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Abstract. Breeding drought resistant wheat is very important for sustainable food production. In future 

research, each new cross from breeder will involve the modification of genome-wide gene networks that 

control the expression of drought and yield, especially the dynamics of change in complex gene families 

involved in drought adaptation. Declining water resources as a result of extreme use of water for 

irrigation and climate change pose a severe threat to food security. It is needed to divulge and manipulate 

the genetic potential of wheat (Triticum aestivum L.) germplasm to adapt to scarce water resources with 

higher/sustainable yield potential. In this regard, drought-tolerant and drought-susceptible wheat 

genotypes were manipulated in line (10) × tester (5) mating design in the department of PBG-UAF 

Pakistan to understand the genetic mechanism and effect of drought tolerance on wheat yield and quality 

attributes like protein and gluten contents under normal and drought conditions. It was imperative to 

breed wheat genotypes that withstand in drought environments having maximum yield and protein 

contents. The significant specific combining ability (SCA) provided the prominent non-additive genetic 

mechanism in the inheritance of yield and quality traits in wheat for the studied germplasm. Gene action 

based screening revealed that the line 9493 (L1), tester 9508 (T1)  and their hybrid (L1 × T1) were ideal 

genetic resources to breed against drought resistance for quality and yield attributes. Therefore, hybrid 

breeding will be rewarding and the selection practice for superior individual plants should be delayed to 

advanced generations like F4 and F5. The superior genotype 9493 and hybrid (cross) 9493 (L1) × 9508 

(T1) can be combined to develop new promising and improved hybrids/varieties for quality and yield 

contributing attributes under drought conditions to fulfill the wheat demand and sustainable food security. 

Keywords: breeding, gene action, additive, germplasm, food security, genotypes 

Introduction 

Current wheat (Triticum aestivum) having three A, B and D homeologous genomes, has 

been evolved through a series of natural crossing and the effect of polyploidy (2n = 6x = 42, 

AABBDD allohexaploid) (Ahmed et al., 2017a). In the evolutionary pathway of modern 

wheat, allopolyploidization occurred in two phases; in first step T. urartu (diploid) hybridized 

with Aegilops speltoides (wild grass) that resulted into tetraploid T. Turgidum and in the 2nd 

step, tetraploid AABB, 2n = 4x = 28 crossed with diploid goat grass A. tauschii having the 
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genome DD 2n = 2x = 14 which produced (hexaploid = AABBDD) modern wheat (Förster et 

al., 2012). 

The evolution of large seeded non-shattering modern wheat cultivars from small-seeded 

wild cultivars with natural grain dispersal and cross pollination modified the seed shape and 

size. Increase in grain size might have started during the early stages of wheat evolution when 

cultivation of the plant was started (Peña-Bautista, 2002). Seed size is a quantitative polygenic 

trait which is influenced by many genes that significantly contribute to increase or decrease 

seed size (Peng et al., 2011). 

Generally, wheat grain comprises protein (8-17%), carbohydrates (60-80%) (mainly 

starch), minerals (1.5-2%), fats (1.5-2%), crude fibers (2.2%), vitamins (B complex and E) 

and all essential amino acids except tryptophan, methionine and lysine. Gluten is a protein 

complex that accounts for 75 to 85% of the total protein in wheat (Fuller, 2007). Due to its 

nutritional worth and preference, people like to utilize wheat in daily food in the form of 

bread, chapati, crackers, etc. Wheat grain has distinct physical and chemical parameters of 

seed protein. Understanding the inheritance mechanism of wheat grain and quality traits is 

necessary for attaining the best genotypes on this aspect (Ali et al., 2013). Selection of best 

performing parental genotypes and their cross combinations are necessary for creating the 

desirable wheat varieties (Akram et al., 2011). The overall crop production all over the world 

has to be significantly increased day by day to feed a rising population, but existing 

production trends are not enough to meet this increasing requirement (Zeeshan et al., 2013). 

Water deficit decreases the yield so it is assumed that 17 to 70% losses in the yield are due 

to water deficiency. Wheat yield reduced from 50 to 90% of their irrigated potential in the 

developing countries by water deficit conditions (Ali et al., 2013). Wheat plant suffers severe 

response to water deficit stress at tillering, jointing, booting, anthesis and filling stages. 

Tillering is a very important stage at which plant develops tillers, primodia of spike, spikelets, 

and flowers. Water deficit stress at this stage can cause a 46% decrease in total yield (Minhas 

et al., 2014). For breeding water deficit tolerance in wheat crop, it is important to know the 

mechanism and behavior of plant under drought environments. To stand against the water 

shortage conditions plant has different morphological, physiological, biochemical, anatomical 

and molecular developments (Noorka and Teixeira da Silva, 2014). 

Genetic purity analysis for hybrid testing is compulsory to certify the hybrid seed. Hybrid 

testing and confirmation is essential for commercial purpose and for the production of pure 

hybrids. Conventionally, genetic purity examined on the basis of phenotypic data are tested in 

field trials and compared with improved cultivated genotypes the term used as ‘Grow-Out 

Test’ (GOT). The limitations of this test are higher cost, time consumption, requirement of 

large area for testing, and influence of environmental factors (Wu et al., 2010). Combining 

ability analysis is an effective genetic evaluation tool and therefore has been commonly 

implemented in plant breeding to access the performance of genotypes in hybrid/cross 

combinations (Kumar et al., 2011). Different types of gene actions have been estimated from 

combining ability variances which indicate the expression of quality, yield and yield 

contributing parameters. Additionally, comprehensive information about the relationship 

between line per se and hybrid potential is necessary to improve wheat breeding programs 

(Longin et al., 2012). 

Regardless the small amount of hybrid vigor in self-pollinated crops, like in wheat the 

agronomic worth of their hybrids seemed to be encouraging. In China, Rice hybrid had a 

yield benefit of 20-30% over the commercial cultivars. In private sectors, wheat hybrids have 

been successfully developed in India and European countries (Cheng et al., 2007). 
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Previously, different types of gene actions had been reported from combining ability 

variances which influence the expression of yield and its contributing parameters in bread 

wheat (Bibi et al., 2013). Yield character is a polygenic in nature which is widely affected due 

to environmental variations. In wheat breeding schemes the direct selection for yield and yield 

contributing characters may give false results especially against drought environments. 

Therefore, the genetic effectiveness of indirect selection is valuable than direct screening for 

yield and yield contributing traits in wheat breeding programs (Akram et al., 2011; Zeeshan et 

al., 2013). 

Keeping all above in view, the experiments were planned to generate information from, 

combining ability studies, gene action analysis under normal and drought conditions. The 

information derived from these studies would be very useful for wheat breeders to exploit the 

new genetic potential in wheat genotypes for developing drought tolerant, better protein 

contents and high yielding wheat varieties for sustainable food security. 

Materials and methods 

The proposed research was conducted to assess the genetic mechanism of some 

quality and yield contributing traits in wheat under normal and drought stress 

conditions. 

 

Line × tester analysis (hybridization) 

The field experiment for line × tester analysis was carried out in the research area of 

Plant Breeding and Genetics (PBG) department, University of Agriculture, Faisalabad, 

Pakistan (LATITUDE = 31 - 44’ N and ALTITUDE = 184.4 m). The tested ten drought 

tolerant genotypes namely, 9493 (L1), 9618 (L2), 9797 (L3), 9930 (L4), BWL812 (L5), 

DPW621 (L6), 10111 (L7), 10115 (L8), 10117 (L9) and Chakwal-86 (L10) were used 

as a female (line) parent and five drought susceptible wheat genotypes 9508 (T1), 

Millat-11 (T2), Ufaq-2002 (T3), Moomal-2002 (T4) and BARS-09 (T5) were used as 

male (tester) parents (Ahmed et al., 2019). These genotypes were crossed under line 

(L10) × tester (T5) mating design during the wheat growing seasons 2016-17. 

In wheat crop anthesis starts from the center of the spike (inflorescence) and then 

proceeds in both directions. Hence, for emasculation purpose the suitable lateral florets 

were kept in the middle of the inflorescence and left over unwanted florets were detached 

with the help of a pair of scissors and pointed forceps. Then the small florets were 

supported with thumb and forefinger and 1/3 upper part of each floret was removed with a 

pair of scissors. The immature anthers (3) in each floret were carefully detached by using 

fine pointed forceps, avoiding damage to the ovary and prevent ovary from self-

pollination. Glycine bags were used to cover entire spikes immediately after completion 

of emasculation, to minimize the chance of pollination. Male flowers with mature anthers 

were excluded from the female lines to avoid any chance of self-pollination. On the very 

next day early in the morning emasculated spike which were covered under glycine bags 

were pollinated by using fresh pollen from the desired male parent by hand. After 

completion of artificial pollination spikes of female plants were again tightly covered with 

their respective bags till seed setting and to avoid the contamination with other undesired 

pollens. These cultivars/lines were hybridized in (10) lines × (5) testers mating fashion. 

For each parental line 50 spikes were emasculated and pollinated with desired testers, so 

total 500 spikes were emasculated in this experiment. In each spike average 15 seed sets 

and 150 crossed seed obtained for each line with their respective testers like L1 × T1. At 
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maturity, crossed seeds from all crosses were collected manually in separate envelops 

which were orderly arranged for each and every cross. 

 

Evaluation of breeding material 

Total fifty F1 seeds along with their 15 parents genotypes were sown on November 

15, 2017 in two experimental conditions (non-stressed and drought stressed 

experiments) in randomized complete block design (RCBD) with three replications. 

Each genotype was sown through maintaining plant-to-plant distance fifteen centimeters 

and rows-to-row distance was 30 cm. Two seeds of each genotype were dibbled/hole 

and one healthy seedling was reserved after germination by thinning. To abate the 

border effect lines of non-experimental material were sown at the border of the 

experiment. In normal experiment irrigations were applied at three critical stages i.e. (1) 

tillering (35 Days after sowing, DAS), (2) the booting stage (85 DAS) and (3) the 

milking stage (112 DAS) (Noorka and Teixeira da Silva, 2014). Drought stress was 

applied at tillering stage by upholding (missing) the irrigation treatment. One set of 

genotypes was irrigated at all the three-critical stages, while the other set of the same 

wheat genotypes was kept under drought stress. Fertilizer were applied at the rate of 46 

kg nitrogen, 34 kg phosphorus and 25 kg potash per acre All regular agronomic 

applications like fertilizer, hoeing, weeding, etc. were implemented equivalently in both 

experiments to lessen the experimental faults (Ahmed et al., 2018). 

 

Measurement of quality and yield components 

At maturity, when wheat plants were fully established, data were collected of 10 plants 

from each replication for following some quality and yield contributing characters of fifty 

crosses and their fifteen parents under normal and water deficient conditions. Harvesting 

was done on 8-15 April, 2018. The studied traits were observed using the following 

methods. The flag leaf area was calculated according to (Muller, 1991) i.e., (maximum 

length × maximum breadth) × 0.74. Then average area of flag leaf was calculated, relative 

water contents (RWC) and cell membrane thermo-stability (CMT) were measured using 

the standard methods described by Dhanda et al. (1998) and Blum and Ebercon (1981), 

respectively. Number of grain per spike (GPS) was counted from the spike of mother 

shoot of each randomly selected plant and 1000-grain weight (TGW) was measured with 

electric balance from the produce each pre- selected plant. For grain yield per plant (GYP) 

ten randomly selected plants were harvested at maturity and threshed grains were weighed 

using electric balance. The yield of mother tillers was also added to the produce. Then 

average yield was calculated as produce was divided by number of plants. Grain quality 

traits like, grain protein contents (GPC) and gluten contents (GC) investigated by 

Kernalyser (NIR spectroscopy, ISO17025 certified and 18 mm spacer), which included 

grain protein percentage (%) and grain gluten percentage (%) (Liana et al., 2012; Maria et 

al., 2013). The data of these quality characters were measured via Near-Infrared Radiation 

(NIR) procedure by running the wheat genotype samples. 

 

Biometrical analysis of line × tester 

Data recorded at different stages of plants for all traits, under normal and drought 

stress conditions, were subjected to analysis of variance (Steel, 1997) to sort out 

significant differences among studied germplasm. The traits which showed, significant 

genotypic differences, were further analyzed for the determination of other genetic 
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parameters. Studied characters were also subjected to line × tester analysis 

(Kempthorne, 1957) to calculate the combining ability, genetic components and 

proportional contribution under normal and drought conditions. 

Results and discussion 

Line × tester analysis of variances 

Mean square values from line × tester analysis of variances were considered to 

observe the significant variation in parents and their crosses for quality and yield 

contributing indices under normal and water deficit conditions (Table 1). Highly 

significant differences were scored between female parents and crosses for all studied 

traits in the present research under normal and water deficit conditions. Under both 

conditions highly significant differences were scored between parents for flag leaf area, 

relative water contents, cell membrane thermo-stability, grains per spike, and protein 

contents while significant variation was observed only under normal conditions for 

1000-grain weight. The GYP and GC between parents were showed non-significant 

variation under both conditions. 

 
Table 1. Mean squares values from line ×tester analysis of variances 

Sov Df 
FLA RWC CMT GPS TGW GYP GPC GC 

N D N D N D N D N D N D N D N D 

R 2 55.6 38.1** 140** 48.2** 53.56** 84.80** 120.00** 115.89** 10.07** 7.36 34.42** 264.78** 7.92** 4.23** 121.11** 19.98 

G 64 40.4** 40.0** 191** 144** 133.33** 92.92** 117.78** 96.42** 105.21** 81.51** 129.55** 94.15** 2.40** 2.53** 41.79** 34.37** 

P 14 40.6** 40.6** 155** 159.2** 86.23** 84.04** 74.41** 74.41** 10.17** 11.73 3.33 2.69 2.01** 2.01** 16.8 16.8 

C 49 40.38** 40.1** 205** 143** 142.35** 81.94** 128.31** 100.14** 130.45** 100.16** 106.76** 79.16** 2.42** 2.69** 48.31** 38.83** 

PvC 1 41.1** 27.4** 0.04 10.0 350.38** 754.86** 208.82** 222.36** 199.27** 144.51** 3013.3** 2109.13** 7.12** 2.44 71.95** 61.90** 

L 9 56.9** 63.5** 423** 328** 124.36** 44.71** 445.44** 329.55** 420.79** 348.01** 270.32** 197.93** 5.28** 5.14** 72.43** 33.25** 

T 4 29.9** 28.9** 118** 103** 394.06** 315.28** 60.71** 47.14** 40.36** 45.11** 45.01** 22.60** 1.06** 1.15 84.34** 98.76** 

L×T 36 37.4** 35.5** 160** 101** 118.88** 65.33** 56.54** 48.67** 67.87** 44.31** 72.73** 55.75 1.85 2.24** 38.28** 33.57** 

E 128 2.2 3.8 21.3 29.8 9.85 11.24 8.73 15.26 2.21 13.61 4.71 10.09 0.86 1.1 12.99 14.05 

SOV = sources of Variations, DF, degree of Freedom, FLA = flag leaf area, RWC = relative water content, CMT = cell membrane 

thermostability, GPS = grain per spike, TGW = thousand grain weight, GYP = grain yield per plant, GPC = grain protein content, 
GC = gluten content. D = drought stressed, N = normal (non-stressed), L = line (female parent), T = tester (male parent). R = replication, 

G = genotype, P = parent, C = cross, L = line, T = tester, E = environment, * = significant (P < 0.05), ** = highly significant (P < 0.01) 

 

 

Evaluation of the testers showed highly significant differences was for all examined 

characters in non-stressed and drought stressed environments except GPC which were 

non-significant under water deficit condition. Parent versus crosses (P vs C) exhibited 

non-significant results for RWC (normal and drought) and GPC (drought) while the 

variation in remaining traits were highly significant under normal and water deficit 

conditions. Considering the L × T interaction, highly significant variability existed for 

all tested traits under both conditions except GYP (drought) and GPC (normal) which 

showed non- significant behavior. 

Highly significant, variability was described by wheat breeders (Kalhoro et al., 2015) 

for GPS and GYP. Significant results were reported (Ramani et al., 2017) for relative 

water contents, protein and gluten contents. Earlier scientist reported (Minhas et al., 2014) 

the significant results of FLA and GPS between parents and their hybrids which were in 

accordance with the present findings. The line × tester analysis of variances (ANOVA) 

showed that the genetic variability existed between parents and their crosses/hybrids for 
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some quality and yield contributing indices in wheat under normal and water deficit 

conditions. So, this germplasm could be used in future for wheat hybrid breeding schemes 

to develop the drought tolerant and high yielding wheat varieties. 

 

Flag leaf area (cm2) 

Flag leaf has perilous role in wheat, because its photosynthates to be stored in seed. 

So, it has direct relationship with grain yield. Under normal and water deficit conditions 

maximum flag leaf area (FLA) 39.67 cm2 and 28.67 cm2 respectively was scored for 

Line1 (L1). Among the male parents, highest mean values for FLA were 36.19 cm2 and 

31.24 cm2 for Tester1 (T1) under both conditions, respectively (Table 2). Highly 

significant positive general combining ability (GCA) effects were revealed by the 

genotype L1 possessing the values 3.31 and 3.51 under normal and water deficit 

conditions, respectively. Among testers, the genotypes T1 had maximum positive GCA 

effects with the values 1.28 and 1.48 under normal and water deficit conditions, 

respectively (Table 3). Similar findings have been reported by wheat breeders (Kumar 

et al., 2011) for this trait in wheat crop using the same methodology as in current study. 

 
Table 2. The parental genotypes with highest mean values for various traits under study 

Characters Normal Drought 

Flag leaf area L1 (39.67), L2 (37.83), T1 (36.19) L1 (28.67), L2 (26.83), T1 (31.24) 

Relative water contents L1 (80.32), L2 (78.32), T1 (63.32) L1 (69.16), L2 (67.32), L3 (58.19) 

Cell membrane thermo-stability L1 (58.69), L3 (57.69), T1 (50.90) L1 (56.6), L3 (55.6), T1 (48.60) 

Grain per spike L1 (65.63), L2 (64.34), T1 (56.34) L1 (48.55), L2 (47.34), T1 (40.34) 

Thousand grain weight L1 (52.54), L9 (51.56), T2 (48.98) L1 (34.31), L6 (34.31), T2 (32.98) 

Grain yield per plant L1 (33.95), L2 (33.8), T1 (27.00) L1 (21.89), L3 (21.79), T1 (18.00) 

Grain protein contents L10 (12.92), T4 (12.83), T4 (12.83) L1 (14.97), T1 (14.95), T5 (14.95) 

Gluten contents L10 (28), L2 (25.97), T4 (22.67) L1 (29.93), L2 (27.9), T5 (24.9) 

L = line (female parent), T = tester (male parent) 

 

 

Among crosses, FLA mean values exhibited in L1 × T1 as 43.28 cm2 and 32.17 cm2 

under normal and water deficit conditions, respectively. The estimation of SCA effects for 

the flag leaf area was revealed that cross combinations L1 × T1 possessed maximum 

positive SCA effects with the values 6.26 and 6.07 under normal and water deficit 

conditions, respectively (Table 4.). Significant GCA and SCA effects were observed 

earlier by many wheat scientists (Akram et al., 2011; Zeeshan et al., 2013) for this trait. 

Significant and positive hybrid vigor is beneficial for this character accordingly desirable 

for breeding program (Longin et al., 2012) but negative SCA were also found by earlier 

wheat breeders (Minhas et al., 2014). Flag leaf area (FLA) of wheat plant is an important 

character and directly influence on yield because greater area enables to produce 

photosynthates in higher amount, which have to translocate in seed to increase their yield. 

 

Relative water content (%) 

Soil moisture deficit is a major adverse factor in arid and semi-arid zones, causing 

lower leaf water potential, leading to reduced turgor and, ultimately, lower crop 

productivity. Under normal and water deficit conditions maximum relative water 

content 80.32% and 69.16% was scored in L1. Maximum mean values of relative 
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water content 63.32% (normal) and 58.19% (drought) for T1 (Table 2). The 

magnitude of GCA effects between female parents, the highest positive GCA effects 

were revealed by the genotype L1 possessing the values 9.45 (normal) and 7.64 

(drought). Among testers, the genotypes T3 (normal) and T1 (drought) had maximum 

positive GCA effects with the values 1.78 and 1.90 respectively as shown in Table 3. 

Similar research has also been confirmed by whet breeders (Ashfaq et al. , 2016) using 

line × tester analysis. 

 
Table 3. The parental genotypes with highest general combining ability (GCA) effects 

Characters  Normal Drought 

Flag leaf area 
L L1(3.31), L2(2.91), L10(1.11) L1(3.51), L2(3.11), L10(1.31) 

T T1(1.28), T2(0.87) T1(1.48), T2(0.42) 

Relative water 

contents 

L L1(9.45), L7(5.04), L2(4.83) L1(7.64), L7(5.55), L2(2.54) 

T T3(1.78), T2(1.03) T1(1.90), T2(0.59) 

Cell membrane 

thermo-stability 

L L1(3.65), L2(3.54), L10(2.22) L1(2.94), L10(0.96), L7(0.73) 

T T1(2.72), T3(2.46) T1(3.65), T3(1.63) 

Grain per spike 
L L1(7.95), L6(6.96), L5(5.62) L1(6.89), L6(5.75), L5(5.7) 

T T1(1.66), T2(1.24) T1(1.91), T2(0.42) 

Thousand grain 

weight 

L L1(9.37), L3(4.58), L10(4.11) L1(5.03), L3(4.77), L10(4.17) 

T T2(1.52), T3(0.58) T1(1.06), T3(0.34) 

Grain yield per plant 
L L1(4.47), L2(4.26), L10(3.54) L1(3.74), L2(2.86), L10(2.15) 

T T1(1.67), T2(0.48) T1(1.04), T4(0.43) 

Grain protein contents 
L L10(1.46), L9(0.33), L6(0) L1(1.34), L9(0.22), L4(0.20) 

T T3(0.16), T2(0.13) T1(0.17), T2(0.06) 

Gluten contents 
L L10(3.79), L5(1.66), L6(1.60) L1(2.27), L10(2.09), L7(1.27) 

T T4(1.83), T3(1.52) T3(1.78), T4(1.08) 

L = line (female parent), T = tester (male parent) 

 

 

Among crosses RWC mean values varied from 82.73% to 77.30% for cross L1 × T1 

in non-stressed and drought stressed environments respectively and the remaining 5 

superior crosses also presented in Table 4. The magnitudes of SCA effects for RWC 

revealed that cross combinations L1 × T1 possessed maximum positive SCA effects 

with the values 13.55 and 15.26 in non-stressed and drought stressed environments 

respectively (Table 4). Similar results were scored by many plant scientists (Ashfaq et 

al., 2016; Ramani et al., 2017) for SCA effects in wheat crop against relative water 

contents trait. This physiological characteristic has great importance when screening 

wheat genotypes for drought tolerance. Plant scientists showed that wheat cultivars 

having high RWC are more resistant to drought stress. 

 

Cell membrane thermo-stability (%) 

Cell membrane thermo-stability (CMT) is a useful parameter for the rapid evaluation 

of drought response in wheat breeding. This is the only adaptive and positive response 

beneficial to the plant under drought conditions. The line L1 had maximum cell 

membrane thermo-stability 58.69% (normal) and 56.60% (drought) while the tester, T1 

had maximum values 50.90% (normal) and 48.60 (drought) as displayed in Table 2. 

Among female parents L1 possessed maximum positive GCA effects with the values 
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3.65 and 2.94 in non-stressed and drought stressed environments respectively. Among 

testers, maximum positive GCA effects were possessed by T1 with the values 2.72 and 

3.65 under non-stress and stress conditions respectively (Table 3). These findings are 

similar with the previous results reported in wheat crop under normal and drought stress 

conditions for this trait (Longin et al., 2012; Ramani et al., 2017). In the current study 

for CMT, the genotypes showing the best performance were classified as drought-

tolerant, while the low performing genotypes were identified as drought-susceptible. 

The CMT mean values were 64.03% (normal) and 60.70% (drought) for the crosses 

L6 × T3 and L1 × T1 as mentioned in Table 4. The magnitudes of SCA effects revealed 

that cross combinations L1 × T1 had positive SCA effects with the values 10.69 and 

6.09 under both conditions, respectively (Table 4). Previously some scientists (Longin 

et al., 2012) inspected significant GCA and SCA effects in hexaploid wheat using line × 

tester mating designs and support the current study results. While some wheat breeders 

(Punia et al., 2011) reported the highest positive GCA effects as compared to SCA 

effects for CMT and their results contradicted with current study. The relative water 

content and cell membrane thermo-stability were also considered important selection 

criteria for wheat against drought stress. 

 

Grain per spike 

Under normal conditions grains per spike mean values varied from 57.34 to 65.63 for 

lines, in tester ranged from 49.63 to 56.34. The line L1 had maximum number of grain 

per spike (GPS) 65.63 and 48.55 in non-stressed and drought stressed environments, 

respectively. The tester, T1 had maximum values 56.34 and 40.34 under both 

conditions, respectively as displayed in Table 2. Among lines, the genotypes L1 

possessed maximum positive GCA effects with the values 7.95 under non-stress and 

6.89 under stress. Among testers, maximum positive GCA effects were possessed by T1 

with the values 1.66 for normal and 1.91 for drought (Table 3). These findings match 

with the results of Kumar et al. (2011) and their colleagues using line × tester mating 

design in wheat crop for this trait. 

Among crosses, grains per spike having maximum mean values 66.34 (normal) and 

49.32 (drought) for L1 × T1 as mentioned in Table 4. The magnitudes of SCA effects 

revealed that cross combinations L1 × T1 and highly significant and positive SCA 

effects with the values 8.24 and 7.71 in non-stressed and drought stressed environments, 

respectively, as presented in Table 4. Significance SCA effects for grain per spike in 

wheat was estimated by wheat breeders (Kalhoro et al., 2015) which are similar with 

our findings. Both significant GCA and SCA effects also reported (Bibi et al., 2013; 

Ahmed et al., 2017b) in non-stressed and drought stressed environments and were in 

accordance with current findings. 

 

1000-grain weight (g) 

Under normal conditions maximum 1000 grain weight (TGW) 52.54 g was scored in 

L1. Maximum mean values of TGW were 48.98 g for T2 between male parents (Table 

2). The mean values of TGW under drought conditions the line L1 had maximum TGW 

34.31 g and tester T2 (32.98) as shown in Table 2. Among female parents L1 possessed 

maximum positive GCA affects with the values 9.37 and 5.03 while, between the testers 

maximum positive GCA effects were possessed by T2 and T1 with the values 1.52 and 

1.06 in non-stressed and drought stressed environments respectively as displayed in 
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Table 3. These findings are in line with the findings of wheat scientists (Fellahi et al., 

2013; Liu et al., 2016) for this attribute in wheat crop under normal and drought stress 

conditions. 

 
Table 4. Mean and specific combining ability (SCA) values of superior crosses (hybrids) in 

non-stressed and drought stressed environments 

Characters 
Mean  SCA 

Normal Drought Normal Drought 

Flag leaf area 

L1 × T1 (43.28) L1 × T1 (32.17) L1 × T1 (6.26) L1 × T1 (6.07) 

L1 × T2 (42.19) L1 × T2 (31.21) L9 × T4 (5.58) L10 ×T4 (6.04) 

L10 × T4 (40.5) L10 × T4 (29.5) L6 × T5 (5.12) L9 × T4 (5.36) 

L2 × T2 (40.22) L2 × T3(29.45) L1 × T2 (4.92) L6 × T5 (4.78) 

L2 × T3 (40.21) L2 × T2 (29.22) L10 × T4 (4.33) L1 × T2 (4.72) 

Relative water 

contents 

L1 × T1 (82.73) L1 × T1 (77.30) L1 × T1 (13.55) L1 ×T1 (15.26) 

L1 × T3 (82.32) L3 × T5 (69.32) L4 × T2 (10.03) L9 × T1 (8.68) 

L3 × T5 (80.32) L7 × T3 (68.67) L10 × T4 (9.56) L6 × T5 (8.18) 

L2 × T5 (79.66) L1 × T3 (67.55) L9 × T1 (7.95) L4 × T2 (7.19) 

L1 × T2 (79.32) L8 × T1 (67.32) L8 × T1 (7.84) L5 × T2 (6.99) 

Cell membrane 

thermo-stability 

L6 × T3 (64.70) L1 × T1 (60.70) L1 × T1 (10.69) L1 × T1 (6.09) 

L7 × T3(64.03) L4 × T3(60.05) L6 × T5 (9.89) L9 × T5 (6.07) 

L1 × T1 (62.80) L6 × T3 (59.95) L9 × T4 (9.27) L8 × T2 (5.22) 

L3 × T1 (62.69) L9 × T3 (59.75) L9 × T5 (7.28) L8 × T1 (5.11) 

L7 × T1 (62.69) L8 × T1 (59.60) L2 × T4 (7.65) L2 × T5 (4.85) 

Grain per spike 

L1 × T1 (66.34) L1 × T1 (49.32) L1 × T1 (8.24) L1 × T1 (7.71) 

L5 × T4 (66.04) L5 × T4 (49.04) L4 × T4 (6.51) L2 × T1 (5.38) 

L6 × T2 (66.04) L6 × T1 (48.34) L2 × T1 (4.56) L4 × T5 (5.15) 

L6 × T1 (65.34) L5 × T3 (47.34) L2 × T3 (4.56) L10× T2 (5.06) 

L5 × T3 (64.34) L6 × T2 (47.29) L7 × T1 (4.08) L4 × T4 (3.78) 

Thousand grain 

weight 

L1 × T2 (58.54) L1 × T1 (38.54) L1 × T2 (8.78) L1 × T1 (7.83) 

L1 × T4 (58.54) L10 × T3 (38.54) L7 × T5 (8.04) L7 × T5 (6.67) 

L1 × T1 (56.55) L3 × T4 (38.54) L3 × T3 (6.61) L10× T1 (5.63) 

L1 × T3 (56.54) L10× T1 (38.23) L4 × T1 (5.84) ------ 

L3 × T4 (55.54) L7 × T2 (38.19) L10 × T1 (5.59) ------ 

Grain yield per 

plant 

L1 × T1 (36.91) L1 × T1 (25.91) L1 × T1 (6.93) L1 × T1 (6.90) 

L1 × T 2 (33.39) L3 × T 2 (23.35) L6 × T4 (6.18) L9 × T2 (6.5) 

L10 × T2 (32.39) L1 × T3 (22.00) L2 × T5 (6.16) L3 × T2 (6.09) 

L3 × T2 (31.00) L2 × T5 (22.00) L3 × T1 (6.12) L2 × T5 (6.09) 

L6 × T5 (30.06) L2 × T1 (22.00) L6 × T5 (6.08) L5 × T3 (4.94) 

Grain protein 

contents 

L10 × T5 (14.06) L1 × T1 (14.97) L1 × T3 (2.22) L1 × T1 (1.95) 

L9 × T2 (14.01) L10 × T5 (14.95) L7 × T3 (1.96) L2 × T1 (1.72) 

L1 × T5 (13.98) L6 × T2 (14.92) L9 × T2 (1.91) L5 × T2 (1.34) 

L7 × T2 (13.97) L1 × T4 (14.90) L5 × T2 (1.65) L1 × T5 (1.26) 

L2 × T1 (13.95) L8 × T3 (14.89) L2 × T1 (1.03) ------ 

Gluten contents 

L1 × T1 (28.97) L5 × T4 (31.60) L1 × T1 (6.75) L1 × T1 (4.86) 

L5 × T4 (28.67) L5× T1 (30.95) L9 × T4 (5.11) L9 × T4 (4.38) 

L5 × T5 (28.67) L8 × T4 (30.90) L2 × T2 (4.65) L5 × T4 (4.32) 

L7 × T4 (28.67) L8 × T3 (30.60) L1 × T2 (4.55) ------ 

L8 × T3 (28.67) L7 × T3 (30.31) ------ ------ 
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Among crosses, the highest mean values 58.54 g and 38.54 g for L1 × T1 in non-

stressed and drought stressed environments as shown in Table 4. The magnitudes of 

SCA effects for 1000-grain weight revealed that cross combinations L1 × T2 and L1 × 

T1 in non-stressed and drought stressed environments possessed maximum positive 

SCA effects with the values 8.78 and 7.83 respectively (Table 4). Similar findings were 

scored (Fellahi et al., 2013; Ahmed et al., 2017b) for this character from combining 

ability analysis in wheat crop under normal and drought stress conditions. 

 

Grain yield per plant (g) 

In non-stressed and drought stressed environments maximum grain yield per plant 

(GYP) 33.95 g and 21.89 g were scored in L1 respectively. Maximum mean values for 

GYP 27.00 g and 18.00 g under both conditions respectively (Table 2). The magnitude 

of GCA effects between female parents revealed by the genotypes L1 and L5 possessing 

the highest positive values 4.47 and 3.74 while the T1 showed the highest positive GCA 

effects with the values 1.67 and 1.04 in non-stressed and drought stressed environments 

respectively (Table 3). 

Among crosses, GYP showing highest mean values 36.91 g (normal) and 25.91 g 

(drought) for cross L1 × T1 as shown in Table 4. The magnitudes of SCA effects 

revealed that cross combinations L1 × T1 had positive and highly significant SCA 

effects with the values 6.93 and 6.90 under both conditions respectively as presented in 

Table 4. Grain yield per plant had significant GCA and SCA effects described earlier 

from combining ability analysis in wheat crop (Fellahi et al., 2013; Kalhoro et al., 2015) 

under normal and drought stress conditions while, some scientists (Kumar et al., 2011; 

Ahmed et al., 2018) inspected the higher positive GCA effects than SCA effects for this 

character which showed the contradiction with the current results. Only significant SCA 

effects for GYP that were exhibited the contribution of dominant genes action. Grain 

yield is polygenic characters which is affected environmental conditions. Significant 

genetic variability between wheat germplasm for yield contributing traits was found by 

Minhas et al. (2014), Ashfaq et al. (2016) and Ahmed et al. (2019). 

 

Grain protein contents (%) 

Under normal condition maximum grain protein contents (GPC) 12.92%was scored 

in L10 while, maximum mean values for GPC was 12.83% for T4. Under drought 

conditions, the line L1 had maximum GPC 14.97%, the GPC maximum value 14.95 for 

T5 as shown in Table 2. The highest positive GCA effects between female parents were 

revealed by the genotypes L10 and L1 possessing the values 1.46 and 1.34 while, the 

genotype T3 (3.79) and T1 (0.17) in non-stressed and drought stressed environments 

respectively. These results are supported by the earlier findings (Guzmán et al., 2016) in 

wheat genotypes from combining ability analysis using line × tester mating design. 

The cross combination L10 × T5 had maximum values 14.1 under normal conditions 

while, 14.9 for L1 × T1 under drought environments. The magnitudes of SCA effects of 

GPC revealed that cross combinations L1 × T3 (normal) and L1 × T1 (drought) were 

possessed maximum positive SCA effects with the values 2.22 and 1.95 respectively 

(Table 4). It was perceived (Maich et al., 2017) that genetic distance was significantly 

and positively linked with SCA effects for grain protein contents in wheat crop under 

normal and drought stress conditions. From combining ability study only significant 

SCA effects were observed for protein contents in wheat grain. Both GCA and SCA 
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effects were also recorded (Kraljević-Balalić et al., 1982) and exhibited significance in 

the inheritance of grain protein contents in wheat grain under normal and drought stress 

conditions. 

 

Gluten contents (%) 

Under normal condition maximum gluten contents (GC) values 28.00% was scored 

in L10 while 22.67% for T4 (Table 2). Under drought conditions line L1 had maximum 

GC 29.93% and maximum value 24.90% for T5 as shown in Table 2. Among lines, the 

genotypes L10 and L1 possessed maximum positive GCA effects with the values 3.79 

and 2.27 while the genotypes having maximum GCA effects T4 and T3 with the values 

1.83 and 1.78 in non-stressed and drought stressed environments, respectively (Table 3). 

These results are similar with the study by several wheat scientists (Peng et al., 2011; 

Guzmán et al., 2016) in wheat genotypes from combining ability analysis using line × 

tester mating design under normal drought stress conditions. 

The cross combinations L1 × T1 and L5 × T4 had maximum values 28.97% and 

31.60% in non-stressed and drought stressed environments, respectively. The 

magnitudes of SCA effects revealed that cross combinations L1 × T1 had positive SCA 

effects with the values 6.75 and 4.86 in non-stressed and drought stressed environments 

respectively as presented in Table 4. Gluten contents had significant GCA and SCA 

effects examined by wheat breeders (Arya et al., 2017) which were in line with the 

current study. It is the ability of an individual to transfer the best character to its 

cross/hybrid and designates the significant breeding value of individuals in the creation 

of the best hybrid (Kempthorne, 1957). It is an influential analysis to differentiate the 

best and poor combiners for selecting suitable parental genotypes for a specific trait in 

wheat breeding scheme and also delivers the evidence about the types of gene action 

controlling the yield and yield related characters. 

 

Gene action 

Variance due to GCA = σ2 GCA is helpful for determining the hybrid potential using 

the GCA effects values of their parental lines. Trial based research (Fellahi et al., 2013; 

Kalhoro et al., 2015) exhibited that GCA variances are more prominent than SCA 

variances, assortment due to GCA effects of the tester (male parent) is a favorable 

method, but choice of lines (female parent) with maximum GCA in crosses is essential 

to exploit the yield in the production of hybrid seed (Longin et al., 2012). 

If general combining ability variance is greater than specific combing ability 

variance then selection will be done in the earlier generations due to the presence of 

additive types of gene action. If the values of SCA variances are higher from GCA 

variances, then dominant genes are supposed to be responsible for controlling the 

character and hybrid breeding can be proposed and selection are not useful in earlier 

generation. In present study the GCA:SCA ratio was less than one which indicating the 

preponderance of dominance types of genetic effects under both conditions in studied 

characters. In this case hybrid breeding may be recommended and it would be greater 

effective. The SCA variance was greater than GCA variance for number of tillers per 

plant and cell membrane thermos-stability suggesting that dominance types of genetic 

effects was prominent in the inheritance for these characters. Similar results have been 

observed by many wheat scientists (Liu et al., 2016; Longin et al., 2012) in wheat crop 

using line × tester mating design under normal and drought stress conditions. 
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Due to non-additive genetic mechanism governing most of the yield relating traits, 

selection of the superior plants would have to be practiced with great care while 

handling the plant-material in segregating generations. Observing the proportional 

contributions of female parents, male parents and their hybrids to the total variance for 

studied traits (Table 5), lines were more prominent for the characters like flag leaf area, 

relative water contents, cell membrane thermo-stability, grain yield/plant, GPC and GC 

under normal irrigation, indicating a predominant maternal influence. Tester 

contribution was very low proportion, while the line × tester interaction contributed 

predominantly to1000-grain weight under both conditions Various scientists have 

suggested only dominance genetic effects (Kumar et al., 2011; Bibi et al., 2013) and 

some reported (Kalhoro et al., 2015) the additive genetic effects for yield and yield 

related traits in wheat under both conditions for improving the selection efficiency. Both 

types of genetic effects in yield contributing characters of wheat were suggested 

(Akram et al., 2011) from combining ability analysis under drought stress 

environments. 

 
Table 5. Estimates of genetic components and proportional contributions of lines and tester 

Traits Environment 

Gene action 
Proportional 

contribution 

б2 GCA б2 SCA 
б2A = б2 

GCA*2 

б2D = б2 

SCA  
б2A/б2D L T L × T 

FLA 
N 0.04 11.73 0.08 11.73 0.01 26 6 68 

D 0.06 10.53 0.12 10.53 0.01 29 6 65 

RWC 
N 0.59 46.42 1.18 46.42 0.03 38 5 57 

D 1.00 24 2 24 0.08 42 6 52 

CMT 
N 36.3 0.31 72.68 0.31 234.4 16 23 61 

D 18.0 0.22 36.06 0.22 163.9 10 31 59 

GPS 
N 0.95 15.94 1.9 15.94 0.12 64 4 32 

D 0.68 11.14 1.36 11.14 0.12 60 4 36 

TGW 
N 0.83 21.89 1.66 21.89 0.08 59 3 38 

D 0.74 10.23 1.48 10.23 0.14 64 4 33 

GYP 
N 0.45 22.67 0.9 22.67 0.04 47 3 50 

D 0.31 15 0.62 15 0.04 46 2 52 

GPC 
N 0.01 0.61 0.02 0.61 0.03 35 3 62 

D 0.01 0.38 0.02 0.38 0.05 35 3 61 

GC 
N 0.16 7.33 0.32 7.33 0.04 32 13 55 

D 0.07 6.51 0.14 6.51 0.02 16 21 64 

FLA = flag leaf area, RWC = relative water content, CMT = cell membrane thermostability, 

GPS = grain per spike, TGW = thousand grain weight, GYP = grain yield per plant, GPC = grain 

protein content, GC= gluten content. L = line (female parent), T = tester (male parent) 

 

 

Breeding with drought resistance of wheat is very important for sustainable food 

production. In the future research, each new cross from breeder involves the 

modification of genome-wide gene networks (Appels et al., 2018) that control the 

expression of drought and yield, especially the dynamics of change in complex gene 

families involved in drought adaptation. 
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Conclusion 

Among parents, the line 9493 (L1) and the tester 9508 (T1) proved to be the best 

general combiners for most of the yield contributing indices under both conditions due 

to higher GCA effects. Among the hybrids L1 × T1 was the ideal specific combiner for 

most of the quality and yield related traits under both conditions. GCA variances were 

observed less than SCA variances suggesting that a dominance genetic effect was 

prominent in the inheritance for examined indices. Hence, the selection practice for 

superior individual plants should be delayed to next generations like F4 or F5. The 

superior genotypes and their cross combinations showed promising one for exploitation 

in wheat breeding program to develop best quality and high yielding wheat genotypes 

against drought stress conditions to fulfill the needs of wheat and sustainable food 

security. 
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