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ABSTRACT

Inheritance of yield and yield contributing traits for three crosses namely Sakha 108/IET 1444, Sakha
104/IRAT 170, and Sakha 107/Moroberekan were used to evaluate six populations including P1, P2, F1, F2, BCy,

and BC: for each cross. Scaling test results highlighted the importance of epistatic interactions for all the studied
traits in the three crosses. Significant negative additive gene effects were observed under normal and water deficit
conditions for most traits across the three crosses. There were some exceptions regarding the days to heading,
which did not show significant effects for the first and second crosses under normal conditions, as well as for the
first cross under water deficit conditions. However, all three crosses under normal conditions significantly
affected grain yield per plant. In contrast, for the third cross under water deficit conditions, the effects were both
significant and highly significant under positive gene action. The majority of traits exhibited positive and
significant heterosis over the mid and better parents, except the second cross on fertility percentage and the third
cross on heading date, which showed negative and highly significant heterosis. The heritability values in the
narrow sense were found to be low to moderate for all the traits studied. These values ranged from 27.24% for
grain yield per plant in the first cross to 57.74% for 100-grain weight in the third cross under normal conditions.

Under water stress conditions, the dominance effect was found to play a significant role in the inheritance of

these traits.
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INTRODUCTION

Rice (Oryza sativa L.) is one of the most important
food crops in the world and a significant food crop for over
50% of the global population. It is the main diet for most
people in South and Southeast Asia. Rice grains provide
approximately 23% of the world's energy and 16% of
protein per capita (Surya 2024). Globally, rice is cultivated
on over 160 million hectares, resulting in an annual
production of about 740 million tons (Kumar et al. 2018).
Rice is a semi-aquatic plant belonging to the grass family
and is not well-suited to dry environments. It is more
sensitive to water shortages than other important cereals in
this family. To enhance productivity in aerobic or water-
limited conditions, rice needs to adapt from its typical
preference for flooded environments (Panda and Jijnasa
2021). One major abiotic stressor that restricts rice
production globally is drought. Thirty percent of rice-
growing regions suffer from water scarcity and moisture
stress. Drought causes over 18 million tons of rice to be lost
each year in rain-fed and irrigated areas, costing $650
million in lost revenue (Wassmann et al. 2009).

Breeding for water shortage tolerance has emerged
as a major breeding priority for rice programs, particularly in
Egypt because the River Nile provides a limited amount of
water for irrigation. Water shortages occur in some rice-
growing regions at different stages of growth, particularly at
the terminal of irrigation canals in the northern Nile Delta.
This lack of irrigation is one of the most serious constraints
on rice production (Abdallah 2009). In the rice breeding
program, enhancing tolerance to abiotic stress is highly
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desirable (Lee et al. 2017). Additionally, selecting drought
tolerance in rice cultivars is considered a crucial trait
(Rahman et al. 2022). Under water-limited conditions, grain
yield and its component traits are significantly affected,
particularly in sensitive rice genotypes. In contrast, tolerant
genotypes possess mechanisms that help them endure
drought stress (Gaballah et al. 2020). Hybridization is an
essential method for improving stress tolerance in rice.
Determining gene effects, heritability, and the identification
of novel genes that can help plant breeding programs
generate stress-tolerant rice all depend on screening the types
of gene action in offspring. Selecting the best breeding
techniques for genotype development programs requires
knowledge of genetic components, heritability, heterosis,
and genetic actions (Ahmed et al. 2023).

Genetic actions involve additive and dominant
influences and their interactions, which are linked to
breeding value (Begna 2021). Furthermore, the high genetic
advance values and heritability indicate that additive gene
action is predominant and that early generations can
successfully carry out trait selection. Therefore, selecting
genotypes based on these traits would be more successful for
targeted plant selection (Admas et al. 2024). Furthermore,
generation means analysis is a useful technique for
determining if epistasis is present or absent and for
measuring different aspects of genetic variance. To establish
an effective breeding program, studying the genetics of yield
and its component traits is crucial. Numerous morphological
and agronomic traits, such as duration, plant height, number
of panicles per plant, panicle length, number of filled grains
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per panicle, sterility percentage, 1000-grain weight, and
grain yield per plant, were found to be significantly impacted
by the analysis of additive and dominant genes. This study
specifically aimed to estimate the type of gene action that
regulates significant agronomic traits in rice populations
under different conditions and to determine the best breeding
selection methods for enhancing drought tolerance traits.

MATERIALS AND METHODS

Plant material and conditions

This investigation was conducted during the three
growing successive seasons of 2021, 2022, and 2023 at the
experimental farm of Rice Research and Training Center
Sakha, Kafr EI-Sheikh, Egypt. The genetic resources utilized
in this investigation represented six genetically diverse
genotypes, i.e., Sakha 108, Sakha 104, Sakha 107, IET 1444,
IRAT 170, and Moroberekan. The pedigree and
characteristics of the parental rice genotypes are shown in
Table 1. With the goal of generating the six experimental
populations utilized in the present study, three crosses
among the parental genotypes were carried out. The original
three crosses were Sakha 108/IET 1444, Sakha 104/IRAT
170, and Sakha 107/Moroberekan, developed during the
2021 growing season.

In 2022, F; plants were produced as single plants
after being selfed and backcrossed to each parent to collect
F» and backcross seeds, the three crosses were recrossed
again in the same season to produce their F; seeds. In 2023,
two randomized complete block design (RCBD)
experiments with three replicates were conducted. The first
experiment was normally irrigated (4-day irrigation
intervals), and the second was carried out under water deficit
conditions (12-day irrigation intervals). Each experiment
was sown, including the plants of Py, Py, F1, F2, BCy, and
BC; for each cross.

Table 1. The pedigree and characteristics of parental rice

genotypes
. . Drought

No Genotype Parentage Origin reaction Type

Sakhal01/HR5824- - .
1 Sakha108 B-3-2-3/Sakhalol Egypt Sensitive Japonica

GZ 4096-8-1/GZ .
2 Sakha104 4100-9-1 Egypt Moderate Japonica
3 Sakha107 Gizal77/BL1 Egypt Tolerant Japonica
4  IET 1444 TN 1/CO 29 India  Tolerant Indica
5 IRAT170 IRAT13Paawan COF Moderate Indica

d'lvoire

6 Moroberekan ~ Not available Guinea Tolerant Japonica

Each replication consisted of 10 rows of F, plants
and four rows for the other populations from the three
crosses. Each row was five meters long, with 20 x 20 cm
spacing between rows and hills. Data were collected from
individual guarded plants, 30 plants for F; generations, 100
for backcrosses, and 200 for F, generations of the six
populations in each cross. The traits measured included
heading date (day), plant height (cm), flag leaf area (cm?),
panicle length (cm), number of panicles per plant, panicle
weight (g), 100-grain weight (g), fertility percentage (%),
and grain yield per plant (g). All recommended agricultural
practices for rice production were applied on time.

Statistical and genetic analysis
Statistical and genetic parameters for each cross were

calculated in each generation. A scaling test, as described by
Mather (1949), was employed to assess the presence or
absence of non-allelic interactions. The probability of
interallic interaction was tested by calculating the variance of
the scalls A, B, C, and D. By taking the square root of each
of their variances, the standard errors for A, B, C, and D
were determined. By dividing the effects of A, B, C, and D
by their corresponding standard errors, the T-test was
computed. According to the Gamble (1962) six-parameter
model, the following types of gene effects were estimated:
M=Mean = F,, additive (a), dominance (d), additive X
additive (aa), additive x dominance (ad), and dominance x
dominance (dd).

The formula of Mather (1949) and Mather and Jinks
(1982) was used to compare the F1 mean performance to the
mid-parent and better-parent average values to assess the
degree of heterosis revealed in individual crosses. Inbreeding
depression was determined by Wynn et al. (1970) as the
percentage difference between the F1 and F, means. The
standard error (S.E.) was computed as follows: Fi-Bp /
(VF1+VBp)¥2, the significance of these deviations was
assessed using a T-test. S-E for inbreeding depression was
estimated as follows: Fi—F>= (VF1+VF,)¥2 Both the broad
and narrow senses of heritability were measured by Mather
(1949), and Johnson et al. (1955) determined the predicted
genetic gain from selection (Ag).

RESULTS AND DISCUSSION

Mean performance

The mean performance of the three crosses for the
six populations (P1, P2, F1, F2, BCy, and BCy) of the nine
traits under study are presented in Table 2. Significant
generational differences existed for all the studied traits,
from normal irrigation to deficit irrigation conditions. The
performance disparities among the three cross populations
for all traits were notable. Considering all crosses provided
earlyness by water shortage stress, the days to heading of
populations varied between normal and water stress
irrigation. The third cross (Sakhal07/Moroberekan) was the
earliest cross, with values of 95.30, 110.53, 98.97, 95.65,
99.65, and 108.87 days under normal conditions and 88.43,
106.20, 98.77, 94.93, 98.93, and 107.61 days under stressful
conditions of water scarcity for Py, P2, F1, F2, BCy, and BC;
populations, respectively. Similar results were obtained by
Solanke et al. (2019). Regarding plant height, the first cross
(Sakha 108/IET 1444) indicated the shortest mean values
under normal conditions, the P1, Py, F1, Fo, BCy, and BC;
populations of plant heights were measured at 96.20 cm,
106.37 cm, 131.63 cm, 125.20 cm, 118.88 cm, and 121.23
cm, respectively. In contrast, under water-deficit conditions,
the heights for the same trait were 80.13 c¢cm, 77.63 cm,
104.23 cm, 107.73 ¢cm, 92.80 cm, and 99.93 cm.

Concerning panicle length trait, the highest values
were 22.34, 29.56, 33.27, 28.48, 26.56, and 30.5 cm for
normal conditions, while under water deficit conditions the
values 18.96, 23.63, 25.26, 21.57, 21.59 and 25.2 cm were
recorded for Py, P2, F1, F2, BC1, and BCy, respectively. Under
normal irrigation, the number of panicles plant-1 trait had
superior values of 21.57, 25.07, 31.03, 24.33, 24.21, and
28.21; however, under conditions of water scarcity, the
values decreased, with the maximum values for six
populations being 14.63, 18.97, 25.93, 17.67, 17.23, and
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20.63, respectively. For panicle weight, the heaviest panicles ~ 100-grain weight (g), the highest values obtained for six

for normal conditions were 4.48, 6.64, 6.72, 5.62, 5.15, and  populations were 2.89, 3.36, 3.18, 2.98, 2.98, and 3.1 g

6.51 g for the third cross, while the heaviest panicles under  under normal conditions, while under drought were 2.39,

water deficit conditions were achieved with the third cross  2.89, 2.96, 2.66, 2.76 and 2.85 g, respectively.

by 2.78, 4.09, 4.35, 3.66, 3.14 and 4.2 g values. Concerning

Table 2. Mean and variances of three crosses for grain yield and its component traits under both normal and water-
deficit conditions

. Mean and P1 P2 F1 F BC: BC:
Trait  Cross - iation N D N D N D N D N D N D
o X 10863 10550 96.33 9490 1185 110.53 10589 103.87 112.61 10680 10868 104.92
Heai 2 217 198 175 216 281 240 3615 4978 3467 4241 2744 4275
d§2 ing o X 10360 9597 9467 9333 110.93 109.63 10691 10503 109.8 10837 10055 100.05
() S5 252 183 230 202 289 203 3654 3468 3243 3032 2849 3002
o X 9530 8843 11053 10620 9897 9877 9565 9493 9965 9893 10887 107.61
2 167 239 233 258 238 156 4018 4048 3355 3595 3085 3873
o X 9620 80.13 106.37 77.63 131.63 10423 12521 107.73 11888 9280 12123 99.93
. S5 154 191 224 224 183 225 4241 6039 3500 5854 37.34 4755
Ee?ght o X 10520 8650 1283 9820 1388 119.60 128.18 101.7 12024 10059 13312 111.01
) & 148 198 256 217 286 204 5019 5590 3913 4884 3597 5223
o X 10380 79.27 15060 11563 166.6 122.60 127.71 106.95 12121 9563 14452 11861
2 223 172 280 265 259 246 5306 47.37 4193 3402 4047 4227
o X 3130 1927 5170 30.17 5843 3337 4630 2854 38.76 2725 5353 3097
Flag leaf & 201 186 263 180 239 286 6398 3037 5070 27.33 4705 2374
ey o X 2581 1895 4840 3659 5253 3091 4296 3129 3321 2644 5005 38.14
) S 250 158 287 204 226 204 5877 2521 4704 1972 5063 2259
o X 2803 1663 6093 4957 5560 4543 4451 3607 356 2521 5080 3948
2 203 252 282 246 308 287 6585 2616 5535 2220 4407 1963
o X 2234 1581 2684 2093 2870 2400 2629 2021 2467 2006 2753 2262
Bariicle S 128 051 150 089 143 076 2012 1678 1296 1276 1648 1412
Ie"’r‘]rgg] o X 2195 1896 2828 2203 3150 2523 2848 2078 2527 2041 3050 22.14
) & 163 077 108 072 129 103 1962 1665 1565 1359 17.85 1532
o X 2190 1807 2956 2363 3327 2526 2688 2157 2656 2159 2999 2520
2 170 062 174 065 158 096 2275 17.99 1608 1510 1940 1334
o X 2060 1007 2507 1897 3103 2593 2433 1767 2421 1365 2821 2063
Number S 250 069 262 086 190 213 3699 2249 3052 1818 3212 1856
of panicles  Cz X 2157 1343 1233 1020 2367 1857 1830 1334 2253 1723 1448 1097
olant’ S 322 094 278 079 278 177 3967 2323 2309 1926 3636 1595
o X 1863 1463 1123 863 2213 1503 1952 1363 2157 1543 1859 12.76
S 279 093 191 065 302 203 3512 2429 2714 1917 2987 2064
o X 358 250 421 213 507 268 472 254 398 260 478 239
Baric S 009 001 009 001 005 002 102 030 096 026 070 029
waer:é%f o X2 443 278 582 397 614 427 505 364 515 291 606 384
@ s 005 002 006 002 009 00l 095 024 064 019 08 021
o X 358 278 664 409 672 435 562 366 423 314 651 420
2 007 001 010 002 010 00l 108 036 08 032 098 029
o X 289 239 236 194 269 246 257 219 270 221 246 229
100-grain & 002 00l 00l 00l 002 002 018 018 014 014 015 015
weight o X 261 236 312 289 318 296 295 266 286 249 310 285
@ s 001 001 001 002 00l 002 014 019 011 017 012 014
o X 260 231 336 285 304 279 298 260 298 276 308 275
S 001 00l 002 002 00l 001 017 017 015 016 010 015
o X 9213 7453 9113 7913 9489 8153 9119 8005 9251 7820 9206 79.66
el & 180 136 229 056 129 091 4727 2980 4126 2430 2821 2095
pgrc'er%’age o X 9203 7467 8894 7683 8330 6668 7962 5099 8011 6251 8267 6156
%) & 197 099 210 099 160 098 5617 2417 4429 1949 4088 1822
o X 9251 8121 9382 8378 9085 8565 8389 79.00 8824 8065 8957 8361
2 285 071 227 08 200 102 5220 3058 4991 2611 3214 2279
o X 4362 2516 3568 2454 4482 2853 4164 2676 4437 2762 3860 2654
Grain S 198 079 183 086 284 091 4286 2670 4111 2547 3293 2332
yield c X 4391 2958 37.89 2584 4681 3295 4151 3023 3962 2563 3531 30.09
plant 2 2 207 101 218 106 263 109 4595 2343 4021 2024 3442 2150
© c X 4417 3025 3493 2560 4781 3395 4031 2941 4186 3242 3661 2852
g 2 215 095 202 091 216 103 4733 2766 4328 234 3686 2526

N: Normal condition; D: Water deficit condition; C;: Sakhal08/IET1444; C,: Sakhal04/IRAT170; C;: Sakhal07/Moroberekan

The highest desirable values for fertility percentage  92.06% under normal conditions, while the best values
were 92.93%, 93.82%, 94.89%, 91.19%, 92.51%, and under water deficit conditions were 81.21%, 88.78%,
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85.65%, 80.05%, 80.65%, and 83.61%. The maximum
values for grain yield plant® were 44.17, 37.89, 47.81, 41.64,
44.37, and 38.6 g, while the best values under water shortage
conditions were 30.25, 25.84, 33.95, 30.23, 32.42, and 30.09
g for Py, P2, F1, F2, BCy, and BC; populations, respectively.
Days to heading is a crucial characteristic that should be
examined in each generation, and the early segregating
generation should be chosen based on its maturity days and
panicle length, according to Ganapati et al. (2020).
Yield and yield component inheritance

The three crosses estimated scaling test parameters
(A, B, and C) for the traits under study in both normal and
water-deficit conditions are shown in Table 3. Scaling test
parameters revealed substantial results that indicate the
additive-dominance model is not enough for comprehending
the gene effects present in the materials. These
characteristics are inherited in large part due to epistasis
contributions. The estimated parameters of the scaling test
were significant for all the studied traits, with the possible
exception of A scale at heading date in the first cross,
number of panicles in the second and third crosses, panicle
weight at the second cross, 100-grain weight at the first and
second crosses, panicle length, fertility percentage, and grain
yield per plant at the first cross under normal conditions. In
contrast, the first cross of heading date, plant height, flag leaf
area, panicle weight, panicle length, fertility percentage, and
grain yield per plant, as well as the third cross of panicle
number and grain yield per plant, were all affected by water
deficiency. Additionally, the B scale includes several
parameters for different crosses of plants. Under normal
conditions, the following traits are considered insignificant:
the second cross for plant height, the first cross for flag leaf

area, the number of panicles, the weight of the panicles, the
100-grain weight for both the first and second crosses, the
length of the panicles, and the fertility percentage for the first
cross. In contrast, under water deficit conditions, the B scale
includes the following parameters that are noteworthy: the
heading date for the second cross, plant height for the third
cross, the number of panicles and panicle weight for the first
and third crosses, the 100-grain weight for the second and
third crosses, the panicle length for the first and third crosses,
the fertility percentage for the first cross, and the grain yield
per plant for both the first and second crosses.

In the analysis of the C scale, the following
evaluations were conducted: plant height was measured at
the second cross, 100-grain weight at the third cross, panicle
length at both the first and second crosses, and grain yield
per plant at the first cross under normal conditions.
Regarding the C scale related to heading date, assessments
were made on the flag leaf area, the number of panicles at
the third cross, panicle weight at the first cross, and grain
yield per plant at both the first and second crosses, all under
water deficit conditions. The findings indicate that the six-
parameter model is effective in explaining the nature of gene
action for these traits. In contrast, the A, B, and C scaling
tests did not yield significant results for plant height, the
number of panicles per plant, and grain yield per plant.
Additionally, the interaction model did not clarify the type of
gene action involved. These results align with previous
reports of Hassan et al. (2023), where at least one of the
computed parameters (A, B, or C) from the scaling test was
significant for all the traits studied. This suggests that the
genetic control of these characteristics is influenced by
allelic interactions.

Table 3. Scaling test of three rice crosses for the studied traits under normal and water-deficit conditions.

Trait Heading date (day) Plant height (cm) Flag leaf area (cnm?)
C1 C Cs C C Cs C1 C Cs
Normal A -1.9{ 5.07*; 5.04: 9.93: -352* -27.97: -12.22"  -11.93" -12.43:
B 253 -4.51 8.23 4.45 -0.86 -28.16 -3.07 -0.84 -14.76
C -18.42™ 752" -21.18™  34.997 1.62 -76.78"  -14.65" 1427 22127
Water-deficit A 0.51 13.13" 12.67: 1.23** -4.93:* -10.61" 1.86 -5.98™ -11.65:
B 541 -1.07 5.26 18.00 423 -1.01 -1.60 -0.216 -16.04
C 14.00™ 19.54™ -1.46 64677  -17.10" -12.317 -2.00 -10.19™  -12.78"
Trait Number of panicles plant* Panicle weight (g) 100-grain weight (g)
C1 ) Cs C1 C2 Cs C1 C2 Cs
Normal A 3217 -0.11 2.3§* -0.70™ -0.33 -1.85™ -0.18 -0.08 0.22;
B 0.33 -7.04 381 0.28 0.16 -0.33 -0.13 -0.09 -0.24
C -10.40™ -8.03" 3.95 097" -2.40™ -1.20" -0.35" -0.31" -0.23
Water deficit A -8.69: 2.45:* 1.19 0.02 -1.25: -0.85™ -0.42: -0.34™ 0.41™
B -3.63 -6.82 1.85 -0.03 -0.56 -0.04 -6.89 -0.14 -0.13
C -10.23™ -7.41" 1.20 0.16 -0.72" -0.93" -7.55™ -0.53" -0.34"
Trait Panicle length (cm) Fertility percentage (%) Grain yield plant? (g)
C1 Cz Cs C1 Cz Cs Ci Cz Cs
Normal A -1.69 292" -2.05; -2.01 -16.01: -6.86: 0.31* -11.48: -8.27:
B -0.48 123 -2.84 -1.915 -6.90 -5.52 -3.29 -14.09 -9.52
C -142 0.70 -1045™ 829"  -2099"  -1243" -2.39 936"  -13.46™
Water-deficit A 0.32 -3.37: -0.14 0.33 -16.33: -5.56: 156 -11.27" 0.64*
B 0.32 -2.98 150 -1.34 -20.39 -7.21 0.01 138 -2.52
C -3.92” -8.34™ -5.95™ 349" -44.87"  -25.28" 0.29 -0.40 -6.10™

Ci: Sakhal08/IET1444; C,: Sakhal04/IRAT170; C,: Sakhal07/Moroberekan. " and ™ significant at 0.05 and 0.01 levels of probability, respectively

The estimated mean effect parameter (m) was found
to be highly significant for all studied traits across all
crosses, both under normal and water deficit
conditions (Table 4). The means of the different generations

were used to determine the various genetic effects (Kumar et
al. 2018). Significant negative additive gene effects (a) were
observed for most traits in three crosses under both normal
and water deficit conditions. However, there were
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exceptions: for the first and second crosses under normal
conditions, days to heading showed no significant effects, as
did the first cross under water deficit. Additionally, the
number of panicles for the second and third crosses did not
demonstrate significant effects under either condition. In the
case of panicle weight, a significant negative effect was
observed only under drought conditions for the first cross.
Similarly, the 100-grain weight for the first cross was
significant only under normal growing conditions, while
grain yield per plant was significant for all three crosses
under the same conditions. In contrast, the third cross
showed significant and highly significant positive gene
action effects when subjected to water deficit conditions.
The additive gene action was found to be
insignificant for the 100-grain weight in the first cross under
water deficit conditions, as well as in the second cross under
both normal and water deficit conditions. However, Simple
pedigree selection can be used to effectively use the additive
component of variance. A cost-effective and efficient

approach would involve mass selection in the early
generations, aimed at improving heterozygous populations
by adjusting the frequencies of desirable genes, followed by
single-plant selection from the resulting material. These
findings are reported previously by Vinoth et al. (2015) and
Kumar et al. (2017). The estimates of dominance effects
were predominantly positive and highly significant for most
crosses, with a few exceptions. Specifically, the traits related
to heading date and plant height in the first cross, as well as
the 100-grain weight in the first cross under water deficit
conditions, did not show significant dominance effects.
However, grain yield per plant was significantly negative
under both normal and water deficit conditions,
underscoring the importance of dominance gene effects in
the inheritance of these traits. It is also important to note that
no significant dominance gene action effects were observed
in some crosses. These findings align with those reported by
Sultana et al. (2016) regarding grains per panicle and 100-
grain weight traits.

Table 4. Type of gene action for studied traits of three rice crosses under normal and water-deficit conditions.

. M a d aa ad dd Epistasis type
Trait Cos—N 5 N D N D N D N D N D N D
Heading date C1 105.89: 95.87*; 3.93: -10.1: 35.08™ -9.69: 19.04: -8.03: -2.22; -2.4; -19.6™ 205 D d
(day) C2 106.91H 110.03** 9.25** 6.43** 4.84H 9.52H -6.96H -7.47H 4.79 7.11H 6.40* -4.61H C d

Cz 95.63™ 103.93™ -9.21™ -9.68™ 30.50™ 24.34™ 34.45™ 19.39™ -1.60 3.70™ -47.70" -37.30 D d
Plant height C1 125.21:107.73: -2.35; -7.13: 9.74*; -20.1: -20.6*: -45.4’: 2.74™ —8.4: 6.23* 26.21: C d
(cm) C 128.1%* 101.70** -12.8** -10.4** 16.05H 43.65H —6.OOH 16.40™ -1.33 —4.5** 10.38** -15.7** C d
Cz 127.77106.95™ -23.3™ -22.9™ 60.01™ 25.84™ 20.61™ 0.69 0.09 -4.8™ 3552™ 10.93 C c
Flag leaf area Ci 46.30: 28.54: -14.7: -3.72:: 16.30: 10.92: -063 226 -4.5: 1.7?1: 15.91: -2.52 C d
cm) C2 42.96** 31.29** -16.8** -11.7** 10.08™ 16.13™ 535 3.99** 55 -2.8** 18.12** 2.21** C c
Cz 4451™ 36.07™ -153™ -142™ 6.05 -258 -507 -149™ 117 2.20™ 32.26™ 42.60 C d
Panicle length Ct 26.29: 20.21: -2.86: -2.56: 3.36‘1 10.19: 075 456" -0.6** 0001 292 -519 C d
(cm) C2 28.48** 20.78H -5.23** -1.73** 4.00H 6.73** -2.33 1.91 -207™ 020 4.08 4.35** C c
Cz 26.88™ 2157 -344™ -360™ 1310 11.72" 557" 731" 04 -082 -0.68 -8.66 D d
Number of Cu 24.33: 17.67: -4.00: -6.97: 15.72: 9.31: 7527 211 -1.71 -2.5: -4.64 1445 D o
panicles plant* Ca 18.30** 13.34** 8.05** 6.25** 7.54** 9.79** 083 304 344" 464 6.38* 133 C c
Cs 1952™ 13637 2997 267 944 5.24 224 184 -0.71 -0.33 -843 -4.88 D d

. . C: 4727 2547 -080™ 021" 021 02 -1.38" -016 -049™ 0.02 179" 0.6 D c

Panicle weight . . . . o . o > . o

Co 505" 364” -091” -094™ 322" -019 223" -1.09™ -025 -03™ 207" 290 D d
© C: 5627 3667 -229™ -1.06™ 063 096~ -098° 004 -0.76" -04™ 317" 0.84" C c
100-grain C: 2577 219 024~ -007 011 -3.00" 004 024 -003 323" 026 7.07" C c
weight C> 2957 266™ -024™ -0377 046™ 038 014 005 001 -01 0.03 0.43 C c
(9) C3 298™ 260 -01 0001 023 084" 021 062" 023" 027" -019 -091" D d
Fertility C: 91.19™ 80.05™ 045 -146 7.63™ 019 437 -450° -005 084 -045 550 D c
percentage C> 79.627 59.99™ -256° 095 054 092 7.09° 815" -455™203™ 15.81™ 2856™ D d
(%) Cs 88.89™ 79.00™ -1.33 -296" -226 1317" 006 1251 -067 083 1232 0.26 D C
Grain yield C: 4164™ 2676™ 577" 108 458 496 -059 128 18 078 357 -2.85 C d
plant? Co 41517 30.23™ 4327 -4.46™ -10.29™ -4.25° -16.20™-9.49™ 131 -633741.76™ 19.38™ D d
(9) Cz 4031™ 2941 525" 390" 393 1024 -433 422 063 158 22117 -2.34 C d

N: Normal condition; D: Water deficit condition; C;: Sakhal08/IET1444; C,: Sakhal04/IRAT170; Cs: Sakhal07/Moroberekan; * and ** significant

at 0.05 and 0.01 levels of probability, respectively

Regarding the three types of epistasis, significant
positive additive/additive epistasis was detected under
normal conditions for several traits: heading date in the first
and third crosses, plant height in the third cross, panicle
length in the third cross, number of panicles per plant in the
first cross, panicle weight in the second cross, and fertility
percentage in the second cross. Concerning the water deficit
condition, significant positive epistasis was found for
heading date in the third cross, plant height in the second
cross, panicle length in the first and third crosses, 100-grain
weight in the third cross, and fertility percentage in the
second and third crosses. On the other hand, significant

negative additive/additive epistasis was identified for
heading date in the first and second crosses under drought
conditions and in the second cross under normal conditions.
Additionally, negative epistasis was found for plant height in
all three crosses under normal conditions and in the first
cross under drought conditions. For the flag leaf area,
negative epistasis was observed in the third cross under
drought conditions. In terms of the number of panicles per
plant, negative epistasis was observed in the first cross under
drought conditions. For panicle weight, significant negative
epistasis was noted in the first and third crosses under
normal conditions, as well as in the second cross under
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drought conditions. Regarding fertility percentage, negative
epistasis was identified in the first cross under water deficit
conditions and in the second and third crosses under normal
conditions for grain yield per plant. Additionally, it was
found in the second cross under drought conditions. These
findings suggest that additive/additive gene interactions play
a significant role in the inheritance of these traits.

The duplicate form of epistasis combined with a non-
allelic interaction component may delay the improvement of
this trait through selection in the early generations. In these
crosses, enhancement could be achieved by the cyclic
breeding approach, which selects suitable recombinants and
intercrosses them to pool the advantageous genes for creating
the elite population. The findings of Chamundeswari et al.
(2013) and Rani et al. (2015) were comparable. As a result,
Vadivel et al. (2003) noted that the presence of non-additive
gene action for grain yield and the majority of its yield
components produced a high level of vigor in F1, suggesting
that heterosis might be used to increase yield. Furthermore, a
less-than-additive or adverse effect was noted in the epistasis
of additive-by-additive interactions among QTLs in the
pyramiding lines (Tan et al. 2022).

In terms of the heading date for the second cross
under both conditions, the following traits showed highly
significant and positive additive/dominance type epistasis:
plant height at the first cross under normal conditions, flag
leaf area at the first and third crosses under water deficit
conditions, number of panicles under both conditions, 100-
grain weight at the first and third crosses under water deficit
conditions and at the third cross under normal conditions,
and fertility percentage at the second cross under water
deficit conditions. It was discovered that the heading date at
the first cross under both conditions, plant height at the first,
second, and third crosses under water deficit conditions, flag
leaf area at the first and second crosses under normal
conditions and the second cross under water deficit
conditions, panicle weight at the first and third crosses under
normal conditions and the second and third crosses under
drought conditions, fertility percentage at the second cross
under normal conditions, and grain weight for the second
cross under water deficit conditions all showed that the
additive/dominance type of epistasis gene action was
negative and significant. Similar results were found by
Saleem et al. (2010); Hassan (2011); Khatab et al. (2019)
and Ghidan and Khedr (2021).

Dominance/dominance type of epistasis, was found
to be highly significant and positive for plant height in the
second and third crosses under normal conditions. In
contrast, the first and third crosses were evaluated under
water deficit conditions. For the flag leaf area, there were
significant and positive results in the first, second, and third
crosses under normal conditions; however, the third cross
exhibited different results under water deficit conditions.
Additionally, the number of panicles per plant was recorded
in the first cross under water deficit conditions, while panicle
weight showed significant results in the first and third
crosses under normal conditions, as well as in the second
and third crosses under water deficit conditions. The 100-
grain weight was notably significant in the first cross
conducted under water deficit conditions. The fertility
percentage showed a high level of significance in the second
and third crosses under normal conditions, as well as in the

second cross under water deficit conditions. Finally, grain
weight was significant in both the second and third crosses
under normal conditions and also in the second cross under
water deficit conditions.

The negative and significant dominance/dominance
type of epistatic gene action was observed for the heading
date in the first and third crosses under normal conditions. In
addition, under water deficit conditions in the third cross,
dominance was noted for plant height in the second cross,
panicle length in the third cross, number of panicles per plant
in the third cross, panicle weight in the second cross under
normal conditions, and 100-grain weight in the third cross
under drought conditions. These findings indicate that
dominance gene action plays a crucial role in the inheritance
of these traits. These crosses showed a positive sign of
dominance/dominance component, suggesting that they had
an amplifying effect on the expression of that trait in all three
rice crosses. The expression of these traits in these crosses
was significantly influenced by the non-fixable gene effect,
which may be taken advantage of through bi-parental mating
under recurrent selection or by replacing the conventional
method with the idea of population improvement.

The expression of these traits was reduced, as
indicated by the negative dominance effect. However, the
negative sign of the dominance component for heading date
in the first and third crosses suggested a positive influence
on early flowering in this crop. In contrast, the dominance
component was positive for the other traits, indicating an
increased expression across all three rice crosses. It was
found that the additive/additive interaction significantly
influenced most crosses more than the additive/dominance
and dominance/dominance interactions under both normal
and water deficit conditions (You et al. 2006). The study
identified both duplicate and complementary epistasis in the
examined traits. In cases of duplicate epistasis, it is difficult
to identify genotypes that demonstrate higher levels of trait
expression because the positive effects of one factor may be
offset by the negative effects of another. In contrast,
complementary epistasis indicates that selection in early
generations could be beneficial. The presence of epistatic
effects was noted, except for panicle length, all attributes
exhibiting duplicate epistasis (Ganapati et al. 2020). This
dominance of duplicate epistasis may delay single-plant
selection (Solanke et al. 2019). Therefore, strategies such as
biparental mating or diallel selective mating may be
advantageous. Several cycles of promising crossing
segregate in the F, generation and beyond could help
incorporate desirable genes into a single genetic background.
Heterosis, inbreeding depression, and potence ratio

The percentage of F1 hybrids that have increased or
decreased compared to the mid-parent and heterobeltiosis,
along with inbreeding depression and potence ratio for all
studied traits under normal and water deficit conditions, is
presented in Table 5. The heterosis with mid and better
parents was noted, as most crosses exhibited positive and
significant heterosis for most traits studied. However, the
third cross for heading date and the second cross for fertility
percentage showed significantly negative heterosis. Both of
these crosses exhibit desirable characteristics in comparison
to the other crosses, which did not show significant heterosis
over the mid or better parent. Similar outcomes were
achieved by Saravanan et al. (2008). Inbreeding depression
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is assessed by calculating the difference between the means
of the F1 and F, generations as a percentage of the F1 mean.
Various crosses exhibited a range of inbreeding depression
values. For fertility percentage, the values ranged from
2.15% to 23.34% at the third cross, while for plant height,

the range was also observed at the third cross. In other cases,
the inbreeding depression values varied from -4.73% to
31.88% for the heading date at the first cross and for the
number of panicles per plant at the first cross.

Table 5. Heterosis over the mid and better parent, inbreeding depression percentage and potence ratio under normal

and water stress conditions

. Heterosis InbreedingDepression(%)  Potence Ratio(%6)
Trait Cross —upN  MPD BPN BPD N D N D
Heading date C: 1563~  -179 2301 706~ 10644 473 260 022
() g C2 10.90%*  1757* 17.18** 1841** 3624 317 264 2485

Y Cs 384*  486* -1046* -7.32** 3355 266 052 037
S Ci 2997 3214 2375 3426~ 488 335 597 2028
e 9 Co  1889%*  2951* 31.04** 3827** 765 14.97 191 -466

Cs  3007**  2581** 1062** 602 2334 12.77 168 -138
1o leaf are Ci 4080 3502 1302** 1062*  20.76 1447 166 -159
(Cn?z) Co 4158  4371%* 854* 907 1821 2159 137 -138
Cs 2500 37.26™ 9838* 17315  19.95 20.60 068 075
Sarnicle lenath Ci 1672 3065 692 1465~ 840 1581 182 220
il g Co  2543*  2300%* 1140* 1449~ 958 17.64 202 -308
Cs  2930%  2117** 5194* 3983 19.18 1463 197 -159
C: 3501 7865 2380 3673 2159 3188 367 257
Panicles plant™ Co 3963 57.12%% 974 3821 2268 28.15 145 418
Cs 4821  2923* 1878 273 1181 9.31 195 113
Sanicle weidht C: 3011~ 1560 2048 2555 6.79 526 377 197
© g Co  1919**  2661** 551  7.74* 17.83 1472 148 152
g Cs  3L55**  2666** 87.57** 5638* 1647 15.85 106 -140
L00-arain weidht Cr 2.66 1352 689 2684 456 10.88 026 129
() 9 9 C 1092 1280% 192 247 7.38 10.12 A24 127
g Cs 0.77 821  -929% 199 227 6.87 007 079
Fertilits bercentage Cr 356 611 413 303* 390 181 6.54 204
%) typ g C2 8390  119%F  -10.36%* -132% 442 10.02 383 839
Cs 249 077  -180 547* 215 7.76 352 017
Grain vield ofant® Ci 1303~ 1480 2561 1623 7.0 6.19 13 12,01
" yielap Co 1443~ 1893** 658 1141** 1131 8.26 1.96 281
Cs 2088  2156™ 823* 1222%* 1568 1336 1.79 259

MP-N: mid-parent of normal condition; MP-D: mid-parent of water deficit condition; BP-N: better-parent of normal condition; BP-D: better-parent

of water deficit condition; N: Normal condition; D: Water deficit condition; C;:

SakhalO8/IET1444; C,: SakhalO4/IRAT170; Cs:

Sakhal07/Moroberekan. * and ** significant at 0.05 and 0.01 levels of probability, respectively

According to Hanifei (2022), gene linkage in the
materials can lead to differences between heterosis estimates
and inbreeding depression. The potence ratio values were
greater than one for most crosses across all studied traits
under both conditions. However, some potence ratio values
in certain crosses were less than one, indicating that partial
dominance occurred in these cases. Aside from grain yield
per plant, Abdallah (2009) demonstrated that the potence
ratio exhibited over-dominance for all examined traits in the
three crosses. In addition, Wang (2024) found that most
crosses had potence ratio values for grain yield per plant
exceeding one, showing over-dominance for the majority of
crosses in the two experimental settings as well as in the
combined data.

Heritability and expected genetic advance

Both broad and narrow sense heritability estimates,
along with the expected genetic improvements from
selecting all studied traits under normal and water deficit
conditions, are shown in Table 6. In general, high heritability
values were found for all the variables under study in the
majority of crosses under both conditions. The fertility
percentage in the second cross was 96.77%, while the first
cross of 100-grain weight was 90.11% under normal
conditions. Regarding water deficit conditions, the

heritability values ranged from 89.75% for the flag leaf area
in the third cross to 97.05% for fertility in the same cross. In
contrast, the heritability values in a narrow sense were
generally low to moderate for all the studied traits. These
values ranged from 27.24% for grain yield per plant in the
first cross to 57.74% for 100-grain weight in the third cross
under normal conditions. When subjected to water deficit
conditions, the heritability values ranged from 15.53% for
the heading date in the third cross to 48.47% for the number
of panicles per plant in the second cross. This variation
suggests that the dominance effect played a significant role
in the inheritance of these traits. A non-additive component
of genetic variance dominated the expression of all the traits
under study in both crosses under both conditions, as
evidenced by the dominant genetic variance (1/4 H) being
greater than the additive genetic variance (1/2 D) for all traits
under study. These results have a close relationship to the
earlier research conducted by Hassan et al. (2023). Increased
estimates of heredity for sterility percentage, flag leaf angle,
days to heading, and grain yield per plant were found by
Gaballah and Abu ElI-Ezz (2019) in combination with high
genetic advance, suggesting the presence of additive genes.
High heritability and high genetic advance are key factors
for predicting the outcomes of selecting the best individuals.
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The expected genetic advance (GA) values for plant
height in the first cross ranged from 3.15% to 35.56%. For
the second cross, the number of panicles per plant varied
from 1.96% to 36.08% under normal conditions. In the third
cross, the GA values for the heading date and the number of
panicles per plant were assessed under water deficit
conditions. Most yield and yield-attributing traits showed
high heritability, which was linked to significant genetic
advances. This suggests that these traits exhibit additive gene
action and gene addressing. Combining heritability estimates

with genetic gain provides more useful information than
using heritability values alone when predicting the outcomes
of selection. The number of panicles per plant in the second
cross under both normal and drought conditions showed
significant genetic advance, suggesting that selection for
these traits might be successful. According to Ghidan et al.
(2019), Ganapati et al. (2020), and Aswin et al. (2021),
heritability estimates combined with genetic advances upon
selection were more useful in estimating the impact of
selection than the former alone.

Table 6. Estimates of genetic variance, heritability, and genetic advance for the three crosses in both normal and

water-deficit conditions

Genetic variance

Heritability

Trait Cross 12D 1/AH Broad sense Narrow sense GS GS%
N D N D N D N D N D N D

Headinad C: 1020 1441 2357 3314 934 9551 2821 2894 349 421 330 439
( di?/)mg ate C. 1215 903 2174 2368 9274 9429 3324 2602 414 316 387 287
C: 1595 629 2204 3217 9456 95 397 1553 518 204 542 19
Plant height Ci. 1247 1469 2807 4354 9562 9641 2942 2432 395 389 315 361
) Co 2528 1074 2248 4311 9514 9632 5036 1920 735 296 573 291
C: 2373 1844 2678 266 9518 951 4473 3894 671 552 526 516
Flag leaf area C. 3020 966 3119 1836 9597 9227 4721 3182 778 361 168 1266
oS Co 1986 811 3643 1518 9579 9237 338 3217 534 333 1242 1064
C: 3228 1049 3082 1298 9582 8975 4902 4011 819 423 1841 1172
C: 1134 825 234 1279 9392 9354 3066 3667 384 358 1579 2028
Panicles plant™ Co 1990 1126 1689 1065 9271 9433 5015 4847 651 481 3556 36.08
C: 1324 876 192 1411 9236 9418 377 3608 46 366 2358 2687
panicle weight C: 039 006 057 023 9309 9424 3791 1852 079 021 1674 826
Co 041 008 047 014 9221 9331 4282 3447 08 035 1706 957
© C: 031 011 067 024 9129 9589 2878 2942 062 036 1097 997
100-gran weight C: 007 007 009 01 9011 9348 3988 4051 035 036 1355 1625
() Cc 005 007 008 01 9393 9054 3939 3516 03 031 1029 1179
g C: 01 004 006 012 9128 9332 5774 2187 049 019 1654 7.19
panicle lengh C: 1081 667 791 938 9299 9564 537 3975 496 335 1887 166
il C. 574 438 1256 1138 9325 9466 2926 263 267 221 937 1064
Cs 1003 754 1107 965 9274 9556 4408 4193 433 366 1611 1699
Fertity percentage C. 2507 1435 2054 1451 9647 9686 5303 4815 751 541 824 676
%) Co 2718 1063 2718 1255 9677 9593 4838 4399 747 445 938 743
Cs 2235 1226 2757 1742 9563 9705 4281 4009 637 457 717 578
Grain vield ol C. 1167 46 2881 2123 9446 9676 2724 1725 367 184 882 686
rain yield plant C. 1726 513 2631 1724 9482 9546 3757 2189 525 218 1264 7.2
© C: 1452 667 3069 2001 9552 9645 3068 241 435 261 1078 888

N: Normal condition; D: Water deficit condition; C1: SakhalO8/IET1444; C2: SakhalO4/IRAT170; C3: SakhalO7/Moroberekan; GS: Genetic

advance

CONCLUSION

The scaling test results demonstrate that the additive-
dominance model is insufficientto explain the genetic
effects in the materials under investigation. A major factor in
the inheritance of these characteristics is epistasis. With a
few exceptions, most attributes across three crosses
exhibited significant negative additive gene effects in both
normal and water shortage conditions. The days to heading
for the first and second crosses were measured under normal
conditions, as well as for the first cross under drought
conditions. Additionally, we recorded the number of
panicles for the second and third crosses under both normal
and water deficit conditions, along with the grain yield per
plant for all three crosses under normal conditions. Notably,
the third cross under water deficit conditions exhibited
significant and highly significant effects attributed to
positive gene action. Heterosis was observed in both mid-
parent and better-parent values, as most crosses showed

positive and significant heterosis for the majority of the traits
studied. However, the third cross for heading date and the
second cross for fertility percentage exhibited negative and
highly significant heterosis, indicating that these two crosses
are advantageous for both traits. In contrast, the remaining
crosses did not demonstrate significant heterosis compared
to the mid-/better-parent values.

Under both conditions, all of the characteristics
under study showed high heritability values in a broad sense
across the majority of crosses. Under normal conditions, the
fertility percentage in the second cross was 96.77%, whereas
the 100-grain weight for the first cross was 90.11%. On the
other hand, all of the traits under study revealed low to
moderate heritability values in the narrow sense, ranging
from 27.24% for grain yield per plant in the first cross to
57.74% for 100-grain weight in the third cross under normal
conditions. The findings showed that the dominance effect
was a major factor in the inheritance of these traits under
conditions of water shortage.  Furthermore, for every trait
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under study, the dominance of genetic variation exceeded
the additive genetic variance, indicating that non-additive
components of genetic variance largely controlled the
expression of these traits in both normal and water deficit
conditions. The expected values for genetic advancement
varied from 3.15% to 35.56% for plant height in the first
cross and for the number of panicles per plant in the second
cross under normal conditions. In contrast, under water
deficit conditions, the values ranged from 1.96% to 36.08%
for the heading date in the third cross and the number of
panicles per plant in the second cross. Most traits related to
yield and its contributing factors displayed high heritability
along with significant genetic advancement, indicating the
fixation of genes and the presence of additive gene action for
these traits.
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