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Abstract | The combined application of induced mutagenesis and hybridization is an effective approach for
expanding genetic variability in cotton breeding; however, the interaction between gamma irradiation and
hybrid performance remains insufficiently understood. In this study, dry seeds of the cotton (Gossypium
hirsutum L.) analyzer line L-70 were exposed to 400 Gy gamma irradiation using a A60Co source. The
resulting M; plants were used as female parents in crosses with donor lines -39, L-37, L-34, and L-35, as
well as commercial cultivars Surkhan-108 and Surkhan-103. Seed germination, plant viability, plant height,
and internode number were evaluated under field conditions using a randomized complete block design with
three replications, and the data were analyzed using ANOVA (p < 0.05). Gamma irradiation significantly
reduced seed germination (71.42% to 40.00%), plant viability (65.08% to 37.62%), plant height (91.44 to
79.12 cm), and internode number in the M; generation, confirming its inhibitory effect on early growth and
development. The performance of F; hybrids was strongly genotype-dependent. The hybrid F; L-35 x M;L.-70
exhibited the highest germination (80.00%) and viability (75.24%), indicating a pronounced heterotic effect,
while F; L-39 x M;L.-70 showed superior vegetative growth, reaching 101.25 cm at maturity and exceeding
its parental line by 11.08 cm. In contrast, hybrids involving 1.-34 and L-37 displayed substantial reductions
in germination, viability, plant height, and internode number, suggesting unfavorable allelic interactions and
hybrid depression. The observed variation among hybrid combinations reflects the involvement of additive,
dominance, and epistatic gene effects in the inheritance of these quantitative traits. Overall, the results
demonstrate that the integration of gamma-induced mutagenesis and hybridization generates considerable
phenotypic variability in cotton and can facilitate the identification of superior breeding materials. In
particular, the combinations L-39 x M;L-70 and L-35 x M;L-70 were identified as promising genetic

resources for the development of high-performing cotton cultivars with improved agronomic potential.
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Introduction

Cotton (Gossypium spp.) is one of the most

important fiber and oilseed crops worldwide,
playing a key role in the global textile industry and
agricultural economy. In addition to fiber production,
cottonseed is an important source of oil and protein,
with cottonseed oil being used in human food
products and processed cottonseed meal and protein
fractions being primarily used as animal feed.
Because cottonseed contains gossypol, appropriate
processing is required for its safe use in food and
feed applications. Therefore, improving both fiber
and seed-related traits remains a major objective in
modern cotton breeding programs (Fang and Percy,
2017; Grover et al., 2020). In this context, improving
the genetic potential of cotton while maintaining
high seed quality and reliable crop establishment
is essential for sustainable cotton production. Seed
germination, viability, and early growth dynamics
are critical indicators of plant performance, as they
directly determine successful crop establishment
and productivity. These traits are highly sensitive
to genetic factors as well as external influences,
including mutagenic treatments (Finch-Savage and
Bassel, 2016). Recent studies emphasize that early
developmental traits such as germination rate, seedling
vigor, and survival capacity are closely associated with
yield stability and stress tolerance (Igbal ¢z a/., 2021).
Consequently, evaluating these traits in genetically
diverse cotton materials is important for identifying
breeding materials with improved establishment and
developmental performance. Gamma irradiation
is widely applied in plant breeding as a powerful
mutagenic tool for inducing genetic variability. It
causes structural and functional changes at the DNA
level, leading to the emergence of new phenotypic
variations. Depending on the dose, gamma radiation
may stimulate physiological processes or inhibit
growth due to oxidative stress and cellular damage
(Oladosu et al., 2016; Wani ez al., 2017; Raina et al.,
2022; Bekmukhamedov e /. 2026). This dual effect
highlights the importance of optimizing irradiation
conditions in breeding programs. Therefore,
assessing germination, viability, and subsequent
growth responses following gamma irradiation can
provide valuable information for determining the
biological effects of mutagenesis and identifying
potentially useful variation for cotton improvement.
Hybridization is another fundamental approach for
cotton improvement. Intraspecific hybridization

allows the exploitation of heterosis within species,
while interspecific (distant) hybridization enables the
transfer of valuable traits across species boundaries,
including stress tolerance, disease resistance, and
improved seed composition (Yu ez a/., 2018; Zhang ez
al.,2021). Studies on distant hybrids have shown that
economically important traits can exhibit complex
inheritance patterns influenced by gene interactions.

In particular, the inheritance of seed oil content in
distant cotton hybrids has been investigated by
Amanturdiev ez a/. (2021), who reported that in F,
populations, the appearance of non-parental traits
indicates additional gene effects, suggesting that oil
content may not follow simple polygenic inheritance.
'This highlights the genetic complexity of economically

important seed traits in hybrid populations.

Recent advances in cotton genetics further support
the importance of integrating classical breeding with
modern molecular approaches. For instance, marker-
assisted selection (IMAS) has proven effective in
identifying genes associated with fiber quality, disease
resistance, and abiotic stress tolerance. A recent
study by Narkizilova ez a/. (2025) demonstrated that
specific molecular markers (e.g., BNL1604, Gh247,
BNL3255) are strongly associated with fiber traits
and Fusarium wilt resistance, emphasizing the role
of genomics in accelerating cotton improvement.
These developments demonstrate that combining
genetic diversity generated through hybridization
and mutagenesis with systematic evaluation of early
developmental traits may provide an effective strategy
for identifying promising cotton genotypes.

Despite these advances, the combined effects of
mutagenesis and hybridization—particularly their
influence on seed germination, viability, and early
growth dynamics—remain insufficiently studied.
Most previous research has focused either on
mutation breeding or hybrid performance separately,
with limited attention given to their interaction across
developmental stages. This represents an important
research gap because the response of hybrid cotton
materials to gamma irradiation may differ according
to their genetic background, and such differences
may become evident during germination, seedling
establishment, and subsequent growth. Accordingly,
the scope of present study encompasses the
comparative evaluation of germination, seed viability,
survival, and early growth dynamics in intra- and
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interspecific hibrid cotton materials obtained from
gamma-irradiated seeds. The specifically focuses
on determining how gamma irradiation influences
these developmental traits in different hybrid genetic
backgrounds and on identifying differences in their
responses during early plant development.

Therefore, the present study aims to evaluate seed
germination, viability, and growth dynamics of intra-
and interspecific hybrid cotton plants derived from
gamma-irradiated seeds. The specific objectives are to
(i) determine the effects of gamma irradiation on seed
germination and viability, (ii) compare early growth
and survival dynamics among intra- and interspecific
hybrid materials, and (iii) assess the potential
of irradiation-induced variation for identifying
promising genetic materals for cotton breeding. This
research will contribute to a better understanding of
the interaction between induced mutagenesis and
hybrid genetic systems, and its potential application
in developing high-yielding, stress-tolerant cotton
varieties.

Materials and Methods

Plant material

The experimental material consisted of genetically
diverse upland cotton (Gossypium hirsutum L.)
collection lines obtained from the breeding program
of the National University of Uzbekistan. The study
included one analyzerline L-70 (Accession No.NUZ-
131) which was used as the female parental line for
gamma irradiation and subsequent hybridization with
selected donor lines. In this study, the term “analyzer
line” refers to the selected parental line used as
common female parent to evaluate the responses and
combining performance of different donor genotypes
in hibrid combinations. Four donor lines used: L-39
(Accession No. NUZ-79), L-37 (Accession No.
NUZ-77), L-34 (Accession No. NUZ-73), and L.-35
(Accession No. NUZ-74), along with two commercial
cultivars, Surkhan-108 (Accession No. NUZ-S-108)
and Surkhan-103 (Accession No. NUZ-S-103).
These accession numbers correspond to the collection
identifiers maintained by the National University of
Uzbekistan breeding program.The collection lines are
maintained in the cotton breeding collection of the
National University of Uzbekistan and can be obtained,
subject to institutional availability and permission, by
contacting the corresponding author or the breeding
program. The genotypes were selected based on their

contrasting agronomic traits, adaptability, and genetic
backgrounds to ensure a broad spectrum of variability
for hybridization and mutagenesis studies (Smith et
al., 2018; Zhang ez al., 2020).

Gamma irradiation and hybridization

Dry seeds of the analyzer line L-70 were exposed
to gamma irradiation at a dose of 400 Gy using a
cobalt-60 (**Co) gamma source. Gamma irradiation
is a widely applied physical mutagen known to induce
heritable genetic variation through DNA damage,
including single- and double-strand breaks, leading to
mutations (IAEA, 2018; Shu ez 4/, 2012). Following
irradiation, treated seeds were sown to obtain the
M; generation. The designation Mj refers to the first
generation of plants obtained from mutagen-treated
seeds, where “M” denotes the mutant generation and
“” denotes the first generation following mutagenic
treatment. Plants grown from irradiated seeds were
used as female parents in controlled hybridization
experiments. Crosses were performed manually
between M plants of L-70 and selected donor lines
(L-39,1.-37,1.-34,1.-35, Surkhan-108, Surkhan-103)
following standard emasculation and pollination
techniques in cotton (Pochlman and Sleper,1995)."The
resulting hybrid seeds constituted the F; generation.

Experimental design

The experiment was conducted under field conditions
at the experimental field of the National University
of Uzbekistan, Tashkent, Uzbekistan, using a
randomized complete block design (RCBD) with
three replications to minimize environmental
variation. Each experimental plot measured 10
m x 15 m (150 m?). The experiment included 14
experimental variants, resulting in a total of 42 plots.
The experimental field was characterized by an old
irrigated typical sierozem (gray soil), with a silt loam
texture based on the USDA soil-texture triangle.
According to the USDA Soil Taxonomy, this soil is
classified as Ustic Torriorthent, while in the FAO/
WRB system it corresponds to a Calcic Xerosol. The
cotton seeds were sown on April 10, 2023. During
the experimental period, the mean air temperature
was 24.6 °C, with minimum and maximum
temperatures of 16.2 °C and 34.8 °C, respectively.
The total rainfall recorded during the experimental
period was 182.4 mm. The experimental plots were
irrigated because the field was maintained under
irrigated conditions. Irrigation was applied in April,

May, June, and July 2023 at approximately 60 mm
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per irrigation, with a total of 6 irrigation events and
approximately 360 mm of irrigation water applied
during the growing season. Irrigation timing was
determined according to crop water requirements and
field conditions. Each experimental variant included
126-210 seeds, depending on seed availability and
hybrid combination. Seed germination and plant
survival were recorded under natural field conditions.
Germination was assessed according to the guidelines
of the International Seed Testing Association (ISTA,
2020), where seeds were considered germinated upon
radicle emergence. Germination observations were
conducted from April 15, 2023 to May 5, 2023,
and plant viability was recorded at the designated
developmental stages. Growth and developmental
parameters were recorded at three key phenological
stages: Budding stage (June 15, 2023), flowering
stage (July 20, 2023), and maturity stage (August 25,
2023). Main stem height and internode number were
measured on June 15,2023 at the budding stage, July
20, 2023 at the flowering stage, and August 25, 2023
at the maturity stage. The cotton plants were harvested
on September 30,2023. Standard agronomic practices
were uniformly applied across all experimental plots.

Measured traits

'The following morphological and physiological traits
were evaluated: Seed germination (%) — calculated as
the proportion of germinated seeds relative to total
seeds sown.

Plant viability (%) — determined as the percentage of
surviving plants at each developmental stage.

Main stem height (cm) — measured from soil surface
to apical meristem.

Number of internodes — counted along the main stem.
These traits are widely used as indicators of plant
vigor, adaptability, and mutagenic effects in cotton
breeding programs (Khan ez a/., 2015; Ashraf ez al.,
2019).

Statistical analysis

All experimental data were subjected to statistical
analysis using standard biometric methods. Mean
values and standard errors (X + m) were calculated
for each trait. Differences among control lines and
hybrid combinations were evaluated using analysis
of variance (ANOVA), followed by appropriate post

hoc comparisons. Statistical significance was set at p

< 0.05. All statistical analyses were performed using
R statistical software, version 4.6.1.

Results

Seed germination and viability

Seed germination and plant viability varied
considerably among the studied cotton genotypes
and their Fy hybrid combinations under both control
and gamma-irradiated (400 Gy) conditions (Table
1), indicating a strong genotype-dependent response
to mutagenic treatment. The -39 genotype and its
hybrid (F1 L-39 x M; L-70) exhibited comparable
performance, with germination rates of 67.61% and
67.15%, respectively, and viability values of 65.24%
and 64.70%. This similarity suggests the absence of
both heterotic effects and hybrid depression for these
traits in this combination.

Table 1: Seed germination and plant viability of cotton
genotypes and their F; Hybrids

Genotype / Treat- Germi- Viabil- Effect

Hybrid Combi- ment  nation ity (%)

nation (%)

L-39 Control 67.61 65.24 -

F1 L-39 xM;L-70 400 Gy 67.15 64.70  Stable

L-37 Control 60.48 60.47 -

F1 L-37xM;L-70 400 Gy 44.28 40.48 Decrease

L-34 Control 60.11 54.76 -

F1 L-34xM;L-70 400 Gy 35.25 32.05 Strong
decrease

L-35 Control 51.59 47.62 -

F1 L-35xM; L-70 400 Gy 80.00  75.24  Heterosis

L-70 Control 71.42 65.08 -

M, L-70 400 Gy 40.00 37.62  Radiation
effect

Surkhan-108 Control 74.40 7024 -

Fi Surkhan-108 x 400 Gy 73.81 68.45 Slight

M; L-70 decrease

Surkhan-103 Control 70.24 65.48 -

F; Surkhan-103 x 400 Gy 66.67  63.49  Moderate

M; L-70 decrease

In contrast, a pronounced reduction in both
germination and viability was observed in hybrids
involving L-37 and L-34 genotypes. In L-37,
germination decreased from 60.48% in the parental
line to 44.28% in the hybrid, while viability declined
from 60.47% to 40.48%. An even stronger depressive
effect was recorded in the 1.-34 combination, where
germination dropped from 60.11% to 35.25%,
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and viability from 54.76% to 32.05%. These results
indicate a negative interaction between parental
genomes under gamma irradiation, leading to
reduced seed performance and plant survival.
Conversely, the L-35 genotype demonstrated a clear
heterotic response. Despite relatively low germination
(51.59%) and viability (47.62%) in the parental line,
the hybrid (Fy L-35 x M; L-70) showed a substantial
increase, reaching 80.00% germination and 75.24%
viability. ‘This positive deviation highlights the
potential of specific genetic combinations to enhance
performance under mutagenic conditions. Gamma
irradiation exerted a strong inhibitory effect on the
L-70 analyzer line. Germination decreased sharply
from 71.42% in the control to 40.00% in the M;
generation, accompanied by a decline in viability from
65.08% to 37.62%.This confirms the sensitivity of this
genotype to high-dose radiation. Among the tested
cultivars, Surkhan-108 maintained relatively stable
performance following hybridization, with only minor
reductions in germination (74.40% to 73.81%) and
viability (70.24% to 68.45%). Similarly, Surkhan-103
exhibited a moderate decline in germination (70.24%
to 66.67%) and viability (65.48% to 63.49%) in its
hybrid form, suggesting a comparatively higher
tolerance to mutagenic and hybridization effects.
Overall, the findings demonstrate that the effects
of gamma irradiation and hybridization on seed
germination and plant viability are highly dependent
on genotype. While certain hybrid combinations
(e.g., L-35 x M; L-70) exhibit strong heterosis,
others (notably L.-34 and L-37 combinations) show
significant depression, reflecting complex genetic
interactions under induced mutagenesis.

Growth dynamics (Plant Height)

Plant height analysis revealed significant genotype-
dependent variation across all developmental stages
(budding, flowering, and maturity), indicating
differential responses of parental lines and their Fy
hybrids to gamma irradiation and hybridization.

A consistent inhibitory effect of gamma irradiation
on vegetative growth was observed in the M;L-70
line compared to the control L-70 at all stages of
development. In particular, at maturity, plant height in
L-70 reached 91.44 + 2.05 cm, whereas in M;L.-70 it
was significantly lower (79.12 + 2.11 c¢m), confirming
the suppressive effect of 400 Gy gamma irradiation
on stem elongation. Hybrid combinations exhibited
contrasting patterns depending on the parental

genotype. The F; L-39 x M;L-70 hybrid showed a
pronounced heterotic response, exceeding its parental
line L-39 at all developmental stages and reaching
the highest plant height at maturity (101.25 + 2.41
cm), which is 11.08 cm greater than the parent. This
indicates a positive genetic interaction and possible
overdominance effects for growth-related traits in
this cross.

Table 2: Plant hei ght at maturity stage in parental lines
and F1 hybrids

Genotype / Hybrid Maturi- Difference Interpreta-
ty(cm) vsParent tion

L-70 (control) 91.44 - Baseline

M1L-70 79.12 -12.32 Gamma inhi-
bition

L-39 90.17 - Parent

F1 L-39xM1L-70 101.25 +11.08 Heterosis

L-37 82.51 - Parent

F1 L-37xM1L-70 74.38 -8.13 Negative
hybrid effect

L-34 91.63 - Parent

F1 L-34xM1L-70 78.14 -13.49 Growth
reduction

L-35 91.15 - Parent

F1 L-35xM1L-70 75.16 -15.99 Strong reduc-
tion

Surkhan-108 95.28 - Parent

F1 Sur- 91.68 -3.60 Slight reduc-

khan-108xM1L-70 tion

Surkhan-103 94.52 - Parent

F1 Sur- 89.12 -5.40 Reduction

khan-103xM1L-70

In contrast, hybrids involving L-34 and L-35
demonstrated a stable reduction in plant height
relative to their respective parental lines. At maturity,
L-34 and L-35 reached 91.63 + 2.42 cm and 91.15
+ 2.28 cm, respectively, whereas their F; hybrids
attained only 78.14 + 2.56 cm and 75.16 + 2.31 cm.
These findings indicate the absence of heterosis and
suggest that alleles limiting growth may be dominant
in these hybrid combinations. The L-37 genotype
displayed an intermediate response pattern. Although
the irradiated line (IM;L-70) slightly exceeded the
control L-37 in plant height at certain stages, the F;
L-37 x M;L-70 hybrid showed consistently reduced
growth throughout development, confirming a
negative hybrid effect for this trait. A similar trend was
observed in interspecific varieties. Both Surkhan-108
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Growth Dynamics of Cotton Genotypes and Hybrids
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Figure 1: Dynamics of plant height across developmental stages in parental lines and F1 hybrids under gamma irra-

diation conditions.

and Surkhan-103 exhibited higher plant height values
compared to their respective hybrids at all stages.
At maturity, Surkhan-108 reached 95.28 + 2.52 cm
compared to 91.68 + 2.47 cm in its hybrid, while
Surkhan-103 showed 94.52 + 2.23 cm versus 89.12
+ 2.49 cm in the hybrid. This suggests that parental
genotypes possess a higher frequency of favorable
dominant alleles controlling stem growth than their
hybrid derivatives.

Overall,while certain crosses,particularly L-39 x M3 -
70, exhibit clear heterosis, most hybrid combinations
showed reduced growth relative to parental lines.
'These findings indicate that the inheritance of plant
height is governed by complex genetic mechanisms,
including dominance effects and allele frequency
distribution, which vary depending on the genetic

background of the parental forms (Table 2; Figure 1).

Internode number

A comparative analysis of internode number
revealed clear genotype-dependent variation across
all developmental stages (budding, flowering, and
maturity), indicating differential responses to gamma
irradiation and hybridization (Table 3). In the control
line L-70, the number of internodes increased
progressively from 5.45 + 0.37 at budding to 13.14
+ 0.39 at maturity. In contrast, exposure to 400 Gy
gamma irradiation (IM;L-70) resulted in a consistent
reduction at all stages, with values decreasing to 3.60

+0.34,8.72 = 0.53,and 10.15 + 0.48, respectively. This

reduction suggests a suppressive effect of irradiation
on meristematic activity and stem segmentation. A
similar pattern was observed in the L-39 genotype,
where control plants maintained relatively high
internode  numbers  throughout development
(7.14 + 0.28; 12.48 + 0.44; 15.12 + 0.51), while
the corresponding F; hybrid (L-39 x M;L-70)
consistently exhibited lower values (5.18 + 0.39;
10.29 + 0.48; 13.61 + 0.62). The stable decrease across
all stages indicates the presence of partial dominance
or suppression effects in the hybrid genotype.

In contrast, the L-37 genotype demonstrated a
different response pattern. The irradiated generation
(M;L-37) showed superiority over both the control
and hybrid plants, with higher internode numbers
recorded at all developmental stages (7.61 = 0.35;
12.27 + 0.44; 15.81 + 0.51). Meanwhile, the F;
hybrid (L-37 x M;L-70) exhibited reduced values
(5.33 £0.31;10.24 + 0.48; 14.11 + 0.56), indicating a
negative hybrid effect for this trait. Consistent trends
were also observed in the L.-34 and L-35 genotypes,
where parental lines exceeded their respective hybrids
in internode number at all stages. For example, in
L-34, the number of internodes reached 15.24 at
maturity in the control, whereas the hybrid showed
a reduced value of 13.74. Similarly, in L.-35, control
plants developed 15.78 internodes compared to 14.51
in the hybrid combination. These differences indicate
that dominant alleles controlling internode formation
are more strongly expressed in parental genotypes
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than in hybrid forms. In interspecific combinations
involving Surkhan cultivars, somewhat distinct
patterns were identified. In Surkhan-108, the hybrid
(F1 Surkhan-108 x M;L.-70) exhibited slightly higher
internode numbers at the budding and flowering
stages but lower values at maturity compared to
the control. In contrast, the Surkhan-103 genotype
consistently maintained higher internode numbers
than its hybrid across all stages, with values of 7.12 =
0.41vs.5.90 £ 0.33 at budding, 12.43 + 0.51 vs. 10.46
+ 0.45 at flowering, and 15.28 + 0.64 vs. 13.19 + 0.56

at maturity.

Table 3: Internode number across developmental stages

Geno- Variant Budding  Flowering Maturity

type

L-70 Control  5.45 +0.37 10.17 +0.41 13.14+0.39

L-70 M; (400 3.60+0.34 8.72+0.53 10.15=+0.48
Gy)

L-39 Control  7.14 £ 0.28 12.48 £+0.44 15.12 +0.51

L-39 FiHy- 5.18+0.39 10.29 £0.48 13.61 0.62
brid

L-37 Control  6.84 +0.29 11.25 +0.37 14.52 +0.45

L-37 M, 7.61 £0.35 12.27 +0.44 15.81 +0.51

L-37 FiHy- 5.33+0.31 10.24 £0.48 14.11 0.56
brid

L-34 Control  6.74 £ 0.29 11.12 +0.37 15.24

L-34 FiHy-  6.06 +0.38 10.85+0.49 13.74
brid

L-35 Control  7.08 £ 0.31 12.45 +0.43 15.78

L-35 Fi Hy- 5.72+0.37 1023 £0.51 14.51
brid

Surkhan Control 6.48 +0.27 11.24+0.42 15.09

-108

Surkhan F;Hy-  7.58+0.36 12.41+0.53 14.28

-108 brid

Surkhan Control 7.12+0.41 12.43 +0.51 15.28

-103

Surkhan F;Hy-  5.90+0.33 10.46 +0.45 13.19

-103 brid

Overall, the results presented in Table 3 demonstrate
that hybrid combinations generally exhibit reduced
internode numbers compared to their parental forms,
while gamma irradiation tends to have an inhibitory
effect on this trait. The observed variation indicates
that the expression of genes controlling internode
number is strongly influenced by genotype, irradiation
effects, and allelic interactions. In most cases, parental
lines possess higher frequencies of dominant alleles,
whereas hybrids display partial suppression or non-

additive gene effects for this quantitative trait.

Table 4: Genetic effects in different hybrid combinations

Geno- Germi- Plant Inter- Inferred genetic

type/com- nation & height node effect

bination  viability number

L-70 High High  High Baseline (refer-

(control) ence genotype)

M;L-70 Reduced Re- Re- Mutation-in-

duced duced  duced depression

Fi1L-39 x Stable/ In- Slight |  Partial heterosis

M,L-70  Slightt  creased (positive allelic
interaction)

F1L-37 x  Reduced Re- Re- Negative domi-

M;L-70 duced duced  nance

F1L-34  Reduced Re- Re- Reduced expres-

xM;L-70 duced duced  sion of dominant
alleles

F1L-35x Slight?  Re- Re- Mixed genetic

M;L-70 duced duced effects (additive
+ dominance)

Fy Sur- Slight |  Re- Re- Parental domi-

khan-108 duced duced  nance (dominant

x M;L.-70 alleles retained
in parent)

F1 Sur- Slight |  Re- Re- Allelic redistri-

khan-103 duced duced  bution (possible

x M;L-70 overdominance)

Genetic interpretation

'The observed variation in seed germination, plant
viability, growth dynamics, and internode number
among parental genotypes, mutant lines, and their
F:1 hybrids indicates a complex genetic architecture
underlyingthese quantitative traitsunderthe combined
influence of gamma irradiation and hybridization. The
results demonstrate that growth-related traits, such as
plant height and internode number, are controlled by
polygenic systems with variable dominance patterns.
In several hybrid combinations, including F; L-34 x
M,L-70, F1 L-35 x M;L-70, and F; L-37 x M;L-
70, a consistent reduction in trait expression was
observed compared to their parental forms across
all developmental stages. This suggests partial or
incomplete dominance, as well as additive gene effects.
A notable reduction in dominant allele expression
was observed in certain hybrids, particularly those
derived from genetically distant parental lines. For
example, in combinations involving L-34 and L-35,
the superiority of parental genotypes over hybrids in
both plant height and internode number indicates a
higher frequency and expression of dominant alleles

December 2026 | Volume 39 | Issue 4 | Page 37

TN .
ot Links
OResearchers



OPEN 8ACCESS

Running Title: .......ccoeevrencennnes ?

in parental forms, whereas hybridization resulted
in their partial suppression (Table 4). Conversely,
the hybrid combination F; L-39 x M;L-70 showed
relatively improved performance, indicating partial
heterosis and more favorable allelic interactions. This
highlights genotype-specific dominance relationships
depending on parental compatibility. Gamma
irradiation (400 Gy) applied to the L-70 genotype
resulted in significant phenotypic reductions in the M
generation, including decreased germination, viability,
plant height, and internode number. These changes are
associated with mutation-induced alterations in gene
structure and regulation, affecting gene expression.
The inclusion of mutant forms in hybridization
further enhanced genotype-dependent variability
(Table 4). In interspecific hybrid combinations,
contrasting patterns were observed. In Surkhan-108,
parental superiority suggests stable dominant allele
expression, whereas in Surkhan-103 combinations,
relatively improved hybrid performance indicates
allelic redistribution and possible overdominance

effects (Table 4).

Discussion

The present study provides comprehensive evidence
that gamma irradiation combined with hybridization
induces substantial phenotypic and genetic variability
in cotton, particularly affecting seed germination,
plant viability, plant height, and internode number.
'The observed responses clearly demonstrate that these
traits are under complex polygenic control and are
highly sensitive to both mutagenic treatment and
genotype-specific interactions.This interpretation is
consistent with the broader concept of mutation-
assisted breeding, in which ionizing radiation
generates a wide spectrum of genomic alterations and
thereby expands the genetic variation available for
selection (Ahloowalia ez a/., 2004; Bado ez al., 2023).
In cotton, the value of such induced variation is
particularly relevant because modern breeding has
progressively narrowed the usable genetic background
of elite germplasm, making the creation and
exploitation of additional variation an important
breeding objective (Yang ez a/, 2023). Thus, the
variability observed in the present material should
not be considered only as a radiation response, but
also as a potential source of novel alleles for subsequent
selection. The pronounced reduction in seed
germination and viability observed in the M; L-70

line confirms the detrimental effects of high-dose

gamma irradiation (400 Gy) on early developmental
processes. This effect can be attributed to radiation-
induced DNA damage, including chromosomal
aberrations, gene mutations, and disruption of
metabolic pathways essential for embryo development.
Such findings are consistent with established mutation
breeding studies, where high irradiation doses often
lead to physiological injury and reduced seed
performance. However, the differential responses
among genotypes highlight that radiosensitivity is
strongly genotype-dependent, suggesting the presence
of intrinsic genetic mechanisms controlling stress
tolerance. Comparable dose-dependent reductions in
germination, survival, and early growth have been
reported in several crop species, supporting the
interpretation that the negative M; response at high
doses reflects excessive cellular and genomic damage
rather than simply reduced vigor. Ionizing radiation
can produce DNA strand breaks, base modifications,
and oxidative damage through both direct ionization
and radiation-induced reactive oxygen species, while
the efficiency of DNA repair determines whether
damaged cells survive and recover (Szurman-
Zubrzycka et al.,2023). Similarly, increasing gamma-
ray doses have been shown to progressively reduce
germination and plant growth in maize, with
substantial genotypic differences in radiation
sensitivity (Afram ez a/., 2024). Therefore, the strong
reduction observed in L-70 at 400 Gy suggests that
this genotype may possess a comparatively narrow
tolerance range for radiation-induced damage. Hybrid
combinations revealed contrasting patterns, ranging
from heterosis to hybrid depression, reflecting the
complexity of allelic interactions under induced
mutagenesis. The superior performance of the Fj
L-35 x M; L-70 hybrid in germination and viability
indicates the presence of positive non-additive gene
effects, likely due to dominance complementation or
overdominance. This suggests that favorable alleles
from both parents can interact synergistically to
mitigate radiation-induced damage. In contrast, the
significant decline observed in hybrids involving
L-34 and L-37 suggests negative epistatic interactions
and possible disruption of co-adapted gene complexes.
Such hybrid depression is often associated with
genetic incompatibility, particularly when mutation-
derived alleles interfere with the normal regulatory
networks of the parental genomes. The coexistence of
enhanced and depressed hybrid performance is in
agreement with current models of heterosis, which
emphasize that hybrid superiority cannot be explained
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by a single genetic mechanism. Dominance,
overdominance, epistasis, parental genetic distance,
and genome-wide allele interactions may all contribute
to the final phenotype (Wu e a/., 2021; Labroo ez al.,
2021). In cotton specifically, genetic analyses have
demonstrated that heterosis may involve both additive
and non-additive genetic effects, while the relative
contribution of these effects varies among traits and
developmental stages (Ma ¢z a/.,2019). Consequently,
the contrasting performance of L-35 x M; L-70
versus combinations involving L-34 and L-37
suggests that induced mutations may modify the
genetic relationships among parental genomes,
making parental selection particularly important
when mutant lines are incorporated into hybrid
breeding. Plant height analysis further supports the
inhibitory effect of gamma irradiation on vegetative
growth. The reduced height in the M; L-70 line
indicates that radiation affects meristematic activity,
likely through alterations in hormonal regulation
(e.g., auxin and gibberellin pathways) and gene
expression controlling cell division and elongation.
Nevertheless, the strong heterotic response observed
in the F; L-39 x M L-70 hybrid demonstrates that
hybridization can partially compensate for these
negative effects. This suggests the involvement of
overdominance or additive x additive gene interactions,
reinforcing the notion that plant height is a
quantitatively inherited trait with high sensitivity to
allelic recombination. These findings are particularly
consistent with genetic studies in Upland cotton
showing that plant height is controlled by multiple
QTL and that the genetic basis of height heterosis
changes during plant development. Shang ez 2/.(2016)
identified numerous QTL affecting plant height and
demonstrated that dominance effects were particularly
important at later developmental stages. This provides
a genetic explanation for why the irradiated L-70 line
may show reduced height while particular Fy
combinations can recover or exceed parental
performance. Moreover, cotton plant architecture is
regulated by complex networks involving hormone
signaling, meristem activity, branching, and
developmental genes, indicating that radiation-
induced changes in any of these processes may have
substantial phenotypic consequences (Wang et al.,
2022). Despite this, most hybrid combinations
exhibited reduced plant height relative to their
parental lines, indicating the prevalence of partial
dominance or dominance of growth-limiting alleles.
This pattern suggests that favorable dominant alleles

controlling stem elongation are more effectively
expressed in homozygous parental backgrounds,
whereas hybridization may lead to allelic dilution or
masking effects. Similar trends observed in Surkhan
cultivars further support the hypothesis that parental
genotypes possess a higher frequency of beneficial
alleles, which are not always optimally expressed in
hybrid combinations. However, the observed
reduction should not necessarily be interpreted as
evidence that hybridization universally masks
favorable alleles. Rather, it may reflect cross-specific
segregation of genetic effects and the balance between
tavorable and unfavorable allele combinations. Studies
of cotton heterosis indicate that parental genetic
background strongly influences hybrid performance
and that the expression of quantitative traits can
involve both dominance and epistatic interactions
(Ma et al.,2019; Wu et al., 2021). Therefore, the lower
height of most hybrids in the present study may
indicate that the parental combinations were not
equally complementary for genes controlling
vegetative growth. From a breeding perspective, this
is important because the best cross is not necessarily
the cross between the phenotypically tallest parents,
but the combination capable of producing favorable
allele interactions in the F; and subsequent
generations. Internode number exhibited patterns
largely consistent with plant height, reinforcing the
close developmental and genetic linkage between
these traits. The general reduction observed in hybrids
and irradiated lines suggests that gamma irradiation
disrupts meristem organizationand stem segmentation
processes. The superior performance of the My L-37
line is particularly noteworthy, as it indicates that
induced mutations can occasionally generate
beneficial allelic configurations. However, the overall
trend of reduced internode number in hybrids points
to the predominance of non-additive gene effects,
including dominance and epistasis, which limit trait
expression in heterozygous backgrounds. ‘The
association between internode production and overall
plant architecture is biologically plausible because
cotton stem growth depends on repeated meristematic
activity and coordinated regulation of cell division
and elongation. Previous work has shown that cotton
plant architecture is strongly genetically regulated but
is also responsive to environmental and hormonal
signals (Huang ez o/, 2022). In addition, gamma
irradiation has been reported to alter plant height and
node-related traits in other crops, indicating that
radiation effects may extend beyond a single
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morphological character and influence developmental
programs more broadly (Afram e a/, 2024). The
relatively high internode number observed in M;
L-37 may therefore represent a potentially useful
mutant phenotype that warrants evaluation in later
generations to determine whether the trait is stable
and heritable. The contrasting responses observed in
interspecific ~ hybrids,  particularly  between
Surkhan-108 and Surkhan-103, highlight the critical
role of genetic compatibility and parental divergence.
The relatively stable performance of Surkhan-108
hybrids suggests a more harmonious allelic interaction,
whereas the moderate decline in Surkhan-103
combinations may reflect partial disruption of gene
regulation due to increased genetic distance. These
findings emphasize that the success of hybridization
largely depends on the genomic compatibility of
parental lines.This interpretation agrees with
contemporary cotton genomics, which demonstrates
that genetic background, population structure, and
genome-wide variation strongly influence the
expression of complex agronomic traits (Yang e a/.,
2023). In hybrid breeding, parental genetic distance
can contribute to heterosis, but excessive divergence
does not automatically result in superior hybrids;
rather, the specific combination of complementary
alleles and genetic interactions determines hybrid
performance (Wu ¢z a/., 2021). Thus, the contrasting
responses of Surkhan-108 and Surkhan-103 suggest
that genetic divergence should be considered together
with combining ability and trait-specific performance
when selecting parents for crosses involving irradiated
material. Importantly, the integration of gamma-
induced mutagenesis with hybridization appears to
be a powerful approach for generating novel genetic
variability. While irradiation introduces new alleles
and modifies existing gene functions, hybridization
reshuffles these alleles, leading to diverse phenotypic
outcomes. The coexistence of heterosis and hybrid
depression observed in this study underscores the
dual nature of this approach and highlights the
necessity of strategic parental selection. Previous
mutation-breeding ~ research  supports  the
complementary use of induced mutagenesis and
hybridization: irradiation can create genetic variants
that are subsequently incorporated into conventional
crossing and selection programs, thereby expanding
the range of alleles available to breeders (Ahloowalia
et al., 2004; Du ez al., 2022). Whole-genome analyses
of gamma-induced mutants further demonstrate that
radiation can generate a broad spectrum of genomic

changes, including small sequence alterations and
larger structural variants, which can provide new
phenotypic variation for selection (Du ¢z a/., 2022).
Therefore, the present results strengthen the concept
that mutation breeding and hybridization should be
viewed as complementary rather than competing
approaches.Fromabreeding perspective,combinations
such as L-39 x M; L-70 and L-35 x M; L-70
demonstrate significant potential due to their
favorable performance and adaptive responses. In
contrast, combinations involving L.-34 and L-37 may
require further selection, stabilization, or backcrossing
to eliminate unfavorable allelic interactions. These
results suggest that mutation breeding should not be
applied in isolation but rather integrated with
hybridization strategies to maximize genetic gain.
Nevertheless, the present M; and F; responses should
be regarded primarily as an initial screening stage
rather than definitive evidence of stable breeding
value. Because radiation-induced phenotypes can
include both heritable mutations and temporary
physiological effects, promising M; plants and F;
combinations should be evaluated in subsequent
generations to distinguish stable genetic changes
from transient radiation injury. Modern cotton
breeding increasingly combines phenotypic selection
with molecular markers, genome-wide association
studies, genomic prediction, and functional genomics
to improve the efficiency of selection for complex
traits (Yang ez al, 2023). Accordingly, the most
promising combinations identified here could be
advanced through multi-generational selection and,
where appropriate, molecular characterization to
determine whether their superior germination,
viability, plant architecture, or adaptive responses are
associated with stable genetic variation.

Conclusions and Recommendations

'This study confirms that gamma irradiation combined
with hybridization effectively generates significant
genetic and phenotypic variability in cotton. Key
traits such as seed germination, viability, plant height,
and internode number were strongly influenced
by genotype and showed complex inheritance
patterns governed by polygenic systems. Gamma
irradiation (400 Gy) generally had a negative impact
on growth and development, particularly in the M,
L-70 line, reflecting its mutagenic and inhibitory
effects. However, hybrid combinations displayed
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(e.g., L-39 x M; L-70, L-35 x M; L-70) to hybrid
depression (notably L.-34 and L-37 combinations),
indicating the importance of allelic interactions and
genetic compatibility. Overall, the results highlight
that successful trait improvement depends on
careful selection of parental genotypes and effective
integration of mutation breeding with hybridization.
This approach provides a valuable strategy for
enhancing genetic diversity and developing improved
cotton genotypes.
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