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Integrated Multi-Trait Selection of Bread Wheat Genotypes Using GYT
Biplot Analysis under Contrasting Moisture Regimes

Nasrin Ghamari Rahim!, Adel Siosemardeh!*, Farzad Hosseinpanahi'!, and Ghader
Mirzaghaderi'
ABSTRACT

Improving wheat yield and stability under variable water availability a major challenge in semi-
arid agroecosystems. Conventional selection strategies often emphasize yield alone, overlooking
its interaction with key agronomic traits. study sought to identify high-performing and stable bread
wheat genotypes using the Genotype by Yield x Trait (GYT) biplot approach as traditional
selection indices. Twelve genotypes were evaluated over four growing seasons (2019-2023) under
rainfed and supplementary irrigation conditions in Kurdistan Province, Iran. The GYT biplot
integrated grain yield with twelve agronomic traits, allowing genotype performance to be assessed
based on yield—trait combinations rather than yield alone. Principal component analysis explained
79.43% and 85.04% of the total variation under rainfed and irrigated conditions, respectively.
Genotype G5 consistently achieved the highest Superiority Index (SI) in both environments (SI =
2.08 under irrigation and 1.44 under rainfed conditions). Its superior ranking was primarily
associated with favorable yield combinations for spike weight, thousand grain weight (TGW), and
harvest index (HI). These results suggest that G5 combined favorable yield-related traits under the
evaluated moisture regimes; however, the physiological mechanisms underlying this superiority
require further investigation. A moderate to strong positive correlation (r= 0.59 to 0.60, P < 0.05)
between the GY T-based Superiority Index (SI) under rainfed conditions and conventional drought
tolerance indices, including Geometric Mean Productivity (GMP) and Stress Tolerance Index
(STI), further supports the applicability of this multi-trait framework. These findings highlight the
value of GYT analysis in enhancing selection efficiency and identify G5 as a promising genotype
for breeding programs aimed at improving yield resilience under variable moisture conditions.

Keywords: Drought tolerance indices, Phenotypic, Selection index, Wheat, Yield components
synergy.
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INTRODUCTION

Wheat (Triticum spp.), widely known as the “golden grain,” plays a central role in global food
security and human nutrition, supplying nearly 20% of the calories and protein consumed
worldwide and ranking among the most strategically important cereal crops (Sharma and Sharma,
2025). As global population growth continues alongside increasing climatic variability,
maintaining stable wheat production has become progressively more challenging. Recent
projections of future wheat productivity have often assumed that the geographical distribution of
cultivation will remain unchanged, thereby estimating yield reductions without fully considering
potential shifts in cropping zones under changing climate scenarios (Cong et al., 2026). Such
assumptions may oversimplify the dynamic nature of agricultural systems, particularly in regions
highly vulnerable to water scarcity.

Grain yield remains the primary target trait in wheat breeding programs; however, it is a
complex quantitative character controlled by numerous morphological, physiological, and
environmental factors. Its expression depends on the coordinated interaction of yield components
and adaptive traits that collectively determine productivity across diverse growing conditions.
Consequently, modern breeding strategies increasingly emphasize comprehensive evaluation of
genetic resources to identify optimal combinations of yield-related traits rather than relying solely
on yield performance (Faheem et al., 2023). Selection based on highly heritable morphological
traits and yield components continues to provide a dependable pathway for identifying superior
genotypes (Gholizadeh and Dehghani, 2016). In this context, understanding the magnitude and
direction of relationships among traits is critical, since grain yield is closely associated with
agronomic variables influencing plant architecture, biomass accumulation, and assimilate
partitioning (Torres et al., 2004).

Correlation analysis has traditionally been used to quantify phenotypic associations resulting
from both genetic and environmental effects (Malik ef al., 2010). Although this approach offers
valuable insights into trait interrelationships, breeding decisions are frequently complicated by
unfavorable correlations and genotype-by-environment interactions (GEI). When desirable traits
are negatively associated, simultaneous improvement becomes difficult, thereby limiting the
efficiency of conventional selection strategies (Bernardo, 2010). To address multi-trait
improvement, breeders have historically applied methods such as tandem selection, independent

culling levels, and index selection (Bourima and Abdoua, 2019). While these methods have
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facilitated genetic gain, they often rely on subjective weighting of traits and predefined thresholds,
which may introduce bias and reduce selection consistency, as noted by Yan and Fregeau-Reid.
(2018).

To overcome these limitations (Yan and Fregeau-Reid, 2018) proposed the Genotype-by-Yield
x Trait (GYT) biplot methodology, which integrates grain yield with secondary traits through
multiplicative or divisive transformations. This approach ensures that trait performance is
interpreted directly in relation to yield, thereby aligning selection decisions with breeding
objectives. By generating a Superiority Index (SI), the GYT framework provides a comprehensive
and visually intuitive means of ranking genotypes based on their overall multi-trait performance
(Merrick et al., 2020). The effectiveness of GYT analysis has been demonstrated in several crops,
including durum wheat (Kendal, 2019; Mohammadi, 2019), spring wheat (Merrick et al., 2020),
barley (Karahan and Akgiin, 2020; Yan and Fregeau-Reid, 2021), rapeseed (Zeinalzadeh Tabrizi
et al., 2021), and sesame (Bourima and Abdoua, 2019). In addition to improving selection
precision, this method has been shown to enhance breeding efficiency by reducing time and
resource demands associated with extensive trait measurements (Mohammadi, 2019; Purwati et
al., 2022).

Given the increasing frequency of drought events and the growing importance of efficient water
management in wheat production systems, evaluating genotypes under both rainfed and
supplementary irrigation conditions is essential for identifying broadly adapted and drought-
resilient materials. Multi-year assessments further strengthen the reliability of genotype evaluation
by capturing environmental variability and GEI effects. Therefore, the present study aimed to
apply the GYT biplot methodology to twelve bread wheat genotypes grown under contrasting
moisture regimes in a semi-arid environment. The specific objectives were to: (i) implement GYT
analysis for comprehensive evaluation of genotype performance across yield—trait combinations;
(i1) identify genotypes exhibiting superior and stable performance under both rainfed and
supplementary irrigation conditions; and (iii) assess the usefulness of the GYT framework as a

robust tool for multi-trait selection in drought-oriented wheat breeding programs.
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93  MATERIALS AND METHODS

94  Plant Materials

95 The plant material consisted of twelve bread wheat genotypes (7Triticum aestivum L.) obtained

96  from the Kurdistan Agricultural and Natural Resources Research Center, Kurdistan Province, Iran.

97  The evaluated materials included both released cultivars and advanced breeding lines selected for

98 their agronomic relevance and adaptation to semi-arid conditions. Each genotype was assigned a

99  specific code (G1-G12), and their names and pedigree/origin information are presented in Table
100 1. The inclusion of genetically diverse materials with contrasting agronomic backgrounds enabled
101  a comprehensive evaluation of yield potential and associated agronomic traits under different
102  moisture regimes. A schematic representation of the experimental workflow, from genotype

103 selection to multivariate statistical evaluations, is illustrated in Figure 1.

104

105  Table 1. Description of the 12-bread wheat (Triticum aestivum L.) genotypes evaluated, including genotype

106  codes, pedigree information, and breeding origin.
Genotypes Genotype

code Name Pedigree/Origin
Gl Zargana 21 Heidari / Synthetic Hexaploid Wheat (SHW)
G2 Zargana 22 Advanced Breeding Lines (from ICARDA/CIMMYT)
G3 Waran Modern Improved Cultivars
G4 Uok Local Ecotypes / Selection Lines
G5 Aohadi Old Improved Cultivars
G6 Hashtrood Modern Improved Cultivars
G7 Baran Modern Improved Cultivars
G8 MV17 Advanced Breeding Lines (from ICARDA/CIMMYT)
G9 MV18 Advanced Breeding Lines (from ICARDA/CIMMYT)
G10 Azar2 Old Improved Cultivars
Gl11 Sardari Local Landrace (Traditional Check)
G12 Gawdareh Local Landrace

107
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Steps in material and methods

Selection of 12 genotypes

Rainfed regime Supplementary Irrigation
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Trait measurement Statistical analysis

Figure 1. Experimental workflow and analytical framework. Schematic representation of the study design:
(1) selection of 12 bread wheat genotypes; (2) evaluation under two moisture regimes (rainfed and
supplementary irrigation) over four seasons; (3) measurement of grain yield and associated agronomic
traits; and (4) statistical analysis using GT and GYT biplot methods to rank genotypes based on integrated
yield—trait performance.

Experimental Site and Design

Field experiments were conducted at the Dehgolan Research Farm, University of Kurdistan,
Iran, over four consecutive growing seasons (2019-2023). The experimental site is characterized
by a semi-arid climate with variable annual precipitation and marked inter-annual fluctuations in
rainfall distribution. Climatic data, including total seasonal rainfall and temperature patterns during
each cropping season, are in Figure 2. The experiment was arranged in a split-plot design based
on a randomized complete block design (RCBD) with three replications. The Water regime was
assigned to the main plots, comprising two treatments: (i) rainfed conditions and (ii)
supplementary irrigation applied at critical growth stages to prevent severe moisture stress. The

twelve wheat genotypes were allocated to sub-plots within each main plot.
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Seasonal rainfall, irrigation schedules, application volumes, and total water applied across four
growing seasons are summarized in Table 2. Each experimental unit measured 8.4 m? and
consisted of eight rows, each 8 m in length, with 15 cm spacing between rows. Seeds were sown
at a rate of 170 kg ha™'. Fertilization was applied at planting according to regional agronomic
recommendations, including 60 kg N ha™' and 60 kg P-Os ha™.

Supplementary irrigation was applied using a surface drip irrigation system equipped with
volumetric flow meters. Irrigation scheduling was strictly based on fixed phenological stages
(Zadoks scale). In the first growing season (2019-2020), four irrigation events were applied: 20
mm at booting (Z41-Z45), followed by 35mm each at heading (Z49-Z759), flowering (Z60-Z69),
and grain-filling (Z71-Z75) stages. In the second and third seasons (2020-2022), three irrigation
events of 35mm each were applied at heading, flowering, and grain filling. In the fourth season
(2022-2023), two irrigation events were applied: 25 mm immediately after sowing, owing to low
autumn precipitation deficit, to ensure uniform seedling emergence, and 35 mm at the grain-filling
stage. rainfed plots received natural precipitation only.

The inter-annual variation in supplementary irrigation amounts was necessitated by seasonal
fluctuations in potential evapotranspiration (E7)) and rainfall distribution. Specifically, low early-
spring temperatures in the first season delayed crop growth into higher temperatures, which,
coupled with a spring rainfall deficit and the resulting mismatch between the crop growth period
and rainfall occurrence, required higher irrigation volumes. In contrast, better precipitation
alignment with critical growth stages in the second and third seasons reduced irrigation
requirements, while sufficient overall rainfall in the fourth season limited supplementary irrigation
strictly to crop establishment and grain filling.

Drought intensity (DI) for each growing season was calculated as DI = 1 - (Vs/ Vp), where Vs
and Vprepresent the overall mean grain yield across all genotypes under rainfed and supplementary
irrigation conditions, respectively. To prevent any ambiguity with the GYT-derived Superiority
Index (SI), the abbreviation DI is used strictly for drought intensity throughout the manuscript,

whereas SI refers exclusively to the GYT Superiority Index.
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153  Figure 2. Monthly total precipitation (mm) and maximum (Tmax), minimum (Tmin), and mean (Tmean)
154  temperatures during four growing seasons (2019-2023) at the experimental site.

155

156  Table 2. Seasonal rainfall, irrigation schedules, application volumes, and total water applied across four
157  growing seasons (2019-2023).

Growing Seasonal Irrigation Number of Irrigation Stage & Volume per Total Irrigation Total Water
season Rainfall (mm) Regime Irrigations Date Irrigation (mm) (mm) Received (mm)
2019-2020 355.9 Rainfed 0 0 0 355.9
Supplementary 4 Booting (19 May) 20 125 480.9
Irrigation Heading (27May) 35
Flowering (4 June) 35
Grain felling (12 June) 35
2020-2021 214.1 Rainfed 0 0 0 214.11
Supplementary 3 Heading (19 May) 35 105 319.1
Irrigation Flowering (27 May) 35
Grain filling (4 June) 35
2021-2022 262.4 Rainfed 0 0 0 262.4
Supplementary 3 Heading (19 May) 35 105 367.4
Irrigation Flowering (27 May) 35
Grain filling (4 June) 35
2022-2023 398.6 Rainfed 0 0 0 398.6
Supplementary 2 Sowing (7 October) 25 55 458.6
Irrigation Grain filling (12 June) 35
158

159  Agronomic Management

160 Sowing and harvesting were conducted on specific dates across the four growing seasons. In
161  the first season (2019-2020), sowing was conducted on October 25 and harvesting on August 1;
162  in the second season (2020-2021), sowing was conducted on October 20 and harvesting on July
163 10; in the third season (2021-2022), sowing was conducted on October 23 and harvesting on July
164  18; and in the fourth season (2022-2023), sowing was conducted on October 22 and harvesting on
165  July 27.

166 Weed control was carried out entirely by manual weeding at multiple growth stages (including
167 early tillering, stem elongation, and heading) to maintain weed-free plots throughout the growing

168  periods without the application of chemical herbicides. Disease and pest incidence were monitored
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weekly throughout the growing seasons from jointing to grain filling, using standardized field
sampling protocols (10 random 1m? quadrats per replication). Pest infestation and disease severity
were evaluated against the official national Economic Injury Levels (EIL) defined by the Plant
Protection Organization. Across all four experimental years, Sunn pest nymph densities remained
strictly below the action threshold of 1-2 nymphs/m?, and yellow rust severity did not exceed 5%

on flag leaves. Consequently, no chemical insecticides or fungicides were applied.

Trait Measurements

Morphological, and yield-related traits were recorded for each genotype under both moisture
regimes at physiological maturity (Zadoks scale GS 92). To minimize border effects, five
representative plants were randomly sampled from the four central rows of each plot to determine
the key agronomic traits. The recorded traits included plant height (PH, cm), spike length (SL,
cm), number of spikelet per spike (SSP), peduncle length (Pe, cm), penultimate internode length
(Pen, cm), and extrusion length (Ex, cm), defined as the portion of the peduncle extending above
the flag leaf. At physiological maturity, a one-square-meter area was harvested from each plot to
determine grain yield and its components. Grain yield was measured and converted to kg ha™.
Yield components included spike number per square meter (SN), grain number per square meter
(GNM?), total spike biomass per square meter (spike weight; SW), measured by weighing all
harvested spikes from the 1 m? area before threshing), and thousand-grain weight (TGW). TGW
was determined by randomly counting two samples of 100 sound grains per plot, weighing them
using a precision digital balance (0.001 g), and multiplying the mean weight by 10.

The harvest index (HI) was calculated as the ratio of grain yield to total above-ground biomass
(the combined dry weight of grain and straw harvested from 1m?, measured after air-drying and

prior to threshing) and expressed as a percentage.

Genotype X Yield x Trait (GYT) Biplot Analysis

To evaluate genotypes based on their ability to combine grain yield with desirable agronomic
and physiological traits, the Genotype-by-Yield x Trait (GYT) biplot methodology proposed by
Yan and Frégeau-Reid (2018) was applied using the metan package in R. For each irrigation
regime, trait data were averaged across the four experimental years (2019-2023) to construct the

mean yield—trait data matrix.
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To ensure comparability among indices measured on different scales, all yield—trait
combinations were standardized to a mean of zero and unit variance (mean = 0, SD = 1) within
each irrigation regime using Z-score transformation according to the following equation:

Xi—
7=t"H

g
where Z represents the standardized value, X; is the observed yield—trait combinationtrait value, x

1s the overall mean of the trait, and o is the standard deviation.

A total of twelve evaluated traits were consistently included in the GYT biplot analyses: plant
height (PH), peduncle length (pe), Extrusion (Ex), penultimate internode length (pen), spike length
(SL), thousand grain weight (TGW), grains per spike (GNS), spikelet per spike (SSP), harvest
index (HI), grains per square meter (GNM?), spike weight (SW), grain yield (GY), and spike
number per square meter (SN).

Polygon (“which-won-where”) views were used to identify genotypes with superiority in
specific trait sectors, while the Average Tester Coordination (ATC) view facilitated ranking of
genotypes relative to an “ideal” genotype defined by maximum values across all combinations. A
Mean Superiority Index (SI) was calculated for each genotype as the average of its standardized
yield—trait values, providing an overall measure of multi-trait performance. This multivariate
framework enabled comprehensive assessment of genotype strengths and weaknesses and
facilitated identification of materials combining high yield potential with favorable agronomic
traits under contrasting moisture conditions.

Table 3. Description and codes of the yield—trait combinations used in the GYT biplot analysis.

Trait Trait Code Yield—Trait Combination Code Yield—Trait Combination Description
Harvest Index HI GY x HI Grain yield x Harvest Index
Spike Weight SW GY x SW Grain yield x Spike Weight per square meter
Spike number SN GY x SN Grain yield x Spike number per square meter
Grain Number per m? GNM? GY x GNM2 Grain yield X Number of grains per square meter
Grains per Spike GNS GY x GNS Grain yield x Number of grains per spike
Thousand Grain Weight TGW GY x TGW Grain yield x Thousand grain weight
Plant Height PH GY I PH Grain yield / Plant height
Extrusion Length Ex GY x Ex Grain yield x Extrusion length
Peduncle length Pe GY % Pe Grain yield x Peduncle length
Penultimate length Pen GY X Pen Grain yield x Penultimate length
Spikelet per Spike SSp GY x SSP Grain yield x Number of spikelet per spike
Spike Length SL GY x SL Grain yield X Spike length
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Drought Tolerance Indices

To evaluate genotypic responses to moisture deficit, eight stress tolerance and susceptibility
indices were calculated based on mean grain yield under supplementary irrigation (Yp) and
rainfed conditions (Y;) across environments. The mathematical formulations and reference

sources for each index are summarized in Table 4.

Table 4. Mathematical equations and formulations of drought tolerance and susceptibility indices.

Index Equation / Formula Reference

Tolerance Index (TOL) (Ypr-Ys) Rosielle and Hamblin (1981)
Mean Productivity (MP) [(Ypt+Y5s)/2] Rosielle and Hamblin (1981)
Geometric Mean Productivity (GMP) ~ (NYpx\Ys) Fernandez (1992)

Harmonic Mean (HAM) 2 xYprxYs/Yp+ Ys) Bouslama and Schapaugh (1984)
Yield Stability Index (YSI) (Ys/Yp) Bouslama and Schapaugh (1984)
Yield Index (YT) (Ys/¥s) Gavuzzi et al. (1997)

Stress Tolerance Index (STI) (Yr<Ys/Yr?) Fernandez (1992)

Stress Susceptibility Index (SSI) ([1-(Ys/Yp))/[1-(¥s/Yp)])  Fischer and Maurer (1978)

Ys and Yp denote the mean grain yield of a given genotype under rainfed and supplementary irrigation conditions,
respectively. Vs and Vp represent the grand mean grain yield across all evaluated genotypes under rainfed and
supplementary irrigation conditions, respectively.

Statistical Analysis

Combined analysis of variance across four growing seasons was performed using a linear
mixed-model framework to account for the split-plot structure in time. The statistical model was
specified as follows:
Yijkn=u+ Yi+ Ru(Y)i +S;+ (Y x S)jj + Eajjm + Gk + (Y X G)ik + (S x G)jk + (Y X S x G)jjk + €ijkin

where Yijkn is the observed trait value; u is the overall mean; Y; is the fixed effect of the i-th
year; Rm(Y)i is the random effect of the m-th replication nested within the i-th year; S; is the fixed
effect of the j-th water regime; (Y x S)j is the interaction between year and water regime; Ea, ijm
is the main-plot random error term representing the variation among main plots within reps and
years; Gy is the fixed effect of the k-th genotype; (Y X G)ik, (S X G)jk, and (Y X S x G)jjk are the
corresponding interaction terms; and €ijkin 1s the residual random error associated with sub-plots
(sub-plot error).

All statistical tests were evaluated at the a = 0.05 significance level. Homogeneity of residual
variances across environments was examined using Levene’s test and visually verified via fitted
value versus residual diagnostic plots. To model variance heterogeneity when present, the varident
variance structure function was incorporated into the mixed-model fitting (Ime function in the

nlme package in R). Traditional pairwise mean comparison tests (e.g., Tukey’s HSD or LSD) were

10



252
253
254
255
256
257
258

259
260

261
262
263
264
265
266
267

268
269

270
271
272
273
274

275
276
277
278
279
280
281
282
283
284
285

Journal of Agricultural Science and Technology (JAST), 29(6)
In Press-Pre-Proof Version

not performed because the primary objective of this study was the simultaneous evaluation of
genotype performance for grain yield and multiple agronomic traits within the GYT multivariate
framework, rather than univariate pairwise comparisons of individual traits. The GYT approach
integrates grain yield with multiple traits into composite yield—trait combinations and enables
simultaneous assessment of genotype performance across contrasting moisture regimes. In the
present study, significant Y x S x G interactions were detected for seven traits, further supporting

the importance of considering genotype responses across experimental conditions.

GYT Biplot Analysis

Genotype-by-Yield x Trait (GYT) biplot analysis was performed using the gtb() function within
the metan package in R (version 4.3.3). Prior to Singular Value Decomposition (SVD), the yield-
trait matrix was standardized using column-centering (centering= "column") and column-
standardization (scaling= "column") to transform combinations into unit variance (mean= 0, SD =
1). Singular value partitioning was configured with tester-focused scaling (SVP= "tester" or SVP=
2) to optimize the visualization of trait relationships and genotype rankings relative to yield-trait

combinations.

RESULTS

A combined analysis of variance was performed to assess the main effects of genotype (Gen),
growing season (Year), moisture regime (Stress), and their two-way interactions across the four
experimental seasons (2019-2023). The results revealed significant main effects of Year, Stress,
and Gen, as well as significant interaction effects (Year x Stress, Year x Gen, and Stress x Gen)

for grain yield and most evaluated traits (Table 5).

11
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286  Table 5. Type III Wald Chi-square (%) test values and grand means for combined mixed-model

287  analysis of 13 evaluated traits across four years and two moisture regimes.

Source of o) o) o) o) o) o) o) o) o)
variaion  DF Gy HI_ sw_ OSSN gae  Gns  tew  @OPH gl GOPe po  ggp  GOSL
Year 3 0.19ns 7‘llngs6 570ns  194ns  11s2wx  1400T 2682FTIITE g0 gose 1356 4 3495
Stress o 1924 0'6(;20 1090 oo7ms  611% 490 asix 19497 2473 2703 14,0100 961w
Gen 4815 2465 3533  6839* . 12147 8266* 15555 1129 5616 1638  110.62  42.89%
YearStress 5 1090 ga0x 44805 1.50ns  4.93ns  8.69*  S00T qoqsr 1325 1331000 03dns 3.84ns
YearGen i 109.6 8484 1132 19699  8649**  159.81 13523* 17649 1156 5712 9165  87.07% 7493+
StressGen ) 22.40 19;.525 2741 12.Sz6n £ 39ns 13.Szzn logons  JATOT 4678 2455 2448 o0
Year:St 5357 61.83 4945 3121 32.32 96.88% 6373 6031 5554 40.080  27.87
e 337 s " J" 1991ns J 38.10ns - > - - o S
Grand 30 3505 929 qa66a 840117 1949 4071 7668 1526 3218 18 1570 971
Mean 94 2
CV (%) 964 701 945 797 1312 1432 980 680 1560 737 939 889 515
288  P<0.001"*P<0.01" P<0.05" P> 0.05 ™: non-significant.
289
290  Genotype-Trait (GT) Biplot Analysis under Contrasting Moisture Regimes
291 The genotype-by-trait (GT) biplot analysis was conducted separately for rainfed and
292  supplementary irrigation environments using four-year mean data (2019-2023) to visualize trait
293  interrelationships and genotype-specific performance profiles (Figure 3a, b). In the GT biplot, the
294  cosine of the angle between trait vectors approximates the Pearson correlation coefficient, whereas
295  vector length reflects the magnitude of trait contribution to the total explained variation. This
296  graphical representation enabled simultaneous interpretation of trait associations and genotype
297  behavior under contrasting moisture conditions.
298 Under rainfed conditions (Figure 3a), several traits exhibited relatively short vector lengths,
299  including penultimate internode length (Pen), spike length (SL), and harvest index (HI), indicating
300 limited genotypic variability under drought stress. This indicates their limited discriminatory
301  power and lower contribution to the total explained phenotypic variation, under drought stress. A
302  similar pattern was observed for the GY X GNS combination in the GYT biplot (Figure 8a), where
303  the short vector further confirmed weak differentiation among genotypes under stress conditions.
304  Collectively, these results demonstrate that while drought stress suppressed genotypic
305  differentiation in certain vegetative and spike-related traits, harvest index (HI) maintained
306 remarkable stability across water regimes (y>= 0.0006, P > 0.05), reflecting a highly conserved
307  biomass partitioning efficiency among the evaluated genotypes under moisture deficit.

12
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In contrast, under supplementary irrigation (Figure 3b), most traits displayed longer vectors,
reflecting enhanced genotypic variability when water limitations were alleviated. Grain yield
(GY), spike number per square meter (SN), spike weight per square meter (SW), and grain number
per square meter (GNM?) showed substantial vector lengths, indicating strong discriminatory
capacity and high genetic variation under favorable moisture conditions. Notably, spike length
(SL) remained relatively short even under irrigation, suggesting that this trait is more genetically
controlled and less influenced by environmental variation. Overall, irrigation promoted trait
expression and amplified genetic differences, thereby facilitating clearer identification of superior
ideotypes.

Genotype distribution within the GT biplot further illustrated differences in stability and
adaptability. In the rainfed environment (Figure 3a), genotype G1 was positioned far from the
origin, indicating high phenotypic responsiveness and potential instability under moisture stress.
In contrast, G11 and G12 were located close to the origin, indicating lower responsiveness to
specific traits and near-average expression across evaluated characters, rather than true biological
stability, characteristics desirable for marginal environments. Under supplementary irrigation
(Figure 3b), G1, G5, and G9 occupied peripheral positions, demonstrating distinctive trait profiles
but potentially greater sensitivity to environmental fluctuations. Conversely, G4, G12, G11, G2,
and G7 clustered nearer the origin, suggesting balanced trait expression and improved stability

under well-managed conditions.

Trait Interrelationships and Genotype Profiles

The GT biplots revealed strong positive associations between grain yield (GY) and major yield
components, particularly SN, SW, and GNM? (Figure 3a, b). The acute angles among these vectors
confirmed synergistic relationships, underscoring the importance of spike density and grain
number in determining final productivity. The near-orthogonal orientation of SL relative to yield
components suggested relative independence, indicating that spike length may contribute less
directly to yield variation compared to spike density and grain weight. Importantly, the absence of
obtuse angles among major yield components indicated minimal antagonistic relationships,
supporting the feasibility of simultaneous improvement.

Genotype distribution patterns further clarified performance profiles. Genotype G5 consistently

aligned with the grain yield cluster across both environments, demonstrating strong association
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with yield-related traits and indicating superior stability. In contrast, G1 displayed environment-
dependent shifts; under rainfed conditions it aligned more closely with SSP, whereas under
irrigation it showed stronger association with HI. This shifting alignment explains its inconsistent
ranking across moisture regimes. Irrigation conditions increased overall dispersion of genotypes
within the biplot space, highlighting environment-specific advantages for G, G5, and G9.
Meanwhile, G11 and G12 maintained relatively central positions under stress, reinforcing their
stability. Although the GT biplot effectively illustrated trait relationships and genotype profiles, it
did not provide a direct ranking framework; therefore, the GYT approach was employed for

integrated multi-trait selection.
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Figure 3. Genotype-by-trait (GT) biplots under (a) rainfed and (b) Supplementary irrigation conditions.
Vector length indicates the discriminating ability of traits, and the angle between vectors approximates their
correlation. Genotype positions reflect relative trait profiles within each moisture regime. Trait
abbreviations: GY, SN, SW, GNM?, SL, SSP, GNS, HI, PH, TGW, Pen, Pe, and Ex.

Evaluation of Genotypes Based on GYT Biplot Analysis

The Genotype-by-Yield x Trait (GYT) biplot provided an integrated assessment of yield—trait
combinations under both moisture regimes (Figure 4a, b). Under rainfed conditions, the first two
principal components explained 79.43% of the total variation, exceeding the 60% reliability
threshold and ensuring a highly reliable graphical interpretation. The polygon (“which-won-
where”) view formed five distinct sectors (Figure 4a), with G1, G9, G6, G2, and G5 occupying

the vertex positions as the top-performing materials for the yield—trait combinations within their
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respective sectors. Specifically, G5 dominated the major sector containing efficiency- and yield-
component combinations, demonstrating its overall multi-trait superiority under moisture stress,
while G2 and G6 headed sectors associated with specific adaptive and architectural traits.

Under supplementary irrigation, the total explained variation increased to 85.04%, reflecting
stronger differentiation among genotypes (Figure 4b). The polygon view for this environment
revealed four distinct sectors, with G1, G5, G9, and G6 positioned as the vertex genotypes.
Notably, G5 consistently appeared as a key vertex genotype across both moisture regimes,
highlighting its broad adaptability and superior capacity to integrate high grain yield with multiple
agronomic traits.

The tester-vector view revealed strong synergistic interactions between GY x GNM? and GY
x SW, as indicated by their long vectors and acute angles (Figure 5a, b). These combinations
showed high discriminatory power and contributed substantially to genotype differentiation. In
contrast, GY x GNS exhibited shorter vectors in both environments (Figure 8a, b), indicating lower
discriminating ability across moisture regimes. Furthermore, GY X SN demonstrated stronger
discriminatory capacity under irrigation compared to drought conditions, indicating that spike

number was a more decisive factor under favorable moisture.
(da) 5 3 (4b)
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Figure 4. “Which-won-where” view of the genotype — by — yield x trait (GYT) biplots under (a) rainfed
and (b) Supplementary irrigation. Polygon sectors identify vertex genotypes with superiority in specific
yield—trait combinations. Trait codes are consistent across both environments. Note: GY.PH represents the
grain yield / plant height ratio (GY/PH).
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Relationship among Yield—Trait Combinations

Acute angles between the GY vector and secondary-trait vectors indicated positive associations
between these traits and grain yield (Figure 3). In the GYT biplots, acute angles among yield—trait
combination vectors indicated positive associations among the corresponding combinations
(Figure 8).

Under rainfed condition, five distinct sectors were identified in the polygon view (Figure 4a),
with G1, G9, G6, G2, and G5 emerging as vertex genotypes. Under supplementary irrigation
conditions, four sectors were observed (Figure 4b), with G1, G5, G9, and G6 occupying vertex
positions. Notably, G5 consistently appeared as a vertex genotype across both moisture regimes,
indicating favorable performance for multiple yield—trait combinations. The GYT Superiority
Index (SI) provided an integrated measure of yield and associated traits and facilitated the ranking

of genotypes across the two moisture regimes.
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Figure 5. Average Tester Coordination (ATC) view of the GYT biplots under (a) rainfed and (b)
supplementary irrigation conditions. Genotypes are ranked based on proximity to the ideal genotype;
shorter projection onto the ideal axis indicates superior integrated performance. Trait codes are as defined
in Figure 4 and Table 3

2
Component 1 60.02 %

Comparison of Rainfed and Irrigated GYT Patterns
Comparative analysis of GYT biplots under rainfed and supplementary irrigation conditions
revealed both stable patterns and environment-specific differences (Figure 4a, b). G5 maintained

a consistently high ranking across the two moisture regimes, with favorable positions in the ATC
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and ideal-genotype projections (Figures 5a, b and 6a, b; Table 6). Under rainfed conditions, G5
demonstrated superiority primarily through yield components, while G2 and G3 showed relative
advantages in traits associated with drought adaptation (Figure 4a). Conversely, under irrigation,
G1 exhibited enhanced prominence in grain number per spike, and certain genotypes previously
limited under drought gained relevance (Figure 4b). Despite these shifts, G5 retained a central and
dominant position in both biplots, underscoring its broad adaptation across contrasting moisture

regimes.

Genotype Ranking and Identification of Superior Genotypes

Genotype ranking was evaluated using three complementary approaches: the numerical
Superiority Index (SI), the Average Tester Coordination (ATC) view, and the Ideal Genotype
Distance biplot projection (Figures 5a, b and 6a, b; Table 6). To clarify minor rank fluctuations
across these graphical and non-graphical methods, each metric operates on distinct mathematical
principles: the Superiority Index (SI) provides an unweighted cumulative mean of standardized
yield—trait combinations (Z-scores); the ATC view evaluates average performance relative to
overall trait vectors while illustrating stability along the perpendicular axis; and the Ideal Genotype
view calculates the Euclidean distance from a hypothetical ideal point exhibiting maximum
performance across all evaluated traits.

Across all metrics and environments, G5 attained the highest numerical SI values under both
rainfed (SI= 1.44) and supplementary irrigation (SI= 2.08) conditions} primarily driven by its high
yield potential (Table 6).

Under rainfed conditions, while G5 yielded the highest numerical SI value, G2 and G3 shared
the 2™ rank (SI= 0.83) and were positioned closest to the ideal genotype center in the biplot
projection (Figure 6a) due to their balanced projection along the stability axis, exhibiting strong
drought tolerance via superior spike density and yield component integration.

Conversely, genotypes G1, G9, and G12 consistently placed at the bottom of the rankings under
rainfed conditions (SI=-0.94, -0.88, and -0.66, respectively), reflecting lower multi-trait efficiency
under drought stress.

Under supplementary irrigation, G2 ranked second (SI = 0.35), followed by G4 in third place
(SI = 0.34) (Table 6). This ranking was also consistent with the graphical representations, where
G5 occupied the most favorable position followed by G2 and G4 (Figures 5b, 6b). Genotypes G1,
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G12, and G9 recorded the lowest SI values under supplementary irrigation (SI==0.57, 0.58, and
S5 respectively; Table 6).

Overall, the ranking pattern was largely consistent between the numerical SI and graphical

approaches, with G5 consistently exhibiting the highest ST values across both moisture regimes, while (i2

and G4 showed favorable performance under supplementary irrigation (Figures 5b, 6b; Table 6).

Table 6. Superiority Index (SI) values and ranking of bread wheat genotypes based on Genotype-by-Yield
xTrait (GYT) analysis under rainfed and supplementary irrigation conditions across four growing seasons
(2019-2023).

Rainfed Supplementary Irrigation
Genotype Code S Rank Genotype Code S Rank
G5 1.44 1 G5 2.08 1
G2 0.83 2 G4 0.34 2
G3 0.83 2 G2 0.35 3
G8 0.20 4 G8 02 4
G4 0.02 5 G3 -0.04 5
Gl1 0.01 6 Gl11 -0.08 6
G7 -0.18 7 G7 -0.09 7
G6 -0.27 8 G6 -0.17 8
G10 -0.39 9 G10 -0.31 9
G12 -0.66 10 Gl -0.57 10
G9 -0.88 11 Gl12 -0.58 11
Gl -0.94 12 G9 -1.13 12
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Figure 6. Mean performance and stability ranking of wheat genotypes based on GYT analysis under (a)
rainfed and (b) Supplementary irrigation. Distance from the ideal genotype reflects overall yield—trait
integration and stability. Trait codes are as defined in Figure 4 and Table 3
Relationship between Drought Tolerance Indices and the Superiority Index

The four-year mean grain yields under rainfed and supplementary irrigation conditions, together with

drought tolerance indices, are presented in (Table 7). Considerable variation among genotypes was
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457  observed for tolerance index (TOL), mean productivity (MP), geometric mean productivity (GMP), yield
458  stability index (YSI), harmonic mean (HAM), stress tolerance index (STI), stress susceptibility index (SSI),
459  and yield index (YI). Genotype G5 consistently exhibited the highest MP, GMP, STI, and HAM values
460  (Table 7), confirming its high yield potential and superior productivity under non-stress and favorable
461  conditions. However, G5 also recorded the highest SSI and TOL values, alongside the lowest YSI among
462  all genotypes, indicating high yield susceptibility to moisture deficits and performance reduction under
463  severe rainfed stress.

464 Under rainfed conditions, the association between Y1 and the GYT-based Superiority Index (SI) was
465  moderate and non-significant (r = 0.399, ns; Table 10), reflecting the fact that SI integrates multiple
466  agronomic traits simultaneously rather than relying solely on single-trait stress yield response. In agreement
467  with the selection criteria proposed by Mohammadi (2016), classical indices such as GMP, MP, and STI
468  effectively identified high-yielding genotypes under optimal conditions, whereas the GYT SI provided a
469  broader multi-trait framework that penalizes high stress susceptibility while accounting for overall
470  agronomic performance.

471  Table 7. Mean grain yield and drought tolerance indices of 12 wheat genotypes under rainfed (Ys) and
472  supplementary irrigation (Y,) conditions.

Genotypes  Ys(kgha')  Yp(kgha') TOL (kgha') MP(kgha') GMP (kgha') YSI HAM (kgha')  STI SSI YI
Gl 2637 3600 963 3118.5 3081.1 0.732 3044.2 0.639 1.168 0.887
G2 3429 4017 588 3723.0 37114 0.853 3699.8 0.928 0.639 1.154
G3 2819 3799 980 3309.0 32725 0.742 3236.4 0.721 1.126  0.949
G4 2901 3992 1091 3446.5 3403.1 0.726 3360.2 0.780 1.193 0.976
G5 3071 4736 1665 3903.5 3813.7 0.648 3726.0 0.980 1.535 1.034
Go6 2704 3704 1000 3204.0 3164.7 0.730 3126.0 0.675 1.179 0.910
G7 2808 3787 979 3297.5 3261.0 0.741 32249 0.716 1.129 0.945
G8 3013 4030 1017 3521.5 3484.6 0.747 3448.1 0.818 1.102 1.014
G9 2848 3330 482 3089.0 3079.6 0.855 3070.2 0.639 0.632  0.958
G10 3280 3681 401 3480.5 3474.7 0.891 3469.0 0.813 0475 1.104
Gl11 3133 3883 750 3508.0 3487.9 0.806 3467.9 0.819 0.843 1.054
G12 2997 3666 669 3331.5 3314.7 0.817 3297.9 0.740 0.796 1.009

Ys: grain yield under rainfed; Yp: grain yield under supplementary irrigation; TOL: Tolerance Index (Yr-Ys); MP: Mean Productivity [(Yr+Ys)/2]; GMP:
Geometric Mean Productivity (VYpxVYs); YSI: Yield Stability Index (Ys/Yr); HAM: Harmonic Mean (2 xYp xYs/Yp+ Ys); STI: Stress Tolerance Index

(Yr xYs/Yp?); SSI: Stress Susceptibility Index ([1-(Ys/Yp)/[1-(Vs/YP)]); YI: Yield Index (Ys/Vs).

473
474

475
476
477
478
479

Superiority Ranking of Genotypes Based on GYT Biplots

Genotype ranking based on integrated yield—trait performance was performed using the
Average Tester Coordination (ATC) view of the GYT biplots (SVP = 1) under both moisture
regimes (Figure 5a, b). Under drought conditions (Figure 5a), genotypes G5, G2, and G3 achieved
the highest standardized GYT scores (Table 9) and were positioned closest to the ideal genotype

axis, indicating superior overall performance (Figure 5a). In contrast, G1, G9, and G12 were
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located farthest from the ideal point, reflecting comparatively weaker multi-trait integration under
stress.

Genotype G5 demonstrated consistent superiority across nearly all yield—trait combinations,
particularly those associated with spikelet number, grain number, and biomass-related indices.

This pattern indicates strong robustness and efficient assimilation partitioning under water-
limited conditions. Under supplementary irrigation (Figure 5b), G5 maintained its leading position,
followed closely by G2. Although G4, G8, G10, and G11 exhibited superiority in specific traits—
such as peduncle length and thousand-grain weight (TGW)—their overall ranking was lower due
to weaker integration across other yield—trait combinations. Interestingly, G8 displayed
comparatively better consistency under drought than under irrigation, suggesting environment-

specific adaptability.

Trait Representativeness and Ideal Yield—Trait Combinations

The discriminating ability and representativeness of yield—trait combinations were evaluated
using the concentric circle view of the GYT biplots (Figure 7a, b). Combinations located near the
center of the concentric circles with long vectors were considered both highly representative and
discriminative. Under rainfed conditions (Figure 7a), GY x HI, GY x SL, and GY x SN were
identified as the most balanced and informative combinations, showing strong and consistent
associations with other indices. These combinations effectively summarized genotype
performance under moisture limitation.

Under supplementary irrigation (Figure 7b), GY x HI, GY x SW, and GY x SL emerged as the
most desirable combinations, maintaining close relationships with grain yield and exhibiting
strong discriminatory power. The consistent appearance of GY x Hl and GY x SL as representative
combinations across both environments highlights the importance of harvest index and spike
architecture in integrated genotype evaluation. Overall, these yield—trait combinations proved
reliable indicators for identifying superior genotypes under both rainfed and supplementary

irrigation conditions.
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Figure 7. Discriminating ability and representativeness of yield—trait combinations in the GYT
biplots under (a) rainfed and (b) Supplementary irrigation conditions. Longer vectors indicate
stronger discrimination, while proximity to the average tester axis reflects representativeness. Trait
codes are as defined in Figure 4 and Table 3

Ideal Genotype Selection and Ranking

The ideal genotype ranking biplots under rainfed and Supplementary irrigation conditions are
presented in (Figure 6a, b), respectively. In these graphs, genotypes were ranked according to their
distance from the hypothetical ideal genotype, which represents maximum performance across all
yield—trait combinations.

Under drought stress (Figure 6a), genotypes G5, G2, and G3 were positioned closest to the ideal
genotype, confirming their superior integrated performance. Although G1 showed relative strength
in the GY x GNS combination, it was located far from the ideal point due to weak performance in
other indices, indicating poor overall stability. The proximity of G5 to the center of the concentric
circles reflects its consistent superiority across most evaluated traits under water-limited
conditions.

Under supplementary irrigation (Figure 6b), G5 and G4 ranked highest, indicating stable and
high performance across multiple traits under favorable moisture conditions. In contrast, G9
consistently ranked lowest even under irrigation, confirming limited adaptation and weaker multi-
trait integration. These results reinforce the broad adaptability of G5 and highlight the

environment-dependent performance of several other genotypes.
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529  Interpretation of SI Tables and Comparison of GYT and GT Biplots

530 The Superiority Index (SI), calculated as the mean of standardized yield—trait combinations,
531 provides a quantitative summary of overall genotype performance (Tables 8, 9). Under
532 supplementary irrigation, G5 achieved the highest SI value (2.08), reflecting balanced superiority
533 across nearly all indices. G2 followed, although minor negative values were observed for GY X
534  SSP and GY x GNS, indicating slight weaknesses in specific combinations. Under rainfed, G5
535  maintained the highest SI (1.44), followed by G2 (0.83) and G3 (0.83). In contrast, G1 and G9
536  recorded the lowest SI values, confirming their reduced suitability under moisture limitation.

537 Comparison of the genotype-by-trait (GT) biplot (Figure 3a, b) with the GY T biplot (Figure 8a,
538 b) revealed clearer and stronger correlations among yield-related combinations in the GYT
539  framework. Weak associations observed in the GT analysis, particularly between GY x SSP and
540  GY x GNS (Figure 3a), were replaced by nearly overlapping vectors in the GYT biplots (Figure
541  8a, b), indicating enhanced trait synergy when evaluated in combination with yield. This
542  strengthened correlation structure demonstrates the superior discriminatory power of the GYT

543  methodology for breeding-oriented selection.

544
545  Table 8. Standardized (Z-score) values of genotype performance for yield—trait combinations under
546  supplementary irrigation.

SI GY x GY x GY x GY x GY x
Name index GY xSL  GY x SSP Pen GY xPe  GY x Ex GY | PH GY x TGW GNS GNM2 SN GY x SW HI
Gl1 -0.57 -0.90 0.55 -1.41 -2.32 -2.54 1.91 -1.45 1.58 -0.09 -1.14 -0.58 -0.48
G10 -0.31 -0.20 -0.05 -0.42 -0.17 0.17 -0.66 -0.34 0.42 -0.72 -0.80 -0.51 -0.47
Gl11 -0.08 0.32 -0.52 -0.12 -0.14 -0.37 0.00 0.70 -1.19 -0.29 0.52 0.03 0.14
G12 -0.58 -0.52 -1.33 -0.85 -0.43 -0.51 -0.54 -0.09 -1.31 -0.65 0.07 -0.42 -0.41
G2 0.35 0.41 -0.32 0.24 0.56 0.51 0.54 0.84 -0.25 0.47 0.68 0.08 0.48
G3 -0.04 -0.32 -0.19 0.19 0.05 0.79 -0.53 -0.40 1.08 0.03 -0.62 -0.05 -0.50
G4 0.34 0.10 1.02 0.74 0.35 0.55 0.33 0.14 -0.87 0.35 0.74 0.46 0.14
G5 2.08 2.82 2.54 2.58 1.67 0.83 1.59 2.27 0.79 2.66 2.05 2.66 2.54
G6 -0.17 -0.34 -0.03 -0.03 0.81 1.01 -1.20 -0.70 0.48 -0.41 -0.71 -0.43 -0.50
G7 -0.09 -0.16 -0.45 -0.57 0.42 0.54 -0.46 -0.28 0.92 -0.21 -0.52 -0.28 -0.02
G8 0.20 -0.03 -0.40 0.27 0.31 -0.02 0.30 0.50 -1.10 0.34 0.96 0.57 0.71
G9 -1.13 -1.18 -0.82 -0.64 -1.11 -0.96 -1.28 -1.20 -0.54 -1.49 -1.22 -1.53 -1.63
547
548
549
550
551
552
553
554
555
556
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557  Table9. Standardized (Z-score) values of genotype performance for yield—trait combinations under rainfed
558  conditions.
SI GY x GY x GY x GY x GY x
Name . o~ GYxSL GYxssP ' GYxPe GYxEx GY[PH GYxXTGW ¢ GNM? SN W GY x HI
Gl -0.94 -1.45 0.53 -1.40 227 2.62 1.69 231 0.99 -0.81 127 -1.05 -1.28
GI0  -0.39 -0.51 -0.04 -1.09 0.02 0.29 -0.37 -0.10 0.08 -0.91 -0.90 -0.90 -0.23
Gll 0.01 -0.16 -0.87 021 0.26 0.02 0.09 0.81 -0.85 -0.25 036 0.10 038
G2 -0.66 -0.25 -111 -0.72 -1.09 -0.31 -0.81 -0.11 -1.55 -0.90 0.10 -0.44 -0.78
G2 0.83 0.61 -0.05 1.56 1.41 1.03 0.42 0.87 -0.16 1.15 1.08 0.83 1.20
G3 0.83 0.92 1.29 0.89 1.22 1.39 -0.19 052 1.98 0.67 -0.45 0.83 0.85
G4 0.02 -0.25 0.24 0.34 -0.43 -0.24 0.26 -0.11 -0.91 0.43 0.84 031 -0.26
G5 1.44 2.52 2.13 1.66 038 -0.64 1.73 1.67 033 2.03 1.64 1.96 1.85
G6 -0.27 -0.24 -0.06 021 051 0.64 -1.74 -0.71 0.70 -0.41 -0.79 -0.52 -0.81
G7 -0.18 -0.38 -0.11 -0.41 0.34 031 -0.88 -0.27 0.58 -0.14 -0.67 -0.56 0.05
G8 0.20 0.02 -0.42 -0.29 0.25 0.12 0.26 0.40 -1.07 0.58 1.17 091 045
G9 -0.88 -0.84 -1.51 -0.96 -0.60 0.00 -0.47 -0.65 -0.12 -1.43 -112 -1.46 -1.43
559
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561  Figure 8. Test vector view of the GYT biplots illustrating associations among yield—trait combinations
562  under (a) Drought stress and (b) Supplementary irrigation. Acute angles indicate positive relationships,
563  obtuse angles indicate negative associations, and right angles suggest independence. Trait codes are as
564  defined in Figure 4 and Table 3
565
566  Correlation between Drought Tolerance Indices and Superiority Index
567 Further evaluation of the GYT approach was conducted through correlation analysis between
568 Sl and conventional drought tolerance indices (Table 10). _
569 exhibited moderate and significant positive correlations with MP (1=0.609, P<0.05), GMP
570 (1=0.589, P<0.05), and STI (r=0.599, P<0.05 ), whereas its correlations with HAM, Y1, and SSI
571 were not statistically significant. In contrast, under supplementary irrigation, SI
572 Supplementary Irrigation showed non-significant correlations with MP, GMP, and STI (1=0.505~
573 0.536, P>0.05), but was positively correlated with non-stress yield (Y p: r=0.575, P<0.05) and
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Table 10. Pearson correlation coefficients (r) between the Superiority Index (SI) derived from GYT biplots
and classical drought tolerance indices across 12 bread wheat genotypes evaluated under rainfed and
supplementary irrigation conditions.

Drought Tolerance Index/Traits SIsupplementary Irrigation SlRainfed
Drought Stress Yield (Ys) 0.282m™ 0.399"s
Supplementary Irrigation Yield (Yp) 0.575" 0.627"
Tolerance Index (TOL) 0.597" 0.528"
Mean Productivity (MP) 0.536" 0.609"
Geometric Mean Productivity (GMP) 0.505™ 0.589"
Yield Stability Index (YSI) -0.573" -0.502"
Harmonic Mean (HAM) 0.467™ 0.563™
Stress Tolerance Index (STI) 0.518™ 0.599"
Stress Susceptibility Index (SSI) 0.574" 0.503"
Yield Index (YI) 0.282m 0.399"
DISCUSSION

The application of the Genotype-by-Yield x Trait (GYT) biplot analysis in this study provided
a robust and selection-oriented framework for identifying superior wheat genotypes under
contrasting moisture regimes. As emphasized by Kendal (2019), the GYT methodology integrates
yield and secondary traits into a unified yield-based matrix, ensuring that selected genotypes
simultaneously express agronomic desirability and commercial yield potential.

In the present investigation, genotype G5 consistently achieved the highest Superiority Index
(SI) under both supplementary irrigation (SI = 2.08) and rainfed conditions (SI = 1.44) (Table 6).
However, the high SI value of G5 under rainfed conditions should be interpreted with caution, as
G5 ranked fourth for grain yield under rainfed conditions (Y's) and exhibited relatively high values
of stress sensitivity indices (TOL and SSI) (Table 7). The high values observed in yield—trait
combinations such as Yield x HI and Yield x TGW in G5 (GY x HI: 2.54 under irrigation and
1.85 under rainfed; GY x TGW: 2.27 under irrigation and 1.67 under rainfed) are substantially
influenced by the grain yield component embedded within all GYT combinations, rather than

indicating direct superiority in specific physiological mechanisms under moisture stress (Tables
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8.,9). Therefore, these high GYT values should not be interpreted as direct evidence of superiority
in specific physiological mechanisms underlying drought tolerance.

From a selection standpoint, while G5 exhibits exceptional performance under favorable
environments and maintains high overall multi-trait scores due to its yield potential, its
responsiveness to moisture deficit suggests high responsiveness to favorable inputs rather than
absolute drought tolerance or broad phenotypic stability. While physiological processes such as
assimilate remobilization or grain-filling kinetics were not directly measured in the present study,
the GYT approach provided a comprehensive synthesis of yield-weighted structural components,
highlighting G5 primarily as a high-yielding genotype with favorable multi-trait integration in
well-watered to moderately dry conditions. In contrast, genotypes such as G2, which exhibited
superior absolute grain yield under drought stress alongside lower tolerance index (TOL) scores,
represent candidates with specific adaptation to water-limited environments.

In this context, treating higher values of peduncle length (Pe) and penultimate internode length
(Pen) as desirable directions in the GYT combinations was based on their potential contribution to
reproductive development and post-anthesis assimilate supply under moisture stress. The upper
stem, particularly the peduncle and penultimate internode, represents an important reservoir of
water-soluble carbohydrates that can be remobilized to developing grains when current
photosynthetic assimilation is constrained by post-anthesis drought (Blum, 1998; Yang and Zhang,
2006). Recent physiological evidence further indicates that greater investment in peduncle length
1s associated with increased stem water-soluble carbohydrate accumulation and with grain weight
and yield under water-limited and heat-stress conditions (Ntawuguranayo et al., 2024). Therefore,
higher Pe and Pen were considered desirable directions in the present GY T analysis because they
may indicate greater stem capacity for assimilate storage and subsequent remobilization.

Extrusion (Ex), in contrast, was treated separately because its relationship with yield and
drought response is less direct. Previous findings showed that Ex decreased under drought stress,
although it was not significantly correlated with grain yield (Ghamarirahim et al., 2026).
Accordingly, Ex was assigned a positive direction in the present GY T analysis as a predefined trait
direction, without implying that greater extrusion is universally associated with higher yield or
drought tolerance. Conversely, total plant height was treated as an undesirable trait and evaluated

as a ratio (GY/PH) to prevent excessive overall plant height and reduce lodging susceptibility.
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However, these relationships must be interpreted with caution because both GY T combinations
and classical tolerance indices share grain yield as a primary mathematical component. As
emphasized by Bouslama and Schapaugh (1984), evaluating genotypes across moisture regimes
requires distinguishing between high yield potential and intrinsic stress resilience. Overall, the
GYT biplot approach helped distinguish genotypes with high yield potential, such as G5, from
genotypes showing relatively favorable performance under rainfed conditions, such as G2 (Tables
6 and 7).

Taken together, the results confirm that the GYT biplot methodology offers a more
comprehensive and breeder-oriented alternative to traditional selection strategies. By directly
linking secondary traits to yield performance, the approach improves interpretability and selection
accuracy. In agreement with the conceptual framework proposed by Yan and Frégeau-Reid (2018),
the integration of yield—trait combinations enables identification of genotypes that combine high
yield potential with favorable trait balances. Based on multi-year evaluation and multivariate
validation, genotype G5 is recommended primarily for high-input and supplementary irrigation
conditions, whereas genotype G2 represents a suitable parent for improving yield under severe

dryland conditions.

CONCLUSIONS

This study demonstrated that the Genotype-by-Yield x Trait (GYT) biplot methodology is an
effective and breeder-oriented tool for simultaneous evaluation of grain yield and associated
agronomic traits under contrasting moisture regimes. By integrating yield with key yield
components and morphological traits, the approach enabled precise discrimination among
genotypes and ensured that secondary traits contributed positively to productivity.

Across four consecutive growing seasons, genotype G5 consistently achieved the highest
Superiority Index under both rainfed and supplementary irrigation conditions, primarily driven by
its high yield potential and strong multi-trait integration in favorable environments. Its high SI

values were associated with strong Yield x HI, Yield x TGW, Yield x SW, and Yield x GNM?
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combinations; however, these combinations inherently reflect yield-weighted performance rather

than direct physiological tolerance. The GYT-derived Superiority Index showed strong alignment

with classical drought tolerance indices, largely owing to their shared mathematical dependence

on grain yield. Overall, the GYT approach provides an effective framework for simultaneously

evaluating yield and associated agronomic traits, helping distinguish high-yielding materials like

G5 from specifically adapted stress-tolerant genotypes like G2 for targeted wheat breeding

programs in semi-arid regions.

REFERENCES

1.

Araus, J. L., Slafer, G. A., Reynolds, M. P. and Royo, C. 2002. Plant breeding and drought
in C3 cereals: what should we breed for?. Ann. Bot., 89 (7): 925-940.

Armioun, M., Kahrizi, D., Amri, A. and Mohammadi, R. 2010. Efficiency of screening
techniques for evaluating durum wheat genotypes under mild drought conditions. /nt. J.
Plant Prod., 4(1): 11-23.

Bernardo, R. 2010. Breeding for Quantitative Traits in Plants. 2nd Edition, Stemma Press,
Woodbury, MN, USA.

Blum, A. 1998. Improving wheat grain filling under stress by stem reserve mobilisation.
Euphytica, 100(1): 77-83.

Bourima, H. and Abdoua, B. 2019. Application of genotype by yield x trait (GYT) biplot
to identify superior sesame (Sesamum indicum L.) genotypes. Afr. J. Plant Sci., 13(5): 109—
116.

Bouslama, M. and Schapaugh Jr, W. T. 1984. Stress tolerance in soybeans. I. Evaluation
of three screening techniques for heat and drought tolerance. Crop Sci., 24(5): 933-937.
Cong, J., Zhao, C., Asseng, S., Wang, X., Miiller, C., Jagermeyr, J., Tian, X., Liu, Z., Zhao,
J., Gao, B. and Zhang, Z., 2026. Potential expansion of wheat planting areas driven by
climate warming offsets yield losses and enhances global production. One Earth, 9(1).
Faheem, M., Qureshi, M. J., Afzal, 1., Raza, A. and Younas, M. 2023. Morphological and
physiological traits associated with yield in advanced wheat lines under varying irrigation
regimes. Pak. J. Bot., 55(2): 625—632.

Fernandez, G. C. J. 1992. Effective selection criteria for assessing plant stress tolerance.

In: Kuo, C. G. (Ed.), Proceedings of the International Symposium on Adaptation of

27



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Journal of Agricultural Science and Technology (JAST), 29(6)
In Press-Pre-Proof Version

Vegetables and Other Food Crops to Temperature and Water Stress, August 13—18, 1992,
Tainan, Taiwan, pp. 257-270.

Fischer, R. A. and Maurer, R. 1978. Drought resistance in spring wheat cultivars. I. Grain
yield responses. Aust. J. Agric. Res, 29(5): 897-912.

Gavuzzi, P., Rizza, F., Palumbo, M., Campanile, R.G., Ricciardi, G.L. and Borghi, B.,
1997. Evaluation of field and laboratory predictors of drought and heat tolerance in winter
cereals. Can. J. Plant Sci., 77(4): 523-531.

Ghamarirahim, N., Siosemardeh, A., Mirzaghaderi, G. and Hosseinpanahi, F. 2026.
Physiological plasticity and structural adaptation explain yield-stability trade-offs in bread
wheat under contrasting moisture regimes. Sci. Rep.

Gholizadeh, S. and Dehghani, H. 2016. Heritability of yield and yield components in wheat
(Triticum aestivum L.) under drought stress. Iran. J. Genet. Plant Breed, 4(1): 1-9.

Guo J, Khan J, Pradhan S, Shahi D, Khan N, Avci M, McBreen J, Harrison S, Brown-
Guedira G, Murphy JP, Johnson J, Mergoum M, Mason RE, Ibrahim AMH, Sutton R,
Griffey C. and Babar MA. 2020. Multi-trait genomic prediction of yield-related traits in
US soft wheat under variable water regimes. Genes, 11(11), 1270.

Karahan, T. and Akgiin, I. 2020. Selection of barley (Hordeum vulgare) genotypes by GYT
(genotype X yield x trait) biplot technique and its comparison with GT (genotype X trait).
Appl. Ecol. Environ. Res., 18(1): 1347-1359.

Kendal, E. 2019. Application of GYT biplot analysis in durum wheat (7riticum durum L.)
genotypes under normal and drought stress conditions. Fresenius Environ. Bull., 28(12):
9442-9448.

Malik, M. A., Saleem, M. F., Ali, A. and Asim, M. 2010. Correlation and path coefficient
analyses of yield components in bread wheat. J. Agric. Res., 48(4): 369-377.

Merrick, L. F., Yan, W., Navabi, A. and Jannink, J. L. 2020. The GYT biplot: A new
approach to genotype evaluation and selection based on multiple traits. Crop Sci., 60(2):
667-678.

Mohammadi, R. 2016. Efficiency of yield-based drought tolerance indices to identify
tolerant genotypes in durum wheat. Euphytica, 211: 71-89.

Mohammadi, R. 2019. Genotype selection in durum wheat using GY T biplot methodology

under different moisture environments. Cereal Res. Commun., 47(3): 496—506.

28



722
723
724
725
726
727

728
729
730
731

732
733
734
735
736
737
738
739
740
741
742
743

744
745
746

747
748
749
750
751
752

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Journal of Agricultural Science and Technology (JAST), 29(6)
In Press-Pre-Proof Version

Mohammadi, R. and Amri, A. 2008. Comparison of parametric and non-parametric
methods for selecting stable and adapted durum wheat genotypes in variable environments.
Euphytica, 159(3): 419-432.

Mohammadi, R., Amri, A. and Ahmed, H. B. 2021. Multi-trait stability index and genotype
by yield*trait combinations: Novel tools for selecting high-yielding and stable genotypes
under drought stress. Euphytica, 217(1): 1-15.

Ntawuguranayo, S., Zilberberg, M., Nashef, K., Bonfil, D.J., Bainsla, N.K., Pifiera-Chavez,
F.J.,Reynolds, M.P., Peleg, Z. and Ben-David, R. 2024. Stem traits promote wheat climate-
resilience., Front. Plant Sci., 15, 1388881.

Purwati, R. D., Hasibuan, Z. A. and Mulyani, S. 2022. Application of GYT biplot for

agronomic trait assessment in soybean. Biodiversitas., 23(6): 3146-3154.

Rosielle, A. A. and Hamblin, J. 1981. Theoretical aspects of selection for yield in stress
and non-stress environments. Crop Sci., 21(6): 943-946.

Saeidi, M. and Abdoli, M. 2015. Effect of drought stress during grain filling on yield and
its components, gas exchange variables, and some physiological traits of wheat cultivars.
J. Agric. Sci. Technol., 17(4): 885-898.

Torres, A. M., Roman, B., Avila, C. M. and Satovic, Z. 2004. Mapping quantitative trait
loci controlling agronomic traits in lentil. Plant Breed., 123(6): 576-581.

Yan, W. and Fregeau-Reid, J. 2018. Genotype by yield x trait (GYT) biplot: A novel
approach for genotype selection based on multiple traits. Sci. Rep., 8: 8242.

Yan, W. and Fregeau-Reid, J. 2021. GYT biplot analysis: Practical guidelines and
applications. Crop J., 9(5): 1104-1116.

Yang, J. and Zhang, J. 2006. Grain filling of cereals under soil drying. New Phytol., 169(2):
223-236.
Zeinalzadeh Tabrizi, H. and Amiri Oghan, H. 2021. Trait profiling and genotype selection

in rapeseed using GYT biplot analysis. Food Sci. Nutr., 9(9): 4863—4872.
Sharma, K. and Sharma, P., 2025. Wheat as a nutritional powerhouse: Shaping global food

security.

29



753
754

755

756

757
758
759
760
761
762
763
764
765
766
767
768
769
770

Journal of Agricultural Science and Technology (JAST), 29(6)
In Press-Pre-Proof Version

Ry, el GYT <l Salad ) saliiund Ly o adl sl o35 A JUuSy il Aiy QAL
sk slaia

6B e I8 g ¢ AU (e 3158 <03 30 Ay onu U cain ) (5 108 (g poud

FRTLNEN

L

Sediddari o)) ) Wi s 50 age LAl I (S el Ay (o yiud pariedad 38 360 (gl 53 Sdae 3 50

58 e 02l |y e el cilia U o Jalad 5 3 5ln 4l e 2 jSbee e ) Al Jghvia slaa_yal )
x 2 Sdee X a6 5 OOl gy ) ealdial b jlal s YL o Slee goueﬁgugﬁ:)sj@um cdallag ) Cara
02(2019-2023) =105 dhad e (b quisiea )l 52 2 g Slheadia AT ) 0 53 805, O o4 (GYT) i
Cbimoa ) g2l yadlaa Slae «GYT Obsb Jilas wind b ) ol ) eliaa S il o  LaaSa (g 5kl 5 anndadl 1
(e 3 See gl 4y (ibia s Sdae LS i el 1) LB 3 See (b)) gl 53 S Gl e )
e s skl s e Ll d 3 1y Gyt OS5l am 50 85/04 5 79/43 i iy Ll slaail s s, il aal 3
ol Lol 5 53 ST=12.08) 2,51 o a3 Jams 53 58 )31, (SI) 5w padld (VL Jlaly Hskas G5 iz 3.0
4303 38 035 ¢(SW) 4biins ¢35 Slia by 3 Slee st a5 Bsne Caii 35 ¢l i 4 (po bl 55 3144 5
Gldia b)) 50 sk ) L)) Cad G5 4S 2 e (LI il (p) 3 50 dadi e (HI) il a3l s(TGW)
e ) 5 55 ) ) S8 8 L IS 55k cdla Gl b o e | pls e Jad Dy a1 3 See Ly dadi e o lhas
(SI) in sadld G ¢ (1= 0.59-0.60 P < 0.05) (5.5 U Jans sia cafle (Kiusas ¢(inan, Conl iy sl 1
0=3li 3 (GMP) U506 (oein (p8ilae Jalid ¢ Suia 43 Jaad Jglaie laadld 5 ad ol 35 )3 GYT _p (i

.o

A0Sl i ) beaia Cusa sl Gal 25018 ¢ (ST 40 Jes

30




    X i − 𝜇  𝜎

