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Abstract: The present investigation is directed at improving sunflower using hy-
brids having diverse cytoplasmic male sterile (CMS) sources from Helianthus
annuus and H. argophyllus. The aim is to develop and identify promising lines and
hybrids with a high combining ability and to obtain highly productive oilseed
sunflower hybrids having diverse CMS sources. Five diversified CMS lines and 10
testers were crossed in a line × tester mating design to develop 50 F1 hybrids for
genetic analysis. The pooled analysis of variance revealed significant differences
among hybrids for the traits studied. The mean squares of lines and testers from
crosses and GCA variance components revealed the prevalence of additive vari-
ances and additive gene action. The mean squares of lines × tester interactions
were also significant for all the traits considered. The significance of lines × tester
interactions and SCA variance components indicated that SCA is also important in
the expression of traits and demonstrated the role of dominant and epistatic genes
in controlling the various traits. Among the diverse CMS lines, ARG-6-3-1-4was
identified as the best general combiner for stem diameter, volume weight, seed
yield, hull content and oil content. While, the line ARG-2-1-2 was the best general
combiner for days to 50 per cent flowering, head diameter, 100 seed weight and
seed filling per cent. The testerM17-Rwas observed to be the best general combiner
for earliness and volume weight, while RHA 93 was the best general combiner for
plant height, seed yield and oil content. The crossMUT-2-8-3-2 ×GKVK 3was found
to be a good specific combiner for stem diameter, 100 seedweight, seed yield, seed
filling percentage and oil content while, ARG-6-3-1-4 × GKVK 3 was a good specific
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combiner for days to 50% flowering, plant height and 100 seedweight. The highest
standard heterosis for seed yield was observed in the hybrid MUT-2-8-3-2 ×GKVK 3
followed by ARG-2-1-2 × LTRR 822 while for oil content the highest was seen in the
cross ARG-6-3-1-4 × RHA95-C-1 and thus these hybrids can be exploited for sun-
flower improvement and diversifying the cytoplasmic male sterile sources of this
valuable oilseed crop.

Keywords: combining ability; cytoplasmic male sterility; hybrids; sunflower.

Introduction

Sunflower (Helianthus annuus L.) is an oilseed crop used for an edible purposes
and other industrial use. The increase in sunflower production and seed quality
has been largely connected to the inclusion of wild Helianthus species into the
improvement programs. Using this approach, the diversity in sunflower was
enriched and the possibility of heterosis breeding was created through the
identification of CMS – restorers of the fertility genetic system (Christov 2008).
In India, the sunflower was introduced in 1969 from Russia because of its
distinct advantages, viz., photo insensitivity, short duration, high seed multi-
plication ratio, high seed yield and better quality of the oil. However, com-
mercial cultivation of sunflower in India started in 1972 with the introduction of
Russian varieties. A major event in sunflower history was the discovery of
cytoplasmic male sterility (CMS) in a wild prairie sunflower, Helianthus petio-
laris Nutt. (Leclercq 1969), and subsequent identification of genes for fertility
restoration by Kinman (1970); Enns et al. (1970), Leclercq (1971) and Vranceanu
and Stoenescu (1971) that led to the production of commercial hybrids. Sun-
flower hybrids are preferred over open-pollinated varieties since hybrids offer
several benefits in terms of growth, development, synchronous flowering, early
maturity, higher seed set, increased productivity, and resistance to major foliar
diseases and response to higher levels of chemical fertilizer application. In
India, the first-ever CMS based sunflower hybrid BSH-1 was released from the
University of Agricultural Sciences, Bangalore (Seetharam et al. 1980) which
provided the required impetus to expand sunflower cultivation in the country.
Since then, many hybrids have been released for commercial cultivation by
utilizing the cytoplasmic genetic male sterility system. The area under sun-
flower cultivation in India was 2.5 lakh hectares with a production of 2.2 lakh
tonnes and productivity of 0.9 t/ha (Anonymous 2019). Over 70% of the sun-
flower crop is being grown across the states of Karnataka, Maharashtra and
Andhra Pradesh. In Karnataka, it occupies an area of about 1.60 lakh ha. with a
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production of 1.20 lakh tonnes and a productivity of 0.75 t/ha. Karnataka, popularly
known as the “Sunflower State” is the leading producer of oilseed sunflower, ac-
counting for 63% of the total acreage and 53% of the national production.

Much of the current germplasm used in sunflower breeding programs origi-
nated from limited genetic resources, resulting in a crop with an extremely narrow
genetic base. At present, only one CMS source (i.e., PET 1) is being widely used for
the sunflower hybrid breeding program (Seiler et al. 2017) which poses a potential
risk to the narrow genetic base for hybrid sunflower production. Prevalence of
genetic uniformity of this kind over a large area could result in the genetic
vulnerability of hybrids to a new strain of disease or pest similar to that happened
in maize when ‘Texas’ cytoplasm become susceptible toHelminthosporiummaydis
in the USA (Tatum 1971). Among several strategies available to overcome this
problem, diversification of CMS sources is possibly the most economic and effec-
tive method. The utilization of different cytoplasmic backgrounds in hybrid
development will improve the general variability of sunflower hybrids and en-
hances their tolerance to diseases and pests.

Seventy-two CMS sources, 38 from wild H. annuus, 24 from other wild annual
species, and only 10 from perennial species, have been identified in progenies of
crosses betweenwildHelianthus populations and cultivated lines, or from induced
mutation (Serieys 2002; Serieys and Christov 2005). Utilization of these CMS
sources requires the development of lines having different cytoplasms in a com-
mon nuclear genetic background (isonuclear alloplasmic lines) to understand the
impact of alien cytoplasm on seed yield and its related traits. Even in hybrids
differing in their CMS source a thorough understanding of the interaction between
the alien cytoplasm and nuclear genes from commercially cultivated sources and
the impact of this interaction on heterosis for yield-related traits is required for
utilizing these alloplasmic lines in hybrid development. Jan et al. (2014), devel-
oped and compared 20 diverse alloplasmic cytoplasmic substitution lines from
annual and perennial wild species for agronomic traits with the inbred line HA89
over four environments. Lines having annual species cytoplasm did not affect
agronomic traits compared with the currently used PET1 cytoplasm which meant
that most cytoplasm of wild annual Helianthus species can accommodate culti-
vated nuclear genes without significant adverse interactions and are potential
sources of cytoplasmic diversity for sunflower breeding. Considering this, the
current investigation aims to demonstrate that by transferring a CMS source from
wildHelianthus species into cultivated sunflower, new sunflower lines and hybrids
can be developed, which have the good combining ability, high production po-
tential and high oil content that are suitable for growing in Karnataka and other
sunflower producing regions worldwide.
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Materials and methods

The present investigations were undertaken at the Zonal Agricultural Research Station, University
of Agricultural Sciences, Gandhi Krishi Vigyana Kendra, Bangalore, India. The research station is
geographically situated at 12°58′ N latitude and 77°35′ N longitude at an altitude of 930 m above
mean sea level. Materials for the study consisted of five male sterile lines, ARG-2-1-2, MUT-2-8-3-2,
E002, ARG 3 and ARG-6-3-1-4 (Supplementary Figures 1–5) derived from H. argophyllus and
H. annuus developed from diverse cytoplasmicmale sterile sources in the different nuclear genetic
background (Table 1a). Diverse CMS lines were obtained from the Directorate of Oilseeds Research
(DOR), Hyderabad and the Department of Oilseeds, TNAU, Coimbatore. These CMS lines were
developed by crossing with the maintainer line (H. annuus genetic background), followed by
repeated backcrossing to the maintainer parent (Figure 1). Phenotypic uniformity concerning
morphological characters within these CMS lines was obtained in BC6 progenies which were then
selfed for one generation to make the lines stable. Characterization of these lines is presented in
Table 1b. Ten restorers/testers lines, GKVK-3, RHA 6D-1, RHA 95-C-1, LTRR 822, M-17R, MR-1, RHA-
272-II, X-15-NB-10, GKVK-2 and RHA-93 were used to study combining ability. These testers were
selected based on their ability to restore fertility in these diversified CMS sources (Nandini et al.
2017). To estimate economic heterosis three standard checks viz., KBSH-44 (National check),
KBSH-53 and KBSH-78 (Local checks) were used in the experiment.

During Rabi, 2015–16, all the diverse CMS lines and 10 restorer lines were sown in the field to
cross in a Line × Testermating design (Kempthorne 1957). Staggered sowing of all inbred lines was
carried out three times at an interval of two days to ensure flowering synchronization with diverse
CMS lines. To prevent undesirable pollination, heads of CMS lines were covered with cloth bags a
day before the opening of the first ray florets. Similarly, the heads of inbred lineswere also covered
with cloth bags to collect pollen. Pollen from the inbred lines was collected in Petri plates and
applied to the flowers of female lines using camel hairbrushes during morning hours. The polli-
nation was repeated for five to six days in each combination to ensure sufficient seed set and
simultaneously, all inbreds were sib pollinated. At maturity, the crossed seeds of 50 combinations
were collected for future evaluation. Hybrids and checks were evaluated in Kharif 2016 and Rabi/
Summer 2016–17 with two replications each and a randomized block design. Each genotype was
sown in a single row of 3-m length with a spacing of 60 and 30 cm between plants and within row
respectively. All the recommended agronomic practiceswere followed for raising a successful crop
under irrigated conditions. The data during germination till maturity were obtained from F1 plants
and their parents for days to 50% flowering, plant height (cm), head diameter (cm), stem diameter

Table a: Diversified CMS lines.

Sl. no CMS designation Cytosterility source Nuclear Genetic background

 ARG--- H. argophyllus  B
 MUT---- H. annuus  B
 E H. annuus DS B
 ARG  H. argophyllus DS B
 ARG---- H. argophyllus REC  B
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Figure 1: Transfer of male-sterile cytoplasm into the nuclear genome of cultivated 234B. This
procedure was followed for the development of all the five CMS lines separately.

Table b: Characterization of diversified CMS lines.

S.
no.

Characteristics ARG--- MUT---


E ARG- ARG----


 Leaf: Size . cm
(medium)

. cm
(medium)

. cm
(medium)

. cm
(medium)

. cm
(medium)

 Leaf: Shape Cordate Cordate Cordate Cordate Cordate
 Leaf: Colour Med. Green Dark green Med. Green Med. Green Dark green
 Leaf: Blistering Medium Medium Medium Medium Strong
 Leaf: Serration Medium Medium to

coarse
Medium Medium Medium

 Leaf: Angle of lateral
veins

Acute Obtuse Acute Acute Acute

 Lea: Orientation of
blade

Erect Erect Erect Erect Erect

 Leaf: Petiole anthocy-
anin pigmentation

Absent Absent Absent Absent Absent

 Stem: Pigmentation Absent Absent Absent Absent Absent
 Ray floret: Number 

(medium)
 (many) 

(medium)
 (many) 

(medium)
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(cm), days to maturity, 100-seed weight (g), volume weight (g 100 mL−1), seed yield (kg ha−1), hull
content (%), seed filling percentage and oil content (%). The seed oil content was determined by
nuclear magnetic resonance spectrometry (NMR). The data were analyzed to determine the dif-
ferences among genotypes, parents cross, parents versus crosses according to Gomez and Gomez
(1984), while mean squares for GCA were determined from lines and testers and specific combing
ability from lines × tester interactions according to statistical procedures developed by Kemp-
thorne (1957) and adopted by Singh and Choudhary (1984). Heterosis over standard checks (SC)
was computed by the method suggested by Turner (1953) and Hayes et al. (1955).

Results and discussion

Pooled analysis of variance

The presence of genetic variability is the basic requirement for developing high
yielding hybrids in sunflower breeding programs. Pooled analysis of variance for
the experimental design shown in Table 2 indicated significant differences among
genotypes, parents and crosses for all the studied traits confirming that the data is

Table b: (continued)

S.
no.

Characteristics ARG--- MUT---


E ARG- ARG----


 Ray floret: Shape Elongated Elongated Elongated Elongated Elongated
 Ray floret: Colour Yellow Yellow Yellow Yellow Yellow
 Disk floret: Colour Yellow Yellow Yellow Yellow Yellow
 Disk floret: Anthocy-

anin pigmentation of
stigma

Absent Absent Absent Absent Absent

 Bract: Shape Elongated Elongated Elongated Elongated Elongated
 Bract: Anthocyanin

pigmentation
Absent Absent Absent Absent Absent

 Head: Attitude Vertical Vertical Vertical Vertical Vertical
 Head: Diameter . . . . .
 Head: Shape of the

grain side
Convex Convex Convex Convex Convex

 Plant: Branching Non-branch Non-branch Non-branch Non-branch Non-branch
 Plant: Height .

(short)
. (very
short)

.
(medium)

.
(short)

. (tall)

 Seedweight ( seed
weight in grams)

.
(medium)

.
(medium)

.
(medium)

.
(medium)

.
(medium)

 Seed colour Black Black Black Black Black
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valid for genetic analysis. The pooled analysis of variance for combining ability
due to different sources for all the characters (Table 3) revealed that the mean
squares of lines and testers from crosses to determine the GCA were significant for
most of the traits and mean squares of lines × tester interactions were significant
for all the traits. The significance of lines × tester interactions indicated that SCA is
also important in the expression of traits and demonstrated the value of non-
additive variances and dominant genes controlling the traits. Memon et al. (2015),
Lakshman et al. (2019) and Hilli et al. (2020) also observed that both additive and
non-additive genetic variations were equally important for yield and its contrib-
uting traits in sunflower.

General combining ability effects

Combining the ability of a line/strain to produce superior progenies upon hy-
bridization with other lines/strains is an important criterion to select parents for
developing superior new hybrids (Sprague and Tatum 1942). To reduce the crop
growth period, fewer days to flowering and maturity are preferred. The sunflower
growers prefer short duration hybrids because they reduce the incidence of insect-
pest, disease attacks and adverse environmental effects (Memon et al. 2015). For
days to 50% flowering and days to maturity only line E002 exhibited a significant
negative GCA effect (Table 4) for both these traits, while among testers the highest
significant negative GCA effect was recorded for M17-R (Table 5) for both the traits
followed by GKVK 2 and RHA-272-II. Thus, these lines E002 and testers M17-R,
GKVK 2 and RHA-272-II were found to be good general combiners for earliness.
Therefore, these lines could be used in the development of early maturing hybrids.
Meena et al. (2013) and Azad et al. (2016) have also identified good general com-
biners for early flowering.

Since reduced plant height promotes resistance to lodging, there is also
considerable interest in the development of semi-dwarf hybrids. The most prom-
inent negative effect of GCA on plant height was found in the CMS lines ARG 3
(−11.390) and testers in RHA-93 (−15.748), hence, the lines and testers with
negative GCA effects can be used in hybridization programs to develop medium
stature plants. For head diameter, line ARG-2-1-2 (0.270) exhibited significant
positive GCA effects while line ARG 3 (−0.272) exhibited significant negative GCA
effects while among testers, only RHA-95-C-1 (0.545) and RHA 272-II (0.235)
exhibited significant positive GCA effect. Riaz et al. (2017) have also reported
similar results and inferred that these identified lines and testers with a positive
GCA effect could be used in a further breeding programme to synthesise hybrids
with large head size, in turn contributing to increased yield. For stem diameter
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lines ARG-6-3-1-4 (0.041) exhibited the highest significant positive effect andARG 3
(−0.029) exhibited a significant negative GCA effect. Testers RHA-95-C-1 (0.106)
and LTRR 822 (0.054) followed by MR-1 (0.052) exhibited the highest significant
positive GCA effect as also observed in the studies of Lakshman et al. (2019)
indicating the preponderance of additive effects in the inheritance of this
character.

The seed weight of a genotype serves as an indicator of the expression of an
end product i.e., seed yield since it is an important character contributing to seed
yield. Lines ARG-2-1-2 (0.363) exhibited the highest significant positive GCA effect
while testers, GKVK 3 (0.232), RHA 272-II (0.198) and RHA-95-C-1 (0.184) had sig-
nificant positiveGCA effect indicating their high utility in the breeding programme.
For volume weight lines ARG-6-3-1-4 (1.822) and MUT-2-8-3-2 (1.019) exhibited a
significant positive GCA effect. Three testers showed a significant positive GCA
effect, the highest in M17-R (3.166) followed by GKVK 3 (2.071) and GKVK-2 (1.745).
Hence, these lines and testers showing positive GCA effects could be used in a
hybridization programme to develop hybrids with high seed weight and volume
weight. Patil et al. (2012) have also reported good general combiners for these yield
contributing traits.

The GCA effects for seed yield varied both in magnitude and direction among
both lines and testers. Lines ARG-6-3-1-4 (106.263) and ARG-2-1-2 (93.574)
expressed significant positive GCA effects while ARG 3 (−88.253) exhibited a sig-
nificant negative GCA effect. Among testers, GCA effects ranged from 178.769 (RHA
93) to −159.909 (RHA 272-II). Testers RHA 93 and MR-1 recorded positive GCA
effects while two testers showed negative GCA effects. It is interesting to note that
the line ARG-6-3-1-4 is a good general combiner for most of the yield contributing
characters, showing that a positive association exists between seed yield and its
attributes such as plant height, stem diameter, head diameter and volume weight.
Hence, ARG-6-3-1-4 could also be used in breeding for the development of hybrids
with higher seed yields. In earlier reports, Salem andAli (2012), Memon et al. (2015)
and Chahal et al. (2019) also reported good general combiners for seed yield. Patil
et al. (2012) in their study observed significant negative GCA effects for hull con-
tent. In our results also lines ARG-6-3-1-4 (−2.051) andARG-2-1-2 (−0.969) exhibited
a significant negative GCA effect which is desirable. Four of the 10 testers had a
significant negative GCA effect, the highest being observed for LTRR 822 (−2.018)
followed by RHA 6D-1 (−1.053), RHA 93 (−0.984) and M17-R (−0.646). Parents
showing negative GCA for this trait can be considered to develop hybrids having
low hull content. For seed filling percentage lines ARG-2-1-2 (1.686), MUT-2-8-3-2
(0.523), ARG-6-3-1-4 (0.515) and E002 (0.377) had significant positive GCA.
whereas, line ARG 3 (−3.101) exhibited a significant negative GCA effect. All the
testers, recorded a significant GCA effect, with six being positive and four being
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negative. The highest positives were GKVK 3 (1.654) followed by RHA-95-C-1
(1.277). Lakshman et al. (2019) reported similar results for seed filling percentage
inferring that the lines and tester having positive significant GCA effects appeared
to transfer the alleles with additive effects.

Since sunflower is an oilseed crop, oil is the ultimate end product, hence,
increased oil content is of prime importance. All the lines tested expressed sig-
nificant GCA effects, three positive and two negative. The line ARG-6-3-1-4 (3.640)
manifested the highest positive significantGCA effect followed by ARG-2-1-2 (2.571)
and E002 (0.444). Seven testers had significant positive GCA effects. The testers
RHA-93 (1.115) followed by RHA 95-C-1 (0.942) and RHA 6D-1 (0.870) were the best
general combiners for oil content and thus would be desirable parents to be used
for developing sunflower hybrids with high oil content. Similar findings for oil
content were reported by Azad et al. (2016) and Attia et al. (2020).

Specific combining ability effects

The relative performance of any cross combination is expressed as a specific
combining ability and is denoted in terms of SCA effects and SCA variance. The SCA
variance denotes the non-additive or dominance portion of variance and is
generally non-fixable on selfing but can be exploited in a hybrid combination. Out
of 50 crosses, only five hybrids recorded the desirable significant negative SCA
effects and three hybrids exhibited significant positive SCA effects for days to 50%
flowering (Table 6). The crosses which exhibited the highest significant negative
SCA effects for earliness are MUT-2-8-3-2 ×M-17-R (−1.805) followed by ARG-6-3-1-
4 × GKVK-3 (−1.730) and ARG-2-1-2 × GKVK-2 (−1.580). The parents of the best
specific combinations, MUT-2-8-3-2 × M-17-R (Table 7) were of low × low general
combiners indicating the involvement of non-additive gene action and over
dominance in the expression of this trait. Concerning days to maturity, 17 out of 50
crossesmanifested significant SCA effects, of which the highest negative SCA effect
was manifested by ARG 3 × GKVK-2 (−2.545), followed by ARG 3 × LTRR-822
(−2.395) and ARG-2-1-2 × RHA 6D-1 (−2.220). Ghaffari et al. (2020) also obtained
similar results and concluded that crosses showing significant negative SCA effects
and variances possess dominant or over dominant types of genes with decreasing
effects, hence, may be exploited for earliness in sunflower.

For plant height, the best crosses which exhibited a high negative SCA effect
were ARG-6-3-1-4×GKVK-3 (−15.125) followed byARG-6-3-1-4×RHA6D-1 (−12.465)
and ARG 3 × GKVK-2 (−10.265). Bhoite et al. (2018) also reported good specific
combiners for plant height. Head diameter in the case of sunflower is an important
yield attributing character since there is a positive correlation of head size with the
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number of seeds per head and in turn with seed yield. The hybrid MUT-2-8-3-
2 × GKVK-3 (1.160) topped the list of crosses that showed the highest significant
positive SCA effects followed by ARG-6-3-1-4 × GKVK-2 (0.728) and ARG-6-3-1-
4 ×MR-1 (0.648). The prevalence of non-additive gene action for this trait was also
observed by Parameshwarappa et al. (2008) andMachikowa et al. (2011). Ten out of
50 hybrids showed a significant SCA effect for stem diameter, of which five were in
the positive and five were in the negative direction. The hybrid ARG-6-3-1-
4×GKVK-2 (0.246) expressed a significant positive SCA effect followedbyMUT-2-8-
3-2 × GKVK-3 (0.141) and ARG 3 × RHA 6D-1 (0.138). Contrary to this, cross ARG
3 ×GKVK-2 (−0.254) exhibited the highest significant negative SCA effects followed
byARG-6-3-1-4×RHA-6D-1 (−0.227). However, themagnitude of SCA effects among
the hybrids was very low for this trait. These results confirm those observed in the
studies of Shankar et al. (2007).

Eight cross combinations showed significant positive SCA effects for 100 seed
weight. Of these, ARG-2-1-2 × RHA 6D-1 (0.535), ARG-6-3-1-4 × GKVK-3 (0.525) and
MUT-2-8-3-2 ×X-15-NB-10 (0.456) were the best specific combiners. Of the top three
ranked hybrids for the trait two crosses involved at least one parent with a lowGCA
effect i.e., these crosses were of high × low or low × high type of specific combi-
nations suggesting the involvement of non-additive gene action in the inheritance
of this trait. Patil et al. (2017) reported good specific combiners for 100 seed weight
and also reported the existence of non-additive gene action in the inheritance of
this trait. The cross combination E002 × X-15-NB-10 (2.816) was the best specific
combiner for volume weight followed by MUT-2-8-3-2 ×MR-1 (2.157) and MUT-2-8-
3-2 × LTRR-822 (2.049). All three of the best crosses involved at least one parent

Table : Variance due to general and specific combining ability for seed yield and component
traits in sunflower.

Characters Variance due to GCA Variance due to SCA GCA/SCA

Days to % flowering . . .
Plant height (cm) . . .
Head diameter (cm) . . .
Stem diameter (cm) . . .
Days to maturity . . .
 seed weight (g) . . .
Volume weight (g/ mL) . . .
Seed yield (kg/ha) . ,. .
Hull content (%) . . .
Seed filling (%) . . .
Oil content (%) . . .
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with low GCA effects, clearly suggesting the involvement of non-additive gene
action in the inheritance of the trait. Similar resultswere obtained by Chandra et al.
(2011) and Lakshman et al. (2019).

Concerning seed yield, SCA ranged from −258.81 to 404.04 with the best
specific combiner being MUT-2-8-3-2 × GKVK-3 (404.036), followed by ARG-2-1-
2 × LTRR-822 (295.926) and E002 ×M-17-R (254.425). A large pool of variability was
evident by how wide the range, as well as the magnitude and direction of SCA
effects on the character, were. In the first of two top crosses,MUT-2-8-3-2 × GKVK-3
and ARG-2-1-2 × LTRR-822, at least one parent with high and another parent with
low GCA effects were present. This could be attributed to the involvement of non-
additive gene action. However, it was interesting to note that in the third cross,
E002 ×M-17-R both the parents with lowGCA effects were involved, suggesting the
prevalence of overdominance and epitasis. Dhillon and Tyagi (2016) also reported
good specific combiners for seed yielding sunflowers.

Thirty-five out of 50 crosses showed significant SCA effects for hull content, of
which ARG-2-1-2 × RHA-93 (−4.646) topped the list of hybrids expressing a sig-
nificant negative SCA effect followed by ARG-6-3-1-4 ×M-17-R (−3.588) and ARG-2-
1-2 × X-15-NB-10 (−3.501). Contrarily, cross MUT-2-8-3-2 × X-15-NB-10 (3.731) and
ARG-6-3-1-4 × GKVK 3 (3.648) exhibited the highest significant negative SCA ef-
fects. Bhoite et al. (2018) reported desired negative specific combiners for this trait.
Concerning seed filling percentage, 14 and 13 crosses exhibited significant positive
and negative SCA effects, respectively. The cross, MUT-2-8-3-2 × RHA 272-II (5.329),
ARG-2-1-2 × LTRR-822 (3.556) and ARG-2-1-2 × X-15-NB-10 (2.718) were the best
specific combiners for seed filling percentage. Meena et al. (2013) and Sharma and
Shadakshari (2021) also reported good specific combiners for seed filling
percentage.

Highly significant SCA effects for oil content were observed in 39 crosses, of
which 19 and 20 crosses expressed positive and negative significant SCA effects,
respectively. The hybrids E002 × X-15-NB-10 (2.520), MUT-2-8-3-2 × GKVK-3 (2.070)
and ARG-2-1-2 × RHA-93 (1.961) topped the list of crosses expressing significant
positive SCA effects. The best specific combination of E002 × X-15-NB-10 was from
parents with a low combining ability which indicated the involvement of non-
additive gene action and also the existence of overdominance and epitasis in the
inheritance of this trait. Non-additive gene action for oil content was also reported
by Azad et al. (2016) and Hilli et al. (2020). None of the hybrids was good specific
combiners for all the characters studied. However, the cross combinationMUT-2-8-
3-2 × GKVK 3was found to be a good specific combiner for stem diameter, 100 seed
weight, seed yield, seed filling percentage, oil content and oil yield hence it is a
candidate to be tested in large scale yield trials over locations and seasons to
confirm its potential for commercial cultivation. Since these hybrids are based on
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diverse cytosterile sources, even their on par performance with PET 1 cytoplasm
based hybrids will be sufficient enough so that the variability for cytoplasmicmale
sterility of sunflower hybrids can be expanded.

Variance due to general and specific combining ability effects

The ratio of GCA to SCA is used to indicate the predominance of non-additive gene
action in the inheritance of the traits. The results revealed that, among the 12
characters studied, characters, days to 50% flowering, plant height, days to
maturity and volume weight there was a preponderance of additive gene action as
indicated by greater than unity GCA to SCA ratio (Table 7) while remaining char-
acters viz., head diameter, stem diameter, 100 seed weight, seed yield, hull con-
tent, seed filling per cent, oil content and oil yield manifested a higher magnitude
of SCA variance compared to GCA variance. Similar to the present findings, non-
additive gene actions were documented for head diameter, stem diameter, 100
seed weight, seed yield, hull content, seed filling per cent and oil content, by
Bhoite et al. (2018) and Hilli et al. (2020).

Proportional contribution of lines, testers and line × tester interaction for the
performance of hybrids.

The data on the proportional contribution of lines, testers and line × tester
interaction for studied traits revealed that the line × tester interaction contributed
more to the performance of hybrids for most of the characters such as head
diameter, stem diameter, 100 seed weight, seed yield, hull content, seed filling per
cent, oil content and oil yield (Table 8). However, for days to 50% flowering, days
to maturity and volume weight contribution of the testers was greater when
compared to lines and line × tester interaction. Shankar et al. (2007) observed
similar results and emphasized that due care needs to be excised when selecting
the inbreds/lines to be used as parents for hybridization and to safely use these
sources to broaden the genetic base of CMS source so that this valuable oilseed
crop can be safeguarded from any eventuality of biotic and abiotic threats in the
future.

Estimation of standard heterosis

Increased seed yield and oil content are the ultimate objectives in oilseed breeding
hence high heterosis for these characters is always the goal. For seed yield, only
two hybrids exhibited significant positive heterosis over the check hybrid
KBSH-44. The hybrid MUT-2-8-3-2 × GKVK-3 (16.39%) exhibited the highest
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significant positive heterosis followed by ARG-2-1-2 × LTRR-822 (15.04%) (Table 9).
Concerning check KBSH 53 and KBSH 78, the standard heterosis of the hybrid
MUT-2-8-3-2 × GKVK-3 was 15.11 and 20.99% respectively. Hybrid ARG-2-1-
2 × LTRR-822 ranked second for seed yield with standard heterosis of 15.04, 13.78
and 19.59% over the checks KBSH 44, KBSH 53 and KBSH 78 respectively. For
KBSH-78, three hybrids expressed significant positive heterosis and four showed
significant negative heterosis with the range of heterosis being −23.67 to 20.99%.
Both the hybrids MUT-2-8-3-2 ×GKVK-3 (LxH) and ARG-2-1-2 × LTRR-822 (HxL) had
only one of the parents as a good general combiner suggesting the preponderance
of non-additive gene action. Awaad et al. (2016), Rathi et al. (2016) andAilwar et al.
(2020) in their respective studies have reported high levels of standard heterosis for
seed yield.

In oilseed crops, oil is the ultimate end product and hence, increasing oil
content is of prime importance. Seven out of 50 hybrids exhibited significant
positive heterosis better thanKBSH-44 for oil content (Supplementary Table 3). The
cross ARG-6-3-1-4 × RHA95-C-1 (8.42%) exhibited highest positive heterosis fol-
lowed by ARG-6-3-1-4 × RHA 6D-1 (6.74%), ARG-6-3-1-4 × LTRR-822 (4.44%) and
ARG-2-1-2 × RHA 6D-1 (2.55%). However, 37 hybrids had significant negative het-
erosis, and cross ARG-3 × RHA-93 (−25.07%) showed the highest significant
negative heterosis over KBSH-44. Over KBSH-53 and KBSH 78, only two hybrids
ARG-6-3-1-4 × RHA 95-C-1 and ARG-6-3-1-4 × RHA 6D-1 exhibited significant pos-
itive heterosis, with heterosis ranging from −27.25 to 5.28% in case of KBSH 53 and
-28.22–3.87% concerning KBSH 78. Parameshwarappa et al. (2008); Rathi et al.
(2016) and Ailwar et al. (2020) reported significant heterosis for oil content.

Table : Proportional contribution of lines, testers and L × T interaction to the total variance
among the hybrids.

Sl. No. Characters Lines (L) Testers (T) L × T interaction

 Days to % flowering . . .
 Plant height (cm) . . .
 Head diameter (cm) . . .
 Stem diameter (cm) . . .
 Days to maturity . . .
  seed weight (g) . . .
 Volume weight (g/ mL) . . .
 Seed yield (kg/ha) . . .
 Hull content (%) . . .
 Seed filling (%) . . .
 Oil content (%) . . .
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Table : Top ranking hybrids with desirable standard heterosis compared to KBSH-, KBSH-
and KBSH- for seed yield and component traits.

Characters Crosses % standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

Type of
combinations

Days to %
flowering

ARG--- ×
GKVK-

−.** −.** −. H × H

MUT----
× M--R

−.** −.** −. L × L

ARG--- ×
RHA-

−.** −.** −. L × H

E × M-
-R

−.** −.** . L × L

E × RHA
-II

−.** −.** . L × L

Plant height
(cm)

ARG  ×
RHA-

−.** −.** −.** H × H

E ×
RHA-

−.** −.** −.* L × H

ARG  ×
GKVK-

−.** −.** −.* H × H

ARG--- ×
RHA-

−.** −.** −. L × H

E × RHA
-II

−.** −.** . L × L

Head diam-
eter (cm)

MUT----
× GKVK-

−. . . L × H

ARG--- ×
RHA D-

−. . . H × L

ARG----
× MR-

−. . . H × H

ARG----
× RHA-C-

−. −. . H × H

ARG--- ×
RHA-C-

−. −. . H × H

Stem diam-
eter (cm)

MUT----
× GKVK-

−. −. .** L × H

ARG----
× GKVK-

−. −. .** H × H

ARG----
× MR-

−. −. .** H × H

ARG----
× -C-

−. −. .** H × H

ARG----
× LTRR-

−. −. .** H × L
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Table : (continued)

Characters Crosses % standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

Type of
combinations

Days to
maturity

ARG--- ×
GKVK-

−.** −.** . H × H

E × M-
-R

−.** −.** . L × L

ARG--- ×
RHA-

−.** −.** . H × H

ARG--- ×
M--R

−.** −.** . H × L

ARG  ×
GKVK-

−.** −.** . H × H

 seed
weight (g)

ARG--- ×
RHA-C-

−. .** .* H × H

ARG--- ×
RHA D-

−. .** . H × L

ARG----
× GKVK-

−. .** . H × H

MUT----
× GKVK-

−. .** . L × H

ARG--- ×
RHA -II

−. .** . H × L

Volume
weight (g/
 mL)

ARG----
× GKVK-

. .** .** H × H

ARG----
× M--R

. .** .** H × L

ARG----
× GKVK-

. .** .** H × H

MUT----
× GKVK-

. .** .* L × H

ARG--- ×
M--R

. .** .* H × L

Seed yield
(kg/ha)

MUT----
× GKVK-

.* .* .** L × H

ARG--- ×
LTRR-

.* . .** H × L

ARG--- ×
RHA-

. . .* H × H

ARG----
× MR-

. . . H × H

MUT----
× RHA-

. . . L × H
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Conclusions

The diversified CMS line ARG-6-3-1-4was identified as the best general combiner
for stem diameter, volume weight, seed yield, hull content and oil content while
tester RHA 93 was the best general combiner for plant height, seed yield and oil
content so these can be utilized as desirable parents for developing commercial

Table : (continued)

Characters Crosses % standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

% standard
heterosis over

KBSH-

Type of
combinations

Hull content
(%)

ARG--- ×
RHA-

−.** −.** −.** H × H

ARG----
× RHA D-

−.** −.** −.** H × L

ARG----
× M--R

−.** −.** −.** H × L

ARG--- ×
LTRR-

−.** −.** −.** H × L

ARG----
× RHA-C-

−.** −.** −.** H × L

Seed filling
per cent

ARG--- ×
RHA-

−. . . H × H

ARG--- ×
LTRR-

−. . . H × L

E × X-
-NB-

−. . . L × L

ARG----
× MR-

−. . −. H × H

ARG--- ×
RHA-C-

−. . −. H × H

Oil content
(%)

ARG----
× RHA-C-

.** .** .** H × H

ARG----
× RHA D-

.** .** .** H × L

ARG----
× LTRR-

.** . . H × L

ARG--- ×
RHA D-

.** −. −.* H × L

ARG----
× MR-

.** −.** −.** H × H
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sunflower hybrids. However none of the hybrids were good specific combiners for
all the characters, the cross MUT-2-8-3-2 × GKVK 3 was found to be a good specific
combiner for stem diameter, 100 seed weight, seed yield, seed filling percentage
and oil content, while, ARG-6-3-1-4×GKVK 3was a good specific combiner for days
to 50% flowering, plant height and 100 seed weight. The highest standard heter-
osis for seed yield was observed in the hybrid MUT-2-8-3-2 × GKVK 3 followed by
ARG-2-1-2 × LTRR 822, while the highest oil content was seen in the cross ARG-6-3-
1-4 × RHA95-C-1 so these hybrids can be exploited for sunflower improvement to
enhancing the variability for cytoplasmic male sterility of oilseed sunflower.
Further, as these lines, hybrids are based on wild/non-conventional cytoplasmic
sources of sunflower they can be screened for pests and diseases as well as for
abiotic stress because these wild species are the storehouse of valuable genes
helping them survive in extreme climatic conditions.

Author contributions: All the authors have accepted responsibility for the entire
content of this submitted manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no conflicts of interest
regarding this article.
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