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Introduction. Wheat (7riticum aestivum L.) remains a cornerstone of global food security, yet its productivity is increasingly
threatened by soil salinity, which affects over 20% of irrigated lands worldwide. Salinity induces osmotic stress and ion toxicity,
leading to a drastic reduction in grain filling duration and efficiency. While traditional breeding focuses on yield components
like thousand-kernel weight (TKW), these metrics provide a "black-box" view of grain development. They fail to capture the
nuanced changes in grain architecture—such as thickness, sphericity, and surface roughness—which are critical indicators of
the physiological health of the plant during the grain-filling stage. The fundamental "Knowledge Gap" in current wheat research
lies in the lack of high-throughput, multi-dimensional phenotyping tools capable of screening large germplasm collections.
Manual measurements are prone to error and ignore the 3D geometry of the grain. This study addresses this gap by employing
a 3D multi-view digital imaging platform to profile the morphometric responses of a massive panel of 320 wheat genotypes. The
significance of this study lies in its ability to transition from simple yield-based selection to "Morpho-digital selection," allowing
breeders to identify salt-tolerant genotypes based on the stability of their grain architecture rather than just final mass. The
objective was to quantify the impact of progressive salinity on 3D grain traits and to establish a diagnostic model using
multivariate statistical approaches to identify elite salt-tolerant germplasm.

Materials and Methods. The experimental germplasm consisted of a diverse diversity panel of 320 bread wheat genotypes,
comprising 108 modern commercial cultivars and 212 Iranian landraces, representing a wide range of genetic plasticity. The
research was conducted at the Kabutarabad Agricultural Research Station, Isfahan, Iran (32°99'N, 51°17'E, 1545 ma.s.l.) during
the 20222023 season. The field layout followed an alpha-lattice design with two replications. Two distinct irrigation regimes
were established: A baseline salinity level (S1=6 dSm™), which represents the prevailing soil conditions in arid regions, and an
elevated salinity stress level (S2= 10 dSm™) to simulate severe stress. Upon physiological maturity, grains were harvested and
prepared for high-throughput phenotyping. A standardized imaging pipeline was developed using a Canon EOS 250D digital
camera (24.1 MP) mounted on a controlled-lighting rig. For each genotype, grains were imaged from three orthogonal
perspectives: dorsal, lateral, and vertical. This multi-view approach allowed for the extraction of 3D-like volumetric data. Image
processing was performed using a custom Python script utilizing the OpenCV (Open Computer Vision) and SciPy libraries. The
algorithm performed automated thresholding, contour detection, and feature extraction. Measured traits included primary
dimensions (Length/Feret, Width/Breadth, Thickness), area-based indices (Area_D, Area L, Area_V), and derived geometric
parameters (Volume, Aspect Ratio, Compactness, and Centroid Affinity Index). Statistical rigor was ensured through a multi-
tiered analysis: ANOVA was performed to determine the significance of Genotype * Environment (GXE) interactions. Linear
Discriminant Analysis (LDA) was utilized for group classification, Exploratory Factor Analysis (EFA) for data reduction, and
Path Analysis to model the causal relationships between digital traits and final grain mass (TKW). All analyses were conducted
in R and SPSS (v.26).

Results and Discussion. The results provided an unprecedented look into the "morphological changes" of wheat grains under
severe salinity. ANOV A revealed that salinity stress, genotype, and their interaction (GxI) had a highly significant (p< 0.0001)
impact on all digital morphometric traits. On average, severe salinity (10 dSm™) led to a 31.7% reduction in grain volume, which
was more pronounced than the reductions in length (26.3%) and width (22.1%). This indicates that salinity primarily inhibits the
lateral and vertical expansion of the endosperm, leading to "shriveled" grains. The reduction in mean grain circumference from
43.43 mm to 32.05 mm underscores the inhibition of cell expansion in the grain coat under osmotic pressure. A pivotal finding
was the relationship between 3D traits and yield. Correlation analysis showed that while all dimensions decreased, grain
thickness emerged as the most reliable predictor of mass, showing a near-perfect correlation with TKW (r=0.966, p< 0.01). This
suggests that in salinity-stressed environments, the "thickness" of the grain is a proxy for the plant's ability to maintain sink
strength. Exploratory Factor Analysis (EFA) successfully reduced the complex dataset into four latent factors—Size,
Shape/Symmetry, Surface Roughness, and Compactness—explaining 83.5% of the total phenotypic variance. This
categorization proves that salinity does not just make grains smaller; it fundamentally alters their geometric symmetry and
surface texture. The Linear Discriminant Analysis (LDA) model demonstrated extraordinary diagnostic power, classifying
genotypes into S1 and S2 groups with 96% accuracy. The high discriminant coefficients for Area_D and the Concentricity Index
(CAI) suggest that these digital traits can serve as "bio-signatures” for salinity stress. Furthermore, Path Analysis elucidated the
internal mechanism of yield loss: grain volume (Vol_V) exerted the largest direct positive effect on TKW (B= 0.95), acting as a
central mediator for all other dimensional traits. Interestingly, the negative direct effect of thickness on TKW in the path model
(B= —0.11), despite its high raw correlation, suggests a physiological trade-off where the plant sacrifices grain sphericity to
maintain some level of mass under stress. Compared to previous studies (e.g., Zhang et al., 2022) which focused on 2D
measurements, our 3D multi-view approach captured the "cylindricity" and "volume" more accurately, explaining an additional
15-20% of the variance in grain weight. The identification of the "Ohadi" cultivar (LDA score= 4.678) as a top performer
highlights the potential of using Iranian landrace genetics to improve the resilience of modern cultivars.

Conclusion. This study revealed that salinity stress disrupts the 3D architecture of the wheat grain in a predictable and
quantifiable manner. Grain thickness and volume were identified as the most critical digital biomarkers for salinity tolerance.
The 3D multi-view imaging pipeline developed here offers a non-destructive, rapid, and cost-effective alternative to traditional
lab-based measurements. We recommend that breeding programs integrate "Area_D" and "Concentricity Index" into their
selection indices to screen for genotypes that maintain grain filling integrity under high-salinity environments. Future research
could link these digital phenotypes with SNP markers through Genome-Wide Association Studies (GWAS) to uncover the
underlying genetic loci.
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Table 1. Morphometric indices and parameters extracted from seed images based on different views.

View Abbreviation (unit) English Full Name Persian Full Name Description
Perim (mm) Seed Perimeter &by laoe &b layo
Area (mm?) Seed Area ab colus ab cole
MinR (mm) Inscribed Radius bbb gl Lblxe ol oy 3 S oS glads
MaxR (mm) Circumscribed Radius e glad e o ply 555 gleds
Feret (mm) Maximum Length posSle Jobo e (p S Jobo
Breadth (mm) Maximum Width oSl oye Fereta; cous (s3508 om0 (055 )3 ooy0
Chull (mm) Convex Hull Perimeter ECIR NN JuSs 8150 5l odddimliee cosme G e
CArea (mm?) Convex Hull Area Cdoe Colus e LB colus
MBCRadius (mm) Minimum Bounding Circle Radius e opld (p 3 Se ¢S elad e 0yld o 5SS glad
AspRatio Aspect Ratio s 4 Jsb cumd | Aspect Ratio = Feret / Breadth
Circ Circularity opslopl | Circularity = 4+ Area / Perimeter?
Roundness Roundness 3,5 | Roundness = 4-Area / (n-Feret?)

Dorsal | ArEquivD (mm) Area Equivalent Diameter bl 4> colus | Area Equivalent Diameter = V((4/m)- Area)
PerEquivD (mm) Perimeter Equivalent Diameter by Jolso yled | Perimeter Equivalent Diameter = Area /
EquivEllAr (mm?) Equivalent Ellipse Area oo éw colus | Equivalent Ellipse Area = (- Feret-Breadth) / 4
Compactness Compactness So0i8 | Compactness = \/((4/n)-Area) / Feret
Solidity Solidity L | Solidity = Area / Convex_Area
Concavity Concavity L>sl | Concavity = Convex_Area — Area
Convexity (mm?) Convexity w5 Convexity = Convex_Hull / Perimeter
Shape Shape Factor S 9818 | Shape Factor = Perimeter? / Area
RFactor Convexity Factor e ,95B | Convexity Factor = Convex_Hull / (Feret )
ModRatio Modification Ratio JSb o5 cuns | Modification Ratio = (2-MinR) / Feret
Sphericity Sphericity oP¢9,5 | Sphericity = MinR / MaxR
ArBBox (mm?) Bounding Box Area bbw 4> colus | Bounding Box Area = Feret Breadth
Rectang Rectangularity Odskkivs | Rectangularity = Area / ArBBox
Perim.1 (mm) Lateral Perimeter ol b | () ab lase
Area.l (mm?) Lateral Area b colue | (Bl) aib colue
Lateral ArBBox.1 (mm?) Lateral Bounding Box Area 5 (bl 4> colus | Lateral Bounding Box Area = Feret Thickness

Thickness (mm) Thickness cwbrs | Thickness = Largest axis perpendicular to Feret
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Perim.2 (mm) Vertical Perimeter o908 bme | (g3g0s) &l Lage
Vertical = Area.2 (mm?) Vertical Area 3908 Colue | (g3905) Al Coluwo
ArBBox.2 (mm?) Vertical Bounding Box Area 3908 (bls asx colwe | Vertical Bounding Box Area = Breadth - Thickness
Volume (mm?) Volume »>> | Volume = (4/3)n(Feret/2)(Breadth/2)(Thickness/2)
TKW (gr) Thousand Kernel Weight Ly R TR PRRY N [T
TLR Thickness-to-Length Ratio Job 4 cwls cuws | Thickness-to-Length Ratio = Thickness / Feret
TBR Thickness-to-Width Ratio U2y 4 Cwbs cund | Thickness-to-Width Ratio = Thickness / Breadth
VAR (mm) Volume-to-Area Ratio Colue 4 v Cuwd | Volume-to-Area Ratio = Volume / Area
Density (gr/mm?) Density & | Density = TKW / Volume
Cylindricity Cylindricity oeslalsiel | Cylindricity = (Breadth + Thickness) / (2 x Feret)
BBV Bounding Box Volume Index (bl dm> 4 o> 123l | Bounding Box Volume Index = Volume / (ArBBox x ArBBox.1 x ArBBox.2)
SSA (mm™) Specific Surface Area &b ojg aw | Specific Surface Area = (Area + Area.l + Area.2) / Volume
SUF Shape Uniformity Factor S (oKen yS1 | Shape Uniformity Factor = (Perim + Perim.1 + Perim.2) / (3 x Feret)
CAI Concentricity Index &S yopp pa3ls | Concentricity Index = (MinR + MaxR) / MBCRadius

SI Stability Index sl yasls | Stability Index = (MaxR - MinR) / MaxR

WDI (gr/mm?) Weight-to-Dimensions Ratio Syl 4y (59 cows | WDI=TKW / (Feret x Breadth x Thickness)

DWI (gr/mm?) Dimensions-to-Weight Ratio 059 43l cuws | Dimensions-to-Weight Ratio = (Feret x Breadth x Thickness) / TKW
CVI(mm™) Curvature-to-Volume Ratio a2 4 Lol cuws | = (Concavity + Convexity) / Volume

VCI (mm?) Volume-to-Curvature Ratio Logl 4 w2 cuws | = Volume / (Concavity + Convexity)

SWI (mm?*gr) Surface Area-to-Weight Ratio 059 & gdaw Cund | = (Area + Area.l + Area.2) / TKW

WSI(gr/mm?) Weight-to-Surface Area Ratio w4 (59 i | = TKW / (Area + Area.l + Area.2)

CSI Curvature-to-Surface Area Ratio haw 4 lswl cuws | = (Concavity + Convexity) / (Area + Area.l + Area.2)

SCI Surface Area-to-Curvature Ratio Lol 4 pdaw Cus | = (Area + Area.l + Area.2) / (Concavity + Convexity)

CWI (mm?/gr) Curvature-to-Weight Ratio Oi9 4 Lexl cuws | = (Concavity + Convexity) / TKW

WCI (gr/mm?) Weight-to-Curvature Ratio Ll 4 59 cows | = TKW / (Concavity + Convexity)

CDI (mm™) Curvature-to-Dimensions Ratio sleyl 4 Lol cows | = (Concavity + Convexity) / (Feret x Breadth x Thickness)

DCI (mm) Dimensions-to-Curvature Ratio Lzl 4 sleyl cows | = (Feret x Breadth x Thickness) / (Concavity + Convexity)

LSym Longitudinal Symmetry ok )& | = (Feret Dorsal - Feret Lateral) / (Feret Dorsal + Feret Lateral)
TSy Transverse Symmetry 2y o)W | = (Breadth Dorsal - Thickness Lateral) / (Breadth Dorsal + Thickness Lateral)

NetInd (mm™)
Smooth Smoothness w 8lo | = Convex Hull (Dorsal View) / Perimeter (Dorsal View)

Network Index laSs jasls | = (Perimeter_Dorsal + Perimeter Lateral + Perimeter_Vertical) / (Area_Dorsal + Area_Lateral + Area_Vertical)
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Table 2. Descriptive statistics of morphometric traits in wheat genotypes under baseline (N) and saline (S) conditions.
S N

Kurto Skewne CV StdDe Mea Kurtos Skewne CV  StdDe Mea Traits
3.14 0.38 21.42 6.86 32.0 2.81 0.12 20.3 8.85 43.4 D Ll
3.79 -0.30 7.28 1.23 16.8 4.26 -0.29 6.53 1.23 18.8 D colws
3.06 0.05 13.33 2.05 15.3 2.97 -0.15 12.5 2.35 18.7 D bl glus
2.75 0.16 9.21 0.26 2.77 3.01 -0.15 8.51 0.27 3.21 D Jeoxeo gl
4.26 -0.30 8.12 0.55 6.74 5.66 -0.06 7.10 0.53 7.47 D sl Job
4.14 -0.43 8.13 0.56 6.91 5.01 -0.41 7.28 0.56 7.68 D peusle jo,e
2.73 0.17 8.80 0.25 2.89 2.87 -0.08 8.00 0.27 3.34 D Cuse e
4.40 -0.34 7.90 1.68 212 5.81 -0.02 7.05 1.66 234 D e colue
3.07 0.02 12.83 2.07 16.1 3.00 -0.14 12.3 2.41 19.5 bz 01> (o 3 Sa oS glad
2.78 0.19 8.79 0.13 1.45 3.36 -0.21 8.14 0.14 1.67 D_ oy 4 Jsb coms
3.60 0.53 10.23 0.25 2.39 8.19 1.06 9.68 0.23 2.39 D_ g Jlsopl
7.12 0.60 7.70 0.05 0.62 4.31 -0.20 6.24 0.04 0.67 D (5
5.95 0.56 10.55 0.04 0.40 3.42 -0.09 8.87 0.04 0.44 D bbre ams colus
3.04 -0.13 7.18 0.31 4.33 3.19 -0.33 6.34 0.31 4.90 Dl ok
3.62 -0.29 7.42 0.40 5.36 4.28 -0.22 6.54 0.39 6.00 D Usko pbw colue
3.16 -0.06 13.44 2.20 16.3 3.02 -0.22 12.5 2.51 20.0 D_ S>yis
3.89 0.54 7.47 0.11 1.48 7.61 0.88 7.01 0.11 1.51 D &
22.96 2.20 3.16 0.03 0.92 40.92 1.77 2.05 0.02 0.97 D el
4.86 0.84 19.47 0.15 0.76 17.68 1.85 18.5 0.15 0.83 D cus
40.22 3.32 3.92 0.05 1.21 24.68 -0.50 3.16 0.04 1.26 D_ s e
4.00 0.58 7.48 1.39 18.6 7.03 1.04 6.95 1.32 19.0 L b
53.02 4.34 3.56 0.03 0.94 39.90 -0.18 2.51 0.03 0.98 L colw
3.04 0.17 10.30 0.08 0.77 3.29 0.02 9.08 0.08 0.85 L_sgime aus colue
3.01 0.13 10.19 0.04 0.40 3.56 -0.12 8.85 0.04 0.44 L cobxs
3.19 -0.05 13.51 2.81 20.8 2.99 -0.21 12.5 3.20 254 V_ b
279.1 13.77 5.87 0.04 0.71 37.79 -0.38 2.95 0.02 0.74 V_ colus
3.07 -0.11 7.11 0.96 13.5 3.47 -0.41 6.46 0.99 153 V_ b ass colus
2.93 0.19 14.32 1.77 12.3 2.84 -0.08 13.5 2.08 15.3 P
3.04 0.03 13.99 2.82 20.1 2.97 -0.24 13.0 3.26 249 b e 59
2.80 0.20 9.54 0.27 2.80 2.84 -0.16 8.64 0.28 3.27 Job 4 cuolbus Cums
2.89 0.11 7.57 0.82 10.8 3.14 -0.17 6.97 0.86 12.3 U2 Cwlbud Cuwd
3.00 0.36 16.87 1.16 6.86 2.80 0.16 16.0 1.40 8.74 Colue 4y po> o
2.93 0.37 17.58 1.49 8.48 2.75 0.13 16.5 1.80 10.8 &
3.06 0.47 24.06 6.75 28.0 2.94 0.10 18.8 6.76 35.8 Odslalgil
291 0.04 9.82 0.04 0.41 3.40 -0.10 8.91 0.04 0.43 bbb a4 po (asls
17.27 1.54 2.19 0.02 0.97 4.77 -0.41 1.68 0.02 0.98 b ojg o
4.41 -0.09 9.37 0.19 2.07 2.76 -0.12 9.11 0.21 2.29 I Ken jg56
15.60 1.86 23.39 0.21 0.89 5.58 1.15 21.2 0.18 0.85 EF o a5l
2.87 0.02 9.41 0.04 0.41 3.31 -0.04 8.64 0.04 0.43 Sl asls
4.43 0.96 23.27 0.00 0.01 5.28 1.20 222 0.00 0.01 Slal 4 59 Cams
33.08 2.89 9.02 0.10 1.10 4.01 0.78 8.23 0.08 1.00 059 4 ol Cans
2.98 0.16 4.27 0.09 1.99 4.00 0.27 4.04 0.08 2.02 e & Lol o
391 0.57 6.62 0.44 6.61 6.41 0.94 6.04 0.39 6.41 Lzl &y oo G
2.79 0.05 6.79 0.04 0.59 3.34 0.12 6.73 0.04 0.57 059 & g G
4.78 0.77 22.10 0.26 1.18 6.07 0.78 20.2 0.25 1.23 w4 ()5 G
45.09 4.17 6.15 0.11 1.77 38.79 2.62 4.66 0.09 1.96 w4 loul cuws
5.73 0.94 16.16 0.22 1.33 4.37 0.93 16.1 0.18 1.11 Lol &y s Caanas
4.54 0.77 5.72 0.06 1.06 12.28 1.59 5.08 0.06 1.09 059 4 Losl Caws
25.75 2.35 19.12 0.05 0.26 3.67 0.18 14.5 0.04 0.30 Lol & ()59 G
4.37 0.84 22.44 0.11 0.50 542 1.10 21.2 0.09 0.43 kol 4 bl cos
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18.73 2.17 2478  0.02 007 581 1.28 232 001  0.05 Lol 4y Slas] s
2.93 0.12 928  0.04 041  3.46 0.16 9.12 004 039 Ssb o)l
1339 -1.14  70.12 0.0l 002 494 0.50 734 001 0.0l b o
3.01 0.36 822 0.0 120 347 0.63 827  0.09 1.10 el Lasls
5.45 0.14 248 003 126  3.84 -0.01 218 0.03 125 o ilo

Refer to the “Materials and Methods™ section for abbreviations.
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Table 3. Analysis of variance of morphometric traits in wheat genotypes under baseline and saline conditions.

CV (%) Error Genotype: Treatment Treatment Genotype Traits
7.749 8.554 29.980 *** 41483.474 *** 171.898 *** D o
3.617 0.416 0.750 *** 1259.315 *** 4.056 *** D_;)L.m
4.802 0.671 2.086 *** 3698.373 *** 13.536 *** D_ bl gles
4.077 0.015 0.033 *** 62.974 *** 0.190 *** Dl glais
4.632 0.108 0.147 *** 166.733 *** 0.766 *** Do Sl Jobo
4.482 0.107 0.153 *** 189.659 *** 0.842 *** D oSl yoye
3.776 0.014 0.032 *** 65.714 *** 0.188 *** D e e
4.427 0.979 1.376 *** 1625.789 *** 7.321 *** D Cuse colue
4.860 0.753 2.194 *** 3867.698 *** 14.033 *** D_ oo oph pp5Sess gl
3.901 0.004 0.008 *** 16.336 *** 0.048 *** Doy 4 Job Cous
7.079 0.029 0.033 * 0.0002 ns 0.116 *** D_ g Jlsopl
5.097 0.001 0.001 ns 0.782 *** 0.005 *** D (5
6.972 0.001 0.001 ns 0.500 *** 0.004 *** D_ bl dms colus
2.675 0.015 0.045 *** 105.306 *** 0.275 *** D_boxw Joles ylad
3.629 0.042 0.084 *** 128.671 *** 0.416 *** D Joleo piw colus
4.974 0.817 2.458 *** 4286.527 *** 15.427 *** D_ 3>id
5.355 0.006 0.008 * 0.320 *** 0.021 *** D_ )L
1.941 0.0003 0.001 *** 0.810 *** 0.001 *** D_ Lol
15.756 0.016 0.019 * 1.352 *** 0.041 *** D Cusg
2.857 0.001 0.002 *** 0.725 *** 0.002 *** D_ S5 e
5275 0.985 1.230 * 57.807 *** 3.351 *** L b
2.351 0.001 0.001 *** 0.572 *** 0.001 *** L coluw
6.761 0.003 0.003 ns 1.714 *** 0.015 *** L gaom0 dan Colue
6.713 0.001 0.001 ns 0.498 *** 0.004 *** L cwbuws
5.008 1.344 4.102 *** 6912.188 *** 25.102 *** V b
3.985 0.001 0.001 *** 0.364 *** 0.001 *** V_ coluwe
2.776 0.161 0.459 *** 1061.206 *** 2.687 *** V_ bbb das colue
5.420 0.563 1.610 *** 2821.753 *** 10.259 *** pCSS
5.095 1.321 4.232 #** 7276.013 *** 25.832 #** b a5
4.170 0.016 0.036 *** 69.134 *** 0.207 *** Job 4 cuolbus Cuns
2.929 0.115 0.357 *** 788.084 *** 1.988 *** 0P A Cwlrs Cud
7.286 0.323 0.760 *** 1128.482 *** 4.453 #** Colue 4 po G
7.613 0.543 1.271 *** 1860.915 *** 7.347 *¥** S
10.951 12.245 31.184 *** 19584.659 *** 126.905 *** Odsllgil
6.750 0.001 0.001 ns 0.123 *** 0.003 *** bbro das & o> a3l
1.769 0.0003 0.0004 *** 0.018 *** 0.0004 ** b ojg pdaw
4.656 0.010 0.020 *** 16.532 *** 0.102 *** I Ren 56
15.735 0.019 0.033 *** 0.670 *** 0.069 *** S5yt s
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6.432 0.001 0.001 ns 0.106 *** 0.003 ** Gl sl
9.661 0.000001 0.000002 *** 0.003 ** 0.00001 *+* Slasd &5 (39 Capmss
4851 0.003 0.004 ** 2.932 w 0.020 *** 039 4 Sl g
3.088 0.004 0.004 ns 0.359 ** 0.016 *** o 4 Lol G
4.614 0.090 0.089 ns 12,196 *** 0.399 ** Lol &y o> Capus
4.824 0.001 0.001 ns 0.120 *** 0.004 *** 059 4 s Capusd
14.742 0.032 0.059 * 0.948 *** 0.118 *** s 4 (379 Capnid
4.196 0.006 0.014 # 11,222 # 0.007 * s 4 Lol g
7.439 0.008 0.016 *** 15.734 # 0.099 ** Lol & s o
3.850 0.002 0.002 *** 0.217 *%* 0.006 *** 059 4 Lol s
12.492 0.001 0.001 ns 0.675 *** 0.005 *** Ul & (g o
15.197 0.005 0.010 *** 1.636 *** 0.020 *** Slay) & Lol Capud
14.239 0.0001 0.0001 *** 0.066 *** 0.000 *** Lol & slel e
6.524 0.001 0.001 ns 0.089 *** 0.003 *** Ssb ol
65.168 0.0001 0.0001 *** 0.005 *** 0.0001 ** e o)l
3.856 0.002 0.004 *** 3.555 *xk 0.023 *** Gl Lasls
2.028 0.001 0.001 * 0.053 ** 0.001 *** s Lilo

ns wE %)
¢

D9 gy by 9 dlge i & Chlaidl el (P gimepd g dop gy 9 S Jleisl g 13 )0 G ™
* and **: Significant at the 1% and 5% probability levels and not-significant, respectively. Refer to the “Materials and Methods™ section for
abbreviations.
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2 &S Jb g g MAD Hlxe GBlyoul b o doo FY/FY Ll (N) Gl bylyds )5 ails basee (pSleo (Y Jods) Cannl cogliio
e 5 o e il ) (Y Jpiz) il S2alS SIAS Jn Bl b iadus Y/ & e 0] () (59 Larlyd
S0 e b Cdo ol cg) Pl ulpegdle mde LS 1) pAS Al drsg g a3 p 6yed A
Ollllas b adly cpl .Cunl gy s 4 guoly jd dogr BB (S5 slacgles saimd ylis a5 (F=171.898, p< 0.0001 )
Slgs o &l b ag po Slaw (5 (K55 g4 Sloald ylis &8 0)l>  Slgsren (Farooq et al., 2024; Khan et al., 2022) i
CliS b il Colue p (sldne b (ol bulps B cuzmen WS Wl (g)pd 4 Jeos ) sl 4B
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A a5 Sl ol 50 ang B LielS Casl Sas Wi plo 4 o> sl xdls |y wls | b e i Lais
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1l e (sla i Ll )3 @l 5,Slee Somto sl S50 (655l Llgi oo > Mol sladeliys ;3 a5l oalizel o
9 oo b glad iy 5 (e 2 (6)bisine 8T gl &8 0,8 asiie pily)ly 4525l eslisal L (gl )
Cawl (wyp 3ys0 sl o ald dlal > as g LB S5 e 2939 51 (Sl cpl (p<0.0001) 5yl &l 5 ,e
S99 55 9 (oelal (sl prne Colled il w8 008 1S o ple 3 ol 1 (8L Nl 55 nl (Y Jgi2)
sebdy calisee slacaig} o Cunl S yld E& &l B ye g 0l i > a8 TaGS5-3A 5 iged (gly il H4
S sl posde (Ma et al., 2016) 305 o &l 0311 )0 sadodalin Gl 4 yoxie yol cpl &5 Bgd pulais  Jglaso
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2 JM1 bl b oyp (15« Sofglgnsd jlato 1 ogd il WS15 50 el 4 e Wlgiee s a3 g L3y (slasil b
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(He et al., 2013; Rui Zhang et al., 2022)

S opl dg b ime (a3 BB Hebas 15 (p<0.001 F=1860.915) &ls 1515 5 (p<0.001) 4il> w2y uigs ]
SPAVL Cd )b bewg] (B ool by Shg cnl ) (wr 290 Slocaig] (m dasMe LB (Siif slacglis oxima L
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Figure 1. Heatmap of correlation analysis of wheat genotypes under Baseline and salinity conditions* and
**: Significant at the 1% and 5% probability levels, respectively. Refer to the “Materials and Methods™ section for abbreviations.
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Figure 2. LDA loadings plots for exploring data structure
Refer to the Materials and Methods section for abbreviations.
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Table 4. Factor analysis results of wheat traits under baseline and salinity stress conditions
(Eigenvalues and percentage of explained variance).
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Figure 3. Hierarchical clustering of factor analysis.
Refer to the “Materials and Methods” section for abbreviations.
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Path Analysis of Wheat Grain Morphology
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Figure 4. Path analysis diagram of morphometric in wheat genotypes
Refer to the “Materials and Methods” section for abbreviations.
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