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Genetic analysis of phytosterol content in sunflower seeds
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Abstract Interest in phytosterol contents due to their
potential benefits for human health has been largely doc-
umented in several crop species. Studies were focused
mainly on total sterol content and their concentration or
distribution in seed. This study aimed at providing new
insight into the genetic control of total and individual sterol
contents in sunflower seed through QTL analyses in a RIL
population characterized over 2 years showing contrasted
rainfall during seed filling. Results indicated that 13
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regions on 9 linkage groups were involved in different
phytosterol traits. Most of the QTL mapped were stable
across years in spite of contrasted growing conditions.
Some of them explained up to 30 % of phenotypic varia-
tion. Two QTL, located on LG10, near b/, and on LG14,
were found to co-localize with QTL for oil content, indi-
cating that likely, a part of the genetic variation for sterol
content is only the result of genetic variation for oil con-
tent. However, three other QTL, stable over the 2 years,
were found on LG1, LG4 and LG7 each associated with a
particular class of sterols, suggesting that some enzymes
known to be involved in the sterol metabolic pathway may
determine the specificity of sterol profiles in sunflower
seeds. These results suggest that it may be possible to
introduce these traits as criteria in breeding programmes
for quality in sunflower. The molecular markers linked to
genetic factors controlling phytosterol contents could help
selection during breeding programs.

Introduction

Sunflower (Helianthus annuus L.) is among the most
important oilseed crops around the world. This crop can be
of special interest for its adaptation to high temperatures
and to limited water availability (Rondanini et al. 2003;
Roche et al. 2004; Anastasi et al. 2010). Breeding programs
have focused particularly on yield, resistance to diseases
and oil quantity and quality (Vear 2010). So far, few
studies have been devoted to minor lipids including phy-
tosterols, which are present at interesting levels in sun-
flower (Mouloungui et al. 2006).

Plants contain a complex mixture of sterols, the most
abundant being f-sitosterol, campesterol and stigmasterol
while cholesterol occurs only in trace amounts (Benveniste
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2002). These compounds are involved in membrane fluid-
ity and permeability (Hartmann 1998; Schaller 2003) and
in embryogenesis (Clouse 1996; Schrick et al. 2011). As
plant hormone-precursors, they play a crucial role in plant
growth and developmental processes such as cell division,
polarity and morphogenesis (Bajguz and Tretyn, 2003;
Lindsey et al. 2003). Phytosterols are products of the iso-
prenoid biosynthetic pathway (Fig. 1), which occurs only
in the cytoplasm and consists of more than 25 enzyme-
catalyzed reactions (Benveniste 2002).

In recent years, there has been an increasing interest in
sterols due to their potential benefits for human health. They
have been shown to reduce total plasma cholesterol and low-
density lipoprotein cholesterol (LDL) levels in human sub-
jects (Ostlund 2007; Brufau et al. 2008). Like cholesterol, to
which they are related both structurally and biosynthetically,
phytosterols present a tetracyclic ring and side chains linked
to C-17 that differ according to sterol compound. Sitosterol
and campesterol have an ethyl and a methyl group at C-24,
respectively (Fig. 1). The absence of the double bond at the
D5 position represents the saturated form of sterols, called
stanols, which occur in small amounts, mainly in cereals.

Several studies have highlighted other interesting prop-
erties such as anti-cancer, anti-inflammatory, anti-oxidation
activities and prevention of cardiovascular diseases (Hansel
et al. 2011; Valerio and Awad 2011). Consequently, these
bioactive molecules are now used for various industrial
applications and they are also used in nutrition as functional
foods (Chen et al. 2008). By chemical modification, phy-
tosterols could also be used as raw materials in the pro-
duction of pharmaceuticals as a source of steroids (Van
Dansik 2000) or in cosmetics (Folmer 2003). Sterols have
more recently been used in liquid crystals in the optics
industry (Zhang et al. 2005). Overall, the diversification of
sterol uses has led to an increase of industrial demands.

Phytosterols are present in several plant parts and their
levels depend on species (Mouloungui et al. 2006). Often,
these minor compounds are present in low concentrations,
which limit considerably their extraction. Improvement
of phytosterol concentration could improve accessibility of
molecules and therefore could help the development of
extraction methods. Levels of seed sterol contents can be
maximized by crop management (Roche et al. 2006,
2010a), or by harvesting before maturity (Roche et al.
2010b) but knowledge of the available genetic variability is
essential to make possible studies and mapping of genes
controlling sterol content as well as for breeding.

There have so far been few studies on genotypic effects
and Quantitative Trait Loci (QTL) mapping of phytosterols
in sunflowers or other oil crops. In winter rapeseed, Amar
et al. (2008a) found three QTL explaining 60 % of the
observed variance of phytosterol content. In sunflower,
Roche et al. (2006) reported significant differences of total
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sterol contents between three genotypes but sterol com-
pounds were not measured individually. More recently,
among a collection of sunflower inbred lines and hybrids,
Roche et al. (2010a) observed strong genotypic effects both
on individual and total sterol levels. Among the genotypes
studied by these authors, two inbred lines (XRQ and PSCS)
with highly contrasting sterol contents—304 and 229 mg/
100 g SDM (seed dry matter), respectively—are parents of a
set of recombinant inbred lines (RIL), suggesting that it
would be possible to map QTL for sterol contents. A pre-
liminary study based on single RIL samples and a 200 RFLP-
SSR marker map indicated QTL concerning five sterol
compounds, each explaining 10-14 % of variance (Alignan
et al. 2008). Also in sunflower, Haddadi et al. (2012) reported
four QTL for total phytosterol content in a different set of
RIL (RHA266 x PAC2) grown in France and in Iran, but
they explained only 4-13 % of observed variation, and did
not provide information on individual sterol compounds.

Although this study was focused on mapping QTL of
individual sterols in a RIL population, it appeared of interest
to also take into account the mapping of QTL involved in oil
content in the same background, as sterols are lipids and
therefore are likely affected by the whole lipid metabolism.
Seed oil content, a major character for the sunflower crop, is
highly heritable (Fick 1975). Since direct measurements of
whole seed are possible by Nuclear Magnetic Resonance
(NMR), breeding for high oil content is quite easy. Studies
of QTL controlling oil content have been made since 1995
and the linkage groups (LG) involved appear quite stable.
Mestries et al. (1998) detected three QTL for oil content in
an F3/F4 population, on LG6, 10 and 17. Bert et al. (2002),
using the F2/F3 population from which the “INEDI”
Recombinant Inbred Lines (RIL) used in the present study
were developed, showed QTL on the same LG (6, 10 and
17) and also on LGI14. More recently, on unbranched
hybrids, Bachlava et al. (2010) studied the QTL on LG10 in
the region of the recessive branching gene b/, which has a
strong pleiotropic effect on seed size, yield and oil content.
They showed that there was probably a QTL for oil content
close to b1 but still active in unbranched hybrid plants.

This paper presents genetic and QTL analyses of total
and individual phytosterol contents in the INEDI RIL
population, and of their per se oil contents and those of
hybrids between two tester lines and these RIL, using a
map with 482 markers.

Materials and methods

Sunflower genotypes

The INEDI RIL population was obtained by single seed
descent (self-pollination to at least F8) from a cross of
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INRA lines XRQ (bred from a cross of USDA line HA89
and the Russian open pollinated variety Progress) and
PSC8 (bred from a population under recurrent selection for
Sclerotinia resistance). Both these parents have relatively
high seed oil contents, very similar to the USDA line
HAS89, over 10 years at Clermont-Ferrand, after open
pollination HA89: 50.5 % (of dry matter), XRQ: 51.0 %;
PSCS8: 49.5 %. They both produce conventional high lin-
oleic acid oil. The RIL population is made up of 270 lines,
which are maintained and multiplied by self-pollination.

Per se value for oil content and phytosterol profiles

The RIL were grown in a breeding nursery at INRA
Clermont-Ferrand in 2001 to determine oil content in open
pollination, and in 2004 and 2005 to characterize sterol
profiles. For each genotype, there was 1 row of 13 plants,
of which 5-10 were bagged before flowering to obtain seed
by self-pollination. In 2001, four plants were left under
open pollination to ensure good seed set and then bagged
after flowering to protect from bird damage. Seed was dried
at 30 °C, to about 6 % moisture content.

Values in hybrid combination for oil content

Hybrids between the RIL and two tester lines, firstly a
cytoplasmic male sterile, unbranched line (Cms PGF650)
and secondly a restorer line with apical branching and
recessive genic male sterility (§83HR4gms, INRA), were
produced by hand cross pollination in 2000. The objective
was to obtain male fertile unbranched hybrids, resembling
modern sunflower varieties; so crosses were made
according to the branching and restoration genotypes of the
RIL. 181 hybrids were obtained with PGF650 and 131 with
83HR4gms. These hybrids were grown in four locations
chosen in the sunflower cultivation area of France (Cha-
rentes/SCO1, Eure et Loir/RNO1, Gers/SLO1 and Puy de
Do6me/CFO01) in 2001 and the last three locations in 2002
(RNO2, SL02, CF02). The whole set of hybrids was divided
into trials each of 28 hybrids and two check varieties
(PRODISOL and MELODY) with two blocks. INEDI, the
F1 hybrid from which the RIL were developed, was present
in all the trial locations. 50 g samples were taken from each
plot during harvesting and dried at 100 °C for 48 h.

Oil content was measured by NMR (Bruker Minispec
10, Wissembourg, France) on 3-5 g samples of five plants
under open pollination for each of 270 RIL grown at
Clermont-Ferrand in 2001 or for all the hybrid plots from
the samples taken at harvest in 2001 and 2002. For the RII,
statistical analyses were made on oil contents of the four
plants measured. For hybrids, after ANOVA to check
validity of trials, results were expressed as percentages of
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the two checks, in order to group results from different
trials.

Phytosterol contents were measured on 202 RIL grown
in 2004 and 201 RIL grown in 2005 (per se value), using
10 g seed samples obtained by pooling 3-5 g of seed from
2-4 self-pollinated plants according to quantities available.
Time, labour and seed requirements limited the number of
replications which could be made.

Determination of sterol contents and composition
using a small-scale sample extraction method

Sterol extraction and determination

The method of phytosterol extraction used in this study was
based on the current literature (Toivo et al. 2000; Alignan
et al. 2009; Roche et al. 2010b). One hundred microgram of
cholestanol (Dihydrocholesterol, ALpricH CHeM. Co.) from a
stock solution of 5 mg diluted in 2.5 ml of chloroform was
accurately weighed into a 10 ml Pyrex glass tube with a
Teflon screw cap. Each sample of 10 g of sunflower seeds
was ground to a powder. After chloroform evaporation,
250 mg of sunflower seed powder were saponified with 3 ml
of KOH (1 M) (TrrrivorM ™, ProLABO) for 60 min at 75 °C
and mixed every 30 min. The tube was cooled at room tem-
perature for 20 min and 1 ml of distilled water was added.
The non-saponifiable fraction was extracted from saponified
lipids with 6 ml of iso-hexane (MERrk). Tubes were shaken for
I min using a vortex-mixer. Forty microlitre of silylation
reagent (a mix of 1 ml of N-methyl-N-trimethylsilyl-hepta-
fluorobutyramide (MSHFBA, MAcCHEREY-NAGEL) and 50 pl of
1-methyl imidazole (SicmMA) was added to 160 pl of sterol
extracted phase and heated 3 min at 103 °C.

One microlitre of sterol trimethylsilyl ether derivatives was
injected into Perkin-Elmer GC equipped with a CPSIL 8CB
30 m column (D: 0.25 mm, film thickness: 0.25 pm) and FID
detector. The thermal regime was the following: 160 °C
(0.5 min), 10 °C/min until 260 °C, 2.5 °C/min until 300 °C,
25 °C/min until 350 °C, and 350 °C (1.5 min) for the oven
temperatures, 55 °C (0.5 min), 200 °C/min until 320 °C,
30 °C/minuntil 350 °C, and 350 °C (2.5 min) for the injector
temperatures and 365 °C for the detector temperature. Total
phytosterols detected included desmethylsterols (f3-sitosterol,
campesterol, stigmasterol, A7-stigmastenol, A5-avenasterol,
AT7-avenasterol), methylsterols (24-ethylidene lophenol
also called citrostadienol, 24-methylen lophenol also
called gramisterol) and dimethylsterols (cycloartenol and
methylencycloartanol).

The determination of sterols was calibrated against a
GC/MS method previously released. Individual sterols and
squalene were identified by comparison of their retention
time and by comparison of their mass spectra with those
recorded in GC/MS.
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Statistical data analyses

Phytosterol data are expressed as a weight percentage of
seed dry matter (mg of sterol per 100 g of seed dry
matter). There were three technical replications. Analyses
of variance (General Linear Models Procedure, SAS
Institute 1988) were performed in order to assess effects
of years and RIL. Components of variance were computed
using the mean squares expectation obtained from the
SAS procedure. Estimates of the variance components
o’RIL (genotypic variance) and ¢ RIL x year (error
variance) allowed the calculation of the broad-sense
heritabilities of the mean of genotypes (h?) for all the
traits as:

h* = ¢°RIL/[¢’RIL + (¢°RIL x year/y)],

where y is the number of years

The genetic map was built with genotyping data
obtained for 482 markers exhibiting polymorphism
between the two parental lines, including 214 SSR, 235
SNP detected on sunflower genes, 9 Resistance Gene
candidates (RGC), 13 BAC End Sequence derived markers
and 4 Mendelian phenotypic traits (P12, P15, Rf1, and bl).
Genotyping methods and information on markers were
those described by Vincourt et al. (2012). The map was
built using the CARTHAGENE software (de Givry et al. 2005;
http://www.inra.fr/internet/Departements/MIA/T//CartaGene/
cartagene.html) with the commands “group 0.3 77, then
“buildfw 3 3 {} 0” to built a framework for each group and
finally “buildfw 00 {...} 0” to add the remnant markers. The
map spanned over 1,762 cM. Detailed information on this
map is provided in Supplementary File 1 and is also available
at  http://www.heliagene.org/Web/INRA/INEDI_mapping/
mapping_public_2011-09.html. QTL detection was per-
formed with the software MCQTL (Jourjon et al. 2005)
under the “forward” algorithm and with the “iQTLm”
option (Charcosset et al. 2001), with a threshold corre-
sponding to a Type I error rate of 1 % at the genome wide
level, as determined after 3,000 replications of the
resampling process for each trait. As several phytosterol
fractions were analysed, we used the software BioMERCA-
Tor® (Arcade et al. 2004) to map the different QTL and to
check the hypothesis of a unique QTL associated with
different related traits. Moreover, in a similar approach
aiming to map the genetic factors having a pleiotropic
effect on the individual phytosterol contents, a Principal
Component Analysis was performed on the phytosterol
traits, using R (version 2.9.2) with the function PCA from
the FactoMineR package and initial data scaled to unit
variance.

Results
Oil contents

Genetic variation between RIL in per se and hybrid
combination

The oil contents of RIL (per se) showed highly significant
differences (data not shown) with many lines much lower
than either of the two parents and a fewer lines exceeding
them. There were significant or highly significant differences
between hybrids in each trial. Their mean values over the five
locations did not exceed the level of the hybrid between the
two parental lines and many had lower mean oil contents.

QTL detection

QTL for seed oil content were found highly consistent
across years and locations for the evaluation in hybrid
combinations for a given tester, but highly different
between testers: while QTL explaining between 15 and
32 % of the phenotypic variability were located on LG15
and LG17 with the tester 83HR4gms, QTL explaining from
11 to 21 % of the phenotypic variability were detected on
LGI13 and LGI14 with the tester CmsPGF650 (Table 1).
Other QTL were occasionally detected on LG6 and LG7. In
per se evaluation, in addition to a QTL explaining 51 % of
the phenotypic variability and co-localizing with the bl
locus, the QTL previously detected in hybrid combination
on LG14 and on LG6 were also detected (Table 1).

Sterol content

Effect of climatic conditions and of genetic variation
between RIL on phytosterol contents (per se evaluation)

In an ANOVA taking into account a year effect (two dif-
ferent climatic conditions) and a RIL effect (genetic vari-
ation), there were significant differences between seed
harvested in 2004 and 2005, with higher values observed in
2005 for total sterols, dimethyl and methylsterols, when
rainfall was much lower during the seed filling period
(2004: 124.8 mm; 2005: 17.0 mm). In contrast, desmeth-
ylsterols, which represent the most important part of total
sterols, were higher in 2004 than in 2005. The greatest
variation was observed for cycloartenol and for squalene,
which is the sterol precursor, their 2004 contents being
only half those in 2005 (Table 2).

The RIL showed significant differences for individual
and total phytosterol contents (Table 2). The largest
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Table 1 QTL of oil content detected in hybrid combinations of “INEDI” RIL crossed with the two testers 83HR4gms (in bold) and with Cms
PGF650 (in italic), and in “INEDI” RIL per se (open pollination, in bolditalic)

Trait LG* QTL position” Support interval of the QTL R? (%)° LOD XRQ-PSC8!
Mini® Maxi?
oil_01CF_83HR4 LG15 19.8 14.4 22.4 26 8.1 2.2
oil_01SL_83HR4 LG17 97.5 88.3 100.6 24 7.6 -2.0
oil_01RN_83HR4 LGI15 19.8 13.3 324 18 5.6 1.5
oil_01SC_83HR4 LG15 19.8 7.2 28.9 16 5.1 1.3
oil_Olaver_83HR4 LG14 31.1 30.2 47.7 17 5.1 1.0
LGI15 19.2 12.8 222 27 8.2 1.4
LG17 95.9 88.6 101.9 20 5.9 —-1.2
oil_02CF_83HR4 LGI15 17.2 3.4 42.8 15 4.6 1.3
LG17 95.5 89.8 101.4 22 6.9 —1.8
oil_02SC_83HR4 LG15 31.7 7.2 39.7 22 6.7 1.5
LG17 107.8 91.9 115.9 20 6.1 —-1.5
oil_02RN_83HR4 LGI15 15.2 5.6 30.9 21 6.5 1.8
oil_02aver_83HR4 LGI15 17.2 9.3 36.0 27 8.3 1.5
LG17 95.5 90.1 110.1 21 6.6 —-1.3
oil_aver_83HR4 LGI15 19.2 14.2 224 32 10.2 1.5
LG17 95.5 88.8 102.4 22 6.7 —-1.2
0il_0ICF_PGF650 LG14 30.2 6.3 50.5 14 5.9 1.2
0il_01SC_PGF650 LGO06 30.7 21.1 41.1 11 4.6 1.0
0il_01SL_PGF650 LG13 108.3 105.6 113.3 14 6.0 2.5
0il_OIRN_PGF650 LG13 105.8 95.6 111.0 11 4.9 1.8
oil_Olaver_PGF650 LGO07 49.2 41.4 55.8 13 5.5 —0.7
LGI13 108.3 105.2 111.0 19 7.7 1.8
LG14 30.2 6.3 50.5 12 5.1 0.7
0il_02CF_PGF650 LGI13 110.3 95.2 114.7 14 5.6 1.8
LG14 30.2 12.5 33.5 19 7.4 1.2
0il_02SC_PGF650 LG14 31.1 7.3 51.3 13 7.3 0.9
0il_02RN_PGF650 None
0il_02_aver_PGF650 LGI13 110.3 96.1 113.6 13 5.2 1.5
LG14 31.1 7.1 51.1 14 5.6 0.9
oil_aver_PGF650 LGO07 49.2 38.4 59.1 11 4.5 —0.6
LG13 108.3 105.8 1114 21 8.3 1.8
LG14 31.1 11.7 35.8 16 6.3 0.8
0il_01_FL_RIL LGO06 34.7 26.0 38.5 9 5.8 1.5
LGI10 108.0 108.0 109.4 51 37.2 -5.5
LG14 33.1 25.8 57.0 11 6.7 1.6
The trait “oil_yyLL_...” is designating the oil content for year “yy” in location “LL”

* Linkage group

® Position of the QTL expressed as the distance from the first marker in cM
*4 Minimum and maximum of the support interval of the QTL

¢ Percentage of variance explained by the QTL

' Represents the difference between XRQ and PSC8 alleles for the given QTL

variations within the RIL population were found for  and total sterol contents varied more than twofold. Extreme
dimethyl and methylsterol contents, which varied ten times  RIL values showed both positive and negative transgres-
between extreme RILs. Individual, total desmethylsterol  sions compared with previous values of the two parents
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Table 2 Variation in phytosterol contents (in mg/100 g SDM, Seed Dry Matter) for the INEDI RIL population grown in 2004 and 2005 at INRA
Clermont-Ferrand (France)

Trait Source of variation® n Year average RIL average XRQ PSC8
Years RIL 2004 2005 Mean Range
Squalene 89.327%%* 1.54%% 0.35 3.4 6.9 5.1 1.0-20.2 4.6 2.1
Cycloartenol 245.67%%* 1.76%%* 0.43 10.1 21.0 15.6 6.2-38.5 32.8 5.0
Methylen-cycloartenol 75.22%%* 2.48%%% 0.59 8.4 10.9 9.7 4.6-20.3 8.2 2.5
Dimethylsterols 220.34%%* 1.88%** 0.46 18.6 31.9 25.3 12.0-55.1 41.0 7.5
Gramisterol 168.58%%* 2.48%%* 0.59 22 3.7 2.9 0.7-6.6 2.6 1.1
Citrostadienol 105.86%** 4.32%%% 0.76 13.0 16.8 14.9 6.5-35.6 18.5 7.6
Methylsterols 134.24%** 4.03%%%* 0.75 15.2 20.5 17.9 7.3-41.4 21.1 8.7
07-Avenasterol 7.50%* 4.03%#%#%* 0.75 10.6 11.2 10.9 5.3-24.7 12.0 8.5
07-stigmastenol 28.83%** 5.60%** 0.82 29.5 325 31.0 14.5-62.9 59.1 25.6
05-Avenasterol 2.39 5.42%%% 0.81 8.3 8.0 8.1 3.4-22.5 52 4.7
Campesterol 69.427%%* 11.03%*%** 0.90 17.4 15.7 16.6 7.8-28.5 20.6 16.5
p-Sitosterol 34.56%** 3.23%%* 0.69 156.7 146.0 151.4 101.3-218.8 149.3 120.0
Stigmasterol 9.44%%* 2.89%** 0.65 16.8 16.1 16.4 9.8-25.3 20.1 17.0
Desmethylsterols 13.34%%* 3.18%** 0.68 239.3 229.5 2344 152.3-249.1 266.3 192.3
Total sterols 8.54%%* 3.61%%* 0.72 273.1 282.0 271.5 179.7-414.0 328.4 208.5

** *%% Significance at 0.01 and 0.001 probability levels, respectively

 For each trait F value for RIL and year effects are displayed

(Table 2) High broad sense heritability values were found
for most of the sterol traits (Table 2).

QOTL detection

Table 3 presents the QTLs detected, the additive effect of
alleles of each parent, the LOD score and confidence
interval for all sterols traits. Before meta-analysis, 45 QTLs
were detected on 9 linkage groups, using a type I genome
wide error rate of 1 % for each trait. This conservative
approach led to LOD scores generally >4, depending on trait
and according to MCQTL procedure detection (see “Mate-
rials and methods”). For each sterol trait, at least one QTL
was detected in each year, except for methylene-cycloarte-
nol for which no QTL was mapped (Table 3). A meta-
analysis was performed in order to check the hypothesis of a
unique QTL associated with different related traits when
QTLs concerning different characters co-localized.

Among the thirteen QTLs detected on LG1, four were
related to total and individual methylsterols (citrostadie-
nol); and nine were involved in specific desmethylsterols
(67-avenasterol, §7-stigmastenol, f-sitosterol), total des-
methylsterols and total sterols contents (Table 3; Fig. 2).
The meta-analysis showed them all to be at a single posi-
tion except for d7-avenasterol. QTL for campesterol were
found on LG4 and 7, on LG4 close to a QTL one for
squalene content (Table 3) and on LG 7, co-localizing with
one for d7-avenasterol content. QTL involved in total and
individual methylsterols, individual desmethylsterol and

squalene contents were identified on LGI10 (Fig. 2),
grouped in two metaQTL with slightly different positions
according to year. Additional QTL for methylsterols were
found on LG16 (Table 3). For total dimethylsterols and
cycloartenol, QTL were identified on LG14, apparently
co-localizing with control of d5-avenasterol content Alleles
of XRQ provided the favourable alleles for all QTL except
those on LG10 (Table 3).

Discussion

Overall genetic variation on sterol content in the INEDI
RIL population

The values of sterol content observed in sunflower seeds
are quite similar to those reported by Anastasi et al. (2010),
Roche et al. (2010a) but lower than the results obtained by
Roche et al. (2006), Haddadi et al. (2012). This difference
may partly result from the different genotypes used, but
may also be due to climatic conditions during the cropping
seasons. Variations of temperatures during grain filling are
known to induce differences in phytosterols content
(Alignan et al. 2009; Roche et al. 2010b). Mean tempera-
tures that prevailed during 2004 and 2005 in Clermont-
Ferrand were 2—4 °C lower than those reported by Roche
et al. (2006) in Toulouse in 2002 and 2003. Unfortunately,
climatic conditions were not detailed in Haddadi et al.
(2012) which limits comparison.
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Table 3 QTL detected for seed phytosterol contents in the sunflower RIL population INEDI, grown at INRA Clermont-Ferrand (France) in 2004

and 2005

Trait LG* QTL position®  Support interval of the QTL R* (%)° LOD XRQ-PSC8'  MetaQTL?®
Mini® Maxi

Citrostadienol_04 LGO1 25.5 20.3 334 14 6.5 0.8 Meta_LGl1

Citrostadienol_05 LGO1 24.5 21.1 28.1 18 8.9 1.3

07_Stigmastenol_04 LGO1 255 19.9 41.8 12 52 1.5

07_Stigmastenol_05 LGO1 25.5 21.9 353 17 8.8 2.2

Desmethylsterols_tot_04 LGO1 28.4 18.4 44.5 12 53 6.7

Desmethylsterols_tot_05 LGO1 24.5 21.4 40.9 12 5.6 6.5

Methylsterol_04 LGO1 25.5 20.3 34.0 15 6.5 0.9

Methylsterol_05 LGO1 24.5 21.8 28.0 16 7.7 1.4

P_Sitosterol_04 LGO1 28.4 18.5 43.0 13 5.7 4.8

p_Sitosterol_05 LGO1 24.5 20.4 41.9 9 4.1 3.8

Total sterol_04 LGO1 28.4 19.9 42.7 14.2 6.4 7.9

Total sterol_05 LGO1 24.5 21.6 36.2 13.6 6.6 8.8

07_Avenasterol_04 LGO1 79.1 72.2 95.5 10 43 0.5

Campesterol_04 LG04 104.3 99.2 108.4 9 3.8 0.7

Campesterol_05 LG04 104.3 101.0 108.5 12 55 0.8

Squalene_04 LG04  105.4 92.1 110.2 13 55 0.3

05_Avenasterol_05 LGO06 38 31.5 51.6 17 8.4 0.5

Gramisterol_05 LGO06 12.3 2.1 19.5 9 4.1 -0.3

Campesterol_04 LGO7 50.3 439 66.1 13 5.7 0.9 Meta_LG7

Campesterol_05 LGO7 50.3 443 60.8 12 5.7 0.8

05_Avenasterol_04 LGO07 57.7 47.3 774 13 5.6 0.8

Methylsterol_05 LGO09 62.6 54.7 106.4 9 4.1 —1.1

Citrostadienol_04 LGI0O  109.1 107.7 117.3 26 13.7 —1.1 Meta_LG10_1

05_Avenasterol_04 LGI0O  109.1 104.7 118.3 11 4.9 0.5

Gramisterol_04 LG10  109.1 106.5 126.0 11 4.8 —0.1

Methylsterol_04 LGI0 109.1 107.8 117.3 25 13.1 —-1.2

Squalene_04 LGI0O  102.7 99.9 105.7 31 17.1 -0.5

Citrostadienol_05 LGI0O 1165 113.6 122.2 20 10.6 —1.4 Meta_LG10_2

07_Stigmastenol_04 LGIO 1155 105.5 118.2 18 8.7 -1.9

07_Stigmastenol_05 LGIO 116.5 112.2 119.3 14 6.8 -1.9

Gramisterol_05 LG10 116.5 107.5 123.5 9 4.2 -0.3

Methylsterol_05 LGI0O 116.5 113.5 118.2 20 10.0 -1.7

Stigmasterol_05 LGIO 1155 107.5 128.2 12 5.6 —0.6

Squalene_05 LGI0 94.6 85.7 103.3 20 10.9 —-1.2

Dimethylsterol_04 LGI13 14.8 0 47.9 4 4.5 —0.8

Dimethylsterol_04 LG14 74.3 55.6 89.1 10 42 1.3 Meta_LG14_1

Total sterol_04 LG14 74.3 63.1 89.1 9 3.7 6.4

Cycloartenol_04 LG14 33.1 27.7 37.2 25 13.2 1.0 Meta_LG14_2

Cycloartenol_05 LG14 32.1 24.7 37.0 18 9.0 2.3

05_Avenasterol_04 LG14 34.1 29.2 48.5 17 8.0 0.8

Dimethylsterol_05 LG14 31.1 24.8 75.5 14 6.6 25

05_Avenasterol_05 LG14 8.0 0.0 58.3 13 59 0.6

Citrostadienol_04 LGl6  119.8 108.9 119.8 9 3.6 0.6

Gramisterol_04 LGl6 116.3 107.9 119.8 13 5.9 0.2
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Table 3 continued

Trait LG* QTL position®  Support interval of the QTL R* (%)° LOD  XRQ-PSC8'  MetaQTLE
Mini® Maxi®

Methylsterol_04 LGl6 1193 109.7 119.8 11 46 0.8

* Linkage group

" Position of the QTL expressed as the distance from the first marker in cM

“d Minimum and maximum of the support interval of the QTL

¢ Percentage of variance explained by the QTL

 Represents the difference between XRQ and PSC8 alleles for the given QTL

& MetaQTL obtained from Biomercator (see “Materials and methods™)

A significant difference was found in seed sterol con-
tents between the 2 years of the present study (Table 2)
although these were more similar than their means com-
pared with the results of Anastasi et al. (2010); Roche et al.
(2010a). In 2005, the drier year, dimethylsterols, methyls-
terols, d7-avenasterol and J7-stigmastenol contents were
higher than in 2004; whereas, the other demesthylsterols
were lower (Table 2). Thus, the contents of sterols pro-
duced at the beginning of the enzyme pathway were higher
in the dry year whereas the final compounds, mostly des-
methylsterols, were greater in 2004, the rainy year. Limited
water availability could have reduced desmethylsterols in
2005 or increased their synthesis in 2004 as reported by
Anastasi et al. (2010).

Genotypic variation of sterol contents varies according
to crop species. Yamaya et al. (2007) showed weak genetic
differences in sterol composition of soya-bean between
Japanese and non-Japanese genotypes, whereas Alignan
et al. (2009) and Amar et al. (2008b) reported strong
genotypic effects in wheat and rapeseed, respectively.
Broad variation was found within our RIL population,
greater than the differences observed among the genotype
collection reported by Roche et al. (2010b). The trans-
gressive segregation shown by some RIL for total sterols
(Table 2) is in agreement with Haddadi et al. (2012).

Co-localization for oil and individual sterol contents

Shared QTL positions were found on LG10 (meta_L.G10_2,
near of the b/ locus, Fig. 2a) and on LG14 (meta_LG14_2,
Fig. 2a), for seed oil content both in per se value and in
hybrid combination and individual sterol contents. These
QTL positions accounted for the largest part of phenotypic
variability for sterol content (Table 3). The implication of the
b1 region on LG10 has been already discussed by Bachlava
et al. (2010), and the QTL position on LG14 for oil content
confirmed the previous results of Bert et al. (2002).

Two QTL were actually mapped on LGI10, each
appearing to be specific to a particular year, suggesting
that, according to climatic conditions, different genes

reflected the limiting factors for each year in the phytos-
terol biosynthetic pathway. As the QTL meta L.G10_2 was
also found to co-localize with oil content, it could be
moreover suggested that in 2004, the limiting factor for
phytosterol content was associated with oil synthesis, while
in 2005, a factor more specifically associated with phy-
tosterol content was involved.

The QTL for squalene content was found at the same
position (meta_QTL_2) in 2004 and 2005, suggesting that
genes encoding enzymes involved in squalene accumula-
tion, mainly squalene synthase, may be localized at this
position. Over expression of squalene synthase increases
squalene or phytosterol contents in Eleutherococcus sen-
ticosus and Withania coagulans, (Seo et al. 2005; Mirjalili
et al. 2009).

The QTL meta_LLG10_2 was also found to account for
variation in methylsterols, and particularly citrostadienol
and its precursor gramisterol, which are the most abundant
methylsterols. Enzymatic modifications resulting in trans-
formation of gramisterol in f-sitosterol are described in
Fig. 1 and imply several enzymes. This may explain QTL
co-localization of total and individual desmethylsterols and
methylsterols on LG1 and LG10 (Fig. 3). However, QTL
for §7-avenasterol and d5-avenasterol did not map at the
same position. In addition, three QTL were identified
for d5-avenasterol in 2004 and two in 2005 (Table 3).
05-avenasterol is accumulated mainly after two enzymatic
modifications involving A7-sterol C5 desaturase and
A7-sterol C7 reductase. Our results indicate a year effect
on sterol contents, probably due to different rainfall levels
during grain filling, which affected seed development. In
2005, dimethylsterols, methylsterols, d7-avenasterol and
07-stigmastenol contents were higher than in 2004,
whereas, the other desmethylsterol and total sterol contents
were lower in 2005 (Table 2). This result supports that a
probable regulation of A7-sterol-C7-desaturase (DWF7/
STE1) and A7 sterol C7 reductase (DWF5), which are
involved in the transition between o7-avenasterol and
o5-avenasterol (Fig. 1). These multiple steps involved in
05-avenasterol synthesis may explain the numerous QTL
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(a)

Citrostadienol_04
85-Avenasterol_04
Gramisterol_04
Methylsterol_04
Squalene_04
Squalene_05

Citrostadienol_05
87-stigmastenol_04
87-stigmastenol_05
Gramisterol_05
Methylsterol_05

(b)

B-sitosterol_04
B-sitosterol_05
Citrostadienol_04
Citrostadienol_05
87-stigmastenol_04
87-stigmastenol_05
Demethylsterol_04
Demethylsterol_05
Methylsterol_04
Methylsterol_05
Total sterol_04
Total sterol_05
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«Fig. 2 Main QTL for phytosterols traits in the XRQ x PSC8
recombinant inbred lines population cultivated in field conditions in
2004 and 2005. Individual phytosterol traits are listed in front of the
major MetaQTL detected in using Biomercator (see “Materials and
methods”) and of QTL associated with the principal components.
a QTL detected both for sterol content and oil content; b QTL
specifically detected for sterol content

(Table 3; Fig. 2) observed for this trait and its regulation
which was probably affected by weather conditions.

As both individual sterol and oil content are measured as
a fraction of seed dry matter, these two common QTL
could be considered as not particularly relevant to identify
particular genetic profiles giving increased production of
sterols for a given seed oil content. However, this co-
localization confirms the overall interest for sunflower
breeding to identify the genes behind those two QTL.

QTLs for cycloartenol were identified in 2004 and 2005
and were co-localized on LG14 (meta_LG14_2), while QTL
for dimethylsterols were mapped at different positions on
LG14 (meta_LG14_1 and meta_LG14_2). In the sterol
biosynthesis pathway (Fig. 1), cycloartenol synthase (CAS)
transforms oxidosqualene to cycloartenol, which is the
substrate for production of methylene-cycloartenol catalysed
by sterol methyltransferase 1 (SMT1). In the present study,
only QTLs for cycloartenol and total dimethylsterols were
identified. It may be suggested that the QTL meta_L.G14_2

Fig. 3 Second and third

cover CAS genes, while its regulation may be affected by a
regulator underlying meta_LL.G14_1 under the influence of
the environment. Holmberg et al. (2002) over expressed the
SMT1 gene in seed tissues of tobacco resulting in a large
increase in phytosterols and modulation of their composi-
tion. This increase was most important for isofucosterol
(05-avenasterol), campesterol and sitosterol.

QTL specifically involved in sterol profiles
in the INEDI RIL population

Assuming that QTL involved in both sterol content and oil
content (meta_LG10_2, meta_LLG14_2) are not the most
informative to understand the genetics of sterol profiles, we
will focus here on QTL detected for sterol content across
the 2 years, but not for oil content, i.e. those detected on
LG1, LG4, and LG7.

QTLs detected for f-sitosterol, desmethylsterols and total
sterols content co-localized on LGI1. This result was
expected since f-sitosterol represents more than 67 % of
desmethylsterols and 55 % of total sterols in the present
study and is widely distributed throughout the plant king-
dom. Moreover, QTL for ¢7-stigmastenol and its precursor
o7-avenasterol, two other desmethylsterols (Fig. 1), were
also at the same position on LG1 (Fig. 2). Meta-analyses
revealed that this chromosomal region probably covers a
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single QTL controlling the content of several different
compounds. On LG1, Haddadi et al. (2012) found a QTL for
total phytosterol content and also one for total tocopherol
content co-localizing with a homologue of GST (glutathione
S-transferase, AT1G02930, HuCL00790C003 at http:/www.
heliagene.org). This QTL was mapped between the SSR
markers ORS803 and ORS509, quite far from the location we
found in this study. However, considering that the map of
LG1 in Haddadi et al. (2012) was less accurate (6 markers on
LG1, 123 RIL for mapping and QTL detection), the two
results are probably not contradictory. Amar et al. (2008a)
identified two regions involved in most abundant desmeth-
ylsterols and total phytosterols in winter rapeseed. The
allopolyploid nature of B. napus might explain why two
QTL were found in this species.

Stable QTL across years were found on LG4 and LG7
for campesterol content (Table 3). Campesterol represents
a tiny amount of the desmethylsterol content (7 %) com-
pared to f-sitosterol. However, campesterol is downstream
in the sterol pathway and the precursor of the BR-specific
specific pathway leading to brassinolide, which is now
recognized as a major plant hormone. Our results suggest
that, in this genetic background, there is an independent
regulation of campesterol content.

Pleiotropic effects of QTL involved in sterol content

In order to test a possible pleiotropic effect of the QTL
identified, a principal component analysis was performed.
The first four principal components (PC) representing 69 %
of the total variability were used as entries, and QTL were
found only for the first three PC representing 60 % of the
total variability. PC1 mainly reflected the total phytoster-
ols, but was not correlated with campesterol and 65-ave-
nasterol contents, while QTL on LG7 and LG10 were
associated with PC2 and those on LG14 with PC3. Results
allowed the identification of three groups of QTL with two
major effects on enzymes regulation (Fig. 3). The first
group was composed by QTL identified for squalene,
individual and total dimethylsterols which probably results
from enzymes between squalene synthetase and SMTI1
activity (see Fig. 1), accounting for the regulation upstream
of SMT1. In contrast, the two other groups of QTL appear
to be involved in accumulation of several methyl and
desmethylsterols and downstream regulation of enzymes
involved in their synthesis (SMT2, C4 methylase to C22
desaturase, see Fig. 1). These results highlight the interest
of this RIL population in a gene network approach.

The genes controlling the sterol pathway have not yet
been mapped in the INEDI RIL population. However,
consistent genome sequencing information has been
recently obtained on the XRQ genotype thanks to the new
sequencing technologies (unpublished results). The
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sequences of some of these genes (SQE1/SQE2, CAS,
SMT2, DWF1, STE1/DWF7,GST) for which an annotation
based on EuGene (Schiex et al. 2001) has been at least
partially obtained are provided (Supplementary File 2).

Conclusion

This study has shown that wide genetic variation exists for
seed phytosterol contents, associated with, or independent
from, variation in oil content. Weather conditions during
grain filling influenced individual sterol contents but had
little effect on QTL detection and heritability was high. The
preliminary results of Alignan et al. (2008) for 2004 were
confirmed for the five sterol compounds they analysed, with
increased precision in QTL positioning and percentage
explanation of variance. The stability across years of QTL
mapped for each sterol trait indicates that molecular markers
of QTL should be valid in most conditions. This study on the
INEDI RIL population suggests that there is sufficient
diversity in cultivated sunflower to obtain genotypes quan-
titatively and qualitatively different for seed phytosterol
content and that markers associated with QTL specific to
sterol content such as those mapped on LG1 and LG7 could
be useful in breeding programs to modify the sterol profiles.
In addition, the co-localization of QTL for several individual
sterol contents suggests that the regions concerned may
contain putative genes encoding enzymes involved in the
sterol biosynthesis pathway. Fine mapping studies would
help to determine the genes involved.

Acknowledgments We would like to thank the European Union for
financially supporting this study (EFDR 7440 and 12688). Thanks are
due to Elodie Gestas for her help in phytosterol analyses. The partici-
pation of Dr. O. Merah was supported by IUT A, Paul Sabatier Uni-
versity of Toulouse, France. This work also benefited from the support
of the Genoplante 1999-2004 and OLEOSOL projects, funded respec-
tively by the French Agence Nationale pour la Recherche (ANR) and
the Midi-Pyrénées Region, French governmental support to competitive
clusters, and the EDFR, for the establishment of the genetic map.

References

Alignan M, Roche J, Vear F, Vincourt P, Bouniols A, Cerny M,
Mouloungui Z, Merah O (2008) Variability and genetic analysis
of sterol content in sunflower seeds. In: Proceedings of the 17th
International Sunflower Conference, 8-12/6/2008 Cordoba,
Spain, pp 751-756

Alignan M, Roche J, Bouniols A, Cerny M, Mouloungui Z, Merah O
(2009) Effects of genotype and sowing date on—phytostanols—
phytosterols content and agronomic traits in wheat under organic
agriculture. Food Chem 117:219-225

Amar S, Ecke W, Becker HC, Mollers C (2008a) QTL for phytosterol
and sinapate ester content in Brassica napus L. collocate with the
two erucic acid genes. Theor Appl Genet 116:1051-1061

Amar S, Becker HC, Mollers C (2008b) Genetic variation and
genotype X environment interactions of phytosterols content in


http://www.heliagene.org
http://www.heliagene.org

Theor Appl Genet (2012) 125:1589-1601

1601

three doubled haploid populations of winter rapeseed. Crop Sci
48:1000-1006

Anastasi U, Cammarata M, Guiffre AM, Gresta F, Abbate V (2010) Yield
performance and grain lipid composition of standard and oleic
sunflower as affected by water supply. Field Crops Res 119:145-153

Arcade A, Labourdette A, Falque M, Mangin B, Chardon F,
Charcosset A, Joets J (2004) BioMercator: integrating genetic
maps and QTL towards discovery of candidate genes. Bioinfor-
matics 20:2324-2326

Bachlava E, Tang T, Pizarro G, Schuppert GF, Brunik RK, Draeger
D, Leon A, Hahn V, Knapp S (2010) Pleiotropy of the branching
locus (B) masks linked and unlinked quantitative traits affecting
seed traits in sunflower. Theor Appl Genet 120:829-842

Bajguz A, Tretyn A (2003) The chemical characteristic and distribution
of brassinosteroids in plants. Phytochemistry 62:1027-1046

Benveniste P (2002) Sterol metabolism. In: Meyerowitz EM,
Somerville C (eds) The Arabidopsis book. American Society
of Plant Biologists, Rockville, pp 1-31

Bert PF, Jouan I, Tourvieille de Labrouhe D, Serre F, Phillipon J,
Nicolas P, Vear F (2002) Comparative genetic analysis of
quantitative traits in sunflower (Helianthus annuus L.). 2.
Characterisation of QTL involved in developmental and agro-
nomic traits. Theor Appl Genet 107:181-189

Brufau G, Canela MA, Rafecas M (2008) Phytosterols: physiologic
and metabolic aspects related to cholesterol-lowering proprieties.
Nutr Res 28:217-225

Charcosset A, Mangin B, Moreau L, Combes L, Jourjon MF, Gallais
A (2001) Heterosis in maize investigated using connected RIL
populations. Quantitative genetics and breeding methods: the
way ahead. Colloques 96. INRA, Paris

Chen YZ, Jiao R, Ma KY (2008) Cholesterol-lowering nutraceuticals
and functional foods. J Agric Food Chem 56:8761-8773

Clouse SD (1996) Molecular genetic studies confirm the role of
brassinosteroids in plant growth and development. Plant J 10:1-8

de Givry S, Bouchez M, Chabrier P, Milan D, Schiex T (2005)
CARTHA GENE: multipopulation integrated genetic and radi-
ated hybrid mapping. Bioinformatics 21:1703-1704

Fick G (1975) Heritability of oil content in sunflowers. Crop Sci 15:
77-78

Folmer BM (2003) Sterol surfactants: from synthesis to applications.
Adv Colloid Interface Sci 103:99-109

Haddadi P, Ebrahili A, Langlade NB, Yazdi-Samadi B, Berger M,
Calmon A, Naghavi MR, Vincourt P, Sarrafi A (2012) Genetic
dissection of tocopherol and phytosterol in recombinant inbred
lines in sunflower through quantitative trait locus analysis and
the candidate gene approach. Mol Breed 29(3):717-729

Hansel B, Courie R, Bayet Y, Delestre F, Bruckert E (2011)
Phytosterols and atherosclerosis. Rev Med Interne 32:124-129

Hartmann MA (1998) Plant sterols and the membrane environment.
Trends Plant Sci 3(5):170-175

Holmberg N, Harker M, Wallace AD, Clayton JC, Rawlins S, Hellyer
A, Safford R (2002) Sterol C-24 methyltransferase type 1
controls the flux of carbon into sterol biosynthesis in tobacco
seed. Plant Physiol 130:303-311

Jourjon MF, Jasson S, Marcel J, Ngom B, Mangin B (2005) MCQTL:
multi-allelic QTL mapping in multi-cross design. Bioinformatics
2:128-130

Lindsey K, Pullen ML, Topping JF (2003) Importance of plant sterols
in pattern formation and hormone signalling. Trends Plant Sci
8:1360-1385

Mestries E, Gentzbittel L, Tourvieille de Labrouhe D, Nicolas P, Vear
F (1998) Analyses of quantitative trait loci associated with
resistance to Sclerotinia sclerotiorum in sunflowers (Helianthus
annuus L.) using molecular markers. Mol Breed 4:215-226

Mirjalili MH, Bonfill M, Moyano E, Cusido RM, Palazén J (2009)
Overexpression of the Arabidopsis thaliana squalene synthetase

gene in Withania coagulans hairy root cultures increases the
biosynthesis of phytosterols and withanolides. New Biotechnol
25:334-335

Mouloungui Z, Roche J, Bouniols A (2006) Limitations extractives
des ingrédients fonctionnels natifs: lipides bioactifs par modifi-
cations chimiques. OCL 13:16-22

Ostlund RE Jr (2007) Phytosterols, cholesterol absorption and healthy
diets. Lipids 42:41-44

Roche J, Essahat A, Bouniols A, El Asri M, Mouloungui Z, Mondiés
M, Alghoum M (2004) Diversified composition of sunflower
(Helianthus annuus L.) seeds within cultural practices and
genotypes (Hybrids and populations). Helia 27:73-98

Roche J, Bouniols A, Mouloungui Z, Barranco T, Cerny M (2006)
Management of environmental crop conditions to produce useful
sunflower-oil components. Eur J Lipid Sci Technol 108:287-297

Roche J, Alignan M, Bouniols A, Cerny M, Vear F, Mouloungui Z,
Merah O (2010a) Sterols content in sunflower seed (Helianthus
annuus L.) as affected by genotypes and environmental condi-
tions. Food Chem 121:990-995

Roche J, Alignan M, Bouniols A, Cerny M, Mouloungui Z, Merah O
(2010b) Sterol concentration and distribution in sunflower seeds
(Helianthus annuus L.) during seed development. Food Chem
119:1451-1456

Rondanini D, Savin R, Hall AJ (2003) Dynamics of fruit growth and
oil quality of sunflower (Helianthus annuus L.) exposed to brief
intervals of high temperatures during grain filling. Field Crops
Res 83:79-90

SAS Institute (1988) SAS/STAT user’s guide, version 6. SAS Inst.,
Inc., Cary, NC

Schaller H (2003) The role of sterols in plant growth and develop-
ment. Prog Lipid Res 42:163-175

Schiex T, Moisan A, Rouzé P (2001) EuGene: an eucaryotic gene finder
that combines several sources of evidence. In: Gascuel O, Sagot
M-F (eds) Computational biology, vol. 2066. LNCS, pp 111-125

Schrick K, Cordova C, Li G, Murray L, Fujioka S (2011) A dynamic
role for sterols in embryogenesis of Pisum sativum. Phytochem-
istry 72:465-475

Seo JW, Jeong JH, Shin CG, Lo SC, Han SS, Yu KW, Harada E, Han
JY, Choi YE (2005) Overexpression of squalene synthase in
Eleutherococcus senticosus increases phytosterol and triterpene
accumulation. Phytochemistry 66:869—-877

Toivo J, Lampi AM, Aalto S, Piironen V (2000) Factors affecting
sample preparation in the gas chromatographic determination of
plant sterols in whole wheat flour. Food Chem 68:239-245

Valerio M, Awad AB (2011) f-sitosterol down-regulates some pro-
inflammatory signal pathways bu increasing the activity of
tyrosine phosphatase SHP-1 in J774A.1 murine macrophages.
Internat Immunopharmacol. doi:10.1016/j.intimp.2011.02.018

Van Dansik P (2000) Phytosterols. In: Proceedings of the final
conference CTVO-net, Bonn (Germany), pp 149-180

Vear F (2010) Classic genetics and breeding. In: Hu J, Seiler G, Kole
C (eds) Genetics, genomics and breeding of sunflower. Science
Publishers Inc. Jersey, pp 51-77

Vincourt P, As-sadi F, Bordat A, Langlade NB, Gouzy J, Pouilly N,
Lippi Y, Serre F, Godiard L, Tourvieille de Labrouhe D, Vear F
(2012) Consensus mapping of major resistance genes and
independent QTL for quantitative resistance to sunflower downy
mildew. Theor Appl Genet

Yamaya A, Endo Y, Fujimoto K, Kitamur K (2007) Effects of genetic
variability and planting location on the phytosterol content and
composition in soybean seeds. Food Chem 102:1071-1075

Zhang JH, Bazuin CG, Freiberg S, Brisse F, Zhu XX (2005) Effect of
side chain structure on the liquid crystalline properties of
polymers bearing cholesterol, dihydrocholesterol and bile acid
pendant groups. Polymer 46:7266-7272

@ Springer


http://dx.doi.org/10.1016/j.intimp.2011.02.018

	Genetic analysis of phytosterol content in sunflower seeds
	Abstract
	Introduction
	Materials and methods
	Sunflower genotypes
	Per se value for oil content and phytosterol profiles
	Values in hybrid combination for oil content

	Determination of sterol contents and composition using a small-scale sample extraction method
	Sterol extraction and determination

	Statistical data analyses

	Results
	Oil contents
	Genetic variation between RIL in per se and hybrid combination
	QTL detection

	Sterol content
	Effect of climatic conditions and of genetic variation between RIL on phytosterol contents (per se evaluation)
	QTL detection


	Discussion
	Overall genetic variation on sterol content in the INEDI RIL population
	Co-localization for oil and individual sterol contents
	QTL specifically involved in sterol profiles in the INEDI RIL population
	Pleiotropic effects of QTL involved in sterol content

	Conclusion
	Acknowledgments
	References


