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Abstract: In order to study the genetic control of sunflower fatty acids under
optimumandwater limited conditions a set of 12 sunflower hybridswere evaluated
as randomized complete block design with three replications in two separate
experiments during two years (2019 and 2020) in Karaj, Iran. The hybrids were
obtained by crossing of four male sterile lines and three restorer lines as testers.
Water limitation was imposed by water withholding during reproductive stage.
Palmitic acid content was governed by both additive and non-additive effects and
linoleic acid content by non-additive gene action under optimum andwater limited
conditions. Stearic acid content was controlled by both additive and non-additive
effects in optimum but by additive effects under water limited condition. Oleic acid
content was governed by non-additive factors in optimum, while by both additive
and non-additive effects in water limited condition. Oil content and leaf temper-
aturewere inherited by additive and seed yield by additive and non-additive effects
in both conditions. Relative water content and chlorophyll content were controlled
by both additive and non-additive effects under optimum but by non-additive
effects in water limited condition. According to these results hybrid breeding is
suggested for improvement of main sunflower fatty acids under optimum and
water limited condition except that selection-based methods for improvement of
stearic acid content.
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1 Introduction

Sunflower with a cultivation area of about 27 million hectares is one of the main
sources of vegetable oil worldwide (FAO 2019). Sunflower is cultivated as a spring-
summer crop in cold regions and as an autumn-winter crop in sought regions of Iran
with more than 100 years of cultivation background (Ghaffari et al. 2020). Standard
sunflower oil in average is composed mainly of about 69 % linoleic (C18:2), 20 % oleic
(C18:1), 7 % palmitic (C16:0) and 4 % stearic (C18:0) fatty acids (Seiler and Jan 2010;
Skoric et al. 2008). Other fatty acids including arachidic (20:0), behenic (22:0), and
lignoceric (24:0) acids constitute minor part of sunflower oil (Friedt et al. 1994).

Genotype is themost important factor that determines the fatty acid composition
of an oil (Knowles 1988), but also environmental conditions as water availability
affects the oil characteristics of sunflower (Baldini et al. 2000; Hassan et al. 2005).
Seed yield and oil content of sunflower are the main sensitive parameters to water
deficit duringflowering and reproduction stages (Ghaffari et al. 2012; Kazemeini et al.
2009). Baldini et al. (2000) reported that water stress causes a reduction in oleic acid
in standard sunflower hybrids but an increase in high oleic types. Petcu et al. (2001)
also reported reduction of oleic acid but increasing of linoleic acid contents in
sunflower. Ali et al. (2009) reported that sunflower genotypes express differential
responses to water stress with respect to the fatty acids.

Genetic nature of characteristics associated with oil quality is complicated
because of strong influences of environmental factors (Joksimović et al. 2001, 2006).
Knowing the nature of gene action is an essential prerequisite to determine the
breeding strategy in cross pollinated crops as sunflower. For traits under control of
additive gene action selection-based methods and for those under control of non-
additive effects, hybrid breeding is used to exploitation of heterosis (Skoric 2012).
Line × tester mating design allows estimation of components of genetic variance in
hybrid breeding programs (Kempthorne 1957; Singh and Chaudary 1985) and
extensively has been used in sunflower studies (Chahal et al. 2019; Hladni et al. 2011;
Joksimovic et al. 2006; Memon et al. 2015; Tyagi et al. 2020).

According to these studies, involvement of additive gene action has been
reported in expression of oil content (Binodh et al. 2008; Leon et al. 2003; Mijić et al.
2008; Ortegon-Morales et al. 1992), although, non-additive gene action has been
observed in inheritance of this trait (Hladni et al. 2011; Karasu et al. 2010; Memon
et al. 2015; Parameswari et al. 2004; Skoric et al. 2000; Tan 2010). Prevalence of
dominant gene action is reported in expression of oleic acid in sunflower (Fer-
nandez-Martinez et al. 1989; Fick 1984; Perez-Vich et al. 2002a; Skoric et al. 1978;
Urie 1984). Georgieva and Hristova (1975), Joksimovic et al. (2006) and Tan (2010)
reported the importance of non-additive gene action in inheritance of linoleic acid
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content in sunflower. Simpson et al. (1989) reported that high linoleic acid content
is controlled by a partially recessive gene.

Ivanov et al. (1988) reported more contribution of additive effects on expres-
sion of high palmitic acid content, while Sakthivel (2003) and Ortis et al. (2005)
indicated the importance of non-additive gene action in inheritance of this trait in
sunflower. Perez-vich et al. (1998) reported partial dominance for low palmitic
acid content in sunflower. Miller and Vick (1999) showed that low palmitic and
stearic acids content are under control of additive gene action. Perez-vich et al.
(2002b) found that genes responsible for low stearic acid exhibited partial domi-
nance over those for medium and high stearic acid content in sunflower. Madha-
vilatha et al. (2004) and Ortis et al. (2005) reported that stearic acid is under control
of non-additive gene action in sunflower. Tan (2010) reported preponderance of
non-additive gene action for governing of additive gene action for palmitic and
stearic acid content and both types of gene action for seed yield and oil content.
Chahal et al. (2019) reported that oil content, oleic and linoleic acids are controlled
by additive gene action, whereas, palmitic, stearic acid and linolenic acids were
predominantly under control of non-additive gene action. Tyagi et al. (2020)
reported the major role of dominant effects for oil content and major fatty acids of
sunflower under normal and drought stressed conditions.

Although there are numerous reports about the nature of gene action in
inheritance of sunflower fatty acids in optimum water supply however to the best
of our knowledge there is no information about the nature of gene action under
drought stressed condition. This study conducted with the aim of study and com-
parison of genetic control of sunflower fatty acids under optimum and water
limited conditions.

2 Materials and methods

The field study was conducted at research field of Seed and Plant Improvement Institute (SPII) in
Karaj, Iran (35.84° N, 50.93° E; altitude of 1321 m above sea level) during two years (2019 and 2020).
The region has a Mediterranean climate with hot-dry summers and cold-dry winters with average
annual precipitation of 243 mm and annual temperature of 13.5 °C. Two years average physico-
chemical characteristics of soil in the experimental field is shown in Table 1. A set of 12 sunflower
hybrids obtained by crossing between four restorer lines as the lines (L) and three cytoplasmic
male sterile lines as the testers (T) evaluated in line × tester mating fashion as proposed by Singh
and Chaudhary (1985) in randomized complete block design with three replications in optimum
and water limited experiments. Each experimental plot consisted of three rows of four m length
with 60 and 25 cm spacing between and within rows respectively. Fertilizers were applied at the
rate of 100:70:90 kgha−1 for N:P:K. All phosphate and potassium fertilizers and one third of nitrogen
fertilizer were distributed before planting and the rest of the nitrogen fertilizer was applied in two
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splits up to 8–10 leaf stage. Water limitation was imposed by water withholding in R4-R6 growth
stages as defined by Schneiter and Miller (1981). Relative water content (RWC), leaf temperature
(LT) and leaf chlorophyll concentration (LCC) weremeasured at the end of flowering stage (R6). The
upper most fully expanded leaves were used for measurement of RWC using RWC = 100 × (fresh
weight − dry weight)/(turgid weight − dry weight). Turgid weight was determined after 24 h
rehydration at 4 °C in a dark roomwith the leaf discs placed in a container with distilled water and
dry weight determined after oven drying for 24 h at 80 °C. Leaf chlorophyll concentration was
assessed using an SPAD-502 chlorophyll meter (SPAD-502, Minolta). The measurements being
taken at upper, middle and lower part of the leaf and average of them was considered as leaf
chlorophyll concentration. Following the harvest at physiological maturity (R9) seed yield and oil
characteristics were analyzed.

Oil content was determined using soxhlet extractor and fatty acid profile was identifies by
gas chromatography. Fatty acid methyl esters (FAMEs) were prepared from the oil samples
according to the method of Savage et al. (1997) and the hexane layer in final solution that contained
the FAMEs was separated by centrifugation. The FAMEs were analyzed by GC according to the
method described by Azadmard-Damirchi and Dutta (2006). Data of the physiological traits and
main fatty acids (palmitic, stearic, oleic and linoleic acids) were subjected to the line × tester
analysis (Singh and Chaudhury 1985) followed that, genetic components including additive and
non-additive genetic components, dominance and heritability values were estimated.

3 Results and discussion

3.1 Analysis of variance

According to the combined analysis of variance there were significant differences
among the hybrids for all of the physiological traits and fatty acids except leaf
temperature under water limited condition (Tables 2 and 3), which allowed further
analysis by line × tester analysismethod. Tyagi et al. (2020) also reported significant
variability among sunflower genotypes considering oil content and major fatty
acids. Under optimum irrigation the variances due to the lines and testers were
significant for all of the traits except linoleic acid of lines and seed yield and oil
content of testers. Under limited condition the lines were more variable for
physiological traits while testers for all of the fatty acids. The higher variability
among the testers provided reasonable wide genetic base needed for testing of the

Table : Average physico-chemical characteristics of soil in the experimental field.

Electrical conductivity (ds/m) pH Organic carbon (%) N (%) P (ppm)

. . . . .
K (ppm) Clay (%) Silt (%) Sand (%) Soil texture
    Clay loam
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lines. The variance due to the line × tester interaction was significant for all of the
traits except oil content in both conditions and leaf temperature under limited
irrigation, suggested the involvement of non-additive genetic effects on expression
of fatty acids under optimum and water limited conditions. Variance due to the
lines and testers is an indicator of general combining ability and provide a pre-
estimate of additive gene action while variance due to the line × tester interaction
is an indicator of specific combining ability and non-additive gene action
(Kempthorne 1957). There were significant differences among the years for oil
content, leaf temperature and all the studied fatty acids under water limited
condition suggested that drought stress intensified the environmental effect of the
years on these traits. The results displayed the importance of additive effects on
inheritance of oil content in both conditions and on leaf temperature in water
limited condition. Both additive and non-additive gene actions were involved in
inheritance of the fatty acid contents.

3.1.1 Contribution of lines × testers on genetic variance

Relative contribution of lines, testers and their interaction effects on genetic vari-
ance of physiological traits and fatty acids of sunflower was estimated (Figure 1).
Under optimum irrigation the lines (restorer lines) explained the bigger part of
genetic variance for most of the traits as seed yield, oil content, RWC, leaf temper-
ature and stearic acid, however contribution of the testers (male sterile lines) in
variance of these traits were lower than the lines. Line × tester interactions were
more important on variance of the remaining traits (Leaf chlorophyll concentration,
palmitic, oleic and linoleic acids). Contribution of the lines in variance of two major
fatty acids (oleic and linoleic acids) was negligible, on the contrary the effect of
testers was considerable. In a similar study by Chahal et al. (2019) restorer lines
explained most part of variability of oil content and fatty acid components of sun-
flower except palmitic acid content which male × female interaction was consider-
able for that.

Contribution of the lines in variance of seed yield, oil content, leaf chlorophyll
concentration and leaf temperature weremore than the other sources under water
limited condition. The testes explained the most part of genetic variance for oleic
acid content and like that optimum condition the lines didn’t contribute in variance
of oleic and linoleic acids. Line × tester interactions were more important con-
cerning variance of RWC, palmitic, oleic and linoleic acids. Generally, the lines
explained more variability of the physiological traits while testers and line × tester
interaction effects more variability of the fatty acids. Contribution of the testers on
variability of main oleic and linoleic acids increased considerably under water
limited condition.
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3.1.2 The fatty acids profile

The fatty acid composition of sunflower oil analyzed in optimum and water limited
experiments. There were considerable differences among the experiments for
unsaturated fatty acids. In both conditions linoleic acid constitute themost part of the
oil; 65.6 % and 67.4 % in optimum and water limited conditions respectively
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Figure 1: Relative contribution of different sources on genetic variance components of physiological
traits and fatty acids of sunflower under optimum (above) and water limited conditions (down). The
abbreviations are as: Seed yield (SY), oil content (OC), relative water content (RWC), leaf chlorophyll
content (LCC), leaf temperature (LT), C16:0, C18:0, C18:1 and C18:2 are palmitic, stearic, oleic and linoleic
acids respectively. L and T denote to the lines and testers respectively.
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(Figure 2a), followed by mono-unsaturated oleic acid which constitute 21.7 % and
19.4 % of oil in optimum and water limited conditions respectively (Figure 2b). Oleic
acid content decreased while linoleic acid content increased under water limited
condition. Among the two saturated fatty acids; palmitic acid content increased
(Figure 2c) while stearic acid content decreases under water limited condition
(Figure 2d). There is evidence that environmental conditions affect fatty acid
composition of sunflower (Demurin et al. 2000; Hassan et al. 2005). In accordance
with the results of this study Baldini et al. (2000) reported that water stress causes a
reduction in oleic acid content of sunflower oil. Petcu et al. (2001) also reported that
palmitic and linoleic acids content of sunflower oil increases while stearic and oleic
acids concentration decrease under drought condition. Flagella et al. (2002) reported
a significant increase in stearic acid while an alternate decrease in palmitic acid
content of sunflower oil under water stress. Ali et al. (2009) reported differential
responses of sunflower genotypes to water stress with respect to the fatty acid
contents. The changes of fatty acid content of sunflower under water limited con-
dition may act as a protective or adaptability factor against drought condition.
Differential changes of sunflower fatty acids under drought stress in different
reports may be due to the different genotypes used in the studies and also imposition
of drought stress at different growth stages.

Figure 2: Major fatty acids profile of sunflower oil under optimum and water limited irrigation for
palmitic acid (a), stearic acid (b), oleic acid (c) linoleic acid (d).
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3.1.3 Genetic components

Estimation of genetic components revealed that oil content and leaf temperature are
inherited by additive effects under optimum irrigation (Table 4). In most reports it is
indicated that oil content of sunflower is governed mainly by additive gene action
(Ghaffari et al. 2011; Leon et al. 2003; Miller et al. 1980; Singh et al. 1989) although the
role of non-additive component is also reported (Hladni et al. 2006; Marinkovic 1993;
Skoric et al. 2000). This made it possible to improvement of sunflower oil content
through selection in the past (Skoric 2012). Oleic and linoleic acids content were
under control of only non-additive gene action which is in accordance with
numerous reports (Fernandez-Martinez et al. 1989; Fick 1984; Perez-Vich et al. 2002a;
Skoric et al. 1978; Urie 1984), However Joksimovic et al. (2006) reported prevalence of
additive and non-additive gene action in inheritance of oleic and linoleic acids
contents respectively. Seed yield, RWC, leaf chlorophyll concentration, palmitic and
stearic acid contents were under control of both additive and non-additive gene
action. Involvement of both additive and non-additive variances in inheritance of
seed yield in sunflower has been reported in various studies (Goksoy et al. 2002; Kaya
2004). Involvement of non-additive (Darvishzadeh et al. 2014) in inheritance of RWC
has been reported in sunflower.Miller and Vick (1999) reported that low palmitic and
stearic acids content is inherited by additive factors. Ivanov et al. (1988) also reported
more contribution of additive effects on expression of high palmitic acid content in
sunflower. According to the similar studies non-additive gene action was more
important in inheritance of palmitic acid (Chahal et al. 2019; Ortis et al. 2005;
Sakthivel 2003) and stearic acid (Madhavilatha et al. 2004; Ortis et al. 2005). This
information expressesmore effect of non-additive gene action in inheritance ofmain
fatty acids of sunflower under optimum water supply and imply to the fact that
hybrid breeding is more effective in improvement of these characteristics in
sunflower.

Under water limited condition oil content, leaf temperature and stearic acid
content were under control of only additive effects but RWC, leaf chlorophyll con-
centration and linoleic acid content were inherited only by non-additive factors
(Table 4). Due to the nature of gene action which indicated involvement of non-
additive effects in inheritance of RWC in this study direct selection could not be
efficient in improvement of this trait but cross breeding is necessary to expression
and exploitation of genetic variability of RWC in sunflower. Both additive and non-
additive gene actions were involved in inheritance of seed yield, palmitic and oleic
acids content. Involvement of non-additive gene action in inheritance of seed yield,
RWC and chlorophyll content under drought stressed condition has been reported in
sunflower (Darvishzadeh et al. 2014). Ghaffari and Shariati (2018) also reported that
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oil content of sunflower is inherited by additive effects while seed yield by both
additive and non-additive gene action under drought stressed condition. As the best
of our knowledge there are no study concerning fatty acid inheritance in sunflower
under water limited condition. The results of this study showed that the nature of
gene action is similar for seed yield, oil content, leaf temperature and palmitic and
linoleic acids in both optimum and water limited conditions; however there were
differentiate response for RWC, Leaf chlorophyll concentration, stearic and oleic
acids content. Beside agronomical characteristics of sunflower which are influenced
by water availability (Ghaffari et al. 2012; Kazemeini et al. 2009), there are numerous
reports indicate that the genetic nature of characteristics associated with oil quality
is complicated due to the strong influences of environmental effects (Baldini et al.
2000; Hassan et al. 2005; Joksimovic et al. 2001, 2006). According to the results of this
study selection of desirable genotypes could be efficient for improvement of stearic
acid content under water limited condition while for improvement of palmitic and
twomajor important fatty acids of sunflower; oleic and linoleic acids content, hybrid
breeding is suggested for expression of desirable genotypes with optimum fatty acid
profile. Venn diagram differentiated gene action for the studied traits in the two
conditions (Figure 3). Oil content and leaf temperature were under control of only
additive and linoleic acid content was governed by only non-additive effects in both
optimum and water limited conditions.

Seed yield and palmitic acid content were inherited by both additive and none
additive gene action in the both conditions (Table 4). The other traits were inherited
differentially; RWC, leaf chlorophyll concentration and stearic acid content were
controlled by both additive and non-additive gene action in optimum but by non-
additive factors in the case of RWC and leaf chlorophyll concentration and by

Figure 3: Venn diagram for discriminating gene action for physiological traits and fatty acids of
sunflower under optimum and water limited condition. Abbreviations are as: Seed yield (SY), oil content
(OC), relative water content (RWC), leaf chlorophyll concentration (LCC) and leaf temperature (LT).
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additive effects in the case of stearic acid content under water limited condition.
Oleic acid content was under control of non-additive factors in optimum irrigation,
while it was under control of both additive and non-additive gene action under
water limited condition. According to these results selection-based methods is
suggested for improvement of oil content and leaf temperature and hybrid
breeding for improvement of linoleic acid content in both optimum and water
limited conditions. Selection-based methods followed by hybrid breeding are
suggested for improvement of seed yield, RWC, Leaf chlorophyll concentration,
palmitic and stearic acids content and hybrid breeding for improvement of oleic
acid content. Under water limited condition selection-based methods followed by
hybrid breeding are suggested for improvement of seed yield, palmitic and oleic
acids content and hybrid breeding for improvement of RWC, Leaf chlorophyll
concentration and linoleic acid content.

3.1.4 Dominance ratio

Dominance ratio was more than unit for seed yield, RWC, leaf chlorophyll concen-
tration, and all fatty acids under optimum irrigation (Table 4), suggesting involve-
ment of over dominance in inheritance of these traits. Over dominant gene action
was observed for all of the traits except for oil content underwater limited condition.
Over dominant gene action has been reported for many traits of sunflower as for
seed yield and oil content (Gangappa et al. 1997; Goksoy et al. 2002). Involvement of
dominance in inheritance of oleic acid (Fernandez-Martinez et al. 1989; Fick 1984;
Perez-Vich et al. 2002a; Skoric et al. 1978; Urie 1984; Velasco et al. 2000) and linoleic
acid (Georgieva and Hristova 1975) has been reported, while partial dominance
reported in the case of palmitic and stearic acids (Ivanov et al. 1988; Perez-vich et al.
1998), which are in accordance with the results of this study. Regarding the over
dominant gene action in expression of the fatty acids under optimum and water
limited conditions hybrid breeding is suggested for exploiting of heterosis and
improvement of the sunflower main fatty acids.

3.1.5 Heritability

Broad sense heritability values were considerably high for RWC and all of the studied
fatty acids under optimum irrigation (Table 4). The values for narrow sense herita-
bility were low for most of the oil features except for oil content, RWC and stearic acid
content in this condition suggesting that non-additive gene effects play a major role in
inheritance of fatty acid components of sunflower oil. These results are in accordance
with Chahal et al. (2019) who reported intermediate narrow sense heritability for oil
content and stearic acid contentwhile lower values for palmitic, oleic and linoleic acid.
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Estimates for broad sense heritability values under water limited condition was
almost high for all of the fatty acids however the values for narrow sense heritability
were low except for oil content (Table 4). These results indicated that, additive effects
had lower impact than that of non-additive effects on expression of physiological traits
andmajor fatty acids of sunflower under optimumandwater limited conditions, which
in turn cause lower narrow sense heritability for these traits, so higher effects of
environmental is concluded. The additive variance is the main determinant of the
observable genetic properties of the population and selection response (Falconer and
Mackay 1996). Relative higher heritability and predominately additive gene action for
oil content in both conditions facilitate selection in early generations of inbreeding and
cultivar development (Miller and Fick 1997), while lower values for oleic and linoleic
acid indicate the affectability of these traits by environmental conditions and lower
efficiency of selection for improvement of them. It is concluded again that hybrid
breeding isnecessary to exploiting of heterosis in improvement of sunflower fatty acids.

3.1.6 Comparison of genetic components in two irrigation treatments

Comparison of genetic components revealed a differentiate response of sunflower
fatty acids to optimum and water limited conditions. In both conditions additive and
non-additive variances for palmitic and stearic acids were negligible while variances
for non-additive variance due to oleic and linoleic acids were considerably high
(Figure 4a and b).

Figure 4: Comparison of genetic components for sunflower fatty acids in optimum (a) and water
limited conditions (b), comparison of additive (c) and non-additive variances (d) for fatty acid inheritance
in optimum and water limited conditions. V(A), VNA denote to the additive and non-additive variances
respectively. N and S denote to the optimum and water limited conditions respectively.
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Under water limited condition additive variances due to the oleic and linoleic
acids were more than optimum irrigation and especially there was a considerable
difference between additive variance of oleic acid under two conditions (Figure 4c).
In spite of additive variance, non-additive variances for oleic and linoleic acid con-
tents in optimum irrigation were clearly more than water limited condition
(Figure 4d). So the clear response was increasing of additive variance (Figure 4c)
while reduction of non-additive variances for both oleic and linoleic acid contents
under water limited condition (Figure 1d).

As indicated before, environmental conditions affect fatty acid composition of
sunflower (Demurin et al. 2000; Hassan et al. 2005) and these changes could be a
protective or adaptability response to drought condition. It is concluded that water
limitation makes it possible to express more variability in additive variance for
oleic acid which in turn increases heritability of this fatty acid under water limited
condition. According to the results of this study due to the involvement of both
additive and non-additive effects in inheritance of oleic acid under water limited
condition it is possible to impose selection followed by crossing of suitable parent
lines to expression of heterosis for improvement of this fatty acid in sunflower.
Because selection in the target environment increases the selection efficiency
(Ceccarelli 1987), so due to the expression of higher additive variance of oleic acid
in water limited condition, selection in this condition could be efficient in
improvement of oleic acid content.

Figure 5: Summary of gene action and suggested breeding strategy for sunflower fatty acids under
optimum and water limited conditions.
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4 Conclusions

According to the results of this study oleic and stearic acids content decreased while
linoleic and palmitic acids content increased under water limited condition. The
changes of fatty acid content of sunflower underwater limited conditionmay act as a
protective or adaptability factor against drought condition. Higher expression of
oleic acid content in water limited condition could be aroused from activation of the
related drought responsive genes (Oncel et al. 2000; Shao et al. 2008; Skoric 2009).
Palmitic acid content was under control of both additive and non-additive gene
actions and linoleic acid content by non-additive gene action in both optimum and
water limited conditions. Stearic acid content was controlled by both additive and
non-additive effects in optimum but by additive effects under water limited condi-
tions. Oleic acid content was governed by non-additive factors in optimum, while by
both additive and non-additive effects in water limited conditions. The results
indicated that oil content and leaf temperature are inherited by additive and seed
yield by additive and non-additive effects in both conditions. Relative water content
and chlorophyl content were controlled by both additive and non-additive effects
under optimum but by non-additive effects in water limited condition. The results of
this study showed that the nature of gene action is similar for seed yield, oil content,
leaf temperature and palmitic and linoleic acids in both optimum and water limited
conditions, however there were differentiate response for RWC, leaf chlorophyll
concentration, stearic and oleic acids.

Additive variance was increased while non-additive variance reduced for oleic
and linoleic acids content under water limited condition. It is concluded that water
limitation makes it possible to express more variability in additive variance for oleic
acid which in turn increases possibility for selection of inbred lines with higher
content of oleic acid. As yield improvement for stressed conditions requires selection
under target condition (Ceccarelli 1987) due to the expression of higher additive
variance for oleic acid content in water limited condition, selection in this condition
may enhance the selection efficiency in improvement of this fatty acid. Lower values
of heritability for oleic and linoleic acids indicated affectability of these traits by
environmental effects and lower efficiency of selection for improvement of them in
both conditions. According to the results of this study hybrid breeding is suggested
for improvement of main fatty acids of sunflower under optimum irrigation. Under
water limited condition hybrid breeding is suggested for improvement of oleic,
linoleic and palmitic acids content while selection-based methods for improvement
of stearic acid content (Figure 5).

138 M. Ghaffari and F. Shariati



Acknowledgments: The authors would like to thank the Seed and Plant
Improvement Institute, Karaj, Iran for providing research facilities.
Author contributions:Mehdi Ghaffari: Coordination and conduction of experiments;
Preparation of genetic materials, Field data collection and preparation of the
manuscript. Farnaz Shariati: Analysis of the oil and fatty acids.
Research funding: None declared.
Conflict of interest statement: The authors declare no conflicts of interest regarding
this article.

References

Ali, Q., Ashraf, M., and Anwar, F. (2009). Physico-chemical attributes of seed oil from drought stressed
sunflower (Helianthus annuus L.) plants. Grasas Aceites 60: 477–483.

Azadmard-Damirchi, S. and Dutta, P.C. (2006). Novel solid-phase extraction method to separate
4-desmethyl-4-monomethyl-and 4, 40-dimethylsterols in vegetable oils. J. Chromatogr. A 1108:
183–187.

Baldini, M., Giovanardi, R., and Vannozzi, G. (2000). Effect of different water availability on fatty acid
composition of the oil in standard and high oleic sunflower hybrids. In Proceedings of 15th
international sunflower conference, A. 13–15 June 2000, Toulouse.

Binodh A.K., Manivannan N., and Varman P.V. (2008) Combining ability analysis for yield and its
contributing characters in sunflower (Helianthus annuus L.). Madras Agric. J. 95: 295–300

Ceccarelli, S. (1987). Yield potential and drought tolerance of segregating populations of barley in
contrasting environments. Euphytica 36: 265–273.

Chahal, R.K., Dhillon, S.K., Kandhola, S.S., Kaur, G., Kaila, V., and Tyagi, V. (2019). Magnitude and nature of
gene effects controlling oil content and quality components in sunflower (Helianthus annuus L.).
Helia 42: 73–84.

Darvishzadeh, R., Maleki, H.H., Pirzad, A., Kholghi, M., and Mandoulakani, A.B. (2014). Genetic analysis of
yield and yield related traits in sunflower (Helianthus annuus L.) under well-watered and water-
stressed conditions. Genetika 46: 369–384.

Demurin, Y., Skoric, D., Veresbaranji, I., and Jocic, S. (2000). Inheritance of increased oleic acid content in
sunflower seed oil. Helia 23: 87–92.

Falconer, D.S. and Mackay, T.F.C. (1996). Introduction to quantitative genetics. Longman Press, Harlow,
UK.

FAO (2019). Agricultural production year book. Rome. Italy, Available at: <http://faostat3.fao.org>.
Fernandez- Martinez, J.M., Jimenez, A., Dominguez, J., Garcia, J.M., Garces, R., and Muncha, M. (1989).

Genetic analysis of the high oleic acid content in cultivated sunflower. Euphytica 41: 39–51.
Fick, G.N. (1984). Inheritance of high oleic acid in sunflower. In: Proc 6th sunflower res. workshop. National

Sunflower Assoc, Bismark, USA, p. 9.
Flagella, Z., Rotunno, T., Tarantito, E., Caterina, R.D., and Caro, A.D. (2002). Changes in seed yield and oil

fatty acid composition of high oleic sunflower (Helianthus annuus L.) hybrids in relation to the sowing
date and the water regime. Eur. J. Agron. 17: 221–230.

Friedt, W., Ganssmann, M., and Korell, M. (1994). Improvement of sunflower oil quality. In: Proc of
EUCARPIA – symposium on breeding of oil and protein crops. September 22–24. Albena, Bulgaria,
pp. 1–30.

Sunflower fatty acids under water stress conditions 139

http://faostat3.fao.org


Gangappa, E., Channakrishnaiah, K., Harini, M., and Ramesh, S. (1997). Studies on combining ability in
sunflower (Helianthus annuus L.). Helia 20: 73–84.

Ghaffari, M., Farrokhi, E., andMirzapour, M. (2011). Combining ability and gene action for agronomic traits
and oil content in sunflower (Helianthus annuus L.) using F1 hybrids. Crop Breed. J. 1: 73–84.

Ghaffari, M. and Shariati, F. (2018). Combining ability of sunflower inbred lines under drought stress. Helia
41: 201–212.

Ghaffari, M., Toorchi, M., Valizadeh, M., and Shakiba, M.R. (2012). Morpho-physiological screening of
sunflower inbred lines under drought stress condition. Turk. J. Field Crops 17: 185–190.

Ghaffari, M., Andarkhor, S., Homayonifar, M., Kalantar Ahmadi, S., Shariati, F., Jamali, H., and
Rahmanpour, S. (2020). Agronomic attributes and stability of exotic sunflower hybrids in Iran. Helia
43: 67–81.

Goksoy, A.T., Turkec, A., and Turan, Z.M. (2002). Determination of some agronomic characteristics and
hybrid vigor of new improved synthetic varieties in sunflower (Helianthus annuus L.). Helia 25:
119–130.

Georgieva-Todorova, J. and Hristova, A. (1975). Studies on several wild-growing Helianthus species.
Compt. Rend. Acad. Bulg. Sci 8: 51–55.

Hassan, F.U.,Manaf, A., and Ejaz,M. (2005). Determinants of oil and fatty acid in peanut. Int. J. Agric. Biol. 7:
895–899.

Hladni, N., Skoric, D., Kraljevic-Balalic, M., Sakacand, Z., and Jovanovic, D. (2006). Combining ability for oil
content and its correlations with other yield components in sunflower (Helianthus annuus L). Helia 29:
101–110.

Hladni, N., Skoric, D., Jocic, S., Kraljevic-Balalic, M., and Dusanic, N. (2011). Line × tester analysis for yield
components in sunflower and their correlations with seed yield (Helianthus annuus L.). Genetika 43:
297–306.

Ivanov P., Petakov, D., Nikolova, V., and Pentchev, E. (1988). Sunflower breeding for high palmitic acid
content in the oil. In: Proceedings of 12th international sunflower conference, Novi Sad, Yugoslavia,
pp. 25–29.

Joksimović, J., Atlagić, J., Marinković, R., and Jovanović, D. (2006). Genetic control of oleic and linoleic acid
contents in sunflower. Helia 29: 33–40.

Joksimović, J., Atlagić, J., Dušanić, N., and Miklič, V. (2001). Genetic variability of the oleic and linoleic fatty
acid content among some sunflower genotypes. In: Book of abstracts 1st inter. symp. food in the 21st
century, Novembar 2001, Subotica, pp. 63–64.

Kaya, Y. (2004). Determining combining ability in sunflower (Helianthus annuus L.). Turk. J. Agric. For. 29:
243–250.

Karasu, A., Oz, M., Sincik, M., Goksoy, A.T., and Turan, M.Z. (2010). Combining ability and heterozis for yield
and yield components in sunflower. Not. Bot. Horti Agrobot. 38: 260–264.

Kazemeini, S.A., Edalat, M., and Shekoofa, A. (2009). Interaction effects of deficit irrigation and row
spacing on sunflower (Helianthus annuus L.) growth, seed yield and oil yield. Afr. J. Agric. Res. 4:
1165–1170.

Kempthorne, O. (1957). An introduction to genetic statistics. The Iowa State Uni. Press, Ames, Iowa, USA.
Knowles, P.F. (1988). Recent advances in oil crops breeding. Applewhite TH. In: Proceeding of the world

conference on biotechnology for the fats and oil industry. Ed. American Oil Chemists Society, pp. 35–38.
Leon, A.J., Andrade, F.H., and Lee, M. (2003). Genetic analysis of seed‐oil concentration across generations

and environments in sunflower. Crop Sci. 43: 135–140.
Madhavilatha, K., Reddy, A.V.V., and Reddy, G.L. (2004). Studies on genetic nature of yield and its

components in sunflower, (Helianthus annuus L.). J. Oilseeds Res. 21: 252–256.

140 M. Ghaffari and F. Shariati



Marinković, R. (1993). Combining ability of some inbred sunflower (Helianthus annuus L.) lines. Indian
J. Genet. 53: 299–304.

Memon, S., Baloch, M.J., Baloch, G.M., and Jatoi, W.A. (2015). Combining ability through line × tester
analysis for phenological, seed yield, and oil traits in sunflower (Helianthus annuus L.). Euphytica 204:
199–209.

Mijić, A., Kozumplik, V., Kovačević, J., Liović, I., Krizmanić, M., Duvnjak, T., andGunjača, J. (2008). Combining
abilities and gene effects on sunflower grain yield, oil content and oil yield. Period. Biol. 110: 277–284.

Miller, J.F., Hammond, J.J., and Roath, W.W. (1980). Comparison of inbred vs. single cross testers and
estimation of genetic effects in sunflower. Crop Sci. 20: 703–706.

Miller, J.F. and Fick, G.N. (1997). The genetics of sunflower. In: Schneiter, A.A. (Ed.), Sunflower technology
and production. Agron. Monogr. 35. ASA, CSSA, and SSSA, Madison, WI, pp. 441–495.

Miller, J.F. and Vick, B.A. (1999). Registration of three low palmitic acid and five low stearic acid sunflower
genetic stocks. Crop sci. 39: 305–306.

Oncel, I., Keles, Y., and Ustun, A.S. (2000). Interactive effects of temperature and heavymetal stress on the
growth and some biochemical compounds in wheat seedlings. Environ. Pollut. 107: 315–320.

Ortegon-Morales, A.S., Escobedo-Mendoza A., and Quilantan-Villarreal L. (1992). Combining ability of
sunflower (Helianthus annuus L.) lines and comparison among parent lines and hybrids. In:
Proceedings of 13th international sunflower conference, Pisa. Italy, pp. 1178–1193.

Ortis, L., Nestures, G., Frutos, E., andMachado, N. (2005). Combining ability analysis for agronomic traits in
sunflower (Helianthus annuus L.). Helia 28: 125–134.

Parameswari, C., Muralidharan, V., Subbalakshmi, B., and Manivannam, N. (2004). Genetic analysis of
yield and important traits in sunflower hybrids. J. Oilseeds Res. 21: 168–170.

Pérez-Vich, B., Velasco, L., and Fernández-Martínez, J. (1998). Determination of seed oil content and fatty
acid composition in sunflower through the analysis of intact seeds, husked seeds, meal and oil by
near infrared reflectance spectroscopy. J. Am. Oil Chem. Soc. 75: 547555.

Pérez-Vich, B., Garcés, R., and Fernández-Martínez, J.M. (2002a). Inheritance of high palmitic acid content
in the sunflower mutant CAS-12 and its relationship with high oleic content. Plant Breed. 121: 49–56.

Pérez-Vich, B., Fernández-Martínez, J.M., Grondona, M., Knapp, S.J., and Berry, S.T. (2002b). Stearoyl-ACP
and oleoyl-PC desaturase genes co-segregate with quantitative trait loci underlying high stearic and
high oleic acid mutant phenotypes in sunflower. Theor. Appl. Genet. 104: 338–349.

Petcu, E., Arsintescu, A., and Stanciu, D. (2001). The effect of drought stress on fatty acid composition in
some Romanian sunflower hybrids. Rom. Agric. Res. 15: 39–43.

Sakthivel, K. (2003). Line × tester analysis for combining ability in kharif sunflower (Helianthus annuus L.).
J. Ecobiol. 15: 299–303.

Savage, G.P., Mcneil, D.L., and Dutta, P.C. (1997). Lipid composition and oxidative stability of oils in
hazelnuts (Corylus avellana L.) grown in New Zealand. J. Am. Oil Chem. Soc. 74: 755–759.

Schneiter, A.A. and Miller, J.F. (1981). Description of sunflower growth stages. Crop Sci. 21: 901–903.
Seiler, G. and Jan, C.C. (2010). Basic information. In: Jinguo, H., Seiler, G., and Chittaranjan, K. (Eds.),

Genetics, genomics and breeding of crop plants. CRC Press, USA, pp. 1–50.
Shao, H.B., Chu, L.Y., Jaleel, C.A., and Zhao, C.X. (2008).Water-deficit stress-induced anatomical changes in

higher plants. CR Bio. 331: 215–225.
Simpson, B.W., McLeod, C.M., and George, D.L. (1989). Selection for high linoleic acid content in sunflower

(Helianthus annuus L.). Aust. J. Exp. Agric. 29: 233–239.
Singh, R.K. and Chaudhury, B.D. (1985). Biometrical techniques in breeding and genetics. Kalyani Publishers,

New delhi, India.
Singh, S.B., Labana, K.S., and Virk, D.S. (1989). Detection of epistatic, additive and dominance variation in

sunflower. Indian J. Genet. 47: 243–247.

Sunflower fatty acids under water stress conditions 141



Skoric, D. (2009). Sunflower breeding for resistance to abiotic stresses. Helia 32: 1–15.
Škorić, D., Verešbaranji, I., Ćupina, T., andMarinković, R. (1978). Inheritance of fatty acid composition in F1

generation of sunflower. In: Proceedings of 8th international sunflower conference, Minneapolis, USA,
pp. 472–478.

Skoric, D. (2012). The genetics of sunflower. In: Skoric, D., Seiler, G., Liu, Z., Jan, C.C., Miller, J.F., and
Charlet, L.D. (Eds.), Sunflower genetics and breeding. Serbian Academy of Sci. and Arts, Novi Sad,
Serbia, pp. 1–163.

Škorić, D., Jocić, S., andMolnar, I. (2000). General (GCA) and specific (SCA) combining abilities in sunflower.
In: Proceedings of 15th international sunflower conference, Toulouse, France, pp. 23–30.

Skoric, D., Jocic, S., Sakac, Z., and Lecic, N. (2008). Genetic possibilities for altering sunflower oil quality to
obtain novel oils. Can. J. Physiol. Pharmacol. 86: 1–7.

Tan, A.S. (2010). Study on the determination of combining abilities of inbred lines for hybrid breeding
using line × tester analysis in sunflower (Helianthus annuus L.). Helia 33: 131–148.

Tyagi, V., Dhillon, S.K., and Kaur, G. (2020). Gene action for oil content and quality in diverse cytoplasmic
sources in sunflower under varied moisture environments. Helia 43: 151–166.

Urie, A.L. (1984). Inheritance of very high oleic acid content in sunflower. In: Proc 6th sunflower res.
workshop. National Sunflower Assoc, Bismark, USA, pp. 9–10.

Velasco, L., Perez-Vich, B., and Fernandez- Martinez, J.M. (2000). Inheritance of oleic acid content under
controlled environment. In: Proceedings of 15th international sunflower conference, Toulouse, France,
pp. A31–A36.

142 M. Ghaffari and F. Shariati


	Genetic analysis of sunflower fatty acids under optimum and water stressed conditions
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	3.1 Analysis of variance
	3.1.1 Contribution of lines × testers on genetic variance
	3.1.2 The fatty acids profile
	3.1.3 Genetic components
	3.1.4 Dominance ratio
	3.1.5 Heritability
	3.1.6 Comparison of genetic components in two irrigation treatments


	4 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


