 [4]. Out of 220 million hectares of world agricultural land cultivated by wheat, only 10 million hectares (4.55%)
are cultivated in Africa to produce about 25 million tonnes of grain per annum [5]. Further, the wheat production in sub-
Saharan Africa (SSA) is 7.5 million tonnes per annum, far less than the estimated demand of approximately 31.1 million
tonnes for human consumption. To meet regional demand, SSA imports approximately 26.6 million tonnes of wheat
annually [6, 7].

Climate change is predicted to exacerbate the frequency and severity of drought stress, making it more challenging
to improve wheat production [8]. Enhancing wheat production under climate-induced drought episodes will be chal-
lenging, considering that 66% of global wheat production is under dryland conditions [9]. Since the green revolution,
rapid irrigation developments have been made to reduce the impact of drought stress on crop production, but this has
led to increased water demand, making agriculture the largest dependent on freshwater globally [10]. Selecting water-
use effici  t and drought-adapted wheat cultivars emerges as a promising solution to reduce the water demand and
enhance crop resilience to drought. This will enable water conservation for multiple utilities and maintain sustainable
food systems.

Screening genetically diverse populations is vital in wheat breeding and for the selection of drought-tolerant and
water-use effici  t wheat genotypes. Water use efficie y (WUE) is an important indicator that exhibits genotypes’abil-
ity to produce grain yield under limited irrigation regimes and soil moisture levels [11]. The WUE of plants is decreased
under a water defici , but plants that can maintain their physiology and reduce their water use have a specific drought
adaptation mechanism [12]. The decrease in WUE is due to a higher transpiration rate and reduced carbon assimilation
under drought stress [13], and some of the test genotypes could fail to produce optimum yield. Hu et al. [14] asserted
a decrease in WUE and GY under drought stress in wheat. Whilst, Alotaibi et al. [15] and Zhang et al. [16] reported an
increased WUE in wheat under limited water regimes. Nevertheless, Yong'an et al. [17] and Boutraa et al. [18] found a
significant decrease in wheat WUE under drought-stressed conditions. Given the variations in WUE under drought stress,
as highlighted above, a comprehensive understanding of the impact of drought stress on WUE of newly bred wheat
varieties provides a foundation for breeding aimed at developing wheat genotypes with enhanced drought tolerance
and improved WUE.

Several studies have suggested the breeding of water-use effici  t wheat varieties as a promising strategy to improve
wheat production [15, 17], but there are still very few varieties with stable water-use efficie y and drought tolerance
expressed under different environmental conditions. To harness the genetic variation of wheat for drought adaptation
and water use efficie y under South African conditions, a wheat breeding group at the University of KwaZulu-Natal'’s
African Centre for Crop Improvement sourced 100 wheat lines from the International Maize and Wheat Improvement
Centre (CIMMYT) heat and drought nursery [19]. The genotypes were phenotyped for plant biomass production under
limited irrigation conditions in Pietermaritzburg, South Africa. Eight out of the 100 wheat lines from CIMMYT were
selected based on high biomass production, and two drought-tolerant South African wheat lines were crossed to gen-
erate new wheat families, which were advanced to F, families by Shamuyarira et al. [20]. The parental lines and their
F, wheat populations should be advanced F; and evaluated for their WUE and drought tolerance. Screening for water
use efficie y and drought tolerance in wheat genotypes is vital for selecting wheat genotypes with higher grain yield,
drought tolerance and WUE for selection, genetic advancement and production. Cultivating water-use-effici t wheat
cultivars will contribute to yield stability to achieve food security, economic opportunities and enhanced livelihoods.
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Therefore, the objective of the present study is to determine the agronomic performance and WUE of newly bread wheat
populations under drought-stressed and non-stressed conditions to select water use efficient and drought-tolerant
families for genetic advancement and production.

2 Materials and methods
2.1 Plant materials

Eight wheat genotypes obtained from the International Maize and Wheat Improvement Centre (CIMMYT) heat and
drought nursery were selected from a panel of 100 diverse genotypes [19] and two local checks adapted to dryland
wheat production in South Africa (Table 1). The genotypes were selected for their desirable root-to-shoot biomass allo-
cation and yield advantage under water-limited growing conditions. Additional information on the original panel and
the selection process can be found in Mathew et al. [19]. The 10 selected genotypes were used as breeding parents and
crossed in a full diallel mating design to generate 90 F, populations [20]. Seed from each family was bulked and selfed
over two generations to generate 90 F, families. Advancing both direct and reciprocal crosses was justified because o
reports on the presence of maternal effects for root biomass and abiotic stress tolerance in wheat [19, 21]. A total of 100
genotypes consisting of the ten parental lines and 90 F; families were evaluated in the present study under drought-
stressed and non-stressed conditions.

2.2 Experimental site description

The 100 genotypes were evaluated at the Ukulinga Research Farm (latitude: 29.667° longitude: 30.406° and altitude:
811) located in Pietermaritzburg, in the KwaZulu-Natal province of South Africa, over two seasons (2022 and 2023). The
Ukulinga Research Farm is the experimental farm for the University of KwaZulu-Natal (UKZN), Pietermaritzburg Campus.
The area is classified as semi-arid, has warm to hot summer months and cool winters with a long-term (10 years) average
temperature of 26.5 °C [22]. The annual average rainfall is 738 mm, and most of the rain falls during the summer months
(October-April), with ~20% falling during the winter months [23]. Detailed meteorological data of the experimental site
during the 2022 and 2023 growing seasons were recorded in Table 2. The soil at the experimental site was clay-to-loamy
clay, acidic, shallow, and had low fertility [22]. The soil properties of the experimental area are given in Table 3.

2.2.1 Trial establishment and layout

Two experiments were conducted under field conditions at Ukulinga Research Farm. The first trial was conducted from
July to November 2022, and the second from August to December 2023. The field was ploughed to a depth of 30 cm and
harrowed to ensure fine tilth for optimal germination. Basal fertilizer was applied at 120, 30, and 30 kg ha™" of nitrogen,
phosphorous, and potassium, respectively. The trials were laid out in a 5x 20 alpha lattice design with two replicates

Table 1 List of wheat parents

used to generate wheat Parental Genotypes Pedigree
populations LM26 ATTILA * 2/PBW65//TAM200/TUI
LM47 FRET2/KUKUNA//FRET2/3/YANAC/4/FRET2/KIRITATI
LM48 FRET2/KUKUNA//FRET2/3/PASTOR//HXL7573/2 *BAU/5/FRET2
*2/4/SNI/TRAP#1/3/KAUZ * 2/TRAP//KAUZ
LM71 BABAX/3/PRL/SARA//TSI/VEE#5/4/CROC_1/AE.SQUARROSA
(224)//2 * OPATA
LM75 BUC/MN72253//PASTOR
BW141 CGSS05B00243T-099TOPY-099 M-099NJ-099NJ-1WGY-0B
BW152 CGSS05B00258T-099TOPY-099 M-099NJ-1WGY-0B
BW162 CGSS05B00304T-099TOPY-099 M-099NJ-099NJ-3WGY-0B
LM70 Local check
BW140 Local check
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Table 2. Weather conditions Month Rain Tmax Tmin Rhmax Rhmin
at Ukulinga Research Farm
during the growing periods July—November 2022
July 5.8 228 10 83.2 50.3
August 8.1 224 9.8 88.4 61.9
September 20.6 26.1 134 84.1 40.2
October 39.1 26.3 153 90.5 38.2
November 72.6 239 15 94 328
August—December 2023
August 6.8 21.8 10 88.6 49.6
September 7.3 22.7 124 84.2 62.3
October 331 25.1 13.6 88.3 395
November 63.2 229 15.6 91.3 329
December 77.2 246 14.6 94 33
Rain=rainfall (mm); T,,=maximum temperature (°C); T,;,=minimum temperature (°C); Rh,,,,=maxi-
mum relative humidity (%); Rh,,;,=minimum relative humidity (%)
Table 3 Soil properties for Properties Field conditions

the environment used in this

study Bulk density (g cm™3) 1.04
Phosphorus (mg/I) 39
Potassium (mg/I) 241
Nitrogen (%) 0.23
Calcium (mg/I) 1453
Magnesium (mg/l) 369
Ph 4.56
Clay% 28
Organic Carbon (%) 2.6
Electrical Conductivity 11.02

per treatment. The soil on the experimental area was covered with a custom-made black plastic mulch rainout shelter
system to avoid rainfall infilt ation into the soil profil . Small holes measuring~5 cm in diameter were drilled on the
black plastic mulch along the planting rows. The plot size was a 1 m-long plot with an inter-row spacing of 30 cm and
intra-row spacing of 20 cm. Three wheat seeds were planted at each hole and thinned out after two weeks to leave two
plants per hole. The border rows were used to reduce the risk of yield infl tion in test plots in the outer rows. Two water
regimes (drought-stressed (DS) and non-stressed (NS)) were laid out adjacent to each other, and an automatic drip irriga-
tion system was used to apply water in both water regimes. Each row had a dripper line running below the custom-made
plastic mulch for precision and automated water application. Rainwater that may enter or seep through the holes was
negligible as the holes were covered by the plant canopy as the plants grew.

2.2.2 lIrrigation water management

The plants in both treatments were irrigated equally until water stress was imposed into the drought-stressed treatment
by withholding irrigation to 35% field capacity from 50% heading to physiological maturity. This was done in order to
mimic terminal drought stress. In the non-stressed treatment, adequate irrigation continued until the plants reached
physiological maturity (Fig. 1). The water sensors (HOBO UX120, Onset, Bourne, MA, USA) was used to determine fiel
capacity under both water regimes.
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Fig. 1 Scheme of irrigation water application in the drought-stressed and non-stressed treatments. FC=field capaci y

2.3 Data collection
2.3.1 Phenotyping yield and yield components

During the two growing periods, data for phenotypic traits was recorded. The traits recorded before harvesting were
number of days to 50% heading (DTH), which was recorded as the number of days from the date of sowing to the date
when 50% of the plants in a plot had fully emerged spikes from the flag leaf, whilst number of days to 50% maturity
(DTM) was recorded as the number of days from the date of sowing to the date when 50% of the plant in a plot had dried
spikes. Plant height (PH) was recorded in centimetres as an average measurement of three randomly selected plants from
the soil surface to the tip of the spike after the plants reached physiological maturity. The number of productive tillers
(TN) per plant was measured as the average number of the counted tillers from three stations (with 2 plants per station).

After harvesting, the spike length (SL) was measured in centimetres from the base of the spike to the tip of a fully
developed spike, and the number of spikelets per spike (SPS) were counted and recorded as the mean of three randomly
selected spikes per plot. Spike weight (SW) was measured by weighing all the spikes produced in a plot on a weighing
balance and was expressed in g m2. Grain yield (GY) was measured as the weight of the grain produced per genotype

and expressed in g m™2.

2.3.2 Determination of root and shoot biomass variables

Shoot biomass (SB) was measured after harvesting, and shoots were dried at 70 °C for 48 h to measure the dry weight of
the shoots without the spikes and normalized to g m™2 The root biomass (RB) was measured following the methodology
by Mathew et al. [19] with slight modific tion. Briefl , a 20 x20x 20 cm sampling box was sunk to a depth of 60 cm, and
all the roots within the soil volume were collected per genotype per plot. The larger roots were manually separated from
the soil, and the finer roots were collected by wet sieving through a 2 mm sieve added to the larger roots. The roots were
oven-dried at 70 °C for 48 h to measure the dry weight of the roots and the units were normalized to g m™2. The total
plant biomass (PB) was calculated as a sum of the spike weight, shoot biomass and root biomass and recorded in g m™2.
Root-to-shoot ratio was calculated as the ratio of the root biomass to shoot biomass. The harvest index was calculated
using the equation [21] posed by Shamuyarira et al. [20]:

HI = GY
GY +SB

X 100 1)

where HI=harvest index; GY =grain yield produced in g m™2; SB=shoot biomass in g m™
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2.3.3 Determination of irrigation water use efficiency
The irrigation water use efficie y for grain yield (WUEy), shoot biomass (WUE,y), root biomass (WUE,;) and total plant
biomass (WUE,,,) were calculated following the formulae proposed by Jing et al. [24] and Hussain et al. [25]:

B GY
% amount of water applied

WUE (2)

Where GY =grain yield produced in g m™~2, WU Egy=grain yield water use efficie .

SB

WUE,, =
™ amount of water applied

Where SB=shoot biomass in g m~ WUE,, = shoot biomass water use efficie y.

RB

WUE,,, =
™ ™ amount of water applied

Where RB=root biomass in g m~%, WUE,,, =root biomass water use efficie y.

PB

WUE,, =
P> amount of water applied

WUE,,, =total plant water use efficie y; PB=total plant biomassing m™2

2.3.4 Drought stress indices

The following drought stress indices were calculated to assist the selection of drought tolerant families: drought suscep-
tibility index (DSI), geometric mean productivity (GMP), harmonic mean (HM), mean productivity (MP), stress suscepti-
bility index (SSI) stress tolerance index (STI), tolerance index (TOL), yield index (Y1) and yield stability index (YSI) [26-32]:

Ys — Y
Drought susceptibility index = Syp P (7)
Geometric mean productivity = (Yp X Ys)% (8)
. 2(Ys X Yp)
H =—"
armonic mean = (9)
Yp+ Y
Mean productivity = % (10)
-2
Stress Susceptibility Index = ?" 1)
1- L)
( v
. Yp X Ys
Stress tolerance index = — (12)
p
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Tolerance index =Y, — Y, (13)
Yield index = E (14)
YS
Yield stability index = ¥
y = Y (15)

where Y, is the mean yield of the genotype under non-stressed conditions, Y; is the mean yield of the genotype under
stress conditions, Y, is the mean yield of all genotypes under non-stressed conditions, and Y, is the mean yield of all
genotypes under drought-stressed conditions.

2.4 Data analysis

Summary statistics describing mean, minimum, maximum, quartile 1 (25%), quantile 3 (75%), standard deviation, stand-
ard error of the mean, coeffici t of variation (%CV), skewness (skew), and kurtosis (Kurt) were generated using IBM
SPSS statistical software version 28 for all the agronomic traits and water use efficie y variables (WUEg,, WUE,,, WUE,,
and WUE,;). The two seasons’ data for agronomic traits and water use efficie y variables was subjected to a combined
analysis of variance (ANOVA) following the lattice procedure in GenStat 23rd edition [33] by considering genotypes, sea-
sons, and water regimes as fi ed factors. The comparisons of means were done using Fisher’s least significa t difference
at the 5% significance level. The drought stress indices were computed based on the gain yield produced under DS and

NS conditions using calculated using IBM SPSS statistical software.

3 Results
3.1 Climatic conditions during the two growing seasons

The total amount of rainfall during the 2022 and 2023 growing seasons was 146.2 mm and 187.6 mm, respectively
(Table 2). Mean temperatures during the first growing season was varied with a minimum of 12.7 °C and a maximum
of 24.3 °C. During the second growing season, the mean maximum temperature (23.42 °C) was slightly lower than the
maximum temperature during the first growing season (24.3 °C) (Table 2).

4 Summary statistics

An overview of the variations of agronomic traits and water use efficie y (WUE) variables for all 100 wheat genotypes
across the two seasons and two water regimes is presented in Table 4. The root biomass (RB) has a relatively higher %CV
(57.55%) than any other agronomic recorded, indicating that the RB values have the highest variations across the two
treatments and seasons. Among all the recorded agronomic traits, only plant height (PH) has a negative skewness value
(-1.08), meaning that the values were skewed to the left. The WUE,, was widely varied across treatments and seasons, as
indicated by a minimum value of 0.04 g mm™' and a maximum value of 1.73 g mm™' (Table 4).

4.1 Effects of genotype, season, water regime and their interactions on phenotypic traits and water use
efficiency

The combined analysis of variance with mean squares and significa t tests for agronomic traits and water use efficie vy
for the evaluated genotypes is presented in Table 5. The genotype effects were significa t (p <0.05) for agronomic traits
and water use efficiency variables. The interaction between genotype and water regime had signifi ant (p <0.05) effects
on DTH, SW, GY and WUE,, and was non-significant on DTH, SPS and PH. In addition, the effect of genotype x season
interaction was significa ton DTM, PH, TN, RB, Hl and WUE,,,, but was non-significa ton DTM, SL, SPS, SW, GY, SB, PB, RS,
WUE,,, WUE,, and WUE,,, The season x genotype x treatment interaction effect was non-significa t for agronomic traits
and water use efficie y variables (Table 5).
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4.2 Mean performance of wheat genotypes

The mean agronomic performances of the top 10 and bottom 5 performing wheat genotypes under drought-stressed
and non-stressed conditions are presented in Table 6. The overall mean days to 50% heading (DTH) was lower under
drought-stressed (64.03 days) than in non-stressed (64.39 days) (Table S1). Among the F; wheat populations, LM26 X
LM70, LM47 X BW140, LM47 X BW162 were the early fl wering under drought stress with the mean DTH of 61.00, 61.00
and 61.75 days, respectively, whilst under non-stressed the LM70 X BW141, BW141 X LM47 and LM71 X BW140 were the
early fl wering genotypes with the mean DTM of 61.25, 61.50 and 62.00 days, respectively. The days to 50% maturity
(DTM) of the earliest maturing genotypes under drought stress included LM26 X BW140 and LM48 X BW141 and reached
DTM at 95.00 and 95.25 days, respectively, whilst under non-stressed, the genotypes LM47 X LM70 and BW152 X LM70
reached DTM at 94.00 and 95.67 days, respectively (Table S1). The overall mean for plant height (PH) was higher under
drought stress (81.09 cm) than non-stressed (80.43 cm). The SPS for the evaluated genotypes ranged from 5.58 (LM71
X LM75) to 21.65 (LM71 X BW152) under drought stressed, whilst under non-stressed it ranged from 6.04 (BW141) and
18.27 (BW162 X LM48) (Table S1).

The grain yield (GY) for the evaluated wheat genotypes was highly variable under drought-stressed conditions, with
a minimum of 131.48 g m~2 recorded on BW141 and 800.00 g m~2, which was observed on BW141 X LM71, whilst under
non-stressed, GY was ranged from 245.83 g m™2 (LM75 X LM71) to 908.33 g m~2 (LM71 X BW162) (Table S1). Among
the parental lines, the highest GY under drought-stressed and non-stressed conditions was exhibited by LM48 with
504.17 g m~2 and 774.17 g m~2, whilst BW141 had the lowest grain yield under drought-stressed (131.48 g m™2) and
BW162 had the lowest grain yield under non-stressed (343.89 g m~2) (Table S1). The mean GY for all wheat genotypes
was higher under non-stressed (654.28 g m~2) than drought stress (518.01 g m~2). In addition, under drought-stressed
conditions, 21.11% of the F3 wheat populations produced high grain yield production than all the parental lines and
under non-stressed conditions, 10% of F; wheat populations had higher grain yield than the parental lines (Table S1).

Furthermore, the results showed that mean shoot biomass was lower under drought-stressed (1499.45 g m~2) than
under non-stressed treatment (1512.94 g m~2) (Table S1). The parental lines with the highest harvest index (HI) under
drought-stressed were LM48 and BW140, with 23.45% and 20.47%, respectively, whilst under non-stressed, the highest
HI was observed on BW140 and LM48, with 32.09% and 25.35%, respectively. Mean HI for wheat genotypes was reduced
by 4.91% under drought stress. On average, root biomass (RB) was 270.58 g m~2 under non-stressed conditions, which
was lower than 260.65 g m~2 attained under drought-stressed conditions (Table S1). Overall, total plant biomass (PB) was
reduced by 0.20% under drought-stressed. On average, the root-to-shoot ratio (R:S) of all parental lines and their crosses
was slightly higher under drought-stressed (0.19) than in non-stressed conditions (0.18) (Table S1). The R:S varied from
0.11 (LM26) to 0.29 (BW152 X LM47) under a drought-stressed environment, whilst under non-stressed conditions, it
ranged between 0.09 (LM75 X LM48) to 0.29 (LM47) (Table S1).

4.3 Irrigation water use efficiency

Results revealed that grain yield water use efficie y for F; wheat populations ranged between 0.05 g mm~" which was
observed in LM47 X LM70 and 0.21 g mm~' recorded on BW141 X LM71 under drought-stressed, whilst under non-
stressed the grain yield water use efficie y ranged from 0.05 g mm™" which was recorded in LM75 X LM71t0 0.21 gmm™"
which was observed in LM71 X BW162 (Table 6 and Table S1). The parental lines with high grain yield water use efficie vy
under drought-stressed conditions were LM48 and BW140 with WUE,, of 0.13 g mm~" and 0.12 g mm™’, respectively,
whilst under non-stressed LM48 and LM70 with WUE,, of 0.18 g mm~' and 0.14 g mm™, respectively. On average, the
shoot biomass water use efficie y was 0.43 g mm™' under drought-stressed which was higher than 0.35 g mm™" under
non-stressed (Table S1). The %CV for WUE,, was under drought-stressed was 21.96% which was higher than the non-
stressed treatment (18.31%).

4.4 Comparison and selection of wheat populations based on tolerance indices and yield

After evaluating parental lines and their crosses for agronomic performance and water use efficie y under drought-
stressed and non-stressed conditions. The different drought tolerance indices were further calculated to facilitate the
identific tion and selection of the drought-tolerant or drought-susceptible wheat populations. The geometric mean
productivity (GMP) and mean productivity (MP) indices were similar in categorizing the genotypes BW141 X LM71
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(GMP=40.29; MP=811.67) and LM71 X BW162 (GMP =40.43; MP=817.22) as the most drought tolerant (Table 7 and
Table S2), whilst categorizing the genotypes LM71 X LM48 (GMP =22.73; MP =258.33) and LM75 X LM71 (GMP =21.70;
MP =235.42) as the most drought susceptible genotypes (Table 7 and Table S2). Among the parental lines, LM48 had
an MP of 639.17 g m~2 which was higher whilst BW162 had the least MP of 281.39 g m™2. According to the stress sus-
ceptibility index (SSI) and Tolerance (TOL) indices, LM75 X BW140 and LM26 X BW162 had the lowest TOL and SSI value
which indicated that these two varieties have the highest drought tolerance. However, the LM75 X BW152 and BW140 X
BW141 had the greatest TOL and SSI value among the F3 wheat populations, indicating that they are highly susceptible
to drought stress (Table S2). The Drought stress tolerance index (STI) indicated that genotypes LM71 X BW141 (-0.01),
LM48 X BW140 (—0.02) as the most drought tolerant genotypes and genotype BW140 X BW141 (-0.69) and LM75 X BW152
(-0.66) as the most susceptible wheat genotypes. Due to the lack of consistency of the drought indices in their ability
to determine and select drought tolerant and susceptible wheat populations, the rank mean was calculated. The mean
rank for the assessed drought indices was ranged from 20.78 (LM71 X BW162) to 79.67 recorded in BW162 (Table S2).

5 Discussion
5.1 Effects of drought stress on yield and yield-related components

The agronomic performance of all 100 wheat genotypes were varied across the treatments and seasons (Table 4). This
agrees with Mwadzingeni et al. [34] and OlaOlorun et al. [3], who observed the phenotypic variations in wheat geno-
types under drought-stressed and non-stressed conditions. According to Mathew et al. [19], the variations on agronomic
performance of different wheat genotypes are as a result of genetic diversity. The significa t values of genotypes for
DTH, DTM, TN, SPS, GY, SB, RB, PB and HI (Table 5), indicating that the tested parental lines and the families show genetic
variations, which is useful during the selection for drought tolerance and water use efficie y using these agronomic
traits. Furthermore, the main effect of water regime x season x genotype was non-significa t in all the evaluated yield
and yield-related components. Similar results were found by Shamuyarira et al. [35], who reported that the main effect
of water regime x season x genotype was non-significa tin all the evaluated yield and yield-related components.

The early maturing genotypes such as LM26 X BW140 (95.00 days) and LM48 X BW141 (95.25 days) are favoured in dry
lands since they might avoid experiencing severe drought towards the end of their growth period and can potentially
accommodate multiple cropping cycles due to their shorter duration. However, despite their shorter growth cycles, the
early maturing genotypes are associated with reduced yields such as LM26 X BW140 (that was ranked 65th) (Table S1).
These scenarios were reported by Mwadzingeni et al. [36] and Semahegn et al. [37], who found that early maturity geno-
types were associated with low yields. Early maturity is a proxy trait for genotype selection with drought avoidance mecha-
nism. The trade-off in early maturation is lost productivity due to reduced biomass production, root development, and
shortened grain filling period. Mean grain yield for the assessed genotypes was lower under drought stress (427.67 g m™)
than non-stressed conditions (589.71 g m~2) (Table 6 and Table S1). That is in agreement with results were reported by Dor-
ostkar et al. [38], who asserted that the mean grain yield for 36 evaluated wheat genotypes was higher under non-stressed
than drought-stressed conditions. This is possibly because drought stress decreases the photosynthetic rate which results
in poor of plant growth and development, which leads to a decrease in grain yield production [39].

Shoot biomass reduction of 0.89% under drought-stressed conditions was observed in this study because during
drought stress, plants close their stomata to reduce water loss, which in turn limits carbon uptake leading to decreased
biomass production. Gui et al. [40] also reported a decrease in shoot biomass due to the decrease in field capacity (FC) in
the study conducted under 80% FC, 50% FC and 30% FC. Guasconi et al. [41], also asserted that drought stress negatively
affects shoot biomass in all evaluated grass crops. Furthermore, the results showed that the mean Hl under drought-
stressed conditions was 18.32%, which was lower than the Hl under non-stressed conditions, which was 20.92%. Indicat-
ing that these wheat genotypes were less effici  tin converting biomass into harvestable yield under drought-stressed
compared to non-stressed conditions. That is in agreement with Anwaar et al. [42] who reported a decrease in Hl under
drought conditions because both biological and grain yields decreased at different rates.

5.2 Impact of drought stress on irrigation water use efficiency

The WUE of wheat genotypes is seriously affected by water stress and various wheat genotypes respond differently
to drought stress. The total plant water use efficie y for the evaluated wheat genotypes was varied across the water
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regime and seasons, with a minimum value of 0.10 g mm™" and a maximum value of 2.13 g mm™". These findings align
with Meena et al. [43], who reported a significa t variation in WUE of wheat genotypes under different irrigation treat-
ments. The WUE,, was not significa tly different for the interactions of water regime X season and genotype x water
regime X season (Table 5), indicating that these genotypes had the ability to achieve optimum yield with limited applied
water. These fi dings are consistent with Hussain et al. [25] who asserted similar results in water regime x season and
genotype X water regime X season interactions on the WUE, of rice cultivars evaluated under drought-stressed and
non-stressed conditions.

The results of the present study indicated that the WUE,, was lower under drought-stressed (0.11 g mm™") than non-
stressed conditions (0.13 g mm™") (Table S1). These results are supported by Yong'an et al. [17] and Boutraa et al. [18], who
found asignifica t decrease in WUEy, under drought stress. The WUE of plants decreased under drought stress because
of the high rates of transpiration and the crop cultivars may fail to produce optimum yields [12]. The WUE,,, was higher
under drought-stressed than non-stressed conditions (Table 6), indicating that wheat genotypes have developed the
mechanisms that allow them to use water they receive effici tly. These results align with the results of Mansour et al.
[44], who found high biomass water use efficie y under lower irrigation and lower biomass water use efficie y under
high irrigation. This suggests that high amounts of water applied to plants may lead to huge loss of water through tran-
spiration which resulted in reduced shoot biomass water use efficie y. Under drought-stressed conditions, the overall
mean of root biomass water use efficie yincreased by 14.70% (Table S1). Similar results were demonstrated by Attia
et al. [45], who found an increase in root biomass water use efficie y under drought-stress conditions. Therefore, the
greater the amount of water applied resulted in water loss leading to reduced water use efficie .

5.3 Comparison and selection of genotypes based on tolerance indices

Wheat genotypes, which are able to withstand water stress, normally use numerous strategies that vary with genotype
based on their genetic makeup [46]. With regard to that, several authors have proposed several strategies that can be used
to select the wheat genotypes based on their behaviour under drought stress such as drought stress indices. Drought
tolerance indices are important criteria that assist in identifying drought tolerant wheat genotypes. The GMP and MP
were the two drought stress indices which were equally effective at identifying drought tolerant and water use effici  t
wheat genotypes (Table 7 and Table S2). These results align with the results reported by Mohammadi et al. [47], who
asserted that MP and GMP indices were more effective in identifying high yielding cultivars under water defici . However,
the two selection indices SSI and TOL favoured wheat genotypes with high grain yield under drought stress and lower
grain yield production under non-stressed conditions, which agreed with results reported elsewhere by Semahegn et al.
[37], who asserted that SSI and TOL were favoured genotypes with high yields under drought stress conditions.

6 Conclusion

This study showed a wide variation in agronomic traits and WUE on the 100 evaluated wheat genotypes, indicating that
these are vital genetic resources for the development of drought-tolerant and enhanced water use effici  t varieties. The
results showed that grain yield and WUE, were improved on the wheat population as compared to their parental lines
under drought-stressed conditions. The drought indices such GMP, MP, HM, STI, Y1, TOL, and SSI were better criteria for
selecting drought-tolerant wheat genotypes. Based agronomic traits, water use efficie y and drought indices, BW141 X
LM71,LM71 X BW162, BW140 X LM70, BW162 X BW140, BW141 X LM26, BW162 X LM71, BW152 X LM71, LM70 X BW141,
LM75 X LM47 and LM70 X BW140 were selected and recommended for future breeding and crop production especially
in the dryland agricultural systems.
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