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Abstract

Plant hybridization produces hybrids with desirable traits such as high oil content,
oleic acid and yield, enhancing the significance of crops. Understanding genetic
dominance is essential for studying gene action in breeding programs. Using four
parental lines, this study assessed gene action, genetic advance with heritability and
heterosis for oleic acid, oil content, agronomic and yield traits in sunflowers. The IR6 x
HO-5-29 (P, x P,) cross | population demonstrated superior performance, while the
CMSB825B x COSF6B (P; x P4) cross Il population also performed well based on mean
performance. Generation mean analysis revealed that additive and dominance gene
actions influenced trait inheritance, with dominance effects being more pronounced.
Additive x additive interactions played a key role in traits like days to flowering and
maturity, palmitic acid content and oleic acid content in cross | and head diameter in
cross II. Additive x dominance interactions significantly influenced head diameter,
100-seed weight and oleic acid content in cross | and plant height in cross Il
Dominance x dominance interactions strongly influenced seed and oil yield per plant,
oil content and linoleic acid content in cross | and seed and oil yield per plant and
volume weight in cross Il. Duplicate gene action was observed for head diameter and
100-seed weight, whereas complementary gene action was observed for seed and oil
yield per plant in both crosses. These findings offer valuable insights for plant
breeders and farmers, supporting the development of sunflower varieties and
hybrids with enhanced oleic content, oil content and yield.
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Introduction

Sunflower (Helianthus annuus L.) is an essential source of vegetable oil globally. In
India, the largest producer of oilseeds, the oilseed sector holds a significant position
in agriculture, ranking second only to food grains in terms of area and value. India is
the fifth-largest vegetable oil producer globally, after the USA, China, Brazil and
Argentina. However, India produces a relatively small amount of sunflower seeds. In
2023-2024, it ranked 14th globally, producing 112000 metric tons, only 0.2% of the
world's total (1). The leading sunflower seed producers are Russia (31%), Ukraine
(28%) and the European Union (18%). In India, sunflowers are primarily grown in
Karnataka, Haryana and Odisha, with smaller amounts in states like Telangana,
Bihar and Tamil Nadu (2).
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Sunflower is native to southwestern North America and
domesticated in central North America. It belongs to the
Asteraceae family. It is a cross-pollinated crop with chromosomes
(2n = 34), known for its high yield potential and adaptability to
diverse environments (3,4). Sunflowers used in food and non-
food industries with high oleic acid cultivars like Pervenets,
developed to meet market demands (5-7). Sunflower seeds
contain 35-45% oil, primarily oleic acid content (OAC) (20-25%)
and linoleic acid (55-70%), with composition influenced by
genetics and environment (7). Traditional genotypes are
classified by oleic acid content as high oleic (75-91%), mid-oleic
(42-72%) and low oleic (14-39%). Pervenets were developed
using 0.5% DMS solution on VNIMK 8931 seeds, which resulted in
80-90% oleic acid (5).

High-oleic sunflower oil offers numerous benefits for
consumption and food processing due to its excessive oxidative
firmness, resistance to inflated temperatures and lack of trans
fat. It has reduced rancidity, a longer shelf life and lower
processing costs. Additionally, it positively impacts factor VII
coagulant activity and blood lipids (8). These advantages drive
high demand and efforts to develop high-oleic sunflower lines/
hybrids and understand the mechanisms behind improved OAC
(9). OAC inheritance in sunflowers is influenced by genetic
background and environment. The partial dominance and
dominance inheritance for high OAC were noticed (10-11).
Additive gene action, modifiers and multiple genes contribute to
this trait (12-14). At least three loci and a strong maternal effect
influence the high-oleic trait. Further testing across various
crosses and conditions is recommended (15).

Genetic improvement relies on selecting progenies with
varying genetic values. Additive and dominant effects, known as
gene actions , are estimated through Generation Mean Analysis
(GMA), which aids breeders in developing new varieties (16-17).
The six-parameter GMA model involves six populations (Py, P2, Fy,
B1, B; and F;) to study gene actions and linkages. GMA is a
valuable tool for understanding the genetic basis of qualitative
and quantitative traits in crops like sunflowers. It analyzes
variations within and between generations derived from crosses
between different parental lines, estimating genetic correlations
based on quantitative genetics and Mendelian inheritance (18).
GMA is used to refine polygenic traits such as grain yield and its
impact on other characteristics (18-19). Geneticists and plant
breeders utilize GMA to understand the inheritance of essential
attributes (20). Improving grain yield requires understanding the
inheritance of agronomic traits that influence yield (18). GMA
effectively estimates genetic influences on polygenic traits (18,21
-22). This study aims to determine gene action in the inheritance
of oil content, oleic acid, grain yield and selected agronomic
characteristics.

Materials and Methods
Location and climatic conditions

The research was conducted at the Department of Oilseeds,
Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural
University, Coimbatore. The study location is 426.72 meters
above mean sea level, with geographic coordinates of 11 °N
latitude and 77 °E longitude. The experimental farm has sandy
loam soil and the region has a tropical climate between 24 °C and
34°C.

Crossing and F; generation development

This study used four sunflower parents to produce two
populations: IR6 x HO-5-29 (P, x P,) cross | and CMS825B x
COSF6B (Ps x P4) cross Il. F; hybrids were produced during the
2022 Rabi season. Parents P; and P, exhibited high oil content (39
-42%), while P, and Ps had lower oil content (25-32%).

Development of B;, B and F. generations

In the 2023 Kharif season, four parents and two F1 hybrids
crosses were sown in an experimental field. The F; generation
was backcrossed with its respective parents to produce the first
and second backcross (F1 x P; and F, x P;) generations.
Concurrently, F; seeds are produced from the selfing of F, plants.

Field evaluation of P, P,, By, B;, F; and F; generations

The experiments followed a randomized complete block design
(RCBD) with three replications. Seeds from the six populations,
including P, P, Fi, By, B; and F,, were sown during the Rabi
season 2023. Planting was carried out intra and inter-row
spacing of 30 x 45 cm. Standard agricultural practices were
followed per recommended guidelines to ensure healthy crop
cultivation. Each cross's six populations were grown in three
replications: Py, P, and Fiin 1 row, B; and B;in 2 rows and F,in 6
rows were allotted for each replication. Thirty plants from Py, P.
and Fy, 50 plants from B: and B; and 200 plants from the
segregating F, population were selected for data recording.

Observations recorded

Nine traits were recorded from each genotype: days to first
flowering (DF), days to maturity (DM), plant height (PH) (cm),
head diameter (HD) (cm), hundred seed weight (HSW) (g),
volume weight per 100 ml (VW) (g), oil content (OC) (%), seed
yield per plant (SYP) (g) and oil yield per plant (OYP). In cross Il
nine traits were analyzed. In comparison, cross | included four
additional traits: oleic acid content (OAC) (%), linoleic acid
content (LAC) (%), palmitic acid content (PAC) (%) and stearic
acid content (SAC) (%) as the parents, HO-5-29 (P,) possessed
high OAC (80-85%) and low oil content (OC) (25-32%) and IR6 (Py)
had moderate OAC (40-45%) and high OC (39-42%). Thirteen
traits are divided into agronomic, yield and oil traits. Agronomic
traits include days to first flowering and maturity, plant height
and head diameter. Yield traits include 100-seed weight, volume
weight and seed and oil yield per plant. Oil traits consist of oil
content and fatty acids (oleic, linoleic, stearic and palmitic acids).

Estimation of oil content and fatty acids using NIR spectrometer

Each sample's oil content and fatty acids (OAC, LAC, PAC and
SAC) were estimated using a NIR spectrometer (Manufacturer:
ZEUTEC, Germany; Model: SPA 1.0) concerning an established
standard graph. Calibration requires a fine powder, obtained by
grinding 5-6 grams of sunflower seeds from each sample using a
mixer grinder for 1 to 2 minutes. The OC and fatty acids of the
seeds are expressed as percentages (23).

Statistical analysis

Scaling tests (A, B, C and D) were performed for each trait to
evaluate the additive dominance model and detect non-allelic
gene interactions, following the approach with the different
generations of both crosses (24). Significance was assessed via a t
-test, with results considered significant if they deviated from
zero within their standard errors as given in Equation 1-4 (25).
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A=2BCP, — P, —F, =0 (Eqn. 1)
B=2BCP, — P, —F, =0 (Eqn.2)
C=4F, —2F; =P, —P, =0  (Eqn.3)
D=2F, — BCP, — BCP, = 0 (Eqn. 4)

Here, P, P,, F1, BCP, BCP; and Farepresent the means of
different generations. The variances were calculated from the
variances of these respective generations.

Standard errors (SEs) were computed as the square roots
of variances and a t-test was used to detect deviations from zero
by comparing t-values with 5% and 1% significance levels.
Genetic effects were estimated via a six-parameter model,
calculating the mean (m), additive (d), dominance (h) and non-
allelicinteractions (j, j, ) as given in Equation 5-10 (26)

m=F, (Eqn. 5)
d=BCP1, — BCP1, (Eqn. 6)
h=F, —4F, — (3)B. — (5) P, + 2BCP1, + 2 BCPL, (Eqn.7)
i=2BCP1; + 2 BCP1, — 4 F, (Eqn.8)
J7BCP1; — (1/2)P, — 2BCP1; + (1/2) P, (Eqn.9)
=P, +P + 2F; +4F, — 4BCP1,; — 4 BCP1, (Eqn. 10)

where, Py, P,, F1, BCP;, BCP, and F, are the means of the
respective generations. Statistical analyses were performed via
MS Excel and the TNAUSTAT package (27). Heterosis, degree of
dominance and inbreeding depression were assessed; better
and mid-parent heterosis (BPH and MPH) were calculated
according to the standard method (28). Residual heterosis over
the mid-parent value (RHM) was calculated (29). The degree of
dominance (DD), Inbreeding depression (ID), heritability (broad-
sense) and genetic advance (GA), percentage GA over the percent
of the mean (GAM) was determined as per equation 11-18 (30-
33).

F, — MP
MPH (%) = ————— x 100 (Eqn.11)
MP
BPH (%) = FL];pEP » 100 (Eqn. 12)
RHM (%) = 2% % 100 (Eqn.13)
F,-F;
ID (%) = X 100 (Eqn. 14)
1
DD = H/D Eqn. 15
q
b — VFa- (VPLT::P: VRIS 100 (Eqn.16)
2
— YF;- (VE)
GA = S % K (Egn. 17)
GA
GAM = Mean of Fy * 100 [Eqn. 18)

Results and Discussion
Variations of traits across generations within the population

Genetic analysis of quantitative traits, mainly through generation
mean analysis (GMA), enables precise partitioning of genetic
variance and helps optimize breeding programs by understanding
the relationship between yield and its components (17). Non-allelic
interactions, or epistasis, play a significant role in genetic variance,
influencing breeding strategies for crop improvement (22, 34).
Improving any trait requires knowledge of the gene action involved
in its expression. Various biometrical methods, such as line x tester,
diallel, partial diallel, GMA and triple test cross (TTC), are used to
estimate gene action. Among these, only GMA and TTC assess non-
allelic interactions. While TTC identifies the presence or absence of
epistasis, it does not measure its components.

In contrast, GMA evaluates both the presence of epistasis
and the magnitude of its components (35). This study investigates
genetic dominance in sunflower populations, focusing on yield
traits, oil content and oleic acid content. It evaluates gene action,
heritability, genetic advances and heterosis, providing insights for
breeding high-yield sunflowers with enhanced oil and oleic acid
content. To estimate epistatic effects from two crosses, generation
mean analysis was conducted using Hayman's six-parameter
model (26). This comprehensive approach aims to improve the
understanding of genetic factors influencing sunflower traits,
facilitating the development of superior cultivars.

Our findings revealed wide variation in means among the
six populations from the two studied crosses (Py, P2, F1, Bi, B, and Fy)
across most traits (Table 1). In cross | (IR6 x HO-5-29), traits such as
PH, HD, SYP, HSW, VW, OC, OYP and OAC and in cross Il (CMS 825B x
COSF 6B), traits including HD, SYP, HSW, VW, OC and OYP, showed
F, dominance over the parents, suggesting that overdominance
may significantly influence these traits. Additionally, transgressive
segregation in successive generations conveyed complementary
genes and epistatic effects, enhancing these traits. Conversely, traits
like DF, DM, LAC, PAC and SAC in cross | and PH, DF and DM in cross
Il exhibited less dominance. They were sometimes intermediate
between the parents, indicating partial control by the cross itself.

Scaling test and gene action

Gene action is crucial in plant breeding, enabling breeders to
evaluate parental potential, optimize hybrids and utilize additive
effects and heterosis to enhance yield and resilience (17, 22). The
scaling test supports the additive-dominance model. All traits
except plant height are significant in cross I, while all characteristics
are significant in cross Il (CMS 825B x COSF 6B). For the essential
characteristics, a six-parameter model, accounting for additive,
dominance and interaction effects, was used to identify the best-fit
models (Table 2). This analysis highlighted significant non-allelic
interactions and estimated various genetic components. In cross I,
plant height is significant across all four scales.

In contrast, none of the scales for plant height in cross |
are significant, necessitating a three-parameter model for this
trait. The dominance effect exceeds the additive effect, with no
evidence of epistatic effects. The significance of a gene effect
indicates its role in trait inheritance. When multiple gene effects
are significant for a trait, the magnitude of each effect
determines its primary influence on the inheritance of that trait
(21, 36-38). The mean effects were highly significant across all
traits presented in Table 2. For additive and dominance genetic
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Table 1. Mean performance and standard error of yield-contributing traits in six populations of sunflower in two crosses

Characters Cross P: P F. F2 B, B.
Plant height (cm) | 127.10+£1.28 85.67 +0.98 156.43+1.11  130.74 +1.67 139.22+1.59 122.22 +2.47
1 160.60+0.58 118.20 + 0.80 140.77+0.76 131.22+1.60 147.82 +0.98 123.20+1.24
Head diameter (cm) | 8.72 £ 0.14 12.47 + 0.26 14.93+0.20 12.88 +0.19 12.96+0.25 13.80 + 0.18
1 11.10 £0.19 13.00+£0.15 14.50+0.21 13.22+0.13 13.58 + 0.16 1422 +0.17
Seed yield per plant (g) | 18.37 + 0.54 33.5 + 0.97 48.37+1.61 37.27 £1.05 27.83 £ 1.30 39.70 + 1.67
1] 26.22 £ 0.46 31.76 £ 0.47 37.20+0.83 31.63+0.81 27.13 £0.49 33.39 £0.77
Volume weight per 100 ml (g) | 35.62+0.57 35.41 +0.67 42.22 +0.37 41.50+0.24 4097+ 0.22 42.06 +0.26
1] 40.96 +£0.27 41.30+ 0.42 47.60 £0.27 41.89+0.18 41.02+ 0.33 42.85+ 0.41
Hundred seed weight (g) | 2.86 +0.10 4.80 £+ 0.10 544 +0.11 5.04+0.09 5.11 + 0.10 5.28 + 0.09
1] 6.18+0.08 5.23 £ 0.14 6.00+0.13 6.37 £0.05 6.20 + 0.09 6.56 +0.08
Days to first flowering | 66.60 + 0.40 64.07 £0.31 65.90+0.29 62.95 +0.30 65.32 + 0.32 63.02+0.45
1] 61.07 £0.56 55.07 £ 0.40 60.73+0.73 59.55 +0.28 56.94 + 0.38 60.80 + 0.43
Days to maturity | 99.60 £ 0.40 97.07£0.31 98.90+0.29 95.95 +0.30 98.32 + 0.32 96.02 +0.45
1] 89.07 + 0.56 83.07 £ 0.40 88.73 £ 0.73 87.55+0.28 84.94 + 0.38 88.80 +0.43
. | 40.77+ 0.27 30.43+£0.34 41.53+0.25 37.15+£0.39 37.10 + 0.40 35.32+£0.44
Oil content (%)
1] 28.23 + 0.42 41.27+ 0.31 41.93+0.39 36.15+0.48 34.82 £ 0.66 39.88 +0.48
Oil yield per plant (g) | 7.48 + 0.56 10.23 +0.94 20.1+1.60 10.26 +1.03 14.12+1.32 13.84+ 1.48
1l 7.39 £ 0.15 13.11+ 0.23 15.63+0.42 11.43+0.34 9.44 + 0.24 13.32+0.36
Oleic acid content(%) | 42.50+0.30 85.55 + 0.46 86.80 +0.46 67.10£1.22 72.79£0.98 77.04+0.78
Linoleic acid content ( %) | 52.53+0.45 11.20+£0.45 9.75+0.45 27.79+1.17 23.16 £ 0.95 19.05+0.76
Palmitic acid content ( %) | 0.60+0.05 0.50+0.03 0.57+0.03 0.36+0.01 0.54+0.04 0.45+0.02
Stearic acid content ( %) | 4.72+£0.30 2.82+0.23 2.95+0.23 4.50+£0.10 3.90+0.22 3.70+0.18
Cross |: P1xP,, IR6 x HO-5-29, Cross II: P3x P4, CMSB825B x COSF6B.
Table 2. Estimates of scaling test and genetic components of generation mean for the two sunflower crosses
Scaling test Genetic components of generation mean
Characters Cross A B C D m d h ; j I
. | -5.09 2.34 -2.67 0.04 106.46**  20.72**  47.14** - - -
Plant helght (cm) * %k *k *k * Kk * Kk * % * Kk * *
1] -5.73 -12.57 -35.47 -8.59 131.22 24.62 18.55 17.18 3.42 1.11
Head diameter (cm) | 2.27** 0.20 0.45 -1.01* 12.88** -0.84** 6.36** 2.02* 1.03** -4.49**
Il 1.56 ** 0.94* -0.24  -1.37**  13.22**  -0.64** 519**  2.74** 0.31 -5.24 **
Seed yield per plant (g) | -11.07** -2.50 0.43 7.00* 37.27**  -11.87** 8.41 -14.00*  -4.29* 27.58**
Il -9.17** -2.17* -5.87 2.73 31.63**  -6.27** 2.75 -5.47  -3.50** 16.81**
Volume weight per 100 ml | 4,11** 6.50** 10.53**  -0.04 41.50**  -1.09** 6.78** 0.08 -1.19*  -10.69**
(g) 1] -6.53** -3.20**  -9.89** -0.08 41.89** -1.83** 6.64** 0.16 -1.66 ** 9.57**
. | 1.91** 0.31 1.62** -0.30 5.04** -0.17 2.21** 0.61 0.80** -2.83**
Hundred seed weight (g) 022 188" 207" -0.02 637" -0.36" 033 003  -0.83** -2.13**
Days to first flowering | -1.86** -3.93**  -10.69** -2.45** 62.95** 2.30%* 5.47** 4.90** 1.03 0.89
1] -7.92** 5.80** 0.60 1.36 59.55** -3.86™* -0.05 -2.72 -6.86™* 4.84
Days to maturity | -1.86* -3.93**  -10.69** -2.45** 95.95** 2.30%* 5.47** 4.90** 1.03 0.89
Il -7.92** 5.80** 0.60 1.36 87.55**  -3.86** -0.05 -2.72 -6.86™* 4.84
Oil content (%) | -8.10** -1.33  -5.69** 1.87 37.15** 1.78** 2.19 -3.74 -3.39** 1317
Il -0.53 -3.44** 877" -2.40 36.15**  -5.06**  11.98** 4.80 1.46 -0.83
Oil yield per plant (g) | -11.22** -4.57 -3.38 6.21* 35.79**  -10.44** 9.99 -12.41* -3.33 28.20**
Il -4.16™* -2.12*  -6.06™* 0.10 11.43**  -3.88** 5.17** -0.21 -1.02* 6.48**
Oleic acid content ( %) | 16.27**  -18.27** -33.25** -15.62** 67.10** -4.25** 54.02**  31.25** 17.27** -29.25**
Linoleic acid content (%) | -15.96** 17.16** 27.95** 13.37** 27.79** 4.11** -48.86** -26.75** -16.56** 25.55**
Palmitic acid content (%) | -0.09 -0.18**  -0.81** -0.27** 0.36** 0.09* 0.56** 0.54** 0.04 -0.27
Stearic acid content (%) | 0.15 1.65** 4,57** 1.39** 4.50** 0.20 -3.60** -2.78** -0.75* 0.99

Cross I: P1xP, IR6 x HO-5-29, Cross II: P3x P4, CMSB825B x COSF6B; A, B, C and D are scales, m: mean; d:additive; h:dominance, i: additive x additive, j: additive x
dominant and l:dominant x dominant, one asterisk (*) and two asterisks (**) indicates significant at 5% and 1% probability levels, respectively.

effects, all traits, except plant height in cross Il (CMS 825B x COSF
6B) and linoleic acid content in cross | (IR6 x HO-5-29), showed h
> d, indicating that dominance genetic effects play a major role,
with heterozygotes having a significant advantage or exhibiting a
distinct phenotype compared to homozygotes. In contrast, for
plant height in cross Il (CMS 825B x COSF 6B) and linoleic acid
content in cross |, h <d, suggesting that these traits are primarily
influenced by additive genetic effects, where the contribution of
individual alleles is more impactful than allele interactions. The
estimates for the additive component (d) were highly significant
and positive for PH, DF, DM, OC and LAC in cross | (IR6 x HO-5-29),

as well as for plant height in cross Il, indicating a substantial
additive genetic contribution to these traits. Selection based on
additive genetic variance can be effective. Conversely, the traits
HD, SYP, VW, OYP and OAC in cross |, along with HD, SYP, VW, DF,
DM, OC and OYP in cross Il (CMS 825B x COSF 6B), were highly
significant but negative, indicating a substantial negative
additive genetic effect. Selection against these traits (or for their
reduction) will be effective, as each favourable allele contributes
negatively. The traits hundred seed weight and palmitic acid
content were not significant in cross |, indicating that additive
genetic effects are not contributing significantly to these traits.
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The estimates for the dominance component (h) were non-
significant for traits such as SYP, OC and OYP in cross | (IR6 x HO-5
-29) and SYP, HSW, DF and DM in cross I, indicating that
dominance is not a significant contributor to these traits.
Positively highly significant values were observed for PH, HD, VW,
HSW, DF, DM, OAC and PAC in cross | and for PH, HD, VW and OYP
in cross Il (CMS 825B x COSF 6B), indicating a substantial positive
dominance effect, where heterozygotes exhibit superior
performance compared to the average of the homozygotes.
Negatively highly significant values were shown for LAC and SAC
in cross |, indicating a substantial negative dominance effect,
where heterozygotes perform worse than the average of the
homozygotes. Highlighted the prominence of additive and
dominance variance, with non-additive components being more
significant (12). It was found that dominant genes significantly
affected the seed set (39). The additive effects were the most
significant in the cross, with partial dominance and no epistasis,
while additive and dominant effects in some crosses and
significant epistatic effects in others (40-41).

Non-allelic interactions

Epistasis studies help breeders to understand gene interactions
influencing complex traits, enhancing selection strategies and
hybrid performance. This knowledge optimizes breeding programs
by targeting specific gene combinations for desirable traits (36-37).
The estimates for the additive x additive component (i) showed
highly significant positive values for DF, DM, OAC and PAC in cross |
(IR6 x HO-5-29) and for head diameter in cross Il (CMS 825B x COSF
6B), indicating substantial positive interactions between additive
effects, where combinations of alleles from different loci enhance
the trait (Table 2). Conversely, the SYP and OYP traits showed
significant negative values in cross |, indicating substantial negative
interactions between additive effects, where combinations of
alleles from different loci reduce the trait. The additive x dominance
component (j) estimates were highly significant and positive for HD,
HSW and OAC in cross | (IR6 x HO-5-29), indicating a substantial
positive interaction between additive and dominance effects. This
suggests that dominant alleles enhance the additive effect of other
loci. Conversely, OC and LAC in cross | and SYP, VW, HSW, DF and
DM in cross Il (CMS 825B x COSF 6B) showed highly significant
negative values, indicating a substantial negative interaction
between additive and dominance effects, where dominant alleles
reduce the additive effect of other loci. The estimates for the
dominance x dominance component (/) exhibited highly significant
positive values for SYP, OC, OYP and LAC in cross | (IR6 x HO-5-29)
and for SYP, VW and OYP in cross I, indicating a substantial positive
interaction between dominance effects. This suggests that
combinations of dominant alleles from different loci enhance the
trait. Significant parameters indicate important genetic effects in
trait inheritance, which breeders should consider in their selection
strategies. Non-significant parameters suggest that the
corresponding genetic effects are less influential and may be less
relevant in breeding programs (16,21,37-38). Significant additive x
dominant gene (j) epistasis was found in three combinations, along
with () and (/) interactions in several crosses (39). Significant
additive x dominance effects were reported, with dominance being
influential (40). The varying importance of epistatic gene effects was
observed over two years, highlighting significant i and [ effects in
specific crosses that emphasized the role of dominant genes in seed
setinheritance (41-42).

5

Duplicate gene action was observed in cross | (IR6 x HO-5-
29) for traits such as head diameter, volume weight, 100-seed
weight and fatty acid content (oleic, linoleic, stearic and palmitic
acids). Cross Il (CMS 825B x COSF 6B) was noted for head diameter,
100-seed weight, days to flowering and maturity and oil content.
Breeders should first use bi-parental mating to improve these traits,
followed by recurrent selection in subsequent generations.
Duplicate gene action involves dominance effects where
heterozygotes express the dominant phenotype, with each gene
acting independently. Dominant x dominant epistasis leads to
duplicate epistasis, producing intermediate trait values between
additive and dominance effects (37). Complementary gene action
was found in cross | for seed and oil yield per plant, days to
flowering and maturity and oil content and in cross Il for plant
height, volume weight and seed and oil yield per plant. Selection for
these traits is more effective in later generations, as complementary
gene action occurs when dominant alleles from different loci
combine to enhance a trait. Understanding these gene effects is
essential for improving desirable crop traits. Results are cross-
specific and may not apply universally to all parent plants. Both
additive and non-additive effects can be used in selection, including
dominance x dominance and complementary interactions.
Breeding strategies such as reciprocal recurrent selection or bi-
parental mating are effective when both effects are present.
Additionally, recurrent selection through one or two cycles of
crossing selected plants can help accumulate beneficial genes,
improving traits like seed yield.

Heterosis and degree of dominance

Hybridization is an effective method for enhancing plant traits
and contributing to global food security. Genetic dominance in
hybrids or plant populations is essential for determining gene
effects and developing improved varieties. Heterosis, the
superior performance of hybrids over their parents, boosts crop
productivity by combining positive traits from both parents (36-
37). Dominance heterosis allows dominant alleles to outperform
recessive ones, enabling inbred lines to match Fihybrids by
removing deleterious alleles while pooling favourable ones
(16,38).

Our findings include mid and better-parent heterosis
(MPH and BPH), residual heterosis over mid-parent (RHM),
inbreeding depression and degree of dominance for both
crosses (Table 3). For mid-parent heterosis (MPH), all traits
except DF, DM, LAC, PAC and SAC are highly significant in
cross | (IR6 x HO-5-29). All traits except plant height (PH) are
highly significant in cross Il. The highest MPH values in both
crosses are observed in seed and oil yield, while the lowest
values are found in linoleic and steric acid content in cross |
(IR6 x HO-5-29) and in Plant height and days to maturity in
cross Il (CMS 825B x COSF 6B). For better parent heterosis
(BPH), cross | shows significant traits such as PH, HD, SYP,
HSW, OC, OYP and OAC, while cross Il (CMS 825B x COSF 6B)
demonstrates highly significant traits including PH, HD, SYP,
VW, HSW and OYP. Volume weight, linoleic acid in Cross | and
oil content in cross Il are significant. The highest BPH values
in cross | are observed in OAC and OYP, while in cross I, they
are in OYP and SYP. High residual heterosis (RHM) values are
observed in SYP and OYP for cross | (IR6 x HO-5-29) and in
HSW and OYP for cross Il. Highly significant traits in cross |
include PH, DM, VW, SYP, HSW, OC, OYP and OAC, while cross
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Table 3. Assessment of heterosis, inbreeding depression and degree of dominance of two crosses of sunflower

Heterosis
Characters Cross DD
MPH BPH RHM ID
. | 47.05** 23.08** 22.90** 16.42 -0.69
Plant height (cm)
1 0.98 -12.35** -5.87** 6.79 -0.95
. | 40.97** 19.79** 21.54** 13.78 -0.87
Head diameter (cm)
1 20.33** 11.54** 9.67** 8.86 -0.90
A | 86.35* 44.23** 43.59** 22.95 -0.58
Seed yield per plant (g)
1 28.34** 17.16** 9.11** 14.98 -0.96
. | 18.87** 18.53* 16.85** 1.70 -1.32
Volume weight per 100 ml (g)
1 15.74** 15.28** 1.86™* 12.00 -3.03
A | 41.93** 13.27** 31.54** 7.32 -0.91
Hundred seed weight (g)
1 5.23** -2.83 11.68** -6.13 -1.18
. . [ 0.87 -1.05 -3.66 4.48 -0.75
Days to first flowering
1 4.59** -0.55 2.55** 1.95 -1.12
A | 0.58 -0.70 -2.43 2.99 -0.75
Days to maturity
1 3.10** -0.37 1.72* 1.33 -1.12
A | 16.67** 1.88** 4.34** 10.57 -0.85
Oil content ( %)
1 20.67** 1.62* 4,03** 13.79 -0.75
I | 88.09** 46.99** 40.72** 25.19 -0.68
Oil yield per plant (g) . .
1 52.48 19.23 11.46 26.90 -0.94
Oleic acid content ( %) | 35.57** 104.21** 4.80** 22.69 -0.93
Linoleic acid content ( %) | -69.41 -81.45* -12.77* -185.16 -0.93
Palmitic acid content ( %) | 3.67 -4.86 -34.74 37.05 -1.34
Stearic acid content ( %) | -21.79 -37.55 19.47 -52.76 -1.11

Cross I: P1xP,, IR6 x HO-5-29, Cross |I: P3x P4, CMSB825B x COSF6B; MPH: mid-parent heterosis, BPH: better parent heterosis, RHM: residual over mid-parent

heterosis, ID: inbreeding depression and DD: degree of dominance.

Il includes PH, DM, SYP, VW, HSW, DF, OC and OYP. LAC is
significant in cross | and DM in Cross Il. DF, DM, PAC and SAC
are non-significant in cross I. Substantial and high values of
MPH and BPH indicate that the hybrid outperforms its
parents, reflecting strong hybrid vigour. In contrast, non-
significant and low values suggest weaker hybrid vigour, with
performance closely aligned to that of the parents (16,36,38).

In breeding programs, understanding the degree of
dominance is essential for predicting hybrid performance and
enhancing traits such as yield and yield contributing traits. In cross |
(IR6 x HO-5-29), traits like VW, PAC and SAC exhibited a degree of
dominance greater than unity (+1.0), while in cross Il (CMS 825B x
COSF 6B), traits such as VW, HSW, DF and DM showed similar
patterns. This suggests that overdominance significantly influences
the inheritance of these traits. For the remaining characteristics in
both crosses, the degree of dominance ranged from zero to +1.0,
indicating partial to complete dominance effects in their
inheritance. Inbreeding depression (ID) refers to declining vigour,
fertility and overall performance from breeding closely related
plants. Understanding this phenomenon is crucial for maintaining
crop performance. Most traits in both crosses show low ID, except
for LAC and SAC in cross |, which exhibit high ID. Low ID suggests
that the breeding population retains good performance despite
some inbreeding. Managing inbreeding depression is vital for
sustaining crop performance. Breeders can mitigate its negative
effects and enhance crop resilience and productivity through hybrid
breeding and careful selection. F, and F, means for the cross were
intermediate between parental means, with F; values closely
aligning with mid-parent values (40). Variable F; vyields were
observed over the years, with consecutive increases in the first and
second years, highlighting significant heterosis (41).

Heritability and genetic advance

Heritability, genetic advance and genetic advance as a percentage
of the mean are key for predicting selection response. High values
indicate strong genetic influence and potential for significant trait
improvement, guiding breeders in making informed breeding
decisions and understanding expected outcomes (43-44). High
broad-sense heritability was observed for PH, HD, SYP, HSW, DF,
DM, OC, OYP, OAC, LAC and SACin cross | (IR6 x HO-5-29) and for PH,
SYP, OC and OYP in cross Il (Table 4). Correspondingly, high
estimates of GA and GAM were found for these traits, suggesting
that these traits are directly inherited, controlled by a few key genes,
or significantly influenced by additive gene effects, indicating that
assortment will be more effective due to strong genetic influence
and minimal environmental impact. Conversely, cross I
distinguished low broad-sense heritability for VW, HSW, DF and DM.
Low genetic estimates for GA and GAM were observed in VW and
DM in cross | and VW, HSW, DF and DM in cross II, indicating these
traits are more inclined by the environment, making selection less
effective. Researchers reported high heritability and significant
genetic advances for OYP and PH (43). The researchers observed
the high heritability across all traits and significant genetic advances
for DF, PH and OC (44-45). There is high heritability for DM,
moderate heritability for DF and OC and notable genetic advances
for SYP and DM (46). High-oleic sunflower oil is valued for its heart-
health benefits, rich monounsaturated fatty acids and greater
stability during processing (5,9,47). Sunflower breeding focuses on
developing high-oleic hybrids to improve seed and oil yields. The
higher oleic acid content increases the oil's shelf life and oxidative
stability, benefiting pharmaceutical, cosmetic, industrial and edible
applications. Heterosis plays a crucial role in optimizing genotypes
forenhanced fatty acid.
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Table 4. Estimates of variability analysis in the two crosses of sunflower

Characters Cross

H2bs GA GAM

. | 93.10 45.26 34.62

Plant height (cm) I 97.00 45.24 34.48

. | 82.60 4.56 35.40

Head diameter (cm) I 68.70 2.55 19.26

. | 82.90 25.48 68.36

Seed yield per plant (g) I 91.60 21.66 68.47
Volume weight per 100 ml (g) III éggg ;32 Zég
Hundred seed weight (g) III Igig ggg 355621
Days to first flowering III gigg ;gg 141.7167

. | 81.00 7.03 7.33

Days to maturity I 34.90 2.83 3.24

. | 91.70 10.50 28.28

Oil content (%) I 90.60 12.54 34.68

o s | 82.20 24.60 68.74
Oilyield per plant (g) I 89.00 8.76 76.66
Oleic acid content (%) | 98.30 35.05 52.23
Linoleic acid content (%) | 97.80 33.25 91.65
Palmitic acid content ( %) | 13.30 0.05 13.13
Stearic acid content ( %) | 93.10 45.26 34.62

Cross |, P1xP,, IR6 x HO-5-29, cross Il, Psx P4, CMSB825B x COSF6B; H?bs %: broad sense heritability, GA: Genetic advance; GAM: Genetic advance as a percent of

the mean.
Conclusion

This study shows the importance of additive and dominance
gene actions in sunflower traits like oil content, seed yield and
oleic acid content, using two crosses: IR6 x HO-5-29 (cross 1) and
CMS 825B x COSF 6B (cross Il). Cross | performed better overall,
with strong dominance effects, making it a good candidate for
hybrid breeding. While duplicate gene action created challenges
in improving traits like head diameter and 100-seed weight,
complementary gene action for seed and oil yield highlighted the
benefits of selecting in later generations. High heritability and
genetic advancement confirm that choosing the proper traits
can be effective and the observed hybrid vigour (heterosis)
shows the value of hybridization in overcoming weaknesses.
Further genetic and genomic studies are needed to understand
specific gene interactions, especially with more inbred lines.
These findings provide valuable insights for sunflower breeders
and farmers in developing high-yielding, high-oil varieties and
hybrids.
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