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The purpose of the present study was to map quantitative trait locus (QTLs) associated with percentage
of seed protein, oil and fatty acids content under different conditions in a population of recombinant
inbred lines (RILs) of sunflower. Three independent field experiments were conducted with well-,
partial-irrigated and late-sowing conditions in randomized complete block design with three
replications. High significant variation among genotypes is observed for the studied traits in all
conditions. Several specific and non-specific QTLs for the aforementioned traits were detected. Under
late-sowing condition, a specific QTL of palmitic acid content on linkage group 6 (PAC-LS.6) is located
between ORS1233 and SSL66_1 markers. Common chromosomic regions are observed for percentage
of seed oil and stearic acid content on linkage group 10 (PSO-PI.10 and SAC-WI.10) and 15 (PSO-PI.15
and SAC-LS.15). Overlapping occurs for QTLs of oleic and linoleic acids content on linkage groups 10,
11 and 16. Seven QTLs associated with palmitic, stearic, oleic and linoleic acids content are identified
on linkage group 14. These common QTLs are linked to HPPD homologue, HuCL04260C001.
Coincidence of the position for some detected QTLs and candidate genes involved in enzymatic and
non-enzymatic antioxidants would be useful for the function of the respective genes in fatty acid
stability.

Key words: Sunflower, quantitative trait locus, simple sequence repeats, oil content, protein content, fatty

acids.

INTRODUCTION

Sunflower (Helianthus annuus L.) is cultivated as a
source of vegetable oil and protein. Qil, fatty acid com-
position and protein contents are the main factors
determining seed nutritional properties. Sunflower seed
oil is composed of unsaturated fatty acids (90%), oleic
and linoleic acids and the rest (10%) containing saturated
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fatty acids, palmitic and stearic acids (Dorrel and Vick,
1997; Pérez-Vich et al., 2002a). The role of unsaturated
fatty acids on the quality of vegetable oil, the protection of
membrane under low temperature and membrane fluidity
is more important than the effect of saturated fatty acids
because of their lower melting point (Neidleman, 1987;
Thompson, 1993; Heppard et al., 1996). The classical
method, gas chromatography (GC), is used to determine
the fatty acid composition of the oil in sunflower seeds
(Pérez-Vich et al., 1998). This technique is reliable but
expensive, long and uses hazardous chemicals (Pérez-



Vich et al., 1998). Near-infrared reflectance spectrometry
(NIRS) is a more rapid, simple and non-destructive
method used by breeders and food industry to determine
multiple parameters such as proteins, oil content and
fatty acid compositions (Pérez-Vich et al., 1998; Velasco
and Becker, 1998; Biskupek-Korell and Moschner, 2007).

Sunflower has been considered for construction of
molecular map. Various molecular markers, such as
restricion fragment length polymorphism (RFLP)
(Gentzbittel et al., 1995, Berry et al., 1995) and amplified
fragment length polymorphisms (AFLP) (Gedil et al.,
2001) have been used. Genetic-linkage map based on
459 simple sequence repeats (SSR), has also been
constructed (Tang et al., 2002), which is the first reference
map of sunflower based on single- or low-copy public
SSR markers. The value of SSRs is that they usually
detect single loci and are specific to a given place in the
genome. SSRs are also highly variable and scored as co-
dominant markers.

The genetic studies on sunflower mutant lines; CAS-12
and CAS-5, with high palmitic acid content, revealed that
high palmitic acid can be controlled by three partially
recessive alleles (p1, p2 and p3) at 3 loci (Pérez-Vich et
al.,, 2002a). CAS-14, CAS-3, CAS-4 and CAS-8 lines,
containing respectively 35, 28, 15 and 14% stearic acid,
have been released as high and medium stearic acid
sunflower mutants (Garcés and Mancha, 1991; Cantisan
et al., 2000). The level of stearic acid is controlled by ES1
and ES2 genes in CAS-3 mutant whereas it is increased
by the ES3 gene in CAS14 mutant (Garcés and Mancha,
1991). ES3 gene is also mapped to linkage group 8
(Garcés and Mancha, 1991). Three genes, designated
OI1, OlI2, and OI3, are reported which are associated with
high oleic acid content in sunflower seed (Fernandez-
Martinez et al., 1989). Among three microsomal oleate
desaturase, FAD2-1 is strictly correlated with high oleic
acid content in sunflower seed oil (Martinez-Rivas et al.,
2001). EcoRl and Hindlll fragments, which are polymer-
phic in association with low and high oleic acid content
genotypes, are also identified (Lacombe and Berville, 2001).

The genetic control of stearic and oleic acids in
sunflower seed oil is also investigated through QTL
analysis and co-segregation between stearoyl-ACP desa-
turase locus (SAD17A) and ES7 gene and between oleoyl-
PC desaturase locus (OLD7) and OL gene are reported
(Pérez-Vich et al.,, 2002b). In this study two QTLs
controlling stearic and oleic acids content are also
mapped to LG1 (SAD17A) and LG14 (OLD7). Several
QTLs for oil and fatty acid content are identified by
Ebrahimi et al. (2008). Six QTLs are detected for oil
content in a population of F3 families of sunflower and
the most important QTL is located on linkage group 13
(pog-13-1) which explained 47% of phenotypic variance
(R?) (Mokrani et al., 2002). As far as other species are
concerned, overlapping chromosomic regions and nine
epistatic locus pairs are identified for oil and protein
content in rapeseed (Zhao et al., 2006). In Brassica
juncea, 6 and 5 QTLs are detected for oil and protein
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content, respectively (Mahmood et al., 2006). Protein, oil
and fatty acids content are influenced by environmental
factors. Water stress significantly decreases oil content in
sunflower (Muriel and Downes, 1974; Nel et al., 2002)
whereas protein content at maturity is increased in sun-
flower (Ebrahimi et al., 2009), wheat (Ozturk and Aydin,
2004) and peanuts (Dwivedi et al., 1996). An increase of
oleic acid content in sunflower (Baldini et al., 2002) and
peanuts (Dwivedi et al., 1996) is also observed under
water deficit. The ratio of oleic to linoleic acid can be
strongly affected by temperature regimes in sunflower
(Trémoliéres et al., 1982), whereas it can be hardly affec-
ted in safflower (Browse and Slack, 1983) and rapeseed
(Trémoliéres et al., 1982). The effect of sowing time
(temperature regimes) on fatty acid content depends on
species and genotypes. In sunflower, the ratio of oleic to
linoleic acid is increased under water stress (Talha and
Osman, 1974) whereas under early-sowing condition, it is
decreased (Flagella et al., 2002). Activation of enzymatic
and nonenzymatic antioxidant-related genes can result in
the protection of fatty acids against oxidative stress and
finally increasing their stability (Munné-Bosch and Alegre,
2002; Collakova and DellaPenna, 2003; Kanwischer et
al., 2005; Marwede et al., 2005; Semchuk et al., 2009).
In this research, we used genetic-linkage map based only
on SSR markers and some important candidate genes for
enzymatic, non-enzymatic antioxidant, drought-responsive
family and phosphoglyceride transfer due to genetic
study of protein, oil and fatty acids content in a population
of recombinant inbred lines (RILs) of sunflower under
well-, partial-irrigated and late-sowing conditions. Objectives
of this investigation are to identify chromosomal regions
associated with quantitative variation of protein, oil and
fatty acid compositions under various conditions and to
validate the extent to which these candidate genes affect
quantitative phenotypic variability for the studied traits in
sunflower grains.

MATERIALS AND METHODS
Plant materials and experimental conditions

RILs used in this research were developed through single seed
descent from F2 plants, derived from a cross between PAC2 and
RHA266 (Flores et al., 2000). Three independent experiments were
undertaken in different conditions at experimental field of Agric-
ultural College, Tehran University, Iran, 2007. Experimental design
was randomized complete block with three replications. Seeds of
89 RILs and their two parents were sown in the field under well-,
partial-irrigated and late-sowing conditions. Each genotype per
replication consisted of one row, 4 m long, 50 cm between rows
and 25 cm between plants in rows. The distance between repli-
cations of well-irrigated and partial-irrigated treatments was 7 m.
The so-called ‘well-irrigated’ condition plots were irrigated once
every week, whereas for the second condition (partial-irrigated),
irrigation was controlled and adjusted by the observation of the
wilting threshold of the leaves. Partial water deficit was started 45
days after sowing at the stage near flower bud formation and
continued up to maturity. The sowing dates were normal sowing on
May and late sowing on July.
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Table 1. Analysis of variance (mean squares) for percentage of seed protein, percentage of seed oil, palmitic, stearic, oleic
and linoleic acids content in a population of sunflower recombinant inbred lines (RILs) grown under well-irrigated (W1),

partial-irrigated (Pl) and late-sowing (LS) conditions.

Sou.rce of df Condition Protein oil Palrr.|itic Slea.lric OIe:ic Lino.leic
variance acid acid acid acid
RILs 88 | Wi 31.68** 46.70** 0.86** 1.53* 198.77** | 195.86**
PI 22.10** 41.12* 0.97** 0.95* 177.21** | 171.27**
LS 11.23** 27.36** 0.49** 0.89** 83.82** 82.62**
Blocks 2 | wi 1.58NS 13.82 1.22%* 3.69** 71.88N | 26.10M
PI 432N 47.57* 2.24** 8.47** 94.70* 57.91 N
LS 1.15N 50.07** 2.57** 6.64** 71.01* 26.91 N
Error 176 | WI 3.96 11.89 0.14 0.47 23.76 22.91
PI 5.50 13.49 0.15 0.54 21.25 20.86
LS 2.83 10.05 0.09 0.32 11.40 11.07

* **: Significant at 0.05 and 0.01 probability level, respectively. ™: non-significant.

Trait measurements

Percentage of seed protein (PSP), percentage of seed oil (PSO),
palmitic acid content (PAC), stearic acid content (SAC), oleic acid
content (OAC) and linoleic acid content (LAC) were measured in
RILs and their parental lines in each replication for all conditions by
the FOSS Near-infrared reflectance spectrometry (NIRSystems
6500). Forty grams of sunflower seeds per genotype per condition
per replication were ground in a Knifetec 1095 Sample Mill (1975,
FOSS, Tecato, Hoganas, Sweden) three times for 10 s each. No
sample material adhered to the walls of the mill because the
sample was mixed at each interval. A FOSS NIRSystems 6500
spectrophotometer (Foss Analytical, Denmark) was used to collect
spectra from the ground sunflower seeds using a small round cup
with a quartz window. The reflectance (R) of each sample was
measured as log of 1/R from 400 to 2500 nm at 2 nm intervals. The
absorption maximum around 1700 - 1800 and 2300 - 2400 nm were
due to oil and fatty acid content. The area near to 2180 nm was
related to protein content.

Statistical analysis and map construction

Data were analyzed using SAS PROC GLM (SAS Institute Inc.,
1996) and the statistical package for the social sciences (SPSS).
Statistical analysis was carried out in order to determine the main
effect of RILs for the studied traits. The mean of RILs and that of
their parents were compared for all the traits. Genetic gain when
the best RIL is compared with the best parent (GGB) and when the
mean of the top 10% selected RILs is compared with the mean of
the parents (GG10%), were calculated for the traits. Simple corre-
lation coefficients (Pearson) among the studied traits were also
determined.

Some important tocopherol pathway-related genes, enzymatic
antioxidant-related genes, drought-responsive genes and phospho-
glyceride transfer-related genes were used to improve our
department genetic map (Poormohammad et al., 2007). Respective
sequence data for candidate genes were obtained from the
Arabidopsis Information Resource (www.arabidopsis.org). In order
to seek the helianthus homolog sequences to the Arabidopsis
genes, we used the composite expressed sequence tags (EST)
assembly clusters, available at the Helianthus-devoted bioin-
formatics portal Heliagene (www.heliagene.org). The Helianthus
EST clusters presenting the reciprocal blast with the highest score
and lowest E value with regarde to the original Arabidopsis genes

were chosen for our studies. Genotyping was done by SNP-based
CAPS marker and high resolution melting (HRM) as well as directly
on agarose gel. The chromosomal locations of QTLs were resolved
by composite interval mapping (CIM), using Win QTL Cartographer,
version 2.5 (Wang et al,, 2005) with the mean values of three
replications for each RIL in each conditions. The genome was
scanned at 2-cM intervals; with a window size of 15 cM. Up to 15
background markers were used as cofactors in the CIM analysis
with the program module Srmapaqtl (model 6). Additive effects of the
detected QTLs were estimated with the Zmapqtl program (Basten et
al., 2002). The percentage of phenotypic variance (R?) explained by
each QTL was estimated by Win QTL Cartographer.

RESULTS
Phenotypic variation

Results of analysis of variance for PSP, PSO, PAC, SAC,
OAC and LAC are presented in Table 1. A normal distri-
bution was observed for studied traits under all conditions
and is shown in Figure 1 for well-irrigated condition.
Significant genotypic effect is observed for afore-
mentioned traits in well-, partial-irrigated and late-sowing
conditions. Genetic gain and phenotypic performance of
RILs and their parents for above-mentioned traits in all
conditions are presented in Table 2. The differences
between the mean of RILs (MRILs) and the mean of their
parents (MP) for all studied traits are non-significant. The
comparison between the best parent (BP) and the best
RIL (BRIL), considered as genetic gain (GGB), showed a
significant difference for all traits in all conditions. A large
genetic variability is observed for all studied traits resul-
ting in significant differences between the 10% selected
RILs (10%SRILs) and the mean of the parents for all
conditions. Phenotypic correlations among different traits
in different conditions are presented in Table 3. A signi-
ficant and positive correlation is observed between PSP
and SAC, between PSO and LAC, between PAC and
SAC and between PAC and LAC in all conditions. A
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Figure 1. Distribution for percentage of seed protein (PSP), percentage of seed oil (PSO), palmitic acid content (PAC), stearic acid content
(SAC), oleic acid content (OAC) and linoleic acid content (LAC) in a population of sunflower recombinant inbred lines (RILs) grown under
well-irrigated condition.
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Table 2. Genetic variability and genetic gain for percentage of seed protein, percentage of seed oil, palmitic, stearic, oleic and linoleic
acids content (in percentage of oil) in a population of sunflower recombinant inbred lines (RILs) grown under well-irrigated (WI),
partial-irrigated (PI) and late-sowing (LS) conditions.

S\,‘;‘r'lr::c‘;f Condition | Protein (%) | Oil (%) | Palmitic acid | Stearic acid | Oleic acid | Llinoleic acid
PAC-2 (P1) Wi 21.18 40.59 4.80 3.73 41.95 48.81
PI 21.51 38.13 4.76 3.92 43.22 46.93
LS 25.37 39.23 5.51 5.25 24.20 64.96
RHA-266 (P2) | WI 21.69 45.22 5.58 3.95 38.84 52.50
PI 24.64 38.81 5.32 5.00 41.37 49.23
LS 25.27 40.45 6.15 4.96 25.40 64.58
/P1-P2/ Wi 0.51NS 4.62** 0.77 N 0.21 N 311N 3.68 NS
PI 3.12* 0.68 NS 0.56 NS 1.07 NS 1.84 NS 2.29NS
LS 0.09 NS 12118 0.63 N 0.29 NS 119N 0.37 N
wi 21.433 42.904 5.187 3.839 40.397 50.657
MP :(P1+P2)/2 | PI 23.08 38.47 5.04 4.46 42.30 48.08
LS 25.32 39.84 5.83 5.10 24.80 64.77
wi 22.26 40.30 5.21 4.31 40.19 50.34
MRILs PI 23.10 39.51 5.17 4.45 41.48 49.22
LS 25.22 37.29 5.96 5.39 25.11 64.03
/MRIL -MP/ Wi 0.83 NS 2.60 N 0.01 N 0.47 NS 0.21 N 0.31 N
PI 0.01 N 1.03NS 0.13 N 0.01 N 0.81 N 113N
LS 0.10 S 2.55NS 0.12NS 0.28 NS 0.31 NS 0.73 NS
GGB: Wi 11.3* 5.11* 1.11* 1.31* 19.44** 17.65*
(BRIL-BP) PI 8.22** 11.01** 1.49* 1.9% 17.4* 19.08**
LS 7.85* 5.9** 1.08** 2.14* 16.52** 15.95*
GG10%: Wi 7.06** 4.78* 1.187* 2.18* 15.15* 15.09**
(10% SRILs - | PI 5.69* 8.52* 1.33* 1.52* 13.85* 14.99**
MP) LS 4.39** 3.74** 0.94* 1.59* 10.74** 9.11*

Table 3. Simple correlation coefficients (Pearson) among percentage of seed protein (PSP), percentage of
seed oil (PSO), palmitic, stearic, oleic and linoleic acids content (PAC, SAC, OAC and LAC, respectively)
in sunflower (RILs) under well-irrigated (W), partial-irrigated (Pl) and late-sowing (LS) conditions.

Parameters | Condition Correlation coefficients
OAC LS -0.98"
PI -0.99"
Wi -0.99°
SAC LS -0.15 0.06 "
PI -0.07™ -0.02"
Wi -0.07" -0.15
PAC LS 0.42" -0.72" 0.67"
PI 0.31" -0.84" 0.81"
Wi 0.15" -0.84" 0.81"
PSO LS 0.10"™ -0.25 -0.10™ 0.18"
PI 0.27" -0.30" -0.21" 0.25"
Wi 0.27" -0.46 -0.28 0.33"
PSP LS -0.35 -0.23" 0.45" 0.08™ -0.07"™
PI -0.63" -0.24" 0.56 0.33" -0.36
Wi -0.65 -0.41" 0.64" 0.44" -0.48"~
PSO PAC SAC OAC LAC

* **: Significant at 0.05 and 0.01 probability level, respectively; NS not significant.




significant and negative correlation is also observed bet-
ween PSP and PSO, between PSP and PAC, between
PSO and SAC and between PAC and OAC under all
conditions. There is a high significant and negative cor-
relation between OAC and LAC. Under well- and partial-
irrigated conditions, the correlation between PSP and
OAC and between PSO and PAC is significant and
positive whereas a significant and negative correlation is
observed between PSP and LAC and between PSO and
OAC.

QTL analysis

The map position and characteristics of QTLs associated
with the studied traits in the field under well-, partial-
irrigated and late-sowing conditions are presented in
Table 4. QTLs are designated as the abbreviation of the
trait followed by ‘WI, ‘PI' and ‘LS’ for well-irrigated,
partial-irrigated and late-sowing conditions. The corres-
ponding linkage group and the number of QTLs in the
group are also indicated for each QTL. Two to six QTLs
are identified depending on the trait and conditions. Both
parental lines contribute to the expression of the different
target traits and positive or negative additive effects are
presented (Table 4). Co-localized QTLs are detected for
all traits on various linkage groups (Figure 2). Detected
QTLs for PSP is shown from 5.4 - 28.8% of the
phenotypic variance (R%). The most important QTL for
PSP (PSP - WI.13) is identified on linkage group 13.
Positive alleles for this QTL come from RHA266. The
percentage of phenotypic variance (R?) explained by
QTLs of PSO ranged from 5.92 - 38.18%. The major QTL
for PSO (PSO - PI.16) is identified on linkage group 16
which explained 38.18% of the phenotypic variance. On
linkage group 16, we also identified 2 other QTLs for this
trait under well-irrigated and late-sowing conditions. They
are co-located with several QTLs controlling fatty acids
content (Figure 2). The percentage of phenotypic varia-
nce (R®) explained by QTLs of PAC ranged from 4.65 -
38%. Most of the positive alleles for these QTLs come
from PAC2. Under late-sowing condition, identified QTLs
for SAC is explained from 7.31-54.38% of the phenotypic
variance. Several QTLs are detected for OAC under all
conditions. The percentage of phenotypic variance (R®)
explained by these QTLs ranged from 5.31 - 67.35%. The
most important QTL for OAC (OAC - WI.10) is located on
linkage group 10 where several QTLs controlling fatty
acids are found. Under late-sowing condition, five QTLs
for LAC are identified which explained from 4.36- 53.72%
of the phenotypic variance.

DISCUSSION

Significant differences between the parents are observed
only for PSO in well- irrigated condition and PSP under
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partial-irrigated conditions, indicating gene expression
differences between them for these two traits under the
two conditions (Table 2). Non significant differences
between the mean of the RILs (MRILs) and the mean of
their parents (MP) reveal that the RILs used in this re-
search are representative of all possible genetic com-
binations between the two parents ‘PAC2’ and ‘RHA266'.
Genetic gain (GGB) when the best RIL is compared with
the best parent and GG 10% Sel, considered as the
differences between the mean of the top 10% selected
RILs and the mean of the parents, are significant for all
the studied traits, revealing transgressive segregation for
all the studied traits. Transgressive segregation is also
reported for water status traits (Poormohammad et al.,
2007) and yield-related traits (Poormohammad et al.,
2009) in the same population. Transgressive segregation
would be the result of the accumulation of favorable
alleles coming from different parental lines. The positive
and negative signs of additive effect at the different loci
(Table 4) indicate the contribution of both parental lines
and confirm the transgressive segregation observed at
the phenotypic level. The mean of late-sown RILs for
LAC is increased (64.03%) compared to the well-irrigated
RILs (50.34%). Highly significant correlations are
observed among most of the studied traits. High negative
correlation between OAC and LAC in all conditions is
similar to the results of Lagravére et al. (2004) and
Ebrahimi et al. (2008) in sunflower. A significant and
positive correlation between PSP and OAC and between
PSO and PAC is observed under well- and partial-
irrigated conditions whereas correlation between them is
not significant under late-sowing condition. Non signi-
ficant correlation between PSP and LAC and between
PSO and OAC is observed under late-sowing condition
whereas correlation between them is significant and
negative under well- and partial-irrigated conditions. Cor-
relation between OAC and PAC is negative in all
conditions, which is similar to the results of Ebrahimi et
al. (2008) in sunflower and Mdllers and Schierholt (2002)
in rapeseed.

The QTLs detected in the current research reveal that
several putative genomic regions are involved in the
expression of the mentioned traits under all conditions. A
specific QTL for PSP is identified on linkage group 8
(PSP-LS.8). This QTL, controlled by RHA266 alleles,
appears to be important in late-sowing condition. Over-
lapping occurs for QTLs of PSP and PSO on linkage
group 9 (PSP-PI.9 and PSO-PI.9) and 11 (PSP-PI.11 and
PSO-PI.11). Significant and negative correlation between
PSP and PSO (Table 3) is justified by opposite additive
effects of their overlapped QTLs (Table 4). Negative cor-
relation between PSP and PSO (Table 3) and their
overlapped QTLs with opposite additive effects (Table 4)
are also reported in the previous studies (Lee et al.,
1996; Zhao et al., 2002; Mahmood et al., 2006; Ebrahimi
et al., 2008). This phenomenon poses potential challenges
to breeders for simultaneous improvement of both traits.
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Table 4. QTLs detected for percentage of seed protein (PSP), percentage of seed oil (PSO),
palmitic acid content (PAC), stearic acid content (SAC), oleic acid content (OAC) and linoleic
acid content (LAC) under well-, partial-irrigated and late-sowing conditions.

Trait QTL LG Position LOD Additive R?
cM effects
Well-irrigated
PSP PSP-WI.10.1 10 2.01 4.67 -1.67 14.00
PSP-WI.10.2 | 10 35.31 4.32 -1.71 12.00
PSP-WI.13 13 25.31 3.09 -3.22 28.80
PSO PSO-WI.2 2 71.31 3.29 1.17 6.23

PSO-WI.11 11 47.31 3.94 1.38 9.25
PSO-WI.13 13 13.91 4.00 3.51 28.31
PSO-WI.15 15 0.61 5.86 1.82 15.06
PSO-WI.16 16 19.21 4.88 1.88 15.63

Partial-irrigated

PSP PSP-PI.8.1 8 0.01 5.36 -0.93 8.00
PSP-PL9 9 44.71 6.86 0.94 8.90
PSP-PI.11 11 2.01 5.02 -1.41 17.20
PSO PSO-PL9 9 47.41 6.15 -1.77 12.07
PSO-PI.10 10 45.61 5.91 1.92 14.23
PSO-PL11 11 24.01 6.11 2.31 20.00

PSO-PL.15 15 20.21 5.85 2.26 12.58
PSO-PI. 16 16 15.21 6.30 3.58 38.18

Late-sowing

PSP PSP-LS.8 8 156.31 7.50 -0.75 10.50
PSP-LS.11 11 40.11 3.91 -0.58 5.40

PSO PSO-LS.2 2 71.31 5.58 1.58 18.91
PSO-LS.8 8 26.91 3.20 1.10 5.92
PSO-LS.11 11 42.11 3.23 1.22 9.78
PSO-LS.16 16 144.71 4.88 1.31 11.89
PSO-LS.17 17 32.71 6.14 -1.48 11.95

Well-irrigated

PAC PAC-WI.10 10 0.01 5.56 0.24 10.64
PAC-WI.14 14 41.61 3.67 -0.13 4.65
PAC-WI.16 16 11.21 5.70 0.17 6.40

SAC SAC-WI.3 3 0.01 3.40 -0.31 14.70
SAC-WL7 7 12.01 3.10 -0.31 11.16
SAC-WI.10 10 45.61 4.07 -0.34 17.42
SAC-WI. 14 14 38.01 3.00 -0.33 14.07

Partial-irrigated

PAC PAC-PIL2 2 2.01 4.04 0.47 36.04
PAC-PI.16 16 11.21 3.47 0.17 5.80

SAC SAC-PL.2 2 8.01 4.60 0.70 65.17
SAC-PI.8 8 53.61 6.63 -0.70 12.00
SAC-PI. 14 14 26.01 3.087 -0.69 15.00

However, independent segregation of QTLs for PSP group 8 (PSP-PL.8) is linked to candidate gene, HuCL
and PSO provides opportunity for simultaneous improve- 02840C003 (Figure 2). This candidate gene, homo-
ment of these two traits in sunflower. Under partial- genitisate phytyltransferase (VTE2), is involved in toco-
irrigated condition, a specific QTL of PSP on linkage pherol pathway (Kanwischer et al., 2005). The most
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Trait QTL LG | PositioncM | LoD | Additive R?
Late-sowing
PAC-LS.2 2 6.01 4.97 0.27 20.11
PAC-LS.6 6 28.21 5.29 0.16 7.18
PAC PAC-LS.8 8 55.61 6.24 0.45 38.00
PAC-LS.10 10 8.01 5.00 0.24 10.00
PAC-LS.11 11 10.01 6.50 0.28 11.04
PAC-LS.17 17 26.71 6.20 -0.21 11.80
SAC-LS.1 1 6.01 4.67 0.57 54.38
SAC-LS.5 5 3.81 3.07 0.23 10.75
SAC SAC-LS.10 10 52.11 4.38 0.20 8.75
SAC-LS.14 14 26.01 3.87 -0.21 7.31
SAC-LS.15 15 10.21 4.85 -0.24 10.52
Well-irrigated
OAC-WI.4 4 17.11 4.00 -2.78 7.20
OAC-WI.10 10 6.01 12.98 -9.69 67.35
OAC OAC-WI.11 11 4.01 3.81 -3.13 8.74
OAC-WI. 14 14 34.01 4.54 3.51 10.11
OAC-WI.16 16 11.21 3.55 -2.77 6.06
LAC LAC-WI.3 3 25.31 5.18 -2.42 5.65
LAC-WI.4 4 17.11 4.80 1.89 3.70
LAC-WI.10 10 6.01 11.09 9.48 68.00
LAC-WI.13 13 56.51 3.15 -2.05 4.50
LAC-WI.16 16 139.51 6.68 -2.83 7.90
Partial-irrigated
OAC OAC-PI.2 2 14.01 3.3 -3.57 10.93
OAC-Pl4 4 17.11 6.44 -3.70 11.20
OAC-PI.10 10 6.01 11.55 -5.90 36.45
OAC-PI.11 11 14.01 4.44 -3.68 8.98
OAC-PI.14 14 34.01 3.79 7.98 30.83
LAC LAC-PIL2 2 45.71 3.29 7.35 30.38
LAC-Pl.4 4 17.21 6.10 3.73 12.47
LAC-PI.10 10 6.01 11.04 5.42 31.01
LAC-PI.11 11 0.01 6.07 2.16 6.17
LAC-PI.13 13 61.61 3.69 -2.32 5.88
LAC-PI.16 16 8.41 4.49 2.52 5.64
Late-sowing
OAC OAC-LS.1 1 2.01 3.13 1.61 5.31
OAC-LS.2 2 18.01 3.96 -6.561 58.20
OAC-LS.10 10 10.01 3.03 -3.031 14.87
OAC-LS.16 16 11.21 3.70 -2.351 10.76
LAC LAC-LS.4 4 17.21 5.12 1.35 4.36
LAC-LS.10 10 0.01 3.32 2.27 10.29
LAC-LS.11 11 10.01 4.31 5.19 18.52
LAC-LS.14 14 53.61 3.87 -2.34 12.19
LAC-LS.17 17 24.71 7.84 -6.31 53.72

The QTLs are designated as the abbreviation of the trait followed by "WI", Pl and LS " for well-irrigated,
partial-irrigated and late-sowing. The positive additive effect shows that PAC2 alleles increase the trait and
negative additive effect shows that RHA266 alleles increase it. Fatty acids are measured as percentage of oil.

6775



6776 Afr. J. Biotechnol.
LG1 LG2
ORS803 ——0,0 Q
213 ORS342—00 IR
I,L ~ Ic) I)>
w 2 o
- ~ o
HuCL0079C003 18,1 o
ORS509 36,8 ORS229 317
ORS365 48,1
HA4090 53,7
ORS959 61,5
ORS53 ——— 68,6
ORS653 ~L_|- 61,6
ORS203~ |~ 66,3
ORS925~] 69,3
ORS525_1 —1— 71,3
ORS1194 ORS1045 T > 73,9
HA3208 79,4
HA3239 83,4
ORS1035 86,8
ORS423 93,5
HuCL00156C004 ~—— 99,2
HuCL10527C001 —~—102,1 LG5
LG4 .
ORS533 —)
ORS620 —— 0,0 HA3627 “T |~
ORS523 1
HA991 8,3
HA432 —~—— 12,5 | o
HA1258 =T~ 13,4 =
Q o4 ~ ORS31 2
ORS1068~] | ~17.1 S IE% IQ 2
ORS337 T 172 1% By | = = ORS1024_1
~ N[IRRY
LR SSL231
3
~
HA3700
ORS1159
ORS671_1 ———32,0 ORS1024_2 —

0,0
1,8

9,7

28,4
32,5
36,6

43,6

49,7

58,5

G'ST-0VS

LG3
SSL303 ——0.,0
S
ORS718 46 <
P
HA2920 12,3
HA3938 17,3
—
>
ORS657 25,3|9
<
P
ORS432 35,5
SSu129 433
SSU123 2 ——=—53,0
LG6
HA4103 —— 0,0
ORS381 7.2
ORS1233 14,2
N
@)
=
¢}
(o)}
SSL66_1 38,6
ORS1287 1 ——— 53,6




LG7
ORS331_2 —f1~0,0

ORS331_1 14,6

HA3103 22,4

ORS1041 32,5

HA1848 33,9

LG10

HA928 —1—0,0 I &

|4

2

3
HA3847 18,1
HA3039 24,9
HA2600 27,4

)

9]

HA2579 333 Q70

<

3

ORS591 ~_| 41,4 ™
ORS437 ORS78FT [™~42,0
SSL39 45,6
ORS380 48,1
SSL49 55,3
SSL3 61,7
SSLe6_2 66,0
ORS807 76,6
ORS1144 79,7

01'Id-0OSd

2’ IM-OVS

0L’ IM-Ovd

04'ST-OVd

0L’ IM-OVS

01'ST-OVS

0L 'IM-

OovOo

0L'IM-OV1

Haddadi et al. 6777
LG9
LG8 ORS805 0,0
HuCL02840C003 —~0,0 I(?,
u
3
%
HuCX944063 18,9 - (?)
|.O ORS1009 17,1
b
[9))
(o)
HuCL02051C001 39,0 o
Y ORS1127 25,3
0 ORS428 1 27,4
5 3
Py IO SSL102 30,5
i
[9))
(o)
HA2605 76,2 ORSgs7 st
ORS894 2 87,2 SsL29 42’7I% o
=TI S el [
HA3278 —— 90,2 SsL13 454 -;I%
HA3581 97.9 ORS510 50,2 o
ORS329 107,8
ORS894 1 113,0
ORS624 119,8
ORS418 1 131,2 HA2564 63,5
ORS243 1411 ORS428_2 HA2063 68,6
HA477 70,8
3
Y
[
SSL30 156,3 W HA2053 773
%
HuCL02246C001 173,3
HuCL00001C054 182,9
N
S} o
> v
|<>|<% b
202 olls
[S) SIQ
2
%)
3
LG11
HuCL00358C002 —{~ 0,0 |5’, - 83 I':Z N
o :>|0 ol O
< o § > 1 I~
g oS 00
2 a0 » - fy 4 =
@ >~z
5 :
ssL27 32,1 R T
210
ORS5_1~1—40.1 e |.'~
ORS1146~] |- 465 _ & o |©
ORS354 =T~ 47.3 |9 z =
=
HA3448 66,2




6778 Afr. J. Biotechnol.
LG13
HA2598 ~—0,0
HA3330 5,9
I 2
ORS511 21,3 ;g w
I 2
@
ORS316 37,2
SSU39 54,5 N
ORS630 57.6 g -
] |
@
HA4208 71,6
ORS1242
ORS499
ORS687
HA4239
HA876
HA1837
HA3102
ORS401
ORS121
SSU223
SSuU25
ORSS8

HuCL09897C001

SSuU217
SSuU195
ORS1043

HA3513

ORS1152_1

HuCL04260C001

ORS391
SSsu227
SSuU123_1
SSL20_1

SSL33
ORS1086_1

HA293

HA2077

-

—— 25,7

38,9

54,7

63,3

73,3

79,4

84,1

103,3

N4

LG14

i
moo
wwno

12,7

22,0

N—
N—

- 55,7
|- 58,6

59,5
™~ 61,8

68,2

71,6

79,7

89,8

v M-Ovd

vL STOVS

vLId-OVS
L id-OvO

vLM-OVS

E— —
vLSTOVI L M-OVO



Haddadi et al. 6779

LG16
SSL20 2 ——0,0
o)
ORS333 4,4
I
s 12 10 1?2 1= 1=
ORS418_2 11,2 @ CPI'g |§ o 1
SIEI2S Sz S
ghls s o5
ORS899 20,8 Qs >
> LG17
SSL22 2—1—0,0
ORS656 36,4
ORS169 11,9
ORS128 ~_| - 46,6
ORS31 1’:\47,8 ORS297 16,7
ssL22 1 7497 T >
ORS126 1 /| | 51,4 ol
ORS126 2/—§55,5 Y
SSL22 3 /)| 57.1 l-O SN
ORs5_2 0Rs303_1¥] [\ 60,5 b
ORS303_ 2T [™~64,6 ORS1040 360
HuCL00667C001 70,5
ORS677 47,5
HA3683 ~_|- 81,8 ORS1097 51,8
HA2191 T~ 82,8
HA4222 87,9 ORS1247 59,3
HA1402 65,3
ORS455 95,2
ORS727 71,6
ORS665 103,6
HA2193
108,8 HuCL03143C001 ——— 84,7
iub_6 1244
—_
>
ORS495_2 1395 - ICP
9] <
HA360 144,7 I.O 2
;U [
ORS407~_l- 1529 &

ORS495_1 -~ 1536

Figure 2. Molecular linkage groups of sunflower map presenting QTLs for percentage of seed protein (PSP), percentage of seed oil (PSO),
palmitic acid content (PAC), stearic acid content (SAC), oleic acid content (OAC) and linoleic acid content (LAC).The positions of QTLs are
shown on the right side of the linkage groups. Bars represent intervals associated with the QTLs. The candidate genes are: HuCL00790C003;
glutation s-transferase (GST), HUCL00156C004; pattelin 2 (PATZ2), HuCL10527C001; phosphoglyceride transfer (SEC14), HuCL02840C0083;
homogenitisate phytyltransferase (VTEZ2), HuCX944063; PSI P700, HuCL02051C001; drought-responsive family protein, HuCL00001C054;
catalase (CAT), HuCL02246C001; tocopherol methyl-transferase (VTE4), HuCL00358C002; 4-hydroxy-3-methylbut-2-enyl diphosphate
(HMBPP), HuCL04260C001; p-hydroxyphenylpyruvate dioxygenase (HPPD), HuCL09897C001; cytosolic factor (SEC 14), HuCL00667C001;
phosphoglyceride transfer and HuCL03143C001; peroxidase (POD).
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important QTL of PSO (PSO-PI.16) is mapped to linkage
group 16 between ORS495 2 and ORS407 markers.
This chromo-somic region is important for oil content as it
is also reported by Tang et al. (2006) and Ebrahimi et al.
(2008) for seed oil content. A common QTL for PSO is
identified on linkage group 2 (PSO-WI.2, PSO-LS.2).
These QTLs, controlled by the PAC2 alleles, appear to
be important in both well-irrigated conditions. This region
on linkage group 2, linked to ORS521_1 marker, is also
reported for oil content under greenhouse condition
(Ebrahimi et al., 2008). Under late-sowing condition, a
specific QTL of PSO on linkage group 8 (PSO-LS.8) is
assigned to candi-date gene, HuCX944063 which is
involve in photosystem |. The oil content is positively
associated with leaf area which determines the photo-
synthetic capacity of sun-flower (Hervé et al., 2001).
Overlapped chromosomic regions for PSO and SAC are
identified on linkage group 10 (PSO-Pl.10 and SAC-
WI.10) and 15 (PSO-PI.15 and SAC-LS.15). A significant
and negative association between PSO and SAC (Table
3) is strengthened by opposite additive effects of their
overlapped QTLs (Table 4). There is an important
overlapped region for PAC, LAC and PSO on linkage
group 17 (PAC-LS.17, LAC-LS.17 and PSO-LS.17). This
chromosomic region is located between ORS297 and
ORS1040 markers. A specific QTL for LAC which was
also linked to ORS297 marker was already detected in
this region (Ebrahimi et al., 2008). A common QTL of
PAC on linkage group 16 (PAC-WI.16 and PAC-PI.16) is
linked to the SSR marker, ORS418 2. Several QTLs of
PSO, OAC and LAC are also identified in this region.
Seven QTLs associated with PAC, SAC, OAC and LAC
are identified on linkage group 14. These overlapped
QTLs are linked to candidate gene, HuCL04260C001
which modulates the expression of p-hydroxyphenyl-
pyruvate dioxygenase (HPPD). This candi-date gene is
located between ORS1152 1 and ORS391 markers.
Homogentisic acid (HGA), the com-mon precursor to
tocopherols (Valentin et al., 2006), can originate either
via the conversion of chorismate to prephenate and then
to p-hydroxyphenylpyruvate (HPP) via prephenate dehy-
drogenase in bacteria or via the synthesis and conversion
of the intermediates arogenate, tyrosine, by the shikimate
pathway, and HPP in plants. HPP is then converted to
HGA by HPPD (Norris et al., 1998). The interdependence
between the amount of tocopherol and lipid peroxidation
has also been recognized (Munné-Bosch, 2005). In
plants, the protection of photosynthetic apparatus and
polyunsaturated fatty acids from oxidative damage
caused by reactive oxygen species (ROS) are the main
function of tocopherol (Trebst et al., 2002; Velasco et al.,
2004; Cela et al., 2009; Semchuk et al., 2009). Under
late-sowing condition, a specific QTL of PAC on linkage
group 6 (PAC-LS.6) is located between ORS1233 and
SSL66_1 markers (Figure 2). Overlapping occurs for
QTLs of PAC and SAC on linkage groups 2, 8, and 14.
This can be explained by correlation between PAC and

SAC as well as by a specific gene for fatty acid synthetase
Il (FACII), which lengthens palmitic acid (16:0) by two
carbon atoms to produce stearic acid (18:0) (Cantisan et
al., 2000; Pleite et al., 2006). In previous studies, several
overlapped QTLs of PAC and SAC are reported (Burke et
al., 2005; Ebrahimi et al., 2008). Overlapping also occurs
for QTLs of SAC and OAC on linkage groups 1, 2, and
14. This can be explained by the existence of specific
gene for A9-desaturase (stearoyl-ACP desaturase), which
catalyses the first desaturation of stearic acid (18:0) to
oleic acid (18:1) (Heppard et al., 1996; Cantisan et al.,
2000. We detected overlapped QTLs for SAC and OAC
under late-sowing condition on linkage group 1 (SAC-
LS.1 and OAC-LS.1). This chromosomic region is reported
for days from sowing to flowering (Poormohammad et al.,
2009). A significant negative correlation between days to
flowering and seed-oil content in areas with short growing
season was reported by Leon et al. (2003). They also
detected two overlapped QTLs for seed oil content and
days to flowering. Common QTLs of SAC on linkage
group 10 (SAC-WI.10 and SAC-LS.10) and linkage group
14 (SAC-WI.14, SAC-Pl.14 and SAC-LS.14) are
identified. A specific QTL of SAC is detected on linkage
group 5 which is linked to HA3627 marker. Common
QTLs of OAC are observed on linkage group 2 (OAC-PI.2
and OAC-LS.2) which overlap with QTLs controlling PAC
and SAC. The high negative correlation (Table 3)
between OAC and LAC in all conditions is justified by the
opposite additive effects of their linked QTLs (Table 4;
Figure 1). Another overlapping for QTLs of OAC and LAC
is observed on linkage groups 10, 11 and 16.This can be
explained by correlation between OA and LA as well as
by a specific gene for A12-desaturase (oleoyl-PC desa-
turase), which catalyses the second desaturation of oleic
acid (18:1) to linoleic acid (18:2) (Garcés and Mancha,
1991). Regarding identified QTLs for SAC, OAC and LAC
on linkage group 14 between ORS1152_1 and ORS
391 markers, we can consider this overlapping as a
chromosomic region that controls two pathways, FatA
(stearoyl-ACP desaturase) and FatB (acyl-ACP thioe-
sterase), in sunflower (Pleite et al., 2006).

In conclusion, we have detected several specific and
non specific QTLs under well-, partial-irrigated and late-
sowing conditions for PSP, PSO, PAC, SAC, OAC and
LAC. Detection of QTLs influencing various traits could
increase the efficiency of marker-assisted selection and
increase genetic progress. The relatively low number of
RILs used in current research may have a negative
influence on the accuracy of the calculated QTL effects
and the ability to detect QTLs with small effects and R?
overestimation (Bachlava et al., 2008; Beavis, 1994).
This was, to some degree, compensated by the higher
precision of the phenotyping and the use of our map
including candidate genes. The absence of significant
difference between the mean of RILs and the mean of
parents (Table 3) shows also that RILs used in our study
can present all possible genetic combination from two



parents for the studied traits. Coincidence of the position
for some detected QTLs and candidate genes would be
useful for the function of the respective genes in the fatty
acid pathway and its stability.
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