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Abstract

High temperature threatens the sustainability of wheat productivity. Knowledge of gene action and combining ability of
parents assist the breeders to develop heat resilient wheat cultivars. Therefore, present study was designed to ascertain the
combining ability of parents, nature of gene action and heritability under delayed planting mediated heat stress. Initially five
heat tolerant genotypes were selected form 158 wheat genotypes on the basis of least cell membrane injury, high rate of
photosynthesis, proline content, transpiration rate and cooler canopy temperature at seedling stage. Heat tolerant genotypes
as male parents were crossed with ten high yielding genotypes as female parents following line x tester mating design. Fifty
F1 hybrids along with 15 parents were evaluated under normal and heat stress for physio-morphic traits. Results revealed
that all traits except stay green, plant height, leaf area, spike length and tillers per plant were controlled by additive genetic
effects under both normal and heat stress conditions. High narrow sense heritability was noticed for canopy temperature
depression at reproductive stage (65%), transpiration rate at seedling stage (73%), photosynthetic rate at seedling and
reproductive (83%, 73%), proline content at seedling and reproductive (64%, 62%). High heritability with additive genetic
effects suggested the utilization of these traits with modified pedigree selection for developing thermotolerant varieties.

Key words: Gene action, Combining ability, Heritability, Photosynthetic rate, Canopy temperature depression, Wheat.

Abbreviations: D: Additive genetic effects, H: Dominance genetic effects, E: Environmental variation, h%): Narrow
sense heritability, DH: Days to heading, DA: Days to anthesis, DM: Days to maturity, GFD: Grain filling duration, PH:
Plant height, FLA: Flag leaf area, TP: Tillers per plant, SL: Spike length, SPS: Spikelet per spike, GPS: Grains per spike,
TGW: Thousand grain weight, BM: Biomass per plant, GY: Grain yield per plant, ProS: Proline content at seedling
stage, ProR: Proline content at reproductive stage, PnS: Photosynthetic rate at seedling stage, PnR: Photosynthetic rate at
reproductive stage, ES: Transpiration rate at seedling stage, ER: Transpiration rate at reproductive stage, CMIS: Cell
membrane injury at seedling stage, CMIR: Cell membrane injury at reproductive stage, CTDS: Canopy temperature
depression at seedling stage, CTDR: Canopy temperature depression at reproductive stage, SG: Stay green.

Introduction

Wheat is imperative edible food crop for the
population of world and cheapest energy source that
provides 65-76% calories and 8-15% proteins in average
diet (Day, 2013). Wheat productivity is highly affected by
increasing threats of high temperature around the globe
due to altering climatic conditions (Christensen &
Christensen, 2007) and it is predicted to increase by 1.5-
4.5°C at the end of 21* century (Gao et al., 2017).

Delayed sowing mediated heat stress is major
concern about 40% in both developing and developed
countries that covers 35 million hectares (Moshatati et al.,
2017). It occurs during the heading, anthesis and grain
filling phase that drastically reduces the grains formation
(Modhej et al., 2012; Afshan & Farooqi, 2020) and grain
development (Mohammadi, 2012; Hussain et al., 2018).
High temperature reduces the grain filling duration by
completing the growing degree days earlier and
diminishes the duration to capture reserves for grain
development (Khan et al, 2018). Longer grain filling
duration facilitates the longer time to capture available
resources and improve the grain weight (Talukder et al.,
2014). It also reduces the viability of pollen and ovaries
that inhibits the formation of grains in spikes (Calderini et
al., 1999). Heat stress promotes unsaturation of fatty acids
in plasma membrane that destabilizes the photosynthetic
activity (Almeselmani et al., 2012). Furthermore, high
canopy temperature also disturbed the photosynthetic
process and metabolic activities in wheat (Ahmad et al.,

2019; Ray & Ahmed, 2015).

Genetic potential exist in wheat germplasm for heat
tolerance that can be exploited by exploring best
combiners. General combining ability (GCA), specific
combining ability (SCA) and gene action aid to develop
thermotolerance in wheat. Line X tester is an important
tool to study the combining ability and nature of gene
action. This technique helps to isolate segregating
genotypes and select best genotypes on the basis of their
hybrids performance (Saeed & Khalil, 2017). GCA
indicates main effects whereas SCA represents the
interaction effects (Fasahat et al., 2016). Gene action and
combining ability in wheat have been observed for
heading and maturity time (Tsenov & Tsenova, 2011),
grain filling duration (Singh et al., 2007), grains per
spike, plant height, grains yield, thousand grain weight,
biomass (Cifci & Yagdi, 2010; Irshad et al., 2014b; Singh
et al., 2007; Raj & Kandalkar, 2013; Sprague & Tatum,
1942), leaf area, spike length (Aslam er al., 2014;
Mahpara et al, 2008; Srivastava et al., 2012), cell
membrane injury, canopy temperature depression, proline
content (Dhanda & Munjal, 2009; Farooq et al., 2011;
Irshad ef al., 2014a; Punia et al., 2011b; Ram et al., 2014,
Yildirim et al., 2009) under heat stress conditions.

Hence, this study aims to assess the good combiner
testers, lines and crosses as well as nature of gene action
and narrow sense heritability for cell membrane injury,
canopy temperature depression, proline content,
photosynthesis, transpiration rate, yield and its related
components under heat stress conditions.
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Materials and Methods

Research work was conducted to explore genetic
potential of wheat for heat tolerance at University Research
Farm of PMAS-Arid Agriculture University Rawalpindi
(33.11°N, 73.01°E) Pakistan during 2016-2018.
Experimental material comprised of wheat varieties/
genotypes from Pakistan and CIMMYT (23" semi-arid
wheat yield trial and 24" semi-arid wheat yield trial).

Identification of heat tolerant parents for
physiological traits: Diverse germplasm 158 wheat
genotypes from Pakistan and CIMMYT were evaluated
under normal (1** week of November) and delayed (1
week of December) planting during 2016-17. Pre-basic
soil analysis was conducted before sowing. Soil was
sandy clay, organic matter 0.7%, pH 7.6, moisture 3.1%,
E.C 0.19 desi siemens/meter, Nitrogen 0.4 mg/g,
Phosphorous 9.6 mg/L, Potassium 84 mg/L. Urea @
120Kg/ha and DAP @ 60Kg/ha were applied before
sowing. Genotypes were sown in augmented complete
block design with three replications. Row length was
kept 10m whereas plant to plant distance was maintained
15cm and row to row distance 25cm. All other
recommended agronomic practices viz., weeding,
hoeing, pest scouting were done as per requirement. Ten
plants were selected randomly based on physiological
traits during vegetative phase at Zadoks scale 39
(Zadoks et al., 1974) viz., cell membrane injury and
proline content in labortary whereas canopy temperature
depression, photosynthetic rate and transpiration rate in
field conditions. Five heat tolerant genotypes (Pakistan-
13, Aas-11, Miraj-08, genotype 307 from 23" SAWYT
and 409 from 24™ SAWYT) were selected on the basis
of performance against heat stress whereas ten high
yielding genotypes (Punjab-11, Chakwal-50, line AUR-
09, line AUR-10, Inqalab-91, Dharabi-11, Pirsabak-05,
Pirsabak-08, Pirsabak-15 and Ihsan-16) were selected on
the basis of high grain yield in rain-fed conditions.

Development of population: Five heat tolerant
genotypes as male parent and ten high yielding female
parents were planted in glass house. Recommended dose
of fertilizer was applied N@120 Kg/acre and P@60
Kg/acre. Irrigation was applied at the interval of 3-4
weeks along with recommended agronomic practices i.e.
weeding and hoeing. Ten high yielding (female parents)
were crossed with five heat tolerant genotypes (male
parents) in line x tester mating design. At maturity, these
plants were threshed and collected seeds were preserved
for further evaluation.
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Evaluation of genetic material: Fifty F, hybrids along
with fifteen parents were planted under normal (1% week
of November, 2017) and delayed planting mediated heat
stress (1% week of December, 2017) conditions following
RCBD with three replications. Row length was kept at 3m
while plant to plant distance was maintained at 15cm and
row to row at 30cm. All agronomic practices, weeding,
hoeing, irrigation and recommended rate of fertilizer were
applied. Ten plants were selected randomly from each
replication for data collection.

Data collection

Data was collected for 50% heading (Zadoks scale
55), anthesis (Zadoks scale 64), grain filling duration
(anthesis to  physiological maturity) and 50%
physiological maturity period (Zadoks scale 88).
Morphological traits were recorded at Zadoks scale 90 for
plant height, spikelet per spike, spike length, thousand
grain weight, grains per spike, tillers per plant, biomass
per plant and grain yield per plant whereas flag leaf area
at Zadoks scale 39 and leaf angle between flag leaf and
main stem at Zadoks scale 61.

Physiological traits were measured at both seedling
(Zadoks scale 39) and reproductive stage (Zadoks scale
69). Cell membrane injury was measured according to
Deshmukh et al., (1991) from two sets of leaf sample
soaked in 4 ml deionized water and exposed the first
sample to 40°C heat stress. Deionized water (16 ml) was
added to make the volume 20 ml subsequently incubation
at 10°C for 24 hours and first electric conductivity (EC)
was measured (T1 and C1). These tubes were autoclaved
and second EC measured (T2 and C2). CMI was
measured using formula:

CMI (%) = 1- [{1- (T1/T2)}/{1-(C1/C2)}] x 100

Proline content were estimated using method
described by Bates et al., (1973). Briefly, 0.5g leaf was
ground in 3% sulphosalicyclic acid follwed by
centrifugation for 10 min @10K and 2 ml supernatant was
transferred in test tubes. Then 2 ml glacial acetic acid was
added along with 2 ml acid ninhydrin and boiled in water
bath at 100°C for 1 hour. After cooling 4 ml toluene was
added in tubes and the absorbance was checked at 520 nm
on spectrophotometer after 30 minutes. Proline content
was calculated using formula:

pmoles proline/g of plant sample = [{(ng proline/ml x ml toluene)/115.5 pg/umoles}/ (g sample/S)]

Transpiration and photosynthetic rates were recorded
according to Long & Bernacchi (2003) on sunny day
between 10:00am to 12:00pm with IRGA (Infrared gas
analyzer), Model LCA-4, ADC, Hoddesdon, UK by fixing
PAR at 1600 mmol m™ s and CO; at 360 mmol mol™..

Canopy temperature was measured using Infrared
thermometer (AG-42, tela-temp crop, Fullerton, CA)
during day time 10:00am to 12:00pm that was subtracted
from air temperature to calculate the canopy temperature
depression (Amani et al., 1996). Stay green was recorded

using LAUG approach by scoring 0-9 for green area of
flag leaf and spike form anthesis to physiological maturity
at interval of 3-5 days (Joshi ef al., 2007). Stay green was
calculated using formula:

LAUG = 3¢, ({55 times (¢ + 1) = t0)]
Yi = difference between spike and flag leaf greenness

score (scale 0-9) while t+1)-t= time interval between two
readings
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Table 1. Mean and relative performance of selected five heat tolerant and ten high yielding genotypes during 2016-17 trial.

LA GY

CMIS CTDS

16.24
15.02
16.83
12.60

ESH RP

ESN
0.48
0.48
0.50

0.

RP
84
89
85
88

PnSH
22.69
21.77
21.96
21.98

PnSN
26.99

ProSN ProSH

Pedigree

Pakistan-13 ~ MEX94.27.1.20/3/SOKOLL/ATTILA/3*BCN

Genotypes

15 9.1

15.33
14.62
15.45
14.80

90

0.43
0.37
0.45

0.40

133
143

140
138

0.573

0431

9.2
8.7

9

9
14

78
90
83

24.33
25.80
25.06

0.562

0.392

PRL/PASTOR//2236(V6550/SUTLEH-86)

Aas-11

0.529

SPARROW/INIA//V.7394/WL711/13/BAUS 0.378
PFUNYE #1/KINGBIRD #1

Miraj-08
307

8.4

48

0.577

0418

WAXWING/7/TNMU/6/CEP80111/CEP81165/5/1AC5/A1Y

137 2511 2247 89 0.54 0.47 87 16.71  14.90 12 8.9

0.565

KT406/3/AG/ASN//ATR/B/ATTILA/3*BCN//BAVI2/3/TIL  0.411

HI/4/SHAT7/VEE#5//ARIVI2

409

9.8
9.6

12
18
12

13.10

14.13
13.48

17.94

37.84
22.83

57

0.17
0.

0.30
0.37
0.36

53
42
77

10.92
8.70
16.17

20.68
20.86
21.05

0433 106
102
103

0.410

AMSEL/ATTILA//INQ-91/PEW'S'
Chakwal-50  ATTILA/3/HUI/CARC//CHEN/CHTO/4/ATTILA

Punjab-11

76

28
26

0.323

0.315

SUNSU/CHIBIA CMSS00M02326S-030M-0.30WGY-

030M-6M-0Y

9.7

72

0.

0.362

0.351

AUR-09

9.8
9.8
10.0

16
14
15
14
18
17
8

15.03
14.03
13.78
14.25
13.33
12.58
15.23

17.38
16.18

81

0.34
0.21
0.15
0.15
0.33
0.35

0.

0.42
0.31
0.31
0.26
0.49
0.48
0.

13.26 57
12.86
8.24

1151
11.06

120 2331
121
121
10.79

0.412

0.344

WBLL1*2/4/Y ACO/PBW6E5/2KAUZ*2/TRAP/KAUZ
CGSS01Y00054T-099M-099Y-099M-099M-20Y-0B

WL 711/CROW "'S*
Pirsabak-05 MUNIA/CHTO//AMSEL

AUR-10

68

79
51
67
48
49

16.26

16.27
17.19

23.16
22.21

0.505

0417

Ingalab-91

17.64
15.38
18.02
17.20

23.81

48

0.411

0.341
0.336

10.2

58
67

134
110
124
131

0.449

Pirsabak-08 SPARROW/INIA//V.7394/WL711/13/BAUS

9.9
10.5

0.269

0.244
0.316

Pirsabak-15 CS/TH.SC//3*PVN/3/MIRLO/BUC/4/MILAN/S/TILHI

Dharabi-11
lhsan-16

73
56

0.393

HXL7573/2*BAU//PASTOR

9.6

12.13 51 41 23

23.89

0.419

0.321

PASTOR/3/ALTAR84/AE.SQ//OPATA

Statistical analysis

Data was analyzed following Augmented complete
block design using PROC Mixed with entries and
treatments fixed and block random in statistical software
SAS (Scott & Milliken, 1993) to identify the heat tolerant
genotypes. Relative performance was calculated
according to Asana & Williams (1965). Combining ability
analysis was performed using the method described by
Kempthorne (1957) and narrow sense heritability h? (5
was estimated following Kown & Torrie (1964).

Results

Selection of parents: Relative performance indicated
the overall reduction in photosynthetic rate (37.6%) and
transpiration rate (31.7%) among studied wheat
genotypes whereas proline content (117.7%) was
enhanced under heat stress conditions (Table 1).
Furthermore, performance of wheat genotypes for
proline content was 0.199-0.631 umole/g and 0.362-
0.769 umole/g, photosynthetic rate 13.2-29.9 umol m?s
""and 8.1-19.9 pmol m?s, transpiration rate 0.19-0.60
mmol m?2s! and 0.08-0.41 mmol m?s' under normal
and heat stress conditions respectively. Cell membrane
injury 11.4%-51.9%, canopy temperature depression
15.5-10.8°C and leaf angle 6°-42° from tolerant to
susceptible genotypes were observed. Five heat tolerant
parents selected on the basis of heat tolerant indices
were crossed with ten high yielding genotypes to
develop heat tolerant high yielding genotypes.

Genetic estimates of F1 along parents: Higher general
combining ability estimates for lines were observed for
Pirsabak-05, AUR-09 and AUR-10 for photosynthetic
rate, cell membrane injury, canopy temperature
depression, grains per spike, thousand grain weight, flag
leaf area and tillers per plant whereas Dharabi-11 for
grains yield and spikelet per spike under heat stress
conditions (Table 2). Furthermore, higher GCA estimates
were observed by Pirsabak-15 for biomass, days to
heading and days to anthesis, Inqalab-91 for grain filling
duration and Chakwal-50 for stay green.

High GCA estimates among testers for photosynthetic
rate, spikelet per spike, grain yield, thousand grain weight
and tillers per plant were observed by Pakistan-13 whereas
days to heading, anthesis, maturity, leaf area and biomass
were observed by Aas-11. Physiological traits such as
proline content, canopy temperature depression, cell
membrane injury and stay green were observed by
genotype 307 and Miraj-08.

Specific combining ability (SCA) results revealed the
higher SCA estimates for Pirsabak-15 x Pakistan-13 for
days to maturity, plant height and proline content,
Pirsabak-05 x Miraj-08 for tillers per plant and thousand
grain weight, spike length and spikelet per spike for AUR-
10 x 307 and days to anthesis and grain yield for
Chakwal-50 x Pakistan-13. Furthermore, high estimates
of SCA were observed by Pirsabak-08 x Aas-11 for
photosynthetic rate, Inqalab-91 x 409 for transpiration
rate and Inqalab-91 x Pakistan-13 for stay green.
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Table. 3. Genetic estimates for yield and yield related components under normal and heat stress.

Conditions DH DA DM GFD PH FLA TP SL SPS GPS TGW BM GY
Normal 272 1853  7.69 1851 2.16 568 022 054 029 343 540 455 039
Heat stress 316 084 125 222 369 4.00 0.81 0.85 0.69 551 2.55 293 0.17

u Normal 143 515 154 1145 2742 748 0.13 1.88 0.19 0.75 044 457 0.07
Heat stress 250 016 035 029 3594 737 0.02 260 0.12 459 0.32 1.98 0.11

E Normal 0.69 567 048 6.07 221 1.64 028 0.00 035 0.14 1.83 0.61 0.26
Heat stress 0.18 131 0.64 148 0.15 029 0.15 0.01 049 0.19 1.14  0.52 0.26

2 Normal 56 63 79 51 7 38 35 22 45 79 75 47 60
™9 Heat stress 54 39 56 56 10 34 8 25 59 54 69 54 40
Table. 4. Genetic estimates for physiological traits under normal and heat stress.

Conditions ProS PNS ES ProR PNR ER CMIS CMIR CTDS CTDR SG
Normal 0.0001534 1.84 0.0022 0.000178 1.61 0.00211
Heat stress 0.0001889 1.84 0.0012 0.000143 0.84 0.00036 1230 0.21 988 L4l 16847
Normal 0.0000630  0.10 0.0981 0.000098 0.30 0.00136

A Heat stress 0.0001077  0.11 0.0003 0.000089 0.09 0.00125 0.31 0.13 0.23 0.39 23681
Normal 0.0000002  0.59 0.0003 0.000000 0.25 0.00027

E Heat stress 0.0000027  0.39 0.0004 0.000003 0.31 0.00037 25.66 3.07 2741 0.37 2:48
Normal 71 76 84 65 74 56

2

%09 Heat stress 64 83 62 62 73 50 32 6 26 65 4

Nature of gene action: Additive genetic effects were
exhibited by all physio-morphic studied traits except plant
height, flag leaf area, tillers per plant, spike length and
stay green those were controlled by non-additive genetic
effects under both normal and heat stress conditions.
Transpiration rate at seedling stage was exhibited by non-
additive genetic effects that were changed to additive
effects whereas transpiration rate at reproductive stage
was controlled by additive genetic effects that were
altered to non-additive effects under heat stress. Biomass
per plant was governed by non-additive genetic effects
that were altered to additive genetic effects under heat
stress conditions as shown in Tables 3 & 4.

Heritability

Narrow sense heritability (h?,s) ranged from 7%-84%
under normal and 6%-83% under heat stress conditions
(Table 2 & 3). Higher heritability estimates were observed
for anthesis period (63%), maturity (79%), grains per
spike (79%), grain yield (60%), thousand grain weight
(75%), proline content at both seedling and reproductive
stages (71% and 65%), photosynthetic rate at both stages
(76% and 74%) and transpiration rate at seedling stage
(84%) under normal conditions. Heritability estimates
were higher for tillers per plant (82%), thousand grain
weight (69%), proline content at both stages (64% and
62%), photosynthetic rate at both stages (83% and 73%),
transpiration rate at seedling stage (62%) and canopy
temperature depression at reproductive stage (65%) under
heat stress condition.

Discussion

Heat stress adversely affects the metabolic activities
in wheat that reduces the growth and development
(Semenov & Halford, 2009). Delayed planting completes
the growing degree days earlier, vulnerable to pre-
flowering and reduction in grain filling duration due to
enhanced temperature. Cardinal temperature of wheat
crop are 16-22°C at heading, 21-28°C at anthesis and 26-
32°C at grain filling duration (Acevedo et al., 2002;
Asseng et al., 2015; Tack et al., 2015). However, 1°C rise

in temperature during these three critical stages can
reduce 3-15% wheat yield (Lobell et al., 2008). Asian
countries are facing severe threats of heat stress where 4-
5°C rise in temperature at grain filling duration causes 20-
40% reduction in grain yield (Ortiz et al., 2008).

In current study, normal planting faced 25-28°C
temperature at anthesis and 28-32°C at grain filling
duration that was below the threshold level. Delayed
planting faced the wheat plant high temperature (28-31°C)
at anthesis and (34-36°C) grain filling duration as shown
in Fig. 1. Delayed planting genotypes compensate high
temperature by completing their growing days earlier with
reduction in the efficiency of physiological process and
metabolic activities. Similarly, targeted terminal heat
stress, 23-29°C at anthesis and 30-36°C at grain filling
stage was also observed during 2017-18 that was above
the optimum temperature for wheat (Fig. 2).

Screening of genotypes is pre-requisite to develop
heat tolerance in wheat. Proline content and cell
membrane injury are useful indicators for selecting heat
tolerant lines that maintains the osmoregulation and
membrane activity for different metabolic activities
(Ahmed & Hasan, 2011; Bala & Sikder, 2017; Prasad et
al., 2016; Rehman et al., 2016; Zhang et al., 2005).
Cooler canopy temperature also stabilizes the
transpiration rate and photosynthetic rate which sustain
the metabolism under heat stress conditions (Abdipur et
al., 2013; Kumari et al., 2013; Ray & Ahmed, 2015;
Reynolds et al., 2009; Saxena et al., 2016).

General combining ability (GCA) estimates of testers
and lines helps to select parents for productive hybrids
development against heat stress (Jyoti et al., 2017). Our
study elucidated the parents with high combining ability
for cell membrane injury, proline content, photosynthetic
rate, stay green, canopy temperature depression,
transpiration rate, yield and yield related components
under heat stress conditions. Similarly, Punia et al.,
(2011a) also selected parents based on physiological traits
with high GCA estimates for heat stress. Ram et al,
(2014) suggested that parents retaining high GCA
estimates along with canopy temperature depression and
cell membrane injury should be utilized in breeding
program against heat stress.
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Temperature data during 2016-17

Grain filling duration

Vegetative stage

Fig. 1. Temperature data collected at interval of ten minutes during life cycle of wheat crop 2016-17.
Source: Department of Environmental Science, PMAS-Arid Agriculture University Rawalpindi.
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Fig. 2. Temperature data collected at interval of ten minutes during life cycle of wheat crop 2017-18.
Source: Department of Environmental Science, PMAS-Arid Agriculture University Rawalpindi.

GCA and SCA variances indicate the nature of gene
action. Higher GCA variances designated the
preponderance of additive genetic effects whereas higher
SCA variances depicted the non-additive genetic effects.
Preponderance of non-additive genetic effects suggested
that selection of superior plants should be delayed in later
segregating generations or heterosis breeding for
improvement against heat stress. Additive genetic effects
suggested that selection should be achieved in early
generations or pedigree selection in segregating
generations to improve traits against heat stress.

Additive genetic effects for heading, plant height, seeds
per spike, thousand grain weight tillers and grain yield per
plant were also observed against heat stress conditions
(Farooq et al., 2011; Irshad et al., 2014b; Irshad et al., 2012;
Kaukab ef al., 2013). Non-additive genetic effects for yield
and yield related components in wheat were detected by

Istiplier et al., 2015 and Titan et al, 2012 those were
contrary to our results. It might be due to different
environmental conditions or combining ability of parents due
to their different genetic makeup. Cell membrane injury and
canopy temperature depression exhibited by additive genetic
effects was also noticed by Irshad et al., (2014a) whereas
Dhanda & Munjal (2009) observed non-additive genetic
effects for cell membrane injury.

Heritability =~ estimates  determines the  genetic
improvement and it may differ among different populations
and environments (Naveed et al, 2016). In our study the
heritability ranged from 6-84% under both conditions and it
differed under heat stress as compared to normal conditions.
Abd-Allah et al., (2013) also noticed 31-78% heritability for
yield components in wheat under heat stress conditions.
Similarly, higher estimates of heritability were also observed
for seed yield, canopy temperature depression and cell
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membrane injury (Kumar et al., 2018). High estimates of
heritability coupled with additive genetic effects for
photosynthetic rate, cell membrane injury, proline content,
transpiration at seedling stage and canopy temperature
depression at reproductive stage suggested that selection of
these traits would be effective in early transgressive
segregating generations against heat stress.

Conclusion

Combining ability estimates were high for lines AUR-
09, AUR-10, Pirsabak-15 and tester Miraj-08, 307 for cell
membrane injury, canopy temperature depression,
photosynthetic rate while line Dharabi-11 and tester
Pakistan-13 for grain yield under heat stress conditions.
Crosses Pirsabak-15 x Pakistan-13 and AUR-10 x Miraj-08
were best for canopy temperature depression, grain filling
duration, cell membrane injury and photosynthetic rate
whereas Chakwal-50 x Pakistan-13 for grain yield. Non-
additive gene action was observed for plant height,
transpiration rate at reproductive stage, spike length and
stay green. High narrow sense heritability coupled with
additive genetic effects suggested the selection of plants for
these traits would be effective in early segregating
generations utilizing pedigree method for thermotolerance.

Acknowledgement

Authors are gratefully thankful to Department of Plant
Breeding and Genetics, PMAS-Arid Agriculture University
Rawalpindi, Pakistan and CIMMYT for providing seeds
and funds for this research work. This study was also a part
of Adeel khan Ph.D. thesis research work.

References

Abd-Allah, M., M. Soheir and 1. Amin. 2013. Genotypic
differences for heat tolerance traits in bread wheat using five
parameters genetic model. Alex. J. Agri. Res., 58: 83-96.

Abdipur, M., H.R. Ramezani, V. Bavei and S. Talaee. 2013.
Effectiveness of canopy temperature and chlorophyll
content measurements at different plant growth stages for
screening of drought tolerant wheat genotypes. Amer-Euras
J. Agri. Environ. Sci., 13: 1325-1338.

Acevedo, E., P. Silva and H. Silva. 2002. Wheat growth and
physiology. Bread wheat. Rome, Italy: FAO Plant
Production and Protection Series (FAO).

Afshan, S. and S.R. Farooqi. 2020. Evaluation for adaptive
thermo-tolerance in spring wheat (Triticum aestivum L.)
genotypes under natural stress. Pak. J. Bot., 52(2): 383-393.

Ahmad, M., A. Khan, G. Shabbir, M.K.N. Shah, Z. Akram and
M. Tanveer. 2019. Response of bread wheat genotypes to
cell membrane injury, proline and canopy temperature. Pak.
J. Bot., 51(5): 1593-1597.

Ahmed, J.U. and M.A. Hasan. 2011. Evaluation of seedling
proline content of wheat genotypes in relation to heat
tolerance. Bangladesh J. Bot., 40: 17-22.

Almeselmani, M., P.S. Deshmukh and V. Chinnusamy. 2012.
Effects of prolonged high temperature stress on respiration
and photosynthesis and gene expression in wheat (Tritcum
aestivum L.) varieties differing in their thermotolerance.
Plant Stress, 6: 25-32.

Amani, I, R. Fischer and M. Reynolds. 1996. Canopy
temperature depression association with yield of irrigated
spring wheat cultivars in a hot climate. J. Agron. Crop Sci.,
176: 119-129.

1551

Asana, R.D. and R.F. Williams. 1965. The effect of temperature
stress on grain development in wheat. Aust. J. Agri. Res.,
16: 1-13.

Aslam, R., M. Munawar and A. Salam. 2014. Genetic
architecture of yield components accessed through line x
tester analysis in wheat (Triticum aestivum L.). Universal J.
Plant Sci., 2: 93-96.

Asseng, S., F. Ewert, P. Martre, R.P. Rotter, D. Lobell, D.
Cammarano, B. Kimball, M. Ottman, G. Wall and J.W.
White. 2015. Rising temperatures reduce global wheat
production. Nat. Climate Change, 5: 143-147.

Bala, P. and S. Sikder. 2017. Evaluation of heat tolerance of
wheat genotypes through membrane thermostability test.
MAYFEB J. Agric. Sci., 2: 1-6.

Bates, L.S., R.P. Waldren and [.D. Teare. 1973. Rapid
determination of free proline for water stress studies. Plant
Soil, 39: 205-207.

Calderini, D.F., L.G. Abedelo, R. Savin and G.A. Slafer. 1999.
Final grain weight in wheat as affected by short periods of
high temperatures during pre and post-anthesis under field
conditions. Aust. J. Plant Physiol., 26: 452-458.

Christensen, J.H. and O.B. Christensen. 2007. A summary of the
PRUDENCE model projections of changes in European
climate by the end of this century. Clim. Change, 81: 7-30.

Cifci, E.A. and K. Yagdi. 2010. The research of the combining
ability of agronomic traits of bread wheat in Fi and F2
generations. J. Agric. Fac. Uludag Uni., 24: 85-92.

Day, L. 2013. Proteins from land plants potential resources for
human nutrition and food security. Trends Food Sci. Tech.,
32(1): 25-42.

Deshmukh, P.S., R.K. Sairam and D.S. Shukla. 1991.
Measurement of ion leakage as a screening technique for
drought resistance in wheat genotypes. Ind. J. Plant
Physiol., 34: 89-91.

Dhanda, S. and R. Munjal. 2009. Cell membrane stability:
combining ability and gene effects under heat stress
conditions. Cereal Res. Comm., 37: 409-417.

Farooq, J., I. Khalig, M.A. Ali, M. Kashif, A.U. Rehman, M.
Naveed, Q. Ali, W. Nazeer and A. Farooq. 2011.
Inheritance pattern of yield attributes in spring wheat at
grain filling stage under different temperature regimes.
Aust. J. Crop Sci., 5: 1745-1754.

Fasahat, P., A. Rajabi, J.M. Rad and J. Derera. 2016. Principles
and utilization of combining ability in plant breeding.
Biomet. Biostat. Int. J., 4(1): 00085.

Gao, Y., X. Gao and X. Zhang. 2017. The 2°C global
temperature target and the evolution of the long-term goal
of addressing climate change from the United Nations
framework convention on climate change to the Paris
agreement. Engineering, 3(2): 272-278.

Hussain, I., E.A. Khan, U.K. Sadozai and I. Baksh. 2018. Metric
traits studies in wheat varieties as affected by sowing
techniques. Pak. J. Bot., 50(4): 1373-1378.

Irshad, M., A. Ghaffar, I. Khaliq, M. Aslam, N. Hussain, J. Igbal
and N.U. Din. 2014a. Genetic control of thermo-tolerance
in spring wheat as measured by canopy temperature
depression and cell membrane thermostability. /nt. J. Sci.
Res., 3: 1877-1884.

Irshad, M., 1. Khalig, A.S. Khan and A. Ali. 2012. Genetic
studies for some agronomic traits in spring wheat under
heat stress. Pak. J. Agri. Sci., 49: 11-20.

Irshad, M., 1. Khaliq, J. Igbal, N. Hussain, M. Aslam, K. Hussain
and N. Din. 2014b. Genetics of some polygenic traits in
hexaploid bread wheat in high temperature stress. J. Anim.
Plant Sci., 24: 1212-12109.

Istiplier, D., E. Ilker, F.A. Tonk, G. Civi and M. Tosun. 2015.
Line x tester analysis and estimating combining abilities
for yield and some yield components in bread wheat. Turk.
J. Field Crops, 20: 72-77.

Joshi, A.K., K.M., V.P. Singh, C.M. Reddy, S. Kumar, J. Rane
and R. Chand. 2007. Staygreen trait, variation, inheritance



1552

and its association with spot blotch resistance in spring
wheat (Triticum aestivum L.). Euphytica, 153: 59-71.

Jyoti, Y., S. Sharma and M. Jakhar. 2017. Combining ability
analysis for yield and its components in bread wheat
(Triticum aestivum L. em. Thell.) over environments. Int. J.
Plant Sci., 12: 95-101.

Kaukab, S., S. [jaz, I. Khaliq, K. Mahmood and U. Saleem.
2013. Genetic analysis for yield and some yield related
traits in spring wheat (7riticum aestivum L.). J. Agri. Res.,
51:221-230.

Kempthorne, D. 1957. Introduction to genetics statistics. john
willy and sons inc., New York.

Khan, A., 1. Khaliq, M. Ahmad, H.G.M.D. Ahmed, A.G. Khan
and M.S. Farooq. 2018. Comparative performance of
spring wheat (Triticum aestivum L.) through heat stress
indices. Pak. J. Bot., 50: 481-488.

Kown, S.H. and JH. Torrie. 1964. Heritability and
interrelationship among traits of two soybean population.
Crop Sci., 4: 196-198.

Kumar, A., A.K. Swati, S. Adhikari and B. Prasad. 2018.
Genetic dissection of wheat genotypes using morpho-
physiological traits for terminal heat tolerance. Int. J. Curr.
Microbiol. App. Sci., 7: 367-372.

Kumari, M., R.N. Pudake, V.P. Singh and A.K. Joshi. 2013.
Association of staygreen trait with canopy temperature
depression and yield traits under terminal heat stress in
wheat (Triticum aestivum L.). Euphytica, 190: 87-97.

Lobell, D.B., M.B. Burke, C. Tebaldi, M.D. Mastrandrea, W.P.
Falcon and R.L. Naylor. 2008. Prioritizing climate change
adaptation needs for food security in 2030. Sci., 319: 607-610.

Long, S. and C. Bernacchi. 2003. Gas exchange measurements,
what can they tell us about the underlying limitations to
photosynthesis. J. Exp. Bot., 54: 2393-2401.

Mahpara, S., Z. Ali and M. Ahsan. 2008. Combining ability analysis
for yield and yield related traits among wheat varieties and
their F1 hybrids. Int. J. Agric. Biol. Sci., 10: 599-604.

Modhej, A., A. Naderi, Y. Emam, A. Aynehband and G.
Normohamadi. 2012. Effects of post-anthesis heat stress
and nitrogen levels on grain yield in wheat (7riticum durum
and Triticum aestivum) genotypes. Int. J. Plant Prod., 2:
257-268.

Mohammadi, M. 2012. Effects of kernel weight and source-
limitation on wheat grain yield under heat stress. Afiican J.
Biotech., 11: 2931-2937.

Moshatati, A., S.A. Siadat, K. Alami-Sacid, A.M. Bakhshandeh
and M.R. Jalal-Kamali. 2017. The impact of terminal heat
stress on yield and heat tolerance of bread wheat. /nt. J.
Plant Prod., 11(4): 549-559.

Naveed, M., M. Ahsan, H.M. Akram, M. Aslam and N. Ahmed.
2016. Genetic effects conferring heat tolerance in a cross of
tolerant x susceptible maize (Zea mays L.) genotypes.
Front. Plant Sci., 7: 729-741.

Ortiz, R., H.J. Braun, J. Crossa, J.H. Crouch, G. Davenport, J.
Dixon and A.K. Joshi. 2008. Wheat genetic resources
enhancement by the International Maize and Wheat
Improvement Center (CIMMYT). Genet. Resour. Crop
Evol., 55: 1095-1140.

Prasad, S., A. Tiwari, N. Kumar, B. Jaiswal, S. Singh, R.
Dwivedi, A. Kumar, A. Kumar, S. Kumar and B.N. Singh.
2016. Evaluation of wheat (Triticum aestivum L.)
genotypes for heat tolerance at grain filling stage. /nt. Res.
J. Nat. Appl. Sci., 3: 97-106.

Punia, S., A.M. Shah and B.R. Ranwha. 2011. Genetic analysis
for high temperature tolerance in bread wheat. African
Crop Sci. J., 19: 149-163.

Punia, S.S., AM. Shah and B.R. Ranwha. 2011b. Genetic
analysis for high temperature tolerance in bread wheat. Afr.
Crop Sci. J., 19: 149-163.

ADEEL KHAN ET AL.,

Raj, P. and V.S. Kandalkar. 2013. Combining ability and
heterosis analysis for grain yield and its components in
wheat. J. Wheat Res., 5: 45-49.

Ram, M., R. Singh and R. Agrawal. 2014. Genetic analysis for
terminal heat stress in bread wheat (Triticum aestivum L.
em Thell). Bioscan, 9: 771-776.

Ray, J. and J.U. Ahmed. 2015. Canopy temperature effects on
yield and grain growth of different wheat genotypes. JOSR-
JAVS, 8: 48-55.

Rehman, S.U., M. Bilal, R.M. Rana, M.N. Tahir, M.K.N. Shah,
H. Ayalew and G. Yan. 2016. Cell membrane stability and
chlorophyll content variation in wheat (Triticum aestivum)
genotypes under conditions of heat and drought. Crop Past.
Sci., 67: 712-718.

Reynolds, M., Y. Manes, A. Izanloo and P. Langridge. 2009.
Phenotyping approaches for physiological breeding and
gene discovery in wheat. Ann. App. Biol., 155: 309-320.

Saeed, M. and 1. Khalil. 2017. Combining ability and narrow-
sense heritability in wheat (Triticum aestivum L.) under
rainfed environment. Sarhad J. Agric., 33: 22-29.

Saxena, D., S.S. Prasad, R. Parashar and I. Rathi. 2016.
Phenotypic  characterization of specific  adaptive
physiological traits for heat tolerance in wheat. Indian J.
Plant Physiol., 21: 318-322.

Scott, R. and G. Milliken. 1993. A SAS program for analyzing
augmented randomized complete-block designs. Crop Sci.,
33(4): 865-867.

Semenov, M.A. and N.G. Halford. 2009. Identifying target traits
and molecular mechanisms for wheat breeding under a
changing climate. J. Exp. Bot., 60: 2791-2804.

Singh, R.M., L.C. Prasad, M.Z. Abdin and A.K. Joshi. 2007.
Combining ability analysis for grain filling duration and
yield traits in spring wheat (Triticum aestivum L. em.
Thell.). Genet. Mol. Biol., 30: 411-416.

Singh, R.M., L.C. Prasad, M.Z. Abdin and A.K. Joshi. 2007.
Combining ability analysis for grain filling duration and
yield traits in spring wheat (Triticum aestivum L.). Genet.
Mol. Biol., 30: 411-416.

Sprague, G.F. and L.A. Tatum. 1942. General vs specific
combining ability in single crosses of corn. Agron. J., 34:
923-932.

Srivastava, M.K., D. Singh and S. Sharma. 2012. Combining
ability and gene action for seed yield and its components in
bread wheat (Triticum aestivum L. em. Thell]. Elect. J.
Plant Breed., 3: 606-611.

Tack, J., A. Barkley and L.L. Nalley. 2015. Effect of warming
temperatures on US wheat yields. Proceed. Nat. Acad. Sci.,
112: 6931-6936.

Talukder, A .SM.HM., GK. McDonald and S.G. Gurjeet. 2014.
Effect of short-term heat stress prior to flowering and early grain
set on the grain yield of wheat. Field Crops Res., 160: 54-63.

Titan, P., V. Meglic and J. Iskra. 2012. Combining ability and
heterosis effect in hexaploid wheat group. Genetika, 44:
595-6009.

Tsenov, N. and E. Tsenova. 2011. Combining ability of common
winter wheat cultivars (Triticum aestivum L.) by date to
heading and date to physiological maturity. Bulgarian J.
Agri. Sci., 17: 277-287.

Yildirim, M., B. Bahar, M. Koc and C. Barutcular. 2009.
Membrane thermal stability at different developmental
stages of spring wheat genotypes and their diallel cross
populations. Tarim Bilimleri Dergisi, 15: 293-300.

Zadoks, J.C., T.T. Chang and C.F. Konzak. 1974. A decimal code
for the growth stages of cereals. Weed Res., 14: 415-421.
Zhang, M., R. Barg, M. Yin, Y.G. Dahan, A.L. Frenkel, Y. Salts, S.
Shabtai and G.B. Hayyim. 2005. Modulated fatty acid
desaturation via overexpression of two distinct @3 desaturases
differentially alters tolerance to various abiotic stresses in
transgenic tobacco cells and plants. Plant J., 44: 361-371.

(Received for publication 10 January 2019)



