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Abstract

The study utilised a line x tester mating design, crossing twelve diverse female lines with 3 male testers to develop 36 F; hybrids, evaluated
along with three check varieties. The experiment was laid out in a randomized block design with three replications across two sowing
environments: timely (E1) and late (E2) sown, for the study of 12 quantitative traits under sodicity conditions. Analysis of variance revealed
highly significant genetic variability among genotypes for all traits in both environments. Combining ability analysis indicated the
predominance of non-additive gene action for all studied traits, as specific combining ability (SCA) variance consistently exceeded general
combining ability (GCA) variance, supported by high estimates of dominance variance and low narrow-sense heritability. Among parents,
lines MP-1358 (for early maturity), UP-3043 (for plant height and grain yield) and DBW-302 (for spike length) were identified as superior general
combiners. Tester LBRIL-102 also exhibited positive GCA effects for multiple yield components. Several crosses, notably PBW-821 x LBRIL-
102 and GW-509 x LBRIL-102, demonstrated highly significant positive SCA effects for critical yield traits like grain yield per plant and harvest
index. The study concludes that genetic expression, particularly of non-additive gene effects, was amplified under late-sown conditions (E2).
The overwhelming predominance of non-additive gene action strongly suggests that heterosis breeding is the most promising strategy for
genetic improvement of wheat for cultivation in sodic soils. The identified superior general combiners and specific cross combinations
provide valuable genetic resources for developing high-yielding, stress-tolerant wheat hybrids.
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Introduction

Wheat (Triticum aestivum L) is an important member of the Poaceae
family and the world's second most important cereal crop after rice,
providing nutrition to over 35 % of the global population (1). The
crop is widely cultivated across diverse agro-ecological zones, with
production often challenged by various abiotic stresses including soil
salinity and alkalinity (2). Sodic soils, characterised by high pH and
sodium saturation, present significant constraints to wheat
cultivation, affecting approximately 6.73 million hectares in India
alone (3). These challenging soil conditions necessitate the
development of stress-tolerant wheat varieties with enhanced yield

potential and improved adaptability.

Wheat exhibits considerable genetic diversity for stress
tolerance traits, making it amenable to improvement through
systematic breeding approaches (4). The crop demonstrates both
spring and winter growth habits, with facultative types showing
intermediate responses to vernalisation requirements (5). Under
sodic soil conditions, wheat plants experience multiple stress factors
including high pH, sodium toxicity and reduced nutrient availability,
which collectively impact plant growth, development and grain yield (6).
The development of stresstolerant cultivars requires comprehensive
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understanding of genetic mechanisms goveming tolerance traits and
yield components under challenging environments.

Recent wheat breeding programs have increasingly focused
on developing varieties with enhanced stress tolerance, improved
yield stability and superior grain quality characteristics (7). The
identification of suitable parental combinations based on their
combining ability represents a fundamental aspect of efficient
breeding strategies (8). General combining ability (GCA) primarily
reflects additive genetic effects, while specific combining ability (SCA)
captures non-additive genetic variance including dominance and
epistatic interactions (9). The line x tester mating design has
emerged as a powerful tool for evaluating combining ability,
enabling breeders to assess the breeding potential of diverse genetic
materials systematically.

The success of wheat improvement programs under stress
conditions depends significantly on identifying parental lines with
favourable gene combinations and superior combining ability for
target traits (10). Certain genotypes demonstrate exceptional
performance in hybrid combinations, producing progeny with
enhanced stress tolerance and improved yield characteristics, while
others may exhibit poor combining ability despite individual merit
(11). Consequently, comprehensive evaluation of both GCA and SCA
provides crucial insights into genetic mechanisms underlying trait
inheritance and hybrid performance under stress environments.

Materials and Methods

The present investigation was conducted over two consecutive rabi
seasons. During the first season (2022-23), the experimental material
was developed by selecting 12 genetically diverse female lines (PBW-
822, PBW-821, PBW-752, UP-3043, WH-1270, VL-3020, VL-3021, DBW-
302, VL-3022, DBW-328, MP-1358 and DBW-332) and 3 male testers
(KRL-35, KRL-99 and LBRIL-102) as parents. The pedigree, origin and
features of these parental lines are in supplementary Table 1. A line x
tester mating design was employed to generate unique F; crosses
and data from the 5 plants per replication used for observation. In
the following season (2023-24), the field evaluation was carried out
at the Main Experiment Station Farm of Acharya Narendra Deva
University of Agriculture and Technology, Ayodhya, Uttar Pradesh,
India. The experimental material consisting of 36 Ficrosses, their 15
parental lines and 3 check varieties (DBW-187, NW-1076 and HD-
2967) was evaluated in a randomized complete block design (RCBD)
with 3 replications across two sowing environments: E1 (timely sown
on November 1, 2023) and E2 (late sown on December 1, 2023)
under sodic soil conditions. Each plot measured 3 m in length with
25 cm row spacing and 10 cm plant spacing, following standard
agronomic practices for sodic soil conditions. Sodic soil has initial pH
of 8.6, electrical conductivity (EC) of <4 dS m? and exchangeable
sodium percentage (ESP) of >15. The soil texture was classified as
sandy loam with low organic carbon content (0.38 %), available
nitrogen (165.4 kg ha'), medium available phosphorus (12.8 kg ha™)
and available potassium (218.6 kg ha).

Flowchart of all the experimental steps performed during the
research:

Research conducted for rabi seasons
v
Year 1 (2022-23): Material development
v

2

Parent selection (12 lines + 3 testers)

v
Line x tester mating > 36 F1s
v
Year 2 (2023-24): Field evaluation
v
Experimental material (36 F1s + 15 Parents + 3 Checks)
v
Design > RCBD (3 Replications, 2 Environments)

v

Sodic soil field evaluation & recording
v

Statistical analysis (ANOVA + GCA/SCA)
Phenotypic estimation of quantitative traits

The present investigation involved the study of 12 quantitative traits
were recorded on 5 randomly selected plants per plot including
plant height, flowering and maturity duration, flag leaf area, spike
length, effective tillers per plant, peduncle length, grains per spike,
1000-grain weight, biological yield per plant, grain yield per plantand
harvestindex.

Statistical analysis

Analysis of variance was performed following combining ability
analysis used line x tester method to estimate GCA and SCA effects.

Results and Discussion
Analysis of variance

The analysis of variance revealed significant genetic diversity among
experimental materials under both environmental conditions (Table
1). In E1, highly significant differences were observed among
treatments for all 12 traits studied, with mean squares ranging from
2.38 (effective tillers/plant) to 196.14 (plant height). Under delayed
sowing conditions (E2), treatment variance was more pronounced,
with mean squares reaching 293.41 for plant height, confirming
enhanced genetic expression under stress conditions.

The partitioning of treatment variance demonstrated highly
significant differences between parents and crosses for most
characters. Parent vs. crosses comparison revealed substantial
heterotic effects, particularly for plant height (1547.66 in E1, 3228.97
in E2) and biological yield per plant (472.21 in E1, 2251.70 in E2),
indicating significant heterosis in F, generation. These findings align
with previous reports demonstrating the importance of non-additive
genetic effects in wheat improvement programs (12, 13), supporting
heterosis breeding as a viable strategy for genetic improvement
under stress conditions.

Combining ability analysis

The analysis of variance for combining ability (Table 2) provided
crucial insights into the genetic architecture underlying trait
expression and the relative importance of general versus specific
combining ability effects. Line effects were highly significant for all 12
characters in both environments, indicating substantial additive
genetic effects among female parents. Tester effects showed
variable significance patterns, with most yield components
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Table 1. Analysis of variance for 12 characters in line x tester mating design of wheat in E1 and E2

Days to 50 % . . o Effective tillers/ .
Source df flowering Days to maturity Plant height (cm) Flag leaf area (cm?) Plant Spike length (cm)

E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
Replications 2 5.58 1761 1490 46,78  63.22  47.74 439 436 0.41 0.44 0.85 0.67
Treatments 50 13.94** 18.25** 37.67* 22.79** 196.14** 293.41** 19.44** 27.04** 238**  3.09**  9.55**  11.84**
Crosses 35  14.67** 1347** 13.70** 1955  152.78** 130.95** 19.64** 23.60** 1.50**  1.48**  12.26** 14.64**
Parent 14 656  29.87**  9.07 29.18  208.02** 489.90** 20.11** 34.85**  3.09**  5.096**  3.47**  4.98**
Lines (P) 11 520 3535 520  34.12** 251.97** 603.06** 21.93** 38.99** 3.35**  7.38**  2.05**  5.12**
Testers (P) 2 5.26 13.07  3.68 13.92  69.06** 96.41**  337**  16.52**  0.75**  L.15**  2.61** 447
L(P)vT(P) 1 2407 3.17  6245* 543 249 32.02** 33.64** 26.00** 4.84**  0.03  20.81**  4.42**
g;‘::fﬁss"s 1 91.74* 22.96** 1277.09** 46.78 1547.66**3228.97** 2.86  38.16** 23.24** 1883**  0.07  9.63**
Error 100  6.57 8.05 1722 20.04 7.75 6.95 0.63 0.68 0.07 0.08 0.18 0.21
Total 152 9.63 1153 2567 2130 7045 10172  6.86 9.40 0.83 1.07 3.27 4.04

. . Peduncle length 1000 grain weight Biological yield/ . Grain yield/Plant

Grains/Spike Harvest index (%
Source df Isp (cm) (g) Plant (g) (%) (8)

E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
Replications 2 17.20 26.42 3.97 1.13 9.86 1.55 12.66 0.39 9.31 0.52 1.68 0.02
Treatments 50 96.61** 204.27** 21.06** 55.58** 31.57** 54.26** 49.62** 161.37** 109.57** 240.95** 22.89** 54.47**
Crosses 35 72.98**  114.41** 20.88** 6L74** 41.68** 50.11** 49.82** 137.01** 104.50** 297.29** 17.30** 49.95**
Parent 14  145.00** 334.49** 19.78** 34.10** 3.75** 56.30** 18.93** 72.98**  97.76** 76.74** 22.12** 21.89**
Lines (P) 11 77.47**  311.24%* 2454** 4161** 423** 6437 615  26.18**  10.91** 46.96** 2.44**  4.14**
Testers(P) 2  52.07** 213.72** 3.50** 7.68**  0.91 2.05  5.85* 2.53 11.26**  41.90**  0.61**  2.49**
L(P)vT(P) 1 1073.70** 831.83** 0.00  4.32** 4.12** 76.10** 185.70** 728.75** 1226.07** 473.95** 281.73** 256.02**
g;:::ﬁssvs 1 245.96** 1526.35** 45.24** 140.75** 67.13** 170.92** 472.21** 2251.70** 452.64** 567.91** 229.37** 668.93**
Error 100 3.27 3.35 0.71 0.79 1.63 1.87 1.83 2.00 1.41 1.84 0.25 0.35
Total 152 34.16 69.74 7.45 1882 1158 19.10  17.69 54.41 37.09 80.48 7.71 18.15

*, ** significant at 5 % and 1 % level, respectively. (Note: E1 = timely sown, E2 = late sown, df= degree of freedom).

Table 2. Analysis of variance for combining ability for 12 characters in line x tester mating design of wheat in E1 and E2

Source i, D?l)c,:sv::risr? go/ 0 Days to maturity Plant height (cm) Flag leaf area (cm?) Effectli\l/aenttillers/ Spike length (cm)
El E2 El E2 El E2 El E2 El E2 El E2
Replications 2 3.78 8.09 78.03 39.91 32.02 41.57 2.92 3.16 0.34 0.39 0.83 0.88
Crosses 35 14.67** 13.47** 13.70** 19.55** 152.78** 130.95** 19.64** 23.60**  1.50** 1.48**  12.26** 14.64**
Lines (c) 11  34.90** 23.48** 33.46** 53.58** 13597** 190.92** 57.65** 61.28"*  3.45** 342" 34.79**  40.49**
Testers (c) 2 5.60 3.23 6.57 3.97 431.40** 264.71** 9.37**  20.18**  0.34** 0.34* 6.10** 7.82*
LxT(c) 22 5.39 9.40 4.47 3.95 135.85** 88.80**  1.57** 5.06™* 0.63** 0.62** 1.55** 2.34*
Error 70 6.78 8.67 16.99 19.13 7.77 6.32 0.65 0.72 0.07 0.08 0.18 0.21
Total 107 9.81 10.23 17.05 19.65 55.65 47.74 6.90 8.25 0.55 0.55 4.14 4.94
source . Grains/Spike Pedun(il:”length 1000 gra&r)l weight Biolglgai::lé;eld/ Harvest index (%) Grain yi(;l)d/Plant
El E2 El E2 El E2 El E2 El E2 El E2
Replications 2 15.64 38.48 3.46 2.24 6.75 1.22 10.08 0.74 7.58 0.47 1.28 0.00
Crosses 35 72.98** 114.41** 20.88** 61.74** 41.68** 50.11** 49.82** 137.01** 104.50** 297.29** 17.30** 49.95**
Lines (c) 11 193.25** 234.01** 59.60** 90.97**  95.27** 94.52** 84.01** 281.46** 242.38** 706.64** 42.05** 96.81**
Testers (c) 2 51.32** 131.75** 9.83** 63.63** 26.64** 36.05"* 63.65** 64.53** 18.98** 4.53** 0.98** 4.96**
LxT(c) 22 14.82** 53.03** 2.53**  46.95**  16.26** 29.19** 31.47** 71.37** 43.33** 119.23** 6.40** 30.61**
Error 70 3.00 1.90 0.68 0.71 1.56 1.61 1.88 2.07 1.51 2.07 0.28 0.42
Total 107 26.13 39.39 7.34 20.70 14,78 17.47 17.72 46.18 35.31 98.61 5.87 16.61

* kK
H
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Table 3. Estimates of general combining ability effects of parents and testers for 12 characters of wheat in E1 and E2

'il). Parents D?%ﬁ:ris:g% Days to maturity Plant height (cm) Flag(lcenig)area Eﬁecg\ll:nttlllers/ Spike length (cm)
: E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
1 PBW-822 050  -1.10 044  -1.88 274 547" 164 258 0427 042" 060 032"
2 PBW-821  -2.88** 016 -2.80* -315*  0.19 147 278* 112** 0.71* 070* 299* 323*
3 PBW-752 038  -045 -046  -145 256" 096 -L77** -187** -0.87** -0.87** -156* -126**
4 UP-3043 L77*  -093 149  -1.81  87L* T47* 198* 268* -031** -031* -042* -0.14
5  WH-1270 052  -1.05 070 133  271* -477* 2.73* -2.14* -117** -116** -1.84** -154**
6 VL-3020 102 154 090 192  -0.77 -3.70** -2.88** -253** -0.33** -032** 053* 025
7 VL-3021 031 092 034 040  -1.68 -179* -327* -333* 014 014 007 055*
8  DBW-302 013  -123 011 002  -0.76 026 3.36* 293* 073* 073* 440** 473*
9 GW-509  -2.80** 176 -291* 218  -1.82  -454* -095* -2.06** -0.35** -0.35* -1.81** -1.51**
10  DBW-328 121 -057  -1.03 183  5.84* 7.22* 171** 256* 0.68* 0.68** -021 -0.78**
11 MP-1358  446** 412** 440** 569* 266  -0.49 245* 276** 024** 024* 2.01** -3.05*
12 DBW-332 045 035  -0.30  -0.72  -452** -564* 232** 269* 011 011 043**  -0.15
Testers
. KRL-35 046 014 049 003  -3.92* -298* -015 -0.10 -0.10* -0.10* 027* 031*
I KRL-99 024 020  -027 034 129** 065 -0.42** -0.69** 009 009 -0.47* -0.54**
Il LBRIL-102  -022  -0.34 -0.22 032  2.63* 233* 057* 079* 002 002 021* 023*
SE(GCAforline) 0.868 0981 1374 1458 0929  0.838 0268 0282 0091 0097 0142  0.154
SEtf:;f;‘r;” 0.434 0491 0687 0729 0465 0419 0134 0141 0046 0048 0071  0.077
SE (':f;eGs)CA of 127 1388 1943 2062 1314 1185 0380 0399 0129 0137 0200 0217c
SE (::Jeesttgr(;A of 0614 0694 0972 1031 0657 0593 0190 0199 0064 0069 0100  0.109
. . Peduncle length 1000 grain weight Biological yield/ . Grain yield/Plant
l\?:;, Parents Grains/Spike (cm) g 4 ®) g Pﬁmt (Z) Harvest index (%) y(g)
E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
1 PBW-822 310" 418" -185* 212 272" 301" 312" 069 -172* 258 043* 105*
2 PBW-821  525** 6.85* -0.72* 194*  239*  125* 121* 207* 3.86* 528* 206* 3.33*
3 PBW-T52  -323* -7.31** -L71** 227* -412* -260* -053 -400** 553* 11.10** 2.14** 2.99**
4 UP-3043  -576** -523* 118* 039  -145** -178* 050 -L65* 7.00** 12.71** 3.15** 491*
5  WH-1270  -3.10** 0.94* 194* 268* -698* -7.61** -598** -6.92** 841** 11.36** 0.85* 1.60**
6 VL3020  -1.93** 025  -027 5.72** -236* -271* -2.84* -697** -151** 2.34** -187** -3.44**
7 VL-3021  -7.13** -9.84** 552** 423* 000  2.88* -097* -516* -0.98* -0.78 -0.72** -2.03**
8  DBW-302  822** 3.14* -295* -383* 3.02* 077 218* T7.65* -317** -10.44** -0.54** -2.04**
9 GW-509  -1.96** -0.85 -273* -373** 076  -0.54 -453** 043 -9.38* -1522** -509** -6.53**
10  DBW-328 102 1.93* -146** -334* 164* 339* 317** 861" -0.82% -530** 0.86* 0.98**
11 MP-1358  4.09* 532* 041  -0.03  3.17* LIT* 248* 7.93* -360* -402** -0.60** 139**
12 DBW-332  144* 062 344* 036  2.74* 278* 218* -131** -3.63** -493* -0.67** -2.20**
Testers
. KRL-35  -138* -2.01** 002 -120** -0.75** -0.99** -0.76** 041  052* -041  -0.08  -0.17
I, KRL-99 0.64* 180* -0.53* 143* 019  -002 -0.78* -150** 031 025  -0.11 -025*
Il LBRIL-102  0.74* 021 051*  -022  094* 101** 154* 108* -083* 015 0.19* 043**
SE (lfncs for o578 0460 0275 0282 0416 0423 0458 0479 0409 0480 0178 0215
SEtgGsfg;” 0289 0230 0138 0141 0208 0212 0229 0240 0205 0240 0089  0.108
SE (t;ie:eif“ of 0817 0651 039 0398 0588 0599 0.647 0678 0579 0679 0251  0.305
SE (:’:sttgrc)" of 0408 0325 0195 0199 0294 0299 0324 0339 0290 0339 0126  0.152
exhibiting significant variance while phenological traits showed non-  to maturity (4.40 in E1, 5.69 in E2), indicating potential for early-

significant effects. The line x tester interaction variance was highly
significant for most traits, indicating substantial specific combining
ability effects. The consistent prevalence of SCA variance over GCA
variance, coupled with high dominance components, indicates that
hybrid vigour represents the most efficient approach for genetic
gains under stress conditions (14, 15).

General combining ability effects

The GCA effects of the parental lines and testers revealed significant
variability across environments (E1 and E2) (Table 3).

Lines

The MP-1358 emerged as superior with highly significant positive
GCA effects for days to 50 % flowering (4.46 in E1,4.12 in E2) and days

maturing variety development. This exceptional GCA performance
makes MP-1358 valuable for developing early-maturing varieties
adapted to short growing seasons (16). The UP-3043 showed
exceptional performance for plant height (8.71 in E1, 7.47 in E2) and
grain yield per plant (3.15 in E1, 4.91 in E2). The consistently positive
GCA effects of UP-3043 for yield-related traits suggest its potential as
a female parent in hybrid combinations targeting high grain
production (17). The DBW-302 displayed outstanding performance
for spike length (4.40 in E1, 473 in E2) and multiple vyield
components.

Testers

The LBRIL-102 demonstrated consistently positive GCA effects for
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Table 4. Estimates of specific combining ability effects of crosses for 12 characters of wheat in E1 and E2

t\?}:'. Crosses D?ﬁ’,sv::ris:;/ ° Daystomaturity Plant height (cm) Flag(l:;;)area Eﬁecg‘l’: ntti“ers/ spike length (cm)
El  E2 E1 E2 El E2 E1 E2 El E2 E1 E2
1 PBW-822xKRL35 067 -115 053 053 -9.87* -7.82** 018 051 -036* -036* -0.04  -0.09
2 PBW-822xKRL-99 119 172 130 093 507" 464* 068 073 021 021  -034 027
3 PBWE2ZMLBRIL 146 057 184 146 480* 318* 050 -123* 015 015 038 035
4 PBW-821xKRL35 -015 021 041 011  -048 067 027 075 031 030 010  0.05
5 PBW-82LxKRL-99 0.61 171 077 048  561* 467** 036 037 032" 032 -0.71** -0.64*
o PBWSNSLBRL 046 192 036 050 512* 534" 063 112 002 002 061" 059*
7 PBW-752xKRL35 075 156 038 041  -122 270 -1.03* -3.16* 126* 125* 201** 193*
8 PBW-752xKRL-99 117 -137 113 138  6.17* 9.18* 098* 184* 041* -041* -043 -035
g PBWTZNLBRIL 192 019 151 179 495" -648** 004  132% 085" 084* -159** -158**
10 UP-3043xKRL-35 1.80 -0.17 140  -041  -377* 248 090 064 -041* -041* -037 -0.41
11 UP-3043xKRL-99 -0.88 001  -053  0.84 213 172 009 016 033* 032 022 028
12 UP-3043xLBRIL-102 -0.92 0.15  -0.88 043 164  419* 08l 080 009 009 015 0.3
13 WH-1270xKRL-35 -0.56 092  -0.11  -0.78  343* 362* 055 118* 0.0 -0.10 -0.18  -0.22
14 WH-1270xKRL-99 046 -1.18 -0.10 -132 051  -1.8 049 049 -040* -040* 000  0.07
15 WHAZIOSLBRIL 010 026 020 210  394* 176 006 069 050 050** 017 0.5
16 VL-3020xKRL35 -1.85 -2.41  -150 028 023 122 005  -0.63 004 004  -042  -0.32
17 VL-3020xKRL-99 073 -0.53 079 051  463* 017 -098* 020 -0.15 -015 037 -0.63*
18 VL-3020xLBRIL-102 112 294 071  -023 -48* -1.05 093* 08 012 01l 005 0.95*
19 VL-3021xKRL-35 -1.04 -1.32 -134 019  -140  3.58* -0.08 046 0.61** 0.60** 028  0.09
20 VL-3021xKRL-99 0.68 3.40* 063  -007  -106 -7.65** 035 -114* -033* 033 014 0.0l
21 VL-3021xLBRIL-102 0.36 -2.09 071 026 246  4.08* 044 068  -028 -027 013  -0.10
22 DBW-302xKRL35 -0.13 0.0 009  -1.06 -8.88*  -171 -127* 045 012 012 002  0.18
23 DBW-302xKRL-99 -1.38 0.04  -147  -0.69  521* 446* 014 08 022 -023 064* 060*
24 DBW3OZRLBRIL- 151 014 138 175 367* 275 113* 037 011 010 -0.66* -0.78*
25 GW-509xKRL-35 -0.12 -0.52 -0.19 054  851* 113  -006 -0.82 021 -021  -044 048
26 GW-509xKRL-99 -0.43 046 -030  -049 -490** 196 020 046 009 009  051* 057*
27 GW-509xLBRIL-102 0.55 098 049  -005  -361* -3.09* -014 127* 012 012  -007  -0.09
28 DBW-328xKRL-35 122 2.06 143 123  446* 358* 015  -007 027 -026 -047 -037
29 DBW-328xKRL-99 -1.09 -1.35 -1.19  -050 -482* -358* 000 1.10* 015 015  056* 125*
30 DBWAZILBRIL- 913 070 024 073 035 000  -015 -1.03* 011 011  -0.10 -0.88**
31 MP-1358xKRL:35 -1.33 -0.15 -1.10  0.08 180 076 072 087  -021 022 0.0l  -0.50
32 MP-1358xKRL99 0.85 055 059 023 -12.19** -859** 023 -139** 033* 033* -039  0.49
33 MP-1358xLBRIL-102 048 -0.40 051  -032 1039** 935* 049 052 012 -0.12 039 0.0l
34 DBW-332xKRL35 073 0.88 080  -0.19 7.20* 165 00l 072 016 -0.15 008 0.3
35 DBW-332xKRL99 -1.90 -2.54  -161  -129  -636* -135 023 -134* 009 008 -0.60* -139**
36 DBWIMZILBRIL 117 167 081 148 083 031 024 062 007 007 052* 125"
SE (SCAeffects) 1503 1700 2380 2525 1609 1451 0465 0488 0158 0168 0245  0.266
SE(bestSCA 155 7404 3365 3571 2276 2052 0658 0691 0223 0237 0347 0376

effects)
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ﬁ(l;. Crosses Grains/Spike Pedun((élne‘.)length 1000 gra(lg)l weight Biolglgairc‘:lé;eld/ Harvest index (%) Grain yi(egl)d/Plant
El  E2  El E2 El E2 El E2 El E2 El E2
1 PBWB822xKRL35 463** 753** 026 070 017 170" -054 -18° 017 426 022 1l7*
2 PBW-822xKRL99 3.00* 163* -041 -3.11* -0.50 277* 121  173* -1.50* -7.27* -028 -2.67*
3 PBWBZILBRIL 163 s500** o067 241" 033 L7 067 011  167% 301** 050 149"
4 PBW-82IxKRL35 -0.16 -3.14** -029 -3.13* 142  298** 238* 051 -391** -335* 067* -143**
5  PBW-821xKRL99 231* 228* -047 442* 161* 113 2.80* 587* -297* -401** -0.16  0.54
6 FBWBZULBRIL 515+ 086 076 129 303" 411 517* 536" 688** 737" 083*  089*
7  PBW-752xKRL35 007 190* 033 205* 3.83** 592* 104 013 245* 113 059  -0.28
8 PBW-T52xKRL99 -0.65 -1.14 -040 -L71** -176* -324** 030 043 259* 381** 0.84* 129**
o PBWTSZRLBRIL 058 077 073 034 206" 268" 074 020 014 268 025 -L01**
10 UP3043xKRL35 096 -178* -034 -0.97* 025  -123 3.73* 099 -297** -1.03 033  0.30
11 UP-3043xKRL99 0.0 -026 053 -0.89  -001 037 -417* 033 228* 078 -L0l** -0.93*
1p UPBOBELBRIL 106 203* 088 186" 023 08 044 066 070 181" 068°  0.64
13 WH-1270xKRL-35 142 -443* 010 -024 044 134 212* 073 098 10l -069* 024
14 WH-1270xKRL-99 -0.64 047 158* 00l  -004 070 058 127 040 232* 032 1.08**
15 WHI2TOLBRIL- 078 396 -1e8** 022 040 204" 154 054 138 333%™ 037 -132*
16 VL-3020xKRL35 -1.72 1.80* -0.33 -7.69* 030  -113 -518* -496* T7.74* 481** 102**  -0.15
17 VL3020xKRL99 -0.74 -0.08 -0.46 11.99** -436* -419* 070  -0.10 -1.93* -652** 025 -2.56**
18 VL-3020xLBRIL-102 2.46* -172* 079 -430* 406* 531* 448* 506* 5.82* 171* 077 271**
19 VL3021xKRL35 076 6.15* 040 0.4  -2.14* -161* -255* -391** 203* 284* 012 -2.48*
20 VL-3021xKRL99 000 -1.27 011 08 063 -191* 048 162 -2.93* -494** -103** -163**
21 VL-3021xLBRIL-102 -0.76 -4.88* -051  -0.96  150* 352* 207* 229* 089 7.78* L115* 411**
22 DBW-302xKRL-35 2.03* 081 094 342**  169* 230* 015  -1.01 190** 158 093*  0.60
23 DBW-302xKRL99 -0.94 -505* 084 -278** 021 004 086 158 114 761* 079* 433*
24 DBW3QZNLBRIL 109 424% 178" 064 190t 234* L0l 057 303" -919** -L72% 494
25 GW-509xKRL35 -0.80 -0.84 032  0.67 -346* -322* -162* T7.70* 022 -936* -0.48 -2.63**
26 GW-S509xKRL99 -133 181* 051  -034  1.82*  165* -418* -14.44** 092 265* -146* 2.72**
27 GW-509xLBRIL-102 2.13* -0.97 -0.82 032  164* 157* 580* 673* 114 670 194* 535
28 DBW-328xKRL35 -037 502** -0.32 273* -2.86* -358** 172* 053  -0.83 347* 028 2.11**
29 DBW-328xKRL-99 027 -2.19* -045 -351** 248* 282* 080 153 002 065 027 072
30 DBW3BMIBRIL 010 282 077 078 038 076 253" 205* 081 -412* 055 -2.83*
31 MP-1358xKRL-35 3.06** 2.15** -0.35 028 033 008 021 -1.36 -525* -320** -2.32** 2.02**
32 MP-1358xKRL-99 -3.90** -1.98* -047 -237** 021 018 093 165* 187* 142 1I1* 1.16**
33 MPASBNLBRIL gga 017 082 209" 012 026 071 029 338" 178* 121** 086
34 DBW-332xKRL35 -0.61 -0.2 047 205 068  -015 322* 522* 3.16* 577* 254* 457*
35 DBW-332xKRL99 252* 579* 015 -253* 027  -032 027  -0.80 195* 506* 0.86* 1.39**
36 DBW33ZMIBRIL 191 567+ 062 049 041 047 349" 442** 510* -10.83** 340" -5.96*"
SE (SCAeffects) 1.000 0797 0477 0488 0721 0733 0793 0830 0709 0831 0308 0373
SE(bestSCA 415 1157 0675 0690 1019 1037 1121 1174 1003 1175 0435 0528

effects)

*, ** significant at 5 % and 1 % level, respectively. (Note: E1 = timely sown, E2 = late sown).

most morphological and yield traits, including plant height (2.63 in
E1,2.33in E2),flag leaf area (0.57 in E1, 0.79 in E2) and biological yield
per plant (1.54 in E1, 1.08 in E2). The LBRIL-102 emerged as an
outstanding male parent with favourable effects across multiple trait
categories, indicating its broad utility in breeding programs. The
identification of these superior general combiners provides valuable
insights for parent selection strategies in future breeding initiatives.

Specific combining ability effects

The analysis revealed significant variation among 36 crosses for all
traits (Table 4). Several crosses demonstrated exceptional SCA
effects for yield-related traits. The PBW-821 x LBRIL-102 showed
outstanding grain yield per plant SCA effects (0.83 in E1, 0.89 in E2)
and harvest index performance (6.88 in E1, 7.37 in E2). The GW-509 x

LBRIL-102 exhibited remarkable SCA effects for grain yield per plant
(1.94in E1,5.35in E2) and biological yield per plant (5.80in E1,6.73in
E2).

The larger values of specific combining ability effects
emphasise the critical importance of evaluating specific cross
combinations rather than relying solely on parental performance (18,
19). The superior SCA effects observed in crosses like PBW-821 x LBRIL-
102 and GW-509 x LBRIL-102 suggest complementary gene action
between divergent parental genotypes, resulting in transgressive
segregation and hybrid vigour (20). These findings support the
hypothesis that genetic diversity among parents enhances the
probability of obtaining superior hybrid combinations. The
identification of specific high-performing cross combinations provides
immediate targets for hybrid development programs while
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Table 5. Components of variance, degree of dominance, additive and dominance components and heritability in narrow sense for 12

characters of wheat under timely (E1) and late sown (E2) environments

Days to 50 % . . . Effective tillers/ .
Components flowering Days to maturity Plant height (cm) Flag leaf area (cm?) Plant Spike length (cm)

El E2 El E2 El E2 El E2 El E2 El E2
COV (HS) 0.15 0.064 0.15 0.246 0.27 0.66 0.28 0.29 0.01 0.01 0.17 0.19
COV (FS) 2.40 0.932 1.15 0.280 74.75 56.39 6.55 8.50 0.43 0.42 4.15 4,98
%A 0.293 0.128 0.291 0.491 0.533 1.33 0.569 0.292 0.027 0.014 0.337 0.194
oD 0.46 0.245 4.17 5.060 42.69 27.49 0.31 1.45 0.19 0.18 0.46 0.71
0’g (GCA) 0.15 0.064 0.15 0.246 0.27 0.66 0.28 0.58 0.01 0.03 0.17 0.39
o?s (SCA) 0.46 0.245 4.17 5.060 42.69 27.49 0.31 1.45 0.19 0.18 0.46 0.71
DOD 1.26 1.38 3.79 3.21 8.95 4.55 0.73 2.23 2.60 3.64 1.17 1.91
Predictability  03s7 034 0065 009 0012 005 0650 0168 0129 0070 0424 0215
NSH (%) 2.77 1.21 1.35 1.95 0.54 1.73 7.31 2.92 3.61 1.83 6.83 3.31

. . Peduncle length 1000 grain weight Biological yield/ . Grain yield/Plant
ki H 9

Components Grains/Spike (cm) (&) Plant (g) arvest index (%) g)

El E2 El E2 El E2 El E2 El E2 El E2
COV(HS) 0.92 0.97 0.29 0.23 0.40 0.33 0.29 1.03 0.96 2.80 0.17 0.30
COV(FS) 25.07 43.00 6.90 21.46 13.63 16.23 18.41 42.58 30.46 83.17 4.88 13.66
oA 1832 193 0578 0233 0801 0330 0578 1034 1926  2.803 0343 0305
oD 3.94 17.04 0.62 1541  4.90 9.19 9.86 23.10  13.94  39.05 2.04 10.06
0%g (GCA) 0.92 0.97 0.29 0.47 0.40 0.66 0.29 2.07 0.96 5.61 0.17 0.61
o?s (SCA) 3.94 17.04 0.62 15.41 4,90 9.19 9.86 23.10 13.94 39.05 2.04 10.06
DOD 1.47 2.97 1.03 8.14 2.47 5.28 4,13 4,73 2.69 3.73 2.44 5.75
f;fiﬂ"tab"'ty 0.317 010 048 0015 0140 0035 0055 0043 0121 0067 0144  0.029
NSH (%) 5.74 3.31 6.77 0.64 3.91 1.22 2.05 1.47 3.76 2.00 4.16 1.13

NSH =narrow sense heritability, DOD=degree of dominance, E1 = timely sown, E2 = late sown.

establishing a foundation for future breeding initiatives.
Genetic variance components

Analysis of variance revealed that dominance genetic variance (6°D)
was substantially larger than additive genetic variance (°A) for all 12
traits in both environments (E1 and E2) (Table 5). The relative
contribution of these variances was quantified by the dominance-to-
additive variance ratio (6°D/o?A). This ratio was exceptionally high for
morphological and yield-related traits. For instance, plant height
exhibited a pronounced ratio of 80.1in E1 and 20.7 in E2, indicating a
very strong dominance effect governing its inheritance.

This majority of non-additive gene action was further
corroborated by the comparison of variance components from the
line x tester analysis. The variance due to SCA consistently exceeded
the variance due to GCA for every character. The SCA variance to GCA
variance ratio ranged from 1.1 to 1585 across the traits and
environments. These results unanimously confirm that non-additive
(dominance and epistasis) genetic effects play a predominant role in
the inheritance of the quantitative traits evaluated in this study. The
enhanced expression of dominance effects under stress conditions
(E2) indicates that heterotic combinations become more valuable
under challenging environments (21). This pattern suggests that
hybrid breeding approaches are particularly suitable for developing
wheat varieties adapted to sodic soil conditions, where
environmental stress amplifies the relative importance of non-
additive genetic effects (22). The environment-specific SCA variations
observed emphasise the necessity of multi-location testing in
breeding programs targeting stress tolerance.

The low narrow-sense heritability estimates across all characters
indicate limited potential for genetic gains through conventional

selection methods (23). These findings strongly support investment in
hybrid breeding technology as the most efficient approach for wheat
improvement under sodic soil conditions (24).

Proportional contribution of lines and testers

The proportional contribution of lines, testers and their interactions
to total variance is presented in Table 6. Lines contributed the
maximum share for most traits, particularly days to 50 % flowering,
days to maturity, flag leaf area, spike length, effective tillers and
harvest index, indicating predominance of additive gene action
(Fig. 1). The proportional contribution analysis revealed that line
effects contributed the largest proportion of total variance for most
traits, indicating the primary importance of female parent selection
(25). In contrast, line x tester interactions contributed more to plant
height, peduncle length, 1000-grain weight and grain yield, reflecting
the role of non-additive gene action. However, the substantial
line x tester interactions for yield-related traits emphasise that hybrid
performance cannot be predicted solely from parental GCA effects,
necessitating comprehensive test cross evaluation programs (26).

Conclusion

The present study demonstrates that among parental genotypes,
MP-1358, UP-3043 and DBW-302 represent superior general
combiners for yield and related traits under sodic soil conditions. The
crosses PBW-821 x LBRIL-102, GW-509 x LBRIL-102 and
VL-3021 x LBRIL-102 exhibited exceptional specific combining ability
effects, indicating their potential for commercial hybrid
development. The predominant non-additive gene action observed
across all traits strongly supports heterosis breeding as the optimal
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Table 6. Proportional contribution of lines, testers and their interactions to total variance in a set of line x tester crosses of wheat

Contribution

% Contribution

Characters Environments % Contribution % Contribution
(Line) (Tester) (LxT)
Days to 50 % flowering E; ;:;Z i;? fég;
. El 76.75 2.74 20.51
Days to maturity E2 86.15 116 12.69
. El 27.97 16.14 55.89
Plant height (cm) E2 45.82 11.55 42.62
s El 92.25 2.73 5.02
Flag leaf area (cm) E2 81.63 4.89 13.49
Effective tillers/Plant E; 7722'235 11531 gggg
. El 89.19 2.84 7.97
Spike length (cm) E2 86.92 3.05 10.03
Grain/Spike El 83.22 4.02 12.76
E2 64.28 6.58 29.14
Peduncle length (cm) El 89.7 2.69 7.61
E2 46.31 5.89 47.8
1000 grain weight (g) El 71.83 3.65 24.51
E2 59.28 411 36.61
Biological yield per plant (g) El 52.99 7.3 39.71
E2 64.57 2.69 32.74
Harvest index (%) El 72.9 1.04 26.07
E2 4.7 0.09 25.21
Grain yield/Plant (g) El 76.41 0.32 23.26
E2 60.91 0.57 38.52

Contribution of Line, Tester, and LxT - E1
N Line

100}
3 Tester
3 =T
80
60
40
i .

Contribution of Line, Tester, and LxT - E2

% Contribution

100} . Line
3 Tester
[— Ry

80

% Contribution

Character

Fig. 1. Proportional contribution of lines, testers and their interactions to total variance in a set of line x tester crosses of wheat.

strategy for wheat improvement under stress conditions. These ~Acknowledgements

findings provide valuable genetic resources for developing high-
yielding, stress-tolerant wheat hybrids adapted to sodic soil
cultivation. The comprehensive understanding of combining ability
patterns established through this research offers a robust
foundation for advancing wheat breeding programs targeting
challenging environmental conditions. Validation of promising
crosses through multilocation trials or molecular characterisation
can be helpful in the identification of superior hybrids under stress
condition.
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