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Combining Ability of Physiological and Yield Traits of Bread Wheat
Diallel Crosses under Timely and Late Sowing Dates
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HEAT (Triticum aestivum L.) is a vulnerable crop to heat stress. A set of 12 wheat

genotypes were evaluated under timely and late sowing dates using physiological and
yield traits during the two years of 2015/2016 and 2016/2017. Consequently, seven genotypes
were used in a half-diallel mating system. The parents and their 21F, hybrids were evaluated
under timely and late sowing dates during 2018/2019. The results indicated that both chlorophyll
absorbance at anthesis and flag leaf temperature depression at milk stage were strongly
associated (r= 0.6; P<0.001) with grain yield under heat stress induced by late sowing date.
Therefore, using these traits is highly recommended screening tools for heat stress tolerance
in wheat breeding programs. Significant differences were observed between the parental
genotypes for their GCA and between their crosses for SCA for all traits under heat stress.
The additive constituent of gene action was predominant. Among the seven parents, 1, 4, and
6 were the best general combiners for grain yield, 1000 grain weight, chlorophyll absorbance
at anthesis, flag leaf temperature depression and canopy temperature depression at milk stage
under heat stress. The best specific crosses for grain yield were 6x9, 6x11 and 1x4, for flag leaf
temperature depression at milk stage were 6x11, 6x9 and 10x11 and for canopy temperature
depression at milk stage were 4x6, 1x4 and 6x11 under heat stress. Taking advantage of both
additive and non-additive components requires using bi-paternal and multi-parental mating
approaches in wheat breeding programs targeted to develop heat-tolerant varieties.
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Introduction

Heat stress affects growth and productivity (Lobell
& Asner, 2003 and Wahid et al., 2007) and reduces
grain yield and quality in wheat (Stone & Nicolas,
1995; Dias & Lidon, 2009 and Asseng et al., 2015).
Wheat (Triticum spp.) is susceptible to heat stress
(Dias & Lidon, 2010 and Wang et al., 2016).
Optimum temperature during wheat anthesis
and grain filling ranges from 12-22°C (Farooq et
al., 2011 and Dwivedi et al., 2017). Wheat yield
declines by 3-4% for every 1°C increase above
15°C and grain number decreases by 12.5%
as temperature increases by 1°C from 25/20 to
35/20°C day/night (Wardlaw & Wrigley, 1994).
Other studies showed that increasing temperature
more than 30°C during pre and/or post anthesis
causes reduction in yield and quality of wheat
(Stone & Nicolas, 1995 and Barnabas et al., 2008).
The exposure of wheat plants to heat stress due to
global warming or delayed sowing causes yield
loss (Pandey et al., 2015). In the Mediterranean
region, including Egypt, heat stress is one of the
most important causes of yield loss in wheat during

pre and post-anthesis stages (Wardlaw et al., 1989).
Approximately 21% of the world’s food depends
on the wheat (Triticum aestivum L.) crop (http://
www.fao.org). Both Heat along with drought
stresses affect 200 million hectares of wheat
cultivated worldwide each year (Ortiz et al., 2008).
This affected area might be increased in the next
few decades due to global warming phenomenon.

In addition, the world population is expected
to reach about 9 billion by 2050 (United Nations,
2011). The resultant population growth is expected
to cause a food crisis unless efforts are made
to increase the production of wheat under such
circumstances. This crop is considered a staple
food in many parts of the world. Therefore, wheat
production has to be increased to overcome adverse
effects of high temperature as well as growth of the
world population.

The differences between the plant canopy,
flag leaf or spike temperatures and the ambient
air temperature are defined as canopy temperature
depression (CTD), flagleaftemperature depression
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(FLTD) or spike temperature depression (STD),
respectively. These measurements have been
known as an indicator of heat stress tolerance in
wheat (Ayeneh et al., 2002; Balota et al., 2007 and
Alietal., 2010). In addition, they showed a strong
positive association with yield and its components
under heat stress during post-anthesis stages in
wheat (Ali et al., 2010). Under heat stress, Ayeneh
et al. (2002) reported a strong significant positive
association between FLTD, STD and CTD on
one side with grain yield on the other side. Blum
(1988) reported that CTD varied from genotype
to another according to canopy architecture. Later
on, in 2002, Ayeneh et al. hypothesized that these
differences in CTD were due to characteristics
of the plant including a combination of both
morphological and physiological structures e.g.
leaf area, epicuticular wax on leaf and stem,
existences of awns and the greenish of vegetative
parts. In addition, they suggested that wheat
organs, ¢.g. flag leaf and spike, shown different
temperatures based on the plant architecture as
well.

The most devastating effects of heat stress
include speeding leaf senescence (Farooq et al.,
2011 and Tovignan et al., 2016), impairment of
chlorophyll biosynthesis (Tewari & Tripathy,
1998), reduction in stomatal conductance and
transpiration rate (Gupta et al., 2015), increase
floral abortion (Wardlaw & Wrigley, 1994),
impairing pollen development (Young et al., 2004
and Kumar et al., 2013) and high rates of pollen
mortality (Zhang et al., 2012).

Photosynthesis is the most sensitive
physiological process to heat stress (Wahid et al.,
2007) as it results in impairment of the structure
and function of chloroplasts and reductions in
chlorophyll content (Xu et al., 1995 and Ristic et
al., 2007). Heat stress inhibits the photosynthesis
process; therefore, it adversely affects plant
growth and development (Mathur et al., 2014).
Wheat yield can be dramatically declined due
to the negative effects of high temperature
on the conveyance of assimilates from green
tissues to grains (Plaut et al., 2004). Therefore,
the good status of chlorophylls guarantees an
efficient photosynthesis process. However, heat
stress causes chlorophyll loss and increases leaf
senescence that adversely affects the efficiency
of photosynthesis process and finally causes a
dramatic loss in yield and its components. The
measurements chlorophyll absorbance (CA)
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using SPAD chlorophyll meter can be used to
estimate the chlorophyll concentration in the leaf.
A portable handheld SPAD meter has been used
extensively to estimate the relative chlorophyll
content in leaves (Ayeneh et al., 2002; Richardson
et al., 2002 and Ali et al., 2013). Strong positive
correlations were detected between CA and grain
yield and its components in wheat under heat
stress (Ayeneh et al., 2002 and Ristic et al., 2007).

Promising traits can be used as to screen
wheat germplasm, in wheat breeding programs, to
identify heat-tolerant genotypes include ability to
stay green, high canopy temperature depression,
high chlorophyll content, and others (Reynolds et
al., 2009 and Foulkes et al., 2010). Thus, using
such non-destructive measurements, i.e. CTD,
FLTD, STD and CA are considered as paramount
measurements in breeding programs.

Grain yield is the key component in selecting
heat-tolerant genotypes in wheat breeding
programs (Mesihovic et al., 2016). Yield and
yield components are complex traits; hence, it is
hard to increase them under heat. That is because
complex traits are low heritable traits as well as
they are highly affected by the environment and
genotype X environment interactions (GxE) under
heat stress. Therefore, using less complicated
traits, e.g. CTD, FLTD, STD and CA can help
identifying heat-tolerant genotypes. In addition,
Heat susceptibility index (HSI) developed by
Fischer & Maurer (1978) can be used efficiently
to estimate yield stability across diverse
environments including favorable and abiotic
stress ones.

The efficacy of wheat breeding program
depends on creating variability, knowing general
and specific combining ability, in addition to
categorizing type of gene action for yield and it
attributes (Kumar et al., 2017). Selecting parental
genotypes is an important step towards developing
new varieties, which can be accomplished via
half-diallel mating system (Griffing, 1956).

Identifying good combiners can help
improving breeding programs via combining these
genotypes in multiple crosses (Joshi et al., 2003).
The diallel cross approach allow breaking down
of linkage and enhance accumulating of favorable
genes (Jensen, 1970). In self-fertilizing crops, e.g.
wheat, GCA effects are more important than SCA
because the improvement of these crops depends
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on additive gene action, which is transferable to
next generations unlike cross-fertilized crops
(Joshi et al., 2003).

The objectives of the current study were: (i)
Evaluate the feasibility of using flag leaf, spike
and canopy temperatures depression as well as
chlorophyll absorbance at anthesis and milk
stages as screening tools for heat stress tolerance,
(i) Determine the association between these
organs temperatures and chlorophyll absorbance
and grain yield, (iii) Investigate the relationship
between heat susceptibility index and organs
temperatures and chlorophyll absorbance as well
as grain yield, (iv) Detect genotypes with good
general combining ability under heat stress, and
(v) Identify superior cross combinations that may
be used to develop new heat-tolerant varieties.

Materials and Methods

The current study consisted of two
experiments: 1) The first experiment included
evaluation of exotic germplasm and local
cultivars using physiological parameters and yield
traits under timely and late sowing dates and 2)
The second experiment comprised a half-diallel
analysis using selected genotypes based on the
evaluation of the first experiment.

TABLE 1. List of genotypes.

First two years experiment

Plant material and growing conditions

A set of 10 advanced breeding lines (ABL)
obtained from CIMMYT’s breeding program
along with two Egyptian cultivars (Table 1) were
grown at Assiut University Agricultural Research
Station (AUARS), Assiut, Egypt for two growing
seasons (2015/2016 and 2016/2017). In each
growing season, the 12 genotypes were grown
in two sowing dates including a timely sowing
date (01 November) and a late sowing date (14
December). This late sowing date allows the
exposure of genotypes to high temperature during
anthesis and milk stages. The temperatures during
growing seasons are shown in Table 2. Both
optimum and late sowing dates were irrigated
regularly as recommended to avoid the occurrence
of any drought stress. Diseases, insects and weeds
were controlled by applying pesticides to avoid
any damage to leaves or spikes and prevent yield
loss.

In each of the aforementioned sowing dates,
genotypes were sown in a split-plot design
with three replications. The sowing dates were
assigned to the main plot whereas the genotypes
were allocated in the sub-plot. Each genotype
in each replication was seeded in 10.5m? plot
including 10 rows (3 meters long with inter-row
space of 0.35m).

Gen. ID Genotype Selection history Origin
1 KACHU 1 gyss97M039 12T-040Y-020Y-030M-020Y-040M-4Y-2M-
5 QUAIU #1 CGSS01B00046T-099Y-099M-099M-099Y-099M-29Y-0B-
12B-0Y
3 BAJ #1 CGSS01Y00134S-099Y-099M-099M-13Y-0B
4 FRANCOLIN #1 CGSS01B00056T-099Y-099M-099M-099Y-099M-14Y-0B
S KACHU/BECARD//WBLL1%2/ CMSS07B00580T-099TOPY-099M-099NJ-099NJ-
BRAMBLING 10WGY-0B CIMMYT,
6 QUAIU #1/SUP152 CMSS08Y00057S-099Y-099M-099NJ-13WGY-0B Mexico
7 KACHU/KIRITATI/2*TRCH  CMSS08Y00152S-099Y-099M-099NJ-099NJ-40WGY-0B
KIRITATI/HUW234+LR34/
8 PRINIA/3/BAL 1 CMSS08Y00182S-099Y-099M-099NJ-099NJ-3WGY-0B
ND643/2*WBLL1//VILLA
9 JUAREZ F2000 CMSS08Y00233S-099Y-099M-099NJ-7TWGY-0B
10 SUP152/FRNCLN CMSS08Y00278S-099Y-099M-099Y-5M-0WGY
BUC//7c/Ald/5/Maya74/0n/1160.147/3/BB/G11/4/
1 Sids12 Chat*’S”/6/Maya/vul//Cmh 74A.630/4* sx, SD7096-4SD-
LSD-0SD Egypt
12 Gizal68 MIL/BUC/seriCM93046-8M-OY-OM-2Y-OB
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TABLE 2. Summary of temperatures’ (°C) during growing seasons.

Minimum Maximum
Day Month
2015/2016  2016/2017  2018/2019  2015/2016  2016/2017  2018/2019
15-Jan 13.0 13.5 12.0 30.1 31.3 31.0
November
16-30 11.5 12.0 11.0 26.0 27.5 26.5
15-Jan 10.5 8.5 10.0 26.0 22.7 23.0
December
16-31 8.6 6.8 8.4 23.1 21.6 22.0
15-Jan 4.7 6.5 42 18.3 21.5 20.0
January
16-31 7.7 44 4.5 24.5 19.7 24.0
15-Jan 7.2 5.5 6.0 23.5 32.7 32.0
February
16-28 7.5 8.6 8.0 23.6 27.6 28.0
15-Jan 11.2 12.7 11.0 27.6 29.6 30.0
March
16-31 12.4 11.5 11.5 30.3 28.8 31.0
15-Jan 12.6 14.3 12.0 28.1 34.3 35.0
April
16-30 14.5 15.7 13.0 34.9 37.6 33.0
15-Jan 18.4 19.6 18.0 34.6 38.1 39.0
May
16-31 22.0 19.7 22.5 39.8 40.0 42.0
Sowing date
1-Nov Sowing to 8.8 8.2 8.0 24.4 25.6 25.8
heading
14-Dec 7.8 7.4 7.0 234 25.5 26.0
1-Nov Sowing o 10.8 10.7 9.97 27.0 28.7 28.8
maturity
14-Dec 11.5 11.4 10.8 28.0 30.1 30.5

fSource: Meteorological Center of Agricultural Research Station, Assiut University, Egypt.

Traits studied

Flowering traits: The number of days from
sowing to 50% of plants showed approximately
one-half of their spikes from the sheath of the
flag leaf is recorded as the number of days to
50% heading (DH) for each genotype. While
the number of days to 50% anthesis (DA) is
calculated by subtracting the sowing date from
the date when at least one anther of 50% of plants
for each genotype.

Plant organs temperature depression: Five
plants for each genotype were labeled at 50%
anthesis. The flag leaves and spikes of these
labeled plants were used to measure flag leaf
and spike temperatures using a handheld infrared
thermometer (Model 8866, JQA Instrument, Inc.,
Tokyo, Japan) at 50% anthesis and milk stages.

Egypt. J. Agron. 41, No .2 (2019)

The temperatures of flag leaf and spike were then
subtracted from the ambient air temperature to
calculate the flag leaf temperature depression
(FLTD) and spike temperature depression (STD).
Furthermore, the canopy temperature of each
plot was recorded as per Ayench et al. (2002).
Similarly, the canopy temperature depression
(CTD) was calculated as FLTD and STD as per
Reynolds et al. (1994).

Chlorophyll absorbance (CA): Chlorophyll
absorbance measurements were taken on the flag
leaves of same aforementioned-labeled genotypes
using a self-calibrating SPAD chlorophyll meter
(Model 502, Spectrum Technologies, Plainfield,
IL) as per Ristic et al. (2007). The measurements
of CA were recorded at 50% anthesis and milk
stages. The measurements of FLTD, STD,
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CTD and CA on each set of five plants for each
genotype in each stage were averaged to give one
measurement for each replication.

Yield and its components: Atharvest, a guarded
squared meter from each plot was harvested to
measure the yield and its components including
grain yield (GYM; g/m?) and 1000-grain weight
(1000-GW; g).

Heat susceptibility index (HSI)

The heat susceptibility index was calculated
for individual genotypes as per Fischer and
Maurer 1978 using the following equation:

HSI= (1 - Y,/Y)/(1 - X,/X)

where Y, and Y_ are the grain yield/m® for
each genotype under heat stress and optimum
conditions, respectively, while X, and X_ are the
mean grain yield/m? over all genotypes under heat
stress and optimum conditions, respectively.

Statistical analyses

Separate and combined analysis of variance
overall years were accomplished using PROC
GLM procedure (SAS v9.0, SAS Institute Inc.,
Cary, NC, USA) assuming that years as a random
effect and both sowing date and genotypes as fixed
effects. Pearson’s correlation among all traits was
conducted using PROC CORR in SAS v9.0 (SAS
Institute, 2003).

Second (diallel ) experiment

Plant material and growing conditions

Based on the evaluation of the first two
years experiment (2015/2016 and 2016/2017),
seven genotypes including heat-tolerant and heat
susceptible genotypes were selected and crossed
in a half-diallel scheme during growing season of
2017/2018. These seven parental genotypes were
1,4,5,6,9,10and 11 as indicated in Table 1. The
7 parental genotypes and their 21 non-reciprocal
F1 crosses were evaluated during growing season
2018/2019 at AUARS under timely and late
sowing dates as indicted in the first experiment.

Traits studied

The 7 parental genotypes and their 21
non-reciprocal F1 crosses were assessed for
their tolerance to heat stress using flowering,
physiological and yield traits including days to
heading (DH), days to anthesis (DA), chlorophyll
absorbance at anthesis stage (CA-A), flag leaf

temperature depression at milk stage (FLTD-M),
canopy temperature depression at milk stage
(CTD-M), grain yield per m2 (GYM) and 1000
grain weight (1000GW).

Statistical analyses

The seven parental genotypes and their 21
non-reciprocal F1 diallel crosses were analyzed
using Griffing’s method 2, model 1 (Griffing,
1956) via AGDR-R version 4 (Rodriguez et al.,
2015).

Results

First two years experiment

The differences in the minimum temperature
from sowing date to heading date between the
two sowing dates were 1.0°C and 1.4°C for
2016/2017 and 2017/2018, respectively. While,
for the maximum temperature from sowing date
to heading date, these differences between the two
sowing dates were 1.0°C and 0.9°C for 2016/2017
and 2017/2018, respectively. On the other
hand, from sowing to maturity, the difference
in the minimum temperature between the two
sowing dates was -0.7 for both two growing
seasons (2016/2017 and 2017/2018), while the
differences in the maximum temperature between
the two sowing dates were -1.0°C and -1.4°C for
2016/2017 and 2017/2018, respectively (Table 2).

Tables 3 and 4 showed the averages of all traits
for the 12 genotypes for optimum and late sowing
dates in the current investigation for growing
seasons 2016/2017 and 2017/2018, respectively.
In addition, averages of all traits over the two
growing seasons for each of optimum and late
sowing dates were provided in Table 5.

In a separate analysis of variance for each
growing season using the split-plot design (Table
6), genotypes showed significant differences for all
traits. Similarly, sowing dates showed significant
differences for all traits for both growing seasons
except for CTD at anthesis stage in the second
growing season (2017/2018). According to
the combined analysis of variance for the two
growing seasons (Table 7), genotypes showed
significant differences for all traits. In addition,
sowing dates exhibited significant differences for
all traits except for days to anthesis. Furthermore,
interactions among other sources of variation
were not significant for all traits.
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TABLE 3. Means of all traits for each sowing date in 2015/ 2016.

Di1f
Gen DH DA CA-A  CA-M  FLTD-A FLTD-M STD-A STD-M CTD-A CTD-M  GYM 1000GW
1 81.00  84.00 5393  42.60 1.67 1.67 133 2.00 2.00 3.00 573.47 4453
2 80.00  85.00 5343 4427 1.33 2.00 0.67 133 2.00 2.00 483.88 45.87
3 83.00  86.00  55.00  44.10 1.00 133 0.67 1.67 2.00 3.00 490.23 46.27
4 77.00  83.00 5253 44.00 1.67 2.33 1.33 3.00 2.67 4.00 573.80 5237
5 79.00  84.00  53.77  46.00 1.00 1.67 0.67 2.00 133 2.67 582.81 47.17
6 79.00 8433 5220 4433 133 2.00 133 2.67 233 333 682.61 50.83
7 83.00 88.33 5467 4590 1.67 1.67 133 133 2.00 2.00 518.32 47.33
8 84.00  89.00 5290  44.90 133 1.67 0.67 1.67 233 3.67 460.43 48.23
9 78.00  82.00  52.80  45.60 1.67 233 133 233 3.00 4.67 587.77 5220
10 80.00  84.00 5433 4523 1.00 1.00 0.33 0.67 2.33 1.67 464.67 38.00
11 81.00  83.00 5457  45.00 133 133 1.00 133 1.67 233 479.59 45.30
12 78.00 8333 5277 4420 1.00 1.00 0.67 0.67 233 333 485.62 47.07
Mean 80.25  84.67 5358  44.68 1.33 1.67 0.94 1.72 2.17 297 531.93 47.10

D2¢
1 79.00  81.00 4677  32.67 2.67 3.67 2.67 1.67 3.00 4.00 423.33 41.67
2 77.00  79.67  43.60 3217 2.67 3.33 2.67 2.00 3.00 3.67 400.00 45.00
3 79.00  81.00 4633 4143 2.67 333 233 133 3.00 4.67 416.67 4433
4 7467 7767 4947 4220 433 6.33 2.67 5.33 5.00 6.33 506.67 47.97
5 7633 79.00 4513 37.50 1.67 3.00 2.67 3.33 2.67 433 443.33 40.17
6 76.00 7867 4343  41.63 433 6.00 333 5.00 5.67 6.00 596.67 47.07
7 81.67 8533 4597  41.80 2.67 3.67 1.33 4.00 3.67 433 416.67 4133
8 82.67 8633 4493  36.03 2.00 3.67 1.00 1.00 2.67 4.67 396.67 43.00
9 7533 79.00 4850 4257 3.33 6.33 3.00 5.33 5.67 5.33 453.33 45.67
10 77.67 8100 42,67 3573 2.00 3.00 233 3.00 3.67 4.00 326.67 33.33
11 79.00  82.67 4433 3580 2.00 4.00 1.67 1.67 5.00 5.00 388.33 38.00
12 7533 79.00 4273 3937 233 3.00 1.67 4.00 233 4.00 373.33 37.00
Mean 7781  80.86 4574 3824 2.72 4.11 2.28 3.14 3.78 4.69 42847 42.05
LSD,
sowing 0.78 1.18 2.05 1.90 0.43 1.02 0.21 0.83 1.35 1.14 45.81 1.13
dates
L:esi({;;es 142 1.29 2.15 2.11 0.74 0.76 0.75 1.11 1.04 1.13 23.05 3.03

" D1=The timely sowing date (01 November)

+ D2= The late sowing date (14 December)

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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TABLE 4. Means of all traits for each sowing date in 2016/ 2017.

D1t
Gen DH DA CA-A CA-M FLID-A FLTD-M STD-A STD-M CTD-A CTD-M GYM 1000GW
1 80.00 8233  53.60  42.00 133 2.00 1.00 1.67 2.00 233 545.20 4330
2 78.67  84.00 5237  44.07 133 1.67 1.00 2.00 233 133 493.73 46.00
3 8133 8533 5217 4433 1.67 1.67 1.00 2.67 2.33 2.33 453.33 43.73
4 76.00  79.67 5127  41.67 133 3.00 133 3.00 3.67 433 560.43 5247
5 7833 81.00 51.63  43.63 1.00 1.67 1.00 2.00 2.67 1.67 550.27 45.83
6 79.00  83.00 5190  44.00 1.67 3.00 1.00 2.67 2.67 4.00 623.33 51.53
7 82.67 88.00 5230  44.27 1.67 2.67 1.00 1.00 1.67 333 500.23 45.40
8 81.00 8433 5123 4320 1.67 2.00 0.67 133 2.67 3.00 460.23 47.53
9 76.67  80.00 51.37 4233 133 3.00 133 233 3.67 3.67 523.33 51.33
10 80.33  82.67 5227 4353 1.67 133 1.00 0.67 2.00 133 426.67 39.13
11 78.00  81.33 5190 4430 1.00 1.33 1.00 1.00 2.00 3.00 456.20 42.00
12 75.00  80.33 5070  42.17 133 133 133 0.67 2.00 2.67 420.10 4233
Mean 7892  82.67 5189 4329 142 2.06 1.06 1.75 247 2.75 501.09 45.88

D2*
1 7400  71.67 4267  33.30 233 4.67 2.00 1.67 4.00 4.67 413.33 40.67
2 75.00  78.00 4333 3833 233 4.00 233 3.67 333 5.00 384.67 41.67
3 77.00 8133 42,67 3533 2.67 333 1.00 2.00 3.67 5.00 340.00 40.00
4 7433 7767 4933 4277 4.00 6.33 433 5.00 6.00 6.67 473.33 45.67
5 7533 79.00  40.67 3753 2.67 3.33 1.67 3.33 4.00 4.67 380.00 40.33
6 76.00  79.00 4633 4197 4.67 6.00 3.67 4.67 533 6.33 514.00 44.67
7 80.33  83.00 43.00  40.37 2.33 3.67 2.00 2.00 3.67 5.00 360.00 40.33
8 80.33 8433 4133 31.07 233 4.00 2.67 5.00 433 4.00 373.33 34.67
9 78.00  82.00 47.60  42.17 4.67 5.67 433 333 533 6.00 436.67 46.00
10 77.67  82.67  43.67  40.57 2.67 3.33 2.00 2.67 4.00 4.00 310.00 3333
11 77.00  82.00 3633  31.53 2.67 3.00 3.00 2.00 3.00 3.00 326.67 3833
12 7467 7933 4167  39.27 2.67 433 2.00 3.67 2.67 4.00 373.33 38.67
Mean 76.64  80.00 4322 3785 3.00 431 2.58 3.25 4.11 4.86 390.44 40.36
LSD,
sowing 1.35 1.15 127 4.26 0.72 0.95 0.67 0.90 1.88 1.04 33.56 223
dates
fg‘esrgi;;es 1.84 1.69 225 228 0.97 0.69 0.91 1.38 127 1.29 24.28 2.59

" D1=The timely sowing date (01 November)

# D2= The late sowing date (14 December)

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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TABLE 5. Means of the traits averaged across two growing seasons for each sowing date.

D1
Gen DH DA CA-A CA-M  FLTD-A FLTD-M STD-A STD-M CTD-A CTD-M GYM 1000GW
1 80.50  83.17 5377 4230 1.50 1.83 1.17 1.83 2.00 2.67 559.33 43.92
2 7933 8450 5290 4417 133 1.83 0.83 1.67 217 1.67 488.80 45.93
3 82.17  85.67  53.58  44.22 133 1.50 0.83 2.17 2.17 2.67 471.78 45.00
4 76.50 8133 5190 4283 1.50 2.67 133 3.00 3.17 4.17 567.12 5242
5 78.67 8250 5270 4482 1.00 1.67 0.83 2.00 2.00 2.17 566.54 46.50
6 79.00  83.67  52.05  44.17 1.50 2.50 1.17 2.67 2.50 3.67 652.97 51.18
7 82.83  88.17 5348  45.08 1.67 2.17 1.17 1.17 1.83 2.67 509.28 46.37
8 82.50  86.67 5207  44.05 1.50 1.83 0.67 1.50 2.50 333 460.33 47.88
9 7733 81.00  52.08 4397 1.50 2.67 133 233 3.33 4.17 555.55 51.77
10 80.17 8333 5330 4438 133 1.17 0.67 0.67 217 1.50 445.67 38.57
11 79.50 8217 5323 44.65 1.17 1.33 1.00 1.17 1.83 2.67 467.90 43.65
12 76.50  81.83  51.73 43.18 1.17 1.17 1.00 0.67 217 3.00 452.86 44.70
Mean 79.58  83.67  52.73 43.99 138 1.86 1.00 1.74 232 2.86 516.51 46.49
D2*

1 76.50 7633 4472 3298 2.50 4.17 233 1.67 3.50 433 418.33 41.17
2 76.00  78.83 4347 3525 2.50 3.67 2.50 283 3.17 433 392.33 4333
3 78.00  81.17 4450 3838 2.67 333 1.67 1.67 333 4.83 37833 42.17
4 7450  77.67 4940 4248 4.17 6.33 3.50 5.17 5.50 6.50 490.00 46.82
5 7583 79.00 4290 3752 2.17 3.17 2.17 3.33 3.33 4.50 411.67 40.25
6 76.00  78.83 4738  41.80 4.50 6.00 3.50 4.83 5.50 6.17 555.33 45.87
7 81.00 84.17 4448  41.08 2.50 3.67 1.67 3.00 3.67 4.67 388.33 40.83
8 81.50 8533  43.13 33.55 2.17 3.83 1.83 3.00 3.50 433 385.00 38.83
9 76.67 8050  48.05 4237 4.00 6.00 3.67 433 5.50 5.67 445.00 45.83
10 7767  81.83  43.17  38.15 233 3.17 2.17 283 3.83 4.00 31833 33.33
11 78.00  82.33 4033 33.67 233 3.50 233 1.83 4.00 4.00 357.50 38.17
12 7500 79.17 4220 3932 2.50 3.67 1.83 3.83 2.50 4.00 373.33 37.83
Mean 7722 8043 4448  38.05 2.86 421 243 3.19 3.94 4.78 409.46 41.20
LSD,

sowing 1.06 7.24 5.33 6.32 1.24 1.24 1.24 0.53 0.18 247 45.65 298
dates

gj{g‘;;;es 1.84 2.53 221 2.84 0.54 0.53 0.77 132 0.93 0.77 29.89 2.11

" D1=The timely sowing date (01 November)

+ D2= The late sowing date (14 December)

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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TABLE 6. Mean squares of the split-plot design separated by growing season for all traits.

Mean squares
Source DF
DH DA CA-A  CA-M FLTD-A FLTD-M STD-A STD-M CTD-A CTD-M GYM  1000GW
20152016
Rep 2 710" 7687 11767 537 0.68 0.60 0.93 0.39 0.26 379 1621.04' 9.02

Sowing date (D) 1 10756 260.68" 1105.28™ 745.62" 3472" 107.56" 32.00" 36.13° 46.72°  53.39" 1926687 459.55"
RepxD 2 0.60 1.35 4.10 351 0.18 1.01 004 067 1.76 126 2040.06 1.24
Genotypes (G) 11 3333 3L77" 658  2603™ 166" 428  L19" 6177 330 3.64™ 26688.82"" 9228

DxG 11 083 3 14" 192" 087 149" 073 306" L7 0.84 1409.8" 9.73

Error 4 18 1.23 341 327 04 043 041 091 0.81 0.93 392.46 6.79
2016/2017

Rep 2 5.01 1.63 9.07 238 0.17 035 043 1.13 0.54 239 912.42 2042

Sowingdate (D) 1~ 9339° 128"  13546™ 533.01" 45.13"  9LI13" 4201 405 4835  80.22° 220359.5" 54891"
RepxD 2 1.76 1.29 1.56 17.68 0.5 0.88 043 079 343 1.06 1094.79 4.34
Genotypes (G) 11 23.92™ 3409 1724 2450 134 450 198" 4277 379" 496 2057676 88.07
DxG 1 581" 1839 1987 2992 128 073" 147" 21 0.53 143 1508 10.57
Error 4 251 211 373 6.12 0.7 035 0.61 1.4 118 1.22 43528 4.94

“****Significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.

TABLE 7. Mean squares of the split-plot design combined for the two growing seasons for all traits.

Mean squares
Source DF
DH DA CA-A CA-M FLTD-A FLTD-M STD-A STD-M CTD-A CID-M GYM  1000GW
Year (Y) 15625 73.677 159.18™ 2844" 117 3.06" 1.56 0.17 3.67 0.03 4268815 7555

Sowingdate (D) 1~ 200.69° 377.01 245355 1269.73 79.51°  19834" 73677 76.56" 9506 13225 41256356 1006.48"
YxD 1 025 1167 633 8.90 0.34 0.34 0.34 0.06 0.01 1.36 464.64 1.98
Genotypes (G) 11 53.04™ 5793 17.75"  40.52° 264" 843 245 829" 593" 788" 46159.16™" 174.85"
G xY 14200 793 607 100" 036 0.35 0.73 2.14 1.07 0.72 1106.42" 5.50
G xD 11 386 1360 2636™ 3801° 181" 172 1.08 329 1.58 1.07 1939.79 10.33
G xYxD 1 278 851" 4ll 1L 034 0.51 LI 1.88 0.73 1.21 978.01" 9.98

Etror 92 1.9 1.65 3.54 4.96 0.54 0.41 0.50 113 1.06 1.08 464.03 575

* Ak Rk

Significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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Correlation coefficients combined over
the two growing seasons for each sowing date
(Table 8). Under optimum sowing date, FLTD
recorded during milk stage showed positive
significant correlation coefficients with STD
recorded during at the same stage (r= 0.37,
P=0.01), CTD recorded at anthesis stage (r=
0.25, P= 0.05), CTD recorded during milk
stage (r= 0.48, P= 0.001), GYM (r=0.43, P=
0.001) and 1000GW (r= 0.52, P= 0.001).
Furthermore, STD recorded during the milk
stage revealed positive significant correlation
ranged from moderate values (r= 0.49, P=
0.001) with GYM to moderately high (r= 0.60,
P= 0.001) with 1000GW. Moreover, CTD
recorded during anthesis stage was positively
significantly correlated with 1000Gw (r= 0.35,
P=0.01) while CTD recorded during the milk
stage showed positive significant correlation
with both GYM and 1000GW with values of
correlation coefficients of r=0.32 (P=0.01) and
r= 0.48 (P= 0.01), respectively. However, CA
recorded during either anthesis or milk stages
was not significantly correlated with neither
GYM nor 1000GW. Whereas, under late sowing
date (a heat stress condition), the correlation
coefficients were stronger and highly significant
between both CA and organs temperature
depressions and almost the rest of traits including
GYM and 1000GW than under optimum
conditions. Briefly, CA at anthesis stage showed
moderate to moderately high correlation with
CA at milk stage (r= 0.57; P<0.001), FLTD
at anthesis stage (r= 0.42; P<0.001), FLTD at
milk stage (r= 0.50; P<0.001), CTD at both
anthesis and milk stages (r= 0.41; P<0.001),
GY (r= 0.60; P<0.001) and 1000GW (r= 0.47;
P<0.001). The CA at the milk stage showed
significant correlations with the same traits but
the strength of correlations were less comparing
to CA at anthesis stage. The FLTD at milk stage
exhibited stronger association with STD and
CTD at both anthesis and milk stages, in addition
to GY (r=0.63; P<0.001) and 100GW (r= 0.52;
P<0.001) compared to FLTD at anthesis stage.
On the other hand, the strength of association
between STD at both anthesis and milk stages
and other traits including GY and 1000GW
were moderately low. Moreover, CTD during
both anthesis and milk stages was moderately
associated with GY and 1000GW.

Heat susceptibility index (HSI) for the
two growing seasons is shown in Fig.1. The
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average temperature depression values for
flag leaf, spike and canopy under optimum
and heat stress recorded at both anthesis and
milk stages are shown in Fig. 2. The recorded
values of temperature depression for flag leaf,
spike and canopy were higher at milk stage than
anthesis stage. In addition, in both anthesis and
milk stages, the temperature depression was
the highest for canopy followed by flag leaf,
while spike showed the lowest temperature
depression under both optimum and heat
stress. Furthermore, the values of temperature
depression in the two stages for all organs were
higher under heat stress than optimum.

The relationships between HSI and CA,
organs temperature depression and yield traits
under heat stress averaged over the two growing
seasons were presented in Fig. 3. In details, the
relationship between HSI and CA at anthesis
stage was stronger (r= —0.52, P= 0.08) than
between HSI and CA at milk stage (r=-0.36, P=
0.25); however, both of these two relationships
were not significant at 5% significance level
(Fig. 3 a). Regarding the relationship between
HSI and FLTD at anthesis, the correlations
coefficient was strongly negative and significant
(r=-0.62, P=0.03). Similar results were found
between HSI and FLTD at milk stage (r=
—0.65, P= 0.02) (Fig. 3 b). The relationship
between HSI and STD at anthesis stage was
not significant (r= —0.43, P= 0.17) while the
relationship between HSI and STD at milk stage
showed negative and significant correlation
(r=-0.59, P=0.04) (Fig. 3 c¢). The relationship
between CTD at anthesis stage and HSI was not
significant (r= —-0.39, P= 0.21) while CTD at
milk stage showed strong negative significant
correlation with HSI (r= —0.63, P= 0.03) (Fig.
3 d). Both GYM and 1000GW showed negative
strong correlation (r~ —0.60, P= 0.03) with HSI

(Fig. 3 e, f).

Based on the mean performance of genotypes
under heat stress (Table 5), seven genotypes
were selected as parents to produce 21 non-
reciprocal F| crosses in the second experiment.
In addition, according to correlation coefficients
among traits (Table 8), some physiological traits
(CA-A, FLTD-M and CTD-M) that showed
high correlation with GYM and 1000GW, on
one hand, and strong association with other
physiological traits, on the other hand, were
used in the second experiment.
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TABLE 8. Pearson’s correlation coefficients combined over two years for timely and late sowing dates among all traits.

DH DA CA-A CA-M  FLTD-A FLTD-M STD-A STD-M CTD-A CTD-M GYM  1000GW

DH 0.82"" 036" 025 0.07 -0.2 -0.23 -0.13 -0.23 -0.2 -0.17 -0.22
DA 0.86™ 0.29°  0.39™ 0.11 -0.14 -0.2 -0.11 -0.27 -0.12 -0.12 -0.07
CA-A -0.05 -0.14 0.41™ -0.11 -0.37" -0.15 -0.10 -0.25 -0.20 0.04 -0.12
CA-M -0.06 -0.02 057 0.01 -0.28° 0.01 -0.09 -0.17 0.03 0.06 0.01
FLTD-A -0.19 -0.13 042 043 0.13 0.24* 0.25" 0.01 0.16 0.05 0.16
FLTD-M 027 -027° 050" 0.40™ 0.62" 0.12 037 0.25" 0.48™ 043 0.52"
STD-A 028" -026" 031" 0.23 037 0.46™ 032 0.03 0.14 0.12 0.17
STD-M -0.39™  -0.20 0.19 0.33" 0.38" 041 031" 0.30" 0.17 0.49" 0.59"
CTD-A -0.25" <020 041" 032" 0.43™ 0.55™ 040 0.40™ 0.20 0.16 0.35™
CTD-M -0.17 -0.18 041" 041 0.43™ 0.59" 031" 0.35™ 0.44™ 0.32" 0.48"
GYM -0.19 -0.28"  0.60™"  0.38™ 0.53™ 0.63™ 040 038" 043" 0.49™ 0.62"
1000GW -0.2 -0.25" 047 032" 0.50™ 0.52 0.33" 0.18 031" 039" 0.64™

* ok

Significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag
leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis
stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature
depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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Fig. 1. HSI calculated as per Fischer and Maurer (1978) during the 2016/2017 and 2017/ 2018.
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Fig. 2. Temperature depression (°C) of 12 genotypes for flag leaf, spike and canopy for optimum and heat stress
over the two growing seasons measured at anthesis and milk stages.

Second (diallel) experiment

The means performance for all traits of parental
genotypes and their 21 non-reciprocal F, crosses
under optimum and heat stress conditions along
with combined data are presented in Tables 9, 10
and 11, respectively. The results revealed that most
F, hybrids performed better than the mean of their
parental genotypes for physiological and yield traits.

Analyses of variance (ANOVA) of Griffing’s
method of parental genotypes and their non-
reciprocal F| crosses for all traits under optimum
and heat stress conditions as well as the combined
analysis are presented in Table 12. Briefly, under
optimum condition, DH and CA-A showed
significant differences for both genotypes and
GCA, while DA showed significant differences
for genotypes and SCA. None of the sources of
variation for FLTD-M was significant, while only
GCA showed significant differences for CTD-M.
All sources of variation for both GYM and
1000GW showed significant differences. On the
other hand, under heat stress, all sources of variation
were significant for all traits except DH showed
significant differences for only genotypes and GCA.
According to combined ANOVA, both FLTD-M
and CTD-M showed significant differences for
treatments, treatment x genotypes, treatment x GCA
and treatment x SCA. For GYM, all constituents of
variation were significant except treatment X GCA,
while all sources of variation were significant for
1000GW except for SCA and treatment x GCA.

General combining ability effects estimates
(g) of the seven parental genotypes and the range
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of the specific combining ability effects (s,) for all
traits under optimum, heat stress conditions and
over all conditions are presented in Table 13. In
brief, under optimum condition, only significant
GCA estimate for CA-A was noticed in genotype
4, which showed the smallest value of GCA (-0.99).
The cross combination 9%11 showed the minimum
significant SCA estimate (-1.42), while 1x4 showed
the maximum significant SCA estimate (1.51). For
FLTD-M, none of the parental genotypes showed
significant differences based on GCA estimates.
The cross combination 11x4 showed the maximum
significant SCA estimate (0.65), while 1x9
exhibited the smallest SCA estimate (-0.31). For
CTD-M, only one parental genotype that showed
significant GCA estimate and ranked on the top
highest parental genotypes with GCA estimate of
0.50, while the lowest GCA estimated was observed
in parental genotype 11 (-0.24). Based on SCA
estimates, none of the crosses showed significant
estimates. More details about SCA estimates can
be found in Supplemental Tables 1-3. For GYM,
all parental genotypes showed significant estimates
of GCA except parental genotype 5. The maximum
significant GCA estimate was detected in parental
genotype 6 (57.49) unlike parental genotype 10
(-75.83). The maximum significant SCA effects
were observed in 1x11, 9x10 and 4x5, while the
opposite was noticed in 4x11. For 1000GW, all
parental genotypes exhibited significant GCA
estimates except parental genotype 1. Parental
genotype 4 showed the highest significant GCA
effect (2.91) unlike parental genotype 10 (-3.91).
The cross combination (9x11) displayed the
maximum significant SCA estimate unlike (4x11).
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a. The relationship between heat susceptibility index HSI and b. The relationship between HSI and flag leaf

chlorophyll absorbance (CA) under heat stress averaged over
the two growing seasons. Solid line with diamond markers
shows CA at anthesis stage (r= —0.52, P= 0.08) (regression
equation and R” are shown in bold) while dashed line with
circle markers represents the CA at milk stage (r= -0.36, P=
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c. The relationship between HSI and spike temperature
depression (STD) under heat stress averaged over the two
growing seasons. Solid line with diamond markers shows STD
at anthesis stage (r= —0.43, P= 0.17) (regression equation and
R? are shown in bold) while dashed line with circle markers
represents STD at milk stage (r= —0.59, P= 0.04) (regression

equation and R’ are shown in regular).
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e. The relationship between HSI and GYM under heat stress
averaged over the two growing seasons. Solid line with

diamond markers shows GYM (r=-0.61, P=0.03).

temperature depression (FLTD) under heat stress
averaged over the two growing seasons. Solid line with
diamond markers shows FLTD at anthesis stage (r=
—0.62, P=0.03) (regression equation and R? are shown in
bold) while dashed line with circle markers represents
FLTD at milk stage (r= —0.65, P= 0.02) (regression
equation and R2 are shown in regular).
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d. The relationship between HSI and CTD under heat
stress averaged over the two growing seasons. Solid line
with diamond markers shows CTD at anthesis stage (r=
-0.39, P= 0.21) (regression equation and R* are shown in
bold) while dashed line with circle markers represents
CTD at milk stage (r= -0.63, P= 0.03) (regression
equation and R” are shown in regular).
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f. The relationship between HSI and 1000GW under heat
stress averaged over the two growing seasons. Solid line
with diamond markers shows 1000GW (r= -0.63, P=
0.03).

Fig. 3. The relationship between HSI and physiological and yield traits under heat stress averaged over the two

growing seasons for the 12 genotypes.
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TABLE 9. The mean performance of seven parents and their half-diallel crosses of wheat under timely sowing date
(optimum condition).

Gen DH DA CAA FLTDM CTDM GYM 1000GW
1 81.00 83.67 55.67 1.33 1.67 588.67 46.50
1x4 80.00 82.33 56.00 2.33 2.33 730.23 54.17
X5 80.00 82.67 56.00 1.67 1.67 692.83 47.00
1x6 80.00 82.33 55.00 1.67 1.67 744.87 51.00
1x9 80.00 82.33 56.00 1.33 2.33 685.30 52.00
1x10 80.00 82.33 54.00 1.67 1.67 523.37 44.30
Ix11 80.00 82.00 56.00 1.33 2.00 693.53 46.03
4 80.00 84.67 52.00 1.33 2.33 611.00 56.00
4x5 80.00 82.33 55.00 1.33 1.67 701.87 52.27
4x6 79.00 81.67 55.00 1.67 1.33 723.17 52.23
4x9 79.00 82.33 54.00 233 2.33 633.77 53.33
4x10 80.00 82.67 54.00 1.67 2.00 533.13 44.00
4x11 80.00 82.00 53.33 1.33 1.33 465.70 46.07
5 80.00 83.67 55.00 1.33 1.67 575.67 46.00
5%6 81.00 83.33 56.00 1.33 1.67 685.63 4827
5%9 80.00 82.33 56.00 1.67 2.33 587.83 49.00
5x10 80.33 83.00 56.00 1.33 1.67 533.43 46.20
sxl1 80.33 83.00 54.67 1.67 1.67 558.83 45.17
6 80.00 83.67 56.00 133 1.67 683.00 52.00
6x9 79.00 81.33 54.33 1.67 2.33 705.90 52.10
6x10 80.33 82.67 55.00 1.67 1.67 553.67 48.03
6x11 79.00 82.33 55.67 133 1.67 641.07 46.00
9 78.33 83.67 56.00 133 3.00 61133 54.00
9x10 80.00 82.67 56.00 1.67 2.33 642.23 45.73
9x11 79.67 81.67 53.67 1.67 1.67 631.07 53.27
10 81.00 84.67 55.00 1.67 133 467.33 40.67
10x11 80.00 82.00 53.67 1.33 1.67 499.87 43.13
11 81.33 84.33 56.00 1.33 133 455.67 4323
Mean 79.98 82.77 55.04 1.55 1.86 612.86 48.49
i;‘]g:’;d 1.99 152 2.34 1.59 1.4 13.43 1.41

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, FLTD-M= Flag leaf temperature depression
at milk stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m?and 1000GW= 1000 grain weight.
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TABLE 10. The mean performance of seven parents and their half-diallel crosses of wheat under late sowing date
(heat stress).

Gen DH DA CA-A FLTD-M CTD-M GYM 1000GW
1 79.00 80.67 46.00 5.00 5.33 496.67 4533
1x4 76.00 77.67 46.00 5.33 5.67 573.43 46.57
1x5 78.00 79.67 45.00 433 4.67 533.93 42.80
1x6 77.00 78.33 46.00 4.67 4.67 545.80 45.60
1x9 78.00 79.00 45.00 433 5.00 476.03 45.97
1x10 77.00 78.33 45.00 3.67 433 451.90 39.50
1x11 78.00 79.33 46.00 4.67 433 475.90 36.00
4 74.00 76.33 47.00 5.33 433 483.67 47.33
4x5 76.00 77.33 46.00 4.67 433 521.67 43.50
4x6 75.00 77.00 51.00 5.00 6.00 534.37 45.40
4x9 76.00 77.33 52.00 3.67 433 43773 46.13
4x10 77.00 78.33 48.00 333 3.67 474.43 39.53
4x11 76.00 77.33 48.00 3.33 3.33 410.50 37.40
5 77.00 79.33 44.00 433 433 471.00 41.00
5x6 76.00 77.33 47.67 433 4.67 489.87 43.43
5x9 77.33 79.00 50.33 3.33 3.67 480.33 4347
5x10 77.67 78.67 47.33 3.33 3.67 446.40 37.10
5x11 76.67 78.33 46.33 3.67 433 46237 36.50
6 75.00 76.67 49.00 5.00 5.00 456.00 43.00
6x9 75.00 76.00 47.00 5.33 5.67 548.83 46.00
6x10 76.00 77.00 47.67 4.00 433 43420 38.10
6x11 77.00 78.67 51.00 5.33 5.33 520.17 40.00
9 76.33 78.67 47.00 5.00 5.67 405.00 46.00
9x10 77.33 79.00 45.67 3.00 3.33 363.40 36.60
9x11 78.00 79.00 47.67 3.33 3.33 376.90 37.00
10 77.33 80.00 43.67 3.33 4.67 336.67 33.33
10x11 79.33 80.33 4433 3.00 3.67 37270 35.47
1 79.67 82.33 43.67 4.00 4.00 367.67 34.00
Mean 76.88 78.46 46.90 420 4.49 462.41 41.15
Eggsed 1.50 1.57 1.85 0.97 111 16.69 115

0.05

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, FLTD-M= Flag leaf temperature depression
at milk stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m?and 1000GW= 1000 grain weight.
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TABLE 11. The mean performance of seven parents and their half-diallel crosses of wheat combined over two
treatments (optimum and heat stress conditions).

Gen DH DA CA-A FLTD-M CTD-M GYM 1000GW
1 80.00 82.17 50.83 3.17 3.50 542.67 45.92
1x4 78.00 80.00 51.00 3.83 4.00 651.83 50.37
1x5 79.00 81.17 50.50 3.00 3.17 613.38 44.90
1x6 78.50 80.33 50.50 3.17 3.17 645.33 48.30
1x9 79.00 80.67 50.50 2.83 3.67 580.67 48.98
1x10 78.50 80.33 49.50 2.67 3.00 487.63 41.90
Ix11 79.00 80.67 51.00 3.00 3.17 584.72 41.02
4 77.00 80.50 49.50 3.33 3.33 547.33 51.67
4x5 78.00 79.83 50.50 3.00 3.00 611.77 47.88
4x6 77.00 79.33 53.00 3.33 3.67 628.77 48.82
4x9 77.50 79.83 53.00 3.00 3.33 535.75 49.73
4x10 78.50 80.50 51.00 2.50 2.83 503.78 41.77
4x11 78.00 79.67 50.67 2.33 2.33 438.10 41.73
5 78.50 81.50 49.50 2.83 3.00 523.33 43.50
5x6 78.50 80.33 51.83 2.83 3.17 587.75 45.85
5x9 78.67 80.67 53.17 2.50 3.00 534.08 46.23
5x10 79.00 80.83 51.67 2.33 2.67 489.92 41.65
S5x11 78.50 80.67 50.50 2.67 3.00 510.60 40.83
6 77.50 80.17 52.50 3.17 3.33 569.50 47.50
6x9 77.00 78.67 50.67 3.50 4.00 627.37 49.05
6x10 78.17 79.83 51.33 2.83 3.00 493.93 43.07
6x11 78.00 80.50 53.33 3.33 3.50 580.62 43.00
9 77.33 81.17 51.50 3.17 4.33 508.17 50.00
9x10 78.67 80.83 50.83 2.33 2.83 502.82 41.17
9x11 78.83 80.33 50.67 2.50 2.50 503.98 45.13
10 79.17 82.33 49.33 2.50 3.00 402.00 37.00
10x11 79.67 81.17 49.00 2.17 2.67 436.28 39.30
11 80.50 83.33 49.83 2.67 2.67 411.67 38.62
Mean 78.43 80.62 50.97 2.87 3.17 537.63 44.82
Revised

LSD 1.43 1.45 1.90 1.14 1.08 15.07 1.28

0.05

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, FLTD-M= Flag leaf temperature depression
at milk stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.
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TABLE 12. Griffing’s method 2 analysis of variance of the seven-parent half-diallel crosses.

MS
DH DA FLTD-M CTD-M GYM 1000GW
Source DF Timely sowing date (optimum condition)
Rep 2 3.48 0.15 0.23 0.75 528.96 0.54
Gen 27 1.33 2.35™ 0.23 0.50 22305.70™ 49.74"
GCA 6 3.07" 0.94 6.81"™" 0.18 1.62" 64315.81™ 183.33™
SCA 21 0.83 275" 0.24 0.19 10302.81" 11.57™
Error 54 0.76 0.72 0.33 0.32 88.40 0.97
sowing date (heat stress)
Rep 2 6.05 3.96 0.51 1.08 253.42 0.04
Gen 27 5.39"™ 5.98" 14.76™ 1.86™ 1.74™ 11658.85™" 57.48™
GCA 6 19.72" 19.71™ 3071 5.20"" 3.56™ 37771.74™  237.52™
SCA 21 1.29 2.06" 10.20™" 0.91™ 1.22" 4198.03™ 6.04™
Error 54 0.91 0.99 0.38 0.44 136.50 0.65
Combined
Treat 1 402.38"  780.02""  2776.72""  296.01""  290.72""  950603.28"" 226527
Rep (Treat) 4 4.76 2.06 0.37 0.92 391.1869 0.29
Gen 27 451" 5.26 0.98 1.30 28496.514™  96.05™"
GCA 6 15.96 10.95 2.82 3.26 92957.619"™  400.03"
SCA 21 1.24 3.63" 0.46 0.74 10079.055" 9.20
Treat x Gen 27 221" 3.07 9.65™ 1.10™ 0.94™ 5468.0399" 1117
Treat x GCA 6 6.83"™ 9.70"" 22.97" 2.56" 1.92 9129.9293 20.82
Treat x SCA 21 0.89 1.18 5.84™ 0.69" 0.66" 4421.7858™ 841"
Residual 108 0.84 0.86 0.36 0.38 112.45049 0.81

* ok ok

", Significant at 0.05, 0.01 and 0.001 probability levels, respectively.

DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, FLTD-M= Flag leaf temperature depression
at milk stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.

Under heat stress condition, for CA-A, all
parental genotypes exhibited significant GCA
estimates expect for parental genotype 1. The
maximum significant GCA estimate was observed
in parental genotype 6 (1.46) unlike parental
genotype 1. Cross combination 4x9 showed the
highest SCA estimate while the opposite was
noticed in 6x9. For FLTD-M, only three parental
genotypes displayed significant estimates of
GCA. Parental genotype 6 showed the highest
significant GCA estimate, while parental genotype
10 showed the minimum value. The maximum
significant SCA effects were detected in cross
combination 6x11, 6x9 and 10x11 unlike 4x11.
For CTD-M, only four parental genotypes showed
significant GCA estimates. Parental genotype 6
showed the maximum significant GCA estimate

(0.53) unlike parental genotype 11 (-0.40).
The maximum significant SCA estimates were
observed in 4x6, 1x4 and 6x11, but the minimum
significant SCA was detected in 9x10 and 9x11.
Regarding GYM, all parental genotypes showed
significant GCA estimates. Parental genotype 1
ranked on the top with GCA estimate of 39.00,
while parental genotype 10 ranked on the bottom
with a value of -37.99. The maximum significant
SCA estimates were shown in cross combinations
6x9, 6x11 and 4x1 unlike 4x11. For 1000GW,
all parental genotypes displayed significant
GCA estimates except parental genotype 5.
Parental genotype 4 came on the top with GCA
estimate of 2.76 unlike parental genotype 11. The
cross combination 10x11 possessed the highest
significant SCA effect.
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TABLE 13. General combining ability estimates (g) and the range of the specific combining ability (sij) for the
seven parental genotypes.

g DH DA CA-A FLTD-M CTD-M GYM 1000GW
Timely sowing date (optimum condition)

1 0.24 -0.10 0.45 0.03 0.02 38.29™ -0.05

4 -0.20 0.05 -0.99" 0.11 0.09 11.89™ 2917

5 0.21 0.20 0.38 -0.08 -0.10 0.99 -0.89™

6 -0.16 -0.13 0.30 -0.04 -0.13 57.49™" 1.52™

9 -0.61™ -0.24 0.19 0.07 0.50" 22.88"" 2.84™

10 0.32 0.28 -0.18 0.03 -0.13 -75.83" -3.91™

11 0.21 -0.06 -0.14 -0.12 -0.24 -55.72" -2.42™
SE(g) 0.16 0.15 0.21 0.10 0.10 1.68 0.18

S; Min. -1.02° -1.06 -1.42° -0.31 -0.48 -103.33" -3.49™
CccCt 6x11 6%9 9x11 1x9 4x6 4x11 4x10

Max. 0.98" 0.49 1.517 0.65" 0.37 98.10™" 4.36™
cC 5%6 5%6 1x4 1x4 1x4 1x11 9x11

Late sowing date (heat stress condition)

1 0.77" 0.66™ -1.14™ 0.38" 0.38" 39.00™" 1.99"

4 -1.23™ -1.12m 1.08™ 0.26 0.01 24.46™" 2.67
5 0.07 0.14 -0.51 -0.14 -0.21 19.70™ -0.04

6 -1.01™ -1.12™ 1.46™ 0.56™ 0.53™ 3177 L.71

9 -0.08 -0.12 0.717 -0.07 0.08 -22.90™ 2.00™

10 0.44" 0.44" -1.10™ -0.74™ -0.40" -53.66"" -4.02"

11 1.03™ L -0.51 -0.25 -0.40" -38.38"™ -4.31™
SE(g) 0.17 0.18 0.22 0.11 0.12 2.08 0.14

S, Min. -1.31° -1.38 -2.07 -0.88" -0.84" -37.99" -2.83™
Ccct 5x11 5x11 69 4x11 9x10 4x11 Ix11
9x11
Max. 0.98 0.77 3.30™ 0.82" 0.97 77.55™" 2.65™
cC 10x11 4x6 4x9 6x11 4x6 6%9 10x11
Combined

1 0.51" 0.28" -0.34" 0.20™ 0.20" 38.65™ 0.97

4 -0.71™ -0.53™ 0.04 0.19 0.05 18.18™ 2.79™

5 0.14 0.17 -0.07 -0.11 -0.15 10.34™ -0.47"

6 -0.58" -0.62™ 0.88"™ 0.26™ 0.20" 44.63™ 1.62

9 -0.34™ -0.18 0.45™ 0.00 0.29™ -0.01 2.42™

10 0.38" 0.36™ -0.64™ -0.35™" -0.26™ -64.74™ -3.97"

11 0.62™ 0.52™ -0.33" -0.19" -0.32™ -47.05™ -3.37™
SE(g) 0.08 0.08 0.11 0.05 0.05 0.94 0.08

i Min. -0.81" -1.15™ -1.63™ -0.54 -0.64™ -70.67 -2.51™
CcCt 1x10 6%9 69 4x11 9x11 4x11 4x11

Max. 0.52 0.17 1.81™ 0.57 0.58" 57.37 1.81™
ccC 5%6 5%6 579 1x4 1x4 1x4 10x11

6x10

* Rk Rk

.7, Significant at 0.05, 0.01 and 0.001 probability levels, respectively.
DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, FLTD-M= Flag leaf temperature depression
at milk stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m*and 1000GW= 1000 grain weight.

Egypt. J. Agron. 41, No .2 (2019)



177

COMBINING ABILITY OF PHYSIOLOGICAL AND YIELD TRAITS OF BREAD...

For GCA and SCA estimates across both
optimum and heat stress conditions, all parental
genotypes showed significant estimates except
two parental genotypes for CA-A, where parental
genotype 6 ranked on the top with GCA estimate
of 0.88 unlike parental genotype 10. The cross
combinations 5x9 and 6x10 were on the top based
on their SCA estimates unlike 6x9. For FLTD-M,
all parental genotypes displayed significant GCA
estimates except parental genotype 5. Parental
genotype 6 showed the maximum significant
GCA estimate (0.26) unlike parental genotype 10
(-0.35). The maximum significant SCA estimated
was noticed in cross combination 1x4 unlike
4x10, which showed the minimum significant
SCA estimate. For CTD-M, parental genotype was
the only non-significant parental genotype based
on GCA estimates. The maximum significant
GCA estimate was detected in parental genotype
9 (0.29) unlike parental genotype 11 (-0.32). The
maximum significant SCA estimate was observed
in cross combination 1x4 unlike 9%x11. For yield
traits, all parental genotypes showed significant
estimates of GCA except parental genotype 9 for
GYM. The maximum significant GCA was noticed
in parental genotype 6 (44.63) unlike parental
genotype 10 (-64.74). The maximum significant
SCA estimate was shown in cross combination
1x4 unlike 4x11. Finally for I000GW, all parental
genotypes exhibited significant GCA estimates
with maximum value found in parental genotype
4 (2.97) and minimum value in parental genotype
10 (-3.97). The maximum significant SCA
estimate was found in cross combination 10x11
unlike 4x11.

Discussion

First two years experiment

The temperature depression values were
higher under heat stress than optimum condition
for all organs; in addition, the canopy temperature
depression was the highest under all conditions
compared to flag leaf and spike. In this regard,
Ayeneh et al. (2002) emphasized the same pattern
as the results of the current study. Moreover, the
temperature of depression measured during the
milk stage was higher than anthesis. This was
due to the cooling effect of leaf rolling during this
stage because of higher temperature either under
optimum or heat stress; however, the depression
under heat stress was higher as the degree of
leaf rolling was higher as response of high
temperature. Similarly, my results were similar to

those obtained by Ayeneh et al. (2002). This was
because the temperature inside the rolled leaf was
very much cooler than the ambient air temperature
compared to unrolled leaves. Moreover, the
canopies temperature depression showed the
highest depression as they have more area under
knees to transmit heat over to the ambient air
through convection and reflectance (Blum, 1988).

In a similar study accomplished by Ayeneh
et al. (2002), they found that STD was lower
than FLTD and CTD. In addition, they reported
that under heat stress conditions induced by late
sowing date, FLTD and CTD were close to each
other. In this context, the results of the current
study were consistent with Ayeneh et al. (2002).
Furthermore, they reported that FLTD, STD and
CTD were significantly correlated with grain
yield under heat stress. These findings were
in consistency with the results of the current
investigation. Under heat stress, both FLTD and
CTD showed higher association with grain yield
at milk stage comparing to anthesis. This due to
the exposure to a higher temperature during milk
stage compared to anthesis stage. These results
matched the findings of Ayeneh et al. (2002).

The CA at anthesis stage showed higher
association with GYM compared to milk stage.
This can be due to the impairment of chlorophyll
and leaf senescence, which led to an increase in the
amount of chlorophyll loss at the milk stage. High
temperature can damage photosynthesis (Sharkey,
2005), which reduce the CA measured by SPAD
meter. Sharkey (2005) reported similar results.
Significant correlations were found between
GYM, on one hand, and CTD and CA, similar
results found by Dwivedi et al. (2017). They
indicated that under heat stress conditions induced
by late sowing date, yield and its components
were used as determinants of heat-stress tolerance
(Dwivedi et al., 2017). In addition, late sowing
date as well as delayed harvesting negatively
affected wheat cultivation due to exposure to heat
stress during both anthesis and grain filling stages
(Hays et al., 2007). The exposure to heat stress
(37/17°C) staring from anthesis up to harvesting
reduced wheat grain yield due to the reduction in
starch accumulation time, comparing to favorable
growing conditions (24/17°C) (Hurkman et al.,
2003). Dwivedi et al. (2017) reported that this
reduction in starch synthesis accelerated pollen
mortality and finally led to a massive loss in grain
yield.
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Second (diallel) experiment

The current results showed that the most
F1 hybrids showed higher values for CA-A,
FLTD-M, CTD-M, GYM and 1000GW than
the average of their parental genotypes. In this
context, the current results were consistent with
the findings of Yildirim et al. (2013) who reported
that chlorophyll content measured with SPAD
meter and CTD were significantly associated with
grain yield and could be used as indirect selection
tool in early segregating generations under heat
stress condition induced by late sowing date.

As indicated in the ANOVA table for
combining ability, under optimum condition,
GCA was the only significant constituent for
CA-A and CTD-M, showing the importance of
additive gene action for both traits. For GYM
and 1000GW displayed significant variation for
both GCA and SCA, revealing the importance
of both additive and non-additive constituents of
gene action. Nevertheless, the additive constituent
was largest for both GYM and 1000GW as they
showed greater values of mean squares for GCA
than SCA. Under heat stress condition, both GCA
and SCA showed significant variance for all traits
except SCA for DH. However, the additive gene
action was more important than non-additive
gene action. Wheat represents self-fertilized crops
where additive gene action is more important that
non-additive gene action; therefore, GCA effects
contribute to improvement wheat (Joshi et al.,
2003). The additive and additive x additive gene
actions are transferable to later generations, which
facilitate the tasks of plant breeders. Kumar et al.
(2017) reported similar results under heat stress
conditions using CTD, chlorophyll content and
grain yield and found that additive gene action
was also more important for these traits than non-
additive.

These results suggest using good general
combiners’ parental genotypes in multiple mating
to accumulate the majority of favorable genes
of traits of interest. This allow incorporating
additive gene action in the development of
targeted improved varieties. Joshi et al. (2003)
supported these results when they analyzed
yield and its components in spring wheat. Jensen
(1970) explained that the diallel procedure is an
advantageous approach that allows accumulating
favorable genes into a single gene pool through
multiple crosses. In this regard, the current study
revealed that parental genotypes 1, 4 and 6 were
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the best combiners for GYM, 1000GW, CA-A,
FLTD-M and CTD-M under heat stress. Therefore,
I suggest using multiple crosses of these parental
genotypes in order to accumulate favorable genes
of these traits to develop heat stress tolerant
breeding materials. The best specific crosses for
GYM were 9x6, 11x6 and 4x1 under heat stress.

Conclusion

The magnitude of the correlation coefficient
between CA at anthesis stage under heat stress
with GY and 1000GW make it a feasible
nondestructive tool to assess heat stress tolerance.
Furthermore, FLTD at milk stage is an important
nondestructive tool associated with GY and
1000GW under heat stress induced by late sowing
date. Therefore, using both CA at anthesis stage
and FLTD at milk stage are paramount to verify
and confirm heat stress tolerant genotypes. The
association between FLTD and HSI was strong
and significant with values of — 0.6 and — 0.7 at
anthesis and milk stages, respectively. Similarly,
both STD and CTD at milk stage in addition to
GY and 1000GW exhibited strong significant
correlation (r=— 0.6) with HSI. Therefore, using
theses nondestructive measurements of heat
stress tolerance is paramount in wheat breeding
programs.

Furthermore, the current study elucidates
that both additive and non-additive constituents
of gene action were tangled in controlling the
genetic of studied traits; however, additive
constituent was the largest. In order to exploit
both constituents of gene action, it is important
include both bi-parental and multiple parental
crosses in wheat breeding program. This will lead
to tangible improvement of grain yield in wheat.
In addition, a local cultivar Sids12 was a good
specific combiner with certain exotic germplasm.
This implies the importance of creating genetic
diversity via using adapted exotic germplasm in
Egyptian wheat breeding programs.
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