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ABSTRACT

Water deficit is a significant abiotic stress that severely limits rice growth and production. Therefore,
developing drought-tolerant rice genotypes is essential, especially under current water shortage conditions. In this
study, eleven SSR markers revealed substantial genetic variation among parental genotypes, identifying 27 alleles
with an average of 2.45 per locus and a high polymorphism information content (PIC) of 0.44. Based on this
diversity, three specific crosses were generated. Five populations from each cross, including Py, P2, F1, F2, and Fs,
were evaluated in two separate experiments under normal and water deficit conditions. The results showed that the
overall mean values for all generations were higher under normal conditions than under water deficit conditions
for most studied traits. The first cross (Sakha 107 x Nerica 7) was the best for the most studied traits under water
deficit, while the third cross (Sakha Super 300 x Moroberekan) was the best under normal conditions. Scaling test
results indicated that the evaluated traits did not align well with the additive-dominance model, suggesting the
possibility of epistasis in trait inheritance. Dominance effects were notably high for 100-grain weight, water use
efficiency, and grain yield per plant, suggesting that selection for these traits should be postponed to late generations
to ensure homozygosity. The importance of additive and dominance effects varied by trait and cross under normal
and water stress conditions. Among the epistatic components, the dominance effect was more significant in
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magnitude than the additive x additive ones in most studied traits.
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INTRODUCTION

Rice (Oryza sativa L.) is one of the most important
cereal crops, serving as a staple for over one-third of the
global population (Kaur et al. 2024). However, rice
production faces substantial challenges, especially from water
deficit conditions (Jarin et al. 2024). In addition, estimates
indicated that drought impacts approximately 50% of global
rice production (Chen et al. 2024). Moreover, water deficit
significantly impairs rice growth and development by
disrupting photosynthesis, metabolism, and cell enlargement
(Qiao et al. 2024). During the vegetative stage, drought
reduces leaf formation and tillering, while at the reproductive
stage, it increases grain sterility and diminishes grain filling
and weight, ultimately lowering yields (AbdAllah et al.
2013). Consequently, it affects plant growth and
physiological processes, including respiration and nutrient
uptake (Shao et al. 2008; Zampieri et al. 2023).

Generally, grain yield decreased by more than 50%
under drought conditions, depending on the stress's timing,
duration, and severity. In Egypt, 30% of paddy fields,
especially in terminal areas, are affected by water shortage,
thus reducing the total yield by 15%. In addition, the
performance of developed rice varieties under water-limited
conditions remains suboptimal (AbdAllah, 2010). Therefore,
developing drought-tolerant genotypes is essential for global
food security, particularly in the face of climate change.

Quantitative traits are controlled by multiple minor
genes, each with a small effect, and are influenced by the
environment. Methods typically focus on genotypic mean
performance or variances to study the genetic parameters of
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these traits, helping estimate gene action for practical
breeding (Hassan et al. 2023). Furthermore, understanding
gene action for various characteristics is essential for deciding
the most suitable breeding systems to enhance yield and
drought tolerance under varying conditions (Abd EL-Aty et
al. 2017).

Generation mean analysis is an effective method for
estimating gene effects in polygenic traits, mainly due to its
ability to evaluate epistatic gene effects such as additive x
additive, dominance x dominance, and additive x dominance
interactions. However, this knowledge is essential for
formulating effective breeding strategies, especially in
improving crop productivity and resilience under normal and
stressful conditions. Moreover, it guides the selection of
breeding strategies for optimal genetic improvement in
varying environments.

Evaluating genetic diversity helps develop new
genotypes with optimal traits and speeds up genotype
identification in breeding programs (Salem et al. 2024).
Moreover, biotechnological techniques have enhanced the
ability to assess genetic variation at both phenotypic and
genotypic levels. Further, DNA-based genetic diversity
analyses provide valuable insights for designing effective
breeding programs that expand the genetic base of
commercially cultivated varieties.

Molecular marker technology is a powerful tool for
assessing genetic variation in rice, offering a more reliable and
efficient approach than morphological traits (Naaz et al.
2022). Unlike morphological markers, DNA-based markers
provide greater accuracy, consistency, and repeatability.
Among these, microsatellites (SSRs) are especially useful due
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to their ability to transmit co-dominantly, their multiple allele
variation, high genomic representation, and minimal DNA
requirements, making them highly effective for analyzing
genetic differences among rice genotypes (Li et al. 2023 and
Mukta et al. 2024).

Therefore, the objectives of the present study were to
(1) investigate genetic diversity among local and exotic
parental rice genotypes using SSR markers, (ii) determine the
nature and magnitude of gene action governing the
inheritance of some root, physiological, and agronomic traits
in three specific rice crosses using generation means analysis
under both normal and water deficit conditions.

MATERIALS AND METHODS

Plant materials

Six genetically diverse rice (Oryza sativa L.)
genotypes, three local varieties (Sakha 107, Sakha 105, and
Sakha Super 300), and three exotic genotypes, (Nerica 7,
Vandana, and Moroberekan) from Africa Rice Center
(WARDA), were used for this study (Table 1). These
genotypes were selected based on their diversity in several
agronomic and physiological characteristics and their drought
tolerance to water deficit.

Table 1. Name, pedigree, origin, and type of genotypes
used in this study.

Drought
Name Pedigree Origin tolerance  type
reaction
Sakha 107 Gizal77/BLI Egypt Tolerant  Japonica
GZ5581-46- .. .
Sakha 105 3/GZ4316-7-1-1 Egypt  Sensitive Japonica
Sakha Super 300 - Egypt moderate  Japonica
WAB56-104/  Ivory :
NERICA7 CGL4MABS6-104 Cost Tolerant Indica
Vandana C22/Kalakeri  India  Tolerant  Indica
IR 8-24-6- (M307 , : Tropical
Moroberekan Hs) Guinea  Tolerant japonica
Molecular Analysis
Genomic DNA extraction
Genetic diversity among the selected parental

genotypes was analyzed using SSR markers. Genomic DNA
was extracted from fresh leaves of the 14-day-old seedlings
using the CTAB method (Doyle and Doyle 1990). The
quality and quantity of the extracted DNA were evaluated
with a NanoDrop ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Delaware, USA) using 2 pL of
each sample. The DNA samples were diluted in TE buffer (10
mM Tris-HCI, 1 mM EDTA, pH 8.0) for PCR amplification
to achieve a final concentration of 30 ng/uL.

PCR Amplification and Gel Electrophoresis

Eleven SSR markers (Table 2) were utilized in this
study (Chen et al. 1997; McCouch et al. 2002; Sasaki et al.
2005). PCR amplification reactions were prepared in 15 pL
volumes, each containing 1.5 uL of template DNA, 1 L of
both forward and reverse SSR primers, 7.5 uL of PCR master
mix (ROVALAB 2x Red PCR Master Mix, Kantstr.,
Germany), and 4.5 pL of ddH:0.

Amplifications were performed in a PerkinElmer
GeneAmp PCR System 2400 with the following cycling
conditions: initial denaturation at 94°C for 5 minutes, 35
cycles of denaturation at 94°C for 1 minute, annealing at 55°C
for 30 seconds, and extension at 72°C for 1 minute, followed
by a final extension at 72°C for 7 minutes. The PCR products
were separated on 3% agarose gels in 0.5X TAE buffer and
stained with ethidium bromide (0.5 pg/mL). Gels were
visualized and photographed using a Biometra Biodoc
Analyze system to observe the amplified DNA fragments.
The sizes of the DNA bands were estimated by comparing
their migration with a 50 bp DNA ladder (MBI Fermentas)
used as a molecular size reference.

SSR data analysis

The amplified bands for each SSR marker were
scored as (1) for presence and (0) for absence, creating a
binary data matrix. Allele diversity was assessed by
calculating the number of alleles, major allele frequency, and
polymorphic information content (PIC), as Botstein et al.
(1980) described. Genetic similarity between inbred lines was
calculated using Jaccard's (1908) index, and a dendrogram
was constructed using UPGMA in PAST software.

Table 2. Name and sequence of the SSR primers used in this study.

Marker Chromosom  Repeat Sequence Annealing  Expected PCR product
name e number motif (5°-3") temperature (%) size (bp)
F GTCCATGCCCAAGACACAAC
RM1261 12 (AG)s R: GTTACATCATGGGTGACCCC 50 167
F: CTCGTTTATTACCTACAGTACC
RM201 9 (CTw R: CTACCTCCTTTCTAGACCGATA % 142-158
F: GAGTGAGCTTGGGCTGAAAC
RM223 B (CTs R: GAAGGCAAGTCTTGGCACTG 5 148-165
F GGCCAACGTGTGTATGTCTC
RM242 9 (CTs R: TATATGCCAAGACGGATGGG 35 196-225
F-GAGCTCCATCAGCCATTCAG
RM245 1 (CT)0 R: CTGAGTGCTGCTGCGACT 5 113-116
F: CCCAGGCTAGCTCATGAACC
RM263 2 (CTas R GCTACGTTTGAGCTACCACG 5 157-1%
F: GCGGGAGAGGGATCTCCT
RM279 2 (CA)s R: GGCTAGGAGTTAACCTCGCG 5 164-174
F: TTCAGCCGATCCATTCAATTCC
RM28048 12 (CGC)s R: GCTATTGGCCGGAAAGTAGTTAGC 55 93-94
F: CTGATTCCACACACTTGTGC
RM324 2 (CAT)2 R: GATTCCACGTCAGGATCTTC % 134-175
F: AGAGGAAGAAGCCAAGGAGG
RM3805 6 (GA) R: CATCAACGTACCAACCATGG 55 110
— . O F: CTCTTCACTCACTCACCATGG 55 T

R: ATCCATCTGGAGCAAGCAAC

*All data were obtained from https://archive.gramene.org/markers/

Field experiments
During the 2021 season, three crosses were generated

using the six selected genetically diverse parental genotypes
to obtain F; seeds: Cross | (Sakha 107 x Nerica 7), Cross Il
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(Sakha 105 x Vandana), and Cross Il (Sakha Super 300 x
Moroberekan). In the second season, 2022, the hybrid seeds
(F1 seeds) of the three crosses were sown to give the F, seeds.
Moreover, the same parents were crossed again to produce F;
seeds. The new hybrid seeds and part of the seeds obtained
from F; selfed plants (F- seeds) were kept in the refrigerator
for the final experiment. In the third season (2023), the F; and
F» plants were selfed to produce F, and F seeds, respectively.
In the fourth season (2024), the five population of each cross,
P1, P2, F1, F2, and F3 were evaluated under two irrigation
regimes; well-watered or non-stress (NS) and water-deficit
(WD) conditions in separated experiments at the experimental
farm of Sakha Agricultural Research Station, Rice Research
Department, Kafr EI-Sheikh Governorate (31° 08°N latitude,
30° 58’E Longitude), Field Crops Research Institute,
Agricultural Research Center, Egypt. The physical and
chemical properties of the soil samples before the rice
planting season 2024 are illustrated in Table 3, according to
Black et al. (1965).

Table 3. Some chemical and physical properties of
experimental field soils before rice planting
season 2024.

Soil depth (cm)

Properties 0-30cm __ 30-60 cm
Chemical Analysis

EC (ds/m) 156 0.94
pH 7.82 7.95
Organic matter (%) 1.62 1.20
Soluble Cations, meg/L:

Ca** 5.03 197
Mg* 5.55 1.83
Na* 15.15 13.66
K* 0.18 0.06
Soluble Anions, meg/L:

Co3- - -
Hco3 3.13 2.82
So4 - 9.93 3.66
Cl 12.50 11.04
Physical Analysis

Sand (%) 18.07 19.41
Clay (%) 54.20 51.68
Silt (%) 27.73 2891
CaCos (%) 381 3.68
Soil texture Clayey Clayey

A Randomized Complete Block Design (RCBD)
with three replications was used in each experiment. The non-
stress (NS) or well-watered condition was performed using
continuous flooding every 4 days with an adequate depth of
submersion that ensured all surface areas were covered by
water in each irrigation incident. The water-deficit (WD)
treatment was performed using irrigation every 12 days
without standing water. The stress condition was applied 15
days after the transplantation. The water applied irrigation
quantities for each treatment were measured using a flow
meter under well-watered and water-deficit conditions
(13,200 and 8290 m%ha), respectively. The agricultural
practices involving sowing and transplanting were a single
plant on a hill, and each row consisted of 25 plants with 20 x
20 cm spaces between seedlings. It grew in three rows for Py,
P», and F; however, 30 rows were used for the F, population,
and 15 rows were used for the F5 generation per replicate for
each cross. Nitrogen fertilizer at 160 kg N ha rate was
applied in two phases as urea (46.0% N): two-thirds was
utilized as basal and blended into dry soil before flooding
irrigation, and one-third was applied at the maximum tillering
stage. Phosphorous was applied at 40 kg P,Os ha* as super-

phosphate (15% P,Os), and potassium at a rate of 50 kg K-O
kg/ha as potassium sulfate (48% K:0). Zinc fertilizer was
applied at a rate of 25 kg/ha ZnSO4 Other standard
agricultural practices, such as weed control and disease
protection, were conducted according to the recommended
package at the Rice Research Department.
Data Collection

Data were recorded on 10 randomly selected plants for
each Pi, Py and F; generation, 150 plants from the F,
population, and 75 plants from the F5 generation. The evaluated
traits included maximum root length (cm), number of roots per
plant, root volume (cm?3), number of root xylem vessels, root
xylem vessel area (mm?), days to 50% heading, chlorophyll
content (mg/ds™), leaf rolling, relative water content (%), plant
height (cm), pollen fertility (%), panicle length (cm), number of
panicles per plant, 100-grain weight (g), sterility percentage
(%), grain yield per plant (g), and water use efficiency (g/ml).
All measurements were recorded for the three crosses under
normal and water-deficit conditions, following the protocols
established by IRRI (2013).
Gene action determination

Scaling tests (C and D) were computed for each trait
to ascertain if the additive-dominance model or non-allelic
gene interaction was adequate. However, these scales were
found to be significant in indicating the existence of non-
allelic interactions. According to Evans et al. (2002), the
variance means for these estimations were shown, and the
significance from zero was tested using a t-test. A five-
parameter model was used to calculate estimates of different
gene effects, allelic interactions, and their significance test
(Hayman 1958).
Epistasis type

When dominance (h) and dominance x dominance (1)
gene effects have the same sign, the form of epistasis known
as complementary epistasis (C) is identified. In contrast,
duplicate epistasis (D) is identified when the sign differs.
Statistical analysis

The analysis of variance for five generations (P1, P2, F1, 2,
and Fs) was statistically analyzed based on individual plant using
TNAUSTAT (http://sourceforge.net/projects/dosbox/).

RESULTS AND DISCUSSION

Molecular genetic diversity among selected parents

Eleven microsatellite markers were utilized to
examine the genetic diversity among the tested parental
genotypes. PCR-amplified products for the eleven SSR
markers are shown in Figure 1. The alleles number per locus
varied from 2 to 4, with an average of 2.45 alleles per locus
(Table 4). The number of effective alleles per locus varied
from 1.38 to 3.6, with a mean of 1.97 alleles. The mean
number of alleles per locus detected in this study was higher
than those reported by Gaballah et al. (2021), who observed
averages of 1.28. However, it was lower than those reported
by Naaz et al. (2022), Mukta et al. (2024), and Salem et al.
(2024), who observed averages of 4, 4.75, and 4.61 alleles,
respectively.

The variation in allele numbers may be attributed to
the genetic architecture of the genotypes and the specific SSR
markers used. The major allele frequency averaged 0.65,
ranging from 0.33 to 0.83. This finding indicates that 65% of
the tested genotypes exhibited a shared major allele across the
loci examined, consistent with results reported by Pradhan et
al. (2023) and Guha et al. (2024). The polymorphic
information content (P1C) measures the ability of a marker to
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detect polymorphisms, reflecting its discriminating power.
The PIC ranged from 0.28 to 0.80, averaging 0.44 (Table 4).
This indicates that markers exhibit a high level of
informativeness. The mean PIC value observed in this study
was close to those reported by Nachimuthu et al. (2015) and
Pradhan et al. (2023), who detected an average of 0.42 and
0.43, respectively. SSR markers with PIC values > 0.50 are
considered highly informative Botstein et al. (1980). In this
study, RM223, RM518, and RM3805, with PIC values
exceeding 0.61, demonstrated high discriminatory power and
are valuable for exploring genetic diversity in rice genotypes
for drought tolerance Khan et al. (2022).

PL P2 P3 P4 PS P6| P1L P2 P3 P4 PS POl PL P2 P3 P4 PS P6| PIL P2 P3 P4 PS PG

RM246

RM242 RM518 RM1261

PLPZPY PAPSPOIPI P2 P PAPS POIPL P2 P3 P4 PS Po{PL P2 P3 P4 PS PO

RM201 RM223 RM263 RM279

500 bp

250 bp

PIP2ZP3 PAPSPOIPI P2 P3 P4 PS5 P6IPLP2PI PAPS PO

RM324 RM3805 RM28048

BEIE RS

Figure 1. PCR-amplified products for the eleven SSR
markers with the six parental rice genotypes. P1:
Sakha 107, P2: Nerica7, P3: Sakha 105, P4:
Vandana, P5: Sakha Super 300, Pé6:
Moroberekan, and M: 50 bp DNA ladder.

Table 4. Genetic features of the eleven SSR markers
utilized in this study.

Marker Chromosome Number ~ Effective Major

of number of Allele  PIC
Name number

Alleles alleles Frequency

RM246 1 2 1.80 0.67 0.44
RM201 9 2 138 0.83 0.28
RM263 2 2 1.80 0.67 044
RM242 9 2 1.38 0.83 0.28
RM3805 6 3 257 0.50 0.61
RM223 8 4 3.60 0.33 0.72
RM279 2 2 1.80 0.50 044
RM28048 12 2 138 0.83 0.28
RM518 4 3 257 0.50 0.61
RM1261 12 3 2.00 0.67 0.50
RM324 2 2 138 0.83 0.28
Mean - 2.45 1.97 0.65 0.44

The genetic similarity, as determined by SSR markers,
ranged from 0.1 to 0.83, with an average of 0.42 (Table 5). This
indicates relatively high genetic diversity among the selected
parental genotypes, reflecting a wide array of diverse genes.

These results align with the findings of Gaballah et al. (2021),
Li et al. (2023), and Hemasai et al. (2024).

Table 5. Genetic similarity matrix among the tested
genotypes based on SSR analysis.

Sakha Nerica Sakha Sakha
Genotypes 107 7 105 Vandama g s
Sakha 107 1
Nerica 7 0.30 1
Sakha 105 0.70 0.37 1
Vandana 0.10 0.37 0.22 1
SakhaSuper300 0.57 0.37 0.83 0.22 1
Moroberekan 0.40 0.40 0.61 0.23 0.61

The highest similarity was detected between Sakha
105 and Sakha Super 300. However, the lowest genetic
similarity was between Vandana and Sakha 105. The
dendrogram, generated from the genetic distance matrix,
classified the genotypes into two main clusters, with internal
sub-clusters displaying varying levels of diversity (Figure 2).
Group | consisted of Nerica 7 and Vandana, both indica types
and drought-tolerant genotypes. Group Il included four
genotypes, further divided into two sub-groups: the first sub-
group contained Sakha 107, Sakha 105, and Sakha Super 300,
all japonica types, while the second sub-group included the
tropical japonica Moroberekan. This result agrees with that
obtained by Khan et al. (2022), who found that SSR markers
separate indica and japonica varieties into distinct groups.
Similarly, Gaballah et al. (2021) observed that genotypes
clustered into two groups representing japonica and indica

genotypes.

Vandana

49

Nerica 7

Sakha 105

00 72

Sakha Super 300

g2 =———— Sakha 107

Morobereken

03 04 05 06 0.7 08 09 1.0
Similarity
Figure 2. Dendrogram for the six rice genotypes
constructed from SSR data using UPGMA
and similarity matrix computed according to
the Jaccard coefficient.
Generations mean

Data in Table 6 showed the mean performance of the
five populations, Py, P2, F1, F2, and Fs, for studied traits of three
crosses under normal and water deficit conditions. The
validity of parental differences and genetic variance within F,
and Fz populations in normal and water deficit stress
conditions were examined. Generally, the differences
between each of the two parents were found to be highly
significant.

Regarding maximum root length (Table 6), the mean
values of P, and F; were slightly higher than P, F, and Fs in
the three crosses under normal and water deficit conditions.
While root length in the third cross (Sakha Super 300 x
Moroberekan) was superior compared to other crosses for
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five populations P; (32.82 and 26.54 cm), P, (34.78 and 30.76
cm), F1 (34.21 and 29.98 cm), F, (27.84 and 20.70 cm) and F3
(26.19 and 20.77 cm) under normal and water deficit
conditions, respectively.

For the number of roots/plant, the mean value of F;
followed by P; was higher than that of P, F2, and Ps under
normal and water stress conditions in the three crosses, while
the first cross (Sakha 107 x Nerica 7) was the superior one

Vol. 15 (12), December, 2024

and higher for the number of roots per plant compared to other
crosses for five populations P; (266.01) and P, (219.20); and
populations F; (288.36), F» (218.11) and F3 (225.50) under
water deficit conditions (Table 6).

Concerning root volume, the mean value of F1 was
slightly higher than P, P, F2, and F5 under normal and water
deficit conditions in the three crosses.

Table 6. Mean performance and standard error of five-parameters for studied traits in the three crosses under non-

stress and water deficit conditions.

N P1 P2 F1 F2 F3
[72]
Characteriis & g WD NS WD NS WD NS WD NS WD
Maximum | 2652031 28038 31181027 27351026 045052 2683056 24461084 21511081 25314086 21562074
rootlength 11 25324022 18284018 27234028 2363019 279303 21194033 23204039 1854037 2500:039 18814037
(cm) I 264015 2654016 3478011  3076:020 34213017 20984015 2784047  2070:040 26194036 2077:034
Numberof | 33L00:060 266013034 2MA51:051 21920:038 4885090 28836096 28039¢185 21B11+131 28084175 25506128
rootsper Il 3A7H074 200624052 209881058 2264037 365104 2B%HS8 158302243 210038258 175584206 212504196
plant I FB0IB0A 26776+129 218534115 194464140 3500BHL45 256QHLEY 277474304 1983243 287974274 20058+206
Root | 630403 4213023 H0031  3746:033 75152046 466048  GBOBHI7/ 33073 7001070 4122068
volume 11 6620020 31213020 5649013 3572018 THOH03  4526H0B 6556062 053061 6008045 2304
(cm?) Il 84681022  4940:216  5h84015 3753013 3914032 40254033 68154072 3BOT067 6283:044 30724037
Rootxylem |  416:014  A00:016 5006016  AW:019 440016 418008 476202 4724021 397023 3652023
vessels I 4104012  410:011 4701012  470#012 4701012  460:019 4383021 473:022 381+031 3491027
number I 5004012 4204013 8904014 8304012 706020 6814019 714030 6064031 5714019 5084017
Rootxylem | 0330009 020:00024 05700068 0470005 052:00066 046:00068 05100194 04G94 05600278 0400279
vesselsarea 11 032400087 028:00037 05500040 O050:00024 O0S0:00051 045:00068 0AG00I41 04100136 04500138 038:00137
(MM) NI 048:0002 030:00024 062400082 05600040 0500049 04G0008  045:00200 041400185 046:00134 03100130
No.ofdays | 996:019 87672023 101308026 5361027 55049 8982040 938000 8882080 8615207/ 83%H076
©050% 11 0723020 8834025 100114019 100664020 072018 OLI4030 10020+13% 9520+134 9035084 8315:084
heading(day) Il 1256503 117054025 122024033 113564033 118424045 105274057 112273097 102774090 98024091 9054085
Chiorophyll | #495:019 3841:015 3078:014 37072018 4611024 4201023 3B30037 A0 3202060 3996048
content Il 46204013 33444023 42804016 4006018 45424020 79022 L4083 30584086 38724048 35612054
(Mg/ds) T 41373024 38464025 35314028 31304018  A4AIH034  B5M041 751050 A0S 30374046 3617:068
[ 2100013 3401016  170:019 2501018 2124024 344026  280:044 3824032 25H0A3  318:042
Leafrolling Il 2784016 570:014 2164010 248012 1864028 4334017 333034 393037 28603 4454038
M 2424019 5304024  170:020 230020 230030 3108029 3484040 493042 1274047 3184044
Relative | 93680022 83961022 W21#023  8/62H021 96224030  83G6:024  BAIGH056 77742046 7713033 7148031
water I 83974020 676026 OL004014 87114021 8605044 82013030 S0SH071 76774063 7906:069 704GH063
content (%) I 9496018 86354025 OL914018 83024025 U386H0A2  BROTH0A2  §726H073  BLTZH067 SLOTH0B5 7648:062
Plntheigny | 402 G028 LAEN02 11625024 1L00H0Z 14031 12/430W) LOINAM US/0HT5 10830112
©n I 10183025 8794042 16798403 1216:0% 131824060 123004064 150114141 12694126 156624139 13266+106
Il 116004017 106304038 160804031 128604019 134234076 12600:070 16018+138 1279+117 14968+113 12531+105
Sollen | 50017 8020022 %72023 913011 0656024  G333023  B6AH035 8303052 W5/056 7863050
fortilty (o) 1| D019 21014 GSE0Z GG  BEB0XN TLINOI OLE0M GEOHOM BIBH0L 650
I 9676:012 913024 97064023 92234027 96524056 8BOAH035 9434031 8600072 044068 8033068
caicle | ATH00 03017 2640602 261016 2540024 19260014 2430046 1751043 2206:04 1790033
longth (cm) 1| 250102 16408026 2666013 2145027 2343020 11303  21440% 1686058 LI 16344114
Il 25086024 17084026 27404028 23324018 25311031 1045040 22124046 17204044 21914050 17004045
Numberof | 2443017 20062021 19672020 1683019 25311024 2103015 2042054 15801045 2003064 12114062
paniclesper 11 2444010 1635:013 18214017 16244021 23644022 15804017 1879#050 1354046 16544056 993052
plant I 26414014 21474020 19774024 16864013 25384037 19154036 21104054 15724050 21134054 12704053
100gain | 26001 23008 27H00I5 250019 270016 24001 246:006) 2006 24700 2260064
weightq) 1| 270024 2340018 2610019 2410013 27E:0(G 2310100 2420077 220077 2230085 18400
I 29140034 24440016 32540008  293:0072  300:0006  268:0055 2570061 24410074 254006 21940067
Sterility | 719012 16524023 720019 153013 11004025 21004020 1100035 2258:050 10713033 2044048
percentage 1l 8614015 BAM0IS 8431016 19284012 120403 42874026 15104041 38261047 13634034 3BSLHOH
(%) I 690015 24144026 764019 14514023 10724028 2604030 12084035 23044040 10514037 2097034
Gramyilg | /2025  EH0Z B30 NG0B  M61602 DB 45047 N0 ALHE0B DK
corplant (g | 4029 SE:0I3  UZE010  9G013  MEH0IL 05021 2ZH0M 240 B BEAOU
I 46364022 29614025  BI7018 30204028 4808033 A0 43264049 2043041 4334040 2733033
Wateruse | 08400082 09000025 0840005 09100032 085200037 09800037 08300171 093:00174 077:00168 08800181
efficiency 11 08200003 079:00025 08000037 09400061 0800112 092400130 07500174 07900171 074:00232 0100233
(g/ml) [ 08400103 09000007 087400144 097:00073 08400121 095:00116 079:00210 08600193 069:00223 08100228

*Cross |: Sakha 107 x Nerica 7, Cross |1; Sakha 105 x Vandana, Cross I11: Sakha Super 300 x Moroberekan, NS:

Concerning root xylem vessels” number (Table 6), the
mean values of P, were higher than that of the other parent P;
and F; and the segregating populations F2 and Fs for the three
crosses under normal and water deficit conditions. The third
cross, Sakha Super 300 x Moroberekan, was the superior one

non-stress, and WD: water-deficit.

and higher for root xylem vessels number compared to other
crosses for five populations P; (5.00 and 4.20) and P, (8.90
and 8.30) and populations F; (7.06 and 6.80), F, (7.14 and
6.05) and F3 (5.71 and 5.08) under normal and water deficit
conditions, respectively.
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Concerning root xylem vessels area (Table 6), the
mean values of P, were higher than that of the other parent P;
and F; and the segregating populations 2 and F3 for the three
crosses under normal and water deficit conditions. The parent
P, gave the higher mean values of root xylem vessel area
compared with the other parent P; and F, and the segregating
populations F, and F3 under the two stress conditions in the
three crosses. While, the third cross (Sakha Super 300 x
Moroberekan) (Fig. 3) gave the superior one and higher for
root xylem vessels area compared to other crosses in parents
P (048 and 0.39 mm?), P, (0.62 and 056 mm?) and
populations F; (0.55 and 0.48 mm?); on the contrary, the first
cross (Sakha 107 x Nerica 7) showed the higher values
compared to other crosses in segregating populations F2 (0.51
and 0.46 mm?) and F3 (0.55 and 0.40 mm?) under normal and
water deficit conditions, respectively.

Water deficit
Moroberekan (P2)

Normal Water deficit Normal

Sakha Super 300 (P1)

() '

Water deficit

Normal

Sakha Super 300 X Moroberekan (F1)

Figure 3. The pictorial illustration section of root xylem
vessels in Sakha Super 300 (P1), Moroberekan
(P2), and Sakha Super 300 x Moroberekan (F1)
under normal and water deficit conditions.

According to the days to 50% heading, the data
obtained from the three crosses under normal and water
deficit stress conditions (Table 6) showed that the water
deficit conditions led to early maturity of about 10 days
compared to other non-stress in the three crosses. In the first
crosses, the segregating populations F3 (86.15 and 83.95 days)
and F, headed after (93.82 and 88.82 days) and matured
earlier than parents P; (96.96 and 87.67 days) and P, (101.30
and 95.36 days) as well as populations F; (95.55 and 89.82
days) under both normal and water deficit conditions,
respectively. The segregating population F3; headed and
matured earlier than the parents P; and P, and populations F;
and F; in the three crosses under normal and water deficit
stress conditions. This result is desirable for selecting early
maturing plants in the future.

Concerning chlorophyll content (mg/ds™), the water
deficit in the three crosses significantly affected chlorophyll
content under water stress conditions. For chlorophyll
content, the mean values in populations F1 (46.11 and 42.01)
were slightly higher than that of P; (44.95 and 38.41), P,
(39.78 and 37.07), and segregating populations F (38.30 and
34.05) and F3 (43.20 and 39.96) under normal and drought
stress conditions in the first cross (Table 6), respectively. In
contrast, the parents Sakha 105 and Vandana in the second

cross scored the highest estimates for chlorophyll content
under normal and water deficit conditions.

Leaf rolling is considered the first symptom of the
stress conditions reaction. For the three crosses under water
deficit stress, the parent P; leaf rolling values were higher than
the other parent P, and the populations Fi, F», and F5 under
normal and water deficit conditions. The first cross (Sakha
107 x Nerica 7) was the superior one and least for leaf rolling
compared to other crosses for five populations P; (2.10 and
3.40) and P, (1.70 and 2.50); and populations F; (2.12 and
3.44), F, (2.89 and 3.82) and F3 (2.54 and 3.18) under normal
and water deficit conditions (Table 6), respectively.

Regarding relative water content (Table 6), the mean
values in generation F; (96.22 and 88.65 %) were slightly
higher than that of P; (93.68 and 88.96 %), P, (90.21 and 87.62
%), F> (84.16 and 77.74 %) and F5 (77.13 and 71.48 %) under
normal and water deficit conditions in the first cross,
respectively. For the second cross, parent P, relative water
content values were higher than the other parent P; and
generation F1 as well as the segregating populations F, and F3
under two stress conditions. The third cross in parent Py (94.96
and 86.35 %) was higher than P, (91.91 and 88.02 %), F1 (93.86
and 88.97 %), F» (87.26 and 81.77 %), and F3 (81.07 and 76.48
%) under normal and water deficit conditions, respectively.

Concerning plant height under water stress conditions
(Table 6), plant height was significantly affected by the water
deficit. The most desirable mean values towards dwarfing
were obtained with the first cross (Sakha 107 x Nerica 7)
however, the shorter mean values were found for P; (96.40
and 83.88 cm), followed by segregating generation F3 (115.70
and 108.39 cm), F; (120.04 and 114.30 cm), segregating
generation F, (127.43 and 119.11 cm) and P, (128.88 and
116.25 cm) under normal and water deficit conditions,
respectively. The same trend was observed in the second and
the third crosses.

For pollen fertility (%) (Table 6), the mean values of
P, were slightly higher than Py, F1, F2, and Fs under normal
and water deficit conditions in the three crosses. Meanwhile,
the third cross recorded the highest mean values pollen
fertility compared with the other crosses, and the highest
values recorded for P, (97.06 and 92.23 %), followed by P,
(96.76 and 91.34 %), generation F; (96.52 and 88.94 %),
segregating generation F (94.32 and 86.00 %) and F3 (90.44
and 80.33 %) and under normal and water deficit conditions,
respectively. The same trend was observed in the first and
second crosses.

For panicle length (Table 6), The mean values of P,
followed by F; were slightly higher than Py, F,, and F3 under
normal and water deficit conditions in the three crosses.
Moreover, the first cross gave the highest values of panicle
length under water deficit conditions compared with the other
crosses. On the other hand, the third cross gave the maximum
value of panicle length under non-stress plants compared with
the other crosses.

Concerning the number of panicles per plant (Table
6), the first cross data revealed that the F; (25.31 and 21.03)
values were higher than that of the parents P; (24.43 and
20.05) and P, (19.67 and 16.83) as well as the segregating
populations F, (20.42 and 15.80) and Fs (20.03 and 12.11)
under both normal and water deficit conditions, respectively.
For the second and third crosses, data revealed that the P;
values were higher than that of the other parent P, and the
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segregating populations F1, F2, and F3 under normal and water
deficit conditions.

In the first cross the mean 100-grain weight value of P,
(2.77 and 252 g) and F; (2.77 and 2.44 g) were higher than
those of P; (2.63 and 2.38 g), F» (2.46 and 2.35 g) and F3 (2.47
and 2.26 g) under normal and water deficit conditions,
respectively. The P, values in the second and third crosses were
higher than those of the other parent P as well as the
populations F1, F, and F3 under both normal and water deficit
conditions.

The results in (Table 6), showed that the sterility
percentage on the first cross in F; (11.00 and 21.00 %) and F»
(11.00 and 22.58 %) were slightly higher than that in P; (7.19
and 16.52 %), P, (7.29 and 15.35 %) and F5 (10.71 and 20.44
%) under normal and water deficit conditions, respectively.
The same trend was observed in the second and third crosses
under normal and water deficit conditions.

Concerning grain yield per plant in grams (Table 6),
the mean yield of F; (46.16 and 35.35 g) was slightly higher
than that of P, (41.20 and 32.64 g) and higher than P, (36.39
and 30.95 g), F» (42.58 and 30.78 g) and F3 (41.98 and 30.96
g) under normal and water deficit conditions, respectively in
the first cross. The same trend was observed in the second and
third crosses under normal and water deficit stress conditions.
Moreover, the first cross (Sakha 107 x Nerica 7) gave the
highest mean values of grain yield per plant under water
deficit conditions compared with the other crosses. On the
other hand, the third cross (Sakha Super 300 x Moroberekan)
gave the highest value of grain yield per plant under non-
stress compared with the other crosses.

Concerning water use efficiency (Table 6), the mean
values of P, and F1 were higher than Py, F», and Fs under
normal and water deficit conditions in the three crosses. The
first cross (Sakha 107 x Nerica 7) gave the highest mean
values of water use efficiency compared with the other
crosses in the parents P; (0.84 and 0.90 g/ml) and P2 (0.84 and
0.91 g/ml) as well as the populations F; (0.85 and 0.98 g/ml),
F2 (0.83 and 0.93 g/ml) and F3 (0.77 and 0.88 g/ml) under
non-stress and water shortage conditions, respectively.

Generally, it could be concluded that the first cross
(Sakha 107 x Nerica 7) was the best cross for most studied
traits, namely maximum root length, number of roots/plants,
earliness, chlorophyll content, leaf rolling, dwarfism, panicle
length, number of panicles/plant, sterility percentage, grain
yield per plant and water use efficiency under water deficit
conditions. So, rice breeders could expect elite, promising
lines for drought tolerance and use them in their breeding
program mainly for drought tolerance.

In addition, the third cross (Sakha Super 300 x
Moroberekan) was the best cross for most studied traits,
namely maximum root length, root volume, root xylem
vessels number, root xylem vessels area, leaf rolling, relative
water content, pollen fertility, panicle length, number of
panicles per plant, 100-grain weight, sterility percentage,
grain yield per plant and water use efficiency under normal
conditions. These results are in agreement with results
obtained by Sultan et al. (2014), Ghazy (2017), and Ganapati
et al. (2020), who found that some crosses mean performed
better than others under stressed conditions.

Scaling test

Table 7 displays the estimated scaling test parameters

(C and D) for the studied characteristics in the three crosses

under normal and water deficit conditions. Scaling tests C and
D aimed to determine how the additive-dominance model is
adequate for exploring types of gene action in the inheritance
of different traits. When the scale test is sufficient, the values
of C and D should be zero and within the limits of their
respective standard errors. The significance of any one of
these scales indicates the presence of non-allelic interaction.

The mean performance and variance of the five-
population mean (P1, P2, F1, F2, and F3) were used to calculate
the two scaling tests. The parameters C and D values showed
significant or highly significant for most studied
characteristics in the three crosses under normal and water
deficit conditions, suggesting that the additive-dominance
model is inadequate for these traits and indicating the role of
non-allelic interaction in governing these traits more
particularly dominance x dominance type of non-allelic
interaction (epistasis). These results indicate that the five-
parameter model adequately illustrates the type of gene action
for these significant characteristics. EI-Gamal (2013), Sultan
et al. (2014), Ghazy (2017), and Hassan et al. (2023) found
comparable outcomes. They displayed one as a minimum of
calculated parameters (C and D) that were significant for the
studied traits. This finding suggests that allelic interaction is
necessary for the genetic regulation of these traits.

In contrast, the parameters C and D values in Table 7
were non-significant for root xylem vessels area in the second
cross (cross IT) under non-stress and water deficit conditions,
suggesting that the interaction model failed to explain the type
of gene action.

Nature of gene action and types of epistasis

Types of gene effects for the studied characteristics in
the three crosses at normal and water deficit conditions are
shown in (Table 8). The mean effect of a parameter (m) that
reflects the contribution due to the overall mean plays the locus
effect and interactions of the fixed loci was highly significant
for all studied characteristics in three crosses under normal and
water deficit conditions. The various genetic effects used means
of the different generations Kour et al. (2019).

The additive gene effects (d) were positively
significant for the number of roots per plant, root volume,
chlorophyll content, leaf rolling, number of panicles per plant,
and grain yield per plant in three crosses under normal and
water deficit conditions. The results indicate that selection
could be effective for these characters in early generations.
The additive gene effects (d) were negatively significant for
root length, root xylem vessels number, root xylem vessel
area, days to heading, plant height, pollen fertility, panicle
length, and 100-grain weight in the three crosses under
normal and water deficit conditions except days to heading in
the cross 111, These results indicated that the materials in the
three crosses have decreasing alleles for these characters, and
selection to improve it could be adequate except for days to
heading and plant height if earlier and shorter plants are
desired. The results agree with those reported by AbdAllah
(2010), Abdel-Hafez et al. (2017), and Ghazy (2017).

Concerning dominance gene effects (h) (Table 8),
positive and highly significant ones were attained for most
studied characteristics in three crosses under normal and water
deficit conditions, revealing the importance of dominance gene
effects in the inheritance of these traits. Significant dominance
gene effects for root traits and grain and its components in rice
have been reported by El-Gamal (2013), Sultan et al. (2014),
Hassan et al. (2016), and Ghazy (2017).
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Table 7. Scaling test estimate for growth traits in the three crosses under non-stress and water deficit stress conditions.

m

Characteristics Cross NS WD NS WD NS WD
Maximum root C -20.75£3.55** -17.82+3.46**  -15.24+1.71** -10.13+£1.64**  -24.65+1.92** -34.44+1.64**
length (cm) D -5.40+3.84 -7.02+3.40* 1.21+1.75 -3.73+1.68* -18.51+1.74** -15.61+1.58**
Number of roots C 151.63+7.68**  189.48+5.60** 620.17+£9.98**  104.04+10.82** 158.96+12.55** 172.87+10.55**
per plant D -12.9447.97 -19.4445.76**  196.63+9.62**  -41.93+9.42**  28.24+12.60* 33.51+9.76**
Root volume C 1.64+3.24 -33.42+3.09**  -12.44+258**  -3533+2.53** -3571+2.96** -33.17+3.52**
(cmd) D 18.07+3.22** 16.58+3.12**  -13.58+2.19** 1.28+2.08 -25.49+2.29**  -4,18+2.94
Root xylem C 1.09+0.98 1.63+0.89* -0.67+0.91 0.92+0.96 0.54+1.28 -1.89+1.29
vessels number D -2.82+1.05** -3.73+1.04** -2.33+1.31* -4.28+1.16** -5.3240.99**  -4.28+0.95**
Root xylem C 0.09+0.079 0.17+0.079* 0.04+0.058 -0.05£0.056  -0.38+0.081** -0.26+0.075**
vessels area (mm?) D 0.284+0.118** -0.10+0.118 -0.01+0.062 -0.07+0.061 -0.174£0.067** -0.53+0.064**
No. of days to C -14.084£3.73** -7.40+3.69* 0.39+5.38 9.9845.40* -35.43+4.03** -30.06+3.82**
50% heading (day) D -41.3143.57** -24.89+358**  -4551+4.31** -26.9444.31**  -80.15+4.16** -74.02+3.89**
Chlorophyll content C -23.73£1.57** -23.31+1.74**  -12.26+3.58** 0.25+3.48 -15.45£2.17**  -9.69+2.43**
(mg/dst D 11.46+2.53** 16.26+2.10**  -18.03+2.62**  -1522+2.76**  579+2.14** 6.18+2.98*
Leaf rolling C 3.51+0.55** 2.48+0.51** 4.86+0.61** -1.22+0.77 5.20+0.77** 5.93+1.10**
D 0.58+0.60 -0.82+0.54 -0.27+0.64 1.75+0.80* -6.00£0.45**  -4.76+0.78**
Relative water C -39.70+2.35** -42.9+1.94**  -30.01£2.99**  -31.60+2.79** -2557+3.04** -25.22+2.85**
content (%) D -43.69+1.77** -46.15+1.58**  -24,91+3.12** -4456+2.89*%*  -37.12+2.98**  -3242.86**
Plant height C 44.38+3.66** 47.7244.08**  102.99+5.78** 41.4245.23**  131.3545.74** 24.73+4.90**
(cm) D -17.3644.94** -4.80+4.92 38.44+6.24** 56.61+4.96**  -16.52+5.32**  10.44+4.83*
Pollen fertility C -11.61+1.52** -15.18+2.14**  -12.11+3.63** -46.67+3.39%*  -9.59+1.68** -17.45+2.99**
(%) D -18.3142.37** -32.05+2.25**  -2558+4.42** -38.554+3.79**  -20.68+2.79** -34.24+3.09**
Panicle length C -4.9241.91** -11.3741.74*%*  -12.58+3.76** -5.10+£2.30* -14.6241.98** -10.46+1.95**
(cm) D -11.47+1.94** -6.24+1.58**  -13.29+4,78** -6.22+4.71 -9.08+2.57**  -6.37+2.01**
Number of C -13.03+2.22** -15.74+1.86**  -14.78+2.07** -10.03£1.9**  -12.5442.29** -13.73+2.16**
panicles per plant D -4.80+2.80* -20.06+2.65%*  -14.07+2.45**  -19.95+2.30** -3.87+2.43  -18.98+2.36**
100-grain weight C -1.1040.24** -0.38+0.22* -1.24+0.32** -0.28+0.37 -2.052£0.22**  -0.95+0.32**
()] D -0.43+0.23* -0.54+0.24* -1.314£0.41** -2.1140.41** -1.2140.27**  -1.48+0.38**
Sterility C 7.53+1.51** 16.45+2.10%*  19.23+1.84** 12.55+1.96%*  12.34+1.52**  8.28+1.73**
percentage (%) D 6.34+1.50** 4.76+£2.18* 7.44+1.62** 11.96+1.66** 3.35+1.22** -0.83+1.60
Grain yield per C 0.43+1.99 -11.19+2.60**  -6.33+1.91** -21.12+41.48**  -546+2.10** -10.77+1.80**
plant (9) D 5.18+1.83** -1.30+3.06 1.31+1.97 -6.54+1.56** 4.43+1.91* -9.37+1.59**
Water use C -0.07+0.030* -0.05+0.031  -0.25+0.074**  -0.41+0.074** -0.24+0.089** -0.31+0.082**
efficiency (g/ml) D -0.25+0.031**  -0.16+0.036**  -0.16+0.100* -0.06£0.101  -0.53+0.100** -0.37+0.100**

Cross |: Sakha 107 x Nerica 7, Cross 11; Sakha 105 x Vandana, Cross 111: Sakha Super 300 x Moroberekan, C: complementary epistasis, D: duplicate
epistasis, NS: non-stress, and WD: water-deficit. * and ** Significant at 0.05 and 0.01 probability levels, respectively.

On the contrary, dominance gene effects were
negative and significant for the following number of roots per
plant in the third cross (Sakha Super 300 x Moroberekan) and
for chlorophyll content in the first cross (Sakha 107 x Nerica
7) and for plant height in the second crosses (Sakha 105 x
Vandana) under normal and water deficit conditions. The
results indicate that the alleles responsible for less value of the
traits mentioned were dominant over the alleles governing the
high value. It is noted that there are no significant dominance
gene action effects in the chlorophyll content trait of cross I11.
Sultana et al. (2016), Patel et al. (2020), and Nofal and
Gaballah (2024) found the same trend for 100 seeds weight
and plant height.

Regarding the additive x additive type of gene action
(i), positively significant effects were observed for the number
of roots per plant, days to 50% heading, leaf rolling, relative
water content, pollen fertility, number of panicles per plant,
and water use efficiency in three crosses under normal and
water deficit conditions. This indicates that early generation
selection for these characters could be effective in breeding
programs.

On the other hand, negatively significant effects were
found for root length and root volume in the first and second
crosses and for root xylem vessel area and plant height in the
three crosses under normal and water deficit conditions. This
indicates that effective selection for these characters could be
done in the late generations. Indicated to the additive x
additive gene action, it had an essential role in the inheritance

of these traits. However, the duplicate type of epistasis for
pollen fertility, number of panicles per plant, 100-grain
weight, and grain yield per plant for three crosses could
impede the improvement of this characteristic caused by early
generations' selection.

These crosses could be improved by using a cyclic
breeding strategy, which selects and crosses desirable
recombinants to combine the advantageous genes to create an
elite population. Chamundeswari et al. (2013), Rani et al.
(2015), and Solanke et al. (2019) reported similar results;
therefore, Ghazy (2017) confirmed the existence of non-
additive gene action for grain yield/plant the majority of the
yield components in the hybrids led to a high level of vigor in
the F4, suggesting the potential for using heterosis to increase
yield. Tan et al. (2022) also noted a less-than-additive or
negative effect on the epistasis of additive-by-additive
interaction between lines.

Concerning dominance x dominance type of gene
effects (1), positively significant and highly significant effects
were obtained for root length, number of roots per plant, root
volume, and grain yield per plant in the three crosses and for
chlorophyll content in the first and third crosses under normal
and water deficit conditions. These results indicated that the
role of dominance x dominance gene interaction is important
in the inheritance of these characters. The dominance x
dominance sign component has a positive in one or both
crosses, indicative of an improved effect in the character
expression.
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Table 8. Estimates of gene effects of the three crosses for the studied characteristics under normal and water deficit

stress conditions.

Mean d h i | Type of

Characteristics Cross F2generation epistasis
NS WD NS WD WD NS WD NS WD NS WD

Maimum root [ 2446 21507 -233* 225 174 345 453~ 279 2048 1440~ C  C
length (cm) I 2329%% 1854** -095%* -267** -169 104 -525%* -455%% 2193** 854%* D  C
MM 27.84% 20.70%* -098** -211** 865** B00** 627** 044 818 251 C C

Numberof roos | 280397 218117 4325%% 2340%* 44457 2713 6085% 2818** 184927226727 C  C
per plant I 158.3** 210.03** 51.30%* 1351** 72.05%% 1046 130.32%* 37.63** 564.72** 8281** C  C
Il 277.47*%198.30%* 65.83** 4165** 20.40* -20.34** 86.33** 32.16** 249.60**27517** C D

Root volume [ 6898 3435°* 694 233* 138 -1081* 211 -11.95* 2190~ 6666~ C D
o) I 6556%* 3053** 4.90%*% 225%% 2154*%* 505 1678%* -1125** -152 4882** D  C
M 68.15%* 38.07** 14.43** 593** 2470** 304* 39.90%* Q13** 1362* 3865* C C
g} 12 4SS AT T aeT o mrear T 8 8
VeSSEISIUMbEr 1 77k gosae 1 0B%* 2054 375%% 300%* 026 -156* 782%* 320 D D
Root xylem [ 050 046 -012* -009~* -010 01/* -04** -008 025 03/ D D
vessels area I 048 041** -012** -011** 007 010 -022** -018* 006 003 D D
(mm?) M 045 041** -007** -008** 004 031** -009* 015 020* 035 C D
No. of days to [ 93.827F 8882%* 217 385" 2L62%* 1367** 20.85°* 7.6/** 3631 2332* D D
50% heading I 10029%* 9520%*% -504** -§17** 2445%% 1624** 1851** 728% -6119%* -4922** D D
(day) M 11227%%102.77%% 181** 174** 4211** 343** 51155 47.83%* 5963** 5861** D D
Chlorophyll [ 3830% 3405°* 258 067 -7.85* -1045%* -643** -1338™ 46927 52/5* D D
content (mgfds?y [ 41927 3958 1750 080 1085 1073 1347 858 770 2063* D D
Il 3751* 3433** 303** 353** .037 209 -038 133 2833** 2116 D D

[ 289" 382 0207 045* 042 145* 060 186 39~ 441 D D

Leaf rolling I 338 393** 031** 161** 038 -108* 161** 185 685** 395 D D
I 348%* 493** 036%* 15 511%* 346%* 559%* 716 -1493**-1426** D D

: [ 8416™ 77.74% 173 06/ 26./8"* 2398** 2508** 2405* 533 434 D D
sjr']?;'n"te(t‘y‘;‘ter I 80.54%* 76.77+% -106** -0.68%* 7.63%% 2092** 948** 2309** 680 -1729** C D
0 I 87.26™ 8L77** 152%* -084** 2091** 1891** 2353** 1546** -1539* 904 D D

Slant heidht [ 127437 119.117* -16.24™ -16.19%* 26.37** 2538%* -1351%* -21.00%* -82.32** -70.03** D D
9 [T 159.11%* 126.94** -33.08** -22.00** -11.56™* -17.82** -74.61** -7501** -86.07** 2025* C D

(cm) I 169.18** 127.95%* -22 45** -11.15** 2869** 580 -11.99** -2513**-197.16** -1905* D D
Sollen fertl [ 9368 8303 -011 -L06% 1022%* 1196 1005 16.73** -893* -225°* D D
(Oj;)e” ertility I 9165 66.04** -015 -362** 13.05%* 567* 1475 1068** -1797* 1082 D C
M 9432%* 86.00%* -015 -045** 11.80%* 17.07** 11.89%* 19.03** -1478** 2239** D D

Sanicle lenath [ 24307 17507 083 -116™ 6.7/2* 008 51/~ -004 8/3* 68* D C
anicle lengt I 2149%* 16.86** -0.82** -253** 436 171 512* -176 -095 -149 D D
(cm) M 2212%% 1720 -116** -314** 269 178 130 -379** 738 546 C C
Number of [ 20427% 15807 238 1617 429% 1334 579 139/** 1097 577/ C D
panicles perplant 11 1879 13507 312 006 923" 1113** 1315 1174 095 1323 C D
MM 2110% 1572%% 332% 230%* 278 1034** 7.3%* 1497%* 1157* 699 C D

Ooarainweight | 246 235 0077 007~ 017 029 003 016 088 022 C D
9 9 [T 242%% 228% 009%* -003** 073** 130%* 084** 130** 009 245 D D
© MM 257%% 244% -017** -025%* 047** 082** 012 033 113* 071 C D
- [ 1100 2258 -005 059~ 080 463~ -30/~* 074 -159 -1558* D D
S;?E'é'r% e (%) I 1510%% 3826** 006 8.11** 174 960** -163 1034** -1572** 079 D D
P ge o M 12.08% 2304** -037** 482%* 327* 521** 091 1156 -11.99** -1214** D D
Grain vield oer [ 4258 30.78"* 240 084** 398* 256 143 060 633 1318 C C
olant (g) p I 4023 2342%% 450%* 212%* 416 263* 7.06* -340** 10.18** 1945** C C
Il 4326%* 2043** 520** -031** 305 886** 653** 384 1318 18 C C

\Water use [ 083* 093 0002 0003 01/** 0i7/** 015~ 009 025 015* D D
efficiency (iml) 1 0757 079% 0009* 007 008 003 009 -016* 012 046™ C C
M 079%* 086 -002* -003** 030%* 021** 029 013* -039* 008 D D

Cross I: Sakha 107 x Nerica 7, Cross 11; Sakha 105 x VVandana, Cross I11: Sakha Super 300 x Moroberekan, d: additive gene effects, h: dominance gene
effects, i: additive x additive type of gene action, I: dominance x dominance type of gene effects, C: complementary epistasis, D: duplicate epistasis, NS:
non-stress, and WD: water-deficit. * and ** Significant at 0.05 and 0.01 probability levels, respectively.

Negatively significant gene effects values were
detected for root xylem vessels number, days to 50% heading,
leaf rolling, plant height, pollen fertility, sterility percentage,
and water use efficiency in the three crosses under normal and
water deficit stress. These results indicated the scope of
heterosis breeding for developing superior populations. 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 using the population improvement concept
instead of traditional methods. The dominance x dominance

effect sign was negative, suggesting that these characters’
expressions were being reduced.

On the other hand, the dominance x dominance
component was positive for the other characters, suggesting
that they enhanced the expression of those characters. You et
al. (2006) and Ghazy (2017) observed the interaction of
additive x additive had a superior effect than dominance x
dominance in most crosses.

The duplicate epistasis was achieved for all studied traits
in three crosses except maximum root length, number of roots
per plant, and grain yield per plant in three crosses and for root
volume and panicle length in the third cross (Sakha Super 300 x
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Moroberekan) and for water use efficiency in the second cross
(Sakha 105 x Vandana) were complementary under normal and
water deficit conditions. In traits under study, both
complimentary and duplicate epistasis were found. This makes it
challenging to fix genotypes with higher levels of character
manifestation in duplication epistasis, as the negative influence of
one parameter would cancel out the opposite effect of another.
On the other hand, epistasis of complementary refers to
suggestions for selection in the early generation that might be
effective. Ganapati et al. (2020) indicate the epistasis effect; the
epistasis of duplicate was mainly for entirely the traits excluding
panicle length; therefore, the epistasis of duplicates, as
demonstrated by Solanke et al. (2019), may delay the selection
of a single plant. Instead, biparental mating or diallel selective
mating, in which a few cycles of crossing of promising segregates
in F2 and subsequent generations are followed, may aid in
integrating desired genes into a single genetic background.

CONCLUSION

In conclusion, the results indicated that some crosses
performed better under stress conditions. All studied traits most
desirable mean values were recorded from the first cross (Sakha
107 x Nerica 7) under water deficit stress conditions. In
contrast, under normal conditions, the most desirable mean
values for all studied traits were recorded from the third cross
(Sakha Super 300 x Moroberekan). Generally, the characters
controlled by additive gene effect can be improved by the most
appropriate breeding method (the pedigree selection method).
In contrast, other characters were controlled by additive and
non-additive or non-additive gene effects in different crosses.
Hence, those could be successfully improved by heterosis
breeding or hybridization followed by the cyclic method of
breeding; keeping an adequate population size would be more
desirable for improving these traits.
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