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ABSTRACT: The analysis of combining ability and heterosis is very important in enhancing the yield and oil quality of
sunflowers under adverse conditions, and it reveals the potential of the parents and the mechanism of gene action. In this
study, twenty-one hybrids were developed by crossing seven cytoplasmic male sterile (CMS) lines with three restorer
lines and evaluated for agronomic and quality traits. Highly significant general combining ability (GCA) and specific
combining ability (SCA) effects were observed, confirming the role of both additive and non-additive gene actions.
Among the tested crosses, A-42 x R-86, A-92 x R-86, and A-92 x R-114 exhibited the greatest heterotic advantage, with
seed yields exceeding 340 kg ha™! over the better parent, oil contents above 19%, and 100-seed weights greater than 27 g.
The hybrid A-92 x R-114 was particularly notable for its elevated oleic acid level and balanced fatty acid profile, making it
a strong candidate for premium oilseed production. In contrast, hybrids like A-20 x R-39 exhibited moderate heterosis
and less quality superiority. The oleic-to-linoleic acid ratio, a key determinant of oil stability, was strongly controlled
by genetic factors. Oil content was largely influenced by additive effects, whereas yield heterosis was predominantly
governed by non-additive effects. Overall, A-42 x R-86 and A-92 x R-114 emerged as the most promising hybrids,
combining yield benefits with improved oil quality, and offering practical guidance for parental selection in sunflower
breeding programs.

KEYWORDS: Sunflower; combining ability; heterosis; line x tester; achene yield components; oleic acid; edible oil
quality; additive and non-additive gene effects

1 Introduction

The global demand for food and energy is rising rapidly, driven by population growth and increasing
consumption. To meet these needs, agricultural productivity must increase by an estimated 70%-100% by
2050 [1,2]. Edible oils serve a vital role in our diet because they provide us with energy, essential fatty acids,
and valuable nutrients. They are also popular in cookery and have a variety of health benefits. Fats are a high-
energy food, having over two times the amount of energy per gram than either protein or carbohydrates [3].
Four major crops, soybean, palm, brassica, and sunflower, together account for over 90% of global edible
oil production (Fig.1) [4]. Palm oil leads with nearly 40% of the market, followed by soybean (29%),
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brassica (13%), and sunflower (9%) [5]. This reliance on a few crops underscores the need to enhance their
productivity, quality, and sustainability.
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Figure 1: Global production shares of important oilseed crops

L1 Global Importance of Sunflower

Sunflower (Helianthus annuus L.) is being cultivated successfully in all crop-growing continents of the
world. It is the 2nd largest hybrid seed crop after corn [1,2] and the 3rd major oilseed crop in the world next
to soybean and rape [3]. It is an oil as well as protein-rich crop, so it competes in both the oil market, led by
palm oil, and the protein meal market led by soybean. Its seed contains about 35%-50% premium-quality
edible oil [4] and a high-quality protein meal for animals after oil extraction [5]. It is also encouraged as a
successful practice for earning a livelihood and the eradication of poverty in some parts of the world [6].
The area and production of sunflowers is 56 million tons from 27 million ha around the globe. Out of the
83 sunflower-growing countries in the world, 82% of the area and 87% of production is contributed by the
top 10 countries. The Russian Federation, Ukraine, Argentina, China, and Turkey are the top 5 producers of
sunflower seeds globally [7].

1.2 Breeding Challenges

High yield with better quality is the most essential breeding objective throughout the world to eliminate
hunger and malnutrition [8,9]. The oil quality is determined by the oleic: linoleic acid ratio: higher ratios
enhance oxidative stability and shelf life (preferred for frying/industrial use), while lower ratios supply
essential polyunsaturated fatty acids (nutritional value). Consistent use of saturated fats obtained either from
animal or plant sources leads to serious health implications. Cardiovascular diseases (CVD) are the number
one cause of death worldwide, and poor diet is the leading risk factor [10,11]. Diabetes mellitus, various types
of cancers, and inflammations are some other malignant diseases of the present time. Sunflower seed oil
is considered an excellent choice to curb these high-risk global diseases [12,13]. Furthermore, many other
industries like pharmaceuticals, chemicals, cosmetics, honey, dairy, bird feed, and biodiesel production are
also being promoted from sunflowers [14]. Nutritionists in recent times have recommended vegetable oil as
a healthier form of dietary fats [15].

It is challenging to improve the yield because of its quantitatively controlled nature and dependence on
many other contributing traits. For the successful transmission of genetic traits to enhance the yield potential
of any crop, a plant breeder must have sound knowledge of all the involved genetic mechanisms [16].

1.3 Genetic Approaches

Plant breeders hunt for improving yield and quality by harnessing genetic diversity, with heterosis and
combining ability guiding the selection of superior parents and hybrids [17,18]. Sunflower breeding was
revolutionized by the discovery of cytoplasmic male sterility (CMS) by Leclercq (1969) and fertility restorer
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genes by Kinman (1970), which enabled large-scale hybrid seed production; since then, hybrids have replaced
open-pollinated varieties worldwide, achieving 20%-40% yield gains, higher oil quality, and improved stress
resistance, making sunflower the second most important hybrid seed crop after maize [19-22].

Previous combining ability studies in sunflower have mainly focused on yield and basic morphological
traits, often overlooking oil quality parameters and fatty acid composition [23-25]. Developing inbred lines
with superior combining abilities is essential for producing high-yielding hybrids. Combining ability reflects
how different parental lines contribute genetically to hybrid performance. General combining ability (GCA),
controlled largely by additive gene effects, measures the average performance of a line across many crosses
and is valuable for identifying stable, high-potential parents for line development and recurrent selection.
In contrast, specific combining ability (SCA), arising from non-additive effects such as dominance and
epistasis, highlights unique cross combinations that outperform expectations, guiding the development of
superior hybrids. Together, GCA and SCA offer a genetic outline that permits breeders to improve parent
selection, forecast hybrid performance, and hasten genetic gains in sunflower breeding [23,24]. Heterosis
and combining ability studies in sunflower breeding offer significant opportunities for creating hybrids
with enhanced seed yield, improved oil quality, and greater resilience to environmental stresses [16]. These
advancements will ultimately benefit both sunflower farmers and consumers by increasing productivity and
crop reliability. The objectives of this study were to: (1) assess the heterosis levels in the hybrids developed,
(2) Evaluate the General Combining Ability (GCA) of the restorer lines and CMS testers under study,
(3) Estimate the Specific Combining Ability (SCA) of the hybrid crosses, (4) Analyze the nature and extent
of gene actions and heritability, and (5) Examine the correlation between genetic distance, performance,
heterosis, and combining ability for grain yield and related traits. The study could be helpful and serve as an
impetus to uplift the deteriorating edible oil situation in the country by designing future breeding programs
to attain high seed yield with better oil quality in sunflowers [26].

1.4 Study Rationale

Pakistan faces a widening edible oil shortfall, importing more than 70% of its requirement, making sun-
flower improvement a state priority. Hybrid breeding exploiting heterosis for yield and oil content, combined
with combining ability studies to recognize superior parents and cross combinations, proposes a sustainable
pathway. This study appraises newly established sunflower hybrids for heterosis, combining ability, and
yield—quality traits to guide the development of productive, climate-resilient hybrids for local conditions.

Unlike previous heterosis studies in sunflower that mostly stressed on yield or a limited set of
morphological traits, this study advances the field by simultaneously evaluating yield mechanisms and oil
quality (including fatty acid profile) traits, while integrating combining ability analysis to divide both additive
and non-additive gene actions, thus providing a more inclusive understanding of heterosis for guiding
hybrid development.

Sunflower has the potential to serve as the prime oilseed crop of Pakistan because of its proven yield
potential and premium oil quality [21,27]. The crop is best suited in the many climatic zones as well as in
different cropping systems in the country. It is obvious from the fact that it is maintaining its worldwide
production share even as it is being shifted towards marginal areas in many parts of the world. One of its key
advantages is that it can be harvested twice a year, making it adaptable to diverse regions of Pakistan [28].
Availability of hybrid seeds is another advantage as it offers higher seed yield due to hybrid vigor, disease
resistance, fertilizer responsiveness, and increased seed setting and productivity. Shorter duration, lodging
resistance, photo insensitivity, drought tolerance, high oil contents, and better adaptability are the other key
characteristics [29,30]. All these features are making it the best potential oilseed crop, giving a new hope to
the sinking oilseed industry of Pakistan.
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2 Materials and Methods
2.1 Experimental Location, Climate, and Soil Properties

The study was executed in the fields of Oilseeds Research Institute (ORI) and University of Agriculture,
Faisalabad (UAF) during 2020-2022 (latitude 31°4" N, longitude 73°1" E, altitude 610 ft). All the inbred
lines were received from the Oilseeds Research Institute. The experimental site received a total of 210 mm
of rainfall, supplemented with two irrigations at critical growth stages. With temperatures ranging from
10°C in January to 40°C in May during the crop-growing months, the Relative humidity averaged 60%.
The experimental soil was found to be alkaline, having a pH of around 8.15, with deficient nitrogen and
phosphorus macro nutrients and organic matter. Alkaline soil (pH 8.15) restricted micronutrient uptake,
while heat stress during flowering and grain filling reduced seed set and altered fatty acid composition. These
stresses amplified genotype x environment interactions and strengthened the role of non-additive effects.
Despite this, certain genotypes confirmed resilience and adaptability under harsh environments.

The scheme of seed production of inbred lines and sunflower hybrids is given in Fig. 2A,B.

A-line B-line
(CMS Female) (Restorer Male)
X

Fertility Restored

A-line

(A)
oo Jl)
F, Sunflower Hybrid

(B)
Figure 2: (A) Process of seed production for A-line in sunflower. (B) Process of seed production for F; sunflower hybrid

2.2 Agronomic Practices and Data Recording

Twenty-one (21) crosses were performed by using Seven (7) female inbred (A-lines) and three (3) male
restorer lines (R-lines), followed by the method described by [I8]. A detailed list of parents and their
respective cross combinations is given in Table 1. The experimental plot for each genotype measured
4 m x 1.5 m. Fertilizers (NPK) were applied at a ratio of 148:99:62 kg/ha throughout the crop duration. All
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the Phosphorus and Potash were applied at the land preparation stage, but nitrogen was applied in three
(3) installments. The genotypes were sown with the help of a dibbler; three seeds in one-inch depth were
sown in each hole by maintaining plant-to-plant distance at 23 cm and row to row at 75 cm. Each genotype
was thinned to one plant per hole at the leaf stage of the experiment, resulting in 16 plants per row, and five
competitive plants were randomly selected from the central portion of each plot, avoiding border plants to
minimize border effects. All the agronomic practices were kept constant during the entire experiment. Data
was recorded for germination percentage (%; GP) plant height (cm; PH), stem thickness (cm; ST), days to
flower initiation (DFI), days to 50% flowering (DFP), head diameter (cm; HD), achene yield per plant (gm;
AYP), days to maturity (DTM), hundred seed weight (gm; HSW), number of leaves per plant (NLP), oil
contents (%; OC), protein contents (%; PC), linoleic acid (%; LA) and oleic acid (%; OA). Trait measurements
were recorded using standardized tools to ensure accuracy. Plant height was measured with a graduated
meter rod (+£0.5 cm), and stem thickness with a digital Vernier caliper (+0.01 mm). Head diameter and
seed weight were measured using precision digital calipers and electronic balances (+0.001 g), respectively.
Oil content was analyzed using a Nuclear Magnetic Resonance (NMR) Spectrometer (Oxford MQA-7005,
accuracy +0.1%), while protein content was determined through the Kjeldahl method (Velp Scientifica
analyzer). Fatty acid composition (oleic and linoleic acid) was assessed with Near-Infrared Reflectance
Spectroscopy (NIR; Perten DA 7250, Stockholm Sweden, accuracy +0.01%). Most of the traits were measured
at the R9 stage, while head diameter at the R6 stage.

Table 1: Mean squares values of line x tester analysis (including parents)

SOV df GP PH DFI DFP ST NLP HD DM AYP HAW ocC PC LA OA
BLOCK 2 10.48 55.37 4 5.45 0.02 0.98 0.6 13.97 16.04 0.11 4.33 0.09 1.23 1.46
GENO TYPES 30 12.53* 918.84** 97.40**  130.27** 0.77** 18.68** 51.02**  174.65** 1594.79** 4.58**  20.07**  0.24**  767.19** 813.36%*
CROSS 20 9.56 292.01**  102.30** 140.47** 0.36** 18.88** 19.97**  90.20** 145.78** 1.12** 4.73%* 0.09** 2.00%* 6.43**
LINE (c) 6 20.77**  121.26**  338.62** 464.44** 0.96** 60.85** 53.55**  293.77** 373.53** 3.64% 1514 0.28%* 5.40%* 20.12%*
TEST (c) 2 1.59 2512.83** 1.25 0.62 0.45**  2.48**  3.90** 6.54** 143.03** 0.21%* 1.38**  0.0011 0.67* 1.94%*
LxT(c) 12 5.29 7.25 0.98 1.79** 0.05**  0.62**  5.86** 2.35%F 32.37** 0.01%* 0.09 0.01* 0.53** 0.34*
PARENT 9  14.81* 56.46** 33.14** 37137 0.62%*  17.44*  29.94**  40.21%* 37.68** 4.65** 4.647  0.52**  1955.45"*  2081.05**
LINE (p) 6 13.49 56.08%* 45.54**  51.27**  0.44** 23.98** 10.82** 49.38** 4.32%* 1.40** 0.48 0.08** 1.91* 6.09%*
TEST (p) 2 8.33 48.11%* 12,11 13.007*  0.08**  4.58**  1L.57** 32.33%* 1.70* 0.17** 0.46 0.51%* 15.96** 20.28**
L(P)xT(P) 1 3571* 75.43%* 0.84 0.51 277 3.95%*  181.38** 0.91 309.76** 33.12%% 3797 3.19**  17,555.68** 18,652.35**
Cross PAR 1 51.20%*  21,216.93** 577.72** 764.49** 10.16** 25.91** 861.62** 3073.81** 44,588.90** 73.08** 465.70** 0.72** 5376.62**  5542.53**
ERROR 60 6.32 5.87 0.62 0.64 0.01 0.23 0.35 0.67 0.44 0.01 0.23 0.01 0.15 0.16

Note: Different values derived from ANOVA indicate significant differences at probability; **p < 0.01; *p < 0.05.

Harvested sunflower heads were threshed, and seeds were cleaned, stable at 8%-10% moisture, and
ground to <0.5 mm using a mill. For oil estimation, seed meal samples were analyzed by NMR spectrometer
(Oxford MQA-7005); calibration was performed with certified oil standards, and three replicate readings per
sample were averaged. Oleic and linoleic acid contents were determined by a non-destructive NIR spectrom-
eter (Perten DA 7250) using whole seeds scanned in reflectance mode (850-2500 nm). Protein content was
determined by the Kjeldahl method (digestion, distillation, titration), and moisture by oven-drying at 105°C
for 24 h.

2.3 Statistical Analysis

The experiment followed a randomized complete block design (RCBD) with three replications. The data
obtained was subjected to analysis of variance (ANOVA) using the formula provided by [31]. The ANOVA for
combining ability was performed using the line x tester method. Correlation analysis was conducted based
on Pearson’s method (1920). Heterosis and heterobeltiosis were calculated using the method outlined by [17].
Analysis was performed with the Software programs Statistica 14.0.0, Minitab 21, and R software 4.2.0.
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2.4 Mathematical Models Used
Analysis of Variance (ANOVA):
To partition variability among genotypes, replications, and error:
Yij:p-i-Gi-i-Rj-f-Sij
where Yj; = observation of the " genotype in the /! replication, u = overall mean, G; = effect of the #
genotype, Rj = effect of the " replication, & = experimental error.

Estimation of Combining Abilities and Genetic Effects

GCA effects estimation
Testers effects: gt = {(x.j./Ir) — (x.../006Ctr) }
Here,

1 = Numbers of lines. t = Numbers of Ts. r = Numbers of reps. i = Number of inbred lines in inbred range.
j = Number of testers from tester range. xi.. = Total F; testers crossed i" line.

x.j. = All the crosses of / tester with all the lines. x. . . = Total of all the crosses.
SCA effects estimation
Sij = {(xij./r) - (xi.../tr) — (x,j./Ir) + (x.../ltr)
Here,
xij. = Total of F; by crossing #" line with /" tester.
Assessment of additive variance (D) and dominance variance (H)
D =90 GCA/[(1 + F)/4]
H =0 SCA/[{(1+F)/2}?]
Here,

Additive variance (D) and Dominance variance (H) were considered by taking inbreeding coefficient
F =1, as parents used were inbred.

Relative contribution of lines, testers, and their interaction to total variance
Contribution of lines = {SS (1)/SS (Crosses) } x 100

Contribution of testers = {SS (t)/SS (Crosses) } x 100

Contribution of (Ixt) = {SS (Ixt)/SS (Crosses) } x 100

Heterosis

Mid Parent Heterosis (MPH) =100 x (F; — MP)/MP

Better Parent Heterosis (BPH) =100 x (F; — BP)/BP

MP = [Female parent + Male parent]/2

MP heterosis = (F, — MP)/(3/8 ¢%.)”

BP heterosis = (F; — BP)/(1/2 ¢%.)”

Heritability

=8 g/&p

8% p=8°g+ &%, 8°g = (VMS — EMS)/r, §* e = EMS, §* g = genotypic variance,
8% p = Phenotypic variance, VMS = Variety mean square from ANOVA

EMS = Error mean square from ANOVA
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An arbitrary scale for convenience was made, as follows, for the estimates of heritability.
High heritability = >0.5

Medium heritability = 0.2-0.5

Low heritability = <0.2

3 Results and Discussion

This study provides critical insights into the genetic architecture of key agronomic and quality traits
in sunflower hybrids through combining ability analysis, heterosis estimation, and gene action studies. The
findings have significant implications for hybrid breeding programs, guiding parental selection and cross-
combination strategies to maximize yield and oil quality. This study used the PETI cytoplasmic male sterility
(CMS) system, indispensable for commercial hybrid sunflower production because it offers a natural, stable,
and cost-effective method of preventing self-pollination, eliminating the need for manual emasculation, and
fertility in F; hybrids is restored by dominant Rf genes from restorer lines, resulting in normal seed set.

CMS lines (A-lines) were resultant from the PETI cytoplasm of Helianthus petiolaris [19] through
backcrossing, inbreeding, and selection, with corresponding B-lines maintained for cytoplasmic stability.
They signify diverse genetic backgrounds, carrying traits like earliness (A-106), high oil content (A-51),
large head size (A-42), and short stature with lodging resistance (A-92). Restorer lines (R-lines), developed
by recurrent selection and carrying dominant Rf genes [20], restore fertility and contribute to hybrid
performance, with R-39 noted for adaptability and oil quality, R-86 for early maturity and yield, and R-114
for head size and disease resistance.

By using sterile female (A-lines) and fertile restorer (R-lines), breeders certify controlled cross-
pollination, maintain genetic purity, and fully exploit heterosis, while restorer genes (Rf) restore fertility in
the hybrids for normal seed production in farmers’ fields [19-21].

3.1 Analysis of Variability

Highly significant differences were observed for all the traits under study except GP. Further breaking
down of the ANOVA showed a similar pattern for parents and crosses, while the means of crosses and parents
differed highly significantly for all the traits. In the case of crosses, lines showed significant differences for all
traits, while testers were non-significant for GP, days to flower initiation (DFI), days to 50% flowering (DFP),
and protein content (PC). However, L x T interaction was found to be non-significant for GP, PH, DFI, and
OC, while highly significant for all the remaining traits (Table 1). It depicts the potential of significant yield
improvement through non-additive gene action in this crop. This study also helps breeders develop smarter
and higher-yielding hybrids by knowing the underlying genetic mechanisms. Similar results were observed
for the combining ability ANOVA (Table 2) [16].

So, high variation was present for all the traits under study. The mean performance of all the traits can be
observed in Table S1. The range for the parameters under study with mean value were: GP-88.3 to 95 (92.7),
PH-124.3 to 176.3 (150.5), ST-2.3 to 4.3 (3.4), DFI-65 to 86.3 (73.4), DFP 68.7 to 91.3 (78.6), HD-9.3 to 29.1
(21.2), AYP-9.6 to 771 (48.5), DTM-96 to 23 (108.2), HSW-2.3 to 6.5 (5.1), NL-22 to 34.7 (28.2), OC-31 to
38.4 (35.6), PC-15 to 18.2 (16.8), MP-4.6 to 6.3 (5.7), LA-11.9 to 67.9 (25.3) and OA-16.4 to 74.6 (60.4). All by
knowing the underlying genetic mechanism, the top yielders were hybrids with a maximum value of 771 by
A-92 x R-86.
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Table 2: Mean squares values of line x tester analysis (combining ability)

SOURCE df GP PH DFI DFP ST NLP HD DM AYP HAW OC PC LA OA

REPLN 2 04 9763 311 0.9 0 0.33 1.3 959 2141 013 218 0.09 042 0.89
CROSS 20 9.56* 292. 102. 140. 0.36* 18. 19. 90. 145. LI 473 0.09** 2.00%* 6.43**

o1+ 29%* 46*%* 7%+ Q7** 19%* T8*H
LINE(c) 6 207 121. 338. 464. 0.96** 60. 53. 293. 373. 3.64 15, 0.28"* 539%F 20.12**
6** 25%* 61+ A4 84%* 55%* T 53%* 13%*
TEST (¢) 2 158 2512. 125** 0.62 0.44 248 389 654 143, 0.21 138** 0.001 0.66 194
8%+ *% *ok *% *% 02** *% *% *t
LxT(c) 12 529 725 097 L178* 0.05 0.62 586 235 32. 0.01 0.09 0.01 0.53 0.34
*% *% *% *% *% 7%+ *% 3x *% **

ERROR 40 4147 2102 0211 0.221 0.015 0.217 0.409 0371 0.235 0.001 0.047 0.002 0.103 0.118

Note: Different values derived from ANOVA indicate significant differences at probability; **p < 0.01; *p < 0.05.

The average value of hybrids for all the traits was higher than both the A-lines and R-lines, with the
exception of PC, LA, and OA. For PC, the highest mean value was found for R-lines, and the least for the
hybrids. Similarly, R-lines also showed the highest mean value for LA but the lowest for A-lines. However,
A-lines performed best for OA, followed by hybrids and testers. Furthermore, A-lines outbid R-lines for
all the traits except for NL, PC, and LA. The hybrid A-106 x R-86 was identified as the shortest-duration
sunflower hybrid, while A-42 x R-114 emerged as the longest-duration hybrid (Fig. 3). These short-duration
and climate-resilient sunflower hybrids are the best fit in our prevailing climatic conditions as well as in our
cropping pattern [32].

Figure 3: Comparison of short-duration sunflower hybrid (L = left) vs long-duration (R = right)

3.2 Combining Ability Analysis

The significant interactions of lines x tester in important morphological traits indicate the importance
of analyzing each hybrid combination rather than lines and testers alone [13,29]. Among lines, A-92 was
found to be best general combiner for most of the traits viz., AYP, DTM, OC, PC and LA followed by A-42,
A-51 and A-47 while among testers R-39 was the best general combiner for most of the traits viz., GP, PH, HD,
NLP, OC and OA followed by R-114 and R-86 (Table 3). Among crosses, A-20 x R-86 was the best specific
combiner for 3 traits viz., DFI, DFP, and OC, followed by A-47 x R-114, which was the best specific combiner
for both HD and NLP. Also, A-51 x R-39 for GP, A-42 x R-39 for PH, A-90 x R-114 for ST, A-106 x R-86 for
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AYP, A-47 x R-39 for DTM, A-92 x R-86 for HSW, A-51 x R-86 for PC, A-90 x R-86 for LA and A-51 x R-
114 for OA were found to be best specific combiners [23,33] (Table S2). The genetic components (Table 4)
showed that traits like PH, DFI, DFP, DTM, HSW, NLP, OC, and OA were controlled by additive genes, as the
dominance to additive variance ratio was found to be lower than 1 for these traits. Similarly, all the remaining
traits viz., GP, ST, HD, AYP, PC, and LA were found to be controlled by non-additive genes.

Table 3: Assessment of the GCA effects of parental inbred lines in sunflower

Genotypes GP  PH ST DFI DFP HD AYP DTM HSW NIP  OC PC LA 0A
Lines
A-20 LI9  —LIIX —037*% —3.37%% —3.89%* —2.84° 199" 314" —0.24"* 105 —0.60*° 010"  0.86 —0.54**
A-42 L75% 333" —0.04  930°*  10.78%* 148  8.32%% 708  0.06** 527  0.98% —0.06** —0.70** 150
A-47  —159%  5.89%F 036" —L8I* —2.22%% —243% 379 —203** —0.40°* —151 —L4I**  014% 073 —2.22°
A1 -103 122 0.46%  -3.04% 3.78%  419% 2350 2370 —0.89%* —129** 0.0l 0.3  0.08 -0.82*
A-90 048 178 —0.37"* 348 —4I" 031 —478 303" 0.80° -240°° 0.96" —0.09%* 053 —0.81**
A-92  L75%  —433%  0A1*  830%  9.89%* —1.02%* 10.03**  919%%  0.86%* -140%* L74** 034" 120  L9I**
A-106  —159% —322%% 0.3 58I% —6.67%% 092 554 570 019 027 168" 0.2 —0.30** 0.98*
SE 0.679 0.483  0.041 053  0.57 0213 0162 0203 0012 055  0.072 0016 0107 0.5
Testers
R-39 032 -IL78%* —0.2%*  021*  0.05 —0.48%* -3.01** -0.41** —0.08** -0.38** -027** -0.01  -0.03  0.35**
R-86  -0.16 194  —0.04 -027" —019 036 148 —0.22  0.II* 029 024* 0 019% —0.23*
R4  —0.06  9.84** 016" 0.06 0.4  0.2ns L53**  0.63** -0.03** 0.l 0.03 0.0l  -0.16* —0.12
SE 0.444 0316 0027 01 0103 014 0106 033 0008 0102 0.047 00l  0.07  0.075
Note: **p < 0.01; *p < 0.05.
Table 4: Estimation of genetic components of variation in sunflower
Traits GP PH ST DFI DFP HD AYP DTM HSW NLP OC PC LA OA
02D 0.111 742 0.008 2.639 3.61 0.37 2954 229 0.03 048 012 0 0.038 0.16
o2H 0.381 172 0.011 0.255 0.52 182 10.71 0.66 0 014 001 0 0143 0.07
02A 0.223 148 0.016 5277 722 0.74 5907 458 0.06 0.95 024 0 0.077 0.32
2D 0381 172 0.011 0.255 0.52 182 10.71 0.66 0 014 001 0 0143 0.07
o2H/c2D 3.427 0.23 139 0.097 014 495 3.626 029 01 029 011 185 3.719 0.47

3.3 Genetic Relationships among Material

The parents were selected based on high yield and better quality (High Oleic Acid %). The crosses
were made, and their different genetic aspects were studied. A vast range of genetic analysis was performed,
i.e., mean performance, combining ability analysis, GCA effects, and genetic components for parents (lines,
testers) and their cross combinations. High GCA effects show strong additive gene action, meaning such par-
ents reliably transmit favorable alleles to their offspring. These parents are most valued for recurrent selection,
pedigree breeding, and developing broad-based populations. Broad-sense heritability (H*) was usually high
(>80%) for most traits, demonstrating strong genetic control, while narrow-sense heritability (h?) was mostly
low (<10%), showing the predominance of non-additive effects. Developmental and morphological traits are
often additive, while complex fitness and metabolic traits depend on gene interactions. Thus, selection is
effective for additive traits, whereas hybrid breeding is vital for non-additive traits.

Genetic variability study exhibited that OA, LA, AYP, HD, and HAW had high heritability with high

genetic gain, signifying strong additive effects and appropriateness for direct selection (Table 5). Traits like
PH, ST, and NLP displayed moderate heritability, suggesting both additive and non-additive control and
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worth in hybrid breeding. Low heritability for GP, flowering traits, and OC echoed a strong environmental
impact and limited genetic gain. Overall, yield- and quality-related traits offer the utmost potential for genetic
improvement in sunflower.

Table 5: Heritability, genetic advance, genetic gain, genotypic, phenotypic, and environmental variances, and their
coefficients for various traits of sunflower

E. Variance G. Variance P.Variance ECV GCV PCV H? (%) GA Genetic gain (%)

GP 19.63 5.8 25.43 506 275 575 23 2.37 2.7
PH 242.53 284.09 526.63 1272 13.77 18.75 54 25.5 20.83
ST 0.1 0.12 0.21 11.96 1325 1786 55 0.52 20.27
DFI 30.61 8.44 39.05 82 431 926 22 2.78 4.12
DFP 4414 13.02 5716 8.86 481 10.08 23 3.55 4.73
HD 2.96 15.59 18.55 11.85 272 29.67 84 7.46 51.36
AYP 2.33 12.6 14.93 158 36.75 40 84 6.72 69.55
DM 86.7 4747 134.17 8.07 597 10.03 35 8.44 7.31
HAW 0.25 1.15 1.4 13.81 29.43 3251 82 2 54.88
NLP 6.33 10.74 17.07 10.44 136 1714 63 5.35 22.21
OC 9.15 2.49 11.63 854 445 9.63 21 1.5 4.24
PC 1.42 1.02 2.44 821 694 10.75 42 1.34 9.22
OA 22.36 275.12 29748 11.06 38.81 4035 92 32.86 76.88
LA 2413 245.15 269.28 1.77 3752 3932 91 30.78 73.75

Note: GP = germination %, PH = plant height, DFI = days flower initiation, D50% = days 50% flowering, ST = stem
thickness, NLP = No. of leaves/plant, HD = head diameter, DM = days taken to mature, HAW = hundred achene
weight, AYP = achene yield per plant, OC = oil contents, PC = protein contents, OA = oleic acid, LA = linoleic acid.

The biological meaning of 6?GCA/0d*SCA ratios indicates the relative importance of additive and non-
additive genetic effects. A ratio >1 shows predominance of additive effects, favoring selection-based breeding;
a ratio <1 reflects dominance of non-additive effects, favoring heterosis breeding; while values 1 endorse that
both types of gene action contribute significantly.

3.4 Heterosis

Heterosis results from genetic complementation (dominance, overdominance, epistasis), enhanced
physiological efficiency (photosynthesis, assimilate partitioning, stress resilience), and molecular regulation
(non-additive gene expression, proteomic adjustments, epigenetics) in sunflower, collectively leading to
higher yield and adaptability of hybrids over their parents [34].

Mid-parent heterosis shows hybrid superiority over the parental mean, indicating dominance effects
and usefulness for population improvement. Better-parent heterosis (heterobeltiosis) shows superiority over
the best parent, reflecting over-dominance or strong non-additive effects, and is critical for commercial
hybrid development. Thus, mid-parent heterosis helps broaden the genetic base, while better-parent heterosis
identifies hybrids with direct market potential.

Mid-Parent Heterosis

A-92 x R-39 was found to have the best mid-parent heterosis for 3 traits viz., DFI, DFP, and DTM.
Also, A-92 x R-86 had the best mid-parent heterosis for both HSW and OC. All the hybrids under study
showed negative heterosis for LA. Moreover, A-42 x R-86 for GP, A-47 x R-114 for PH, A-47 x R-86 for ST,
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A-51 x R-86 for HD, A-106 x R-86 for AYP, A-42 x R-39 for NLP, A-20 x R-86 for PC and A-92 x R-114 for
OA showed highest mid-parent heterosis. A-106 x R-114 showed the least negative mid-parent heterosis for
both DFI and DFP. All the hybrids under study showed positive heterosis for PH, ST, HD, DTM, HSW, OC,
and OA [24,35]. Furthermore, A-106 x R-86 for GP, A-51 x R-86 for AYP, A-51 x R-114 for NLP, A-92 x R-39
for PC, and A-92 x R-114 for LA [22,25,35] showed the lowest negative mid-parent heterosis (Table S3).

3.5 Better Parent Heterosis

Thelevel of heterosis required for commercial adoption varies by trait. For yield, at least 15%-20% better-
parent heterosis is needed to justify hybrid costs. For earliness, even a 5%-10% reduction in days to maturity
is valuable for stress escape. Seed size and test weight benefit from ~10%-15% heterosis, improving grain
quality. For oil content and fatty acid composition, 5%-10% heterosis is commercially important due to direct
effects on nutritional and industrial value. The hybrid A-92 x R-86 (Fig. 4) exhibited the highest better-parent
heterosis for three traits: average yield per plant (AYP), days to maturity (DTM), and oil content (OC) [22,25].
A-92 x R-114 also showed better parent heterosis for both DFI and DFP. All the hybrids under study showed
negative better parent heterosis for LA, just like for mid-parent heterosis. Moreover, A-42 x R-86 for GP,
A-47 x R-114 for PH, A-20 x R-114 for ST, A-90 x R-86 for HD, A-51 x R-86 for HSW, A-42 x R-114 for NLP,
A-92 x R-39 for PC and A-106 x R-39 for OA showed highest better parent heterosis [25,36,37].

Figure 4: High-yielding, with better quality sunflower hybrid

A-106 x R-114 showed the least negative better parent heterosis for both DFI and DFP, just like for mid-
parent heterosis (Table S4). A-51 x R-114 showed the least negative better parent heterosis for both GP and
NLP. A-51 x R-114 value for NLP overlapped with A-90 x R-114, and both A-42 x R-39 and A-90 x R-39 showed
the lowest negative better parent heterosis for PC. All the hybrids under study showed positive heterosis for
PH, ST, HD, AYP, DTM, HSW, and OC [24,38]. Furthermore, A-92 x R-114 for LA and A-20 x R-114 for OA
showed the lowest negative better-parent heterosis [25,37].

The biplot graph showed the longer vector length of the trait oleic acid, DTM 50% and germination
percentage in these studies; hence, these traits comparatively contributed more to variability than other traits
(Fig. 5). High-performing traits and genotypes were the best identified through OP (origin and position)
vector measurement. Another variability performance indicator was expressed by its change in color from the
origin towards the outer boundaries. Highly stable genotypes but with average performance were seen near
the origin whereas genotypes far away from the origin performed better with compromised stability. Higher
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stability was also expressed by genotypes closer to the vector line for that trait and vice versa. The hybrid
combinations of A-42 x R-114, A-92 x R-114, A-42 x R-86, and A-92 x R-114 were found to be the best for
achene yield per plant, plant height, and days taken to maturity. The high-performance crosses observed for
the oleic acid, stem thickness, HD, HAW, and OC were A-51 x R-114, A-51 x R-86, A-106 x R-86, A-90 x R-114,
A-47 x R-114, and A-51 x R-39. Similar findings were reported by [39,40] in their studies.
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Figure 5: Biplot analysis of various traits on sunflowers, cross combinations, and their parents

The strength of association between any two characters was explained by the correlation analysis. The
strength of association between various traits in yield and contributing traits could be strong, medium,
or weak [41]. Genotypic and phenotypic correlations among yield and its different components (Fig. 6).
Medium genotypic and phenotypic correlations were expressed by most of the traits with oleic acid, except
germination percentage, which has a negligible negative correlation [42,43]. Oleic acid and 100 seed weight
showed a highly strong negative genotypic and phenotypic correlation, and protein content showed a strong
positive in accordance with [42,43].

Path coefficient analysis partitioned genotypic correlations of sunflower traits into direct and indirect
effects (Fig. 6). Cluster analysis of 7 CMS lines, 3 restorers, and 21 hybrids produced a dendrogram grouping
31 genotypes into five clusters (Fig. 7), revealing genetic diversity and potential heterotic relationships
valuable for hybrid development.
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Figure 6: Correlation studies among various traits of sunflower hybrids
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Cluster 5 consisted of all the male parents (R-lines), cluster 4 consisted of all the female parents (A-lines).
21 cross combinations were grouped into three clusters. Cluster 3 contained six hybrids namely A-92 x R-
114, A-42 x R-114, A-42 x R-86, A-92 x R-39, A-92 x R-86 and A-22 x R-39. Cluster 2 is comprised of eight
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sunflower hybrids, A-106 x R-86, A-51 x R-86, A-51 x R-114, A-47 x R-114, A-106 x R-114, A-90 x R-114, A-
47 x R-86 and A-20 x R-114. Cluster 1included seven hybrids namely A-106 x R-39, A-90 x R-39, A-47 x R-39,
A-90 x R-86, A-20 x R-86, A-51 x R-39 and A-20 x R-39.

Hybrids in Cluster 3 have maximum germination percentage, days taken to 50% flowering, 100 achene
weight, days taken to maturity, oil contents, achene yield, and oleic acid percentage. Stem thickness and
plant height were better in cluster 2, whereas cluster 5, which includes all male parents (R-lines), was best for
protein contents and linoleic acid percentage. Clusters 2 and 3 included the hybrids that have better achene
yield per plant. All the female parents (A-lines) lie in cluster 4, which is better for oleic acid contents, which
is in accordance with [44,45].

According to heat map analysis, the 31 genotypes were grouped into 4 clusters (Fig. 8). The 21 cross
combinations have been grouped into 2 clusters. The 1st and top-most cluster was the best cluster, which
includes 6 cross combinations, i.e., A-42 x R-39, A-42 x R-86, A-42 x R-114, A-92 x R-39, A-92 x R-86, and
A-92 x R-114. There were 15 cross combinations which included in 2nd cluster, i.e., A-20 x R-30, A-20 x R-86,
A-90 x R-39, A-90 x R-86, A-51 x R-39, A-51 x R-86, A-106 x R-39, A-106 x R-86, A-90 x R-114, A-20 x R-114,
A-106 x R-114, A-47 x R-39, A-51 x R-114, A-47 x R-86 and A-47 x R-114. The 3rd cluster has all the male
parents (R-lines) in it, and the 4th and final cluster has all the female parents (A-lines) in it. Similar findings
of the heat map approach were also found earlier in sunflowers by [46,47].
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For line improvement (additive traits): Focus on high-GCA parents (A-92, R-39) in recurrent selection.
For hybrid development (non-additive traits): Exploit high-SCA crosses (A-106 x R-86, A-51 x R-114) for
maximum heterosis. Based on results, A-51 x R-114 as a high-yielding, high-oleic hybrid is reccommended
for release to farmers. While A-92 and R-39 could be used as core parents in future breeding cycles. The
sunflower germplasm was screened both for seed yield and oil quality. High heritability combined with high
genetic advance showed the majority of additive gene action, whereas high heritability coupled with low
genetic advance designated a key role of non-additive genetic components. The best genotypes found for
achene yield per plant, oleic acid, stem thickness, and number of leaves per plant were A-42, A-92, A-20,
A-47, A-51, A-90, and R-214. Most of the parameter values contributing to achene yield in sunflower were
higher in cluster 8, including achene yield itself. The genotypes included in cluster 8 are A-20, A-38, A-42,
A-47, and A-92. Red and blue colors in heatmaps corresponded to low and high diversity for expressed traits
simultaneously. The best performing parents were A-42, A-92, and R-214.

The genetic variability, mean performance of genotypes, heterosis estimation, gene actions, heat map,
correlation, and path coefficient analysis of diverse sunflower germplasm were conducted for yield and
quality traits. Among the selected parents, female parents or A-lines were A-20, A-42, A-47, A-51, A-90, A-92
and A-106 whereas male parents or R-lines were R-39, R-86, R-114. The sunflower cross combinations so
produced were studied for agronomic traits like PH, D 50%, ST, HD, DTM, HAW, AYP, OC, PC, OA, and
LA. The genotypes, lines, testers, and line x tester expressed highly significant values for all the characters
studied. The contribution of lines was higher for most of the traits in this study. Higher SCA values were
found for germination percentage, stem thickness, head diameter, achene yield per plant, protein contents,
and linoleic acid. These traits have a ratio of 02 SCA/02 GCA greater than I; hence, non-additive gene action
was found to be more important in the inheritance of these traits. This type of gene action could be used for
heterosis breeding and improvement of achene yield in sunflower. Parent lines A-42, A-92, A-20, A-106, R-86,
and R-114 proved themselves good combiners for achene yield as well as oil quality. Heterotic potential of
these sunflower hybrids was assessed for achene yield, oil quality, and other yield contributing traits. Positive
and significant heterosis was observed in the traits’ germination percentage, plant height, stem thickness,
NLP, HD, days to maturity, achene yield per plant, HAW, oil and protein contents, and oleic acid. A-42, A-92,
A-20, A-47, A-51, A-90, and R-214 were the best genotypes identified through PCA biplot. The best cross
combinations recognized through the study were A-42 x R-114, A-92 x R-114, and A-42 x R-86. Most of the
traits studied correlated positively with yield and oleic acid, with few exceptions. The positive direct effects
were found on the achene yield and oleic acid by most of the traits studied, both for sunflower accessions
and subsequently for the cross combinations developed from the selected parental genotypes. The yield
contributing traits are predominantly controlled by a non-additive type of gene action. For the production
of a high-yielding as well as better oleic acid hybrid, A-51 x R-114 was found to be the best in this study.

4 Conclusion

This study displayed that sunflower hybrids can significantly outperform their parents for yield and oil
quality, with heterosis playing a fundamental role. Crosses such as A-92 x R-86 (high yield) and A-106 x R-
86 (early maturity) emerged as especially promising under climate stress. Non-additive gene action was
predominant for key traits, confirming the efficacy of hybrid breeding, while the variation experimentally
observed among parents and hybrids highlights opportunities for targeted improvement. Overall, these
conclusions emphasize heterosis breeding, supported by modern genomic tools, as an applied approach for
developing resilient, high-yielding sunflower hybrids to meet future food and industrial demands.
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GP Germination %

PH Plant Height (cm)

ST Stem thickness

DFI Days flower initiation

DFP Days 50% flowering

HD Head diameter

AYP Achene yield per plant
DTM Days taken to mature
HAW Hundred achene weight
NLP No. of leaves/plant

ocC Oil contents

PC Protein contents

LA Linoleic acid

OA Oleic acid

GCA General Combining Ability
SCA Specific Combining Ability
df Degree of freedom

02GCA Variance of GCA

02D Additive genetic variance
02SCA Variance of SCA

o2H Dominant genetic variance

02GCA/028CA Variance ratio of GCA to SCA
sqrt(c2D/0o2H) Degree of dominance

ORI Oilseeds Research Institute
AARI Ayub Agricultural Research Institute
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