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Comprehensive abstract

Introduction

Selection and breeding for yield enhancement has always been one of the main goals of wheat
breeders. Since the yield of rainfed wheat depends on the moisture stored in the soil during the rainy
season, therefore, different crop varieties should be evaluated in terms of their potential to use the
water stored in the soil during long periods of drought in each region. Roots are the main organs to
respond, understand and maintain yield in drought conditions, which are known as the hidden half of
the plant and their function plays an important role in the growth and yield of plants. On the other
hand, selection based on multiple traits increases the suitability of crop varieties for farmers. Genotype
xtrait (GT) and genotype x yield x trait (GYT) biplots are graphical methods that have been proposed to
evaluate and identify favorable genotypes in terms of multiple traits. The objective of the current study
was to use the GYT method to investigate the relationships between root traits and yield and yield
components, to rank wheat varieties and advanced lines, and to select superior genotypes based on a
set of root traits affecting grain yield under rainfed conditions.

Materials and methods

In plant materials of this study were 24 bread wheat genotypes including 11 rainfed winter wheat
varieties along with 13 advanced lines. The studied genotypes were evaluated in a randomized
complete block design with three replications in the research field of Faculty of Agriculture, Zanjan
University, Zanjan, Iran, during two cropping years, 2016-2017 and 2017-2018, under rainfed
conditions. The measured traits included root length, root diameter, root volume, root area, root
biomass, number of grains per spike, 1000-kernel weight, number of spikes per m?, and grain yield
(g.m™). For statistical analysis, the data were first standardized and then principal component analysis
was performed. GT and GYT biplots were used to identify the relationship between root traits and
grain yield and yield components and select the best wheat genotypes based on multiple traits.

Research findings

The results showed that the use of GYT biplot is more efficient than GT biplot. Based on GYT
biplot and superiority index, genotype No. 2 was identified as the superior genotype in term of all
yield-trait combinations except yield- root length and area combination at a depth of more than 25 cm.
Genotypes No. 10 and 11 were the most favorable genotypes for combination of yield with root length
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and area at a depth of more than 25 cm. In the GYT method, root penetration depth, number of spikes
per m?, root diameter up to 25 cm depth, followed by 1000-kernel weight, root volume, root length,
root dry weight and root area up to 25 cm depth and root diameter at a depth of more than 25 cm were
identified as the most important traits for determining the genetic progress in breeding programs. In
total, considering these traits, genotype No. 2 was the closest genotype to the ideal genotype and can
be introduced as the best genotype in this study.

Conclusion

The results of this research showed that there is a potential for simultaneous genetic improvement
of grain yield and root traits especially in the surface part of the soil in the studied wheat genotypes.
Based on the obtained results of this experiment, it can be said that the GYT graphic method is a new
efficient and practical method to identify superior genotypes based on multiple traits in breeding
programs.
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Table 1. Characteristics of the studied wheat cultivars

Code  Genotype Pedigree Release Grovx{th glrjllg 1531 fgrgt 1 OOQ-kemel Reaction t(; thz)alc;(;n Gr.ain Drou ghtT
year habit (ke/ha)  (cm) weight (g) yellow rust rust’ protein (%) tolerance
Gl Sardari Local variety 1931 Winter 1860 63 33-39 S Sensitive 10.9 R
G2 Homa Sardari-39 2009 Winter 1932 81 44 S Sensitive 11.1 R
G3 Azar2 KVZ/Ym71/3/Maya”S”//Bb/Inia/4/Sefid 2000 Winter 2140 76 35 MS MR-MS 10.2 T
G4 Takab Manninng/Sdv1//Dogu88 2012 Winter 2230 73 38 MR MR 12 T
G5 Ohadi 14Gene Bank 2010  Winter 2230 78 71 S Sensitive 12.2 R
G6 Rasad Fenkang15// Sefid 2007 Winter 2430 81 39 MR-MS  MR-MS 12.3 T
M374/Sx//2897/Porsuk/3/P1k70/Lira/5/Jup/4/C1
G7  Hashtrood 1f/gﬁl;‘;?{Bféggclgég%%gg%f;fgg&%' 2015 Winter 1937 75 37 MS MS 11.6 R
OMAR-OMAR-8MAR-OMAR
G8 Baran PTZ.NISKA/UTI556-170//UNKNOWN 2014  Winter 2383 83 37 MS MS 11.2 T
G9 Saein Azar2/827Zhang291-99 2015 Winter 1604 67 32 R Resistant 11.2 T
G10 Sadra Azadi/Azar//Sardari 2017 Winter 2051 80 35 MS MS 11.3 R
Gl1 Paraw SABALAN/4/VRZ/3/ORF1.148/TDL/BLO 2017 Winter 2735 85 34.4 MR MR 13.4 T

TR, Resistant; S, Sensitive; T, Tolerant; MR, Moderate resistant; MS, Moderate sensitive.

St (& 2 Hlo YO 51 i 3 ya il YO Goe b (w90 4 SIS (g rmedl (g el ) pim dnlllas jglaiody (e 5l laalgd (40,8 2,15 (0 da JilS 5o laalg) (61081 (il =) S
ol jLed 5l eolannl b laaiy, (59

Figure 1. A) Placement of tubes in the channels, B) Taking the tubes out of the ground to study the root system, C) Dividing the soil column into two parts, up to
25 cmdepth and more than 25cm, D) Washing the roots using water pressure.
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Figure 2. Average temperature and rainfall during two cropping seasons
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Table 2. Mean of the measured traits in the studied wheat genotypes during two years (genotype X trait *)

Genope @t T NS NGS L e m @ e ) (om
Gl 309.66 25.83 754.90 16.57 3.74 4.45 0.31 0.23 0.92 0.96 54.48 161.87 494.08 934.70 80.62
G2 462.06 22.06 1078.43 20.96 3.52 4.45 0.31 0.27 1.24 0.97 43.69 114.11 437.00 788.00 86.02
G3 290.96 19.02 833.33 18.91 3.05 4.17 0.30 0.24 0.95 0.95 43.09 277.53 404.88 1069.65 85.85
G4 314.51 17.56 872.55 21.58 2.86 4.64 0.32 0.23 0.94 1.13 42.08 133.69 380.06 876.27 86.97
G5 300.40 20.03 745.10 22.38 4.12 3.48 0.32 0.28 1.15 0.79 48.38 104.60 497.40 654.17 85.30
G6 242.55 18.18 754.90 18.77 1.81 4.14 0.28 0.27 0.65 0.73 34.21 149.01 273.98 819.91 73.68
G7 281.45 18.31 960.78 16.55 2.74 4.55 0.30 0.21 0.77 0.92 39.83 197.93 366.27 1028.94 88.23
G8 300.09 24.04 970.59 14.56 3.31 4.29 0.30 0.26 0.97 0.85 46.18 125.53 432.73 808.00 85.03
G9 260.85 19.55 901.96 16.18 2.90 5.12 0.29 0.26 0.96 091 43.99 140.64 39991 931.43 82.87
G10 311.54 21.62 950.98 16.98 3.07 6.64 0.31 0.22 0.85 1.39 42.12 274.09 398.27 1473.08 85.77
Gl11 238.80 17.99 1284.31 12.63 2.67 6.74 0.30 0.22 0.97 1.16 39.36 258.55 362.31 1450.63 86.87
G12 259.85 25.22 627.45 16.48 2.69 4.21 0.26 0.23 091 1.09 52.11 164.25 416.35 890.13 82.58
G13 298.59 23.75 1225.49 12.73 3.17 5.74 0.31 0.23 0.72 1.30 43.14 197.23 411.93 1168.22 86.88
Gl14 288.00 23.93 901.96 14.35 2.67 4.88 0.26 0.22 0.68 1.26 50.17 224.89 406.83 1103.37 83.35
G15 248.22 21.63 715.69 16.14 1.98 4.26 0.26 0.23 0.74 0.82 42.94 196.13 320.26 941.74 76.57
Gl6 363.70 16.28 1029.41 23.31 3.36 4.95 0.36 0.25 0.97 1.01 37.70 115.76 396.57 836.29 86.22
G17 273.21 21.37 1137.25 12.38 2.64 4.69 0.25 0.22 0.70 1.05 56.86 218.40 429.83 1078.05 82.57
G18 375.44 24.54 931.37 16.78 2.64 4.62 0.30 0.21 0.98 1.16 36.45 200.15 346.47 1049.04 81.65
G19 244.63 18.45 892.16 16.38 2.88 5.74 0.30 0.21 0.91 1.26 42.23 253.45 389.01 1308.56 86.78
G20 23345 21.79 578.43 18.26 2.07 4.24 0.28 0.22 0.58 0.82 43.69 118.56 330.11 778.16 79.75
G21 329.00 15.50 1009.80 22.55 3.29 6.40 0.31 0.24 0.90 1.30 46.85 206.83 437.54 1255.35 90.58
G22 248.98 20.39 745.10 16.40 2.55 5.76 0.28 0.23 0.71 0.98 41.00 285.45 350.19 1364.63 80.95
G23 228.66 19.80 460.78 23.78 1.88 3.83 0.26 0.26 0.63 0.76 45.85 123.48 318.77 730.86 74.12
G24 281.05 20.69 617.65 21.32 2.24 4.21 0.24 0.25 0.88 1.00 50.44 97.45 375.76 710.82 83.33

T Yield, grain yield; NS, number of spikes per m?; NGS, number of grains per spike; TKW, 1000-kernel weight; V1, root volume at a depth of 25 cm, V,, root volume at a
depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D5, root diameter at a depth of more than 25 cm; DW,, root dry weight at a depth of 25 cm;, DW5, root
dry weight at a depth of more than 25 cm; L;, root length at a depth of 25 cm, L, root length at a depth of more than 25 cm; A, root area at a depth of 25 cm, A,, root area
at a depth of more than 25 cm; DP, depth of root penetration.
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Table 3. Mean of genotype X yield x trait (GYT) for 24 wheat genotypes during two years

Genotype TKW*Y NS*Y NGS*Y VirY VotY  Di*Y  Dy*Y  DWi*Y DW*Y Li*Y L*Y Ar*Y A*Y DP*Y
Gl 7999.79  233764.27 5131.54 1157.55 1378.73 97.29 70.71 284.70 298.58 16871.18 50123.81 152996.85 289439.74 24963.90
G2 10194.75 498298.73  9686.59  1628.21 2057.26 145.16 123.60 57093 44755 20187.16 52725.68 201919.61 364101.12 39744.76
G3 5535.19 242463.24 5500.70  886.72 1212.32 87.69 69.34 277.28 276.58 12538.00 80750.32 117801.49 311221.51 24978.56
G4 5522.80 274425.22 6785.83  898.60 1460.22 101.78 71.07 296.54 356.38 13233.84 42045.27 119532.85 275596.25 27351.87
G5 6016.85 223825.26 672322 123735 104424 95.13 83.44 34545 23799 1453423 31421.66 149416.69 196510.24 25623.87
G6 4409.95 183104.43 4552.71 43891 1004.87 67.31 66.67 15831 178.06 8297.45 3614282 6645446 198873.42 17872.18
G7 5153.53  270408.98 4656.61  770.63 127991 8490 59.92 216.79 258.76 11209.23 55705.30 103085.85 289592.07 24832.93
G8 7214.89  291266.87 4369.19  993.17 1286.11 90.28 7690 291.03 255.06 13858.70 37670.82 129857.80 242476.45 25517.92
G9 5100.08 235279.12 4221.78  757.72 133532 7594 68.11 250.14 23699 11474.66 36687.36 104317.77 242967.06 21616.01
G10 6735.13  296272.35 5290.61  956.89 2069.54 97.18 69.32 26593 431.83 13121.36 85389.89 124079.76 458930.06 26720.10
Gl1 429548 306699.15 301540 636.81 1609.08 70.58 52.57 231.03 277.52 9398.71 61743.57 86520.59 346416.31 20744.10
G12 6554.33  163041.91 4282.72  699.11 1095.07 68.43 6092 23597 28256 13540.14 42680.44 108186.47 231297.60 21459.12

G13 7091.66 365916.96 3801.69  945.53 1713.33 93.64 67.56 216.11 388.58 1288199 58889.56 122997.76 348815.55 25942.34
Gl4 6891.45 259760.28 4131.97 76799 1405.69 7552 62.64 196.42 363.08 14449.68 6476798 117164.83 31776532 24004.39
G15 5368.28 177644.56 4006.41  490.52 1057.87 6529 58.09 18298 204.66 10657.67 48683.17 79493.52 233755.27 19005.05
Gl6 5919.62 374398.07 8476.76  1221.00 1801.19 130.73 92.54 352.68 368.68 1371039 42103.18 144233.51 304159.95 31357.09
G17 5837.86 310704.73 3383.33  722.04 1281.47 68.98 6098 19195 287.60 1553499 59666.86 117433.40 294529.81 22557.70
G18 9214.31 349675.61 6300.60 992.24 1734.18 111.59 80.46 366.77 437.15 13684.06 75146.38 130079.00 393854.31 30654.77
G19 4512.38 218250.43  4006.98  704.77 1403.72 72.85 5192 223.04 307.07 1033043 62001.66 95163.65 320115.33 21230.01
G20 5087.66 135032.54 4262.66  483.57 989.37 6543 5233 136.10 192.12 10198.51 27676.41 77061.79 181657.57 18617.32
G21 5099.01 332220.54 7420.21 1080.98 2107.14 10034 79.28 29697 427.79 15412.11 68044.45 143949.33 413005.38 29801.47
G22 5076.10 185511.15 4082.84  634.29 143457 69.99 5633 177.12 24474 10207.32 71068.87 87189.29 339760.21 20154.57
G23 4527.90 105361.50 5438.39  430.09 876.52 59.07 59.99 143.03 173.55 10483.43 2823491 72890.02 167115.59 16947.28
G24 5814.04 173589.10 5992.52  629.01 1184.42 68.00 70.77 247.09 280.14 14176.77 27387.85 105606.48 199774.03 23420.75

T Yield, grain yield; NS, number of spikes per m*; NGS, number of grains per spike; TKW, 1000-kernel weight; Vi, root volume at a depth of 25 cm, V2, root volume at a
depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D, root diameter at a depth of more than 25 cm; DW), root dry weight at a depth of 25 cm;, DW,, root
dry weight at a depth of more than 25 cm; L;, root length at a depth of 25 cm, L,, root length at a depth of more than 25 cm; A, root area at a depth of 25 cm, A,, root area
at a depth of more than 25 cm; DP, depth of root penetration.
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Table 4. Standardized genotype X yield x trait (GYT) data and mean superiority index for 24 wheat genotypes during two years '

Genotype TKW*Y  NS*Y  NGS*Y  Vi*Y A\ ¢ Di*Y D*Y  DWi*Y DW*Y Li*Y  L*Y  A*Y  A*Y  DP*¥Y  Mean SI

Gl 1.34 -0.29 -0.06 1.12 -0.09 0.53 0.09 0.31 -0.02 1.52 -0.11 1.27 -0.01 0.12 0.41
G2 2.85 2.76 2.717 2.78 1.88 2.80 3.58 3.48 1.79 2.80 0.05 2.89 0.99 3.09 2.46
G3 -0.35 -0.19 0.17 0.16 -0.57 0.08 0.00 0.23 -0.29 -0.15 1.72 0.10 0.28 0.12 0.09
G4 -0.36 0.18 0.97 0.21 0.15 0.75 0.11 0.44 0.68 0.12 -0.59 0.15 -0.19 0.60 0.23
G5 -0.02 -0.40 0.93 1.40 -1.06 0.43 0.93 0.99 -0.76 0.62 -1.22 1.15 -1.25 0.25 0.14
Go6 -1.13 -0.87 -0.42 -1.41 -1.17 -0.88 -0.18 -1.09 -1.49 -1.78 094  -1.61 -1.22 -1.31 -1.11
G7 -0.61 0.14 -0.36 -0.24 -0.37 -0.05 -0.62 -0.44 -0.51 -0.66 0.22 -0.39  -0.01 0.09 -0.27
G8 0.80 0.38 -0.54 0.54 -0.36 0.20 0.50 0.38 -0.55 0.36 -0.85 0.50 -0.64 0.23 0.07
G9 -0.65 -0.27 -0.63 -0.29 -0.21 -0.47 -0.08 -0.07 -0.77 -0.55 -091 -0.35 -0.63 -0.55 -0.46
G10 0.47 0.43 0.04 0.41 1.91 0.53 0.00 0.11 1.60 0.08 1.99 0.31 2.25 0.47 0.76
Gl1 -1.20 0.55 -1.38 -0.72 0.58 -0.73 -1.11 -0.28 -0.28 -1.35 0.58 -0.94 0.75 -0.73 -0.45
G12 0.35 -1.10 -0.59 -0.50 -0.91 -0.83 -0.56 -0.23 -0.22 0.24 -0.55  -022 -0.78 -0.59 -0.46
G13 0.72 1.24 -0.89 0.37 0.88 0.36 -0.12 -0.45 1.07 -0.01 0.41 0.27 0.78 0.31 0.35
Gl4 0.58 0.01 -0.68 -0.25 -0.01 -0.49 -0.45 -0.66 0.76 0.59 0.76 0.08 0.37 -0.08 0.04
G15 -0.47 -0.93 -0.76 -1.23 -1.02 -0.98 -0.75 -0.81 -1.17 -087  -0.19 -1.18 -0.75 -1.08 -0.87
Gl6 -0.09 1.33 2.02 1.34 1.14 2.11 1.53 1.07 0.83 0.31 -0.59 0.98 0.19 1.40 0.97
G17 -0.14 0.60 -1.15 -0.42 -0.37 -0.80 -0.56 -0.71 -0.16 1.01 0.46 0.08 0.06 -0.37 -0.18
G18 2.17 1.05 0.67 0.54 0.94 1.21 0.73 1.22 1.66 0.30 1.38 0.50 1.39 1.26 1.07
G19 -1.05 -0.46 -0.76 -0.48 -0.02 -0.62 -1.15 -0.37 0.08 -1.00 0.60 -0.66 0.40 -0.63 -0.44
G20 -0.66 -1.42 -0.60 -1.26 -1.22 -0.97 -1.13 -1.33 -1.32 -1.05  -145 -126  -1.45 -1.16 -1.16
G21 -0.65 0.85 1.36 0.85 2.02 0.68 0.65 0.45 1.55 0.96 0.96 0.97 1.64 1.09 0.96
G22 -0.67 -0.84 -0.71 -0.72 0.07 -0.75 -0.86 -0.88 -0.68 -1.04 1.14 -0.92 0.66 -0.85 -0.50
G23 -1.04 -1.76 0.13 -1.44 -1.54 -1.27 -0.62 -1.25 -1.55 094  -141 -1.40 -1.64 -1.49 -1.23
G24 -0.16 -0.98 0.47 -0.74 -0.65 -0.85 0.09 -0.10 -0.25 0.49 -146  -0.31 -1.21 -0.19 -0.42

T Yield, grain yield; NS, number of spikes per m*; NGS, number of grains per spike; TKW, 1000-kernel weight; Vi, root volume at a depth of 25 cm, V2, root volume at a
depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D, root diameter at a depth of more than 25 cm; DW), root dry weight at a depth of 25 cm;, DW,, root
dry weight at a depth of more than 25 cm; L;, root length at a depth of 25 cm, L,, root length at a depth of more than 25 cm; A, root area at a depth of 25 cm, A,, root area
at a depth of more than 25 cm; DP, depth of root penetration.
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Table 5. Combined analysis of variance of yield and yield components and root traits in wheat genotypes

Source of

o df Yield NS NGS  TKW v, v, D D,
Year (Y) 1 10174084  540657.4° 219 97925 222.5 599.9" 0.007™  0.55"
Error 1 4 2025.9 62764.3 9.6 12 0.4 87 0008  0.009
Genotype (G) 23 16978.5"  246911.7" 70.1" 48" L7 427 0004 0.002"
GxY 23 1211477 1196153 208" 27 14° 43" 0003  0.002"
Error 2 92 4449.3 26106.1 6.8 10 079 1.8 0002  0.002
CV (%) - 22.9 18.4 6.14 153 314 279 16.4 215
Table 5. Continued dolol =0 Jgu
szflr;;oif i DW, DW, L, L, Al A DP
Year (Y) 1 038 368" 76727.5" 2903836.3" 4933858.5" 48739712.7 18924.5"
Error 1 4 005 020 19897  23673.1 40403.1 13841 58.5
Genotype (G) 2 0.15" 021"  1488.1 537654  49084.9"  470968.8"  108.2™
GxY B0.00" 0197 1468.6™ 5400077 43408.1%  458343.1" 85.7°
Error 2 92 005 005 537.9 22622.5 18317 131353.7 47.1
CV (%) - 27.1 23.7 48.9 78.4 337 36.3 8.2

Tos * and ™ Not-significant and significant at 5% and 1% probability levels, respectively. Yield, grain yield; NS,
number of spikes per m?; NGS, number of grains per spike; TKW, 1000-kernel weight; Vi, root volume at a depth of
25 cm, V», root volume at a depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D, root diameter at a
depth of more than 25 cm; DW), root dry weight at a depth of 25 cm;, DW,, root dry weight at a depth of more than 25
cm; Ly, root length at a depth of 25 cm, Ly, root length at a depth of more than 25 cm; Ay, root area at a depth of 25 cm,
Ay, root area at a depth of more than 25 cm; DP, depth of root penetration.

YYA



VE-Y 5ol fpges o)l a3 ez 0,90 JoME linios

posS Glacaish) uieg,S sl GT oM sl

S An sbesss plibd gl GT ot
Cleaig; Ol ol ol sl Ciw vz bl
Ll 5l gy e e orbdsiz (ol o 0 485 )8
55 4528 elasl s s o] j0 a8 S 15 Slas
N NV YY Glecasgy (F JSe) GT ol alle
RECCI  C IN RVES RN VNS 20 S G &
Bl lacadsly et Vo5 V) lacads
o o Jsb Jols S e 5 4y, & bgye Slaw
Feosle YO 5l Gy Gos )0 Aty S 09 5 o>
PG 9 85 B it ol 50 VY Gy oy
olie GVL 58 Y qaie g Lo 1) aty) 3985 Bee
ails o Slos Jade (5 i Gudeiy onl bl e gile
slawi las gyl jiom wly ;0 0 coigy .clls 55l
S8 e cile YO Ges U aly, Jsb g alw jo alo
g Slio ol Bl cade (nioskhe 5 855
3 Sz bl 51 V0 5 # TY VY ey S,k
QS selas lacuig e axlllas Olas

GT ooty gl p ol sraddio as a3

iy ol slaailye & a5 3l Jel>
L man 990 Slbe oSy 5l 555 oy polie 3855
5 addie dw (pl g 0,5 (ganeg,S ol addie au o
Iy Wosls S (Luilijle) Olyss 51 aoyo Y8 gg0ome
il Sls Jyl ol alya (¢ Jpaz) WS 4y
Wil o> g ye e, dbaw olawy Glas Gl S5
VO 5l i Bos )0 ady; mhuw 5 ady) S (5
Ol s 5l o )0 YVIF 5 090 aly ) 3985 Gas 5 yiw Sl
e p9d shol addie 0l 4y ddlie ol laugi aosls
wils 0,8lee Glao gly e g Syp walo sl
B ady) mdaw g ady, SS9 cddy ) Hhad cady ) o>
VO Sl St Bes po ady; jhB g e le YO (3ee
> ady Jib ln cete g Shn cupe s Setle
oy YVIF adlie cpl 0 o cibe YO 51 5 in Gos
g o e 55 455 1, loosls e S ol 5
S azg |y bosls IS uibylg 5l asye VO a5 5
5 Job il jla b9 s lp Shn e Gl)b
olass g Cudio Caadle b yie il YO Goe U aly ) has
Dgs gio Zeadle b alw (o il

u,.Lol d.d}c Lfdj) )‘ oolawl l) daL‘.w.o) .Bd.of Lg'.bwy) B OMLg)jc)‘dal Slao 6‘)" ;w . u..e).:La o)Jj )J.bLa.a -7 Jj»
Table 6. Eigen value of the correlation matrix for the estimated variables of winter wheat genotypes using
principal component analysis

Trait PC1 PC2 PC3
Grain yield 0.171 -0.334 -0.035
1000-kernel weight -0.042 0.019 0.538
Number of spikes per m? 0.359 -0.018 -0.058
Number of grains per spike -0.157 -0.284 -0.32
Root volume at a depth of 25°™ 0.259 -0.357 0.142
Root volume at a depth of more than 25°™ 0.349 0.197 -0.152
Root diameter at a depth of 25 0.237 -0.274 -0.267
Root diameter at a depth of more than 25" -0.223 -0.308 -0.144
Root dry weight at a depth of 25" 0.173 -0.379 -0.021
Root dry weight at a depth of more than 25°™ 0.365 0.116 0.064
Root length at a depth of 25™ -0.032 -0.074 0.569
Root length at a depth of more than 25°™ 0.26 0.321 0.003
Root surface at a depth of 25" 0.206 -0.31 0.368
Root area at a depth of more than 25" 0.336 0.292 -0.055
Depth of root penetration 0.365 -0.157 -0.035
Eigen value 5.0414 4.1104 2.2498
Variance percentage 0.336 0.274 0.15
Cumulative variance percentage 0.336 0.61 0.76
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Figure 3. Polygon diagram of the genotype x trait biplot to determine the best genotype in terms of different
traits. Yield, grain yield; NS, number of spikes per m?; NGS, number of grains per spike; TKW, 1000-kernel weight;
Vi, root volume at a depth of 25 cm, V3, root volume at a depth of more than 25 cm; Dy, root diameter at a depth of 25
cm, D, root diameter at a depth of more than 25 cm; DW|, root dry weight at a depth of 25 cm;, DW>, root dry weight
at a depth of more than 25 cm; L, root length at a depth of 25 cm, L, root length at a depth of more than 25 cm; A,
root area at a depth of 25 cm, A,, root area at a depth of more than 25 cm; DP, depth of root penetration.
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Figure 4. Vector view of the genotype X trait biplot to show relationships between traits. Yield, grain yield; NS,
number of spikes per m?; NGS, number of grains per spike; TKW, 1000-kernel weight; V1, root volume at a depth of
25 cm, V,, root volume at a depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D, root diameter at a
depth of more than 25 cm; DW/, root dry weight at a depth of 25 cm;, DW>, root dry weight at a depth of more than 25
cm; Ly, root length at a depth of 25 cm, L, root length at a depth of more than 25 cm; A, root area at a depth of 25 cm,
A,, root area at a depth of more than 25 cm; DP, depth of root penetration.
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Table 7. Eigen value of the correlation matrix for the estimated yield x trait combinations of winter wheat
genotypes using the principal component analysis

Variable PC1 PC2

Yield* TKW (1000-kernel weight) 0.248 -0.082

Yield*NS (number of spike per m?) 0.283 0.134

Yield*NGS (number of grains per spike) 0.242 -0.268

Yield* V; (root volume at a depth of 25 cm) 0.301 -0.112

Yield* V, (root volume at a depth of more than 25 cm) 0.257 0.322

Yield* D; (root diameter at a depth of 25 cm) 0.303 -0.071

Yield* D, (root diameter at a depth of more than 25 cm) 0.28 -0.264

Yield* DW, (root dry weight at a depth of 25 cm) 0.295 -0.165

Yield* DW, (oot dry weight at a depth of more than 25 cm) 0.274 0.261

Yield* L; (root length at a depth of 25 cm) 0.262 -0.167

Yield* L, (root length at a depth of more than 25 cm) 0.111 0.564

Yield* A; (root area at a depth of 25 cm) 0.301 -0.127

Yield* A, (root area at a depth of more than 25 cm) 0.202 0.503

Yield* DP (depth of root penetration) 0.315 -0.036

Eigen value 9.7745 2.322

Proportion (%) 0.698 0.166

Cumulative (%) 0.698 0.864
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Figure 5. Polygon diagram of the genotype x yield x trait biplot (GYT) to determine the best genotype in terms
of yield-trait combination. Y, grain yield; NS, number of spikes per m?; NGS, number of grains per spike; TKW,
1000-kernel weight; Vi, root volume at a depth of 25 cm, V>, root volume at a depth of more than 25 cm; D, root
diameter at a depth of 25 cm, D», root diameter at a depth of more than 25 cm; DW1, root dry weight at a depth
of 25 cm;, DW», root dry weight at a depth of more than 25 cm; L, root length at a depth of 25 cm, L, root
length at a depth of more than 25 cm; Ay, root area at a depth of 25 cm, A,, root area at a depth of more than 25
cm; DP, depth of root penetration.
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Figure 6. Average tester coordinate (ATC) view of the genotype x yield x trait (GYT) biplot. Y, grain yield; NS,
number of spikes per m?; NGS, number of grains per spike; TKW, 1000-kernel weight; Vi, root volume at a
depth of 25 cm, V5, root volume at a depth of more than 25 cm; Dy, root diameter at a depth of 25 cm, D», root
diameter at a depth of more than 25 cm; DW1, root dry weight at a depth of 25 cm;, DW», root dry weight at a
depth of more than 25 cm; Li, root length at a depth of 25 cm, L, root length at a depth of more than 25 cm; Aj,
root area at a depth of 25 cm, A,, root area at a depth of more than 25 cm; DP, depth of root penetration.
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Figure 7. Vector view of the genotype x yield x trait biplot (GYT) and correlation diagram between different
yield- trait combinations. Y, grain yield; NS, number of spikes per m*; NGS, number of grains per spike; TKW,
1000-kernel weight; Vi, root volume at a depth of 25 cm, V>, root volume at a depth of more than 25 cm; D, root
diameter at a depth of 25 cm, Dy, root diameter at a depth of more than 25 cm; DWW, root dry weight at a depth
of 25 cm;, DW», root dry weight at a depth of more than 25 cm; L, root length at a depth of 25 cm, L, root
length at a depth of more than 25 cm; Ay, root area at a depth of 25 cm, Ao, root area at a depth of more than 25
cm; DP, depth of root penetration.
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Figure 8. Identification of ideal genotypes based on yield x trait combination
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