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ABSTRACT

Thirty-six genotypes (8 parents and 28 Fis excluding reciprocals) were grown in a randomized complete
block design (RCBD) with three replications at the Rice Research experimental farm, Sakha, Kafr EI-Sheikh, Egypt,
in 2022 and 2023 seasons. The ratio of GCA and SCA variances was greater than one for most of the studied traits,
suggesting that additive and additive x additive types of gene actions were more significant in the inheritance of
these traits. The genotypes IET1444, Wab880 SG 33 and Sakhal07 were identified as the top general combiners for
most of the studied traits. The crossings Wab880 SG 33 x 1ET1444 and IRAT112 x ARS.105-2-1-1-2 were
identified as the most effective cross combinations for various root characteristics in conditions of water deprivation.
The crossovers Wab880 SG 33 x IRAT112 and Sakhal07 x IRAT112 were identified as the most effective cross
combinations for the majority of agro-physiological attributes in conditions of water deficit. Gizal77 x IRAT112
and Sakhal07 x ARS.105-2-1-1-2 were identified as the most effective cross combinations for yield and its
components traits under both situations, these crosses exhibited considerable and high Specific Combining Ability
(SCA) in a favorable direction particularly under water stress conditions. Wab880 SG 33 x IRAT112 exhibited
significant and favorable estimates of heterosis and heterobeltiosis for root and agro-physiological traits. Sakhal07
x ARS.105-2-1-1-2 indicated the same for yield and its components traits in both situations.
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INTRODUCTION

Rice (Oryza sativa L.) is the second most crucial food
crop globally and encounters substantial obstacles in
production and yield consistency caused by drought stress,
especially in rainfed regions. Developing drought-tolerance
rice through breeding is challenging due of the complexity of
component qualities, screening methods, and environmental
interactions. Drought stress, resulting from water scarcity,
significantly endangers rice farming, causing significant
financial damages, particularly in the face of worldwide climate
change. Rice agriculture in Egypt is often affected by dryness,
particularly near the ends of canals, emphasizing the urgent
requirement to drought-resistant types. Obstacles in developing
drought-resistant rice involve sufficient knowledge about the
genetic and combining capabilities of drought tolerance traits,
as well as gaps in understanding physiological qualities and
mechanisms connected to drought. The effectiveness of plant
breeding initiatives focused on enhancing drought resistance in
rice relies heavily on the careful choice of parents for
crosshreeding and a comprehensive comprehension of gene
activities affecting important features.

Drought resistance is a plant's ability to produce its
highest economic output when water is scarce. This
characteristic is complex and depends on a variety of
morphological, biochemical, and physiological reactions and
how they interact. Drought escape is when a plant can finish
its life cycle before soil water deficits occur, while drought
avoidance is the ability of plants to keep high tissue water
potential even with low soil moisture. Drought tolerance refers
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to a plant's capacity to survive in conditions of reduced tissue
water content, as defined by [(Zhu et al., 2020). Drought's
detrimental effects on crop development and yield reduction
are determined by elements like the degree, duration, and
timing of the stress, as well as the plant's growth stage.

Plant root characteristics are essential for enhancing
productivity in times of drought. The growth and productivity of
crops in conditions of water scarcity depend on the structure and
growth of the rice system. Forecasting rice yield under water
scarcity requires taking into account characteristics like root mass
(dry weight) and length (Comas et al., 2013). Different reactions
are noted in root development traits when exposed to water stress.
(Manivannan et al., 2007) Observed that rice root length
increased under drought stress because of higher levels of
abscisic acid in the roots. Rice varieties with broad and prolific
root systems generally show improved adaptation to drought
conditions. Deep root systems, coarse roots, extensive branching,
and a high root to shoot ratio are crucial characteristics for
drought tolerance in rice genotypes. Rice root morpho-
physiological characteristics are crucial in influencing shoot
development and total grain production in the presence of
drought conditions.

Leaf growth is hindered by reduced water potential under
drought stress circumstances. Impaired water transport from
xylem to other cells, along with lower turgor pressure caused by
water scarcity, results in insufficient cell growth and decreased
leaf area crops. The changes appear as smaller leaves, withering
leaves, decreased leaf area index, and hindered vascular system
development (Rollins et al., 2013). Leaf rolling and premature
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senescence are notable traits that can be seen in plants
experiencing drought stress. Several leaf characteristics,
including larger flag leaf area, leaf area index, and leaf relative
water content, have been used to identify drought-resistant
genotypes (Hussain et al., 2018, Farooq et al., 2009, Mishra and
Panda, 2017, Hassan, 2017). Photosynthesis, a vital metabolic
activity essential for crop development and yield, is negatively
impacted by water scarcity or drought conditions. Chlorophyll
levels in leaves and the presence of water in the root zones are
important elements that lead to decreased production in
vulnerable rice varieties when exposed to drought. Water scarcity
negatively affects different physiological traits of rice, resulting in
reductions in relative water content and chlorophyll content
(Pandaetal., 2021, Zhu et al., 2020, Mishra et al., 2018).

During drought stress, different physiological
processes are negatively impacted, leading plants to adjust to
harsh conditions. Optimize physiological factors and
processes are essential before implementing breeding
programs to improve production in dry situations. Drought
affects many growth phases of plants, resulting in decreased
plant height, panicle length, number of panicles per plant, and
grain fullness, while also increasing sterility percentage.
Collectively, these factors greatly reduce grain production.
This emphasizes the importance of understanding and dealing
with the physiological characteristics of plants in drought
conditions to develop methods for reducing negative impacts
and increasing productivity in difficult environmental
conditions (Hassan et al., 2013, Hassan, 2017, Hassan, 2013,
Hassanetal., 2016, Hassan et al., 2023, Abdelaty et al., 2022).

Combining ability is the ability of a parent line in hybrid
combinations. It plays a crucial role in choosing the best parents
for hybrid combinations and comprehending the characteristics
of genetic diversity. This technique is effective for evaluating the
gene action related to quantitative traits (Baker, 1978). General
combining ability (GCA) is defined as the average performance
of a line within hybrid combinations, while specific combining
ability (SCA) occurs when certain hybrid combinations perform
either better or worse than expected based on the average
performance of the parent inbred lines included. GCA in random
people is related to additive gene effects, while SCA is connected
to dominance and epistatic gene effects. GCA effects represent
the heritable portion of genetic diversity that can be improved and
are essential for creating superior genotypes. SCA is an inherent
aspect of genetic diversity that cannot be altered and is beneficial
for understanding hybrid performance. The GCA/SCA ratio is
examined as a measure of genetic variability in a diallel study. It
predicts the sort of genetic influence that regulates certain traits
(Quick, 1978, Sayed, 1978). A high ratio indicates that the
influence of the additive genes is dominant. A ratio below one
indicates that nonadditive genes have a significant influence on
determining a specific trait. When the genetic component of
variance (GCA) exceeds the environmental component of
variance (SCA), the additive genetic effects are more
pronounced. Alternatively, non-additive or dominant genetic
variant are common. A ratio closer to one indicates more additive
genetic effects.

First introduced the concept of “heterosis” in 31.
Heterosis, as a commercial concept, refers to the level of hybrid
performance compared to the best parent line available
(Flintham et al., 1997) stated that heterozygosity is a crucial
element of heterosis and can occur when overdominance at a
single locus is the primary factor contributing to heterosis.

Heterosis is a crucial factor in plant enhancement, and research
will persist across various plant species. It has been effectively
used despite the fact that its genetics foundation remains mostly
undetermined (Hallauer, 1999). This study focuses on the latest
advancements in the physiological characteristics, root
development, and production of rice in relation to drought
tolerance. The current study aimed to assess the combining
capacity of physiological, root and yield factors in order to find
superior combiners for the development of a population with
desirable genes for these qualities in rice.

MATERIALS AND METHODS

Botanical specimens and field traits

Inthe summer of 2022, a half diallel set was created using
eight local and foreign rice genotypes: Sakha 107, Giza 177, Wab
880 SG 33, Sakha 105, IET 1444, Sakha 103, IRAT 112, and
ARS. 105- 2- 1- 1- 2 excluding reciprocals in the Experimental
Farm of Sakha Rice Research and Training Center farm in
Sakha, Kafr El-Sheikh, Egypt. Parents and F1s were assessed in
two distinct irrigation experiments, in the first experiment,
conducted under normal conditions, irrigation occurred every
four days at a rate of 6000 m3/fed. In the second experiment,
conducted under deficit conditions, irrigation took place every
twelve days at a rate of 3500 m®/fed was measured by the counter.
The amount of water used was monitored using a water meter.
Two studies were conducted using a randomized complete block
design (RCBD) with three replications in the summer of 2023.
Each genotype, including parents and F1, was planted in four
rows in each replicate. The row was five meters long with
spacing of 20 x 20 cm between rows and plants, individual
seedlings that were 30 days old were transplanted each hill. The
prescribed cultural practices were adhered to in both cases. For
root measurements, 20 rice plants from each genotype were
individually grown in separate plastic bags. The bag had a
diameter of 20 cm and a height of 0.5 m with openings on the top
and two sides. Bags were positioned in the basin treated with
water deficiency. The studied root traits, root length (cm), root
volume (cm®) and root/soot ratio were scored at the maximum
tillering stage. To measure these traits, the plastic bag containing
the soil and roots was pulled out from the basins. The lowest
visible root in the soil after removing the plastic bag was scored
as the maximum root length (in centimeters). The body of soil
and roots was cut from the basal node of the plant and the soil
was washed away carefully to collect roots. The following
characteristics were examined and measured: root length (cm),
number of roots per plant, root volume (cm?®) and root/soot ratio,
days to 50% heading, plant height (cm), chlorophyll content,
panicle length (cm), number of panicles per plant, number of
filled grains per panicle, sterility percentage, 1000-grain weight
and grain yield per plant in grams. These measurements were
conducted as per reference (IRRI, 1996).

Relative water content (R.W.C): was calculated using
the method described in reference (Barrs and Weatherly,
1962). The flag leaf area(cm?), measured in square
centimeters, was determined during the flowering stage using
the manual approach suggested by reference (Yoshida et al.,
1962). Leaf rolling and leaf firing were quantified on a scale
of 1-9 from plant leaves to assess drought tolerance. The data
was collected using visual estimation following the procedure
outlined by reference (De Datta et al., 1988).

Combining ability was assessed following the
methodology outlined in reference (Griffing, 1956).
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Significance Tests were conducted for both general and specific
combining abilities using mean squares. The abbreviation
"M.S." is often used to refer to a Master of Science degree.
Exempli gratia and Master of Science. Master of Science
(M.S.) Referred to as technique 2, model 1 in reference
(Griffing, 1956). Heterosis was evaluated as the difference
between the F1 mean value and the mean values of the mid-
parent and better-parent, as recommended by references
(Matzinger et al., 1962) and (Fonsecca and Patterson, 1968).
The formulas used to calculate mid-parent (MP) and better-
parent (BP) heterosis for all the traits are as follows:

F1- MP

MP

S.E.(F1 - MP) = ,/3Me / 2r

F1
Heterosis over the better — parent =

S.E.(F1-BP) =,/2Me /1

Where, Me represents the error mean squares for parents and Fls
from an individual environment; MP stands for mean mid-
parent value, calculated as the average of P1 and P2; P1 denotes
the mean performance of parent one; P2 indicates the mean
performance of parent two; BP represents the mean of better-
parent value; and r represents the number of replications.

RESULTS AND

Heterosis over the mid — parent = x100

- BP

x100

Results
Analysis of variance (ANOVA):

The analysis of variance showed that mean squares for
genotypes were significant for all rice traits except leaf rolling and

leaf firing under normal conditions, and root/shoot ratio under
both conditions (Tables 1 and 2). The variance attributed to
genotypes was subdivided into parents. Significant differences
were seen among parents for all traits except leaf rolling and leaf
firing under normal settings, as well as root/shoot ratio under both
situations. This suggests abroad genetic diversity among parents
for most features. The mean squares for all feature showed
significance except leaf rolling and leaf firing under normal
conditions, and root/shoot ratio under both conditions. Parental
comparisons using analysis of variance showed significant
differences in all crosses, except for leaf rolling and leaf firing
under normal conditions, and root/shoot ratio under both
conditions. In F1 populations, the ratio of general combining
ability (GCA) and specific combining ability (SCA) variances
was greater than one for all root traits except number of roots per
plant under water deficit conditions, and for all agro-
physiological traits except no. Of days to 50% heading, plant
height, sterility%, no. of panicles/plant, no. of filled grains/panicle
and grain yield/plant under both conditions, leaf rolling and leaf
firing under normal conditions, and chlorophyll content under
water deficit conditions. This indicates that additive gene action
predominates over non-additive gene action in these traits under
both conditions. Non-additive effects were more noticeable in
yield component qualities such as grain yield per plant,
suggesting that enhancing their genetics under normal and water
deficit situations was a challenging task.

Table 1. Mean average squares of diallel analysis for root and physiological parameters in both normal and water

deficiency circumstances.

SOV Reps. Genotypes Parents Crosses Pa.vs.Cr. Error  GCA  SCA  Error  GCA/SCA
O df 2 35 7 27 T 70 7 28 70
Root length (cm) N 062 7003~ 9018~ 6618 3280~ 154 1088~ 197/* 051 552
9 D 178 3528% 5036% 2060** 8288** 098 5200** 170* 033 3.05
5 N 1953 2306 3863 1202%* 1880.0* 938 2756 2710 313 101
Root volume (cm’) D 16  1705% 3102% 117.9*% 6133** 899 2193** 1623** 30 135
No. of roots/olant N 1284 51220~ 11537/ 3479.0"* 45050 10.7 7639%* 2245 357 340
: P D 1345 6638 660.6%* 586.0** 2787.0** 899 7239%* 9564%* 30 0.75
- N 0002 0.1 0.19 0.08 002 000 016 0001 00005 160
Root/shoot ratio D 0003 008 0.13 0.06 002 0001 012 0001 00005 120
| eaf roflin N 103 0.73 0.86 0.68 117 022 069 013 007 053
9 D 203 391*  500% 326% 131** 02 554 025 007 221
eaf firin N 158 058 064 03 771~ 018 021 019 006 0.11
9 D 226 199%  252*  188% 937* 019 249* 021 006 118
N 1036 215/ 3541 182.7°* 6080~ 458 3363 490~ 153 6.86
Flag leaf area (cm’) D 821 1614% 2A50%% 1448k 2072%% 39 2571% 297%% 13 8.65
: N 502 6835 1280 5470 1953 153 10L8* 303~ 051 335
Relativewatercontent 1y 3'g3  g3ugex  1639%%  7864** 001 1 1370% 464 033 295
N 710 2109 2969~ 1805** 4301 393 2885** 158 131 182
Chlorophy!l content D 1836 2072 27.90%% 1881** 2120%* 535 2206 280 178 079

* and ** are statistically significant at the 0.05 and 0.01 probability levels, respectively.
Table 2. Mean squares of diallel analysis for yield and its related features in both normal and water deficiency conditions.

SOV Reps. Genotypes Parents  Crosses Pa.vs.Cr. Error  GCA SCA  Error GCA/SCA
0. afr 2 e 7 1 70 7 % 70
Days 0 50% heading N 6.86  4L15™ 3810 4344 06 536 2633 1056 179 024
(day) D 741 5646%  6236*%  5547%% 4200 391 4519%% 1223 13 036
plant height (o) N 67 260757 48286 182437 82076 000 228677 5L49* 333 044
D 1733 45351%* 50721%% 37480%% 20003** 928 43875 7928 309 055
: N 446 1585 23287  1304%* 2970 124 1044%* 174* 045 LIl
Paniclelength (Cm) {75  1gi15wx  20091% 15450 57700 098 2407%* 155 033 155
Serliy % N 510 12207 6L 12007 6507 14 5827 366~ 047 015
D 383 2580%  4040% 2180 3320 10 1910 600 033 031
: N 144 63007 125/ 5504%% 60052% 114 4L4D* 1593* 038 0.5
No.ofpaniclesiplant 1y 775 1750, 123 gopv* 2600 008 1169 441 033 026
No. of filled grainsy N 2844 128456 1307.00% 132512%% 31727 1564 49537 41130 521 012
panicle D 24 91853 135204 80634** 01311** 06 64823% 22066** 32 029
— N 337 28737 60427 20197 1033 13l 4308™ 120 044 359
1000-grainweight () 778  2751%  5RE** 1804 4101 098 3799 197 033 192
Granyiedpant @ N 2L79 20273% 12064 1IrAf% 308007 10 135327 H0e4r 333 026
D 147 12543 16404 8A14%* 06002%* 871 11771% 2283 29 051

*and ** are statistically significant at the 0.05 and 0.01 probability levels.
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Analysis of root, physiological and yield characteristics in
both normal and water deficiency conditions:

Figures (1 and 2) indicate that Wah880 SG33
exhibited the highest values for root and most of physiological
traits in normal and water deficit conditions. Meanwhile,
Sakha 107 showed the highest values for root/shoot ratio and
all physiological traits except flag leaf area in both conditions.
The IET 1444 rice genotype had the greatest root length,
volume, number of roots per plant, root-to-shoot ratio, leaf
rolling and leaf firing under both conditions. IRAT112 rice
genotype exhibited the highest root-to-shoot ratio, leaf rolling,
flag leaf area, and relative water content under both
circumstances. The results indicate that Wab880 SG33 and
IET1444 were the top performing rice genotypes for root and
physiological parameters in both normal and water stress
conditions. The tallest plants favored by rice breeders under
water deficit conditions were found in Wab880 SG33,
followed by IRAT 112 and ARS 105-2-1-1-2. Conversely,
the shortest and earliest plants were seen in Giza 177 and
Sakha 103 rice varieties under both normal and water deficit
conditions. Among the rice cultivars, IET 1444 and Wab880
SG33 were the most recent. IRAT 112, IET 1444, and
Wah880 SG33 had the longest panicle lengths of 29.0 and
235 cm, 238 and 21.7 cm, and 23.3 and 21.1 cm,
respectively, under normal and water deficiency
circumstances. WABB880 SG33 had the lowest sterility
percentage, followed by IET 1444 and ARS 105-2-1-1-2 rice
genotypes, under both normal and water shortage conditions
when compared to other cultivated parents. IET 1444 had the
highest number of panicles per plant and number of filled
grains per panicle, followed by Giza 177, in both normal and
water shortage circumstances. WAB880 SG33 was identified
as the rice cultivar with the highest grain weight, weighing
32.6 and 31.0 g/1000 grains in regular and water deficient
circumstances, respectively. The average grain yield values of
the parents ranged from 17 to 37 g/plant for Gizal77 and from
39 to 53 g/plant for IET1444 under normal and water
deficiency circumstances, as shown in Figures 3 and 4.
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Figure 1. Average parental performance for root
characteristics in both normal and water
deficiency circumstances.

The average performance of the characters analyzed
for both parents and their F1 crosses may be found in Tables
3, 4,5, and 6. Sakhal07 x IET1444 and Wabh880 SG 33 x
IET1444 showed the longest root length, greatest root
volume, numerous roots, and the highest root-to-shoot ratio.
IET1444, used as the male parent in both cases, proved to be
a beneficial contributor for enhancing root characteristics.
Furthermore, in the rice crosses Wab880 SG 33 x IET1444
and Wab880 SG 33 x IRAT112, various leaf traits were
observed. The former had low leaf rolling and firing values
but high flag leaf area and relative water content values in
both conditions. The latter had low leaf firing values but high
while the mean values of Wah880 SG 33 x IRAT112, rice
cross were low for leaf firing, high for leaf area index and
relative water content values. Wab 880 SG 33 was a female
parent in both crosses and showed potential as a donor for
enhancing leaf traits. Among the two rice crosses, Sakha 107
x Wab 880 SG 33 and Sakha 107 x IRAT 112, which both
involved the top general combiner, SakhalO7 exhibited a
higher Chlorophyll content compared to itself as a parent.
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Fig. 3. Average parental performance for vegetative features
in regular and water deficient environments.
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Most rice crosses matured in less than 100 days,
particularly in times of water scarcity, making them ideal for
identifying early maturing rice varieties. The F1 mean values
of plant height ranged from 80 cm for (Gizal77 x IET1444)
to 115 cm for (Sakhal07 x Wab880 SG 33) rice crosses in
situations of water deficit. The plant height of twenty-two rice
crosses under water deficit conditions was ranged from 80 to
110.30 cm, meeting the desired criteria set by rice breeders for
optimal plant height under water stress to prevent lodging and
facilitate mechanical harvesting. The hybrids IET1444 x
IRAT112 and IET1444 x ARS.105-2-1-1-2, as well as
Sakhal05 x IRAT112, exhibited the longest panicles in both
environments. The rice crosses Sakhal05 x ARS.105-2-1-1-
2, Sakhal07 x Wab880 SG 33 and Sakhal07 x SakhalO5
exhibited the lowest estimated levels of sterility % under both
conditions. High 1000-grain weight was recorded for the
crosses Wah880 SG 33 x SakhalO5, Wah880 SG 33 x
IRAT112, and Gizal77 x Wab880 SG 33 in both
circumstances. In two rice crosses (Sakhal07 x ARS.105-2-
1-1-2 and Sakhal05 x ARS.105-2-1-1-2), traits such as grain
yield/plant, number of panicles/plant and number of filled
grains/panicles were higher than the highest parent in both
conditions. The male parent, ARS.105-2-1-1-2, showed
higher values for panicle number, filled grains, and grain yield

compared to the female parent, ARS.105-2-1-1-2. Over-
dominance played a significant role in the inheritance of these
traits in these crosses under both conditions as shown in
Tables 5 and 6.
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Fig. 4. Average performance of parents for yield characteristics
in regular and water deficient environments.

Table 3. Mean performance of crosses in terms of root length, root volume, number of roots per plant, and root/shoot
ratio under both normal and water deficiency situations.

Traits Root length (cm)  Root volume (cm®) No. of roots/plant Root/shoot ratio
Crosses N D N D N D N D
Sakha 107 27.30 20.00 39.60 35.00 145.30 94.00 0.66 0.44
Giza 177 17.00 15.00 29.60 20.00 150.00 106.00 0.37 0.23
Wab880 SG 33 31.00 24.00 54.00 43.00 189.60 110.00 0.74 0.65
Sakha 105 26.00 20.00 44,00 37.00 159.30 100.00 051 0.42
IET 1444 30.00 22.00 63.00 46.00 304.00 120.00 1.23 091
Sakha 103 20.00 14.00 33.00 22.00 176.00 76.30 0.59 0.40
IRAT 112 30.00 21.00 35.00 21.00 125.30 85.60 0.75 0.68
ARS. 105-2-1-1-2 28.00 21.00 37.00 29.00 185.60 105.00 0.64 0.50
Sakhal07 x Gizal77 23.00 19.00 40.60 30.00 217.00 120.00 0.49 0.40
Sakhal07 x Wab880 SG 33 33.30 24.00 53.60 42.00 203.60 103.00 0.68 051
Sakhal07 x Sakha 105 29.00 23.00 56.00 41.00 223.60 109.00 0.62 0.45
Sakhal07 x IET1444 35.00 27.00 60.00 44.00 284.60 110.00 0.97 0.82
Sakhal07 x Sakhal03 24.00 19.00 48.00 30.00 215.00 85.30 0.61 041
SakhalO7 x IRAT112 34.00 25.00 47.00 34.00 191.60 100.00 0.78 054
Sakhal07 x ARS.105-2-1-1-2 30.00 24.00 50.00 35.60 252.30 106.00 0.64 0.51
Gizal77 x Wab880 SG 33 25.00 21.00 46.00 34.00 178.00 97.60 0.59 047
Gizal77 x Sakhal05 22.00 20.00 52.00 39.00 183.00 109.60 0.48 0.32
Gizal77 x IET1444 24.00 20.00 56.60 41.00 202.30 130.00 0.89 0.67
Gizal77 x Sakhal03 18.30 16.00 42.00 29.00 183.00 93.00 0.46 0.35
Gizal77 x IRAT112 25.00 22.00 44.00 26.00 168.30 100.00 0.63 051
Gizal77 x ARS.105-2-1-1-2 23.00 19.00 47.00 29.00 216.00 126.00 0.52 0.39
Wah880 SG 33 x Sakhal05 28.00 24.00 60.00 42.00 153.60 94.30 0.68 0.52
Wah880 SG 33 x IET1444 34.00 27.00 63.00 50.00 259.00 130.00 0.96 0.89
Wabh880 SG 33 x Sakhal03 26.00 22.00 51.00 33.00 199.00 102.30 0.68 0.54
Wah880 SG 33 x IRAT112 36.00 29.00 45,00 35.00 163.60 111.60 0.78 0.70
Wah880 SG 33 x ARS.105-2-1-1-2 33.00 25.00 49.60 41.00 203.60 125.00 0.72 0.68
Sakha 105 x IET1444 29.30 24.00 66.00 52.00 220.60 113.60 0.88 0.75
Sakha 105 x Sakhal03 22.00 18.00 51.30 37.30 188.00 89.30 0.61 041
Sakha 105 x IRAT112 30.00 25.00 54.00 40.00 148.60 98.00 0.78 0.53
Sakha 105 x ARS.105-2-1-1-2 29.00 23.00 57.30 42,00 203.30 123.00 0.64 0.54
IET1444 x Sakhal03 23.00 18.00 52.00 34.00 240.30 112.30 0.87 0.70
IET1444 x IRAT112 35.00 27.00 56.30 37.00 212.30 125.00 1.08 0.84
IET1444 x ARS.105-2-1-1-2 31.00 24.00 61.00 40.00 280.30 133.00 0.98 0.79
Sakhal03 x IRAT112 26.00 21.00 44.00 29.00 189.00 97.00 0.73 0.50
Sakhal03 x ARS.105-2-1-1-2 24.30 19.00 49.00 38.00 219.60 120.00 0.66 0.48
IRAT112 x ARS.105-2-1-1-2 31.00 24.00 51.00 41.00 185.00 132.30 0.74 0.70
L.S.D: 0.05 2.03 161 5.00 49 5.34 490 0.07 0.07
L.S.D:0.01 270 215 6.65 6.51 7.10 6.51 0.09 0.09

703



El-Naem, S. A. et al.

Table 4. Mean performance of crosses for leaf rolling, leaf firing, flag leaf area, relative water content, and chlorophyll
content in both normal and water deficiency circumstances.

Traits Leafrolling  Leaffiring  Flag leaf area (cm?) Relative water content  Chlorophyll content
Crosses N D N D N D N D N D
Sakha 107 100 400 200 400 29383 20.20 90.16 82.13 48.03 43.56
Giza 177 200 6.00 300 500 3173 17.00 71.06 65.63 42.10 35.70
Wab880 SG 33 100 400 200 400 44.06 36.03 91.03 80.10 48.23 41.16
Sakha 105 200 500 200 500 26.23 16.26 83.30 70.03 45,06 35.33
IET 1444 100 300 200 300 29380 23.20 90.03 78.13 39.03 35.73
Sakha 103 200 700 300 6.00 26.00 14.26 62.10 57.03 47.03 38.03
IRAT 112 100 400 200 400 4073 30.03 90.46 81.26 46.23 39.16
ARS. 105-2-1-1-2 200 400 200 4.00 3173 22.20 88.16 79.06 45.26 41.10
Sakhal07 x Gizal77 133 466 166 366 3420 18.30 86.66 77.06 46.00 38.53
Sakhal07 x Wah880 SG 33 133 266 166 366 3823 30.23 93.13 84.00 51.00 43.00
Sakhal07 x Sakha 105 233 366 166 366 3216 18.20 85.06 76.16 46.00 38.23
Sakhal07 x IET1444 133 266 100 266 3213 2413 91.13 80.13 45,00 40.16
Sakhal07 x Sakhal03 233 466 166 466 28.00 16.06 77.26 68.16 50.00 4213
Sakhal07 x IRAT112 133 266 166 266 3580 24,03 93.23 85.06 51.00 43.10
Sakhal07 x ARS.105-2-1-1-2 133 266 166 266 3420 23.06 91.26 81.30 47.00 42.90
Gizal77 x Wab880 SG 33 233 466 100 366 4004 24.16 85.23 73.10 46.00 37.10
Gizal77 x Sakhal05 233 466 166 466 3106 19.16 76.53 68.03 44.00 36.26
Gizal77 x IET1444 233 366 166 400 33.03 20.03 8343 74.26 43.00 3753
Gizal77 x Sakhal03 233 566 266 466 27.80 15.26 68.30 63.16 46.00 40.06
Gizal77 x IRAT112 233 466 166 366 3510 22.03 84.26 76.13 48.00 40.76
Gizal77 x ARS.105-2-1-1-2 233 466 166 366 3323 19.10 79.13 72.26 47.00 42.66
Wab880 SG 33 x Sakhal05 233 366 166 366 3520 21.03 88.20 77.00 49.00 42.80
Wah880 SG 33 x IET1444 133 200 166 266 39.60 31.06 95.90 83.20 43.00 38.60
Wah880 SG 33 x Sakhal03 233 466 100 466 3220 18.26 79.06 69.00 51.00 39.16
Wab880 SG 33 x IRAT112 133 266 166 266 46.00 37.13 93.00 85.00 49.00 40.60
Wabh880SG33x ARS.105-2-1-1-2 133 266 166 366 3506 28.00 92.56 82.30 47.00 42.10
Sakha 105 x IET1444 166 366 166 366 27.26 19.16 88.16 74.10 43.00 38.13
Sakha 105 x Sakhal03 166 566 166 466 26.76 18.06 72.20 61.00 48.00 37.20
Sakha 105 x IRAT112 166 366 1.00 366 3580 25.10 87.26 76.06 47.00 37.76
Sakha 105 x ARS.105-2-1-1-2 166 366 166 366 30.06 20.16 85.00 75.00 47.00 40.06
IET1444 x Sakhal03 166 466 166 366 29.00 17.16 79.13 67.30 43.00 34.00
IET1444 x IRAT112 100 133 166 266 3493 26.26 94.00 79.26 44.00 36.66
IET1444 x ARS.105-2-1-1-2 100 266 166 266 34.00 2523 93.26 81.00 43.00 38.20
Sakhal03 x IRAT112 166 466 166 466 34.23 23.06 70.13 65.00 49.00 4113
Sakhal03 x ARS.105-2-1-1-2 166 466 166 466 2913 17.13 77.50 68.13 48.00 43.00
IRAT112 x ARS.105-2-1-1-2 133 266 166 333 3483 27.10 92.63 84.16 47.00 42.30
L.S.D: 0.05 076 073 070 072 202 1.63 350 323 0.76 0.73
L.S.D: 0.01 101 097 093 095 269 217 4.65 4.29 1.01 0.97

Table 5. Mean performance of crosses in terms of days to 50% heading, plant height, panicle length, and sterility
percentage, in both normal and water deficiency situations.

Traits Days to 50% heading (day) Plant height (cm) Panicle length (cm) Sterility %

Crosses N D N D N D N D

Sakha 107 97.3 94 104 81 2160 20.60 16.00 27.00
Giza 177 94 90 96 79 20.70 17.70 10.20 29.00
Wab880 SG 33 99.3 102 130 111 23.30 21.10 4.00 8.10
Sakha 105 96.3 94 109 87 23.00 19.20 6.40 16.10
IET 1444 104.3 100 124.3 91 23.80 21.70 3.00 5.20
Sakha 103 93.6 91 103.3 71 19.80 1450 10.70 35.20
IRAT 112 97 90 125 101 29.00 23.50 7.80 14.10
ARS. 105-2-1-1-2 94 97 123 97 22.40 18.70 3.10 5.00
SakhalQ7 x Gizal77 88 90 110 88 2250 21.40 33.70 45.00
Sakhal07 x Wah880 SG 33 97 98 130 115 25.30 23.30 6.20 14.10
Sakhal07 x Sakha 105 94 92 128 104 23.10 22.40 7.00 13.10
SakhalQ7 x IET1444 90 92 106 87 24.30 23.50 22.60 35.20
SakhalQ7 x Sakhal03 97.6 95 110 85 22.20 19.80 17.10 25.00
Sakhal07 x IRAT112 101 97 115 91 26.00 23.50 12.00 18.10
SakhalQ7 x ARS.105-2-1-1-2 97 104 131 110 23.80 22.00 12.30 15.20
Gizal77 x Wab880 SG 33 98 97 125 112 23.60 22.80 18.60 22.00
Gizal77 x Sakhal05 94 98 123.3 113 22.30 20.00 16.20 25.00
Gizal77 x IET1444 92.3 91 110 80 24.70 22.70 10.10 15.00
Gizal77 x Sakhal03 96.3 93 105 85 2250 17.90 15.30 37.20
Gizal77 x IRAT112 99.3 94 117 95 24.30 20.60 13.00 19.30
Gizal77 x ARS.105-2-1-1-2 90 91 115 86 20.00 18.20 24.10 30.10
Wab880 SG 33 x Sakhal05 97 94 125 114 24.60 22.80 22.90 36.00
Wah880 SG 33 x IET1444 103 105 126 112 25.30 23.90 14.20 18.00
Wab880 SG 33 x Sakhal03 100 97 125 100 24.00 1750 12.20 20.00
Wab880 SG 33 x IRAT112 102 98 130 112 26.40 23.60 10.10 16.10
Wah880 SG 33 x ARS.105-2-1-1-2 100 100 122 107 24.20 22.00 10.10 18.00
Sakha 105 x IET1444 91 94 122.6 102 24.80 21.90 9.20 13.30
Sakha 105 x Sakhal03 98.6 96 116.3 92 21.80 16.70 13.10 24.20
Sakha 105 x IRAT112 98.3 93 128.3 110 28.00 23.40 9.20 28.10
Sakha 105 x ARS.105-2-1-1-2 101 107 126 108 25.40 22.50 7.20 9.10
IET1444 x Sakhal03 98.3 95 129.6 104 22.70 18.90 10.10 19.20
IET1444 x IRAT112 99 95 120 106 30.10 24.50 8.00 16.00
IET1444 x ARS.105-2-1-1-2 96.6 102 126.3 110 27.60 23.70 16.20 21.00
SakhalO3 x IRAT112 98.3 94 127 94 24.90 19.50 9.00 23.30
Sakhal03 x ARS.105-2-1-1-2 96.3 99 1176 85 23.10 17.80 7.20 18.00
IRAT112 x ARS.105-2-1-1-2 96 94 121.6 110 25.60 21.90 9.30 13.00
LS.D:0.05 3.78 3.23 5.16 497 1.89 161 193 164
L.S.D:0.01 5.03 4.30 6.86 6.61 2.52 2.15 2.57 217
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Table 6. Mean performance of crosses in terms of panicles per plant, full grains per panicle, 1000-grain weight, and
grain yield per plant under both normal and water shortage situations.

Traits No. of panicles/plant No. of filled grains/panicle 1000-grain weight (§) Grain yield/ plant (g)

Crosses N D N D N D N D

Sakha 107 16.00 12.00 137 103 22.60 22.00 46.00 28.60
Giza 177 14.00 9.00 118 70 26.30 24.00 37.00 17.00
Wab880 SG 33 13.00 8.00 125 102 32.60 31.00 39.00 25.00
Sakha 105 15.00 10.00 111 83 28.00 24.00 45.00 21.00
IET 1444 19.00 14.00 172 141 21.00 19.00 53.00 39.00
Sakha 103 15.00 8.00 104 82 22.00 20.00 35.00 16.00
IRAT 112 13.30 9.00 120 101 31.00 26.00 35.00 28.00
ARS. 105-2-1-1-2 17.30 13.00 124 92 22.00 17.00 44.00 23.00
Sakhal07 x Gizal77 20.00 15.00 101 77 25.00 23.00 60.30 25.00
Sakhal07 x Wah880 SG 33 26.00 16.00 160 122 27.60 24.00 63.30 38.00
Sakhal07 x Sakha 105 28.00 13.00 127 112 26.30 25.00 62.00 33.00
Sakhal07 x IET1444 25.00 19.00 140 120 26.00 25.00 61.00 43.00
Sakhal07 x Sakhal03 18.00 12.00 126 103 25.00 23.00 53.00 26.00
Sakhal07 x IRAT112 17.00 13.00 145 117 29.00 27.00 57.30 39.00
Sakhal07 x ARS.105-2-1-1-2 28.00 18.00 179 131 24.00 22.00 62.00 39.00
Gizal77 x Wab880 SG 33 20.00 14.00 142 125 30.00 27.00 54.00 33.00
Gizal77 x Sakhal05 19.00 12.00 141 99 27.00 24.00 48.00 24.00
Gizal77 x IET1444 21.00 15.00 100 74 24.30 22.00 47.00 29.00
Gizal77 x Sakhal03 16.00 12.00 125 89 24.00 22.00 43.30 20.60
Gizal77 x IRAT112 17.00 13.00 131 93 28.60 27.00 49.30 35.00
Gizal77 x ARS.105-2-1-1-2 28.00 13.00 83 78 23.00 21.00 53.00 26.00
Wab880 SG 33 x Sakhal05 19.00 14.00 132 95 31.00 29.00 61.00 34.00
Wab880 SG 33 x IET1444 21.00 16.00 111 99 29.00 28.00 60.00 39.00
Wah880 SG 33 x Sakhal03 17.00 12,00 128 92 28.30 26.00 54.00 31.00
Wab880 SG 33 x IRAT112 20.00 13.00 132 115 34.00 30.00 53.00 36.00
Wah880 SG 33 x ARS.105-2-1-1-2 25.00 17.00 122 103 26.00 25.00 59.00 34.00
Sakha 105 x IET1444 22.00 12.00 91 84 26.00 25.00 60.00 27.00
Sakha 105 x Sakhal03 18.00 13.00 109 87 25.00 22.00 54.00 29.00
Sakha 105 x IRAT112 17.00 14.00 126 94 29.00 27.00 56.00 34.00
Sakha 105 x ARS.105-2-1-1-2 30.00 17.00 160 129 24.60 23.00 61.60 39.00
IET1444 x Sakhal03 17.30 14.00 149 114 23.00 21.00 42.00 30.00
IET1444 x IRAT112 18.60 15.00 158 121 26.60 25.00 54.00 33.00
IET1444 x ARS.105-2-1-1-2 28.00 16.00 126 122 24.00 22.00 58.00 36.00
Sakhal03 x IRAT112 17.60 12.00 110 94 26.00 23.00 44.00 27.00
Sakhal03 x ARS.105-2-1-1-2 17.30 14.00 118 97 23.00 21.00 46.60 29.00
IRAT112 x ARS.105-2-1-1-2 18.30 15.00 126 105 25.00 23.00 51.60 33.00
L.S.D: 0.05 1.74 161 6.46 5.06 1.87 161 5.16 482
L.S.D: 0.01 2.32 2.15 8.59 6.73 2.49 215 6.87 6.41

Effects of general and specialized combining ability on
root, physiological, and yield attributes under normal and
water deficiency situations.

The GCA impacts estimations showed that the parent
Sakha 107 exhibited strong combining ability for various traits
including plant height, No. of panicles/plant, No. of filled
grains/panicle, grain yield/plant, relative water content, and
chlorophyll content in both circumstances as depicted in Figures
5, 6, 7, and 8. Giza 177 parent may exhibit up to a 50% increase
in heading and plant height under both conditions. Furthermore,
Wah880-SG33 exhibited good combining abilities for several
traits such as sterility %, No. of filled grains/ panicle, 1000-grain
weight, root length, flag leaf area, relative water content, and
chlorophyll content in both environments. The father Sakha 105
demonstrated effective genetic recombination for the number of
root/plant under various situations. In addition, IET1444 was the
best general combiner for panicle length, sterility %, No. of
panicles/plant, No. of full grains/ panicle, grain yield/plant, all
root features, leaf rolling and relative water content under both
conditions. Parents with high mean values showed minimal
GCA effects, and those with low mean values showed large
GCA effects. Both intrinsic and GCA impacts should be
considered while selecting parents. The parent IET 1444 was
chosen as the top performer due to its high mean values and
significant general combining ability (GCA) for all root traits in
both circumstances. It also exhibited strong general combining
ability for these traits. None of the parents were deemed suitable
for all the qualities. Therefore, it would be beneficial to do
numerous crossings between the parents 1ET1444, \Wab880-
SG33, and Sakhal07 in order to select superior genotypes in the
segregating generations as shown in table 3. Estimates of general

combining ability impacts are a crucial measure of the capacity
of parental lines to produce high quality breeding populations. A
minimal or negative combining ability effect suggests a limited
capacity to pass on its genetic advantages to hybrids. The biggest
negative values have minimal consequences, save for sterility
percentage, length in days, plant height, leaf rolling and leaf firing
features. Furthermore, the IRAT112 rice tester was an effective
general combiner for enhancing several traits such as panicle
length, sterility percentage, 1000-grain weight, root length, root
volume, flag leaf area and relative water content under different
situations. Table (3) clearly showed that SakhalO7, IET 1444,
and Wab880-SG33 were identified as effective general
combiners for several features in various situations.

4 R N - 0 ..

Root length (cm)
Root volume (cm’)

2

0
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number of root/plant
Root/shoot ratio

Figure 5. General combining ability effects for root
characteristics in normal and water deficiency
settings.
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Fig. 6: General
combining ability effects
for physiological traits
under normal and water
deficit conditions.
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Figure 7. General combining ability effects on vegetative
features in both normal and water deficiency
circumstances.
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Figure 8. General combining ability effects on yield attributes
in normal and water deficiency settings.

Figures 5, 6, 7, and 8 display grain yield per plant, root
characteristics, and physiological factors. The parent IET144
was chosen as the best one due to its high mean values for many
root and physiological qualities, as well as being a strong
general combiner for these traits under both conditions.
Similarly, the Sakha 107 rice parent is likewise considered
excellent for certain yield components, root characteristics, and
physiological qualities under both circumstances.

The high specific combining ability effects were a result
of dominance and epistatic interaction between the crossing
parents non-fixable genes. The same can serve as an indicator to
assess the effectiveness of a specific crossbreeding combination
in utilizing heterosis. Table (7, 8,9, 10) demonstrates that five out
of 18 combinations had significant beneficial SCA impacts for
many investigated attributes, particularly under water deficit
conditions, Sakha 107 x ARS. 105-2-1-1-2, Giza 177 x IET
1444, \Wab880 SG 33 x IET 1444, Wah880 SG 33 x IRAT 112
and IRAT 112 x ARS.105-2-1-1-2. Most of these were obtained
from previous cross-breeding. The Sakha 107 x ARS.105-2-1-
1-2 hybrid showed superior performance in various aspects
such as panicles per plant, filled grains per panicle, grain
production per plant, root length, and resistance to leaf rolling
and firing under conditions of water deficiency. The hybrid
Giza 177 x IET 1444 showed the most effective cross
combinations for enhancing short plant height, lengthening
panicle length, increasing root/shoot ratio, and reducing
sterility under water deficit conditions. The cross combination
Wab880 SG 33 x IET 1444 was shown to be the most
effective for enhancing 1000-grain weight, root length, root
numbers and volumes, leaf rolling, and relative water content
in circumstances of water deficiency. The cross combination
Wab880 SG 33 x IRAT 112 has shown notable positive
benefits on specific traits like as 1000-grain weight, root
length, leaf firing, flag leaf area, and relative water content.
The cross combination IRAT 112 x ARS.105-2-1-1-2
showed strong specific combining ability (SCA) and involved
at least one parent with good general combining ability
(GCA) for all root characteristics, leaf rolling, and criterion
for selection superior hybrids. The crosses Sakha 107 x
Wab880 SG 33, Sakha 107 x IRAT112, Sakha 107 x
ARS.105-2-1-1-2, Sakhal77 x Sakhal05, Wab880 SG 33 x
Sakhal05, Wab880 SG 33 x sakhalO3, Sakhal05 x
Sakhal03, and Sakhal05 x IRAT112 showed positive SCA
effects for grain yield per plant in both conditions.

Hybrid vigor and hybrid belt effect on root, physiological,
andyield characteristics in both normal and water- deficit
environments:

Many crosses showed significant levels of heterosis
and heterobeltiosis favoring root, physiological, and yield
traits under both normal and water deficit conditions. Table
11 to 18 displays the estimations of heterosis and
heterobeltiosis for root, physiological, and yield parameters.
Significant positive heterosis and heterobeltiosis were
observed in root length for the crosses Sakha 107 x ARS.105-
2-1-1-2, Wab 880 SG 33 x IET 1444, and Wab 880 SG 33 x
IRAT 112 in rice. High significant positive estimates of
heterosis were found in root volume for Sakha 177 x IET
1444, Sakha 103 x ARS.105-2-1-1-2, and IRAT 112 x
ARS.105-2-1-1-2 crosses. The highest estimated values of
heterosis and heterobeltiosis were observed in specific crosses
for root length under both conditions. Conversely, highly
significant and negative estimates of heterobeltiosis were
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obtained in other crosses for root/shoot ratio under normaland  highest levels of heterosis and heterobeltiosis (-42.86% and -
water deficit conditions. Table 5 clearly demonstrates thatthe  33.33%, respectively) for leaf rolling when subjected to water
cross between Wab 880 SG 33 and IET 1444 displayed the  deficiency circumstances.

Table 7. Specific combining ability effects for root features in both normal and water deficiency environments.

Traits Root length (cm)  Root volume (cm?®) No. of roots/plant Root/shoot ratio
Crosses N D N D N D N D
Sakhal07 x Gizal77 -0.37 0.01 -1.79 -0.6 6.86**  1534**  -0.03 0.04*
Sakhal07 x Wah880 SG 33 166**  -029  4.24** 3.10* -5.70** 2.77 -0.02 -0.04*
Sakhal07 x Sakha 105 0.93 1.01* 174 -0.73 1433**  947* 0.01 0.01
Sakhal07 x IET1444 1.23* 0.91* 221 12 853  -523** 0.02 0.02
Sakhal07 x Sakhal03 -0.31 0.61 3.98* -1.23 -8.97** 570  -0.01 -0.01
Sakhal07 x IRAT112 1.76** 0.21 218 18 -4.64%* 0.64 0.04* -0.02
Sakhal07 x ARS.105-2-1-1-2 0.33 1.71%* 241 -0.6 540  -936**  -0.02 0.01
Gizal77 x Wab880 SG 33 -8.11* -619* -150** -13.03** -16.27** 093  -0.20** -0.24**
Gizal77 x Sakhal05 0.49 111* 244 3.13* 16.76** 3.44* 0 -0.03
Gizal77 x IET1444 -0.21 0.01 3.58* 4.07** -30.70**  8.07** 0.07*  0.05**
Gizal77 x Sakhal03 0.59 0.71 2.68 3.63* 213 -4.73**  -0.03 0.02
Gizal77 x IRAT112 -0.67 0.31 3.88** -0.33 15.13**  -6.06** 0.02 0.03
Gizal77 x ARS.105-2-1-1-2 -0.11 -019 4.11* -14 12.16**  3.94** -0.01 -0.03
Wab880 SG 33 x Sakhal05 -181** 019  4.48* -2.17 -11.80**  -7.46** 0.02 -0.02
Wab880 SG 33 x IET1444 149*  171**  294* 4.77%* 26.73**  1250**  -0.04* -0.03
Wab880 SG 33 x Sakhal03 004  141%*  4A71** -0.67 18.90**  9.04* 0.01 0.01
Wab880 SG 33 x IRAT112 2.03**  201**  -2.09 0.37 11.23**  10.04**  -0.01 0.02
Wab880 SG 33 x ARS.105-2-1-1-2 1.59** 0.51 -0.19 23 0.6 7.37%* 0.01 0.06**
Sakha 105 x IET1444 0.43 1.01** 111 3.93** -1157%*  -313* -003  0.05**
Sakha 105 x Sakhal03 -0.44 -0.29 0.21 0.83 7.93** -3.26* 0.03 0
Sakha 105 x IRAT112 -0.37 0.31 2.08 2.53 -3.74* -293* 008**  -0.03
Sakha 105 x ARS.105-2-1-1-2 1.19* 0.81 2.64 047 0.3 6.07** 0.02 0.04*
IET1444 x Sakhal03 -2.14%*  -139**  -2.66 -3.57* -6.54**  404** -0.05**  0.02
IET1444 x IRAT112 1.93**  121** 0.88 -1.53 -6.87**  8.37** 0.04* 0.01
IET1444 x ARS.105-2-1-1-2 0.49 0.71 2.78 -2.6 10.50** 0.37 0.02 0.02
Sakhal03 x IRAT112 -0.61 -0.09 231 203 21.96** 457 0.02 -0.04*
Sakhal03 x ARS.105-2-1-1-2 0.29 041 4.54** 6.97** 2 11.57** 0.03 -0.01
IRAT112 x ARS.105-2-1-1-2 -0.97  -099*%* 574** 9.00** -5,00**  1557**  -0.01  0.06**
SE(Sij):0.05 113 0.9 2.79 2.73 2.98 2.73 0.04 0.04
SE(Sij):0.01 151 12 371 3.63 3.96 3.63 0.05 0.05
SE(Sij-Skj)):0.05 1.82 144 4.48 4.38 478 4.38 0.06 0.06
SE(Sij-Skj)):0.01 242 191 5.95 5.82 6.35 5.82 0.08 0.08

*and ** refer to statistically significant at the 0.05 and 0.01 probability levels, respectively.

Table 8. Specific combining ability effects for physiological traits in both normal and water deficiency conditions.

Traits Leaf rolling Leaf firing Flag leaf area (cm?)  Relative water content  Chlorophyll content
Crosses N D N D N D N D N D
Sakhal07 x Gizal77 -058** 021 023 024 162** -042 4.04** 1.92* -0.38 -1.78
Sakhal07 x Wab880 SG33 -0.08 -042* 0.13 0.29 0 2.53** 0.16 1 1.79 0.55
Sakhal07 x Sakha 105 0.59** -0.19 007 -021 230* -0.65 -1.89 -0.2 -1.38 -1.76
SakhalO7 x IET1444 012 -012 -060** -0.24 0.39 1.68** -1.43 -1.04 0.83 0.81
Sakhal07 x Sakhal03 059~ -019 023 0.9 -0.7 -0.8 043 -1.04 1.13 0.98
Sakhal07 x IRAT112 0.09 -049* 007 -057** 081 -196** 1.63 2.12* 0.49 1.16
Sakhal07 x ARS.105-2-1-12 -0.11  -0.49* 0 -0.67** 2.01** 1.14* 044 -0.55 -0.62 -0.32
Gizal77 x Wab880SG 33 -001 1.61** 117* 0.99** -6.86** -847**  -12.66** -9.28**  -452**  -3.66™*
Gizal77 x Sakhal05 -001 -049* -023 016 0.84 2.55** -1.18 -0.24 -0.79 -0.64
Gizal77 x IET1444 0.52* -042* -0.23 0.46* 0.93 -0.19 0.11 118 142 127
Gizal77 x Sakhal03 -001 -049* 047 -044* -126* 0.64 0.71 2.05* -0.28 2
Gizal77 x IRAT112 049* 021 023 -021 -1.86** -lL72** 191 1.28 2.08* 191
Gizal77 x ARS.105-2-1-1-2  0.29 0.21 03 -0.31 0.69 -0.59 -2.45** -15 1.97* 2.53*
Wab880 SG 33 x Sakhal05 0.49* -0.12 013 -031 068  -457** 014 0.87 1.38 3.76**
Wab880 SG33 x IET1444 0.02 -0.72~ 013 -034 185 186 2.23* 2.26* -141 0.2
Wab880 SG 33 x Sakhal03 0.49* -0.12 -083** 0.09 -251** -535** 113 0.03 1.89* -1.04
Wab880 SG 33 x IRAT112 -001 -042* 013 -0.67* 339** 4.39* 0.29 2.29* 0.25 -0.39
Wah880 SG 33xARS.1052-1-12 -0.21  -0.42*  0.07 023 -313** 068 0.64 0.69 -0.86 -0.17
Sakha 105 x IET1444 0.02 0.18 0.07 016 -212%* -119* 051 -0.2 042 2.19*
Sakha 105 x Sakhal03 -051* 011 -0.23 -041* 0.42 3.30** 0.27 -1.33 0.72 -0.55
Sakha 105 x IRAT112 -001 -019 -060** -017 155** 121** 057 0 0.08 -0.77
Sakha 105 xARS.105-2-1-1-2 -0.21  -0.19 0 -0.27 0.24 0.34 -0.92 0.02 0.98 0.25
IET1444 x Sakhal03 0.02 0.18 023  -044% 0.78 -1.20* 16 0.16 -1.07 -3.11**
IET1444 x IRAT112 -014  -012 0.07 -0.21 -1.19* -1.23** 17 -1.61 0.29 -1.23
IET1444 x ARS.105-2-1-1-2 -0.34  -0.12 0 031  229**  180** 174 121 0.18 -0.98
Sakhal03 x IRAT112 001 -019 -023 023 1.15* 1.16* -6.44** -3.91** 0.59 143
Sakhal03 x ARS.105-2-1-12 -0.21  -0.19 0.3 0.13 0.47 -0.71 171 0.32 048 2.02
IRAT112 x ARS.105-2-1-1-2 -0.04  -0.49* 0 0.03 -173** 0.13 2.07* 2.61** -0.16 0.53
SE(Sij):0.05 043 041 0.39 0.4 113 0.91 1.95 18 18 211
SE(Sij):0.01 0.57 0.54 0.52 0.53 15 121 2.59 2.39 24 28
SE(Sij-Skj)):0.05 0.68 0.66 0.62 0.64 18 1.46 3.12 2.88 29 3.38
SE(Sij-Skj)):0.01 0.9 0.87 0.82 0.85 2.39 1.94 4.14 3.83 3.85 4.49

*and ** refer to statistically significant at the 0.05 and 0.01 probability levels, respectively.
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Table 9. Specific combining ability effects for Agronomic features under both normal and water deficiency environments.

Traits Days to 50% heading (day)  Plant height (cm) Panicle length (cm) Sterility %
Crosses N D N D N D N D
Sakhal07 x Gizal77 -5,04** -2.27* 2.26 0.76 0.57 0.58 13.98**  14.49**
Sakhal07 x Wah880 SG 33 -111 -0.17 7.69** 9.16** 1.49*%* 0.57 -8.62** -7.29%*
Sakhal07 x Sakha 105 -1.08 -3.07** 11.23*%*  6.72** -0.27 0.67 -7.33**  -10.36**
Sakhal07 x IET1444 -6.34** 427 12.74%*  -6.88** -0.2 0.33 8.41** 14.99**
Sakhal07 x Sakhal03 1.89 1.03 -1.74 0.72 0.32 1.17* 1.96** -4.08**
Sakhal07 x IRAT112 3.72%* 3.63** -391**  -6.61** -0.13 0.18 -1.16* -3.46**
Sakhal07 x ARS.105-2-1-1-2 2.06 6.03** 12.43*%*  13.42** 0.62 0.53 -1.56** -3.61**
Gizal77 x Wab880 SG 33 -2.78** S5.97%  2244%%  2344%* 216 -3.22** -5.45%* 4.41%*
Gizal77 x Sakhal05 0.26 5.13** 10.43**  18.12** -0.12 0.14 0.99 -1.68**
Gizal77 x IET1444 -2.68* -3.07** -2.87 -11.48** 111* 1.34** -5.00** -8.34**
Gizal77 x Sakhal03 1.89 123 -2.87 3.12* 1.57** 1.08* -0.68 4.89**
Gizal77 x IRAT112 3.39** 2.83** 1.96 -0.21 -0.92 -0.91* -1.0 -5.49**
Gizal77 x ARS.105-2-1-1-2 -3.61** -4.77%* 0.29 -8.18** -2.34** -1.46** 9.45** 8.08**
Wab880 SG 33 x Sakhal05 -1.81 477 =247 152 0.23 0.97* 12.63**  18.42**
Wab880 SG 33 x IET1444 2.92%* 5.03** -1.44 2.92* -0.13 0.63 4.03** 3.77**
Wab880 SG 33 x Sakhal03 0.82 -0.67 2.56 0.52 1.22* -1.23** 1.12* -3.14%*
Wab880 SG 33 x IRAT112 132 0.93 0.39 -0.81 -0.63 0.18 1.0 041
Wab880 SG 33 x ARS.105-2-1-1-2 1.66 -1.67 S1.27%*  -A78** 0.05 0.43 0.34 5.14**
Sakha 105 x IET1444 -6.04** -2.87** 0.76 0.49 -0.26 -0.37 -0.44 -3.03**
Sakha 105 x Sakhal03 2.19* 143 -0.57 0.09 -0.64 -1.03* 2.52%* -1.05*
Sakha 105 x IRAT112 0.36 -0.97 4.26™* 5.09** 1.38* 0.98* 05 10.40**
Sakha 105 x ARS.105-2-1-1-2 5.02** 8.43** 2.26 3.79** 1.59** 1.93** -2.09** -5.84**
IET1444 x Sakhal03 0.59 -0.77 12.79**  15.82** -0.84 -0.27 -0.36 -2.74%*
IET1444 x IRAT112 -0.24 -0.17 -4.04% 416 2.34** 0.64 -0.55 1.58**
IET1444 x ARS.105-2-1-1-2 -0.24 2.23* 2.63 9.19** 2.69** 1.69** 7.05%* 9.36**
Sakhal03 x IRAT112 -0.34 113 7.96** 1.76 -0.27 0.18 04 -0.06
Sakhal03 x ARS.105-2-1-1-2 -0.01 153 -1.04 -6.21** 0.85 0.33 -2.85** -2.53**
IRAT112 x ARS.105-2-1-1-2 -1.84 -2.87** -4.21*%*  579** -0.94 -0.26 1.10* -0.05
SE(Sij):0.05 211 18 2.88 2.77 1.06 09 1.08 091
SE(Sij):0.01 2.8 24 3.83 3.69 14 12 143 121
SE(Sij-Skj)):0.05 21 2.88 4.62 444 17 144 172 1.46
SE(Sij-Skj)):0.01 2.79 383 6.14 59 2.26 191 2.28 1.94

*and ** refer to statistically significant at the 0.05 and 0.01 probability levels.
Table 10. Specific combining ability effects for yield and its component qualities in both normal and water deficiency

conditions.
Traits No. of panicles/plant No. of filled grains/panicle 1000-grain weight (9) Grain yield/plant (g)
Crosses N D N D N D N D
Sakhal07 x Gizal77 -0.48 1.47** -28.19** -17.15%* 027 -0.48 7.73%* -3.45*
Sakhal07 x Wah880 SG 33 5.02** 1.87** 19.01** 9.89** -1.27*  -318**  539** 2.72*
Sakhal07 x Sakha 105 6.12** -0.63 -4.79%* 8.75** 0.03 0.62 3.03* 1.82
Sakhal07 x IET1444 2.32%* 3.17** -5.19** 1.75 210  2.32*% 2.49 5.72%*
Sakhal07 x Sakhal03 -0.71 -0.83 -4.59* 2.32 1.36* 1.12* 2.59 -2.25
Sakhal07 x IRAT112 -1.81** -0.63 4.91** 6.19** 1.16* 1.52** 4.09%* 3.92%*
Sakhal07 x ARS.105-2-1-1-2 3.49** 2.27** 41.81** 19.49** 0.83 0.82 4.29%* 5.82**
Gizal77 x Wab880 SG 33 -4.48** -3.33** -3.69* -21.65%*  -3.24**  -328**  -12.74**  -10.91**
Gizal77 x Sakhal05 -0.38 0.17 28.51** 16.22%* 0.06 -0.48 -2.77 0.19
Gizal77 x IET1444 0.82 0.97* -25.89** -23.45** -0.2 -0.78 -3.31* -0.91
Gizal77 x Sakhal03 -0.21 0.97* 13.71** 8.79** -0.27 0.02 113 -0.21
Gizal77 x IRAT112 0.69 117+ 10.21** 2.65 0.2 1.42%* 4.29%* 7.29%*
Gizal77 x ARS.105-2-1-1-2 5.99** -0.93* -34.89** -13.05** -0.8 -0.28 3.49* 0.19
Wab880 SG 33 x Sakhal05 -0.88 157** 7.71%= -5.75** 04 0.82 4.89** 3.35*
Wah880 SG 33 x IET1444 0.32 1.37** -26.69** -16.75** 0.8 1.52** 4.36** 2.25
Wab880 SG 33 x Sakhal03 0.29 0.37 4.91** -6.18** 04 0.32 6.46** 3.29*
Wab880 SG 33 x IRAT112 3.19** 0.57 -0.59 6.69**  1.86** 0.72 2.63 145
Wab880 SG 33 x ARS.105-2-1-1-2  2.49** 247** -7.69** -6.01**  -1.47** 0.02 4.16** 1.35
Sakha 105 x IET1444 0.42 -2.13** -37.49** -22.88** 0.43 1.32** 3.33* -5.65**
Sakha 105 x Sakhal03 0.39 1.87*%* -4.89** -1.98 03 -0.88 5.43** 5.39**
Sakha 105 x IRAT112 -0.71 2.07** 261 -5.45** -05 0.52 4.59** 3.55*
Sakha 105 x ARS.105-2-1-1-2 6.59** 0.97* 16.51** 28.85** -0.17 0.82 5.79%* 245
IET1444 x Sakhal03 -1.08* 0.67 21.71%* 9.69** 0.1 -0.18 -6.11** 0.29
IET1444 x IRAT112 0.16 0.87 21.21** 6.55** -0.44 0.22 3.06* -3.55*
IET1444 x ARS.105-2-1-1-2 3.79** -0.23 -7.89** 6.85**  156** 1.52** 2.59 1.35
Sakhal03 x IRAT112 3.12*% 0.87 -12.19** -2.55 -0.84 -0.98* 1.16 -051
Sakhal03 x ARS.105-2-1-1-2 -2.91%* 0.77 -1.29 -0.58 0.83 1.32** -0.64 3.39*
IRAT112 x ARS.105-2-1-1-2 -2.01** 0.97* -2.79 -2.71 -1.37* -0.28 153 0.55
SE(Sij):0.05 0.97 0.9 36 2.82 1.04 0.9 2.88 2.69
SE(Sij):0.01 1.29 12 4.79 3.75 1.39 12 3.88 3.58
SE(Sij-Skj)):0.05 1.56 1.44 5.78 452 1.68 144 4.62 4.32
SE(Sij-Skj)):0.01 2.07 191 7.68 6.01 2.23 191 6.14 5.74

* and ** refer to statistically significant at the 0.05 and 0.01 probability levels, respectively.
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Table 11. Estimates of heterosis as a divergence from mid and better parent for the number of roots per plant and root
volume under normal and water deficiency conditions.

Traits No. of roots/plant Root volume (cm?)

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 3.76** 857  -1585**  500**  17.31**  9.09** 252 -14.29**
Sakhal07 x Wah880 SG 33 14.29*%*  9,09** 7.53** 0 2829**  16.67** 21.97**  1351**
Sakhal07 x Sakha 105 8.75**  15.00** 6.10** 15.00%*  19.57** 5.13* 3.7 -4.65
Sakhal07 x IET1444 11.63**  14.29** 6.67** 9.09** 16.88**  8.64** -4.76 -4.35
Sakhal07 x Sakhal03 141 11.76*%*  -12.20**  500**  32.11** 526*  21.01** -14.29**
Sakhal07 x IRAT112 12.71%*  8.70** 3.03** -3.85*%*  2589*%*  2143**  18.49** -2.86
Sakhal07 x ARS.105-2-1-1-2 843**  17.07** 7.14%* 1429** 3043 11.46** 26.05** 19
Gizal77 x Wab880 SG 33 4.17** 7.69*  -19.35%* 1250  24.89**  19.30** 455 -8.11**
Gizal77 x Sakhal05 2.33* 1429**  -15.38** 0 24.30**  23.81** 37 -9.30**
Gizal77 x IET1444 213 811  -20.00%*  -9.09**  2230** 24.24** -10.05** -10.87**
Gizal77 x Sakhal03 -0.9 10.34**  -8.33** 6.67** 34.04**  38.10** 27.27%*  31.82**
Gizal77 x IRAT112 0 7.32%%  -24.24% 1538  36.08** 26.83** 2571**  23.81**
Gizal77 x ARS.105-2-1-1-2 2.22*% 556**  -17.86**  -952**  41.00** 1837** 27.03** 0
Wab880 SG 33 x Sakhal05 -1.75 9.09** -9.68** 0 24.49*%* 500*  12.96** -2.33
Wab880 SG 33 x IET1444 11.48**  17.39** 9.68** 1250%*  17.76**  20.48** 0 8.70**
Wab880 SG 33 x Sakhal03 1.96* 1579*%*  -16.13**  -833** 3247 11.86** 1591** -10.81**
Wab880 SG 33 x IRAT112 12.50**  16.00** 9.09** 1154**  13.92**  20.69** 2.27 -5.41*
Wab880 SG 33 x ARS.105-2-1-1-2 11.86*%*  11.11** 6.45** 4.17** 2263**  2424** 12.88**  10.81**
Sakha 105 x IET1444 4.76**  14.29** -2.22 9.09** 12.82**  16.85** 4.76 13.04**
Sakha 105 x Sakhal03 -435*  588**  -1538** -10.00** 18.01** 14.87** -4.94 -13.18**
Sakha 105 x IRAT112 1.69 8.70** -9,09** -3.85**  21.35**  2500** 0 -6.98**
Sakha 105 x ARS.105-2-1-1-2 741%*  12.20** 3.57** 9.52** 26.01** 16.67**  6.17* -2.33
IET1444 x Sakhal03 -8.00** 0 -23.33**  -18.18**  B8.33** 0 -17.46™*  -26.09**
IET1444 x IRAT112 11.11*%*  12.50** 6.06** 3.85** 1497*%*  1045** -10.58** -19.57**
IET1444 x ARS.105-2-1-1-2 6.90**  11.63** 3.33** 9.09** 22.00%*  6.67** -3.17 -13.04**
Sakhal03 x IRAT112 -1.89* 500  -21.21* -19.23*  2041** 3488** 2571**  31.82**
Sakhal03 x ARS.105-2-1-1-2 1.39 857**  -13.10**  -952**  40.00** 49.02** 32.43**  31.03**
IRAT112 x ARS.105-2-1-1-2 164 2.13** -6.06*  -7.69** 4167 64.00** 37.84**  41.38**
L.S.D: 0.05 1.76 14 2.03 161 4.33 4.24 5 4.9
L.S.D:0.01 2.34 1.86 2.7 215 5.76 5.64 6.65 6.51

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.

Table 12. Estimates of heterosis as a divergence from mid and better parent for root length and root/shoot ratio under
normal and water deficiency conditions.

Traits Root length (cm) Root/shoot ratio

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 9.78** 20.00**  -1155**  1321**  -485** 18.81**  -2576*%*  -9.77**
Sakhal07 x Wab880 SG 33 5.80* 11.96*%*  -16.98**  957** -2.86** -5.78** -8.11**  -20.92**
Sakhal07 x Sakha 105 1054**  1237**  -8.83** 9.00** 21.57** 4.62%* 20L57**  2.26™*
Sakhal07 x IET1444 364 28 -6.36* -8.33** 3.00** 7.39%*  -2087** -20.15**
Sakhal07 x Sakhal03 2.06 0.2 -12.36*%*  -9.22** -2.40** -1.98** -7.58**  -6.77**
Sakhal07 x IRAT112 342 11.32%*  -21.88** 6.38* 10.64** -2.96** 400  -20.00**
Sakhal07 x ARS.105-2-1-1-2 6.69** 144 2.85 -7.83** -2.04** 9.15** -3.03**  2.65**
Gizal77 x Wah880 SG 33 18.67** -0.34 18.67**  -7.86** 6.31** 717 -2027*%* -2755**
Gizal77 x Sakhal05 22.41** 6.47** 14.85** 3.46 9.09** -1.02** -5.88**  -23.62**
Gizal77 x IET1444 -10.87**  15.04**  -33.44**  8.33** 1125%*  1754*%*  -27.64** -26.37**
Gizal77 x Sakhal03 12.27** 201 3.98 -12.26*%*  -4.17** 11.11**  -22.03**  -12.50**
Gizal77 x IRAT112 22.28** 4.35% 12.22%* -5.66* 1250%*  1168**  -16.00** -25.37**
Gizal77 x ARS.105-2-1-1-2 14.39**  14.03** -5.12 9.57** 2.30** 6.36**  -19.50** -2252**
Wah880 SG 33 x Sakhal05 2.79 -0.7 -3.56 -5.67* 8.80** -2.79** -8.11*  -19.90**
Wah880 SG 33 x IET1444 16.75**  2381**  -14.80** 8.33** -2.54%** 107**  -21.95% -13.19**
Wah880 SG 33 x Sakhal03 26.08**  23.05** 13.07**  13.70** 2.26** 2.53** -8.11**  -17.35**
Wab880 SG 33 x IRAT112 23.52** 27.13** 17.18** 24.07** 4.70%* 4.74%* 4.00** 2.44%*
Wah880 SG 33 x ARS.105-2-1-1-2 10.89*%*  21.95%* -1054**  8.70** 3.85** 1758**  -270**  3510**
Sakha 105 x IET1444 -4.75* 3.33 -27.41** -5.28* 153 13.00**  -28.18** -17.22**
Sakha 105 x Sakhal03 12.13** 1.32 6.82* -10.67**  11.52** -0.40** 395  -3.15**
Sakha 105 x IRAT112 445 5.57* -6.69* -2 23.81** -3.61*%* 4.00*%*  -21.95**
Sakha 105 x ARS.105-2-1-1-2 5.08* 14.42%*  -10.69**  6.96** 1124**  1655**  -052**  7.28**
IET1444 x Sakhal03 0.14 14.43**  -20.94** -6.39* -4.40%* 7.38*%*  -2027** -22.71**
IET1444 x IRAT112 -1.09 2156**  -30.15** 417 9.43** 5A44%*  -1192*%*  -7.69**
IET1444 x ARS.105-2-1-1-2 5.45* 13.19** -1.79%* 10.83** 4.80** 11.79**  -20.05** -13.19**
Sakhal03 x IRAT112 25.44**  19.75%* 7.39** 13.23** 8.96** -7.08** 2,67 -26.34**
Sakhal03 x ARS.105-2-1-1-2 8.84** 25.44%* -3.51 4.35 6.74** 6.27** 206**  -4.64**
IRAT112 x ARS.105-2-1-1-2 4.82* 31.89**  -18.74**  15.07** 6.44** 17.98*%*  -0.89**  2.44*
L.S.D: 0.05 4.63 424 5.34 49 0.06 0.06 0.07 0.07
L.S.D:0.01 6.15 5.64 7.1 6.51 0.08 0.08 0.09 0.09

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.
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Table 13. Estimates of heterosis as a departure from a mid and better parent for leaf rolling and leaf firing under
normal and water deficiency conditions.

Traits Leaf rolling Leaf firing

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 -11.11%* -6.67* 3333**  1667**  -33.33** -1852** -16.67** -8.33**
Sakhal07 x Wah880 SG 33 3333**  -33.33*  3333**  -33.33** -16.67** -833**  -1667** -833**
Sakhal07 x Sakha 105 5556  -1852**  13333**  -833**  -16.67** -1852** -16.67** -8.33**
Sakhal07 x IET1444 3333**  -2381*  3333** -11.11* -50.00** -23.81** -50.00** -11.11**
Sakhal07 x Sakhal03 5556**  -1515**  13333**  16.67** -33.33**  -6.67** -16.67** 16.67**
Sakhal07 x IRAT112 3333**  -33.33%  3333**  -33.33% -16.67** -3333** -16.67** -33.33**
Sakhal07 x ARS.105-2-1-1-2 -11.11%*  -3333**  3333**  -3333** -1667** -33.33** -16.67** -33.33**
Gizal77 x Wab880 SG 33 5556**  -6.67**  13333** 16.67** -60.00** -1852** -50.00** -8.33**
Gizal77 x Sakhal05 16.67**  -15.15**  16.67** -6.67*  -3333**  -667** -16.67** -6.67**
Gizal77 x IET1444 5556**  -1852**  133.33**  2222**  -33.33** 0 -16.67**  33.33**
Gizal77 x Sakhal03 16.67*%*  -12.82**  16.67** -556*  -11.11**  -1515% -11.11** -6.67**
Gizal77 x IRAT112 5556**  -6.67**  13333** 16.67** -33.33** -1852** -16.67** -8.33**
Gizal77 x ARS.105-2-1-1-2 16.67**  -6.67** 16.67**  16.67**  -33.33** -1852** -16.67** -8.33**
Wab880 SG 33 x Sakhal05 55.56**  -1852**  13333**  -833** -16.67** -1852** -16.67** -8.33**
Wab880 SG 33 x IET1444 3333**  -4286**  33.33**  -33.33** -16.67** -2381** -16.67** -11.11**
Wab880 SG 33 x Sakhal03 55.56**  -1515**  133.33**  16.67** -60.00**  -6.67**  -50.00** 16.67**
Wab880 SG 33 x IRAT112 33.33** -33.33*  3333** -33.33** -16.67** -3333** -16.67** -33.33**
Wab880 SG 33 x ARS.105-2-1-1-2 -11.11**  -3333**  3333**  -3333** -16.67**  -833** -16.67** -8.33**
Sakha 105 x IET1444 11.11*%*  -8.33** 66.67**  2222**  -16.67**  -833**  -16.67** 22.22**
Sakha 105 x Sakhal03 -16.67**  -556**  -16.67**  13.33** -33.33** -1515** -16.67** -6.67**
Sakha 105 x IRAT112 11.11*%*  -1852**  66.67** -833*  -50.00** -1852** -50.00** -8.33**
Sakha 105 x ARS.105-2-1-1-2 -16.67** -1852**  -16.67**  -833**  -16.67**  -833**  -16.67** -8.33**
IET1444 x Sakhal03 11.11*%*  -6.67** 66.67**  5556**  -33.33**  -1852**  -16.67** 22.22**
IET1444 x IRAT112 0 -23.81** 0 -1111% -16.67**  -2381**  -16.67** -11.11**
IET1444 x ARS.105-2-1-1-2 -33.33**  -23.81* 0 -11.11%* -16.67** -2381**  -16.67** -11.11**
Sakhal03 x IRAT112 11.11**  -15.15**  66.67**  16.67** -33.33**  -6.67**  -16.67** 16.67**
Sakhal03 x ARS.105-2-1-1-2 -16.67** -15.15**  -16.67**  16.67** -33.33*  -6.67**  -16.67** 16.67**
IRAT112 x ARS.105-2-1-1-2 -11.11** -3333**  3333** -3333** -16.67** -16.67** -16.67** -16.67**
L.S.D: 0.05 0.66 0.63 0.76 0.73 0.61 0.62 0.7 0.72
L.S.D:0.01 0.88 0.84 1.01 0.97 0.81 0.83 0.93 0.95

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.

Table 14. Estimates of heterosis for flag leaf traits like as relative water content and chlorophyll content, compared to
mid and better parent values, in both normal and water shortage situations.

Traits Flag Leaf area (cm?) Relative water content Chlorophyll content
Heterosis MP BP MP BP MP BP
Conditions N D N D N D N D N D N D

Sakhal07 x Gizal77 1110"*  -161* 7.7 Q41 750%* 431 -388* 617 207 -278 -423*-1185*
SakhalO7 xWah880SG33  347** 753  -1324** -16.10™* 28 3.55* 231 227 596** 149 574 -13
Sakhal07 x Sakha105  14.74**  -0.18 782 9907  -192 011 -566**  -726™ -118 -308 -4.23*-1224*
Sakhal07 x IET1444 7O 11217 771 4027 115 0 107 244 337 13 632 780
Sakhal07 x Sakhal03 03 677 615 2046 149 204 -1431%% 17000 519%* 327* 4.09* -3.29
Sakhal07 x IRAT112 146 431 -1211*% -1998* 323*  412%* 3.06 357* 396** 419* 201 -107
Sakhal07 x ARS105-2-1-12 11.10**  881** 777  3.90%* 2.36 0.87 122 101 075 134 -215 -153
Gizal77 x \Wab830 SG 33 565** 886 -914** -3293** 516™* 0.32 6377  -874%* 185 -347* 463" 988~
Gizal77 x Sakhal05 719 1523 210 12757 084 029 -8.12%* 28 0% 211 -237 159
Gizal77 x |[ET1444 73 033 410"  -1365**  3.58* 3.32% =733 495%* 600**509** 214 504**
Gizal77 x Sakhal03 370 -235%%  -1239%*  -1020%*  9.98** 2.99* 9.98** -3.76* 3.22* 868 -22 535
Gizal77 x IRAT112 313 631 13837 -2664**F 433 3.65* -6.85**  -6.32** 868**8.90** 382* 4.00*
Gizal77 x ARS105-2-1-12  473**  -255%* 473 -1396** -061 012  -1025** -860** 7.59**11.11** 383* 381*
Wah880 SG 33 x Sakhal05 014 1957 -2012** -4163** 119 258 -311 -387* 504**1190** 159 397*
Wah880SG33xIET1444  7.22% 490 -1014** -1378* 593**  516**  535* 387 -145 039 -1085** -623**
Wab880SG33x Sakhal03  -8.09** -27.37** -2693** -4931**  327* 063 -1315%*  -1386™* 7.07** -1.09 574 -4.86*
Wah880SG33x IRAT112  849**  1241** 430  305** 248 5.35%* 216 450** 374* 108 159 -138
WabB0SG BXARS1062-1-12  -7.48** 384 2042+ -2229**  331* 341* 168 275 053 235 -256 227
Sakha 105 x IET1444 268 28+ -850 -1739* 173 0.02 -2.07 516™ 226 7.32%F 459 6.72%*
Sakha 105 x Sakhal03 249 1834  203* 1107%*  -0.69 -399% 1333 -1290*%* 423** 141 206 -219
Sakha 105 x IRAT112 6.92%* 842 -1211* -1643** 044 0.55 -354* 640 296* 139 166 -357

Sakhal05x ARS106-2-1-1-2  3.74**  485%*  525%  Q16%* -0.86 0.6 -359%  -514%* 4.06™* 4.84** 383* -251
IET1444 x Sakhal03 394 83 -268* -2601** 4.03** 042  -1211*% -1387** -0.08 -7.82* -858** -1060**
IET1444 x IRAT112 0.95 -131 1424 -1254%F 416% 054 391* 246  321* -209 483 6£38**

IET1444x ARS.105-2-1-12  1051** 1116** 7.14**  876**  4.68** 3.05* 3.59* 245 202 -056 501 706
Sakhal03 x IRAT112 2607 414 -1596** -2320%* -806** -6.007* -2248** -2002** 508** 6.56** 4.18* 502**
Sakhal03x ARS.1052-1-12  0.92 -6.03** -819** -2282** 3.15* 0.12 -1210%*  -1383** 4.01**868** 206 4.62*
IRAT112 x ARS.105-2-1-1-2 -3.86**  3.77** -1448%* -9.77** 3.71* 4.99%* 239 357 273 800** 166 8.00**
L.S.D: 0.05 175 142 202 163 303 2.79 35 323 28 327 324 378
L.S.D:0.01 233 1.88 2.69 217 4.03 3.72 4.65 4.29 373 435 43 502
*and ** are significant at the 0.05 and 0.01 probability levels, respectively.
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Table 15. Estimates of heterosis as a departure from mid and better parent days to 50% heading and plant height under
normal and water deficiency conditions.

Traits Days to 50% heading (day) Plant height (cm)

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 485**  1881**  -2576** -9.77**  10.00**  10.00**  1458**  11.39**
Sakhal07 x Wah880 SG 33 -2.86 578 811 -2092*%*  11.11** 1875  25.00*%*  40.74**
Sakhal07 x Sakha 105 21.57*%*  4.62** 21.57** 2.26** 20.19**  2381**  23.08**  28.40**
SakhalQ7 x IET1444 3 7.39** -20.87**  -20.15**  -891** 116 0 7.41%*
Sakhal07 x Sakhal03 -24 -1.98 -7.58** -6.77** 6.11** 11.84** 6.45* 19.72**
Sakhal07 x IRAT112 10.64**  -2.96* 4.00* -20.00** 0.44 0 10.58**  12.35**
Sakhal07 x ARS.105-2-1-1-2 -2.04 9.15%* -3.03 2.65** 15.42**  23.60**  25.96**  35.80**
Gizal77 x Wab880 SG 33 6.31** 7.17%* -20.27**  -2755*%*  10.62**  17.89**  30.21** 41.77**
Gizal77 x Sakhal05 9.09** -1.02 -5.88**  -2362** 20.33**  36.14**  2847**  43.04**
Gizal77 x IET1444 11.25**  1754**  -27.64**  -26.37** -0.15 -5.88** 14.58** 127
Gizal77 x Sakhal03 417*  11.11%* -2203*  -12.5%* 5.35* 1333**  938**  19.72**
Gizal77 x IRAT112 1250** 11.68**  -16.00**  -25.37** 5.88* 5.56* 21.88**  20.25**
Gizal77 x ARS.105-2-1-1-2 2.3 6.36**  -19.50**  -2252** 5 02* -2.27 19.79*%*  8.86™*
Wab880 SG 33 x Sakhal05 8.80** -2.79 -8.11** -19.9** 4.60* 15.15*%*  14.68**  31.03**
Wab880 SG 33 x IET1444 -2.54 1.07 -21.95%*  -13.19** -0.92 10.89** 1.34 23.08**
Wab880 SG 33 x Sakhal03 2.26 253 -811**  -17.35%* 7.4 9.89**  20.97**  40.85**
Wah880 SG 33 x IRAT112 4.70** 4.74** 4.00* 244 1.96 5.66* 4 10.89**
Wab880 SG 33 x ARS.105-2-1-1-2 3.85* 17.58** -2.70 35.10** -3.56 2.88 -0.81 10.31**
Sakha 105 x IET1444 153 13.00**  -28.18**  -17.22** 5.14* 14.61** 12.54**  17.24**
Sakha 105 x Sakhal03 11.52%* 04 3.95* -3.15 958* 1646  1258**  29.58**
Sakha 105 x IRAT112 2381**  -3.61* 4.00* -21.95%*  9,69** 17.38**  17.74**  26.82**
Sakha 105 x ARS.105-2-1-1-2 11.24**  16.55** -0.52 7.28** 8.62** 17.39** 15.60**  24.14**
IET1444 x Sakhal03 -4.40%*  7.38*%* -29.27**  -22.71*%*  1391**  28.81**  2548**  46.95**
IET1444 x IRAT112 9.43** 5.44%* -11.92** -71.69** -3.74 10.42** -3.49 16.48**
IET1444 x ARS.105-2-1-1-2 480**  11.79**  -20.05**  -13.19** 2.16 17.02** 271 20.88**
Sakhal03 x IRAT112 8.96**  -7.08** -2.67 -26.34**  11.24*  930**  2290** 32.39*
Sakhal03 x ARS.105-2-1-1-2 6.74** 6.27** 2.06 -4.64** 3.98 119 13.87**  19.72**
IRAT112 x ARS.105-2-1-1-2 6.44**  17.98** -0.89 244 -1.88 11.45** -1.08 13.75**
L.S.D: 0.05 3.27 28 3.78 3.23 4.47 431 5.16 497
L.S.D:0.01 4.35 3.72 5.03 4.3 5.94 5.73 6.86 6.61

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.

Table 16. Estimates of heterosis as a departure from mid and better parent for panicle length and sterility percentage
under normal and water deficiency conditions.

Traits Panicle length (cm) Sterility %

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 6.22%* 11.75** 4.01*%* 3.88**  33.33** 42.86** 25.00** 25.00**
Sakhal07 x Wab880 SG 33 1261*%*  11.75** 8.58** 10.43**  79.31**  60.00** 62.50** 33.33**
Sakhal07 x Sakha 105 3.66** 12.56** 0.58 8.74**  80.65** 18.18**  7500**  8.33**
Sakhal07 x IET1444 6.97** 11.11** 2.10* 829 4286 46.15** 31.58** 35.71**
Sakhal07 x Sakhal03 7.16** 12.82** 2.62%* -3.88**  16.13**  20.00**  12.50** 0
Sakhal07 x IRAT112 2.70** 6.58** -10.34** 0 1591**  2381**  625**  8.33**
Sakhal07 x ARS.105-2-1-1-2 8.40** 11.96%* 6.55** 6.80**  68.00* 44.00** 61.54** 38.46**
Gizal77 x Wab880 SG 33 7.19%* 17.53** 1.29 8.06**  48.15** 64.71**  42.86** 5556**
Gizal77 x Sakhal05 2.29** 8.76** -2.75%* 451  31.03** 26.32** 26.67** 20.00**
Gizal77 x IET1444 10.93**  15.23** 3.78** 461*%* 2727  3043* 1053**  7.14**
Gizal77 x Sakhal03 11.18**  11.18** 8.68** 113 10.34**  41.18**  6.67**  33.33*
Gizal77 x IRAT112 -2.28** 0 -16.21%*  -12.34% 24.39%%  44.44%F  21.43*%*  44.44%*
Gizal77 x ARS.105-2-1-1-2 -1.26™* 0 -10.71** -2.67*  7872**  18.18**  61.54** 0
Wah880 SG 33 x Sakhal05 6.26** 13.15** 5.58** 8.06**  35.71** 5556**  26.67**  40.00**
Wab880 SG 33 x IET1444 1.57** 11.68** 6.44** 10.14**  31.25**  4545** 1053**  14.29**
Wah880 SG 33 x Sakhal03 11.68** -1.69* 3.20** -17.06**  21.43** 50.00** 13.33** 50.00**
Wah880 SG 33 x IRAT112 121 5.83** -8.74** 0.43 51.90%*  52.94**  50.00**  44.44**
Wah880 SG 33 x ARS.105-2-1-1-2 6.20** 10.55** 4.15%* 427  64.84**  6190**  44.23** 30.77**
Sakha 105 x IET1444 5.98** 7.09%* 4.20%* 0.92 29.41** 0 15.79*%*  -14.29**
Sakha 105 x Sakhal03 1.87* -0.89 -5.22*%*%  -13.02*  20.00%*  44.44**  20.00** 30.00**
Sakha 105 x IRAT112 7.95%* 9.60** -3.22%* -0.43 20.00**  47.37*%* 13.33**  40.00**
Sakha 105 x ARS.105-2-1-1-2 11.89**  18.73**  10.43** 17.19**  8557**  3043** 73.08** 15.38**
IET1444 x Sakhal03 4.13** 4.42%* -4.62%*  -12.90** 1.96* 27127%*  -8.77** 0
IET1444 x IRAT112 14.14** 8.41** 3.91** 4.26** 15.46**  30.43** -1.75* 7.14**
IET1444 x ARS.105-2-1-1-2 19.48** 17.33** 15.97** 9.22%* 54,13**  18.52**  47.37** 14.29**
Sakhal03 x IRAT112 2.05* 2.63** -14.14% -17.02%*  24.71%* 4118  17.78** 33.33**
Sakhal03 x ARS.105-2-1-1-2 9.64** 7.23%* 3.27** -4.81*%* 722  33.33** 0 7.69%*
IRAT112 x ARS.105-2-1-1-2 -0.39 3.79** -11.72%*  -6.81**  1957**  36.36**  577**  1538**
L.S.D: 0.05 1.64 14 1.89 161 151 14 174 161
L.S.D:0.01 218 1.86 2. 52 215 201 1.86 2.32 2.15

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.
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Table 17. Estimates of heterosis as a deviation from mid and better parent for the number of panicles per plant and
number of filled grains per panicle under normal and water deficit conditions.

Traits No. of panicles/plant No. of filled grains/panicle
Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 -20.78**  -8.88*%*  -26.28* -2222*%*  204* 0 5.06** 417
Sakhal07 x Wab880 SG 33 22.14%* 21.39** 16.79** 19.61** 0 -943**  -1531**  -22.58**
Sakhal07 x Sakha 105 242 23.08** -7.30* 13.13**  3.95**  870**  -595** 4.17**
Sakhal07 x IET1444 -9.39*+* 0 -18.60**  -14.89** 19.08** 21.95**  14.71**  13.64**
Sakhal07 x Sakhal03 4.56 13.81** -8.03* 4.04 11.94%*  952*  10.29** 4 55**
Sakhal07 x IRAT112 12.84** 16.81** 5.84 1546**  8.07**  1250**  -6.45** 3.85**
Sakhal07 x ARS.105-2-1-1-2 37.16**  37.17**  30.66**  32.32*%* 746  12.82**  588** 0
Gizal77 x Wab880 SG 33 16.87** 45.35** 13.60** 22 55** 1.69* -1.82* -8.16**  -12.90**
Gizal77 x Sakhal05 23.14%  2941*%* 1949  19.28** -0.61 0 -3.57** 0
Gizal77 x IET1444 -31.03**  -2054**  -41.86** -47.28**  2.82** 2.33** -1.59** -8.33**
Gizal77 x Sakhal03 1261*%*  17.11** 593 8.54** -0.69 0 -8.86**  -8.33**
Gizal77 x IRAT112 10.08** 8.56** 9.17** -8.22** 0 8.00** -1.53** 3.85**
Gizal77 x ARS.105-2-1-1-2 -31.40** -3.7 -33.06**  -15.22*%*  -483*%  244**  -12.66** -12.50**
Wah880 SG 33 x Sakhal05 11.86** 2.7 5.6 -6.86™* 2.20%* 5.45%* -5.10** -6.45**
Wabh880 SG 33 x IET1444 -2525**  -1852**  -3547**  -2979**  B8.07**  1200*%* -11.22**  -968**
Wab880 SG 33 x Sakhal03 11.79** 0 24 -9.80**  3.66** 1.96**  -1327** -16.13**
Wah880 SG 33 x IRAT112 7.76*%* 13.11** 5.6 12.75*%*  6.81** 5.26** 4.08** -3.23**
Wab880 SG 33 x ARS.105-2-1-1-2 -2.01 6.19** -24 0.98 -4.88**  4.17**  -2041** -19.35**
Sakha 105 x IET1444 -35.69**  -2500**  -47.09**  -4043**  6.12**  16.28**  -7.14** 4.17%*
Sakha 105 x Sakhal03 14 5.86** -18 5.22* 0 0 -10.71**  -8.33**
Sakha 105 x IRAT112 9.09** 1.99 5 -7.24=  -1.69*% 8.00**  -6.45** 3.85**
Sakha 105 x ARS.105-2-1-1-2 16.60** 47.43** 10.48** 40.22** -1.33 12.20*%*  -11.90**  -4.17**
IET1444 x Sakhal03 7.97%* 2.24 -13.37**  -19.15**  6.98** 7.69** 4.55** 5.00**
IET1444 x IRAT112 8.22** -0.14 -8.14* -14.18**  256**  11.11** -13.98**  -3.85**
IET1444 x ARS.105-2-1-1-2 -14.86** 4.72* -26.74**  -1348**  11.63**  22.22** 9.09** 15.79**
Sakhal03 x IRAT112 -1.79 291 -8.33* -6.91** -1.89* 0 -16.13**  -11.54**
Sakhal03 x ARS.105-2-1-1-2 351 11.49*%* -4.84 5.43* 455**  13.51** 4.55** 5.00**
IRAT112 x ARS.105-2-1-1-2 3.28 8.62** 1.61 3.62 -5.66** 6.98**  -10.35**  -11.54**
L.S.D: 0.05 5.59 4.38 6.46 5.06 1.62 14 1.87 1.61
L.S.D:0.01 744 5.83 8.59 6.73 2.16 1.86 249 2.15

*and ** are significant at the 0.05 and 0.01 probability levels, respectively.

Table 18. Estimates of heterosis as a divergence from mid and better parent for 1000-grain weight and grain output
per plant in both normal and water shortage circumstances.

Traits 1000-grain weight (g) Grain yield/plant (g)

Heterosis MP BP MP BP
Conditions N D N D N D N D
Sakhal07 x Gizal77 156.52**  60.60** 229.62** 66.44**  45.38** 9.49** 3L16**  -12.79*
Sakhal07 x Wah880 SG 33 -38.17**  -19.46**  53.92**  74.00**  49.02**  4161**  37.68**  3256**
Sakhal07 x Sakha 105 -37.49**  -39.16**  9.04**  -1870** 36.26**  32.89**  34.78**  1512**
Sakhal07 x IET1444 137.35** 117.82** 64561** 567.07** 2323  27.09**  15.09**  10.26**
Sakhal07 x Sakhal03 27.64*  -1954**  B5932**  742**  30.86**  1642**  1522**  -9.30**
Sakhal07 x IRAT112 1.15 -11.90**  54.70**  28.24**  4156**  37.65**  24.64**  36.05**
Sakhal07 x ARS.105-2-1-1-2 28.36**  -495**  20561** 20251** 37.78**  50.97**  3478**  36.05**
Gizal77 x Wah880 SG 33 161.40** 18.80** 361.93** 171.01** 42.11**  57.14** 3846  32.00**
Gizal77 x Sakhal05 94.29**  1054** 151.14** bBAA45**  17.07**  26.32** 6.67* 14.29**
Gizal77 x IET1444 52.22*%*  -12.19** 232.24** 185.30** 4.44 357 -11.32*%*  -25.64**
Gizal77 x Sakhal03 4597**  1574*%  4956**  28.07** 2037  29.17**  17.12**  29.17**
Gizal77 x IRAT112 4494**  -10.68**  67.52**  36.24**  37.04**  5556**  33.33**  25.00**
Gizal77 x ARS.105-2-1-1-2 262.32*%*  76.63** 677.06** 496.63** 30.86**  30.00**  2045**  13.04**
Wab880 SG 33 x Sakhal05 337.24** 195.81** 468.13** 341.54**  4524**  4783**  3556**  36.00**
Wab880 SG 33 x IET1444 301.88** 169.06** 367.76** 242.15**  3043**  21.88**  13.21** 0
Wah880 SG 33 x Sakhal03 65.20%*  -7.50**  202.23** 146.12** 4595**  51.22**  38.46**  24.00**
Wab880 SG 33 x IRAT112 7178**  4427** 151.86™* 97.47**  4324**  3585**  3590** 2857
Wab880 SG 33 x ARS.105-2-1-1-2  184.05** 173.79** 226.37** 258.06™  42.17**  4167*  34.09**  36.00**
Sakha 105 x IET1444 95.65**  24.05** 205.48** 152.05** 2245**  -10.00** 1321**  -30.77**
Sakha 105 x Sakhal03 52.83**  -587** 10351 4951**  3500** 56.76**  20.00**  38.10**
Sakha 105 x IRAT112 20.09**  85.37**  4256**  9859**  40.00**  38.78**  24.44**  2143**
Sakha 105 x ARS.105-2-1-1-2 51.69**  -13.94** 133.23** 81.04**  3858**  40.91**  37.04**  34.78**
IET1444 x Sakhal03 47.14**  -506**  233.33** 264.04**  -455* 9.09**  -20.75**  -23.08**
IET1444 x IRAT112 48.22**  64.87**  164.25** 203.47**  22.73** -1.49 1.89 -15.38**
IET1444 x ARS.105-2-1-1-2 429.43** 307.87** 43553** 317.44** 1959**  16.13** 9.43** -7.69**
Sakhal03 x IRAT112 -2.16 -5.67** 16.24** 64.47** 25.71** 22.73*%* 25.71** -3.57
Sakhal03 x ARS.105-2-1-1-2 498**  -10.29** 133.65** 257.99** 18.14**  48.72** 6.06* 26.09**
IRAT112 x ARS.105-2-1-1-2 70.49**  35.67** 199.04** 158.26**  30.80** 29.41** 17.42** 17.86**
L.S.D: 0.05 1.67 142 193 164 447 417 5.16 4.82
L.S.D:0.01 2.22 1.88 2.57 217 5.95 5.55 6.87 6.41

The symbols * and ** indicate statistical significance at the 0.05 and 0.01 probability levels, respectively.

Sakha 107 x IRAT 112, Sakha 107 x ARS.105-2-1-  negative direction for MP and BP under both conditions in
1-2, and Wab 880 SG 33 x IRAT 112 crosses exhibited leaf firing. The crosses Sakha 107 x IRAT 112, Wab 880 SG
considerable heterosis and heterobeltiosis in a favorable 33 x IRAT 112, and IET1444 x ARS.105-2-1-1-2 showed the
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most improvement in flag leaf area under both conditions.
The greatest levels of heterosis were observed in the crosses
Gizal77 x SakhalO3 (9.98%) under normal conditions,
Wab880 SG 33 x IET1444 under both conditions, and
Wab880 SG 33 x IRAT112 (5.35 and 4.59%) under water
deficit conditions for relative water content. The crosses
Gizal77 x ARS.105-2-1-1-2, Wab880 SG 33 x Sakhal05,
and Gizal77 x IRAT112 showed the highest levels of
heterosis in improving Chlorophyll content. Notably,
Gizal77 x Sakhal03, Sakhal05 x IET1444, and IRAT112 x
ARS.105-2-1-1-2 exhibited the highest estimated values for
Chlorophyll content under water deficit conditions. Our
investigation found that there were significantly positive
estimates of heterosis in yield and its components traits under
normal and water deficit conditions for various crosses, such
as Giza 177 x Wab 880 SG 33, Sakha 107 x |ET 1444, Sakha
107 x IRAT 112, Sakha 107 x ARS.105-2-1-1-2, Giza 177 x
Wab 880 SG 33, and Wab 880 SG 33 x ARS.105-2-1-1-2.
highly significantly negative estimations of heterosis were
reported as a deviation from mid-parent (MP) and better
parent (BP) during water deficiency conditions for days to
50% heading in certain crosses such Giza 177 x Wab 880 SG
33, IET 1444 x Sakha 103, and Sakha 103 x IRAT 112.
Assessing the drought responses of 8 rice genotypes by
root, agro-physiological, and yield evaluation using a
heatmap.

We assessed the performance of 8 rice varieties under
both normal watering conditions and water constraints. We
assessed the impact of drought on plants by examining
various traits, including root length (RL), root volume (RV),
number of roots per plant (NR), root/shoot ratio (RSR), leaf
rolling (LR), leaf firing (LF), flag leaf area (FLA), relative
water content (RWC), chlorophyll content (CC), days to 50%
heading (HD), plant height (PH), panicle length (PL), sterility
percentage (ST), number of panicles per plant (NP), panicle
weight (PW), 100-grain weight (TGW), number of filled

ARS106-2-1-1-2

WiabBa0SG33

Sakhatls

Sakhat03

1
Genotypes

GaaliT

Sakhatl?

IRAT112
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grains per panicle (NFG), and grain yield/plant (GY). We
conducted hierarchical clustering to find the key
characteristics for evaluating rice's drought tolerance. This
analysis was based on root, physiological, morphological, and
yield data, and the results were visualized in a heatmap. The
heatmap shows how the 8 genotypes, with their physiological,
morphological, and vyield features, grouped together
hierarchically when grown under normal or water deficiency
conditions. The genotypes were classified into primary
clusters under both conditions, each of which was further
separated into three (I, Il, and Ill) in each condition,
demonstrating genetic diversity among them (Fig. 9).

The genotypes were classified into two main groups,
with the first group being subdivided into two subgroups (1
and 1lI). Subgroup | consisted of six genotypes in normal
conditions: ARS.105-2-1-1-2, Wabh880SG33, Sakhal0s,
Sakhal03, Gizal77, and SakhalO7. Under water deficit
conditions, there were five genotypes: IRAT112, Sakhal07,
Sakhal05, Wab880SG33, and ARS.105-2-1-1-2. Subgroup
Il included one genotype, IRAT112, in normal conditions and
two genotypes, Sakhal03, and Gizal77, under water deficit
conditions (Fig. 9). The second group had a single subgroup
(1) with the genotype IET1444 exhibiting greater drought
tolerance under both conditions.

Additionally, a hierarchical clustering analysis was
conducted on physiological, morphological, and vyield
parameters, revealing four unique groups labeled &, b, ¢, and
d under normal conditions and &, b, ¢ under water deficiency
conditions at the top of Fig. 9. Five traits, including days to
50% heading (HD), plant height (PH), number of filled
grains/panicle (NFG), number of roots/plant (NR), and
relative water content (RWC), were closely associated with
each other under both normal and water deficit conditions.
This relationship was highlighted in the heatmap by their
clustering in groups b and c, as shown at the top of figure 9.

---------

Figure 9. Heatmap and hierarchical clustering analysis were conducted on root, Agro-morphological, and yield
variables of 8 rice genotypes under both normal and water deficiency conditions. Clustering analysis was
conducted on rice genotypes and various traits including root length (RL), root volume (RV), number of
roots per plant (NR), root/shoot ratio (RSR), days to 50% heading (HD), plant height (PH), panicle length
(PL), sterility percentage (St), number of panicles per plant (NP), 1000-grain weight (TGW), number of filled
grains per panicle (NFG), grain yield (GY), leaf rolling (LR), leaf firing (LF), flag leaf area (FLA), relative
water content (RWC), and chlorophyll content (CC).

Discussion
Rice breeders utilize diallel crosses to provide
substantial genetic variety and variation. They can choose

certain genotypes in breeding programs to enhance various
qualities under both biotic and abiotic stress situations. This
study involved performing diallel crosses among eight
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genotypes, some of which exhibit traits associated with
resistance to water scarcity for root, agro-physiological, and
yield characteristics. This was done to produce new genotypes
with advantageous characteristics that surpass those of their
parents in the same features. These can be used in breeding
programs to continually enhance rice yield under water-
deficient situations. The data indicated that both general
combining ability (GCA) and specialized combining ability
(SCA) variations were statistically significant (p<0.01) for most
variables in F1 rice populations. This highlights the significance
of both additive and non-additive genetic variations in
influencing the performance of attributes tested under various
settings. The results indicated that selection approaches relying
on the aggregation of additive effects could be effectively
enhance yield-related attributes. The current results aligned
closely with previous research on the impact of varying
temperature conditions on the root system, yield, and
physiological characteristics of rice in both scenarios. Similar
results for the general combining ability (GCA) and specific
combining ability (SCA) variants were also seen in rice
populations, as reported in previous studies (Hassan et al.,
2012h). The GCA/SCA ratio was less than one for various traits
such as days to 50% heading, plant height, sterility percentage,
number of panicles per plant, number of filled grains per
panicle, and grain yield per plant. This indicates a prevalence of
dominance gene action in the inheritance of these traits under
both conditions. The study found that Wab880 SG33 followed
by IET1444 and IRAT112 were the most effective rice
genotypes for root and physiological traits in both normal and
water stress conditions. Therefore, rice breeders should
consider using them as donors to enhance new rice varieties in
breeding programs focusing on water deficit conditions.
IET1444, Sakha 107 and IRAT 112 were identified as the most
promising rice genotypes for yield and its components
attributes under water stress conditions. Rice breeders may
consider using them as donors to enhance new rice varieties that
are tolerant to water deficiency in their breeding programs. The
findings were consistent with those described in references
(Hassan, 2013, Hassan et al., 2023, Hassan et al., 20123, Sultan
etal., 2013, Nessreen et al., 2015, Daher et al., 2023)

Among two rice crosses, Sakha 107 x Wab 880 SG 33
and Sakha 107 x IRAT 112, both including the superior general
combiner SakhalO7 as the female parent, SakhalO7 had the
highest Chlorophyll content compared to itself as the highest
content parent. The results obtained align with those
documented in references (Hassan et al., 2016, Gaballah et al.,
2021). Among two rice crosses, Sakha 107 x Wab 880 SG 33
and Sakha 107 x IRAT 112, both including the general
combiner Sakhal07, the female parent Sakha 107 had the
highest Chlorophyll content compared to the other parent
(Sakhal0Q7). The results obtained align with those documented
in references (Hassan et al., 2011, Gaballah et al., 2021).

Rice breeders consistently aim to enhance early
maturity as a common strategy to address water shortages.
This study uncovers the existence of advantageous genes at
an early stage. Rice breeders can improve this attribute by
including these genotypes into breeding programs. Some
genotypes matured in less than 110 days, particularly under
water deficiency conditions, making them appropriate for
selecting early maturing rice genotypes. The hybrids Gizal77
x |ET1444 and Sakhal07 x Wah880 SG 33 exhibited semi-
dwarf stem characteristics, making them well-suited for

breeding in conditions of water constraint. Two rice crosses,
Sakhal07 x ARS.105-2-1-1-2 and Sakhal05 x ARS.105-2-
1-1-2, showed that the male parent, ARS.105-2-1-1-2, had a
high number of panicles, filled grains, and the heaviest grain
yield compared to the other parent. This suggests that over-
dominance played a significant role in the inheritance of these
traits in these specific crosses under both conditions.

Some parents with high mean values had low GCA
impacts. Therefore, both individual performance and general
combining ability effects should be considered while choosing
parents. The parent IET144 was chosen as the best one because
to its high mean values for most root and physiological traits,
and its effectiveness as a general combiner for these features
under both situations. Similarly, the Sakha 107 rice parent is
considered excellent for various yield components, root
characteristics, and physiological qualities in both situations.
The same outcomes were previously achieved by references
(Dash et al., 2018, Hassan et al., 2012a, Daher et al., 2023,
Hassan et al, 2016, Kushal et al., 2023). The specific
combining ability (SCA) is considered the most reliable
criterion for selecting superior hybrids. The crosses Sakha 107
x Wah880 SG 33, Sakha 107 x IRAT112, Sakha 107 x
ARS.105-2-1-1-2, Sakhal77 x Sakhal05, Wab880 SG 33 x
Sakhal05, Wah880 SG 33 x sakhal03, Sakhal05 x Sakhal03,
and Sakhal05 x IRAT112 showed positive SCA effects for
grain yield per plant in both conditions. The hybrids examined
included various parental combinations, such as high x high,
high x lowand low x low. This indicates the genetic interactions
involving either additive x additive, additive x dominance
and/or dominance x dominance were the most common. The
crosses may be superior due to complementary and duplicate
gene interactions. Therefore, hybrids are anticipated to yield
favorable offspring and can be effectively utilized in breeding
initiatives. Previous studies have found similar results as
published by references (Panda et al., 2021, Gupta et al., 2020,
Kumari Priyanka, 2014, Hassan et al., 2016).

Based on the above discussion, it can be inferred that
the crosses Wab880 SG 33 x IRAT112 exhibit heterosis in
root and Agro-physiological properties. Therefore, it can be
utilized in future generations to enhance the majority of these
analyzed characteristics. The same outcomes were achieved
using references (MOHAN et al., 2021, Rohit et al., 2022,
Sunny et al., 2021). The presence of strong hybrid vigor in
various crosses regarding grain production indicates that a
hybrid breeding program could be beneficially conducted for
rice under water deficit conditions. The crosses, Sakhal07 x
ARS.105-2-1-1-2, exhibit heterosis in various characteristics,
particularly grain yield. Therefore, it can be utilized in future
generations to enhance the majority of the features that were
examined. Multiple scientists including those referenced in
citations (Hassan et al., 2011, Kushal et al., 2023, Rohit et al.,
2022), reported comparable findings.

CONCLUSION

Drought is a tough phenomenon that can significantly
decrease agricultural productivity and potentially jeopardize
food security. Rice, the primary staple crop, is significantly
impacted by water deficit stress. Among the twenty-eight rice
hybrids examined, the cross pairings Wab880 SG 33 x IET1444
and IRAT112 x ARS.105-2-1-1-2 were identified as the most
effective for root characteristics under conditions of water
deficit. The crossovers Wah880 SG 33 x IRAT112 and
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SakhalO7 x IRAT112 were identified as the most effective cross
combinations for the majority of agro-physiological attributes in
conditions of water deficit. The cross combinations Gizal77 x
IRAT112 and Sakhal07 x ARS.105-2-1-1-2 were identified as
the most optimal for yield and its components traits in both
situations. The parents IET1444, Wah880 SG 33, and Sakhal07
rice genotypes were identified as the best general combiners
based on their highly substantial GCA impacts for root, agro-
physiological, and yield traits examined under both conditions.
The heterotic cross Wab880 SG 33 x IRAT112 showed
superior performance in root and agro-physiological traits, while
Sakhal07 x ARS.105-2-1-1-2 excelled in yield and its
components traits under both situations. Significant estimates of
heterosis and heterobeltiosis were observed in Wab880 SG 33 x
IRAT112 for root and agro-physiological traits. The variation in
better parent heterosis across different crosses can be attributed
to the diverse genetic backgrounds of the parents. The parents
and hybrids showing favorable significant GCA and SCA
effects, along with high values of relative heterosis and
heterobeltiosis, should undergo additional testing to enhance the
breeding program for water scarcity stress.
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