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CHAPTER 1

GENERAL INTRODUCTION

Sunflower Helianthus annuu4..) is the fourth most important vegetable oil wrafter

soybean, palm and edible rapeseed (canola) in w@dtk. It accounts for approximately
13% of the world’s total edible oil production (Fego et al, 2007). In South Africa

sunflower is the largest source of vegetable bitohtributes about 80% to the total oil
produced and is followed by soybeans and canolantlake up the balance (20%). The
sunflower oil market has shown a steady increasmpfoximately three percent per year
in the last few years. About 540 million litre @l annually consumed and sunflower oll

provides half of this quantity.

There are three types of sunflower. These incluiteeed sunflower, non-oilseed (or
confectionary) sunflower and ornamental sunflowelowever, the production of
sunflower is mainly devoted to oil extraction (Dalfrand Vick, 1997). The whole seed
contains approximately 40% oil and up to 25% prot&he meal left after oil removal is

usually used as livestock feed (Paniegal, 2007).

Oilseed sunflower has many potential applicationisdth the non-food and food industry.
Because of its relatively high iodine value of {&Brien, 2004), traditional sunflower
oil is considered a semi-drying oil that can bedusethe formulation of paints and for
other industrial uses. Sunflower oil is traditidgalsed for cooking, frying, making salad
dressing and margarine production. However, stahdanflower oil is not optimally
suited to some potential applications that reqaifeigh oxidative stability, for example
manufacturing of shelf-stable fried foods. In orderbe able to use sunflower oil for
industrial frying applications, the oil must be faly hydrogenated (Gupta, 2002).
Hydrogenation involves the chemical addition of togen to unsaturated fatty acids by
mixing heated oil and hydrogen gas in the presefe@ecatalyst (O'Brien, 2004). During
this chemical treatment, not only are unsaturaty facids converted to saturated ones,
but many positional and “trans” isomers not norgn&dlund in nature, are also produced.
There is evidence that the intake of these addifi¢rans) fatty acids is casually related to

the risk of developing heart disease (Stender ayettigrg, 2004). Consequently, there is



an increasing interest within the food industryptoduce oil crops with higher amounts of

saturated and mono-unsaturated fatty acids in dilsir

Traditional sunflower oil has been a popular vepletail for many years. However, it is
polyunsaturated with a high linoleic acid and I@atusated fatty acid content and the fatty
acid composition of traditional sunflower oil isrfilom being appropriate for specific
uses that require high saturation levels in the Fdrtunately plant breeders have been
successful in overcoming limitations of the traatital oil by developing a wide range of
novel and healthier oil types (Fernandez-Martieeal, 2004). Recent research has lead
to the development of high oleic acid sunflowerietes with oil that approach or exceed
89% oleic acid content (Dorrell and Vick, 1997).eThigh and mid oleic acid sunflower
variants were developed through conventional bregdi the 1980s and 1990s and are
speciality oils especially useful in food produsteh as spray oils (snacks and crackers),
frying oils and for other products that requireadinwith high oxidative stability (O’Brien,
2004). Due to their natural stability, these oitsribt need to be hydrogenated in order to
be used for these applications (Paniegal, 2007). Additionally, high and mid oleic

sunflower oils are considered healthier oils, beeahey contain ntvansfatty acids.

The development of healthier sunflower oil typesswancouraged by South African
breeding companies after breeders rights in Amexigared. Breeding for high oleic acid
sunflower started around 1983 in South Africa (Factiner, PANNAR, personal
communication, 2010). High oleic hybrids have beslrased and seed is commercially
available. However, high oleic sunflower oil protlan started in 2003 and is still in the

foundation stage. Only a few farmers are beingraated to plant high oleic acid hybrids.

Sunflower is commercially planted in South Africa the Free State, North West,
Limpopo, Mpumalanga, Gauteng, Western Cape, EasBape and Northern Cape
provinces with a total area of 635 800 ha plantednd the 2008/2009 season (Dredge,
2010). The Free State and North West provincesharenajor sunflower producing areas
and constitute 88% of the total area planted intls@drica. These areas of sunflower
production vary for climate, weather (rainfall atenperature) and other environmental
factors such as intercepted solar radiation, dkitulatitude and soil type. Sunflower
growth and development are greatly influenced leyvleather and the environment it is

grown in. Temperature and the amount of moisturghi soil are the major factors
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influencing sunflower seed oil composition and esgéy oleic acid content (Baldiret
al., 2002). Fatty acid composition of sunflower iscabffected by the genotype and its
interaction with the environment. Genotype by emwinent interaction (GXE) has been
reported for sunflower oil fatty acid compositiomajaraet al, 1990). As a result, the
study of GXE interaction for South African sunfloweybrids is necessary in order to

select stable and widely adapted hybrids in Sodtlt#n production areas.

Additionally, unusually high temperatures occurrthging the seed-filling period have a
huge influence on the fatty acid composition oflttianal sunflower oil (Rondaniret al,
2003). It has been reported that high temperati@es to an increase in oleic acid and
decrease in linoleic acid content and vice versarrislet al, 1978; Chunfangt al,
1996). However, in high oleic acid sunflower, contrsy exists regarding the effect of
high temperature on oil composition. Differencesréports may be a consequence of
different genetic backgrounds used (Salera andiBalti998). Current trends toward
increased global temperature (Easterlgtgal, 1997) may increase the probability of
occurrence of high temperatures in many regionshefworld (Conroyet al, 1994).
These might also increase the frequency of episofidigh temperatures in warmer
climates (Wheeleret al, 2000). This change in weather may cause unysumdh
temperatures during the critical stage of seed ratitun which will have an influence on
sunflower oil quality. Therefore the effect of teengture during the seed-filling period on
oil content and composition in traditional, mid ioleand high oleic sunflower hybrids
within South African genetic backgrounds is necsgss@his would facilitate breeding
strategies focussing on developing stable and widdbpted high oleic and mid oleic

hybrids that are less sensitive to large tempegatiiferences.

Since oleic acid content is largely affected by ¢éin@ironment and high oleic acid genes
show unstable expression for oleic acid contentdifierent genetic backgrounds,
phenotypic selection for the high oleic acid traiay be difficult across different
environments and seasons (Demurin and 8k&€96). DNA markers are not influenced
by the environment and therefore selection for mexrkinked to the high oleic acid trait
will further advance selection for this trait. Idéying molecular markers linked to the
high oleic acid trait that can be further develoged use in marker-assisted breeding
(MAB) would greatly assist breeding programmeseénealoping stable mid and high oleic

acid breeding lines.



High oleic acid hybrids with comparable yield tatlof traditional sunflower oil have
recently been developed by South African breedommanies. As a result, local farmers
can produce sunflower that has high yield poteatsaivell as the benefits of healthier and
more stable oil. Breeding high oleic hybrids witighh seed yield, disease tolerance and
shorter growth periods are some of the main foaaintp of sunflower breeding
companies. In addition, much research is still eeetd improve the stability of oil fatty

acid composition.

The aims of this study were to::

* Investigate the effects of genotype, environmeiak their interaction on the fatty acid
composition of traditional, high oleic and mid alesunflower hybrids and to make
recommendations on the most stable and adaptalteideyfor the sunflower
production areas under study.

» Study the effects of a short period of high tempeeastress during the seed-filling
stage on some yield traits as well as fatty acichpasition. Genetic parameters
including general and specific combining abilitariance components and heritability
were investigated for yield traits and fatty acids.

* Identify putative DNA markers linked to the higtrem acid trait in South African lines
that may in future be implemented in high oleicfkawer breeding programmes.

* Investigate a few physical and chemical propertéshigh oleic, mid oleic and
traditional sunflower hybrids and to compare thee¢hoil variants with regard to

quality and oxidative stability.
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CHAPTER 2
LITERATURE REVIEW

2.1 Brief history of sunflower

Sunflower originated in northern Mexico and soutbstern USA and domestication
occurred about 3000 B.C. by the Native Americanidnsl (Heiser, 1954). It was of
substantial importance to the indigenous populatibthat region who used the seed for
food and medicine (Putt, 1997). Flower petals aidvere used for ceremonial body
painting, while dried stalks were used as buildimaterial. At the beginning of the 1500s
A.D. the arrival of Spanish explorers introducedffawer to Europe. Nicolas Bautista
Monardes (1508-1588) did the first scientific ravief American plants and it was the
first time that sunflower was mentioned (Grompa2@0Q5; Panieget al, 2007). It was
popular as an ornamental plant and was later ésitall as an oilseed crop in Eastern
Europe (Putt, 1997). In the "I&entury, sunflower cultivation spread to Russid Reter
the Great was accredited for this introduction (8em-Kovacks, 1975). Sunflower oll
became the main source of vegetable oil in Rudsia. first commercial production of
sunflower oil occurred in 1830 and since then tfeg has steadily grown in importance.
The introduction of Russian varieties such as RefiedMennonite and Sunrise that were
suitable for mechanical harvesting opened doorsttier commercial development of
sunflower. The discovery of cytoplasmic male sitgri(Leclercq, 1969) and fertility
restoration (Kinman, 1970) allowed efficient protian of high oil content hybrid seed in
the late 1970s that replaced the older varietiesigg/ 2000). The crop was reintroduced
into America in the late 8Bcentury by Ukrainian immigrants. The first commataise

of sunflower was for poultry feed and processingibftarted in 1926. The first official
sunflower-breeding programmes in America startedinduthe 1930s using seeds
introduced by European immigrants (Putt, 1997)Ailgentina, a short-cycle and high oil
content variety (Klein) was bred in 1938. Commdr@eaoduction of oil seed-type
sunflower started with the Peredovic variety andeotcultivars and since 1966 several
research programmes in the USA have sought to mepsanflower hybrids (Grompone,
2005). From then sunflower cultivation steadily reesed in both North and South
America leading to it being ranked first in the Wicior sunflower production (Paniegu
al., 2007).



Soldatov (1976) identified genotypes with oleicdacbntents as high as 80-90% (Fick
and Miller, 1997). Pervenets was the first highiolacid variety developed through
conventional breeding. Several breeding programmesaded Pervenets in their crosses
as the high oleic acid content parddigh oleic oil gained market acceptance, especially
for food and industrial purposes where a high lefebxidative stability was required.
High oleic sunflower oil became commercially avhi&in Russia in the late 1970s and in
the USA in 1985. The development of high oleic sumér varieties was encouraged by
South African breeding companies after breedegsitsiin America expired. Breeding for
high oleic acid sunflower started around 1983 intBdAfrica (R. Lochner, PANNAR,

personal communication, 2010).

2.2 Economic importance of sunflower

Sunflower oil production is determined by the praiilon of seed. Total world production
of sunflower seed was on average 31 million metres during the last few years (Table
2.1). Russia and Ukraine rank first in the world sanflower production. The European
countries account for about 50% of the world prancof sunflower. In 2007, South
Africa ranked 1% in the world with a seed production of 300000 fgetons (FAO,
2010). High oleic sunflower is commercially proddcmainly in the United States and
France. High oleic oil contributes less than 5%hef total sunflower production globally

with about 300000 metric tons of high oleic oil guaced annually.

Table 2.1 World sunflower seed production (in 100@netric tons)

Area 2006/2007 2007/2008 2008/2009
Russia/Ukraine 11900 10380 14320
European Union 6407 4944 6848
Argentina 3120 4600 3130
China 1850 1800 1850
India 1450 1460 1150
United States 997 1309 1553
Turkey 820 670 850
Rest of Europe 385 295 454
South Africa 300 872 801
Other 2863 2929 3595
Total 30092 29259 34551

(Dredge, 2010; National Sunflower Association, 2010



2.3 Botanical description

Sunflower belongs to the subtribe Helianthinae, shbfamily Asteroideae and family
Compositae (Seiler and Rieseberg, 1997). The gean® of sunflower is derived from
two Greek wordsheliosmeaning sun ananthos meaning flower (Salunkhet al, 1992;
Paniegoet al, 2007). The genus has a basic chromosome nunilrerl@ and contains
diploid (2n=2x=34), tertaploid (2n=4x=68) and hebaag (2n=6x=102) species. It
includes 12 annual and 36 perennial species (J887)1 The Jerusalem artichoke
(Helianthus tuberosud..) is related to sunflower. Sunflower that is coergially
cultivated for seed purposes is grouped urtdleannuusvariety macrocarpus(Maiti et
al., 1988). The commercial crop is a predominantbssrpollinating annual upright plant
with a long stem of 1-3 m. It has a terminal flovinerad (also called a capitulum) that is
commonly about 30 cm in diameter. The characterddtiturning its head towards the sun
additionally accounts for sunflower's common andabpacal name (Seiler, 1997; Paniego
et al, 2007).

In oilseed cultivars, the sunflower head considts@0-3000 flowers. The sunflower
inflorescence consists of two types of flowers. Blager whorl of flowers, called the ray
florets, is sterile and has a display role. Theamater of the flowers, the hermaphroditic
disk florets, are arranged in arcs radiating frowa ¢entre of the head and these produce
the seed. During anthesis the outer whorl of digkwdrs opens first and then progresses
to the centre of the head at one to four rows pgr @pening of all florets on the head is
usually completed within 10-15 days, but individélarets can remain receptive for up to
two weeks. Sunflower is generally an open-pollinatmd bees are beneficial in
transferring pollen from plant to plant that redultcross-pollination. Varieties differ in
their dependence on insect pollinators. The olgenepollinated varieties have a seed set
of only 15-20% without pollinators, while recenttagamous sunflower hybrids have a
seed set of 85-100% without pollinators (Knowle878; Weiss, 2000; Putnaet al,
2009).

The sunflower seed (or achene) consists of a kemeladhering pericarp (or hull). The
hull comprises about 21-30% of the final acheneghe{Dorrell and Vick, 1997). All

achenes develop hulls, even if they are not feetili The kernel consists of two
cotyledons and an embryo. The embryo contains ithéch, large aleurone particles and

protein crystals (Knowles, 1978; Salunkéeal, 1992; Seiler, 1997). Accumulation of
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reserve lipids in the embryo begins several dager dhe rapid growth of the embryo.
Little oil is deposited during the first third ofi¢ seed-filling period, but increases to a
fairly stable rate that is maintained until closephysiological maturity (Harrigt al,
1978; Villaloboset al, 1996; Connor and Hall, 1997; Rondarghial, 2003; Manteset
al., 2006; Donget al, 2007). Physiological maturity of the seed isctesl when seed oll
percentage and dry weight are at their maximum ®aB&udays after the initiation of
flowering (DAF) (Robertsort al, 1978).

2.4 Chemical composition of sunflower seed and oil

The chemical composition of sunflower seed varieglely due to genetic and
environmental factors. Proximate chemical compmsgiof open-pollinated cultivars and
hybrid sunflowers are presented in Table 2.2. Detee obtained from a United States
Department of Agriculture (USDA) study in 1994 (Gaip2002).

Table 2.2 Proximate composition of sunflower seeds

Constituent Percentage (%)
Hull 20-25

Oil 44-51

Protein 15-25

Fibre residue 15-20

Ash 0.41-0.45

(Weiss, 2000; Gupta, 2002; Paniegal, 2007).

2.4.1 Seed oil content

Oil content in sunflower seed ranges between 25;48%can reach 65% depending on
the genotype and environmental factors (Salurdthal., 1992; Weiss, 2000). The kernel
(dehulled seed) contains more oil than the whoexls@he kernel contains the highest

percentage of oil (87%) followed by the embryo ¢%)4

The oil percentage of whole sunflower achenes d#gpen both the percentage of oil in
the kernel and the proportion of hull (Weiss, 200@)e hull contains a low percentage of
oil and is reported to be between 0.4-5.2% by s#\arthors (Salunkhet al, 1992).
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2.4.2 Triacylglycerol structure

Sunflower oil mainly contains triacylglycerol (TAG)olecules that represent more than
95% of the total oil weight (Fernandez-Martiregzal, 2009). The storage lipid structure
fits the general hypothesis for distribution of tfegty acid on the triacylglycerol
molecule. Three fatty acids are esterified to thérbxyl groups of a glycerol backbone
(Figure 2.1).

A stereochemical numbering system is used to ifjetite three positions on the glycerol
derivative asn1, sn2 andsn3 from the top to the bottom with the secondargirbyyl

to the left of the central carbon. Several seedandlyses have indicated that saturated
fatty acids tend to occupy ths1 position, whereas unsaturated fatty acids avedat
the sn2 position. Thesn-3 position is occupied with variable moleculatyeaicid species
(Weselake, 2002). In sunflower oil, the TAG molechlas unsaturated fatty acids at all
three positions of the glycerol molecule. HoweVemwleic acid preferentially esterifies

thesn-2 position.

The predominant form (39%) is monooleoyl-dilinoleéglycerol (OLL) with one
molecule of oleic acid and two molecules of linoleicid esterified to one molecule of
glycerol. Dioleoyl-monolinoleoyl-glycerol (OOL) anglilinoleoyl-glycerol (LLL) forms

occur in lesser amounts (Dorrell and Vick, 1997).

2.4.3 Fatty acid compositions of the three types stinflower

Fatty acid contents vary slightly between differegports for traditional, high oleic and
mid oleic sunflower oil. This can be attributeddiferences in genetic backgrounds used
and growing conditions of sunflower plants. Howewgpical fatty acid compositions of
the three types of sunflower are accepted accordirige report of Gupta (2002) (Table
2.3). Traditional sunflower oil is characterised by athigoncentration of linoleic acid
(66-72%), a moderate level of oleic acid (16-20%l éow level of linolenic acid (less
than 1%). The saturated fatty acids (SFA), palmi@d6:0) and stearic (C18:0) acids,
account for less than 15% of the fatty acids. lguarachidic, behenic, lignoceric and

eicosenoic acids occur in minor percentages (SaildrBrothers, 1999).
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Figure 2.1 General structure of triacylglycerol.R is the fatty acyl chain without the

carboxyl group (Weselake, 2002).

Table 2.3 Typical fatty acid composition (%) of traditional, high oleic and mid

oleic sunflower oil

Fatty acid Traditional (%) High oleic (%) Mid oleic (%)
Total SFAs 11-13 9-10 <10
Oleic acid 20-30 80-90 55-75
Linoleic acid 60-70 5-9 15-35
Linolenic acid <1 <1 <1

SFA: Saturated fatty acid.

Sunflower cultivars with high oleic acid contentreentroduced during the 1980s. High
oleic sunflower oil differs from traditional sunfie@r oil by a significantly increased oleic
acid content to more than 80% (Dorrell and Vick97p a low concentration of linoleic
acid (2-9%) and generally less than 10% SFAs. Tigh kevel of monounsaturation
makes the high oleic oil less susceptible to oxatlegradation than the traditional
sunflower oil and therefore the high oleic oil slsopotential for applications requiring a
high oxidative stability (Seiler and Brothers, 1299
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In early 1995, the initial idea to redesign traafitl sunflower oil to contain an oleic acid
content of approximately 60% was suggested by trecks food and oil processing
industry in the USA. NuSun sunflower oil was deysld by F. Miller and B. Vick in
Fargo, North Dakota through conventional hybrideoliag. It is referred to as mid oleic
oil because it contains higher oleic acid contlanttraditional sunflower oil but lower
oleic acid content than the high oleic variety. Thiel oleic oil has a lower SFA content
than traditional sunflower oil, but the same SFAtemt as high oleic oil. NuSun’s oil
fatty acid profile leads to highly stable oil thdbes not need to be hydrogenated for

commercial use (Gupta, 2002).

2.4.4 Non-acylglycerol components

In addition to oil and protein, sunflower seed @dmtmicro-constituents that include
phospholipids, sterols, waxes and tocopherols anmbingrs. Phospholipids, also known
as phosphadites, are naturally present in all @lseand are oil-soluble. These lipids are
composed of glycerol esterified with fatty acidslghosphoric acid and comprise about
1% of the lipids. A low phospholipid content is dtable for refined sunflower oil. This is
accomplished by chemical or refining processinghef oil. Sterols and sterol esters are
essential components of cell membranes. They aterahaantioxidants that showed
benefits in human nutrition by lowering total andwidensity lipoprotein (LDL)
cholesterol (Fernandez-Martinez al, 2009). Wax and wax like material are mainly
present in the seed hull (83% of the total) andusteally less than 1% of the total lipids
in the seed. Its content in the crude oil is misieai by de-hulling of seeds before
crushing. Waxes are undesirable for salad oilshag give the oil a cloudy appearance
when refrigerated. The process of dewaxing is useeduce the wax content of the oil.
Tocopherols are natural fat-soluble compounds d¢xatrt an antioxidant action both
vivo (vitamin E activity) andn vitro. Tocopherols exist in four forms, including, alpha
beta, gamma and delta and each form differs iroxidtant activity. Alpha-tocopherol is
the most efficient antioxidanth vivo, while gamma-tocopherol is the most powerful
antioxidantin vitro (Kalmal-Eldin and Appelqvist, 1996). Beta- and ddlbcopherols
have intermediate properties (Pongragzal, 1995). Sunflower oil contains a high
concentration of alpha-tocopherol (95% of the tatelopherol) that has the highest
Vvivo activity, but the lowesin vitro activity, of the four antioxidants (Dorrell and oki
1997; Gupta, 2002).
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2.4.5 Qil quality parameters

Traditionally oil quality was measured primarily deal on oil content and fatty acid
composition and the ideal fatty acid compositiorpateded on the end-use of the oil
(Knowles, 1983; Rondaniret al, 2003). However, more recently other componefits o
vegetable oils that influence their nutritional atethnological properties are being
emphasised by oil chemists and nutritionists (Fetlea-Martinezt al, 2007). The main
parameters defining the quality of oil are 1) faityid composition, 2) the distribution of
fatty acids within the triacylglycerol molecule aBjithe total content and composition of

natural antioxidants, tocopherols and sterols (@&®iez-Martineet al, 2004; 2007).

From a nutritional viewpoint, SFAs are regardediadesirable for human health. Intake
of especially lauric, myristic and palmitic acidsha detrimental atherogenic effect by
raising both total serum and LDL cholesterol levéfatan et al, 1995). However,
individual fatty acids within this group have diféat effects. Although lauric acid greatly
increases total cholesterol, its effect is mostiyHDL cholesterol. Oils rich in lauric acid
decrease the ratio of total to HDL cholesterol, levimyristic and palmitic acids show
little effect on the ratio. Stearic acid reduces tatio (Mensinket al, 2003). Conversely,
monounsaturated (oleic) and polyunsaturated (liople fatty acids are
hypocholesterolemic (Mensink and Katan, 1989; Igtkerton and Yu, 1997). Although
linoleic acid is an essential fatty acid, it is m@usceptible to oxidation than oleic acid.
Therefore, oil rich in oleic acid is preferred asombines the hypocholestrolemic effect
and a greater oxidative stability (Yodice, 1990)orR a technological point of view,
manufacturing of certain food products, such asgarame, requires solid or semi-solid
fats. Since traditional sunflower oil is a liquid eoom temperature, the oil needs
preceding chemical hardening to change it to a -seftid state. This is usually obtained
by hydrogenation or trans-esterification of thethat produces harmftifans fatty acids
(O’Brien, 2004). For these applications, sunflow#rwith a high concentration of SFAs

is necessary (Pérez-Viet al, 2000).

The stereochemical position of the three fatty sidid the TAG molecule is another
important parameter in the nutritional value opiThe absorption rate of fatty acids is
higher when they occupy the centsal2 TAG position than when they are at the external
sn1 andsn-3 positions (Bracco, 1994). As a result, oils thave undesirable fatty acids

at thesn2 position are more atherogenic than those theaé tsmilar total fatty acid

14



contents, but distributed at the extersall andsn3 positions (Alvarez-Ortegat al,
1997).

Tocopherols are important compounds that have xadaat activity in sunflower seeds.
The antioxidant properties of oil depend on both thtal tocopherol content and its
composition (Shintani and DellaPenna, 1998). Irflewrer, large variation for tocopherol
content has been reported (Marquard, 1990; Dem®93). Tocopherol content of
sunflower seed is affected by both the genotype emdronment (Doldeet al, 1999;
Velascoet al, 2002).

Sunflower seed oil quality has been modified by dieeelopment of oil with enhanced
nutritional and functional properties as well aktbat requires less or no processing for
specific end-use markets. Oil quality modificatiomslude breeding for increased linoleic
acid content (Miller and Vick, 2001) for special marine markets, reducing palmitic and
stearic acids (Miller and Vick, 1999; Seiler, 20G4)y improved nutritional value and
increased levels of palmitic acid (Fernandez-Madiret al, 1997) to prevent
crystallisation in manufacturing and storage of gaaine (Fick and Miller, 1997).
Breeding efforts to improve oil oxidative stabiligiso led to the development and
characterisation of several sources of modifiedpberol profiles in sunflower (Demurin,
1993; Demuriret al, 1996; Velascet al, 2004a).

2.4.6 Oil oxidative stability

Lipid oxidation is a major factor for quality deieration in edible oils and fatty acid
foods since it alters their chemical, sensory aatfitional properties (Frankel, 1998).
Autoxidation is a major cause of quality lossesiinde and refined oils during storage.
The rate of oxidation depends on storage conditismsh as temperature and the presence
of light, as well as on the availability of solukd@d reactive oxygen in the oil's mass
(Marquez-Ruizt al, 2003). Oil oxidative stability and deterioratidapend on the initial
oil composition, concentration of compounds withti@idant or pro-oxidant
characteristics and degree of processing (Crapisé¢, 1999; Kanavourast al, 2005).
Oxidation of oils occurs at sites of unsaturatibabiuza and Dugan, 1971) and as a result,
the rate of oxidation of fatty compounds dependthemnumber of double bonds and their
position (Frankel, 1998). Autoxidation of unsatechtlipids is a series of free radical

reactions, initiated and propagated by free radligehcting with methylene (-GH
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groups that are adjacent to double bonds (Figu2g 2A free radical is an unpaired
electron, indicated as a heavy dot in chemical das and is a highly reactive species.
Autoxidation can be described in terms of initiatiopropagation and termination
(Stauffer, 1996; Crapistt al, 1999; Choe and Min, 2006).

Initiation starts when a hydrogen atom departs ftben-methylenic carbon, adjacent to
a double bond in a fatty acid (RH) group of thdadipnolecule. This reaction may be

catalysed by light, heat or metal ions to formeefradical (R) (reaction 1).
Initiation: RH M3 Re + He

The resultant alkyl free radical is highly suschklgtito attack by atmospheric oxygen and
the dissolved oxygen adds to this site and an blestaeroxide free radical is formed
(ROO) (reaction 2). The peroxide free radical abstramtdiydrogen from another
methylene group and reacts with the hydrogen tomfarhydroperoxide (ROOH) and a

new alkyl free radical (reaction 3).

ROO®+ RH— ROOH + R

Propagation: |_. R+ O,— ROO
|

These free radicals serve as strong catalystgibieiuoxidation reactions, hence oxidative
degradation of oils become an autocatalytic procéss chain reaction (or propagation)
may be terminated by the formation of non-radicabdpcts that result from the

combination of two radical species (reactions 4i6)the final stage of oxidation, the

hydroperoxides are readily decomposed into aromatganic compounds, mainly

aldehydes, ketones, alcohols and acids. These aompacause the rancidity condition
that ultimately destroys acceptability and usefs#nef oils (Sherwin, 1978; Shahidi and
Wanasundara, 1996; Stauffer, 1996; Choe and Mid§R0

Termination: R + R — RR
R + ROO— ROOR
ROOe+ + ROO* - ROOR +Q
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Figure 2.2 Typical unsaturated triglyceride molecué with double-bond linkage and
a-methylenic carbon (oxidation site) R: Fatty acid group (Sherwin, 1978).

The progress of oxidation can be studied by thentfization (or measurement) of
oxidised TAG monomers, dimers and polymers (MareRez et al, 1996). Martin-
Polvillo et al (2004) studied the evolution of oxidation in dowfer oils during long-term
storage at room temperature and distinguished twdation stages: 1) An induction
period which is characterised by slow progress xiflation and 2) an accelerated
(advanced) oxidation stage. During the inductiomigee a significant increase in the
monomeric oxidation compounds occur and the oxidieenomers are mainly composed
of hydroperoxides during the early oxidation stélgérquez-Ruizet al, 1996; Martin-
Polvillo et al, 2004). The end of the induction period is dedires the point when a
notable shift in the oxidation rate is observed @dalearly characterised by a sharp
increase in levels of total oxidation compound$iaastion of antioxidantsi{tocopherol)
and significant formation of polymerisation prodsicthe length of the induction period
depends on the degree of unsaturation. The hidieerdégree of oil unsaturation, the
shorter the induction period and the higher the wmhef primary oxidation products
accumulated at the end of the induction period {M&Polvillo et al, 2004). During the
advanced oxidation stage, secondary products areeth As a consequence, TAG
containing oxygenated functions other than the dyyeroxide (epoxy, keto, hydroxy, etc.)
starts contributing to the amount of oxygenated TAtnomers. Hydroperoxide
functions are therefore not only present in primexydation compounds but are also

involved in dimeric linkages of polymerisation cooymds (Martin-Polvilleet al, 2004).
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Various methods are available to measure lipid atiich and may be divided into two
groups. The first group measures primary changeks tha second group secondary
changes. Primary changes are generally measuratbhiforing loss of unsaturated fatty
acids, oxygen uptake by weight gain, hydroperoxidieies and conjugated diene value.
During the early stages of lipid oxidation, edilgiés increase in weight as fatty acids
combine with oxygen during hydroperoxide formatidiherefore, the increase in weight
in a heated sample during storage can be used¢ouee the induction time of the oll
(Shahidi and Zhong, 2005). Secondary changes #oavéa by quantitation of carbonyl
compounds, malonaldehyde and other aldehydes anceficence products. The method
chosen depends on the nature of the oxidised samypke of information required, time
available and test conditions. Rapid methods haes lneveloped to test the resistance of
edible oils to oxidation. The active oxygen metl{&@®M) is based on the principle that
rancidification of fat is greatly accelerated byra®n in a tube held at constant
temperature. The Metrohm Rancimat, which assebseexidative stability index (OSI),
is a rapid automated method and is frequently uded to its ease of use and
reproducibility. The OSI and Rancimat tests mea#fugechanges in conductivity of water
in which volatile organic acids (mainly formic agire trapped, while in AOM, peroxide
values are measured. The OSI determines the imdupgriod precisely and is based on
analysis of stable secondary products. The AOM, evay does not determine the
induction period (is merely related to it) and eslion the analysis of unstable primary
reaction products (Shahidi and Wanasundara, 19R6; P001).

The above mentioned oxidative quality indices hbgen used in combinations to study
lipid oxidation in various vegetable oils. For iaste, peroxide value (PV), anisidine
value (AV), free fatty acids (FFAs), polar composndnd weight gain (Shahidi and
Zhong, 2005) were used to study the oxidative dwtgion of crude sunflower oils
obtained by either pressing or solvent extract@rapisteet al, 1999). The oil was stored
at different temperatures and varying oxygen cotragans (Crapistet al, 1999). These
authors found a positive correlation between potanpound content and PV. In another
study Martin-Polvilloet al (2004) investigated the oxidative stability oh#awer oils
that differed in their unsaturation degrees dufogg-term storage at room temperature
(25°C). FFA, PV, ultraviolet (UV) absorbance at&knm (measures secondary oxidation
products such as ethylenic diketones, conjugateodites and dienals) and

unsaponifiable matter content was determined iemtal evaluate the initial oil quality of
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the three sunflower oil types. The Rancimat apparatas used to determine OSI values.
Induction periods obtained for the three oils wesenpared and a significant correlation
was found between the length of the induction pedod the degree of oil unsaturation.
High oleic sunflower oil proved to be twice as $ahs traditional sunflower oil during
long-term storage.

Smithet al (2007) also compared the oxidative stability mfhholeic sunflower oil with
those of traditional sunflower, soybean, maize groindnut oils during storage at 55°C.
Oxidative stability was evaluated by measuring @xyglepletion, head space volatile
compound formation and peroxide value. They fourad the high oleic sunflower oil had
a higher oxidative stability than regular sunfloveerd soybean oil, but it was similar to
those of maize and groundnut oil. Oil stability éxdand PV have been used to determine
oil quality and stability of conventional and higleic varieties of commercial vegetable
oils with and without added antioxidants (Merefl al, 2008). OSI values obtained in
hours at 110°C for the conventional oils were 5.@&umflower), 7.6 h (soybean), 8.4 h
(canola), 9.8 h (maize), 10.9 h (partially hydrogge soybean) and 14.3 h (oleic
safflower oil). OSI values of high oleic varianteme 12.9 h (high oleic canola), 16.5 h
(high oleic sunflower) and 18.5 h (very high ol@anola), respectively. Additionally,
these authors found that the added antioxidanteased the OSI value and the most
stable oils were high oleic canola, very high oleamola, oleic safflower and high oleic
sunflower with OSI values of 40.9 h, 48.5 h, 48.8rd 55.7 h, respectively. Oil stability
during use and storage can effectively be imprdwethe natural antioxidants contained
in sunflower oil. Food applications demanding higltritional values require an
improvement of the alpha-tocopherol content aneddaiction in the SFAs of the oil (Fick
and Miller, 1997; Fernandez-Martinetzal, 2007).

2.5 Lipid biosynthesis

In oilseeds fatty acids are synthesised at higlesraiver a short period and used
preferentially for TAG synthesis. Vegetable oil 8wsis is divided into two distinct,
spatially separated reactions, namely fatty acibyithesis in the plastids and lipid
biosynthesis in the cytosol (Figure 2.3). More ti#fh separate biochemical steps are
involved, starting with the first step of fatty dcbiosynthesis and ending with TAG
production (Schultz and Ohlrogge, 2002).
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Triacylglycerol biosynthesis in the cytosol
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Figure 2.3 Simplified schematic showing the two spally separate pathways

involved in lipid biosynthesis in vegetable oil prduction.

PA: Phosphatidic acid, DAG: Diacylglycerol, TAG:idcylglycerol, Enzymes for numbered
reactionsi(1) Acetyl-coenzyme A (CoA) carboxylase, (2) Malb@pA:acyl carrier protein
(ACP) transacylase, (Pketoacyl-acyl carrier protein synthase (KAS IB}ketoacyl-ACP
reductase, B-hydroaxyacyl-ACP dehydrase, Enoyl-ACP reductas®, f{-ketoacyl-acyl
carrier protein synthase (KAS IB-ketoacyl-ACP reductase B-hydroaxyacyl-ACP
dehydrase, Enoyl-ACP reductase, fBketoacyl-acyl carrier protein synthase (KAS f}H
ketoacyl-ACP reductasei-hydroaxyacyl-ACP dehydrase, Enoyl-ACP reducta$g, A9
steroyl-ACP desaturase, (7) Thioesterase (Fat &),Thioesterase (Fat B), (9) Acyl-CoA
synthetase; (10) Cytosolic G-3-P acyltransferaskl) (Lyso-phosphatidic acid acyl
transferase, (12) Phosphatidic acid phosphatak®), Diacylglycerol acyl transferase, ATP:
Adenosine 5'-triphosphate, HGO Formic acid, NADPH: Nicotinamide adenine
dinucleotide phosphate (Schultz and Ohlrogge, 2002)
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Fatty acid biosynthesis in oilseed is initiatedhngicetyl-coenzyme A (CoA) as substrate
and is catalysed by the actions of acetyl-CoA caylase and the dissociable fatty acid
synthetase (FAS) enzyme complex type Il (Harwob@96). The sequential actions of
FAS Ill and FAS | produce mainly palmitoyl-acyl car protein (palmitoyl-ACP), which
is then elongated by two carbon atoms to produearayl-ACP by the FAS Il complex.
In turn, the stearoyl-ACP is desaturated by tharstd-ACP desaturase (SAD) enzyme,
which introduces the first double bond in the carlebain (between carbon atoms 9 and
10) to produce oleoyl-ACP. The acyl-ACPs, palmidgP, stearoyl-ACP and oleoyl-
ACP are hydrolysed to free fatty acids that canekported to the cytosol. These are
activated to the corresponding acyl-CoAs, by thtoacof the acyl-ACP thioesterases
(Rolletscheket al, 2007). Two types of thioesterases have beertiideh Fat A and Fat
B (Martinez-Forceet al, 2000). Fat A preferentially acts on long chaittyf acids and has
a high specificity for 18:1-ACP. In contrast, Fate&hibits a higher affinity for the
saturated 16:0-ACP and 18:0-ACP (Plege al, 2006). Although these thioesterases
influence the final composition of seed oils (Dayi&993), fatty acid biosynthesis is also
influenced by the interaction of thioesterases W#l enzymes such as FAS Il and SAD

(Martinez-Force and Garcés, 2002).

Once acyl-ACPs are hydrolysed, acyl-CoA synthaserporates acyl molecules to the
pool of acyl-CoA. Oleic acid, once incorporatedoinphosphatidyl-choline, can be
desaturated to linoleic acid and then intdinolenic acid by the actions of oleoyl-
phosphatidylcholine desaturase (ODS) and linolgbysphatidylcholine desaturase
respectively. Both enzymes are membrane-bound awedtdd in the endoplasmic
reticulum (ER) (Gray and Kekwick, 1996).

TAG biosynthesis has been proposed to take placthdyKennedy pathway in some
species. Fatty acids are sequentially transfema {CoA to positionsnl andsn2 of
glycerol-3-phosphate, resulting in the formation pfosphatidic acid (PA), a central
metabolite. Diacyglycerol (DAG) is released by thefosforilation of PA. A third fatty
acid is transferred to positisn3 of DAG to form TAG, catalysed by diacylglycerol-

acyltransferase.
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Most of the fatty acids produced in the plastid aoe immediately available for TAG
biosynthesis. Instead, in most oilseeds the majox fof acyl chains enter into
phosphatidylcholine (PC) pools where further desdiion and hydroxylation occur. The
fatty acids from PC may then become available f&GTsynthesis by one of two

mechanisms (Figure 2.4) (Ohlrogge and Browse, 1988Blen and Ohlrogge, 2002):

1) Fatty acids attached to CoA and those on PC magngaly trade places. This acyl
exchange probably occurs by the combined reverddaward reactions of an acyl-
CoA:PC acyltransferase (Stymne and Stobart, 198f¢ resulting acyl-CoA may

then be used as an acyl donor in TAG synthesis.

2) PC can donate its entire DAG portion for TAG sysike In many plants, the
synthesis of PC from DAG and cytidine 5’-diphosgh8&CDP)-choline appears to be
rapidly reversible as catalysed by the choline-DAfBosphotransferase. The
reversibility of this reaction allows the DAG magredf PC to become available for
TAG synthesis.

The flux of acyl chains in the ER eventually letaigsterification on all three positions of
the glycerol to form TAG (Thelen and Ohlrogge, 2D02

Mutations leading to modification of enzymatic &ities could occur at several levels
(desaturase gene deletion or duplication, transeonplevels of these genes or
accumulation of desaturase gene transcripts) amckeftire several mechanisms may

explain the oleic acid accumulation in high-oleéeds (Lacombe and Bervillé, 2000).

Several studies indicated that in high oleic aciitent sunflower, ODS activity was
drastically reduced during the critical stagesesferve lipid synthesis, explaining the low
linoleic and high oleic acid content in high oleicid mutants of sunflower (Garcésal,
1989; Garcés and Mancha, 1991).
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Figure 2.4 The biosynthetic pathway of TAG in develping sunflower seeds.
G-3-P: Glycerol-3-phosphate, PA: Phosphatidic a®d: Phosphatidyl-choline, DAG:
Diacylglycerol, TAG: Triacylglycerol, CDPchol: Cyine diphosphocholine, CMP:
Cytidine monophosphate, vvv: Fatty acid. Enzymesniambered reactions: (1) G-3-P and
lyso PA-acyltransferases, (2) Phosphatidate-phadapba(3) DAG-acyltransferase, (4) CDP
choline:DAG-phosphotransferase, (5) Oleoyl PC-desae, (6) Lyso PC-acyltransferase,
Pi: Phosphatidylinositol, Pchol: PhosphocholineACBoenzyme A (Trikiet al, 1999).

Martinez-Rivaset al (2001) reported that the seed specific microsddiab encoded by
the FAD2-1 gene was completely active, however, the levebefie expression was
drastically reduced. They suggested that the hiigic enutation in sunflower obstructs the
regulation of the transcription of the seed-sped#hD2-1 gene. Other studies revealed
that the high oleic phenotype was correlated tdr@ng reduction in the level of ODS
transcript accumulation in the high oleic sunfloveenbryos during the critical stages of
storage lipid biosynthesis (Hongtrakei al, 1998; Lacombe and Bervillé, 2000). The
lack in ODS transcript accumulation could be dueatoon-expression of theAD2-1

gene (Lagraveret al, 2000).
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2.6 Genotypic and environmental factors influencing seed oil content and
composition
2.6.1 Genotypic factors
Sunflower seed oil content and fatty acid compositare significantly influenced by
genetic factors. Seed oil content depends on thyeoption of hull in the seed. A negative
correlation between oil content and hull thickndsss been reported by several
researchers (Anand and Chandra, 1979; Lagaral, 1990;Deniset al, 1994;Weiss,
2000). Cultivars with low hull content contain mood than those with a high hull
content. Therefore, breeding and selection for towall percentage resulted in an
increase in seed oil percentage (Fick and Milleg7). Head size and shape are additional
factors that have an influence on these traits §#/ei2000). Afzalpurkar and
Lakshminarayana (1980) reported that seed fromlensiked heads contained more oll
than those from larger heads. Oil content and fatig composition also vary with the
position of seed within the head. Munshial (2003) found that oil content was higher in
seed from the peripheral whorls than in those fitben middle and central whorls. For
fatty acid composition, the linoleic acid and palmiacid contents increase, while the
oleic acid content decreases in seed from the p&gintowards the centre of the head

(Fick and Zimmerman, 1973; Zimmerman and Fick, 3973

2.6.2 Environmental factors

Sunflower oil content and composition is not om§luenced by genetic factors, but also
by environmental and agronomical factors includipianting location, climate,
temperature, water regime, planting date and ieatil and irrigation applications
(Salunkheet al, 1992; Seiler and Brothers, 1999; Flageitaal, 2002; Izquierdeet al,
2002; O’Brien, 2004; Qadet al, 2006).

Robertsonet al (1978) found that latitude and average tempesahad no significant

effect on the oil content of sunflower seed inwagtincluding several locations and years
in North America. However, Chunfangt al (1996) reported that both latitude and
altitude had an influence on oil content and faitid composition and that the higher the
latitude, the higher the oil content. They alsonidhat in the same latitudes, sunflower
grown in areas of high altitude contained moreaaitl that the influence of altitude was

stronger than that of latitude. These differencay wary with temperature.
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The fatty acid composition of sunflower seed vamgth planting location and climatic
conditions during the growing season (Kinman andeEd964; Cummingt al, 1967;
Chunfanget al, 1996; Qadiret al, 2006). In general there exists a correlatiorwben
latitude and fatty acid composition. Sunflower sgealvn in the northern hemisphere had
higher linoleic acid content than seed grown in sbathern hemisphere. However, this
correlation was only because of the influence tifude on the climatic conditions (Lajara
et al, 1990). Temperature is mostly the direct consegeieof location and therefore
microclimatic conditions may determine acute d#fezes within the same latitude
(Chunfanget al, 1996).

According to Flagelleet al (2002), different planting dates and water regnsause
different environmental conditions during seed+#fdl and oil synthesis of sunflower seed
and therefore a possible alteration in oil contamd fatty acid composition of the seed.
Different planting dates may cause flowering anddsdevelopment to occur during
periods of widely different temperatures, radiatiday length and soil water availability.
Both oleic and linoleic acid concentrations of tbi of cultivated sunflower were

significantly related to total solar radiation adely length (Seiler, 1983).

Sunflower seeds grown under non-irrigated (rainfed)limited irrigation conditions
contained less oil than those grown under fulligated conditions (Goksagt al, 2004).

In addition, exposure of sunflower to brief periadfswater stress during the seed-filling
period reduced oil content, however, this was dateat with an increase in the
proportion of hull (Hallet al, 1989). Furthermore, when water stress conditamtsirred
during the seed-filling period, an increase in dleic to linoleic ratio was observed. This
could be due to the effect of unfavourable cellevattatus on the activity of the ODS
enzyme. However, Baldirgt al (2002) hypothesised that water stress causedeaatzs
and earlier embryo development and lipid accumaatirhis therefore caused a shorter
duration of all enzymatic activities, including #sof ODS and this could reflect on the
final fatty acid composition. Flagelkt al (2002) claimed that upon irrigation, the plant
tissue temperature is lowered that may cause hmttesity of ODS and therefore a lower

oleic to linoleic ratio.

Temperature was shown to affect both oil contertt eomposition of sunflower seed

during the period of seed development and maturgteiler, 1983; Seiler and Brothers,
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1999; Rondaninet al, 2003; 2006; Qadiet al, 2006). High temperature (above’G%
during seed development resulted in a reductiotoial oil content (Rondaninet al,
2003). However, the effect of temperature on oihteat was variable. Canvin (1965)
found that sunflower grown at a constant tempeeatir21°C had a higher oil content
than those grown at both higher and lower temperatuAccording to Harriet al
(1978), oil content decreased as temperature iseteal’ he cause of the reduction in oil
content may lie in the greater proportion of theqaep, due to the shortening of the seed-
filling period at high temperatures (Connor andIH&997). This was explained by the
fact that oil content decreased with an increasthénproportion of the pericarp (Anand
and Chandra, 1979). Unger and Thompson (1982) tegbahat oil content of seed
maturing late in the season (at lower temperatunes lower compared to seed from
sunflower planted earlier that matured during warmeather. According to Connor and
Hall (1997), this supposedly positive effect of gmrature on oil content might possibly
be associated with small or light seed that co@dlbe to problems with pollination or

subsequent seed growth.

The relative proportions of the major unsaturatgtyfacids (oleic and linoleic acid) are
strongly influenced by the environmental temperuuring sunflower seed development
(Harriset al, 1978). There is an inverse relationship betwteemperature and the degree
of unsaturation of the oil (Qadat al, 2006). Several studies have been conducted in
order to clarify how temperature affects the fattyd composition of plant lipids (Garcés
et al, 1992; Rondaninét al, 2003; 2006; Qadiet al, 2006). In controlled environment
studies, high temperatures during seed developfespecially night temperature) have
been found to cause a decrease in the amount akiinacid and a corresponding
increase in the amount of oleic acid in the oif(ierdoet al, 2002). Seed maturation
during periods of low temperature gave oppositeultes The mechanism involved
appeared to be the direct effect of temperaturéheractivity of the desaturase enzymes
that are responsible for the conversion of oleidintoleic acid (Canvin, 1965; Harrist
al., 1978; Silveret al, 1984; Garcés and Mancha, 1991). Therefore, tentiperature and
genetic effects are mediated by changes in theitgodf the microsomal ODS. According
to Izquierdoet al (2002) variations in oil fatty acid compositiorere related to night
temperature and maximum temperature during the pghiod. They suggested that the
effect of temperature during the dark period otyfatid composition was an indication

that light or a metabolite associated with the diayt cycle could affect the activity of
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the ODS enzymes. Environmental factors (that mageany type of stress) influence the
proportions of fatty acids by altering the enzynotivity as well as transport between
organelles (Steer and Seiler, 1990) and thereforgmosough understanding of the

environmental factors influencing seed developnagut oil quality is necessary.

2.6.3 Temperature effect on oleoyl phoshatidylchaie desaturase activity

The ODS enzyme is highly regulated by temperatarsunflower seed and according to
Garcia-Diazet al (2002), different mechanisms might be involvedha control of the
microsomal ODS activity. These mechanisms inclujede novoenzyme synthesis or
activation of ODS that is stimulated by low temgeras, 2) the rapid and reversible
partial inhibition of the pre-existing enzyme aglhitemperatures and 3) the exchange of
oleate and linoleate between TAGs and PC (Can@é51Garcé®t al, 1992; Sarmiento

et al, 1998).

In addition, Martinez-Rivaset al (2001) proposed two separate and independent
mechanisms that could be involved in the tempeeategulation of ODS activity in
developing sunflower seeds: 1) The long-term diedfetct of temperature, mostly related
to the low thermal stability of the ODS enzyme &)dhe short-term indirect effect of
temperature on the availability of oxygen. Highetubility of oxygen in water at low
temperatures may increase the total desaturasetyadty increasing the availability of
oxygen that acts as co-substrate for oleate dedator Both regulation mechanisms are
of particular relevance as they act during fieldvgih conditions of sunflower plants.
However, temperature does not only regulate ODBiggtbut also the amount of oleate
(synthesisedle novoand mobilised from preformed TAG) available assttdie for the
enzyme (Garcia-Diagt al., 2002).

2.6.4 Temperature effect on high oleic sunflower

It is reported that in high oleic sunflower seeadtyf acid composition was not affected by
climatic conditions (Salunkhet al, 1992). Several researchers reported that ot@tt a
content showed a great stability in different eoriments in high oleic genotypes, even if
genetic differences were present (Salera and Balti#98). Additionally, in high oleic
mutants the oleic and linoleic acid contents wess linfluenced by temperature than
standard genotypes (Flageba al, 2000). However, Champolivier and Merrien (1996)

suggested that temperature had an effect on otgic antent in high oleic sunflower
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hybrids. Tatini (1995) showed that an increaseeingerature from 10-2Q during seed-
filling produced an increment from 45-80% of oleidd content in a high oleic genotype.
In contrast, Lagraveret al (2000) found that the high oleic hybrids theydstd were
insensitive to temperature conditions. The diffee=n between these reports could be
related to differences in hybrids studied as walltheir genetic backgrounds. Oleic
hybrids can be characterised as high or low oleid potential hybrids and the largest
part of total variation in oleic acid percentageldde due to differences in potential acid
percentages of the hybrids (Izquiereloal, 2002). Lagraveret al (2000) suggested that
hybrids with low oleic acid potentials could be maensitive to environmental conditions
such as temperature, while hybrids with a highercahcid content genetic potential were

insensitive to temperature conditions.

2.7 Genotype by environment interaction

Cultivars grown under a wide range of conditions exposed to different soil types and
fertility levels, rainfall and soil moisture conidihs, temperatures and agricultural
practices. These variables can all be describel@atvely as the environment. When
comparing cultivars in different environments, thperformance relative to each other
may differ. These differential responses of culsvacross different environments are
referred to as GXE interaction (Fehr, 1987; De leg® and Chapman, 2000). GXE
interactions are of interest for both the planteblier as well as the agronomist for several
reasons. When developing cultivars for specificppses or for specific geographical
areas, it is necessary to understand the interactfothe genotypes with predictable
environments. The resources for testing genotymessa locations and years can be
effectively allocated upon the relative importanégenotype x location, genotype x year
and genotype X location x year interactions. Thdility of performance of genotypes to
various productivity levels among environments dam determined. Environmental
stability of genotypes help to determine their aility for fluctuations in growing
conditions that are likely to be encountered (F&BB7). High yield stability refers to the
ability of a genotype to perform consistently (wietat high or low yield levels) across a

wide range of environments (Annicchiarico, 2002).

A number of statistical procedures can be appleddtermine GXE interaction and its
relationship to phenotypic stability. The regressiechnique (Finlay and Wilkinson,
1963; Eberhart and Russell, 1966) has been widsdd due to its simplicity and because
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its information on adaptive response is easily iapple to locations (Annicchiarico,
1997). The principle component analysis (PCA) mettiat shows the mean squares of
the principle components axis has also been usadoand Furnas, 1991). Methods that
have been widely used to asses stability inclugerégression coefficient (Finlay and
Wilkenson, 1963), the environmental variance (lah al, 1986), Shukla’s stability
variance (Shukla, 1972), Wricke's ecovalence (W&ickl962) and univariate and
multivariate methods (Akcuret al, 2005).

2.7.1 Genotype by environment interaction in sunflaver

Sunflower yield and oil quality traits are both dadant on the genotype (cultivar) and its
interaction with the environment (Connor and Sadrd892; Pereyra-lrujo and
Aguirrezabal, 2007). For traditional cultivated 8awer genotypes, yield and oil quality
depend largely on the environment that is highlgalde among locations (Seiler, 1983;
Lajaraet al, 1990; De la Vega and Chapman, 2000; Radtlial, 2008), years (Laureti
and Del Gatto, 2000; Miiet al, 2007) and sowing dates within a single year @ramd
Thompson, 1982; Goksat al, 1998; Radi et al, 2008).

GXE interaction was reported for SFA contents afealuating high palmitic and high
stearic acid sunflower mutants under different terafure regimes (Martinez-Foreeal,
1998). High palmitc and mid stearic acid mutantevpd to be more sensitive to
temperature differences during seed developmentttie high stearic acid mutant CAS-
3. On the other hand, Fernandez-M@&yaal (2002) indicated that the stearic acid levels
of the high stearic acid mutant CAS-14 were higtdgpendent on temperature during

seed-filling.

Genotype and temperature exert a major effect enptbportions of linoleic and oleic
fatty acids during seed-filling and oil depositi¢8eiler, 1986; Flagellat al, 2002).
However, not all genotypes are equally affecteddsgperature and show strong GXE
interactions (Salera and Baldini, 1998). It hasnbsleown that the oleic to linoleic ratio
was more stable across environments in high ot#& @ntent mutants than in traditional
sunflower types, high linoleic acid lines or somdédwspecies across environments
(Ferndndez-Martineet al, 1986; Garcést al, 1989; Simpsoet al, 1989; Seiler, 1992).
Some high oleic acid sunflower inbred lines havevsh stability in the field over years,

whereas the oleic acid percentages varied accotdiggar for others. The instability of
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mutants may be caused by the presence of modirfistability) genes that could be the
same as those that cause instability in the taditi high linoleic hybrids. During the
course of a breeding programme for high oleic &giorids, it is necessary to do analyses
over several generations in order to select fomtlost stable genotypes. However, if an
unstable line has good agronomic characteristiasjraber of hybrids should be made
from these genotypes and tested for stability efcoand linoleic acid contents (Triboi-
Blondelet al, 2000). By combining the genetic variability etresponse of the fatty acid
composition to temperature and the climatic divgnsnder which sunflower is cultivated,
it is possible to obtain sunflower oils with diféert qualities (Izquierdo and Aguirrezabal,
2008).

2.7.2 Analysis of variance

Phenotypic performances of genotypes in multi-emriments can be used to calculate the
amount of variation attributed to genotypic effe@avironmental effects, GXE effects
and experimental error (Basford and Cooper, 19883 conventional variety assessment
trial where the yield of genotypes (G) is measure@nvironments (E) over replicates
(R), the classic model to analyse the total yieddation contained in GER observations,
is the analysis of variance (ANOVA). After removirihe replicate effects when
combining the data, GXE observations are partitioim¢o two sources: 1) additive main
affects for genotypes and environments and 2) mlolitige effects due to GXE (Pillay,
2000). The ANOVA of the combined data expressesotiserved (Y) mean yield of the

i" genotype at thé"environment as:
Yij = “ +Gi + E +GE] +8ij

Where p is the overall mean, GE and GE represent the effect of the genotype,
environment and genotype x environment interactiespectively, and; is the average
of random errors. The non-additive interaction; @fplies that an expected value of Y
depends not only on the separate levels of G amditzlso on their combination (Crossa,
1990; Purchase, 1997). Estimation of the interadgBamportant to estimate the genotypic
effects and optimal allocation of resources. Theavee components can be calculated by
the estimated mean squares from the observed nwaes in the ANOVA (Pillay,
2000).
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The ANOVA has been used in several studies to amabjata obtained for several
agronomic and oil quality traits from trials pladit@ different localities (or environments)
and across several growing seasons (Kleanal, 2008). For example, Alza and
Fernandez-Martinez (1997) evaluated six sunflowdaritls in eight environments. The
experimental area consisted of two adjacent triasfirst under irrigation and the second
under rainfed conditions. Statistical analysis wasied out in two steps. First a separate
analysis was done for each environment and secoradlgombined analysis over
environments. In the separate analysis highly Baanit differences were observed for
yield (kg/ha), no of seeds per head, seed weight temad diameter between hybrids
planted under rainfed and irrigated conditions. gkding to the combined ANOVA,
genotypes showed significant effects for all traiidile GXE interactions were also
highly significant for all traits. In another studeniset al (1994) studied the genetic
control of hullability in 36 sunflower hybrids thatere produced by a factorial cross of
six male sterile and six restorer lines. Hybridgevevaluated in two locations in Spain
(one rainfed and one irrigated) and one locationgéted) in France. The ANOVA of
hullability indicated significant genotypic and émnmental effects, while the GXE
effect was also highly significant. The trial undainfed conditions in Spain gave a mean
hullability of 83% and it was double the value obéal in France (41.5%). The irrigated

trial in Spain gave an intermediate value of 60.4%.

Velascoet al (2002) investigated the genetic and environmevaahtion of tocopherol
content and composition in sunflower. A total oft8fbrids were grown at 13 locations in
southern Spain. They reported that both genotypicenvironmental effects were highly
significant for tocopherol content and compositidhe effect of genotype was larger than
that of environment for alpha-, beta- and totalofgiterol content whereas the effect of
environment was greater on gamma-tocopherol con@XE interaction was significant

for alpha-, gamma- and total tocopherol content.

Zobelet al (1988) compared the traditional statistical asialyvith additive main effects
and multiplicative interaction (AMMI) analysis amstiowed that these analyses were not
always effective in analysing the multi-environménml data structure. The ANOVA, an
additive model, describes main effects effectivaatyl determines if GXE interaction is a
significant source of variation. However, it doest provide insight into genotype or

environment patterns that give rise to interactibhe multiplicative model of PCA
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contains no sources of variation for additive ggpiat or environmental main effects and
also does not analyse interactions effectively. Timear regression method uses
environmental means, which are sometimes a poonast of environments, such that the
fitted lines in most cases account for a smalltioacof the total GXE and could be
deceptive (Byttet al, 1976; Zobekt al 1988; Ariyo, 1999).

2.7.3 Additive main effects and multiplicative inteaction analysis

AMMI analysis has been reported to be suitabledigpicting adaptive responses and is
useful in understanding complex GXE interactionay& and Zobel, 1989). The AMMI
model separates the additive variance from theiphigkitive (interaction) variance and
applies PCA to the interaction portion from the AW®analysis to extract a new set of
coordinate axes (interaction principle componemsaxhat account more effectively for
the interaction patterns (Shaét al, 1992). In clarification of GXE interactions, AMM
summarises patterns and relationships of genopeé£nvironments (Crossa, 1990). The
plant breeder is interested in both adaptabilityefage performance across localities) and
stability (consistent performance across envirorts)eifhe variance across environments
can be used for traits such as quality. Cultivdluence is a limitation of stability
analysis, because large deviations from the reigres® not necessarily imply instability,
but it might be that a specific genotype only readifferently from the rest of the
genotypes (Pillay, 2000).

AMMI results are graphed in a highly informativeplot that shows the main and
interaction effects for both genotypes and envirents on the same scatter plot. Also, the
data are partitioned into a pattern rich model,levttie noise rich residual is discarded to
gain accuracy (Gauch and Zobel, 1996). AMMI combiABIOVA and PCA into a single

model with additive and multiplicative parametérke equation of the AMMI model is:
Yger =utogt Be + anannen + pge t Eger

Where Yger is the yield of genotype g in environment e foplieate r,p is the overall
mean,og iS genotype mean deviation (mean minus grand m@ang the environment

devations, n is the number of PCA axes retainetienmodelj, is the singular value of

PCA axis nyygnis the genotype eigenvector values for PCA axighis the environment
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eigenvector values for PCA axismy is the AMMI residuals ang,e, is the residual error
(Gauch and Zobel, 1996).

Studies on GXE interaction, stability and adaptpbihnalyses have been previously
performed in sunflower for various traits acrosdfedént environments and for
consecutive years (De la Vega and Chapman, 20@0¢gtiaand Del Gatto, 2000; Luquez
et al, 2002). These authors assessed stability usisigeFs protected least significant
difference (LSD) test (Steel and Torrie, 1993)atigk yield (Yau and Hamblin, 1994),
Shukla’s stability variance statistic (Shukla, 197ang’s yield stability statistic (Kang,
1993), Piepho’s method of multiple comparison (R@pL995) and PCA (De la Vega and
Chapman, 2000). However, the AMMI model was shownovercome some of the
problems with linear regression and proved to b&laable tool for depicting adaptive
responses (Gauch and Zobel, 1989; Gauch, 1993;célmarico, 1997; Ariyo, 1999),
improving the probability of successful selectiorddor analysing GXE interaction with

greater precision (Schoeman, 2003).

Leeuwner (2005) used the AMMI model to evaluate é¢ffects of GXE interaction in

sunflower and their adaptation at 32 South Afridacations. The AMMI identified

considerable GXE interaction. The first two intei@c principle components axes (IPCA)
were highly significant (P<0.001), but factors rmsgible for GXE could not be

identified. The two IPCAs contributed 34% and 22.6Pthe interaction sums of squares
respectively. By plotting scores of IPCA1 againkatt of IPCA2, genotypes and
environments grouped together according to thetltend their growing season. But,
because genotypes and environments could not beiltes according to the factors
responsible for the observed GXE interaction, ggmed could not be recommended for
adaptability to specific environments. However, eld adapted cultivars for South

African environments were selected.

2.8 Breeding of sunflower to change or improve ogdomposition

In some cases standard sunflower oil needs additigmocessing and chemical additives
to meet its many potential applications in bothfined and non-food industry. The result
of this processing is a final product that mighvénaetrimental implications for human
health. For common uses such as deep frying or amiagy production, sunflower olil

needs to be hydrogenated (hardened off) in ordeobtain solid or semi-solid fats.
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However, this process inducess-trans isomerisation of fatty acids, resulting in the
production oftrans-fatty acids that might be related to heart dis¢&g#let et al, 1993).

In addition, sunflower oil is not suited for usdwt require a high oxidative stability
(Ferndndez-Martineet al, 2004). Breeding of novel and healthier sunflowértypes
with improved oil quality for specific applicatiorigas received great attention by plant
breeders. Improvement in oil quality has been agdemainly by modifying the fatty
acid composition of the oil (Knowles, 1983; Ivanev al, 1988; Osorioet al, 1995;
Fernandez-Martineat al, 1997; Salagt al, 2004; Seiler, 2004 Fernandez-Mastaal.,
2005). Genetic variation of fatty acid compositionsunflower oil has been achieved
through conventional breeding and mutagenesis #pelez-Martinezet al, 2007).
Sunflower mutants with altered fatty acid compaosi§ that have been developed are
summarised in Table 2.4.

Because sunflower fatty acid composition variehwiifferent temperatures during seed
development, there has been interest in develdpoatiy high linoleic and high oleic types
that are temperature insensitive (Knowles, 1983teMand Vick, 2001). High oleic lines
derived from Pervenets have been shown to be staoler different temperature regimes
(Ferndndez-Martineet al, 1986). Increased concentrations of SFAs are ssacg for
applications in the food industry that requiressptafats (for production of margarines
and shortenings) without the need of hydrogenaftils. with higher SFA contents would
be naturally more stable than oil from traditioeahflower. A high level of stearic acid is
preferred over other SFAs due to its neutral effectserum lipoprotein cholesterol
(Pearson, 1994). Mutagenesis was effective in dpual mutants with increased levels
of SFAs at thesn-1 andsn-3 TAG positions where the absorption rate of thigyfacid is
lower than at then-2 position (Bracco, 1994; Alvarez-Orteghal, 1997).

Using mutagenesis of dry seeds through X-ray ramfiatvanovet al (1988) and Osorio
et al (1995) developed single mutants with high pabkraitid contents above 25% (Table
2.4). The double mutant, CAS-12 was developed btaganising a high oleic acid line
isogenic to the original low oleic acid line usedabtain CAS-5 (Ferndndez-Martinetz
al., 1997).
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Table 2.4  Sunflower mutants or lines with altered dtty acid composition

developed through mutagenesis or germplasm evaluati

Trait Mutant or line Reference
High oleic acid 1) Pervenets Soldatov, 1976
High palmitic acid 1) 275 HP Ivanovet al, 1988
2) CAS-5 Osorioet al, 1995
High palmitic acid and increased 1) CAS-12 Fernandez-Martineet al, 1997

oleic acid content
High palmitic and medium content ofl) CAS-37 Salaset al, 2004

palmitoleic acid

Medium to high stearic acid 1) CAS-8 Osorioet al., 1995
2) CAS-4
3) CAS-3
Very high stearic acid content 1) CAS-14 Fernandez-Moyat al., 2002
Low stearic acid content 1)LS-1 Miller and Vick, 1999
2) LS-2
Low palmitic acid content 1) LP-1 Miller and Vick, 1999
Low total saturated fatty acids* 1)RS1 Vick et al.,, 2002
2) RS2 Vick et al, 2002
3) NMS 2229 Seiler, 2004
High stearic acid on high oleic 1) CAS-15 Fernandez-Moyat al., 2005
background*
High linoleic acid content* 1) 2698-L Miller and Vick, 2001

*Lines developed with variation in fatty acid congitions through germplasm evaluation and
recombination (Fernandez-Martinetzal, 2007).
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CAS-12 showed a high palmitic acid content of ab808& and an increased oleic acid
content of about 56%. The high palmitic acid mutamnere found to exhibit palmitoleic
acid (C16:1) in their seed oil, a fatty acid trebsent in standard sunflower oil. Sadas
al. (2004) reported on a mutant, CAS-37, with higrels of palmitic acid and presence of
palmitolinoleic (C16:2) and asclepic acid (C1811). Three mutants with increased
stearic acid contents CAS-3, (>25%), CAS-4 (>13%1J &AS-8 (>10%) were isolated
after chemical mutagenesis with ethyl methanesatmand sodium azide (Osoeob al.,
1995). Fernandez-Moyat al (2002) isolated a very high stearic acid mutaAiS€l4
with stearic acid levels above 35% using mutagensgh sodium azide. Later two more
lines, CAS-19 and CAS-20, with medium stearic deikls were further developed by
Pérez-Vichet al (2004) from crossing CAS-3 and a standard surdtdime.

During the last decade, consumers have become rmit@bout the consumption of
SFAs in their diets due to the fact that high Isvef saturated fat may contribute to
increased blood serum cholesterol. This increalesrisk for coronary heart disease
(Mensinket al, 1994; Willett, 1994). The reduction of total SIEAntent is an important
objective for specific dietary uses. Lowered SFAtents have been developed by using
both germplasm evaluation and mutagenesis. Milher dick (1999) obtained the LP-1
mutant with lowered palmitic acid content, as vaalltwo low stearic acid mutants, LS-1
and LS-2, using chemical mutagenesis. Similarly kVat al (2002) selected two
germplasm lines, RS1 and RS2, with reduced tot&l 8&m a cultivated sunflower line.
For these lines, the decrease in total SFAs waxipally obtained by reduction of the
stearic acid content. Seiler (2004) also identifiad SFA levels in a population of wild

H. annuus

Further improvement of oil quality was achievedrbegombining several seed oil quality
traits in a single phenotype. However, to faciétahis process, traits to be recombined
should be inherited independently. Pérez-Vathal (2002a) studied the relationship
between the high palmitic and high stearic acidsiia crosses between the mutant lines
CAS-5 and CAS-3. Three genes are involved in thrgrobof high levels of palmitic acid
namelyP1, P2 andP3, as well as high stearic acid content, nank§,Es2andEs3 One

or two genes are, however, involved in the cordfdbw levels of these fatty acids. They
reported that complete recombination of thesestraias not possible because of an

epistatic effect of loci controlling high palmitecid content on the loci responsible for
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high stearic acid content. Similarly, these authiovestigated the genetic relationships of
high stearic and high oleic acid contents involvihg high stearic line CAS-3 and the
high-oleic acid line HAOL-9. They found that thengéic linkage between the stearic acid
locusEs2and the oleic acid ger@l hindered complete recombination of the high steari
and high oleic acid levels of the parents (Pérei¥ét al 2002b). However, Pérez-Vich
et al (2002a) also reported that the high palmitic sl high oleic acid traits were

independently inherited.

High temperature processes (e.g. the frying oiligt/) need sunflower oil that is highly
resistant to thermoxidation, with a low concentmtiof linoleic acid and a high
concentration ofn vitro oxidants (mainly gamma- and delta-tocopherol).idtam for

increased levels of beta- and gamma-tocopherol been found in collections of
cultivated germplasm (Demurin, 1993; Velasebal, 2004b). Demuriret al (1996)

found that genes controlling fatty acid levels werdependently inherited from those
controlling the tocopherol profile. This allowedthombination of different fatty acid and
tocopherol profiles (Fernandez-Martinetz al, 2004). Novel fatty acid and tocopherol
traits are usually under embryonic control by a lownber of genes that facilitate their

management in breeding programmes (Fernandez-Masdiral, 2004).

2.9 Inheritance of the high oleic acid trait

In general, genetic modifications that alter thetyfacid profile have been found to be
gualitative rather than quantitative. This mearat they are controlledy a low number

of genes and are less affected by the environnfem guantitative traits such as oil
content. They are mostly determined by the genotfpke developing embryo with little
or no maternal influence. This could be crucialbireeding programmes, since low
maternal inheritance allows selection to be caraetlat a single seed level (Fernandez-
Martinezet al, 2004).

The study of oleic acid inheritance in sunflowec@nplex and no general agreement on
how oleic acid is inherited has been reached. &éwudies have been carried out to
explain the inheritance of the high oleic acid eoitin germplasm derived from the
Pervenets variety. Miller and Zimmerman (1983) dete lack of dominance and
maternal influence after crossing high oleic plawith a low oleic parent. The first

genetic analysis done on the high oleic sunflowatamt, obtained by Soldatov (1976),
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concluded that the high oleic acid trait was cdhgtbby a dominant or partially dominant
single gene that was designa@dFick, 1984; Urie, 1984). In a further study Uri985)
detected the presence of modifiers as well as ersal/of the dominance of tl@ gene
that could not be explained. A second gene modifyire high oleic acid content was
identified by Milleret al (1987) and was designatdtl. The authors proposed a model
that stated that the high oleic acid trait was egped in genotypes having one dominant
allele of theOl gene combined with the recessive allelein a homozygous condition
(Ol_miml).

Fernandez-Martineet al (1989) and Pérez-Vicat al (2002a) observed three different
F, segregation patterns (1:3, 7:9 and 37:27) for llghc and low-intermediate classes.
These authors hypothesised that the high oleicackaris controlled by three dominant
complementary gene§l;, Ol, andOl; and according to this model, the high oleic acid
trait was only expressed when all three dominanegevere present. However, although
the segregation 3 high : 1 low + intermediate @atihg a single dominant gene) was
observed by several studies (Fernandez-Margéhek, 1989; Schmidet al, 1989; Pérez-
Vich et al, 2002a) (Table 2.5), further studies demonstrtitatithe genetic control of the
high oleic acid trait was more complex. Howeverpidein and Skoric (1996) could not
confirm the previous hypothesis and concluded thatOl locus exhibited genetically
unstable expression. Fernanddzal (1999) postulated a two gene model and suggested
that the high oleic content was produced by thessize allelel and the dominant allele
Ml, both in a homozygous condition. They also suggeshatMl might be a gene

complex rather than a single gene.

All the above genetic studies were carried out umd&-controlled environments despite
of the well-known influence of temperature on thepotypic expression of oleic acid
content. In the first controlled environment studgne, Alonso (1988) used growth
chambers at three temperatures (10°C, 20°C and)38i@ detected a large effect of
temperature on oleic acid content in different gatiens. It was concluded that oleic acid
content was controlled by the singld gene that acted either as dominant or partially

dominant depending on the temperature (Velasat, 2000).
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Table 2.5 Theoretical genotypic and phenotypic clags for oleic acid (C18:1) levels in crosses segagg for this fatty acid

Line Genetic model Expected FFgenotypes Frequency 18:1 Phenotype References

Pervenets One partially dominant Olol 1/4 Low Fick, 1984

selection  gene Ol 3/4 High + intermediate

Pervenets One dominant gene Olol 1/4 Low-intermediate Urie, 1985

selection Ol 3/4 High Schmidtet al, 1989

Pervenets Single dominant gene and Olol_ 4/16 Low Miller et al,, 1987

selection  recessive modifier Ol_MI_ 9/16 Intermediate
Ol_miml 3/16 High

R 978 Single recessive gene Ol_ML_, Ol_miml, olol_MI_  15/16 Low + Intermediate Fernandezt al 1999

and recessive modifier olol miml 1/16 High

HAOL-9 One dominant gene ol;0l;0L,0L,0L;0Lg 1/4 Low-intermediate Fernandez-Martinegt al, 1989
OL;_ OLOL,0L30L; 3/4 High Pérez-Vichet al, 2002a

HAOL-9 Two dominant genes olol;  OLOLzorOl,_OL, 7/16 Low-intermediate Fernandez-Martinegt al, 1989
OL:OLs
OL;_ OLOLsOL; 9/16 High Pérez-Vichet al, 2002a

HAOL-9 Three dominant genes ohol,  _or__ebl,  37/64 Low-intermediate Fernandez-Martinegt al, 1989
or____ dlols Pérez-Vichet al, 2002a
OL,_OL, OLg 27/64 High

HAOL-9 One recessive gene OL; OL,OL,0L30L; 3/4 Low-intermediate Fernandez-Martineet al, 1989
ol;,0l;0L,0L,0L30L5 1/4 High Pérez-Vichet al, 2002a

LG-27 One recessive gene OL_ 3/4 Low Demurinet al, 2000
O|10|1 1/4 Mid

HAOL-9 Five genes Velascoet al, 2000

(Fernandez-Martineet al, 2004).
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In a second controlled environment study, Velastal (2000) observed a number of
different segregation patterns in thg F, and BGF, generations produced by a cross
between a standard inbred sunflower line and a-isegenic high oleic line. They
proposed a genetic model consisting of five gehatéxplained the segregation patterns.
Genes controlling the oleic acid content were desigdOl;, Ol,, Olz, Ol, andOls. They
found that genotype®I;0l;, Ol;,0l;01,0l, and Ol;0l;0l,0l, were high in oleic acid,
whereas the genotym;ol; had a low oleic phenotype. Conversely, dependmtheOls,

Ol andOls genes, the genotygi@;ol;0l,0l, could exhibit low, medium or high oleic acid

content.

Lacombeet al (2001) reported that the high oleic acid contemas directed by two
independent loci, a locus carrying the oleHOS allghat is exclusively correlated to the
high oleic acid content status of the genotype) amather locus that carries a suppressor
allele (supHOAC) that also directs the high oleidatrait. The supHOAC allele
suppresses the effect of the high oleic acid caraélale. Therefore, depending on the
SupHOAC allele in the segregating population, tigholeic acid trait is controlled by
one or two loci. The suppressor allele could distilme conventional segregating pattern
for high oleic to linoleic acid and therefore otlodservations that reject the dominance of

the high oleic acid trait might be due to segrematit this locus.

In short, there is general agreement on the preseia principleOl gene controlling the
high oleic acid content character, but this traitcomplex and involves a number of
modifying genes whose number and function stillchée be determined. Studies by
Fernandez-Martineet al (1989), Demurin and Skoric (1996), Velassaal. (2000) and
Pérez-Vichet al (2002a) confirmed the reversal of dominance thas mentioned by
Urie (1985). Furthermore, interpretative differemce these studies may be due to
background genes in the parental lines used, emmieats utilised to test the segregating
generations and the number of modified genes presahe breeding material (Miller,
1992; Miller and Fick, 1997; Triboi-Blondadt al, 2000). Finally, the molecular and
genetic nature of the high oleic acid trait islstibt well understood and this lack of
understanding causes difficulties in directing tduaversion of traditional linoleic lines

into high oleic lines during breeding programmes.
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2.10 Advanced breeding for oil crop modification: INA marker-assisted selection
Conventional plant breeding has always relied oe bhenotypic selection of
agronomically important traits from the diverse geool that is present within a crop
species. Traits like height and flower colour arsibke and can be easily identified.
However, for some traits phenotypic selection haslenlittle progress due to challenges
in measuring phenotypes. Traits like seed oil duatan only be measured by
sophisticated analytical methods and in additibe, éxpression of this trait depends on
variable environmental conditions and developmestide. Formerly it was necessary for
breeders to develop and analyse each generationebitiey could measure the specific
trait or phenotype and select the best plants. With introduction of marker-assisted
selection (MAS), this has changed and breedersnoanselect plants that are likely to
express the required traits from thousands of prpgeen before the plants have matured
(Murphy, 2006; Moose and Mumm, 2008).

A prerequisite for MAS is the development of molecdags. Molecular markers such as
restriction fragment length polymorphism (RFLP)ydam amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism (AFLand microsatellite or simple
sequence repeat (SSR) among others, have beeropededior many oil crops. These
markers are assembled into genetic maps that aflus research and commercial
breeding programmes. Markers that are tightly ltht@the trait of interest can be used to
trace the presence of that specific trait in lagggregating populations and at young plant
stage as part of a crop-breeding programme. Intiaddimolecular markers might
increase the probability of identifying superiongéypes, by focussing on genotypes with
the greatest potential, by decreasing the numbgrrofeny that need to be screened
phenotypically and by allowing simultaneous impnmeat of traits that are negatively
correlated (Mohaet al, 1997; Murphy, 2006; Moose and Mumm, 2008).

Quality traits are quantitative traits (also callealygenic traits) and are controlled by
several genes. Regions within a plant genome tbatam genes associated with a
particular quantitative trait are called quantitattrait loci (QTL). DNA markers are used
to construct linkage maps which are used to idgmifromosomal regions that contain
genes and/or QTL associated with traits of interEisis is called QTL analysis and these
maps are then referred to as QTL maps. The prin@pRQTL mapping is based on genes

and markers that segregate via chromosome recotidninduring meiosis, therefore
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allowing their analysis in the progeny. Genes arsdkers that are close together (tightly
linked) will be transmitted together from parenptogeny (Collarcet al, 2005).

The construction of linkage maps and QTL analyske$ a considerable amount of time
and may be expensive. Subsequently, there areatitez methods that can save time and
money, especially if resources are limited. Onehwoetthat can be used to identify
markers and tag major QTL is bulk segregant amalyBISA). The BSA approach,
developed by Michelmoret al (1991), is frequently used in gene tagging arthised on
the principle of near-isogenic lines. In BSA, twar@nts that differ in their expression of
the targeted trait are crossed to develop a setimggaopulation that are subsequently
phenotyped for the targeted trait. Two “bulks” oNR samples differing for the trait of
interest are constructed. Theoretically, the genetinstitution of the two bulks are
similar, but for the genomic region associated wviltke trait. DNA markers are then
screened across the two parents and the two bwéksnarker showing a linked
polymorphism between parents as well as the bslk®nsidered putatively linked to the
targeted trait or QTL of interest. Afterwards, aiblividuals of the entire segregating
population are genotyped with these polymorphickaa and a localised linkage map
can be constructed. QTL analysis can then be peddrand the position of the QTL
determined. BSA generally prefers high-throughpatkar techniques such as RAPD and
AFLP that can generate multiple markers from alsi@NA preparation (Collareét al,
2005). This method has been applied in severatcotdr analysis studies for sunflower
to map genes related to agronomically importaritstsuch as disease resistance (Lawson
et al, 1996; Luet al, 2000; Tangpt al, 2003a), nuclear male-sterility (Chenal, 2006),
gamma-tocopherol content (Garcia-Morestacal, 2006), chlorophyll deficiency (Yuet
al., 2009) and fatty acid composition (Dehmer anediri1998a; Pérez-Viakt al, 2006).

2.10.1 Amplified fragment length polymorphism

AFLP is defined as the selective amplification estriction fragments from total genomic
DNA digests using the polymerase chain reactionRPOhis technique represents a
combination of RFLP and PCR, however, in contraghe RFLP technique, AFLPs will
display the presence or absence of restrictiomfeags rather than length polymorphisms
(Voset al, 1995).
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The AFLP technique can be used for DNA samplesgfaigin with no prior sequence
information. Small sequence variations can be detdeasing only small quantities of
genomic DNA. The AFLP technique is extremely e#iti because numerous fragments
can be analysed simultaneously on a gel. AFLP limasdpacity to inspect a great number
of loci for polymorphism and the number of polymioigims detected per reaction is
especially high. Markers obtained are reliable aegroducible within and between
laboratories and are relatively easy to generakd.PAcan generate a virtually unlimited
number of markers by simply varying the restrictammzymes and the number and nature
of the selective nucleotides. AFLP has applicatitorsDNA fingerprinting, MAB, the
construction of high density molecular maps and ghsitional cloning of target genes
(Blearset al, 1998). Although the AFLP technique is powerfotlaeliable in identifying
markers closely linked to genes of interest, it é@®e disadvantages. AFLP markers are
dominant and therefore homozygotes and heterozygod@not be distinguished. The
technique is technically demanding and due to thber of steps involved it is too
laborious to be used in high-throughput screening.

The AFLP technigue involves the following basicpsteGenomic DNA is first digested
simultaneously using rare and frequent cuttingriegin endonucleases that results in
fragments with overhanging ends. Double-strandegolcleotide adapters, homologous
to the 5’-sticky end of the corresponding restoiotsite, are ligated to the DNA fragments
to generate template DNA for amplification. Thealigd fragments are amplified by PCR
using primers complementary to the adapter andictsh site sequence with additional
selective nucleotides at their 3’-end. From thet vasnber of fragments generated by
restriction, only a subset of the template fragmenith complementary nucleotides
extending beyond the restriction site will be arfigdi under strict annealing conditions.
Genetic polymorphisms are revealed by analysisngbliied fragments on denaturing
polyacrylamide gels and comparison of patterns igg¢ed for each sample (V&g al.,
1995; Blearset al, 1998; Agarwaekt al, 2008).

2.10.2 Genetic markers and linkage map constructiom sunflower

The first DNA markers developed in sunflower wefeLRs. Genetic linkage maps based
on RFLP markers were reported by several researchpg (Janet al, 1993; 1998;
Gentzbittelet al, 1994; 1995; Berrgt al, 1995). These included maps based on data of

individual F, populations as well as composite maps based onoflatidferent mapping
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populations (Gentzbittedt al, 1995; 1999; Berret al, 1996). Maps consisted of 17 or
more linkage groups (LG) that presumably correspdrio the 17 haploid chromosomes
of sunflower. Genetic distances covered by thespsn{@a650 cM) were close to the
estimated length of the sunflower genome (Genal®tt al, 1995). Additionally, RFLP
maps have been used as tools for mapping agronoaite and QTL (Leoret al, 1995;
1996; 2000; 2001; 2003; Lat al, 1999; Bertet al, 2001; Pérez-Viclet al, 2002c;
Rachid Al-Charaaret al, 2002). However, the extensive use of RFLPs arkdde maps

in sunflower has been restricted by a lack of puBIFLP probes, consequent lack of a
dense public RFLP map and the low-throughput natdr&@FLP markers (Yuwet al,
2003).

RAPD markers were used in early genetic studiesinflower. Several reports indicated
high levels of variation with the proportion of goiorphic loci averaging more than 50%
for most lines (Lawsoret al, 1994; Teulakt al, 1994). RAPDs have been used for
tagging phenotypic loci such as ruftutcinina helianthiSchwein.) and boomrape
(Orobanche cumanavallr.) resistance genes (Lawsenal, 1998; Luet al, 2000) as
well as the development of markers for the higlicodeid trait in sunflower (Dehmer and
Friedt, 1998a). RAPD maps have been developed ilor b annuusandH. petiolaris
Nutt. (Rieseberget al, 1995), based on 212 and 400 RAPD loci respdygtivEhey
reported 17 LGs for both species covering 1084 ol &761 cM forH. annuusandH.

petiolaris respectively.

AFLP markers were rapidly adopted in sunflower lnseaof their high multiplex ratio
and high reproducibility (Vost al, 1995). They have been previously used to fingerp
elite inbred sunflower lines (Hongtraket al, 1997), to construct new genetic maps
(Flores-Berrioset al, 2000) and to increase the density of alreadgtiexj genetic maps
(Gedil et al, 2001; Al-Charaanet al 2002). Langaet al (2003) constructed a genetic
map with a distance of 2169 cM by combining AFLRI airect amplification of length
polymorphism (DALP) markers. However, RAPD and AFirrkers are inadequate for
establishing a genome-wide framework for DNA maskdéor anchoring and cross
referencing of genetic maps. Microsatellite markbist are preferred for such purposes
have only been recently developed in sunflower.s€éhenclude SSR and expressed
sequence tag (EST) derived single nucleotide polphism (SNP) markers (Paniego

al., 2007). Several research groups have descrileeddielopment and characterisation
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of SSR markers and these added to a total of 2C#8ars (Dehmer and Friedt, 1998b;
Paniegcet al, 2002; Tanget al, 2002; Yuet al, 2002).

The first genetic linkage map based on SSR mark@arsunflower was developed by
Tanget al (2002). This public reference SSR map was coot&duusing F-recombinant
inbred lines (RILs) and 408 polymorphic SSR mark#&ts et al (2003) constructed the
first cross-referenced maps by adding 701 new S8R88 RFLP or insertion-deletion
(INDEL) marker loci onto three populations. Two thiese populations were previously
used by Gediét al (2001) and Tangt al (2002). From these maps, Tagigal (2003b)
published a composite linkage map of sunflower ihétgrated 657 loci, covering a
distance of 1423 cM.

The AFLP map constructed by Al-Charaanial (2002) was improved by increasing the
number of AFLP markers and integrating 38 SSR markel-Charaanket al, 2004). In
the new map, 367 AFLP and SSR marker loci wereeplao 21 linkage groups that
covered 2916 cM. Panieget al (2007) reported an improvement of this map. They
integrated 161 new SSR markers from different sirand this map was cross-
referenced to the public SSR map of Tatgal (2002). The use of molecular markers
linked to target traits together with MAB will coiiute to breeding efficiency for
sunflower fatty acid profiles (Fernandez-Martirezal, 2007). In addition, since DNA
markers are not affected by the environment in wiiee sunflower plants are grown in,

they could be especially vital in breeding progragsrfor high oleic sunflower.

The molecular basis of modified fatty acid contentthe sunflower seed oil has been
studied through a QTL and a candidate gene apprdactumber of sunflower genes,
coding for enzymes involved in the biosynthetichpay of fatty acids in seeds, have
been cloned and their polymorphism studied in catéd sunflower (Fernandez-Martinez
et al, 2004). The first DNA markers linked to the higleic acid content in sunflower
were identified by Dehmer and Friedt (1998a). Thesee two RAPD markers linked to
the Ol; gene. Subsequent studies showed thaOlhgene cosegregated wiFAD2-1, a
seed-specific ODS gene. TH&AD2-1 gene showed strong expression in the normal
sunflower type, but weak expression in high olet@dines (Hongtrakuket al, 1998;
Lacombe and Bervillé, 2001; Martinez-Rivats al, 2001). Pérez-Vicket al, 2002c
reported that thél;-FAD2-1 locus mapped to LG 14 of the public sunflower gene
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map. This locus was found to underlie a major o#micl QTL that explained 56% of the
phenotypic variance for the high oleic acid trdihe physical structure of thHeAD2-1
locus was determined and sequence tagged site (3¥&)markers diagnostic for thel;
mutation were developed by Schuppetrtal (2006a). It was also indicated tH@AD2-1
was silenced by RNA interference and this mechanigmderlie theOl; mutation
(Schuppertet al (2005). Modifying genes that affect oleic acichtamt have also been
characterised. A minor QTL on LG 8 that showed pistatic interaction with the major
QTL for oleic acid at th&AD2-1locus on LG 14 has been identified (Pérez-\&tlal,
2002c). In other studies, Lacombeal (2001; 2002) identified a locus that suppressed
the effect of FAD2-1 This was probably through a mechanism of gerengiihg. In
addition, Schuppemrt al (2003. 2006b) identified another ODS geRAD2-2) on LG 1
that showed an epistatic interaction with @lg-FAD2-1locus on LG 14.

Although molecular markers have been identified gmme of the fatty acids in
preliminary studies (Dehmer and Friedt, 1998a; Hiail et al, 1998; Pérez-Vickt al,
2000; 2002c), these might not be suitable for MAZenerally, markers should be
validated by testing their effectiveness in deteing the target phenotype in independent

populations and different genetic backgrounds @dkt al, 2005).

The optimal quality of sunflower oil depends on tled-use of the oil. In general
characteristics that are required for salad andingooils may be undesirable for other
applications such as margarine and shorteningéagiires semi-solid fats. For the latter a
high SFA content is desirable because the semd-sansistency reduces the need for
hydrogenation or transesterification that genertrass isomers that are related to heart
disease (Willett and Ascherio, 1994). On the otiard, SFA are regarded as detrimental
to human health because of their contribution isimg cholesterol levels (Mensirg al,
1994). Accordingly, breeding objectives were ainadroducing healthy oil for direct
consumption (salad and cooking oils) by loweringaltéiSFA content. However, at the
moment oleic acid is the preferred fatty acid falible purposes as it combines a
hypocholsterolemic effect (Mensink and Katan, 1988 a much greater oxidative
stability than PUFAs. Therefore, selection for raitd high oleic acid content has been a
priority in sunflower breeding programmes. Nevelels, the genetic control of high oleic
acid content is not well understood. High oleicdacontent was initially identified as a

monogenic trait produced by dominant alle@s (Urie, 1984), but afterwards several
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modifying genes were identified that affect t& gene and produce reversal of the
expected dominance. This has complicated the pedcthanagement of the trait in
breeding programmes. Additionally, oleic acid conmtés largely influenced by the
environment and the occurrence of GXE interacti@y momplicate selection of hybrids
that are stable and widely adapted for this tkd@wever, the development of molecular
markers for this trait will contribute to improvinigreeding efficiency for high oleic

sunflower.
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CHAPTER 3

GENOTYPE BY ENVIRONMENT ANALYSIS IN HIGH AND MID OL  EIC
SUNFLOWER HYBRIDS

3.1 Introduction

Sunflower is the most important oilseed crop in tBoAfrica. The most important
cropping areas include the Free State, North Wéstpopo, Mpumalanga and Gauteng
provinces (Table 3.1) (Dredge, 2010). These arelasumflower cultivation vary
considerably in soil type, climate and elevatiorngd@ther with these environmental
factors, water regime and planting date also hawvegked influence on the performance
of sunflower (Alza and Ferndndez-Martinez, 1997diQet al, 2006).

Table 3.1 Areas planted and sunflower seed yield rfothe production seasons
2006/2007, 2007/2008 and 2008/2009

2006/2007 2007/2008 2008/2009
Area . . Area . . Area : .
Province planted Fm?l yield planted Fm?l yield planted Fm?l yield
(ha) (ton) (ha) (ton) (ha) (ton)
Free State 135000 155000 270000 459000 280000 363000
North Wes 13000( 11000( 20000( 30000( 23000t 29800(
Limpopo 30000 13500 70000 77000 90000 90000
Mpumalanga 13000 13000 17000 25500 27000 37700
Gauten 700( 770( 600( 870( 700(C 982(
Western Cape 500 300 600 540 700 700
Eastern Cape 150 180 300 360 600 780
Northern Cape 700 1320 400 900 500 1000
Total 316350 300000 564300 872000 635800 801000

(Dredge, 2010).

Cultivars and hybrids grown in multi-environmernals react differently to environmental
variations. Plant breeders aim to develop genotyipaisare widely adapted over a broad
range of environmental conditions. Stable and naml@ptive genotypes that show a low
degree of fluctuation when grown over a range ofirenments are selected. The
difference in response of genotypes to variablearenmental conditions is attributed to
GXE interaction (De la Vega and Chapman, 2000).e8ssent of GXE interaction is
advantageous for the identification of stable ggpes, to increase the efficiency of the

breeding programme and to select the best genotypes
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Several studies investigated GXE interaction irflswer (Schoeman, 2003; Dijanovat
al., 2004; Ghafooet al, 2005; Leeuwner, 2005) and other oil crops ligsasne (Johet
al., 2001; Boshinet al, 2003), linseed (Adugna and Labuschagne, 200@)Edhiopian
mustard (Kassa, 2002). These authors reportedtiigainean squares for genotypes,
environments and GXE were highly significant. Thigs an indication of a broad range
of variation between genotypes, between seasongematypes over seasons. The effects
of genotype and environment on sunflower seed aitent and composition have been
studied by several researchers (Qatlial, 2006; Radi et al, 2008). It was reported that
oil content and fatty acid composition are sigmifily influenced by environmental
conditions. Pivaet al (2000) indicated that especially temperature &gaofound effect
on the oleic/linoleic acid ratio. In addition, geyyees exhibited different sensitivity to
environmental conditions. The high oleic genotypeemed to be more stable than
traditional sunflower cultivars regarding fatty @eiomposition (Lagraveret al, 2000;
Laureti and Del Gattet al, 2000; Pivaet al, 2000). However, some differences may
occur in high oleic genotypes due to different genkbackgrounds (Salera and Baldini,
1998; Radi et al, 2008).

Since genotype and environment have a large infli@m oil content and composition, it
is necessary for plant breeders to analyse hylméd lover several growing locations and
seasons in order to test for the occurrence of @Xdtaction. This will give an indication

of the most stable and widely adapted cultivarsydarids for these locations regarding oil

quality traits.

The aim of this study was to compare oil and fattid content of high and mid oleic acid
sunflower hybrids against two commonly producedliic sunflower hybrids in different
environments and seasons and to determine to wdtanteoil content and fatty acid

profiles are influenced by the environment.
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3.2 Materials and methods

3.2.1 Plant material

Sunflower seed material was obtained from the PARRNAsunflower breeding
programme and included two standard linoleic, eflggh oleic and six mid oleic hybrids
(Table 3.2). The oleic type of each hybrid was mkdi according to its pedigree. Due to
confidentiality reasons, the names of hybrids adl a® their pedigrees may not be
revealed. These high and mid oleic hybrids arecoaimercialised yet and are still being
evaluated across years and localities for agrongraiformance, oil quality and disease
resistance.

Table 3.2 The 16 sunflower hybrids used to determethe effect of location, year

and genotype on oil content and composition

Hybrid number Oleic type
1 Standard linoleic
2 Standard linoleic
3 High oleic
4 High oleic
5 High oleic
6 High oleic
7 High oleic
8 High oleic
9 High oleic
10 Mid oleic
11 Mid oleic
12 Mid oleic
13 Mid oleic
14 High oleic
15 Mid oleic
16 Mid oleic

3.2.2 Field trials

Three sets of trials were planted over three carisecseasons. A lattice design (4x4)
with three replications was used. A different ramiation was used at each location.
Plots consisted of two 6 m rows with a 0.91 m betweow spacing. The plant population
was 36000 plants per hectare. Normal cultural prestwere followed. The 16 hybrids
were evaluated in eight different locations frore 2004/2005 to the 2006/2007 season
(Table 3.3). A summary of the regional orientationprdinates and climatic region for
each location is listed in Table 3.4. Not all laocas and genotypes were planted each

season due to unforeseen weather conditions aunffiosnt seed.
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Table 3.3

Season of 2004/2005

Mean seed and oil yield, rainfall and teperature data for growing seasons 2004/2005, 200805 and 2006/2007

Average daily temperature (°C

Location Planting Harvest Mean yield Mean oil Rain during ) o
date date (t/ha) yield (t/ha) growing Maximum Minimum
season (mm’) Nov Dec Jan Feb Mar Apr Nov Dec Jan Feb Mar  Apr
Kroonstar 15-12-200¢  1C-05-200% 3.2¢ 1.31 359.¢ 31.C 29.¢ 30.C 28: 25« 224 14t 157 16.6 15 13t 09.€
Delma: 03-12-200¢  04-04-200¢ 2.4¢ 1.0¢ 382.¢ 298 27¢ 29.C 29t 271 251 16. 18.(C 187 17.& 154 11
Standerton 16-11-2004  10-04-2005 3.46 1.61 470.6 427251 257 260 235 207 122 128 141 125 4107.3
Klerksdorp 26-01-2005  13-06-2005 2.34 0.86 542.0 630284 278 273 248 214 136 145 152 144 51185
Lichtenburg 14-12-2004  20-04-2005 2.13 0.93 6384 2.03 298 298 290 268 230 155 164 17.2 16.4.81310.7
Settlers 25-01-2005  03-06-2005 1.13 0.49
Season of 2005/2006
Averagedaily temperature (°C)*
Location Planting Harvest Mean yield Mean oil Rain during
date date (t/ha) yield (t/ha) growing Maximum Minimum
season (MM} "Nov Dec Jan _ Feb  Mar Apr Nov Dec Jan Feb Mar Apr
Kroonstad 08-12-2005 02-05-2006 217 0.83 203.7 29.2 296 26.8 234 208 200 141 149 16.1 133 103 74
Bloemfontein 25-01-2006  26-06-2006 1.88 0.72 612.3 28.7 308 29.0 267 250 227 103 146 180 17.2.81 10.0
Season of 2006/2007
Averagedaily temperature (°C)"
. . . Rain during _ .
Location Planting Harvest Mean yield Mean oil growing Maximum Minimum
date date (t/ha) yield (t/ha)
season (MM) "Nov _ Dec  Jan Feb Mar Apr Nov Dec Jan Feb  Mar Apr
Kroonstad 23-11-2006  20-04-2007 231 0.91 228.1 03031.3 327 314 290 252 16.0 185 169 146 11®.2
Bloemfontein ~ 13-11-2006  03-04-2007 1.84 0.77 310.0 277 307 316 320 283 242 132 154 163 158B.11 109
Koster 05-01-2007  22-05-2007 1.42 0.56

" Total rain for growing season October to M#AyAverage daily temperature for growing season Nowarnt April. Weather data was not available for 8estind Koster (University of the
Free State weather station, 2010; South African Ve&Brvices, 2010).
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Table 3.4 Summary of the regional orientation, coddinates and climatic region for
eight locations planted from seasons 2004/2005 t6@5/2007

Location Coordinates Regional orientation  Climaticregion
Bloemfontein 29°06'S West Dry
26°12'E Highveld
Grassland
Delmas 26°08'S East Moist
28°41'E Highveld
Grassland
Klerksdorp 26°51'S West Dry
26°39'E Highveld
Grassland
Kroonstad 27°39'S West Dry
27°14’E Highveld
Grassland
Lichtenburg 26°08'S West Dry
26°09'E Highveld
Grassland
Settlers 24°57'S North Central
28°32'E Bushveld
Standerton 26°55'S East Moist
29°14'E Highveld
Grassland
Koster 25°52'S West Dry
26°54’E Highveld
Grassland

(Leeuwner, 2005).

The western region locations are situated in thehighveld grassland climatic region

that is characterised by a precipitation rangeboi& 450 mm in the west to 700 mm at its
northern border. The rainy season reaches its mawiouring December and January in
the north, but during February and March in the tweexd the south. Locations in the

eastern region are located in the moist highvedggland climatic region that is similar to
the dry highveld grassland region, but cooler aretteav due to higher elevation and
position relative to rain bearing systems. Preatwh ranges from 600-800 mm per year
and the rainy season reaches it maximum during idkee and January in the east, but
during February in the south. Settlers is locatethe northern region that occurs in the

central bushveld climatic region. This region isadtterised by a rather erratic
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precipitation that ranges from 500-750 mm pear .y8dre rainy season lasts from

approximately November to March, with peak rainfalDanuary.

During the 2004/2005 growing season trials weratpld at six different locations namely
Delmas, Standerton, Lichtenburg, Settlers, Klerkgdand Kroonstad. During the
2005/2006 season, these trials were repeated thengame 16 hybrids and six locations.
However, Bloemfontein (Bainsvlei) was included asaaditional locality. Because of the
high rainfall during the 2005/2006 season (above@ B0n over three months: January,
February and March), trials in four of the locaamere lost due to the high occurrence of
Sclerotiniahead and stem rot and therefore only seed mataraksted at Bloemfontein
and Kroonstad was obtained from PANNAR 0 obtain representative data for statistical
analyses, more data was needed and another ygalr'svas planted. The same hybrids
were planted, except for two hybrids (8 and 13} tirare substituted because of a lack of
seed. These were planted in Bloemfontein, Delmasoistad and another new locality,
Koster, during the 2006/2007 season. The othefilesawere either not planted or trials
failed due to drought. Seed material obtained fRAMNNAR® included two replications
from Kroonstad and one replication each from Blommtéin and Koster. Since at least
two replications' data are needed for statisticalyses, seed material obtained from
Bloemfontein and Koster could not be used. Duriagvest, seed from each plot were
bulked. A representative seed sample from eachwastobtained from PANNARand a
random sample of 100 g seed was dehulled and @ bar oil extraction and grounded

with a coffee mill.

3.2.3 Oil extraction and fractionation

Total lipid was quantitatively extracted from a gnol seed sample (x1 g) from each
hybrid according to Folclet al (1957). Chloroform and methanol in a ratio of %as
used. Butylated hydroxy toluene was added to thdumg at a concentration of 0.001%
(v/v) which served as an antioxidant. Samples wefteovernight in a refrigerator at 4°C.
Each sample was filtered into a separating funtistjlled water added and the funnel
was shaken thoroughly. Samples were left 1 houséparation of the phases to occur.
The lower phase was drained into a flask and theeuphase discarded. The extracted
samples were dried under vacuum in a rotary evaémoeand further dried in a vacuum
oven at 50°C with anhydrous phosphorus pentoxidemassture absorbent. The

extractable fat content was determined by weighimg) expressed as percentage fat (w/w)
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per 100 g seed material. From the extracted lipdd) mg was weighed for each sample
and transferred to new glass vials for methylatibmese were stored under a blanket of

nitrogen at -20°C until analysed.

3.2.4 Fatty acid analysis

An amount of £10 mg of the extracted fat was metted by using methanol-BF3 (Slover
and Lanza, 1979) to prepare fatty acid methyl estEAME) for gas chromatographic
analysis. These were quantified using a Varian G303 flame ionisation gas
chromatograph, with a fused silica capillary colun@hrompack CPSIL 88 (100 m
length, 0.25 mm internal diameter, Quéh thickness). The column temperature was 40-
230°C (hold 2 minutes 3°C/min; hold 10 minutes)e TPAME in hexane (Jul) were
injected into the column by use of a Varian 8200 Axosampler with a split ratio of
100:1. Both the injection port and detector werentagned at 250°C. Hydrogen was used
as the carrier gas at 45 psi, while the make-upagessnitrogen. The chromatograms were
recorded using the Varian Star Chromatography SwoéwSample FAME identification
was made by comparing the relative retention tioleBAME peaks from samples with
those of standards obtained from SIGMA (189-19})tyFacids were expressed as the
relative percentage of each individual fatty adidhe total of all fatty acids present in the

sample.

3.2.5 Statistical analysis

ANOVA was done on individual trials followed by arabined analysis across localities
and years (Agrobase, 2005). This gave an indicatfosignificant differences between
measured characteristics for the high oleic, midicoland traditional linoleic acid
germplasm as well as GXE interactions. The relatimatribution of sources of variation
was calculated by using the sums of squares. Wsigndicant GXE was detected, further
multivariate analysis (AMMI) was done. This gave iadication of the stability of the
varieties for oil and fatty acid content acrossattans and years (Zobet al, 1998). The
AMMI analysis provides a biplot of main effects ath first principle component scores
of the interactions (IPCA 1) of both genotypes angironments. The IPCA 1 score is on
the vertical axis and the mean yield on the hotaorGenotypes or environments that
appear almost on a perpendicular line of the gteple similar means, while those that
fall almost on a horizontal line have similar ir#tetion patterns (Crossa, 1990). High PCA

scores (either negative or positive as it is atiredavalue) indicate the specific adaption of

74



a genotype to certain environments. The more tl@AIBcore approximates zero, the
more stable the genotype is over all respectiveremwments. Genotypes or environments
on the right side of the midpoint of the perpentiicline have higher yields than those on
the left side. By using IPCA 1 scores of individwalvironments in conjunction with
IPCA scores of the genotype, the adaptability ofgenotype is determined by
characterisation of environments. Environments ban classified into low or high

potential environments (Crossa, 1990).

3.3 Results

With reference to mean seed yield and mean oildypdr hectare, differences were
observed among locations and seasons (Table 3uddthe first season (2004/2005)
Standerton and Kroonstad showed the highest mesoh yselds of 3.46 and 3.29 t/ha
respectively of the six locations planted. In aiddit these two locations also showed the
highest mean oil yields (1.61 and 1.31 t/ha respelg). Delmas and Klerksdorp showed
more or less the same mean yields (2.49 and ha4réspectively), but Delmas yielded
slightly more oil (1.08 t/ha) than Klerksdorp (0.86a). Lichtenburg and Settlers showed
the lowest mean seed yields (2.13 and 1.13 t/lpectisely) and oil yields (0.93 and 0.49
t/ha) of the six locations planted. In the secoedssn (2005/2006) Kroonstad yielded
2.17 t/ha seed and that was more than 1 t/ha tess what was observed the previous
season. Additionally, the mean oil yield (0.83 }/lweas lower than for the previous
season. Bloemfontein showed lower mean seed yleRB (t/ha) and mean oil content
(0.72 t/ha) than Kroonstad. In the third seasor0§22007) Kroonstad showed more or
less the same mean seed yield (2.31 t/ha) and opikgield (0.91 t/ha) than the second
season. Bloemfontein also showed similar mean €e8&d t/ha) and mean oil (0.77 t/ha)
yields than observed in the second season. Therelif€tes observed in mean seed and oil
yields across locations and years showed an assocwith the amount of rain the

different locations received during the growingssea

Representative seed samples for each hybrid, @uta#iter harvesting trials at the
different locations and over the three seasonsg wralysed for oil content and fatty acid
composition. From the fatty acid analyses, a tathlll different fatty acids were

identified, but not all hybrids contained all 11hel predominant fatty acids were oleic
(C18:1), linoleic (C18:2), stearic (C18:0) and piien(C16:0) acid. Behenic, arachidic,

linolenic, lignoceric and eicosasienoic acid ocedrin trace amounts.
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3.3.1 Separate analyses of variance for six locatie: Season of 2004/2005

Oil content

ANOVA for oil content (Table 3.5) indicated sigruéint mean squares {®05) for
replication at Kroonstad and Klerksdorp. Genotymsmmsquares were highly significant
at Kroonstad, Delmas and Standerton. Between 3529%8% of the total sum of squares
was accounted for by genotypes at these locatlaargle variation was observed among
rankings of genotypes in the different environmerdae to the fluctuation of the
genotypes in response to the different environmdmtble 3.6). Where significant
genotypic variation occurs, genotypes can be geadtimproved for the trait of interest.
Highly significant differences were observed amaagne of the genotypes, mostly at
Kroonstad, Delmas and Standerton. In general, gpastdid not differ significantly at
Lichtenburg and Settlers. Standerton yielded omameethe highest oil content (55.86%),
while Klerksdorp yielded the lowest oil content (@5%).

Linoleic acid

In the ANOVA for linoleic acid content (Table 3.#pean squares for genotype were
highly significant at all six locations and 95.81:97% of the total variance was
accounted for by genotypes at all six locationsssLeariation was observed in the
rankings of genotypes across six locations thareres for oil content (Table 3.8). The
standard linoleic genotypes 1 and 2 ranked first sexcond respectively across all six
locations with mean linoleic acid contents of 683@and 60.27% respectively. Values
measured for these two genotypes were expectetafditional sunflower genotypes. Of

the eight high oleic genotypes, genotype 3, 5,& @14 had low linoleic acid contents as
expected for high oleic sunflower. However, higkiolgenotypes 4, 7 and 9 had mid-
level linoleic acid contents (between 20.64-40.74%at compared well with the mid

oleic genotypes. The mid oleic genotypes had midt&noleic acid contents that ranged
between 24.94-39.65%. The lowest average linolaic a@ontent was observed at
Kroonstad (26.15%) while Klerksdorp displayed thghlest average linoleic acid content
(31.18%). Additionally, most hybrids showed highieoleic acid contents at Kroonstad

compared to the other locations.
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Table 3.5 Mean squares of oil content for six locains in 2004/2005

Source Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers

MS % MS % MS % MS % MS % MS %

Variation Variation Variation Variation Variation Variation

Rep 16.60* 8.79 0.535 0.21 20.99 9.04 1.70 1.53 21.94* 14.53 0.84 0.82
Genotype 15.11**  59.99 20.76**  62.48 9.23 29.82 9.17* 61.89 4.12 20.49 5.44 40.07
Error 3.93 31.22 6.20 37.30 9.46 61.13 2.71 36.59 6.54 64.98 4.02 59.11
Mean 50.12 50.18 48.67 55.86 4591 52.97
LSD (Entry) 3.31 4.15 5.13 2.75 4.26 3.34
CV (%) 3.96 4.96 6.32 2.95 5.57 3.78

*P<0.05, **P<0.01. MS: Mean squares, Rep: Replication, LSD: t sigmificant difference, CV: Coefficient of variah.
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Table 3.6 Mean values and rankings of oil contenof six locations in 2004/2005

Genotype Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Man Rank
1 50.19 10 50.72 6 48.36 11 56.63 5 45.61 11 52.23 12
2 53.98 1 52.98 3 48.42 10 56.26 8 45.25 13 50.88 5 1
3 51.86 3 45.93 15 50.92 1 56.80 3 44.30 15 5290 0 1
4 48.71 13 51.00 5 49.36 7 60.25 1 45.90 9 53.39 7
5 45.11 16 48.66 14 50.04 4 53.43 15 43.40 16 52.82 11
6 49.13 12 50.60 7 47.63 13 54.48 14 45.55 12 53.36 8
7 51.02 7 53.63 2 49.81 6 56.64 4 46.89 3 53.89 5
8 49.6¢ 11 49.2: 10 49.9¢ 5 55.22 12 45.0¢ 14 50.3¢ 16
9 47.28 14 49.15 11 45.07 16 55.16 13 45.80 10 1535 6
10 50.35 9 52.51 4 49.30 8 55.25 11 46.14 6 51.00 4 1
11 50.8: 8 55.6¢ 1 50.21 3 56.2( 9 45.91 8 54.2¢ 3
12 51.84 4 45.63 16 50.72 2 55.55 10 47.90 2 5490 1
13 51.40 6 48.81 12 45.25 15 56.35 6 46.54 4 5456 2
14 47.05 14 50.00 8 47.29 14 52.21 16 45.99 7 53.15 9
15 52.16 2 49.65 9 47.64 12 56.35 7 46.27 5 5209 3 1
16 51.40 5 48.75 13 48.68 9 56.96 2 48.10 1 54.19 4
Average 50.12 50.18 48.67 55.86 45.91 52.97
LSD (0.05) 3.31 4.15 5.13 2.75 4.26 3.34

LSD: Least significant difference.
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Table 3.7 Mean squares of linoleic acid content fasix locations in 2004/2005

Source Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers

MS % MS % MS % MS % MS % MS %

Variation Variation Variation Variation Variation Variation

Rep 2.97 0.05 3.19 0.05 6.27 0.08 8.74 0.16 20.15 0.31 2.32 0.04
Genotype 764.45** 96.92 863.03** 95.81 989.37** 97.97 713.11** 97.60 853.58** 97.57 804.92** 97.10
Error 11.96 3.03 18.62 4.13 9.80 1.94 8.20 2.24 9.28 0.02 11.88 2.87
Mean 26.15 29.09 28.42 26.56 31.18 28.89
LSD (Entry) 5.77 7.19 5.22 4.77 5.08 5.75
CV (%) 13.23 14.84 11.02 10.78 9.77 11.93

*P<0.01. MS: Mean squares, Rep: Replication, LSD: te@sificant difference, CV: Coefficient of varian.
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Table 3.8 Mean values and rankings of linoleic acidontent for six locations in 2004/2005

Genotype Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Man Rank
1 62.45 1 65.34 1 68.31 1 62.26 1 67.34 1 66.18 1
2 56.53 2 58.85 2 65.37 2 52.90 2 65.77 2 62.22 2
3 12.16 13 11.99 13 11.05 13 13.43 12 17.39 13 620.2 12
4 26.99 4 36.68 4 34.34 4 31.89 5 32.29 8 29.00 7
5 14.85 12 10.47 14 16.86 12 13.35 13 20.97 12 5156 13
6 7.28 15 8.18 15 6.95 15 6.83 16 9.27 16 10.36 15
7 26.42 9 40.74 3 28.38 8 21.71 11 34.58 6 26.79 10
8 6.0: 16 14.8: 12 5.42 16 6.9¢ 15 10.4C 15 6.27 16
9 20.64 11 22.15 11 27.20 10 23.59 10 26.46 11 4261 11
10 27.51 6 25.34 10 29.64 7 25.77 9 32.77 7 30.25 6
11 24.9¢ 10 31.4( 9 26.42 11 28.2¢ 8 28.41 10 28.0( 8
12 27.14 7 32.42 6 35.00 3 33.00 4 31.81 9 33.43 5
13 31.03 5 35.91 5 32.68 5 34.31 3 39.65 3 33.67 4
14 7.81 14 6.78 16 7.33 14 9.80 14 11.03 14 1132 4 1
15 33.94 3 32.35 7 32.34 6 31.31 6 35.57 4 35.76 3
16 32.60 4 31.99 8 27.42 9 29.59 7 35.05 5 26.95 9
Average 26.15 29.09 28.42 26.56 31.18 28.89
LSD (0.05) 5.77 7.19 5.22 4.77 5.08 5.75

LSD: Least significant difference.
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Oleic acid

Highly significant mean squares<{®01) were observed for replication at Klerksdorp
(Table 3.9). Genotype mean squares were highlyfgignt at all six locations and 95.62-
97.81% of the variance was contributed by genotytesl six locations. Small variation
was observed in rankings of genotypes across sititms (Table 3.10). The standard
linoleic genotypes 1 and 2 ranked sixteenth angdifth for oleic acid and this was
expected from the negative correlation betweerc@ed linoleic acid content. The high
oleic genotypes (except for genotypes 4 and 7)adrtke highest at all six locations for
oleic acid content. The high oleic genotypes (36,58 and 14) had significantly higher
oleic acid percentages than the mid oleic and dicoacid genotypes. The oleic acid
contents of the high oleic genotypes 4, 7 and 9paved well with mid oleic hybrids with
oleic acid contents between 55-75%. However, gemo/ranked first in Settlers with an
oleic acid content of 82.58%. The mid oleic genet/panged between 51.26-63.93%.
Generally, genotypes had lower oleic acid contentslerksdorp compared to the other
five localities. Klerksdorp, as a result, yieldelde tlowest mean oleic acid content
(55.83%), while Kroonstad yielded the highest ageraleic acid content (62.58%).

Palmitic acid

Highly significant replication mean squares weredemt at Klerksdorp (Table 3.11).

Genotype mean squares were highly significantlatiallocations and 57.22-93.97% of

the total variance was accounted for by genotypeal docations. Large variation was

observed among rankings of genotypes across thieaations for palmitic acid content

(Table 3.12). The standard linoleic genotypes 1 2mdnked in the top three places for
palmitic acid content across all six locations witintents between 4.72-6.46%. The high
oleic genotypes, with the exception of genotypeg and 9 had the lowest rankings for
palmitic acid content. The high oleic genotypestam®ed on average less than 4%
palmitic acid. The mid oleic genotypes showed neikl palmitic acid contents since

these contained less palmitic acid than the ti@uhdi linoleic genotypes and more

palmitic acid than the high oleic genotypes. Thenitec acid contents of the mid oleic

genotypes ranged between 3.74-4.63%. Kroonstadedethe lowest average palmitic

acid content (3.81%), while Standerton yieldedtighest (4.47%).
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Table 3.9 Mean squares of oleic acid content fonslocations in 2004/2005

Source Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers

MS % MS % MS % MS % MS % MS %

Variation Variation Variation Variation Variation Variation

Rep 242 0.04 4.03 0.06 3.77 0.05 8.01 0.13 65.623** 0.90 3.08 0.05
Genotype 798.04** 96.72 892.38** 95.62 1059.40* 97.81 773.44** 97.41 935.86** 96.70 869.84** 96.92
Error 13.39 3.24 20.19 4.33 11.60 2.15 9.76 2.46 11.61 2.40 13.63 3.04
Mean 62.58 60.17 60.35 62.13 55.83 59.19
LSD (Entry) 6.10 7.49 5.68 521 5.68 6.16
CV (%) 5.85 7.47 5.64 5.03 6.10 6.24

*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@mificant difference, CV: Coefficient of variam.
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Table 3.10 Mean values and rankings of oleic acidaotent for six locations in 2004/2005

Genotype Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Man Rank
1 25.72 16 23.55 16 19.20 16 25.00 16 18.22 16 1206 16
2 32.29 15 29.48 15 21.73 15 33.20 15 20.15 15 7242 15
3 76.34 4 76.49 4 77.63 4 74.70 5 70.46 4 67.32 5
4 61.22 11 52.15 13 54.64 13 57.48 11 52.44 10 559.5 10
5 75.25 5 80.04 3 72.68 5 76.31 4 67.57 5 74.35 4
6 81.44 3 81.27 2 82.49 3 82.39 1 77.82 2 75.83 3
7 61.54 10 48.05 14 59.71 9 66.68 6 51.22 13 8258 1
8 82.8¢ 1 74.4¢ 5 84.0: 1 81.9: 2 77.7¢ 3 61.3: 7
9 68.12 6 66.37 6 60.80 8 64.84 7 59.91 6 62.29 6
10 61.78 8 63.66 7 59.45 10 62.92 8 54.33 9 5761 1 1
11 63.9: 7 57.8¢ 9 62.2¢ 6 60.6¢ 9 57.91 7 60.11 9
12 61.68 9 57.46 10 54.22 14 56.43 13 56.12 8 5454 13
13 58.21 12 53.47 12 56.15 12 54.69 14 47.62 14 1255. 12
14 81.67 2 83.31 1 82.72 2 80.01 3 78.56 1 79.16 2
15 53.56 14 57.25 11 56.32 11 57.14 12 51.60 11 2651. 14
16 56.66 13 57.92 8 61.57 7 59.77 10 51.57 12 61.04 8
Average 62.58 60.17 60.35 62.13 55.83 59.19
LSD (0.05) 6.10 7.49 5.68 5.21 5.68 6.16

LSD: Least significant difference.
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Table 3.11 Mean squares of palmitic acid content fesix locations in 2004/2005

Source Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
MS % MS % MS % MS % MS % MS %

Variation Variation Variation Variation Variation Variation
Rep 0.01 2.46 0.00 0.04 0.05 0.35 0.28 1.94 1.88* 17.45 0.06 0.55
Genotype 0.74* 91.13 1.10** 92.25 1.67* 93.97 1.39* 73.06 0.82** 57.22 1.40** 93.02
Error 0.03 8.41 0.05 7.71 0.05 5.68 0.24 25.00 0.18 25.33 0.05 6.43
Mean 3.81 4.03 4.26 4.46 3.98 4.19
LSD (Entry) 0.31 0.36 0.38 0.81 0.71 0.37
CV (%) 4.85 531 5.28 10.93 10.72 5.25
*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@mificant difference, CV: Coefficient of variam.
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Table 3.12 Mean values and rankings of palmitic adicontent for six locations in 2004/2005

Genotype Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Man Rank

1 4.95 1 5.41 1 5.77 2 6.46 1 4.97 1 5.73 1
2 4.73 2 4.87 2 5.85 1 5.32 2 4.72 3 5.40 2
3 3.31 14 3.28 16 3.52 14 4.70 4 3.46 14 3.80 12
4 3.88 6 4.42 4 4.62 3 4.27 10 4.79 2 4.34 5
5 3.34 13 3.31 15 3.83 12 3.75 15 3.87 10 3.64 13
6 3.29 15 3.38 14 3.59 13 3.66 16 3.46 13 3.46 14
7 3.99 4 4.56 3 4.18 9 4.15 12 4.15 5 3.96 10
8 3.0¢ 16 3.44 12 3.11 16 3.81 14 3.37 15 3.1t 16
9 3.81 10 3.93 9 4.60 4 4.55 6 4.03 8 4.17 9
10 3.91 5 3.89 11 4.41 6 4.41 9 4.19 4 4.28 7
11 3.74 11 4.3¢ 5 4.1% 10 4.51 7 3.8¢ 9 4.2t 8
12 3.83 9 4.01 8 4.57 5 4.46 8 4.05 7 4.52 4
13 3.87 7 4.20 7 4.27 7 4.73 3 4.07 6 4.63 3
14 3.37 12 3.39 13 3.46 15 3.89 13 3.08 16 3.43 15
15 4.05 3 3.89 10 4.21 8 4.56 5 3.81 11 4.33 6
16 3.84 8 4.23 6 4.06 11 4.22 11 3.77 12 3.94 11

Average 3.81 4.03 4.26 4.47 3.98 4.19

LSD 0.31 0.36 0.38 0.81 0.71 0.37

LSD: Least significant difference.
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Stearic acid

Highly significant replication mean squares werdicated at Klerksdorp (Table 3.13).
Genotype mean squares were highly significant htsial locations. Between 60.71-
88.31% of the total variance was accounted for éyotypes at all six locations. Large
variation was observed among rankings of genotgpesss the six locations (Table 3.14).
The high oleic genotypes 4 and 7 ranked in the fiive places for stearic acid content in
Kroonstad and Klerksdorp. However, genotype 7 rdrdezond in both Lichtenburg and
Standerton. Klerksdorp yielded the highest averstgaric acid content (6.89%), while
Delmas yielded the lowest (4.66%).

3.3.2 Combined analysis of variance across six ld@ns for 2004/2005

The mean squares for environment, genotype and iB2€Eaction were highly significant
for all five sets of data (Table 3.15). Oil contesiried from 48.91% (genotype 5) to
52.18% (genotype 11), with a mean of 50.62% (T&hi5). Significant differences
occurred between genotypes for oleic and linoleid aontents. Genotypes 1 and 2 are
standard linoleic genotypes with low oleic (22.08%d 26.69% respectively) and high
linoleic (65.32% and 60.27% respectively) acid eois (Table 3.14). The high oleic
genotypes 6, 8 and 14 yielded oleic acid contems@ 80% and linoleic acid contents of
less than 10%. These high oleic genotypes are dedaas high potential oleic acid
genotypes with oleic acid contents above the minintimit of 75% that is recommended
for high oleic sunflower. The high oleic genotyf@®s4, 5, 7 and 9 were considered low
potential oleic acid genotypes, since their oleic @ontents were less than the minimum
of 75% accepted for high oleic genotypes. The nh@icayenotypes contained oleic acid
contents of between 54.21-60.46%. The oleic amuldio acid contents of the mid oleic
genotypes were within the ranges recommended fdraieic genotypes. With regard to
palmitic acid content, the traditional linoleic gdypes ranked first, while the high oleic
genotypes with the exception of genotypes 4 andnked last. A negative association
between palmitic and oleic acid content was obskrtgh oleic genotypes with high
oleic acid potentials had the lowest palmitic ambehtents. No specific pattern for stearic

acid was observed concerning the different olgyesy
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Table 3.13 Mean squares of stearic acid content f@ix locations in 2004/2005

Source Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers

MS % MS % MS % MS % MS % MS %

Variation Variation Variation Variation Variation Variation

Rep 0.12 2.27 0.01 0.29 0.07 0.10 0.09 2.08 5.98** 20.62 0.13 1.10
Genotype 0.47** 67.48 0.45** 82.20 0.77* 82.84 0.52** 88.31 2.35* 60.71 1.29* 82.40
Error 0.11  30.27 0.05 17.51 0.08 16.15 0.03 9.60 0.36 18.66 0.13 16.50
Mean 5.16 4.66 5.03 4.80 6.89 5.43
LSD (Entry) 0.54 0.36 0.46 0.28 1.00 0.60
CV (%) 6.30 4.68 5.46 3.49 8.72 6.62

*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@mificant difference, CV: Coefficient of variam.

87



Table 3.14 Mean values and rankings of stearic acitbntent for six locations in 2004/2005

Genotype Kroonstad Delmas Lichtenburg Standerton Klerksdorp Settlers
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Man Rank

1 5.05 11 4.16 15 491 10 4.42 12 7.38 5 5.58 7
2 5.28 5 4.80 8 5.54 3 4.88 7 7.38 4 6.37 1
3 5.71 3 5.24 1 5.79 1 5.71 1 6.34 12 6.30 3
4 5.74 2 5.04 3 4.83 12 4.58 10 8.53 1 5.27 11
5 4.45 16 412 16 4.23 15 4.40 13 5.66 15 4.13 16
6 5.27 7 4.85 7 4.85 11 4.93 6 7.10 8 4.92 14
7 5.75 1 5.02 4 5.76 2 5.32 2 8.05 2 5.87 4
8 5.27 6 4.91] 5 5.22 7 5.31 3 6.27 13 5.4% 9
9 5.46 4 5.21 2 5.40 4 5.11 4 7.32 7 5.36 10
10 4.84 14 4.88 6 4.60 13 4.79 9 6.71 10 5.70 5
11 5.17 9 4.4¢ 11 5.0¢ 9 4.57 11 7.47 3 5.5¢ 6
12 4.87 13 4.21 14 4.45 14 4.29 16 6.06 14 5.25 12
13 4.93 12 4.49 10 5.14 8 4.98 5 6.51 11 5.10 13
14 4.47 15 4.25 12 4.08 16 431 15 5.05 16 4.19 15
15 5.18 8 4.72 9 5.26 6 4.87 8 7.03 9 5.45 8
16 5.13 10 4.23 13 5.37 5 4.40 14 7.33 6 6.35 2

Average 5.16 4.66 5.03 4.80 6.89 5.43

LSD (0.05) 0.54 0.36 0.46 0.28 1.00 0.60

LSD: Least significant difference.
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Table 3.15 Mean squares of oil and fatty acid contés over environment for six locations in 2004/2005

Source Mean squares
Oil content Linoleic acid Oleic acid Palmitic acid Stearic acid

Environment 570.10** 162.06** 282.04** 2.53* 31.42**
Rep in Environment 10.43* 7.28 14.49 0.38** 1.07**
Genotype 16.04** 4857.49* 5191.75* 6.33** 3.47*
GXE 9.56** 26.19** 27.44** 0.18** 0.48**
Residual 5.48 11.62 13.36 0.10 0.12

CV (%) 4.62 12.01 6.09 7.72 6.62

*P<0.05, **P<0.01, MS: Mean squares, Rep: Replication, LSD: tsigsmificant difference, GXE: Genotype by enviramhinteraction, CV: Coefficient of variation.
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Table 3.16 Mean values and rankings of oil and fagtacid contents for six locations in 2004/2005

Genotype Qil content Linoleic acid Oleic acid Palntic acid Stearic acid
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank

1 50.62 9 65.32 1 22.05 16 5.55 1 5.25 12
2 51.30 5 60.27 2 26.69 15 5.19 2 5.71 3
3 50.45 11 14.38 13 73.82 5 3.68 12 5.85 2
4 51.44 3 31.87 6 56.25 12 4.39 3 5.67 4
5 48.91 16 15.36 12 74.37 4 3.62 13 4.50 15
6 50.13 12 8.15 16 80.21 3 3.47 14 5.32 10
7 51.98 2 29.77 8 58.09 10 4.17 8 5.96 1
8 49.91 13 8.32 15 80.5¢ 2 3.3¢ 16 5.4C 8
9 49.33 14 24.36 11 63.72 6 4.18 7 5.64 5
10 50.76 7 28.55 9 59.96 8 4.18 6 5.25 11
11 52.1¢ 1 27.9: 10 60.4¢ 7 4.1% 9 5.4C 9
12 51.09 6 32.13 5 56.74 11 4.24 5 4.86 14
13 50.48 10 34.54 3 54.21 14 4.30 4 5.19 13
14 49.28 15 9.01 14 80.91 1 3.44 15 4.39 16
15 50.69 8 33.54 4 54.52 13 4.14 10 5.42 7
16 51.35 4 30.60 7 58.09 9 4.01 11 5.47 6

Average 50.62 28.38 60.04 4.13 5.33

LSD (0.05) 1.54 2.24 2.40 0.17 0.23

LSD: Least significant difference.
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3.3.3 Separate analyses of variance for two locatis: Season of 2005/2006

During this season, the same localities were pthtiian for the previous season except
for Bloemfontein that was a new location. Howe\dtre to the high rainfall during this
season, trials planted at Delmas, Standerton aacksdorp failed due to the occurrence
of Sclerotiniahead and stem rot. Seed obtained from Lichteninctyuded only one

replication and could therefore not be includethmanalyses.

Oil content

Replication and genotypic mean squares were sigmifiat Kroonstad and 45.12% of the
total variance was accounted for by genotype (T8Hl€). Large variation was observed
among rankings of genotypes in the two environméFrable 3.18). The standard linoleic
genotypes 1 and 2 ranked second and third at Ktadnsvhile at Bloemfontein these
hybrids ranked in the eight and sixth places retbgeyg. The mid oleic genotype 12
ranked first at Kroonstad, but at Bloemfonteinaibked fifth. In Bloemfontein genotype 4
ranked first for oil content, but in Kroonstad @&nked thirteenth. Significant differences
were observed among genotypes at Kroonstad, howatvBioemfontein, only genotypes
6 and 14 differed significantly from genotype 1oknstad yielded an average oil content
of 49.02%, while that of Bloemfontein was 42.73%.

Table 3.17 Mean squares of oil content for two lo¢g@ns in 2005/2006

Kroonstad Bloemfontein

Source

MS % Variation MS % Variation
Rep 17.76* 11.35 4.81 2.01
Genotype 9.42* 45.1z7 11.4¢ 35.8(
Error 4,54 43.5% 9.9¢ 62.1¢
Mean 49.01 42.7:
LSD (Entry) 3.5k 5.2¢
CV (%) 4.35 7.38

*P<0.05, MS: Mean squares, Rep: Replication, LSD: tesagnificant difference, CV: Coefficient of
variation.
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Table 3.18 Mean values and rankings of oil conterfior two locations in 2005/2006

Genotype Kroonstad Bloemfontein
Mean Rank Mean Rank
1 51.08 2 42.91 8
2 50.94 3 43.25 6
3 48.5¢ 11 44.31 4
4 47.38 13 46.09 1
5 46.35 15 42.61 9
6 49.4; 7 39.8: 15
7 50.01 5 41.89 13
8 48.93 9 41.90 12
9 47.09 14 41.98 11
1C 45.8: 16 39.3: 16
11 49.39 8 45.45 2
12 52.28 1 43.93 5
13 50.2¢ 4 44.9 3
14 48.17 12 40.08 14
15 49.93 6 42.96 7
1€ 48.6: 10 42.21] 10
Average 49.02 42.73
LSD (0.05) 3.55 5.258

LSD: Least significant difference

Linoleic acid

Genotype mean squares were highly significant futh iKroonstad and Bloemfontein.
Genotypes contributed 80.30-93.18% of the totalavee at both locations (Table 3.19).
Slight variation was observed between rankings ehogypes 5-16 across the two
locations (Table 3.20). The standard linoleic ggpes 1 and 2 ranked first and second
respectively at both Kroonstad and Bloemfonteinliimoleic acid content. However, the
linoleic acid contents of these two genotypes w#&€e2% and 13.61% higher at
Bloemfontein than at Kroonstad. The high oleic dggpes (except for genotype 4 at both
locations and genotypes 7 and 9 at Bloemfonteid) limleic acid contents of less than
25.0%. The mid oleic genotypes (except for genatyp2 and 13 at Bloemfontein) had
mid-level linoleic acid contents of between 26.04886. Genotypes 12 and 13 had
slightly higher linoleic acid contents (42.19% a4#153% respectively) at Bloemfontein.
Most genotypes yielded higher linoleic acid corgeait Bloemfontein when compared to
Kroonstad. As a result, Bloemfontein yielded thghleist linoleic acid content (33.97%),
while Kroonstad yielded the lowest (27.5%).
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Table 3.19 Mean squares of linoleic acid contentfdwo locations in 2005/2006

Kroonstad Bloemfontein

Source

MS % Variation MS % Variation
Rep 148.07 2.46 10.83 0.11
Genotype 643.98** 80.3( 1194.35* 93.1¢
Error 69.1:2 17.2¢ 43.01 6.71
Mean 27.5( 33.9i
LSD (Entry) 13.8¢ 10.9¢
CV (%) 30.23 19.30

*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@gnificant difference, CV: Coefficient of
variation.

Table 3.20 Mean values and rankings of linoleic agicontent for two locations in

2005/2006
Genotype Kroonstad Bloemfontein
Mean Rank Mean Rank

1 61.67 1 71.87 1
2 57.61 2 71.22 2
3 14.08 14 11.90 14
4 32.66 3 49.71 3
5 15.08 13 21.72 12
6 8.17 16 6.68 15
7 22.44 12 31.13 10
8 25.00 10 5.99 16
9 22.9¢ 11 34.1¢ 8
10 27.89 7 33.52 9
11 26.00 9 37.37 7
12 32.21 4 42.19 5
13 28.34 6 48.58 4
14 9.36 15 14.33 13
15 27.12 8 38.49 6
1€ 29.4( 5 27.7( 11

Average 27.50 33.97

LSD (0.05) 13.86 10.94

LSD: Least significant difference.
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Oleic acid

Highly significant genotype mean squares were sedioth Kroonstad and Bloemfontein

and 79.78-93.02% of the variance was contributeddayotype at both locations (Table
3.21). Slight variation was observed in rankingssoime genotypes across the two
locations (Table 3.22). Only genotypes 1, 2, 4 Gulid not differ in their rankings across

both locations. The standard linoleic genotypesd 2had the lowest oleic acid contents
as expected and ranked sixteenth and fifteentreotisply at both locations. However,

the oleic acid contents of these two genotypes wegher at Kroonstad than at

Bloemfontein.

The oleic acid contents of genotypes 1 and 2 we&&6% and 17.04% higher at
Kroonstad than at Bloemfontein. The high oleic dgpes had the highest oleic acid
contents as expected and genotypes 3, 6 and 1dldiachcid contents above 75% at both
locations. However, the high oleic genotype 5 hadokeic acid content of 75.67% at
Kroonstad, but 67.26% at Bloemfontein. An oleic daciontent of above 75% is

recommended for genotypes to be regarded as heyh @énotypes. Also, the high oleic
genotype 8 had an oleic acid content of 81.22%la¢mfontein, while at Kroonstad it

was 63.90% (less than 75%). This indicates thdt bigic genotypes have different oleic
acid potentials in different environments. Genotggdead an oleic acid content of 55.78%
at Kroonstad, while at Bloemfontein it was 35.08Phis genotype is considered a low
oleic potential genotype with oleic and linoleigcacontents that compare well with those
of mid oleic genotypes. The high oleic genotypeand 9 also had oleic acid contents
(between 52.94-66.83%) that compared to the miit glenotypes at both locations. The
mid oleic genotypes had mid-level oleic acid cotgeof between 36.92-63.08%. In
general, all genotypes (except genotype 8) hadehigleic acid contents at Kroonstad
than at Bloemfontein. The average oleic acid cdntesms the lowest at Bloemfontein

(52.57%) and the highest at Kroonstad (61.88%)wdis observed that Kroonstad
promoted higher oleic acid contents, while Bloenséam promoted higher linoleic acid

contents.
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Table 3.21 Mean squares of oleic acid content fowb locations in 2005/2006

Kroonstad Bloemfontein

Source

MS % Variation MS % Variation
Rep 148.72 2.33 12.43 0.12
Genotype 678.18** 79.7¢ 1291.11* 93.0:
Error 76.02 17.8¢ 47.67 6.8¢€
Mean 61.8¢ 52.5i
LSD (Entry) 14.5¢ 11.51
CV (%) 14.09 13.13

*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@gnificant difference, CV: Coefficient of

variation.

Table 3.22 Mean values and rankings of oleic acidontent for two locations in

2005/2006
Genotype Kroonstad Bloemfontein
Mean Rank Mean Rank

1 26.87 16 13.51 16
2 31.4( 15 14.3¢ 15
3 75.14 4 74.75 3
4 55.78 14 35.08 14
5 75.67 3 67.26 5
6 81.31 2 80.08 2
7 66.26 6 54.91 7
8 63.90 7 81.22 1
9 66.83 5 52.94 8
10 61.64 10 52.72 9
11 63.0¢ 8 52.1] 10
12 56.91 13 44.02 12
13 61.27 11 36.92 13
14 81.3¢ 1 74.6¢ 4
15 62.03 9 47.46 11
16 60.55 12 59.05 6

Average 61.88 52.57

LSD (0.05) 14.54 11.51

LSD: Least significant difference.
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Palmitic acid

Highly significant genotype mean squares were oleseat Kroonstad and Bloemfontein
(Table 3.23). Variance due to genotype contrib@8dl6-77.22% of the total variance.
Large variation was observed among rankings of sgematypes (4, 6, 8 and 13) across
both locations (Table 3.24). Only genotypes 1, Ad &4 did not differ in their rankings
across both locations. The standard linoleic gepestyl and 2 ranked in the top three
positions for palmitic acid with contents of betwed.99-6.52% at both locations.
However, both genotypes contained more palmiticd agt Bloemfontein than at
Kroonstad. The high oleic genotypes did not diffggnificantly from the mid oleic
genotypes for palmitic acid content at Kroonstadwiver, at Bloemfontein significant
differences were observed among the high and ned @enotypes for palmitic acid
content. The high oleic genotypes contained on ameerless palmitic acid than the
traditional and mid oleic genotypes at both loagadioln general, genotypes at Kroonstad
contained less palmitic acid than those at Bloeteionwith the exception of genotypes 6
and 8. The average palmitic acid content obsereedfoonstad was 4.51% and 5.23%

for Bloemfontein.

Stearic acid

Highly significant replication mean squares weré@ent at Kroonstad. Genotype mean
squares were highly significant at both Kroonstad Bloemfontein and 83.75-88.85% of
the total variance was accounted for by genotypdmth locations (Table 3.25). Large
variation was observed among rankings of genotypdle two locations (Table 3.26).
However, only genotypes 4, 11, 15 and 16 did ndéfediin their rankings at both
locations. The standard linoleic acid genotypesd Z2had higher stearic acid contents at
Bloemfontein than at Kroonstad. Genotype 1 and @ained 2.32% and 1.98% more
stearic acid respectively at Bloemfontein than addfistad. These genotypes contained
on average less stearic acid than the high olaiotgpes, but more than the mid oleic
genotypes. The high oleic genotypes had on aveleghighest stearic acid contents that
ranged between 3.97-8.06% at both locations. Thk bleic genotype 4 ranked first in
both locations for stearic acid with contents 058% and 8.06% at Kroonstad and
Bloemfontein respectively. The mid oleic genotyesl on average the lowest stearic
acid contents and ranged between 3.78-7.21% atlbcgitions. In general, all genotypes
contained more stearic acid at Bloemfontein thaKrabnstad. The average stearic acid

content for Kroonstad was 4.52% and 6.55% at Bloaiefn.
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Table 3.23 Mean squares of palmitic acid content fdwo locations in 2005/2006

Kroonstad Bloemfontein

Source

MS % Variation MS % Variation
Rep 0.22 2.0¢ 0.0z 0.01
Genotype 0.83** 59.46 1.59** 77.22
Error 0.27 38.46 0.23 22.77
Mean 4.51 5.23
LSD (Entry) 0.86 0.81
CV (%) 11.49 9.25

*P<0.01, MS: Mean squares, Rep: Replication, LSD: teignificant difference, CV: Coefficient of
variation.

Table 3.24 Mean values and rankings of palmitic adi content for two locations in

2005/2006
Genotype Kroonstad Bloemfontein
Mean Rank Mean Rank
1 5.7t 1 6.52 1
2 4.99 3 6.26 2
3 3.89 15 4.29 14
4 4.3¢ 9 5.7:% 5
5 3.97 14 4.75 12
6 4.45 8 4.21 15
7 4.70 5 5.20 8
8 4.7 4 454 13
9 4.26 13 5.06 9
10 4.58 7 5.65 6
11 4.2 11 5.01 11
12 5.37 2 5.78 4
13 4.33 10 5.84 3
14 3.72 16 412 16
15 4.59 6 5.61 7
16 4.27 12 5.05 10
Average 4.51 5.23
LSD (0.05) 0.86 0.81

LSD: Least significant difference.
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Table 3.25 Mean squares of stearic acid content fawo locations in 2005/2006

Kroonstad Bloemfontein

Source

MS % Variation MS % Variation
Rep 0.28** 5.01 0.12 0.55
Genotype 0.63** 83.75 2.29** 88.85
Error 0.04 11.23 0.14 10.53
Mean 4.52 6.55
LSD (Entry) 0.34 0.61
CV (%) 4,54 5.63

*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@gnificant difference, CV: Coefficient of
variation.

Table 3.26 Mean values and rankings of stearic acidontent for two locations in

2005/2006
Genotype Kroonstad Bloemfontein
Mean Rank Mean Rank

1 4.18 13 6.50 10
2 4.7¢ 3 6.7¢€ 7
3 5.22 2 6.93 5
4 5.58 1 8.06 1
5 3.97 15 4.47 16
6 4.24 12 6.84 6
7 4.77 5 7.41 2
8 4.62 7 6.53 9
9 4.63 6 6.44 12
10 4.42 10 6.38 13
11 4.7¢ 4 7.01 4
12 3.78 16 6.21 14
13 4.47 9 7.21 3
14 4.04 14 4.82 15
15 4.49 8 6.72 8
16 4.40 11 6.49 11

Average 4.52 6.55

LSD (0.05) 0.34 0.61

LSD: Least significant difference.

98



3.3.4 Combined analysis of variance across two |dgans for 2005/2006

The mean squares for environment were highly St for all five data sets (Table
3.27). All four major fatty acids showed highly sifjcant variance for genotype. GXE
was significant for linoleic and oleic acid contertd highly significant for stearic acid
content. Oil content varied between 42.58% (ggmoty0) and 48.10% (genotype 12)
with a mean of 45.87% (Table 3.28). The standawaléic genotypes 1 and 2 ranked fifth
and fouth respectively for oil content. These ggpes yielded the highest linoleic acid
contents (66.77% and 64.42% respectively) as veetha highest palmitic acid contents
(6.13% and 5.63% respectively). The high oleic g@mes 3, 6 and 14 can be considered
high potential oleic genotypes with high oleic acidntents of 74.95%, 80.70% and
78.00% respectively and linoleic acid contentsesklthan 13%. The remaining high oleic
genotypes 4, 5, 7, 8 and 9 were considered lowngiateleic genotypes since their oleic
acid contents were less than the recommended 76%di oleic sunflower. Genotype 4
with its low oleic acid content (45.43%) and relaty high linoleic acid content (41.18%)
should be regarded a mid oleic genotype than a bigit genotype. In addition, this
hybrid had the highest stearic acid content (6.8@28)l genotypes.

Table 3.27 Mean squares of oil and fatty acid contés over environments for two
locations in 2005/2006

Mean squares

Source

Oil content Llnole|c Oleic acid Pa_lmltlc Stearic acid

acid acid

Environment 948.53** 1005.44** 2079.85** 12.18* 98.31**
Repin
Environment 11.2¢ 79.4°t 80.57 0.11 0.2C
Genotype 13.67* 1709.24** 1827.01** 2.042** 2.34%*
GXE 7.19 129.09* 142.27* 0.34 0.58**
Residual 7.24 56.0¢ 61.8¢ 0.2t 0.0¢
CV (%) 5.87 24.36 13.74 10.30 5.39

*P<0.05, **P<0.01, Rep: Replication, GXE: Genotype by environmimteraction, CV: Coefficient of
variation.
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Table 3.28 Mean values and rankings of oil and fagtacid contents for two locations in 2005/2006

Genotype Qil content Linoleic acid Oleic acid Palntic acid Stearic acid
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank

1 47.00 5 66.77 1 20.19 16 6.13 1 5.34 13
2 47.09 4 64.42 2 22.88 15 5.63 2 5.77 6
3 46.42 8 12.99 14 74.95 3 4.09 15 6.08 3
4 46.73 6 41.18 3 45.43 14 5.04 7 6.82 1
5 44.48 14 18.40 12 71.47 5 4.36 13 4.22 16
6 44.62 12 7.43 16 80.70 1 4.33 14 5.54 9
7 45.95 9 26.79 11 60.59 6 4.95 8 6.09 2
8 45.4; 10 15.5( 13 72.5¢ 4 4.6t 11 5.5¢ 8
9 44.53 13 28.54 10 59.89 7 4.66 9 5.54 10
10 42.58 16 30.70 7 57.18 10 5.12 4 5.40 12
11 47.4; 3 30.1¢ 8 57.6( 9 4.64 12 5.8¢ 4
12 48.10 1 37.20 5 50.46 12 5.58 3 5.00 14
13 47.63 2 38.46 4 49.10 13 5.08 6 5.84 5
14 44.13 15 11.84 15 78.00 2 3.92 16 4.43 15
15 46.44 7 32.80 6 54.75 11 5.10 5 5.61 7
16 45.42 11 28.55 9 59.80 8 4.66 10 5.45 11

Average 45.87 30.73 57.22 4.87 5.54

LSD (0.05) 3.11 8.65 9.08 0.58 0.34

LSD: Least significant difference.
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3.3.5 Separate analyses of variance for Kroonsta&eason of 2006/2007

Kroonstad was the only environment analysed thed tiseason. Data obtained for

Bloemfontein and Koster included only one replicateach and could therefore not be
included for statistical analysis. This trial inded only 14 entries. Genotypes 8 and 13
from the previous trials were excluded from thialtbecause of a shortage of seed during

planting of trials.

Genotype mean squares were highly significant ifasléic, oleic, palmitic and stearic
acid with genotype contributing 59.68-76.72% to tb&al variance (Table 3.29). OiIl
content varied between 47.39% (genotype 11) an@i3%8.(genotype 5) (Table 3.30).
Apart from genotype 11 that was significantly bettan genotypes 5 and 9, no
significant differences were observed among gerastyfor oil content. The standard
linoleic genotypes 1 and 2 ranked second and fbirail content (47.33% and 46.49%
respectively). In addition, these genotypes rardembnd and first respectively for linoleic
acid with contents of 47.24% and 50.81% respegctivEte high oleic genotypes 3 and 14
had low linoleic acid contents of less than 15% #mely had the highest oleic acid
contents (80.26% and 77.71% respectively). Thesegenotypes were regarded as high
oleic potential genotypes. The rest of the highcotgeenotypes had higher linoleic acid
contents of between 20.46-22.19%. The high olefotype 4 contained 27.29% linoleic
acid and 61.02% oleic acid content. High oleic dgpes 4, 5, 6, 7 and 9 were regarded as
low oleic potential genotypes since their oleic dacontents were less than the
recommended 75% for high oleic sunflower. Theirmkcid contents (between 61.02-
69.33%) were within the range recommended for maicogenotypes. The mid oleic
genotypes 10, 11, 12, 15 and 16 had mid-level adeid contents of between 53.17-
65.60%.

The traditional genotypes 1 and 2 yielded the Haglpalmitic acid contents (5.24% and
5.02% respectively). With the exception of the noigic genotype 12 that differed
significantly from the high oleic genotypes 3 andr® significant differences were
observed among high and mid oleic genotypes fangial acid content. The high oleic
genotype 4 ranked first for stearic acid conter84%) and was followed by genotype 3
(5.61%). Some of the genotypes showed signific#ferdnces for stearic acid content.
On average, the high oleic genotypes contained steaic acid than the traditional and

mid oleic genotypes.
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Table 3.29 Mean squares of oil and fatty acid contés for Kroonstad in 2006/2007

Source Qil content Linoleic acid Oleic acid Palmitt acid Stearic acid
% % % % %

MS Variation MS Variation MS Variation MS Variation MS Variation
Rep 1.41 0.50 66.77 1.79 78.29 2.09 0.20 4.64 0.11 1.58
Genotype 19.18 44.06 422.77* 73.86 429.95** 73.39 0.39** .69 0.83** 76.72
Error 12.99 55.50 69.66 24.34 71.83 24.55 0.12 35.69 0.12 21.70
Mean 44.06 27.30 61.83 4.62 493
LSD (Entry) 5.83 14.01 14.22 0.58 0.58
CV (%) 7.90 30.57 13.71 7.42 6.96
*P<0.01, MS: Mean squares, Rep: Replication, LSD: te@sificant difference, CV: Coefficient of varian.
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Table 3.30 Mean values and rankings of oil and fagtacid contents for Kroonstad in 2006/2007

Genotype Oil content Linoleic acid Oleic acid Palmitic acid Stearic acid
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank

1 47.33 2 47.24 2 41.82 13 5.24 1 4.57 9
2 46.49 3 50.81 1 37.73 14 5.02 2 5.18 6
3 44.82 5 8.78 14 80.26 1 4.05 16 5.61 2
4 43.19 11 27.29 6 61.02 10 4.58 9 5.64 1
5 38.63 14 20.46 12 69.33 3 4.14 14 4.43 13
6 44.34 7 21.51 11 67.51 4 4.44 13 5.19 5
7 44.23 8 22.04 10 66.55 5 4.70 6 5.59 4
9 40.1¢ 13 22.1¢ 9 66.1¢ 6 4.64 7 5.6C 3
10 45.78 4 23.56 8 65.60 7 4.57 9 4.92 7
11 47.39 1 26.29 7 63.40 8 4.75 5 4.45 12
12 44.11 9 35.8¢ 4 53.7- 11 5.0C 3 4.1% 14
14 41.65 12 12.04 13 77.71 2 4.09 13 4.48 11
15 43.98 10 27.66 5 61.58 9 4.56 10 4.79 8
16 44.72 6 36.43 3 53.17 12 4.96 4 4.53 10

Average 44.06 27.30 61.83 4.62 4.93

LSD (0.05) 5.84 14.01 14.22 0.58 0.58

LSD: Least significant difference.
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3.3.6 Combined analysis of variance for Kroonstad@aoss three years (2004-2007)
Kroonstad was the only locality that had enougladaet analysis across three consecutive
years. Trials planted at the rest of the localiegher failed due to the occurrence of
Sclerotia disease, or localities were not plantad tb unforeseen circumstances. The
mean squares for environment were highly signitidan oil content as well as palmitic
and stearic acid contents, with environment coutiily 20.45-41.19% to the total
variance. The mean squares for genotype were hgbhyficant for all five data sets. For
the two major fatty acids, linoleic and oleic aciggnotype contributed 85.63% and
85.40% respectively to the total variance, whileagpe contributed only 44.64% and
52.46% to the total variance for palmitic and steacid. Only 22.35% of the total
variance was accounted for by genotype for oil eontThe mean squares for GXE

interaction were significant for linoleic and oleicid contents (Table 3.31).

The standard conventional genotypes 1 and 2 yidluedighest oil contents (49.54% and
50.47% respectively). However, genotype 2 was igtificantly better than six of the
other genotypes (Table 3.32). The two standarddinagenotypes yielded the highest
linoleic acid contents (57.12% and 54.98% respeltjvand these were significantly
better than the rest of the genotypes. These atddegl the lowest oleic acid contents
(31.47% and 33.4% respectively) of all genotypegxgsected for traditional sunflower
genotypes. High oleic genotypes 3, 6 and 14 ramkdtie top three positions for oleic
acid content. These genotypes were considereddiit potential genotypes with oleic
acid contents of 77.25%, 76.75% and 80.24% respygtand low linoleic acid contents
of less than 13%. The rest of the high oleic gepety(4, 5, 7 and 9) were considered low
oleic potential genotypes with oleic acid contehtst ranged between 59.34-73.42%. The
linoleic acid contents of these genotypes rangéddsn 16.80-28.98%.

The standard linoleic genotypes 1 and 2 ranketdind second and yielded palmitic acid
contents of 5.31% and 4.91% respectively. The blglt genotypes contained on average
the lowest palmitic acid contents, while the staddénoleic genotypes contained on
average the highest palmitic acid content. Sigaiftcdifferences were observed among
some of the genotypes for palmitic and stearic aoistent. Genotype 4 ranked first for
stearic acid content (5.65%) and was followed byoggpe 3 (5.51%). On average, the
high oleic genotypes had the highest stearic aomtents and were followed by the

standard linoleic and mid oleic genotypes.
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Table 3.31 Mean squares of fatty acid contents fdfroonstad across three years

Source Oil content Linoleic acid Oleic acid Palmitt acid Stearic acid
% % % % %

MS Variation MS Variation MS Variation MS Variation MS Variation
Environment 427.93** 41.19 1.76 0.01 1.82 0.01 7.12%* 27.66 #5 20.45
Rep in
Environment 11.68 3.37 28.88 0.62 31.78 0.66 0.21 2.43 0.16 222
Genotype 35.72** 22.35 1832.24** 85.63 1909.17** 85.40 1.77* 44 .64 1.79* 52.64
GXE 5.46 6.84 55.66* 5.20 59.63* 5.33 0.15 7.43 0.14 478.
Residual 6.99 26.25 30.42 8.53 32.03 8.60 0.12 17.85 0.09 .2016
CV (%) 5.5k 20.1¢ 9.1¢ 7.92 6.2

*P<0.05, *P<0.01, MS: Mean squares, Rep:

Replication, GXE: ®greoby environment interaction, CV: Coefficientwalriation.
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Table 3.32 Mean values and rankings of fatty acidantents for Kroonstad across three years

Genotype Oil Content Linoleic acid Oleic acid Palmic acid Stearic acid
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank

1 49.54 2 57.12 1 31.47 14 5.31 1 4.60 11
2 50.47 1 54.98 2 33.47 13 491 2 5.08 5
3 48.41 7 11.67 13 77.25 2 3.75 13 5.51 2
4 46.43 11 28.98 6 59.34 9 4.27 8 5.65 1
5 43.36 14 16.80 11 73.42 4 3.81 12 4.28 13
6 47.63 9 12.32 12 76.75 3 4.06 11 4.90 6
7 48.42 6 23.63 9 64.78 6 4.46 4 5.37 3
9 44 8¢ 13 21.9¢ 10 67.0¢ 5 4.2: 1C 5.2¢ 4
10 47.32 10 26.32 7 63.01 8 4.35 7 4.73 9
11 49.20 4 25.74 8 63.47 7 4.25 9 4.80 8
12 49.41 3 31.7¢ 4 57.4¢ 11 4.7: 3 4.2¢ 14
14 45.62 12 9.74 14 80.24 1 3.73 14 4.33 12
15 48.69 5 29.57 5 59.06 10 4.40 5 4.82 7
16 48.25 8 32.81 3 56.79 12 4.35 6 4.69 10

Average 47.68 27.38 61.68 4.33 4.87

LSD (0.05) 2.48 5.18 5.31 0.32 0.28

LSD: Least significant difference.
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3.3.7 Stability analyses for genotype performance
3.3.7.1 Additive main effects and multiplicative iteraction analysis for one year over
six locations (season of 2004/2005)
Oil content
The AMMI analysis of oil content revealed that tHeCA axis 1 and IPCA axis 2
explained 40.52% and 24.37% of the GXE interactiespectively (Table 3.33).
Environments and GXE interaction showed highly gigant variation for oil content
(Table 3.34). The standard linoleic genotypes 12uagd well as the high oleic genotypes
4, 5, 8 and 9 were the most stable and widely adag¢notypes for oil content across all
six locations (Figure 3.1). Genotypes are stablenwtineir IPCA 1 scores are close to
zero. However, the high oleic genotypes 6 and 1#elkas the mid oleic genotypes 13
and 15 were relatively stable across environmem/i@m the stable genotypes, only the
standard genotype 1, the high oleic genotype 4tfamanid oleic genotype 15 had average
or above average oil content. Genotype 11 had idjieekt oil content in the combined
ANOVA (Table 3.16), but was not significantly betthan genotypes 2, 4, 7, 10, 12, 15
and 16.

Settlers, Lichtenburg and Klerksdorp showed simiiggractions and were the most stable
environments for oil content. However, only Settland Standerton occurred in the high
potential area of the biplot. Kroonstad and Statosleshowed similar interactions but
were less stable locations. Delmas was an averaggntal location, but was a highly
unstable for oil content. As a result, Delmas mayeha high probability for GXE
interaction. Klerksdorp, Lichtenburg and Kroonstaturred in the low potential area of

the biplot and were less favourable environment®ilccontent.
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Table 3.33 Contribution of IPCA 1 and IPCA 2 to thetotal variation for GXE

interaction for one year (2004/2005) over six locans

% GXE explained Cumulative %
Trait
IPCA 1 IPCA 2

Oil content 40.52 24.37 64.89
Linoleic acid 48.90 22.18 71.07
Oleic acid 49.45 22.87 72.32
Palmitic acid 46.63 25.58 72.21
Stearic acid 62.97 28.53 91.50

IPCA: Interactive principle component analysis, GX&notype by environment interaction.

Table 3.34 Mean squares of oil and fatty acid contés for the AMMIs for six

locations for season 2004/2005

Mean squares

Source

Oil content Linoleic acid Oleic acid Palmitic acid Stearic acid
Environments 570.07** 162.03** 282.08** 2.53%* 31.41*
Reps in
environments 10.43 7.28 14.49 0.38 1.07
Genotype 16.03 4857.48** 5191.68** 6.33** 3.46**
GXE 9.56** 25.19** 27.44%* 0.18** 0.48**
IPCA 1 15.29** 50.55** 53.57** 0.32** 1.19*
Residual 5.47 11.62 13.36 0.10 0.12
CV (%) 4.62 12.01 6.09 7.72 6.62

*P<0.01, AMMI: Additive main effects and multiplicagvinteraction, Reps: Replications, GXE: Genotype
by environment interaction, IPCA: Interactive piple component analysis, CV: Coefficient of varmeti
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Figure 3.1 AMMI biplot-1 for the 2004/2005 seasondir oil content showing means of
genotypes (1-16) and environments plotted againgdteir respective scores
of the first interaction principle component (IPCA-1). A: Delmas, B:
Klerksdorp, C: Kroonstad, D: Lichtenburg, E: Starnde, F: Settlers.

10¢



Linoleic acid

The IPCA axis 1 and IPCA axis 2 explained 48.90% 22.18% of the GXE interaction
respectively (Table 3.33). Genotypes and environimeshowed highly significant
variation for linoleic acid content (Table 3.34)dditionally, highly significant GXE
interaction was observed. The standard linoleictgges 1 and 2 were close in relation
to each other, indicating similar genetic backgasi(Figure 3.2). They had the highest
linoleic acid percentages, significantly higherrthie remaining 14 genotypes (Table
3.16) as expected for the traditional sunfloweraggmes. However, genotype 1 was more
stable and widely adapted than genotype 2 acrdssixaénvironments. The high oleic
genotype 6 and the mid oleic genotypes 12 and 1@ wadatively stable genotypes for
linoleic acid content. From these, genotype 6 héahalinoleic acid (as expected for the
high oleic genotypes) whereas the mid oleic gerestyipad above average linoleic acid
contents. The rest of the genotypes showed vamidtiolinoleic acid and were unstable

across environments.

Klerksdorp was the most stable location and waavaurable environment for linoleic
acid content. Delmas and Standerton were averagentml locations, but unstable
environments for linoleic acid percentage. Kroodstaas relatively stable, but
unfavourable. Lichtenburg and Settlers showed aimiitteractions, but was relatively

unstable locations. Genotype 7 was specificallyptathto Delmas.
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Figure 3.2 AMMI biplot-1 for the 2004/2005 season for linoleic acidontent showing
means of genotypes (1-16) and environments plotted against their
respective scores of the first interaction principle omponent (IPCA-1).
A: Delmas, B: Klerksdorp, C: Kroonstad, D: Lichtemy, E: Standerton, F:

Settlers.
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Oleic acid

The IPCA axis 1 and IPCA axis 2 explained 49.45% 22.87% of the GXE interaction
respectively (Table 3.33). Genotypes and environimeshowed highly significant
variation for oleic acid content (Table 3.34). Amfuhally, highly significant GXE
interaction was observed. The standard linoleicogggres 1 and 2 were closely grouped
as expected for these two genotypes. They contaihediowest oleic acid contents
because of the negative correlation between oleit lnoleic content. From these,
genotype 1 was more stable than genotype 2 foc @eid content and showed good
adaptability across the six environments (Figurg).3As observed for linoleic acid
content, the high oleic genotype 6 and the midcotginotypes 12 and 13 have shown
relatively good stability for oleic acid contentd rest of the genotypes showed variation
for oleic acid content and were unstable acrossithenvironments.

Klerksdorp and Kroonstad were the most stable enwiients relating to oleic acid
content, however, only Kroonstad occurred in tighlpotential area of the biplot and this
would be the location to select from. Delmas, Léctiturg and Standerton were unstable
locations for oleic acid content but, they showeedrage potentials for oleic acid content.
Settlers was a more favourable environment, but avasnstable location for oleic acid

content.

Palmitic acid

The IPCA axis 1 and IPCA axis 2 explained 46.63% 2P.58% of the GXE interaction
respectively (Table 3.33). Genotypes and environmeshowed highly significant
variation for palmitic acid content (Table 3.35)ghly significant GXE interaction was
also observed. The standard linoleic genotypesdl2agrouped in the high potential area
of the biplot (Figure 3.4). These two genotypes &lhdve average palmitic acid contents.
Genotype 2 was stable and widely adapted acrossiallocations for palmitic acid
content, but genotype 1 was unstable. The higtc @enotypes 8 and 9 were the most
stable and widely adapted, followed by genotype8 &nd 14. The rest of the high oleic
genotypes (3, 4 and 7) were unstable. Except footype 4, all high oleic genotypes had
below average palmitic acid contents. The mid ognotypes grouped together and
showed more or less average palmitic acid cont&ntsn these, genotypes 10, 11 and 12

were the most stable mid oleic genotypes for padraitid content.
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Figure 3.3 AMMI biplot-1 for the 2004/2005 season for oleic acid coamt showing
means of genotypes (1-16) and environments plotted against their
respective scores of the first interaction principle omponent (IPCA-1).
A: Delmas, B: Klerksdorp, C: Kroonstad, D: Lichtemy, E: Standerton, F:

Settlers.
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Figure 3.4 AMMI biplot-1 for the 2004/2005 season for palmitic acid cdent
showing means of genotypes (1-16) and environments plotted against
their respective scores of the first interaction pringple component
(IPCA-1). A: Delmas, B: Klerksdorp, C: Kroonstad, D: Lichtemb, E:
Standerton, F: Settlers.
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Klerksdorp and Settlers were the most unstablerenrients for palmitic acid content.
However, from these Settlers was a more favourapldronment for palmitic acid

content. Kroonstad and Lichtenburg showed simitéeraction and these two locations
were the most stable. However, Lichtenburg was aenfavourable environment for

palmitic acid content, while Kroonstad was a lessfirable environment.

Stearic acid

The IPCA axis 1 and IPCA axis 2 explained 62.97% 28.53% of the GXE interaction
respectively (Table 3.33). Genotypes and environmeshowed highly significant
variation for stearic acid content (Table 3.34).daidnally, highly significant GXE
interaction was observed. The high oleic genotypeand 9 as well as the mid oleic
genotypes 10 and 15 were the most stable and watklpted genotypes for stearic acid
content across all six environments analysed (Eighib). However, from these only
genotypes 9 and 15 had above average stearic antdnts. The rest of the genotypes

were unstable for stearic acid content.

Kroonstad and Standerton were the most stable ibmsatfor stearic acid content.
However, Kroonstad was a less favourable enviromnfen stearic acid content.
Klerksdorp was the most favourable location foragteacid content, but it was highly
unstable. Lichtenburg was a relatively stable tioca but a less favourable environment
for stearic acid content. Delmas and Settlers wedun the low potential are of the biplot

and were unstable locations for stearic acid cdnten
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Figure 3.5 AMMI biplot-1 for the 2004/2005 season for stearic acidontent showing
means of genotypes (1-16) and environments plotted against their
respective scores of the first interaction principle amponent (IPCA-1).
A: Delmas, B: Klerksdorp, C: Kroonstad, D: Lichtemy, E: Standerton, F:

Settlers.
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3.3.7.2 Additive main effects and multiplicative interacton analysis over three
years for Kroonstad (seasons of 2004 to 2007)
Oil content
IPCA axis 1 explained 68.33% of the GXE interactaond IPCA axis 2 31.67% (Table
3.35). Genotype and environment indicated highni§icant variation for oil content
(Table 3.36). However, GXE interaction was non-gigant for oil content across the
three seasons. The standard linoleic genotypes 2 ahe high oleic genotypes 4, 6 and 7
and the mid oleic genotype 15 were the most staftbwidely adapted genotypes for oil
content across the three seasons at Kroonstadr¢Fgh). The standard genotypes 1 and
2 had the highest oil contents across the thresossa however, genotype 2 was not
significantly better than the high oleic genotyBesnd 7, and the mid oleic genotypes 11,
12, 15 and 16 (Table 3.32). The high oleic genayped and 14 showed below average
oil contents and were unstable genotypes. The ¢ligje genotype 10 had an average oil

content, but was highly unstable.

The year effect was not consistent for Kroonstadriiyy the first season (2004/2005)
Kroonstad was a stable and high potential locatitmwever, during the second season
(2005/2006) it was a high potential but unstabtatmn. In the third season (2006/2007)
it was a low potential and unstable location ankbc®mn of adapted genotypes for
Kroonstad during that season would be inefficidntan unstable environment, more
interaction occurs among genotypes and the envieohnand therefore it would be

difficult to select adapted genotypes.

Table 3.35 Contribution of IPCA 1 and IPCA 2 to the total variaton for GXE

interaction for three years (2004/2005) and one location

% GXE explained Cumulative %
Trait
IPCA 1 IPCA 2

Oil content 68.3: 31.67 100.0(
Linoleic acid 85.5¢ 14.4¢ 100.0(
Oleic acid 84.45 15.55 100.00
Palmitic acid 59.92 40.08 100.00
Stearic acid 62.52 37.48 100.00

IPCA: Interactive principle component analysis, GX&notype by environment interaction.
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Table 3.36 Mean squares of fatty acid contents for the AMMIdor Kroonstad for

three seasons

Source Mean squares

Oil content L|nole|c Oleic acid Pa_lmmc Stearic acid

acid acid

Environments 427.93* 1.7¢ 1.82 7.12** 4,53*
Reps within
environments 11.68 28.88 31.78 0.21 0.16
Genotype 35.72** 1832.24* 1909.20* 1.77* 1.79**
GXE 5.46 55.66* 59.62* 1.25 0.14
IPCA 1 6.93 88.43** 93.50** 0.16 0.17*
IPCA 2 3.75 17.44 20.09 0.13 0.12
Residual 6.9¢ 30.4:2 32.0: 0.12 0.0¢
CV (%) 5.55 20.14 9.18 7.93 6.23

*P <0.05, **P<0.01, AMMI: Additive main effects and multiplicaBvinteraction, Reps: Replications, GXE:
Genotype by environment interaction, IPCA: Intergetprinciple component analysis, CV: Coefficierfit o
variation.

Linoleic acid

IPCA axis 1 explained 85.54% of the GXE interact{@able 3.35). Highly significant
variation occurred among genotypes for linoleidamntent across the three years (Table
3.36). In addition, significant GXE interaction wakso observed. The standard linoleic
genotypes 1 and 2 showed the highest linoleic emidents as expected. However, these
genotypes were highly unstable for linoleic acidtent across the three seasons analysed
at Kroonstad (Figure 3.7). The high oleic genotype3 and 9 as well as the mid oleic
genotype 11 were the most stable and widely adag#adtypes for linoleic acid content.
The high oleic genotypes occurred in the low postr@irea of the biplot as expected for
high oleic genotypes with low linoleic acid contenthe mid oleic genotypes 10, 12, 15
and 16 showed average to above average linolett @mitents. However, these were
unstable genotypes for linoleic acid content. Ksiad was an average potential and

unstable location for linoleic acid across all themasons.
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Figure 3.6 AMMI biplot-1 for seasons 2004 to 2007 for oil conterghowing means of
genotypes (1-16, without 8 and 13) and environments plotted agairibeir
respective scores of the first interaction principle omponent (IPCA-1).
KSTD 1: Kroonstad season 1, KSTD 2: Kroonstad sea?o KSTD 3:

Kroonstad season 3.
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Figure 3.7 AMMI biplot-1 for seasons 2004 to 2007 for linoleic acidontent showing
means of genotypes (1-16, without 8 and 13) and environments pbéut
against their respective scores of the first interactioprinciple component

(IPCA-1). KSTD 1: Kroonstad season 1, KSTD 2: Kroonstad sea®o
KSTD 3: Kroonstad season 3.
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Oleic acid

IPCA axis 1 explained 84.45% of the GXE interact{@mable 3.35). Highly significant
variation was observed between genotypes for algit content and GXE interaction was
also significant (Table 3.36). The standard linoigenotypes 1 and 2 occurred in the low
potential area of the biplot for oleic acid contéigure 3.8). This was the result of the
negative correlation between oleic and linoleicdambntent. Genotype 2 showed better
stability for oleic acid then genotype 1, nonetks)eboth were unstable for oleic acid
content. These two genotypes showed the same ilitgtbr oleic acid content as
observed for linoleic acid content. The high olgénotypes 4, 7, and 9 as well as the mid
oleic genotype 11 were the most stable and adagdedtypes for oleic acid content
across the three seasons at Kroonstad. This olieervaas in correlation with that
observed for linoleic acid content. The high olgénotypes 3, 5, 6 and 14 occurred in the
high potential area of the biplot as expected fighloleic genotypes. However, these
genotypes were unstable for oleic acid content.mlteoleic genotypes 10, 12, 15 and 16
had more or less average oleic acid contents. Tivese also unstable for oleic acid
content. This observation was in correlation withttobserved for linoleic acid content.
Kroonstad was an average potential and unstabégidwcfor oleic acid percentage across

the three seasons.

Palmitic acid

IPCA axis 1 explained 59.92% of the GXE interactaord IPCA axis 2 40.08% (Table
3.35). Genotype and environment showed highly fmamt variation for palmitic acid
content (Table 3.36). However, GXE interaction wasn-significant. The standard
linoleic genotypes 1 and 2 occurred in the higheptal area of the biplot and had the
highest palmitic acid contents across all threes@em at Kroonstad (Figure 3.9).
However, these genotypes were unstable for palnaitici content. The high oleic
genotypes 3, 5 and 7 as well as the mid oleic gpest10 and 15 were the most stable
and widely adapted genotypes for palmitic acid eohtFrom these, genotypes 7, 10 and
15 had above average palmitic acid percentagessdExor genotype 7, all high oleic
genotypes had below average palmitic acid contdits.mid oleic genotypes 9, 11 and
16 had more or less average palmitic acid contmisthese, together with genotype 12
that occurred in high potential area of the biplegre unstable genotypes for palmitic

acid content.
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Figure 3.8 AMMI biplot-1 for seasons 2004 to 2007 for oleic acid ctemt showing
means of genotypes (1-16, without 8 and 13) and environments pémut
against their respective scores of the first interactioprinciple component
(IPCA-1). KSTD 1: Kroonstad season 1, KSTD 2: Kroonstad gsea®o
KSTD 3: Kroonstad season 3.
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Figure 3.9 AMMI biplot-1 for seasons 2004 to 2007 for palmitic acid antent
showing means of genotypes (1-16, without 8 and 13) and environrtgen
plotted against their respective scores of the first imraction principle
component (IPCA-1). KSTD 1: Kroonstad season 1, KSTD 2: Kroonstad

season 2, KSTD 3: Kroonstad season 3.
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During the first season (2004/2005), Kroonstad svéess favourable environment for
palmitic acid content. But, in both the second &Q006) and third (2006/2007) seasons,
Kroonstad was more favourable for palmitic acidteon In general Kroonstad was an

unstable location for palmitic acid content acral$shree seasons.

Stearic acid

IPCA axis 1 explained 62.52% of the GXE interactaord IPCA axis 2 37.48% (Table
3.35). Genotype and environment showed highly Sgamt variation for stearic acid
content (Table 3.36). However, GXE interaction wasn-significant. The standard
linoleic genotypes 1 and 2 showed good stability adaptability across the three seasons
at Kroonstad (Figure 3.10). However, genotype 1 leldw average stearic acid content,
while genotype 2 had above average stearic aciteonbnlThe high oleic genotypes 3, 5
and 14 were stable genotypes across the three nseaBowever, from these only
genotype 3 had above average stearic acid cofiteathigh oleic genotypes 4, 6, 7 and 9
had above average stearic acid contents, but westalhie genotypes. Genotype 4 had the
highest stearic acid content of all genotypes. g oleic genotypes 10, 12 and 15 were
relatively stable, but genotypes 9, 11 and 16 westable. From all mid oleic genotypes,

only genotype 9 had above average stearic aciegobnt

In the first season (2004/2005) Kroonstad was hlyitavourable environment for stearic
acid content and was a relatively stable locatiblowever, in the second season
(2005/2006) Kroonstad was a less favourable enmient and a highly unstable location
for stearic acid content. In the third season (220®/) Kroonstad was again a more

favourable environment for stearic acid content,vias a highly unstable location.
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Figure 3.10 AMMI biplot-1 for seasons 2004 to 2007 for stearic acidontent
showing means of genotypes (1-16, without 8 and 13) and environme
plotted against their respective scores of the first iraction principle
component (IPCA-1). KSTD 1: Kroonstad season 1, KSTD 2: Kroonstad

season 2, KSTD 3: Kroonstad season 3.
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3.4 Discussion

High and mid oleic acid sunflower hybrids, togethveith two traditional sunflower
hybrids, were planted in field trials and theseevanalysed for variance across locations
and years. Significant differences were observeddxn measured traits for the high and
mid oleic, and traditional sunflower genotypes. Aiddally, genotypes responded
differently between locations and years and enwiremtal conditions had a large
influence on the performance of genotypes. Sigaifi GXE interactions were observed
and consequently further multivariate analysis d@se in order to determine the stability

and adaptability of genotypes across locationsyaagls for oil and fatty acid content.

An almost linear association between sunflower sgettl and rainfall was observed.
Generally, sunflower seed and oil yield decreasedocations and years with lower
rainfall. This was in agreement with findings itefature (Goksoyet al, 2004; Weiss
2000). In the first season, Standerton, Delmaskandnstad received fairly high rainfalls
that resulted in the high mean seed and oil yieluserved for these locations. However,
Klerksdorp and Lichtenburg received much more rdian Kroonstad, Delmas and
Standerton, but showed lower seed and oil yieldm tthese three locations. This
observation may be explained by the fact that éations with high rainfall, low radiation
(because of the cloudy weather) and/or waterloggiogditions might have occurred.
Waterlogging has a direct effect on a range of phygical processes such as respiration
and photosynthesis. Under waterlogging conditidres glant shuts down its stomata in
order to reduce transpiration as a survival medmaniConsequently, plant growth and
seed development are restricted that may resutivier seed set and as result in lower
seed and oil yields. Grassigi al (2007) reported that higher than normal raindaiting
seed-filling resulted in reductions of sunfloweaigryield Therefore, in Klerksdorp and
Lichtenburg, high rainfall might have caused resoh in growth and flower
development and consequently lower seed set. Tigistrhave caused lower seed and oll

yields.

In the second and third seasons, the lower seed@rngeld observed for Kroonstad,
compared to the first season, was because of wWer l@infall Kroonstad received during
these seasons. However, this association couldenapplied to Bloemfontein. Although

Bloemfontein received almost 300 mm rain less dyuthe third season compared to the
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second season, the mean seed and oil yields regnaioee or less the same for the two

seasons.

Genotypes used in this study were characterisefamslard linoleic, mid oleic and high
oleic acid genotypes according to their pedigraabs genetic backgrounds. The standard
linoleic genotypes 1 and 2 performed as expectetrdditional sunflower with regard to
linoleic and oleic acid content. However, the habic genotypes showed differences in
their response to oleic and linoleic acid contestsong different trials. It has been
previously reported that high oleic genotypes ass lvariable for oleic acid content than
traditional sunflower genotypes (Lagraveteal, 2000; Laureti and Del Gatto, 2000; Piva
et al 2000). However, the high oleic acid genotypesehakiown large variation for
linoleic and oleic acid content among genotypes aorbss environments. The low
linoleic acid contents observed for the high olgémotypes was a result of the negative
correlation between oleic and linoleic acid contémboleic and oleic acid contents are
complementary and the increase in one resultsrmoee or less similar decrease of the
other (Lajaraet al, 1990). From the eight high oleic genotypes asedygenotype 6 was
the most stable genotype for oleic and linoleicdambntent across locations. The other
high oleic genotypes (3, 4, 5, 7 and 14) were Riginistable and showed large variation
across locations for oleic and linoleic acid cohtedRadicet al (2008) also reported
significant differences in oleic acid contents @gholeic acid hybrids among different
locations (Serbia and Argentina). Salera and Baldifi98) reported unstable oleic acid
contents of high oleic acid hybrids across différenvironments. From the analysis at
Kroonstad, across years, the high oleic genotypbdved good stability for oleic and

linoleic acid content.

According to literature, the high oleic mutation partially dominant and oleic acid
content is under the control of the allelic pair/@L(Tatini, 1995). Whatever the allelic
combinations might be (OL/OL, OL/ol or ol/ol), tlexpression of the trait is influenced
by the environment (especially temperature) dugegd maturation. Variations in the
oleic acid content may either be a function of #ikelic combination or temperature.
However, Fernandez-Matinez al (1993) and Triboi-Blondedt al. (2000) reported the
presence of modifier factors (or genes) that mayseainstable expression of tBegene
(Demurin and Skoric, 1996). These modifier factmyme from the linoleic parent used to

produce high oleic acid hybrids and cause a rediotif high oleic acid content to
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intermediate levels in high oleic hybrids. Lagravet al (2000) have reported that high
oleic genotypes may have different oleic acid ptdds) and that genotypes with high
oleic acid potentials are more stable than thost Wiw oleic acid potentials. It is

therefore possible that the unstable high oleioggres (3, 4, 5, 7 and 14), that perform
as high oleic genotypes in some environments buhidsoleic genotypes in others, or
over different seasons, may contain these moddmmes that are influenced by the

environment genotypes are grown in.

The most important environmental effects that hadrluence on the performance of
genotypes for oil content and fatty acid compositiwere rainfall, temperature and
planting date. The drier environments (less raineineed) as well as the warmer
environments had higher oleic acid contents thasetihat received more rain or that had
cooler weather during the growing season. For elanifroonstad received 203.7 mm
rain during the growing season compared to the3%i#n rain Bloemfontein received.
Therefore Kroonstad was a much drier location tBEx@mfontein and this could explain
the higher oleic acid content observed at Kroonstiadl the higher linoleic acid content
observed at Bloemfontein. Baldiat al. (2000; 2002) also observed an increase in oleic
acid content when water stress occurred during-giied, while Flagellaet al (2002)
observed a decrease in oleic acid content whegatian was applied. However, in
another report it was indicated that a severe waeficit during the seed-filling period
caused a reduction in oleic acid content of 10-lB%ctraditional hybrids and a

concomitant increase of linoleic acid content (Roehal., 2006).

In addition, different planting dates resulted iials maturing at different temperatures
that had a large influence on the fatty acid contjpmsof genotypes. It is well known that
when high temperatures occur during sunflower nagitom, the seed may contain less oil
and the oleic/linoleic acid ratio is higher (Piea al, 2000). Trials planted in the
beginning of the season (beginning of November-feidof December) resulted in
maturation of the sunflower plants during Februlsigrch when high temperatures
occurred. However, later planting dates (end otiday) resulted in maturation of plants
when mean daily temperatures were lower. For exayripl the first season, locations
planted in the beginning of the season showed thkehkt average oleic acid content
(above 60%) per locality, while locations plantedel in the season (Klerksdorp and

Settlers) showed the lowest average oleic acidetwst(less than 60%). In addition, the
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high oleic genotypes generally showed higher ossim contents in localities planted
earlier. A similar response was observed for limolcid content. The traditional and
some of the high and mid oleic genotypes had higheleic acid contents in locations
planted later in the season (Klerksdorp and Sejtl#ran in locations planted earlier
(Kroonstad and Delmas). Lichtenburg was an excepfitis location was planted early,
but some of the traditional, high and mid oleic @igpes had higher linoleic acid contents
than in Klerksdorp and Settlers. This might haverbthe result of the higher rainfall at
Lichtenburg (638.4 mm) that was the highest rairdélall locations. The high rainfall

might have contributed to the higher linoleic apiohtents observed at Lichtenburg.

Also, in the second season, Kroonstad (plantechatbeginning of December) was
planted earlier than Bloemfontein (end of Januanyl as result, genotypes planted at
Kroonstad generally had higher oleic acid contdateerage of 61.88%) compared to
those planted at Bloemfontein (52.57%). This effettplanting date on fatty acid
composition was in agreement with the findings ager and Thompson (1982), Flagella
et al (2002) and Qadiet al (2006). According to these authors, early (orirgpr
plantings accumulated higher oleic acid contentcamparison with later (autumn)

plantings that accumulated higher linoleic acidteats.

It can therefore be accepted that the unstable digjh acid genotypes that showed high
oleic acid contents in some locations (but lowarimicid content in others) may be a
consequence of high temperatures occurring duriagration or less rainfall received at
locations. In addition, these genotypes may contamdlifying factors (genes) that make

them more susceptible to environmental influences.

It was difficult to characterise specific genoty@essstable for all oil traits measured and
therefore genotypes that have shown good yieldssatuility are discussed separately for
each trait. Genotypes that have shown stabilitpsecmost of the locations and seasons
for oil content and that had average to above geeml contents included the standard
linoleic genotype 1, the high oleic genotypes 6 &ndnd the mid oleic genotype 15. The
linoleic genotype 1 has shown stability across nasitions and seasons for linoleic acid
content and had a high linoleic acid content. Tiyh loleic genotypes that have shown

stability across most locations and seasons fac aleid content and had high oleic acid
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potentials (oleic acid contents of above 75%) idelli the high oleic genotypes 6, 8 and
14.

The high oleic genotypes 5 and 9 have shown dfgbitiross most locations and seasons
for palmitic acid content and had average to loumit&c acid contents. A negative
association between oleic and palmitic acid conteat observed and this indicated that
the higher the oleic acid content, the lower thémiic acid content. This association
appeared to be genetic and not related to envirotahenfluences. This negative
correlation in high oleic genotypes is generallgatyed in literature (Martin-Polvillet

al.,, 2004; Marquez-Ruizet al, 2008; Merrill et al, 2008; Codex Alimentarius

Commission, 2009).

Stearic acid showed no consistent association anthof the other fatty acids. This was
not in agreement with the report of Lajataal (1990). These authors observed an inverse
correlation between oleic and stearic acid contetrtaditional sunflower. Genotypes that
have shown stability across most of the locations seasons for stearic acid content and
that had average to above average stearic acidmsrincluded the high oleic genotype 9

and the mid oleic genotype 10.

Across locations in the first season, all locatisreye unstable for oil content and only
Standerton and Settlers were favourable envirorsnént oil content. Kroonstad has

shown stability for all fatty acid traits measurddowever, Kroonstad was a more
favourable environment for oleic acid content andess favourable environment for

linoleic, palmitic and stearic acid content. Klatksp has shown stability for oleic and

linoleic acid content with average potential fardieic acid and low potential for oleic

acid content. Lichtenburg was only stable for p#bmacid content. The rest of the

environments were unstable for all oil traits meaduAt Klerksdorp, replication showed

significant variation for oil content, palmitic arslearic acid content. This might have
resulted from the position of replications in theld trial. It may happen that some

replications are planted at the border of a thak is exposed to different environmental
influences for example more wind, sunlight radiatiand warmer temperatures. This
resulted in a different response of these repboaticompared to others planted in the
middle of the field trial.
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Sunflower oil quality is dependent on the genotygped its interaction with the
environment. For traditional sunflower genotype#, quality depends largely on the
environment, which is highly variable among yedosations and sowing dates within a
single year. For stable high oleic sunflower, tea@ype can be the main determinant of
oil composition (Flagell&t al, 2002). Analyses of the high oleic genotypes seeral
generations will permit selection of the most stagkenotypes (Triboi-Blondedt al,
2000). It is recommended that the unstable higlt glenotypes be selected against in the

breeding programme.
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CHAPTER 4

GENETIC ANALYSIS OF SEED OIL QUALITY AND RELATED TR AITS IN
SUNFLOWER EXPOSED TO HEAT STRESS DURING SEED-FILLING

4.1 Introduction

Sunflower has an optimum temperature range for abgrowth and development. This
specific temperature is dependent on both the gpacand growth and developmental
stage of the specific genotype. When temperatwesesl the optimal range, temperature
stress is caused, which interferes with the plapesformance (Skatj 2009). High
temperature stress occurring during growth and ldpweent of plants causes major yield
losses in crops (Burkhanoea al, 2001). Heat stress induces reduction in thetituraf
plant growth and development that consequentlysléadewer and smaller plant organs.
Reduced light perception and a shortened life ¢yileturn, influence processes like
transpiration and may lead to a reduction in yi@dhutha et al, 2007). Additionally,
high temperatures during reproductive developmé&enamegatively impact fertilisation,
seed-filling and seed composition (Rondaeinhal, 2003; Hall, 2004).

Constant high temperatures or brief periods of eigh temperatures have different
effects on sunflower seed growth and oil qualiynf®wer oil quality is related to seed
oil content and fatty acid composition and defittes oil's value for industry (Rondanini
et al, 2003). Constant high temperatures during gresavth modify oil content and fatty
acid composition (Harriet al, 1978; Rawsoret al, 1984; Lajaraet al, 1990). High
temperatures during the entire growing season plieapfrom anthesis to maturity can
increase oleic acid content and decrease linoleid m standard sunflower cultivars
(Canvin, 1965; Chunfangt al, 1996; Triboi-Blondekt al, 2000). This increase in the
oleic/linoleic acid ratio (unsaturation ratio) mhg caused in part by inhibition of the
ODS enzyme, involved in the synthesis of linole@dafrom oleic acid during seed
development. High temperatures strongly inhibit OBx&yme activity and oleic acid
accumulates (Garcés and Mancha, 1991; Gaetéd, 1992; Sarmient@t al, 1998).
Brief periods of heat stress during the seed-§liperiod in sunflower produced seed with
lower oil content and altered fatty acid composifidthus lower commercial quality.
According to Rondaninet al. (2003) the period from 12-19 days after anth@SBA)

showed the greatest sensitivity to heat stresgdegagrain weight responses, while the
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period from 19-26 DAA showed the greatest sensytitd oil quality. The threshold

temperature for seed growth responses is 3%%Eh current trends toward increased
global temperatures, sunflower breeders may belerigdd with defining a suitable
breeding strategy in environments where heat stregsoccur. To achieve this, reliable
information on heritability and gene effects on @ilality and related traits under brief

periods of heat stress during the critical sedihdilperiod is necessary.

The aim of this study was to estimate genetic patara using 12 JFhigh and mid oleic
hybrids from a hierarchal cross (presented by Cookstand Robinson, 1952 as
Experiment ) of four male and 12 different female lines. Thagérids were evaluated

under heat stress conditions for grain oil quadity related traits.

4.2 Materials and methods

4.2.1 Plant material

Seed material from 12;fybrids were obtained from the PANNARreeding station in
Delmas, South Africa. These included mid and hitgicohybrids (Table 4.1) and were
generated by a hierarchical cross of four maleedllines with 12 different female inbred
lines. Due to confidentiality reasons, names ofritgand their pedigrees may not be

revealed.

4.2.2 Glasshouse trial

The heat stress and control trials were plantethenglasshouse at the University of the
Free State (Bloemfontein). The Beed were sown on 19 February 2007 in polystyrene
seedling trays with Hygrotech seedling mix. Thistmoel was used to promote optimal
germination. Seedlings were transplanted 15 dags iia 9 | black nursery planting bags.
The bags were filled with Bainsvlei type red soithwfertilizer N:P:K [3:2:1 (25) + 0.5%
Zn] and Curateft (2 ml per plant). Two trials were compiled: thesfione was a control
and the second the temperature treatment trial.tWhetrials were planted next to each
other and a randomised complete block design \hitet replications and eight plants per

replication was used for each trial.
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Table 4.1 Hierarchical cross of male parents A, B, C and @ith 12 different females

. Female . .
Male parent Oleic type parent Oleic type Hybrid

A High oleic a High oleic 1
A High oleic b Low oleic 2
A High oleic c Low oleic 3
B High oleic d High oleic 4
B High oleic € High oleic 5
B High oleic f Low oleic 6
C Low oleic g High oleic 7
C Low oleic h High oleic 8
C Low oleic [ High oleic 9
D Low oleic ] High oleic 10
D Low oleic k High oleic 11
D Low oleic I High oleic 12

Plants were irrigated using computerised drip atign pipe lines. Each plant received
350 ml water daily. The minimum and maximum tempaeof the glasshouse was set at

18°C and 25°C respectively. Day length was se#tdidurs daylight.

4.2.3 Temperature treatment

All plants reached 50% anthesis between 22 Ap@i728nd 9 May 2007. Each plant was
labelled at 50% anthesis. Heat treatment for edelnt pstarted at 15 DAA (when

flowering of the entire sunflower head was at 508ad plants were treated in heat
cabinets for 10 consecutive days. Treatment teryresawere set at 24°C (minimum)
and 36°C (maximum). The humidity was 60% and tgktlintensity 100%. Daylight was

set at 14 hours. All plants in the cabinets werd¢eveal daily by hand. After treatment,
plants were returned to the glasshouse to comphetie growth cycles. All seed were

harvested on 29 June 2007.

4.2.4 Sunflower head and seed traits
For the total of 576 (288 heat treated and 288rofnplants harvested, the following

traits were measured for each plant:

1. Head diameter was measured in centimetre owerlghgth of the head with a

measuring tape.

137



2. The total number of filled (non-sterile) seeds pead was hand counted for each
head.

3. Twenty-five seed weight was determined in gramaolaboratory scale on 25 non-
sterile seeds, randomly selected from each head.

4. The sterile area of the head was measured itinestne over the sterile area of the

head with a measuring tape.

4.2.5 Seed oil extraction and fatty acid analysis

Twenty seeds were randomly selected from the airtgrof each sunflower head. The 20
seeds for each of the eight plants per entry paicegion were bulked. Lipid extraction
and fatty acid analyses were done for each of tikeldd seed samples according to the
methods described in Chapter 3.

4.2.6 Statistical analysis and genetic parameters
ANOVA was performed for the sunflower head and stads as well as for the four
major fatty acids using Agrobase (2005). Male asmhdle interaction effects as well as
estimates of variance components for each traitfandach temperature trial were based
on the ANOVA presented in Singh and Chaudhary (19¥Be following formulae were
used for estimation of genetie®(), environmentald’e) and phenotypiasfp) variances:

6°g = (MS-MS,)/r

c’e = MS

02p = czg +c%

Where M$ and MS are estimates of hybrid mean square and error nsgaare

respectively and r is the number of replicates.
Estimates of broad sense heritability based om&an basis were calculated for each trait

in both temperature treatments. It is the ratigesiotypic to phenotypic variance:
H? = 6°glo’p
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4.3 Results

The oleic status of seed from the éffspring was determined based on the fatty acid
analysis (Table 4.2). Hybrids that contained md@nt70% oleic acid were considered
high oleic hybrids, while the mid oleic hybrids ¢aimed between 50%-70% oleic acid.
Hybrids that contained less than 50% oleic acidewegarded as low oleic (linoleic)
hybrids. In the first cross, where the high oleialenparent A was crossed with the high
oleic female parerd, the R offspring (hybrid 1) contained an intermediateeleof oleic
acid and was regarded a mid oleic hybrid (Tablésa#d 4.2). However, when this male
was crossed with low oleic femalbsandc, the resulting hybrids (2 and 3) contained mid
and low oleic acid levels respectively. When thghholeic male parent B was crossed
with the high oleic female paredthe resulting hybrid 4 contained a high oleicdevel
and was therefore regarded a high oleic hybrid.eMBatrossed with high oleic females
and f produced hybrids 5 and 6 with intermediate lew#sleic acid. Crosses made
between the low oleic male parent C with threeedéht high oleic acid femaleg, b and

i) all resulted in hybrids (7, 8 and 9) containiowllevels of oleic acid. In crosses where
the low oleic male parent D was crossed with titiéferent high oleic femaleg,(k and

), one hybrid (11) with an intermediate oleic a@del and two hybrids (10 and 12) with

low oleic acid levels resulted.

Table 4.2 Oleic acid types of the Foffspring from the hierarchal cross between the

male and female inbred lines

Entry Oleic type
Mid oleic
Mid oleic
Low oleic
High oleic
Mid oleic
Mid oleic
Low oleic
Low oleic
Low oleic
Low oleic
Mid oleic
Low oleic

PR
REBoo~oobrwNE
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4.3.1 Analysis of variance for sunflower head and seed trait

Head diameter

Highly significant differences were observed betwesplications and treatments for head
diameter (Table 4.3). No significant differences raveobserved between hybrids.
Significant differences were observed betweennmreats and the heat treatment caused a
significant average increase in head diameter. ifiberaction between hybrids and
treatments were not significant and this indicateat all hybrids responded similarly to

the heat stress treatment.

Total number of filled seeds per sunflower head

Significant differences were observed between capbns for number of filled seeds per
head. Additionally, highly significant differencegere observed between hybrids. This
indicated that selection can be made for improvechiver of filled seeds per head. No
significant differences were observed between rmeats, however, significant

differences were observed for interactions of fgdmith treatments. This indicated that

some hybrids were more sensitive to the heat streggnent (Table 4.3).

Twenty-five seed weight

Significant differences were observed between lgbrior twenty-five seed weight

indicating genetic variability for this trait. Higghsignificant differences were observed
for treatments and the heat treatment caused #isagt decrease in twenty-five seed
weight. No significant differences were observedtf® interaction between hybrids and
treatments for twenty-five seed weight, indicatthgt all hybrids responded similarly to

the heat stress treatment (Table 4.3).

Head sterile centre diameter

Highly significant differences were observed betwdwgybrids for head sterile area
indicating genetic variability for this trait. Highsignificant differences were observed
for treatments with heat treatment causing a danit increase in sterile centre diameter.

This led to a smaller, non-sterile area of the readias a result, less filled seeds.

140



Table 4.3 Mean squares of sunflower head traits, ed traits and major fatty acid composition for 12 sinflower F; hybrids analysed at

two temperature treatments

Head and seed traits

Oil major fatty acids

Source Head Number of 25-seed Head sterile Oil content

C16:0 C18:0 C18:1 C18:2
diameter seeds weight  centre diameter

Replications 7.25%* 22614.23* 0.10 0.78** 25.04 0.05 0.33 63.90 65.80
Hybrids 2.87 34325.01** 0.09* 0.77* 21.23* 2.60** 4.95*  203.03** 1196.48**
Treatments 26.22** 8236.28 0.34** 5.94** 667.83**  16.87**  422¢*  2355.03** 3738.26**
Hybrids x 2.74 12910.76* 0.07 0.18 14.67 0.54 0.28 101.29** 4.88**
treatments
Residual 1.37 4974.98 0.03 0.12 9.43 0.29 0.29 22.79 22.95

*P<0.05, **P<0.01.
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No significant differences were observed for theeraction between hybrids and
treatments for twenty-five seed weight indicatihgttall hybrids responded similarly to
the heat stress treatment (Table 4.3). The steeiigres of sunflower heads could be a

result of low self-fertility, since insect pollinah did not occur in the glasshouse.

4.3.2 Analysis of variance for sunflower oil and major fatty aa content

Oil content

Variation among hybrids was significant for oil ¢ent (Table 4.3). Additionally, highly
significant differences were observed betweenmeats. No significant differences were
observed for the interaction between hybrids amattnents for oil content and this

indicated that hybrids responded similarly to stedss.

Palmitic (C16:0) and stearic (C18:0) acid

Highly significant differences were observed betwedwe/brids for both palmitic and

stearic acid percentage, indicating genetic vdiighbior these fatty acids (Table 4.3).
Highly significant differences occurred betweeratmeents for both palmitic and stearic
acid percentage. No significant differences werseoled for the interaction between
hybrids and treatments for palmitic and stearid a@ntent. This indicated that hybrids

responded similarly to the heat stress treatment.

Oleic acid (€18:1) and linoleic acid (C18:2)

Highly significant differences were observed betwdwbrids and treatments for both

oleic and linoleic acid percentage (Table 4.3).sTisi due to the negative correlation
between oleic and linoleic acid. Significant intdians between hybrids and treatments

indicated that both fatty acids in hybrids werehygsensitive to the heat stress treatment.
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4.3.3 Mean values for sunflower head and seed traits

Head diameter

Within the control, significant differences weresebved between some of the hybrids for
head diameter (Table 4.4). Hybrids 1, 2 and 10ednk the first three positions for head
diameter, but these were not significantly différsaom each other and from hybrids 3, 7,
8, 11 and 12. Hybrids 4, 5, 6 and 9 had signifiyasmaller head sizes than hybrids 1, 2,
and 10. No significant differences were observeveen hybrids for head diameter in
the heat treatment. The average of the heat treatwes significantly higher than that of
the control value. The heat treated plants showeavarage increase of 1.21 cm in head
diameter (Table 4.5). All hybrids except for hylsritl and 10 showed an increase in head
diameter after heat treatment. From these, the diigic hybrid 4, the mid oleic hybrid 6
and the low oleic hybrid 9 showed significant ireges in head diameter after heat
treatment (Table 4.5).

Total number of filled seeds per head

Within the control, significant differences occutrbetween some of the hybrids (Table
4.6). Hybrid 10 ranked first, but it was not sigegitly different from hybrids 2, 7 and 8.
The remaining hybrids had significantly smaller rars of filled seed per head than
hybrid 10. Significant differences were also obsdrbetween individual hybrids within
the heat treatment. Hybrids 9 and 10 ranked fired aecond, but these were not
significantly different from each other and frombing 8. The remaining hybrids had
significantly smaller numbers of filled seeds peati than hybrids 9 and 10. The change
in rankings of hybrids indicated that the hybrigsponded differently to the heat stress
treatment and interaction occurred between hylais treatmentsThe total number of
filled seeds per head varied between 108 and 46Bytarids for both the control and the
heat treatment. In general, hybrids showed an geedacrease of 21.39 seeds after heat
treatment; however this decrease was non-signifiBable 4.7). All hybrids showed a
decrease in filled seeds per head after heat tezafraxcept for hybrids 4, 8 and 9 that
showed an increase. Hybrid 9 showed a significaotease in filled seeds after heat
treatment (Table 4.7).
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Table 4.4 Mean values and rankings of 12 sunflower;Fhybrids for head diameter

analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 1 8.80¢ 1 6 9.26¢
2 10 8.78a 2 3 9.16a
3 2 8.58a 3 8 9.14a
4 8 8.06al 4 2 9.05¢
5 3 8.04ab 5 9 8.96a
6 12 7.84ab 6 12 8.83a
7 7 7.84al 7 4 8.56¢
8 11 7.26ab 8 11 8.36a
9 9 6.43b 9 7 5.20a
10 5 6.35b 10 10 8.17a
11 4 5.53b 11 1 8.04a
12 6 5.51b 12 5 7.78a

LSD (0.05) = 1.92

*Averages followed by the same letter in the sawlaran did not differ significantly at$90.05. LSD: Least
significant difference.

Table 4.5 Mean values and differences between 12 sunflow&; hybrids and

treatments for head diameter

Difference and

Hybrid Control Heat treatment L
significance level

1 8.80 8.04 0.76
2 8.58 9.05 0.46
3 8.04 9.1¢ 1.11
4 5.53 8.56 3.03*
5 6.35 7.78 1.43
6 5.51 9.2¢ 3.75*
7 7.84 8.20 0.36
8 8.06 9.14 1.08
9 6.43 8.96 2.53*
10 8.78 8.18 0.60
11 7.26 8.36 1.10
12 7.84 8.83 0.99

Average 7.42 8.630 1.21*

*P<0.05.
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Table 4.6 Mean values and rankings of 12 sunflower;fybrids for total number of

filled seeds per head analysed at two temperature treatmen

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 1C 465.16i 1 9 413.01.
2 2 324.87ab 2 10 372.70a
3 7 311.53ab 3 8 332.54ab
4 8 304.77a 4 12 251.88l
5 11 291.94b 5 2 236.79b
6 12 287.81b 6 4 235.50b
7 3 262.23I 7 7 229.971
8 1 248.39bc 8 11 220.72bc
9 5 242.42bc 9 3 206.36bc
10 9 208.05bcd 10 5 179.15bc
11 6 138.74cd 11 1 163.80bc
12 4 121.97d 12 6 108.79c

LSD (0.05) = 115.92

*Averages followed by the same letter in the samkian did not differ significantly at $9.05. LSD:

Least significant difference.

Table 4.7 Mean values and differences between 12 sunflow&i hybrids and

treatments for total number of filled seeds per sunflowmehead

Difference and

Hybrid Control Heat treatment oL
significance level

1 248.39 163.80 84.59
2 324.87 236.79 88.08
3 262.2: 206.3¢ 55.81
4 121.97 235.50 113.53
5 242.42 179.15 63.27
6 138.7: 108.7¢ 29.9¢
7 311.53 229.97 81.56
8 304.77 332.54 27.77
9 208.05 413.01 204.96*
10 465.16 372.70 92.70
11 291.94 220.72 71.22
12 287.81 251.88 35.93

Average 267.32 245,93 21.39

*P<0.05.
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Twenty-five seed weight

Significant differences were observed between sbagiwids within the control (Table
4.8). Hybrid 1 ranked first for twenty-five seediglet; however, this hybrid did not differ
significantly from hybrids 2 and 3. The remainingbhids had significantly lower twenty-
five seed weights than hybrid 1. No significantfeliénces were observed between
individual hybrids of the heat treatment. The agerawenty-five seed weight varied
between 0.65 g to 1.39 g between hybrids for bbé dontrol and the treatment. The
average of the heat treatment was significantlyelothan the control. The heat treatment
resulted in an average decrease of 0.13 g for ywierd seed weight (Table 4.9). Except
for hybrids 4, 6 and 9 which showed a non-significancrease in twenty-five seed
weight, most of the hybrids showed a decrease. Rhmse, hybrids 1 and 3 showed a

significant reduction in twenty-five seed weighteafthe heat treatment.

Head sterile centre diameter

Significant differences were observed between iddal hybrids of both the control and

the heat treatment for head sterile centre dian{&wsle 4.10). In the control treatment,

hybrids 2, 8, 9 and 10 had relatively large stezéatre diameters and these did not differ
significantly from each other. Hybrid 11 had theatlest sterile centre diameter, but it
was not significantly different from seven othetbhigs. In the heat treatment, hybrid 8

had the largest sterile centre diameter and itnaasignificantly different from hybrids 3,

6 and 9. In both treatments, hybrids 1, 4 and 1d redatively small head sterile centre

diameters. Large variation was observed betweends/for head sterile centre diameter.
The average sterile centre diameter varied betwle#®h cm and 2.66 cm for hybrids of

the control and between 1.73 cm and 3.27 cm fohta treatment. The heat treatment
showed an average significant increase of 0.58rcetdrile centre diameter compared to
the control. All 12 hybrids showed an increasetlus trait after heat treatment and from
these seven were significant (Table 4.11). Hybridhbwed a small and insignificant

increase, while hybrid 5 showed the largest in&@easterile centre diameter.
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Table 4.8 Mean values and rankings of 12 sunflower;Fybrids for twenty-five seed

weight analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 1 1.39¢ 1 4 0.93¢
2 3 1.18ab 2 2 0.93a
3 2 1.13ab 3 6 0.85a
4 7 0.99t 4 1 0.83¢
5 11 0.93bc 5 11 0.79a
6 5 0.84bc 6 12 0.79a
7 1C 0.83bt 7 3 0.76¢
8 6 0.82bc 8 5 0.74a
9 12 0.81bc 9 7 0.72a
10 8 0.80bc 10 9 0.70a
11 4 0.70bc 11 8 0.70a
12 9 0.65¢ 12 10 0.69a

LSD (0.05) = 0.30

*Averages followed by the same letter in the sawlaran did not differ significantly at$90.05. LSD: Least
significant difference.

Table 4.9 Mean values and differences between 12 sunflow&i; hybrids and

treatments for twenty-five seed weight

Difference and

Hybrid Control Heat treatment oL
significance level

1 1.39 0.83 0.56*
2 1.13 0.92 0.20
3 1.1¢ 0.7¢ 0.42*
4 0.70 0.93 0.23
5 0.84 0.74 0.10
6 0.82 0.8t 0.0z
7 0.99 0.72 0.27
8 0.80 0.70 0.10
9 0.65 0.70 0.05
10 0.83 0.69 0.14
11 0.93 0.79 0.14
12 0.81 0.79 0.02

Average 0.92 0.79 0.13*

*P<0.05.
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Table 4.10 Mean values and rankings of 12 sunflower;Fhybrids for head sterile

centre diameter analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 8 2.66¢ 1 8 3.27¢
2 2 2.36ab 2 9 2.87ab
3 10 2.19abc 3 6 2.79ab
4 9 2.16ab 4 3 2.66al
5 6 1.86bcd 5 5 2.61bc
6 7 1.83bcd 6 10 2.53bc
7 12 1.75¢cc 7 7 2.51b«
8 3 1.72cd 8 2 2.47bc
9 1 1.69cd 9 4 2.19cd
10 4 1.63cd 10 11 2.17cd
11 5 1.50d 11 12 1.88cd
12 11 1.46d 12 1 1.73d

LSD (0.05) = 0.58

*Averages followed by the same letter in the sawlaran did not differ significantly at$9.05, LSD: Least

significant difference.

Table 4.11 Mean values and differences between 12 sunflow&; hybrids and

treatments for head sterile centre diameter

Difference and

Hybrid Control Heat treatment L
significance level

1 1.69 1.73 0.05
2 2.37 2.47 0.11
3 1.7z2 2.6¢€ 0.95*
4 1.63 2.19 0.57
5 1.50 2.61 1.11*
6 1.87 2.7¢ 0.93*
7 1.83 251 0.68*
8 2.66 3.27 0.62*
9 2.1¢ 2.87 0.71*
10 2.19 2.53 0.35
11 1.46 2.18 0.72*
12 1.75 1.88 0.13

Average 1.90 2.48 0.58*

* P<0.05.
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4.3.4 Mean values for sunflower oil and major fatty acid content

Oil content

Within the control and heat treatments respectjvabnificant differences were observed
between some individual hybrids for oil contentttheuld allow selection for this trait
under normal and heat stress conditions (Table)4lh2he control treatment, hybrid 4
ranked first, but it was not significantly diffetefrom hybrids 1, 3, 5 and 9. The
remaining hybrids did not differ significantly fromach other. In the heat treatment
hybrids 1, 4, 3 and 5 ranked in positions 7-10. fitl/® ranked in the second position but
it was only significantly different from hybrids 1dnd 12 that ranked in the last two
positions for oil content. Additionally, hybrid 8dt ranked first in the heat treatment was
only significantly different from hybrids 5, 11 ari@. However, in the control, hybrid 8
ranked seventh and was only significantly differsotm the top two hybrids (3 and 4).
The average oil content of the control was 28.1@#ile that of the heat treatment was
22.10%. The heat stress treatment resulted in @ifisnt decrease of 6.09% in oil
content (Table 4.13). All 12 hybrids showed a reiduc in oil content after heat
treatment, but only seven hybrids showed a sigiticdecrease in oil content. These
included hybrids 1, 3, 4, 5, 6, 11 and 12. Of thésrid 4 showed the highest decrease
in oil content (11.80%). Hybrids 8 and 10 showeslight decrease in oil content.

Palmitic acid (C16:0)

Within the control and heat treatments respectivsignificant differences occurred

between individual hybrids for palmitic acid corte(Table 4.14). In the control
treatment, the low oleic hybrids 3, 7, 8, 9, 10 4@dranked in the first six positions and
these did not differ significantly for palmitic actontent. The high and mid oleic hybrids
had significantly lower palmitic acid contents th#éme low oleic hybrids with the
exception of hybrid 3 that did not differ from miteic hybrids 2 and 6. The high and mid
oleic hybrids contained less than 4% palmitic aeiuthjle the low oleic acid hybrids
contained more or less 5% palmitic acid. A similandency was observed in the heat
treatment. Low oleic hybrids 3, 7, 8 and 12 rankethe first four positions and did not
differ significantly from each other. These conanmore than 5% palmitic acid. The
high and mid oleic acid hybrids, with the exceptmnhybrid 1, ranked in the last five
positions with oleic acid contents of 5% and |eBable 4.15). The average of the heat
treatment was significantly higher than the contfdle heat treatment showed an average

increase of 0.97% in palmitic acid.
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Table 4.12 Mean values and rankings of 12 sunflower;Fhybrids for oil content

analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 4 33.95; 1 8 26.05:
2 3 30.46ab 2 9 24.77ab
3 1 29.54abc 3 10 23.17abc
4 5 29.19ab 4 2 22.75ab
5 9 29.06abc 5 6 22.71abc
6 6 27.99bc 6 7 22.69abc
7 8 27.50( 7 3 22.65ab
8 2 27.31c 8 4 22.15abc
9 11 26.70c 9 1 21.52abc
10 7 26.31c 10 5 20.46bcd
11 12 25.43c 11 11 19.69cd
12 10 24.89c 12 12 16.62d

LSD (0.05) = 5.05

*Averages followed by the same letter in the sawleran did not differ significantly at$9.05, LSD: Least
significant difference.

Table 4.13 Mean values and differences between 12 sunflow&s hybrids and

treatments for oil content

Difference and

Hybrid Control Heat treatment L
significance level

1 29.54 21.52 8.02*
2 27.13 22.75 4.56
3 30.4¢ 22.6¢ 7.80*
4 33.95 22.15 11.80*
5 29.19 20.46 8.73*
6 27.9¢ 22.71 5.28*
7 26.31 22.69 3.62
8 27.50 26.05 1.45
9 29.0¢ 24.7 4.2¢
10 24.89 23.17 1.72
11 26.70 19.69 7.01*
12 25.43 16.62 8.81*

Average 28.19 22.10 6.09*

*P<0.05.
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Table 4.14 Mean values and rankings of 12 sunflower;Fhybrids for palmitic acid

content analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 9 5.34¢ 1 12 6.26¢
2 8 5.19a 2 3 5.77ab
3 10 5.02a 3 8 5.71ab
4 12 4.97¢ 4 7 5.46al
5 7 4.78ab 5 1 5.33b
6 3 3.99bc 6 10 5.21bc
7 2 3.91b« 7 9 5.10b¢
8 6 3.63c 8 2 5.00bc
9 1 3.52c 9 6 4.84bcd
10 5 3.42c 10 5 4.66bcd
11 4 3.23c 11 4 4.37cd
12 11 3.16¢ 12 11 4.07d

LSD (0.05) = 0.8926

*Averages followed by the same letter in the sawlaran did not differ significantly at$9.05, LSD: Least
significant difference.

Table 4.15 Mean values and differences between 12 sunflow&s hybrids and

treatments for palmitic acid content

Difference and

Hybrid Control Heat treatment oL
significance level

1 3.52 5.33 1.81*
2 3.91 5.00 1.09*
3 3.9¢ 5.77 1.78*
4 3.23 4.38 1.14*
5 3.45 4.66 1.21*
6 3.65 4.8¢ 1.22*
7 4.78 5.46 0.68
8 5.19 5.71 0.52
9 5.34 5.10 0.23
10 5.02 5.21 0.19
11 3.16 4.07 0.91*
12 4.97 6.26 1.29*

Average 4,18 5.15 0.97*

*P<0.05.
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Eight of the 12 hybrids showed a significant insee& palmitic acid after heat treatment.
Low oleic acid hybrids 7, 8, 9 and 10 showed sraadl insignificant changes in palmitic

acid content after heat treatment.

Stearic acid (C18:0)
Significant differences were observed between kgbfor stearic acid content in both
treatments (Table 4.16). In both treatments hybtid3, 4 and 5 ranked in the first four

positions for stearic acid content. The mid oleird 1 ranked first and was not
significantly different from the low oleic hybrid i& the control and the mid oleic hybrid
5 in the heat treatment. Hybrids 2, 7, 10, 11 aBdrdnked in positions 5-9 in both
treatments and did not differ significantly fromchaother. Hybrids 9, 6 and 8 ranked in
positions 10, 11 and 12 respectively in both trests. No significant differences were
observed between these hybrids except for hybtich®differed significantly from hybrid
8 in the heat treatment. The average of the heatrtrent was significantly higher than the
control (Table 4.17). The heat treatment causedvanage increase of 1.56% in stearic
acid. All 12 hybrids showed a significant increasestearic acid after heat treatment.

Hybrid 5 showed the largest increase (2.53%) iar&teacid content.

Oleic acid (C18:1)

Significant differences were observed between iddai hybrids for both treatments

(Table 4.18). The high oleic acid hybrid 4 rankédtfin both the control and heat

treatments and had a significantly higher oleicdamntent than all 12 hybrids in the

control treatment. In the heat treatment, the vafueybrid 4 was not significantly higher

than mid oleic acid hybrids 1, 5 and 11. Mid ola@d hybrids 1, 5 and 11 ranked in the
second, third and fourth positions in both treatteeSome of the mid oleic acid hybrids
showed significant differences for oleic acid contd he low oleic acid hybrids ranked in

the last six positions for oleic acid content, hwere significant differences were

observed among some of these. The change in ramkintpe low oleic hybrids indicated

that these responded differently to the heat stiresgment and an interaction occurred
between hybrids and treatments. The average olgit percentage varied between
25.10% and 74.18% for all hybrids for both the coinand heat treatment (Table 4.19).
The average of the heat treatment was significamyer than the control. The heat
treatment caused an average increase of 11.44%imaxid. Of the 12 hybrids, seven

showed a significant increase in oleic acid peagaafter heat treatment.
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Table 4.16 Mean values and rankings of 12 sunflower;Fhybrids for stearic acid

content analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 1 7.37¢ 1 1 8.95¢
2 3 6.75ab 2 5 8.33ab
3 4 5.93bc 3 3 7.98bc
4 5 5.80b« 4 4 7.18cc
5 12 5.49cd 5 7 7.07d
6 10 5.47cde 6 10 7.04d
7 11 5.40cd 7 11 6.80d¢
8 2 5.29cde 8 12 6.77de
9 7 5.10cdef 9 2 6.65de
10 9 4.80def 10 9 6.57de
11 6 4.59¢f 11 6 5.94ef
12 8 4.24f 12 8 5.44f

LSD (0.05) = 0.88

*Averages followed by the same letter in the sawlaran did not differ significantly at$9.05, LSD: Least
significant difference.

Table 4.17 Mean values and differences between 12 sunflow&i hybrids and

treatments for stearic acid content

Difference and

Hybrid Control Heat treatment oL
significance level

1 7.37 8.95 1.58*
2 5.29 6.65 1.36*
3 6.7¢% 7.9¢ 1.24*
4 5.93 7.18 1.25*
5 5.81 8.33 2.53*
6 4.5¢ 5.9¢ 1.35*
7 5.10 7.07 1.98*
8 4.24 5.44 1.21*
9 4.80 6.57 1.76*
10 5.45 7.04 1.58*
11 5.40 6.80 1.40*
12 5.50 6.77 1.27*

Average 5.52 7.06 1.56*

*P<0.05.
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Table 4.18 Mean values and rankings of 12 sunflower;Fhybrids for oleic acid

content analysed at two temperature treatments

Control Heat treatment

Rank Hybrid Average* Rank Hybrid Average*
1 4 74.18: 1 4 73.57:
2 11 66.06b 2 1 69.71ab
3 5 63.92bc 3 5 69.43ab
4 1 60.79b 4 11 66.72ab
5 6 56.64cd 5 6 64.24bc
6 2 50.40d 6 2 60.74c
7 3 36.57¢ 7 10 52.24¢
8 8 34.84e 8 9 49.45de
9 9 29.52ef 9 8 47.84de
10 10 28.74ef 10 12 46.94de
11 12 26.53f 11 7 46.52de
12 7 25.10f 12 3 43.13e

LSD (0.05) = 7.85

*Averages followed by the same letter in the sawlaran did not differ significantly at$0.05. LSD: Least
significant difference.

Table 4.19 Mean values and differences between 12 sunflow&i hybrids and

treatments for oleic acid content

Difference and

Hybrid Control Heat treatment oL
significance level

1 60.79 69.71 8.92*
2 50.40 60.74 10.34*
3 36.57 43.1: 6.5¢€
4 74.18 73.57 0.61
5 63.92 69.43 5.51
6 56.6¢ 64.2¢ 7.6(C
7 25.10 46.52 24.42*
8 34.84 47.84 13.00*
9 29.52 49.45 19.93*
10 28.74 52.24 23.50*
11 66.06 66.72 0.66
12 26.53 46.94 20.41*

Average 46.11 57.55 11.44*

*P<0.05.
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All hybrids, except for the high oleic hybrid 4,asted an increase in oleic acid after heat
treatment. Additionally, the mid oleic acid hybrild showed only a slight increase in
oleic acid content. For these hybrids the heatrtreat did not have a major influence on

the oleic acid content.

Linoleic acid (C18:2)

Significant differences were observed between iddai hybrids for both treatments

(Table 4.20). The low oleic acid hybrids rankedtli® first six positions in both the
control and the heat treatment. In the controltineat, significant differences were
observed between hybrid 7 and 3 and between hybrahd 8. However, in the heat
treatment, no significant differences were obsereubng all linoleic acid hybrids. The
change in rankings of the low oleic hybrids indeththat these responded differently to
the heat stress treatment. The mid oleic hybrida@®6 ranked in the seventh and eighth
positions in both treatments and did not diffemgigantly from each other. Significant
differences were observed between some of the nemgamid oleic acid hybrids in both
treatments. The high oleic acid hybrid 4 ranketh@last position with the lowest linoleic

acid content in both treatments (less than 15%).

The average linoleic acid content varied betweer21% and 63.12% in the control
treatment, while in the heat treatment the linokeetd averages were lower and varied
between 12.46% and 40.93% for all 12 hybrids (Tabl). The average of the heat
treatment was significantly lower than the contiidie heat treatment caused an average
decrease of 14.41% in linoleic acid compared tcctivdrol. Of the 12 hybrids, 10 showed
a significant decrease in linoleic acid after hea&tment. Hybrids 4 and 11 showed only
slight decreases in linoleic acid content after theaatment. For these hybrids,

temperature stress did not have a major influenciae linoleic acid content.

The heat treatment had a significant influencehendleic and linoleic acid contents of
most hybrids. It resulted in a significant increaseoleic acid and simultaneously a
significant reduction in the linoleic acid contenfsmost hybrids (Tables 4.19 and 4.21).
Hybrid 10 showed the second highest increase in at8d (23.50%) and at the same time

the highest decrease in linoleic acid (25.66%).
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Table 4.20 Mean values and rankings of 12 sunflower;Fhybrids for linoleic acid

content analysed at two temperature treatments

Control Heat treatment
Rank Hybrid Average* Rank Hybrid Average*

1 7 63.12: 1 3 40.93:

2 12 61.48ab 2 8 39.17a
3 10 59.55ab 3 7 39.13a
4 9 59.38al 4 12 38.14:

5 8 54.57bc 5 9 37.00a
6 3 50.86¢ 6 10 33.88a
7 2 38.54¢ 7 2 25.461

8 6 33.71de 8 6 23.03bc
9 1 26.49ef 9 11 19.74bcd
10 5 25.21f 10 5 15.47cd
11 11 23.49f 11 1 13.27d
12 4 14.21g 12 4 12.46d

LSD (0.05) = 7.87

*Averages followed by the same letter in the sawlaran did not differ significantly at$9.05, LSD: Least
significant difference.

Table 4.21 Mean values and differences between 12 sunflow&i hybrids and

treatments for linoleic acid content

Difference and

Hybrid Control Heat treatment oL
significance level

1 26.49 13.26 13.23*
2 38.54 25.46 13.08*
3 50.8¢ 40.9: 9.94*
4 14.21 12.46 1.75
5 25.20 15.47 9.73*
6 33.71 23.0¢ 10.68’
7 63.12 39.13 23.99*
8 54.57 39.17 15.40*
9 59.38 37.00 22.38*
10 59.55 33.88 25.66*
11 23.49 19.74 3.74
12 61.48 38.13 23.34*

Average 42 .55 28.14 14.41*

*P<0.05.

156



4.3.5 General and specific combining ability means of;Fsunflower hybrids for
sunflower head and seed traits
The means of Fhybrids within the crossing pairs were used to mieitee the general

(GCA) and specific combining ability (SCA) of thargnts for the traits studied.

Head diameter

Male A showed the best GCA of all males in the oarireatment, however, it was not
significantly better than males C and D (Table %.22ale B showed the lowest GCA in
the control treatment and was significantly loweart males A and D. Therefore, when
selecting parents for head diameter under normabéeature conditions, all crosses made
with males A, C and D can be considered. For hreatrnent, the four males performed
the same with regards to GCA and male B did ndedisignificantly from the other
males. As a result, when selecting parents to m®du hybrids that will perform good
for this trait under high temperature conditionglenB could be considered even though

it had a poor GCA under normal temperature comisti

Number of filled seeds per head

Male D showed the best GCA of the males in therobmiteatment, however, it was not
significantly better than males A and C (Table J.22ale B showed the lowest GCA and
was significantly lower than male D. Femaleas significantly higher than all females
with regard to SCA for this trait and crosses ofaria with femalg produced I-hybrids
with significantly increased number of filled seeplsr sunflower head in the control
treatment. In the heat treatment the rankings addiagd male C showed the best GCA,
but it was only significantly better than male Enfralei showed the best SCA in a cross
with male C and was significantly better than nmafg¢he other females with regard to this
trait. Under high temperature conditions, male &€&sed with femalels andi would give
the best results. However, when selecting parengsdduce I-hybrids that will perform
well for this trait, male D x femalg¢ would be the best choice for normal and high

temperature conditions.
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Table 4.22 General and specific combining ability mans of 12 sunflower Fhybrids for agronomic traits analysed at two tempeature

treatments
Sunflower head and seed traits
Head diameter Number Ofglelfg seeds per Twenty-five seed weight Sterile centre diameter

Males X Females Control Heat Control Heat Control Heat Control Heat
a 8.80 8.04 248.39 163.80 1.39 0.82 3.10 3.24
A b 8.58 9.05 324.87 236.69 1.36 0.92 5.02 5.71
c 8.04 9.16 262.23 206.36 1.18 0.76 3.03 5.75
Mean 8.48 8.75 278.50 202.28 1.31 0.84 3.71 4.90
d 5.53 8.56 121.96 235.50 0.70 0.93 2.33 4.16
B e 6.35 7.78 242.42 179.15 0.84 0.74 2.27 5.66

f 5.51 9.2¢ 138.7¢ 108.7¢ 0.82 0.8t 3.0¢ 6.41
Mean 5.80 8.53 167.70 174.48 0.79 0.84 2.56 5.41
g 7.84 8.20 311.53 229.97 0.99 0.72 3.06 5.65
C h 8.06 9.13 304.76 332.54 0.79 0.70 6.15 8.71

i 6.4% 8.9¢ 208.0¢ 413.0: 0.6t 0.7¢ 4.24 7.11
Mean 7.44 8.76 274.78 325.17 0.81 0.71 4.48 7.16
i 8.78 8.17 465.17 372.70 0.83 0.69 3.93 5.34

D k 7.2¢ 8.3¢ 291.9¢ 220.7: 0.9¢ 0.7¢ 2.0¢ 3.9¢
| 7.84 8.83 287.81 235.21 0.80 0.79 2.92 2.99
Mean 7.96 8.45 348.31 276.21 0.86 0.76 2.96 4.09
LSD (0.05) 2.08 1.87 112.66 111.50 0.37 0.27 1.63 2.06

LSD: Least significant difference.
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Twenty-five seed weight

Male A showed the best GCA in the control treatmemd was significantly better than
the other three males for this trait (Table 4.E8malea showed the best SCA in a cross
with male A and was significantly better than thhes females in crosses with their
respective males. However, in the heat treatmdrd, rmale parents did not differ
significantly from each other with regard to GCA this trait. In addition, no significant
differences for SCA were observed between all fesal all crosses for twenty-five seed
weight. Under normal temperature conditions, male femalea andb would be the
choice, while for high temperature conditions, arfiythe parent crosses can be chosen.
However, when selecting for, Fhybrids that would perform well for this trait uerd

normal and high temperature conditions, male Amékeb would be the choice.

Head sterile centre diameter

Crosses made with male B producedhiybrids that showed the lowest average sterile
centre diameters under control treatment conditidrable 4.22). Male B was the best
male parent with regards to this trait and shoviredldwest GCA. However, male B was
only significantly better than male C for this tr&frosses made between male A x female
b, and male C x femaldsandi produced I hybrids that had significantly larger head
sterile centres than the rest and these crossetdshat be considered if the breeder aims
to decrease this trait under normal temperaturelitons. The heat treatment previously
caused a significant mean increase in head stanilge diameter (Table 4.9). Male D was
the best male parent with regards to this trait strmlved the weakest GCA. Male D was
also significantly better than male C. When setecparents to produce Rybrids with
decreased head sterile centre under heat treatoaditions, the best crosses would be

male A x femalen, and male D x femaldsandl|.

4.3.6 General and specific combining ability means of ;Fsunflower hybrids for
sunflower seed oil composition

Oil content

Male B showed the best GCA in the control treatnfentoil content, but it was not

significantly different from the other males foighrait (Table 4.23). Femalkin a cross

with male B showed significantly better SCA tham#desg, j, k andl in their respective

crosses.
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Table 4.23 General and specific combining ability mans of 12 k sunflower hybrids for seed oil composition at twotemperature

treatments
Sunflower seed oil composition
Oil content C16:0 C18:0 Ci18:1 C18:2

Males X Females Control Heat Control Heat Control Heat Control Heat Control Heat
a 29.54 21.52 3.52 5.33 7.37 8.95 60.79 69.71 26.49 3.261
A b 27.31 22.75 3.91 5.00 5.30 6.65 50.40 60.74 38.54 5.462
c 30.46 22.65 3.99 5.77 6.78 7.98 36.57 43.13 50.86 0.934
Mean 29.10 22.31 3.80 5.37 6.48 7.86 49.25 57.86 38.63 6.5%2
d 33.95 22.15 3.27 4.37 6.09 7.18 74.18 73.57 1421 2.461
B e 29.19 20.46 3.45 4.66 5.80 8.33 63.92 69.43 25.20 547
f 27.99 22.71 3.62 4.84 4.59 5.94 56.64 64.24 33.71 3.0

Mear 30.3¢ 21.7 3.4t 4.67 5.4¢ 7.1% 64.91 69.0¢ 27.3¢ 16.9¢
g 26.3] 22.6¢ 4.7¢ 5.4¢ 5.1C 7.0% 25.1( 46.5] 63.12 39.1:
C h 27.50 26.05 5.19 5.70 4.24 5.44 34.84 47.84 5457 9.173
i 29.06 24.77 5.33 5.10 4.80 6.56 29.52 49.45 59.38 7.003
Mean 27.62 24.50 5.10 5.42 4,71 6.36 29.82 47.94 59.02 8.433
i 24.89 23.17 5.02 5.21 5.46 7.04 28.74 52.24 59.55 3.883
D k 26.70 19.69 3.16 4.07 5.40 6.80 66.06 66.72 23.49 9.741

[ 25.4: 16.6: 4.97 6.2€ 5.4¢ 6.71 26.5:2 46.9¢ 61.4¢ 38.1:

Mean 25.67 19.83 4.38 5.18 5.45 6.87 40.44 55.30 48.17 30.59
LSD (0.05) 6.7¢€ 2.88 0.7C 1.12 0.8¢ 0.9( 9.8¢ 5.5¢€ 9.6& 6.31

LSD: Least significant difference.
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Therefore when the breeder selects parents to peoBuhybrids with high oil content
under normal temperature conditions, the choigeanénts would be male B crossed with
femalesd ande, male A crossed with femal@sandc and male C crossed with female
Under heat stress conditions, male C showed theG®@A4 for oil content. However, male
C was only significantly better than male D. Fentfala a cross with male C showed the
best SCA and it was significantly better than thst 0of the females (except for feméle
in their respective crosses. As a result, wherctabe parents to produce Rybrids with
high oil contents under heat stress conditions,ktbst choices would be male C with
femalesh andi. In both the control and the heat treatment malshbDwed the lowest

CGA as well as low SCA used in crosses with sonte®females.

Palmitic acid (C16:0)

Male C showed the best GCA in the control treatnaemt was significantly better than
the other three males for palmitic acid contentb{€ad.23). Femaleg, h andi showed
significantly better SCA in crosses made with m@leompared to the crosses made with
males A and B. Therefore, when the breeder ainisctease palmitic acid content under
normal temperature conditions, the choice of parembuld be male C crossed with
femalesg, h andi, and male D crossed with femalgsnd |. Under heat treatment
conditions, the male parents did not differ sigrafitly for GCA with regard to this trait.
However, the cross between male D x femlalgeroduced F hybrids that showed a
significantly increased palmitic acid content orer@ge when compared to crosses made

between male B x females e andf.

Stearic acid (C18:0)
Male A showed the best GCA in the control treatmeamd was significantly better than

the other three males for stearic acid contentlérdt23). Variation occurred between the
females with regard to SCA, however, femaesndc crossed with male A showed the

best SCA, significantly better than for most of tresses. Therefore, when the breeder
aims to increase stearic acid content under notemaperature conditions, the choice of
parents would be male A with femalasndc. Under heat treatment conditions, male A
also showed the best GCA and was significantlyelefian males C and D for stearic acid
content. Femal& in a cross with male A showed the best SCA and sigsificantly

better than the rest of the females (except forafera x male B) in their respective
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crosses. When selecting parents to produchyBrids with higher stearic acid contents

under heat treatment conditions, the best croseafdvibe male A x femala.

Oleic acid (C18:1)
Male B showed the best GCA in the control treatnemt was significantly better than

the other three males for oleic acid content (TabR8). Significant variation occurred
between females with regards to SCA, however, fema@h a cross with male B had the
highest SCA and was significantly better than nodghe females (except for fematex
male D) in their respective crosses. Therefore,pdwents of choice when selecting for
high oleic acid content under normal temperaturediémns would be male B x fematk
Under high temperature conditions, male B also &ibwhe best GCA and was
significantly better than the other three malesdieic acid content. Significant variation
occurred between females with regard to SCA. Howdeenaled in a cross with male B
again had the highest SCA but was not significapéiter than females e andk in their
respective crosses. When selecting parents to peo#uhybrids with high oleic acid
content under heat treatment conditions, the bestses would be male A x femae

male B x femalesl ande and male D x femalke

Linoleic acid (C18:2)
Male C showed the best GCA in the control treatnaamt was significantly better than

the other three males for linoleic acid contentb(€a4.23). Femaleg, h andi showed
significantly better SCA in crosses made with ma@leompared to the crosses made with
females and males A and B. Also, femajeand| in crosses with male D showed
significantly better SCA compared to crosses madh females and males A and B.
When selecting parents to produce Hybrids with high linoleic acid contents under
normal temperature conditions, male C with fengaigould be the choice. Although the
average linoleic acid contents of the Rybrids were less under high temperature
treatment conditions, male C also showed the b&# &nd was significantly better than
the other three males for linoleic acid contentmB&kec in a cross with male A showed
the best combining ability of the females in thesspective crosses. However, the
combining ability for this female was not signifitly better than femaleg, h andi in
crosses with male C, and femdlen a cross with male D. When selecting parents to

produce Fk hybrids with high linoleic acid content under hé&@atment conditions, the
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best crosses would be male A x femalemale C x femaleg, h andi and male D x

femalek.

4.3.7 Estimates of variance components and broad sense halitity for sunflower
head and seed traits
Head diameter
The environmental variance’€) proportion contributed most to the phenotypataf)
variation in both the control and the heat treatimeimdicating high impact of the
environment on head diameter (Table 4.24). A lowitaleility estimate of 38% was
observed for head diameter in the control treatmefitnegative heritability estimate
(-0.14) was observed for head diameter in the treatment. The negative heritability
estimate was a result of the negative genotypitanee. Head diameter was highly
sensitive to high temperature. The high temperateament resulted in large, but even-
sized heads for all hybrids and therefore a lowrese of genetic variance was observed
for this trait. In addition, the significant difiences between replications might have

contributed to the low genetic variance component.

Number of filled seeds per head

The genotypic variance proportion contributed mosthe phenotypic variation in both
the control and the heat treatments for numberillefdf seeds per head (Table 4.24).
Although environmental variance contributed lesshi® total variance, the environment
had some impact on this trait. Intermediate lewélseritability were observed for number
of filled seeds per head in the control (60%) aedthreatment (59%).

Twenty-five seed weight

The environmental variance proportion contributkghfly more to the total variation in
both the control and the heat treatments, indigatmpact of the environment on twenty-
five seed weight (Table 4.24). A low heritabilitgtenate of 47% was observed for
twenty-five seed weight in the control treatmentnégative heritability estimate (-0.07)
was observed for twenty-five seed weight in thet iemtment. Seed weight was highly
sensitive to high temperatures. The high tempegateatment caused a reduction in seed
weight to an extent where no genetic variabilityswebserved between hybrids. This
might have contributed to the low genetic variaoeponent estimate observed for

twenty-five seed weight.
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Table 4.24 Variance components and broad sense hability for head and seed traits of 12 sunflower F hybrids analysed at two

temperature treatments

Head diameter Number of filled seeds per head Twewfive seed weight Head sterile centre diameter
Control Heat Control Heat Control Heat Control Heat
6°g 0.92 -0.15 6625.79 6221.42 0.043 -0.00 1.16 2.18
o’e 151 1.21 4400.45 4310.77 0.048 0.02 0.93 1.47
6’p 2.423 1.06 11026.24 10532.20 0.09 0.02 2.08 3.65
H? 0.38 -0.14 0.60 0.59 0.47 -0.07 0.56 0.60

6°g: Genotypic variance componeatp: Phenotypic variance componestte: Environmental variance component; Broad sense heritability.
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Head sterile centre diameter

The genotypic variance proportion contributed nyostl the total variation in both the
control and the heat treatments for head steritgreediameter (Table 4.24). However,
although environmental variance contributed lesgh&ototal variance, the environment
had some impact on this trait. Intermediate lewélieritability were observed for head

sterile centre diameter in the control (56%) analk lkeeatment (60%) respectively.

4.3.8 Estimates of variance components and broad sense halitity for sunflower
seed oil and major fatty acid content
Oil content
The environmental variance proportion contributeédpminantly to the phenotypic
variation in the control treatment, indicating highpact of the environment on oil
content (Table 4.25). Under heat stress conditibessnvironmental variance proportion
was much lower and the genotypic variance compooemtributed predominantly to the
phenotypic variation in the heat treatment. As sulte under heat stress conditions the
environment had a smaller effect on oil contenhthader normal temperature conditions.
The high impact of environment under normal tempeeaconditions resulted in the low
broad sense heritability estimate (5%) observedofbcontent under these conditions.
However, under heat stress conditions an interneed@vel of heritability (63%) was

observed for oil content.

Palmitic acid (C16:0)

The genotypic variance proportion contributed mos$t the phenotypic variation in

palmitic acid content (Table 4.25). However, underat stress, the environmental
variance component contributed most to the totahmae and palmitic acid was sensitive
to the high temperature environment. In additidre tow genotypic variance estimate
indicated there was small genetic variability fadrpitic acid in the heat treatment. The
reason for this is that the heat treatment causedaease in palmitic acid content to an
extent where hybrids might have reached their marinpotential for this fatty acid.

Relatively high broad sense heritability was obedrfor palmitic acid content in the

control (78%) while in the heat treatment, thereate was low (35%).
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Table 4.25 Variance components and broad sense hability for oil and major fatty acid contents of 12 sunflower F hybrids analysed
at two temperature treatments

Oil content C16:0 C18:.0 Ci8:1 C18:2
Control Heat Control Heat Control Heat Control Heat Control Heat
ozg 0.85 4.88 0.61 0.23 0.71 0.86 303.95 115.97 297.08 117.99
o’e 15.85 2.88 0.17 0.43 0.25 0.28 33.82 10.79 32.31 .8213
02p 16.70 7.75 0.77 0.67 0.96 1.14 337.77 126.74 329.40 131.81
H? 0.05 0.63 0.78 0.35 0.74 0.75 0.90 0.91 0.90 0.90

6°g: Genotypic variance componestp: Phenotypic variance componesfte: Environmental variance component; Heritability.
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Stearic acid (C18:0)

The genotypic variance proportion contributed ntosthe phenotypic variation in both

the control and the heat treatments for stearid eontent (Table 4.25). Relatively high
levels of heritability were observed for steariegdacontent in the control (74%) and heat

treatment (75%) respectively.

Oleic acid (C18:1)

Estimates of genetic variance were much larger dsdimates of environmental variances

for oleic acid content in both temperature treatthgiiable 4.25). This indicated that
genotypic variance contributed largely to the phgpic variance and that the
environment had almost no effect on the trait witleiach treatment. High levels of
heritability were observed for oleic acid content hoth the control (90%) and heat
treatment (91%).

Linoleic acid (C18:2)

The genotypic variance proportion contributed nmosthe phenotypic variation in both

the control and the heat treatments for linolei amntent (Table 4.25). Within each
treatment, the environment had almost no effeclimoleic acid content and the trait
exhibited a large amount of genetic variabilityghlilevels of heritability were observed

for linoleic acid content in both the control (9086)d heat treatment (90%).

4.4 Correlations

4.4.1 Correlations between agronomic traits

In the control treatment strong positive and sigaift correlations were observed

between head diameter and number of filled seedshgad as well as between head
diameter and twenty-five seed weight (Table 4.26).the heat treatment, the same

positive correlations were observed, however, tireetation between head diameter and
number of filled seeds per head was weaker. (Tald&) The reason for this could be

because the heat treatment resulted in an aveegeasde in the number of seeds per
head and simultaneously a significant increaséénaiverage head diameter (Tables 4.5
and 4.7). Head sterile centre diameter did not saystrong correlations with the other

agronomical traits in both treatments.
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Table 4.26 Correlation matrix obtained for

control treatment

sunflowe head and seed traits and oil composition from 1Z; sunflower hybrids of the

NFSH HD 25-SW HSCD Oil content C16:0 C18:0 C18:1
HD 0.83*
25-SW 0.29 0.66**
HSCD 0.28 0.29 -0.18
Oil content -0.16 0.03 0.14 -0.15
C16:.0 0.2t 0.0¢ -0.34* 0.43* -0.40*
C18:0 -0.12* 0.19 0.63** -0.45** 0.16 -0.40%
Ci18:1 -0.43* -0.30 0.12 -0.32 0.34* -0.89** 0.28
C18:2 0.4% 0.2¢ -0.14 0.34* -0.34* 0.89** -0.32 -0.99**

*P<0.05, **P<0.01, HD: Head diameter, NFSH: Number of filleddseper head, 25-SW: Twenty-five seed weight, HSB€ad sterile centre diameter.

Table 4.27 Correlation matrix obtained for sunflowe head and seed traits and oil composition from 1#; sunflower hybrids of the heat

treatment
NFSH HD 25-SW HSCD Oil content Ci16:0 C18:0 Ci18:1

HD 0.47*
25-SW 0.28 0.70**
HSCD 0.32 0.31 -0.11
Oil content 0.52** 0.32 0.22 0.62**
C16:0 0.05 0.03 -0.26 0.09 -0.14
C18:0 -0.37* -0.28 -0.15 -0.48* -0.43* 0.00
C18:1 -0.48** -0.2¢ 0.1z -0.3¢ -0.27 -0.60** 0.34*
C18:2 0.52* 0.31 -0.10 0.39* 0.31 0.55** -0.45** -0.99**

*P<0.05, **P<0.01, HD: Head diameter, NFSH

: Number of filleddseper head, 25-SW:

168

Twenty-five seed weight, HSB&ad sterile centre diameter.



4.4.2 Correlations between seed oil traits

In the control treatment, significant and negateerelations were observed between oil
content and palmitic acid as well as between aiteot and linoleic acid (Table 4.26).

However, these correlations were relatively weall. d@@ntent was significantly and

positively correlated with oleic acid content. Ihetheat treatment a significant and
negative correlation was observed between oil cindéed stearic acid content. This
correlation was, however, positive and non-sigaificin the control treatment (Table
4.27). The reason for this difference might be tuthe significant decrease in oil content
(Table 4.13) and simultaneous significant increéasgtearic acid content (Table 4.17) in
the heat treatment. Oil content was negatively edated with palmitic and oleic acid

content, but these correlations were non-signitican

Strong negative and significant correlations webseoved between palmitic and oleic
acid, as well as between oleic and linoleic acidthia control treatment. The strong
positive and significant correlation between paien#éind linoleic acid may be a result of
the strong negative correlation between oleic amuldic acid. In the heat treatment, the
same correlations were observed; however, some weaker than in the control
treatment. The weaker negative correlation betweaimitic and oleic acid may be
because the heat treatment resulted in signifimastage increases in both palmitic (Table
4.15) and oleic (Table 4.19) acids. Similarly, theaker positive correlation between
palmitic and linoleic acid was because of the iaseein palmitic acid, but significant

average decrease in linoleic acid (Table 4.21hénheat treatment.

4.4.3 Correlations between agronomic and seed oil traits

In the heat treatment, relatively strong and higsibynificant positive correlations were
observed between oil content and number of filleelds per head as well as between oil
content and head sterile centre diameter. Howewerthe control treatment these
correlations were negative, weak and non-significArrelatively strong and significantly
positive correlation was observed between steaidt @nd twenty-five seed weight in the
control treatment. However, this correlation waskyenon-significant and negative in the
heat treatment. The reason for this difference iigh due to the significant average
increase in stearic acid (Table 4.17) and simutiasesignificant decrease in twenty-five
seed weight (Table 4.9) in the heat treatment. ifséggmt and negative correlations were

observed between number of filled seeds per heddodic acid content in both the
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control and heat treatment. The significant andatieg correlation between number of
filled seeds per head and oleic acid content mawg lbesult of the negative correlation
between oleic and linoleic acid, since linoleicdawsias positively correlated with number
of filled seeds per head. The last correlation wagificant in the heat treatment.
Significant and negative correlations were obsevetiveen number of filled seeds per
head and stearic acid content in both treatmeri®wever, these correlations were
relatively weak. The reason for the negative catreh between number of filled seeds
per head and stearic acid content may result fleensignificant negative correlation
between stearic acid and linoleic acid, since &mhcid was positively correlated with
number of filled seeds per head. Significant andatige correlations were observed
between head sterile centre diameter and steaitc cantent in both treatments. The
reason for the significant and negative correlatietween head sterile centre diameter
and stearic acid content may result from the negatorrelation between stearic and
linoleic acid, since linoleic acid was significanthnd positively correlated with head

sterile centre diameter.

4.5 Discussion

Brief periods of temperatures higher than 35°C tede&ect and sometimes unfavourable
effect on oil quality in sunflower. The most senstperiod for modification in oil quality
is from 19-26 DAA, the period of rapid TAG accumiga (Rondaniniet al, 2003).
Applying a heat stress period of 10 consecutivesdetytemperatures of 24°C minimum
and 36°C maximum during the period of 15-25 daysr&0% anthesis in sunflower was
done to examine the responses of hybrids with dcegar some head and seed

characteristics as well as oil quality.

Significant genetic variability was observed betwdg/brids for most traits and this
indicated that hybrids can be genetically improfadhe specific trait. Where significant
interactions occurred between hybrids and treatspdrybrids differed in their sensitivity

to the environment and this complicates breedindghe specific trait.

Heat treatment resulted in a significant increasthe average head diameter. However,
all hybrids responded the same in the two treatmeirice no significant interaction
occurred between hybrids and treatments for this ffhis increase in head diameter with

higher temperature was contradictory to reportsheneffect of drought stress on head
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diameter. Rauf (2008) reported that drought stréseng the vegetative phase of
sunflower resulted in a reduction in head diamelateelet al (2009) also pointed out
that water stress reduced head diameter. The redspmead diameter was not reduced
by heat stress might be that hybrids were moreénteo high temperatures for this trait.
Genetic variability was low in the control treatrhemhile no genetic variability was seen
in the heat treatment. The low broad sense hdittabstimate (38%) observed for head
diameter in the control treatment was in agreenvetit low broad sense heritability
estimates reported. Cagnand Esendal (2006) reported that in safflowerdhgiameter
had a low broad sense heritability of 21%. Accogdia Miller and Fick (1997) broad
sense heritability estimates of 22% and 44% weperted by Kloczowski (1975) and
Pathak (1974) for sunflower. The low genetic vaomttogether with the low heritability
estimates indicate that no progress from selectiilh be made for head diameter.
Selection for this trait is not advised in breedprggrammes to improve yield under both

normal and high temperature environments.

Heat treatment resulted in a decrease in the nupibidted seeds per head, however, it
was non-significant. Although genetic variabilitasvseen in both temperature treatments,
the significant interaction between hybrids andatimeents, as well as the intermediate
level of heritability (x60%) will make selection rfdhis trait under both temperature
environments difficult. Ayub (2001) reported a ldwoad sense heritability of -6% for
number of seed per head. Seed number per heathdémrgest direct influence on seed
yield and is determined, among others, by self-aibpity and environmental factors at

flowering and pollination (Skotiet al, 2007).

The average twenty-five seed weight was signifigareduced by the heat treatment.
Seed weight is sensitive to short, but severe $teass. Rondanirgt al (2003) reported

that temperatures above 35°C significantly redufiedl seed weight. This decrease
observed in seed weight might be due to a reductidhe duration of seed growth under
temperature stressed conditions. No interactionvémt hybrids and treatments was
observed and this indicated that hybrids perforsigdlarly to heat stress. Although some
genetic variability was seen between hybrids in toatrol treatment, no significant
genetic variation was seen between hybrids in @ kreatment. A low broad sense
heritability estimate of 47% was observed for twefnte seed weight in the control

treatment and was in the range reported. Accortingiller and Fick (1997) broad sense
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heritability estimates of between 30-66% were reggbfor seed weight (Pathak, 1974,
Shabana, 1974; Kloczowski, 1975; Zhao-Chestgal, 1988). The low heritability

estimates also indicated that this trait was seesiio the environment and therefore
selection for twenty-five seed weight is not addise breeding programmes to improve

yield under both normal and high temperature envirents.

Heat treatment resulted in a significant increasthé average head sterile centre diameter
and no significant interaction was seen betweenrittyband treatments. Significant
genetic variation was seen between hybrids in hmhtments, however, heritability
estimates was of intermediate level for both tregis. Selection for reduced head sterile
centres in both normal and high temperature enmiemts will not be effective.
Cytoplasmic male sterility or self-incompatibilitpay play an important role in hybrids
for the sterile area of the head. Ferndndez-Martéteal (1992) reported that the high
oleic mutant alleles may be associated with setfjgatibility and found that the high
oleic acid hybrids had a consistently lower seliapatibility. Since self-compatibility is
an important objective in sunflower breeding, ttesaiation ofOl alleles with lower
levels of self-compatibility is obstructive in thgevelopment of high oleic hybrids.
However, since the level of self-compatibility vamyth genetic background, it is possible
to breed for high oleic self-compatible hybrids withe use of favourable genetic

backgrounds.

Results obtained from this study showed that tleadbrsense heritability estimates for
head diameter, number of filled seeds per headwedty-five seed weight were higher
for normal conditions than for heat-stressed camit Alza and Fernandez-Martinez
(1997) also reported that estimates of narrow séesgability were generally higher in

non-stressed conditions than in water-stresseditbmmsl for the same yield-related traits.
Additionally, heritability estimates are unique amelong to the specific plant population

in a specific experiment.

Oil content and major fatty acid composition wagngicantly modified after exposure to
heat stress. Heat treatment resulted in a signifidacrease in oil content. This decrease
in oil content with an increase in temperature wasccordance with other reports (Harris
et al, 1978; Silveret al, 1984; Salunkhet al, 1992; Jasso de Rodriquetzal, 2002;

Rondaniniet al, 2003). It was reported that high temperaturenguseed development
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can reduce oil content with up to 16% (Weiss, 200@mperatures higher than 35°C
during the early seed-filling stage changes the rgmlgrowth pattern that results in
higher pericarp:embryo ratios (Rondargial, 2003). This may contribute to reductions
in seed oil content, since hull percentage is megigtcorrelated with oil content (Lajara
et al, 1990; Weiss, 2000). However, the effect of terapge on oil content is variable
and higher oil content at higher temperatures heenlreported (Ahmad and Hassan,
2000; Qadirt al, 2006).

All hybrids responded similarly to both treatmefs oil content. Significant variation
was observed between hybrids in both temperatasgnents indicating the potential for
genetic improvement for oil content. The low hdiility estimate (5%) observed in the
control treatment indicated that no progress frehedion will be made for oil content.
However, the heritability estimate observed in ltleat treatment was intermediate (63%)
and selection for oil content in high temperatusaditions might be more effective than
in normal temperature conditions. Heritability esites vary considerably for oil content
in sunflower. This variation is probably due to feient genetic backgrounds,
environmental effects and methods of estimationlléiand Fick, 1997). Broad sense
heritability ranging from 62-68% has been reporfiedsunflower (Abd-Elkreeret al,
1983). A high broad sense heritability of 96% hasrbreported by Ayub (2001).

Heat treatment resulted in a significant increasgalmitic acid content. This observation
was in agreement with the report of Rondaeinal (2003) who observed an increase in
palmitic acid content after exposure to temperataieove 35°C during the early seed-
filling period. However, all hybrids responded theme to both treatments for this fatty
acid. Highly significant genetic variation was obszl between hybrids in both

temperature treatments. The relatively high heititglestimate (78%) seen in the control
treatment, indicated that selection for palmitiadawill be effective under normal

temperature conditions. However, it is not advisechigh temperature environments,

since palmitic acid content was sensitive to heat.

The average stearic acid content was significantyeased by the heat treatment. This
was in agreement with the findings of Rondaseinal (2003) who reported an increase in
stearic acid content after exposure to temperatatgs/e 35°C during 19-26 DAA.
Conversely, Martinez-Forcet al (1998) reported that stearic acid content praivesy
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decreased with an increase in temperature in swuefloSignificant variation was seen
between hybrids in both temperature treatmentso,Alse relatively high heritability in
both temperature conditions makes selection fargtecid effective in both normal and
high temperature environments. From a nutritionaihpof view, a reduction in SFA
(palmitic and stearic acid) content of traditiosainflower oil might result in healthier
edible oil by lowering the risk of cardiovasculasehse (Kris-Etherton and Yu, 1997;
Seiler, 2004). However, from a technological pahtiew an increase in SFA content is
necessary for many industrial uses, for exampleymstion of shortenings and margarine
(Ferndndez-Martineat al, 2004).

The heat treatment resulted in a significant ineeedn the oleic acid content of most
hybrids. On average, increases between 8.92% and2%4 were observed.

Simultaneously, linoleic acid content was signifita reduced by the heat treatment.
Some hybrids showed a reduction of up to 25% ioldic acid. Hybrids responded
differently to the two temperature treatments fothbfatty acids. Some hybrids were
more sensitive to temperature treatment than atk&rsever, the high oleic acid hybrid
showed less sensitivity to the high temperatureditimms. High heritability estimates

were observed for both oleic and linoleic fattydscin both temperature treatments.
Therefore, selection for oleic or linoleic acid temt would be effective in breeding
programmes. In addition, the largest part of thalteariation in oleic acid percentage
observed in the control and heat treatments respctwas due to differences in

potential oleic acid percentage between the 12itigbiherefore, hybrid selection for a

specific temperature environment is important ttaoba specified oil quality.

A negative correlation was observed between olaeit linoleic acid profiles for both
temperature treatments. For most hybrids, as ddeid increased, a simultaneous
reduction in linoleic acid was observed. Previoeports indicated that during seed
maturation high temperatures (and especially higghtntemperatures) modify the
oleic/linoleic ratio in standard sunflower cultigaby increasing the oleic acid content
and/or reducing the linoleic acid content (Hagisal, 1978; Triboi-Blondeét al, 2000;
Izquierdoet al, 2002; Rondaningt al, 2003).

However, it was reported that in high oleic acidtamis, the oleic and linoleic acid

contents were less influenced by temperature thastindard genotypes (Garagdsal,
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1989; Lagraveret al, 2000; Izquierdeet al, 2002). Results obtained for the high oleic
hybrid (hybrid 4) was in accordance with these repoThe heat treatment had no
significant influence on both oleic and linoleidtfaacid percentages for the high oleic
acid hybrid. The reason for this could be due different influence of temperature on the
ODS activity or the high olei©l alleles could be associated with genes at othérfdoc

adaptation to high temperature conditions (Fernaidartinezet al, 1992).

The different temperature treatments had an inflaeon the combining ability of the

males and females especially for agronomical tr&tdecting for larger head diameter
may result in higher seed vyield because head dememong other characters, is
positively correlated with yield (Fick and Milled997). However, it was previously
reported that smaller sunflower heads (less thacn2@h diameter) carry seeds with up to
40% more oil than seed from larger heads (30 cndiameter) (Afzalpurkar and

Lakshminarayana, 1980). Therefore, when selectorgyield, larger heads should be

considered, but when selecting for oil content,IlBnaead diameters should be selected.

Number of filled seeds per head is positively datexl with seed yield (Fick and Miller,
1997). Therefore, selecting parents for increasedhber of filled seeds per head would
result in an indirect selection for increased sgettl. Seed weight is also reported to be
positively correlated with seed yield (Fick and Igli] 1997). Therefore, selecting parents
for increased twenty-five seed weight would resulain indirect selection for increased
seed yield. As a result, parents should be cayefdlected to produce hybrids that will
perform the best for specific agronomical traitgl/an oil fatty acid contents in areas
where high temperatures may occur during the grgwgason and especially heat stress

periods during the early seed-filling period.

Characteristics like head diameter, filled seed Ibemmper plant and seed weight are
generally correlated with sunflower yield (Fick antiller, 1997). Consequently, when

selecting parents to produce hybrids with increagetti components like number of

filled seeds per head, there is a good chancenforeasing yield at the same time.
Although significant correlations were observedasstn the agronomical and oil quality
traits, these were not strong. Therefore, whercgatgtraits for increased yield, the fatty
acid composition will not be influenced to a lamdend. Also, when selecting for oleic,

linoleic or palmitic acid content, the agronomitraits will not be largely influenced.
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Relationships between oil and fatty acid contergsawn agreement with other reports. A
negative correlation between oil content and patnaitid has been reported by Velasto
al. (2007) in sunflower and by Mdllers and Schierl{8@02) in rapeseed. This negative
correlation suggests that selection for highercoihtent would automatically lead to a
reduction in palmitic acid content. The correlatioetween oil content and oleic acid
content was inconsistent at different temperatufesignificant positive correlation was
observed in the control, but it was negative andkv@ the heat treatment. A positive
correlation between oil content and oleic acid eanhthas been reported by Fernandez-
Martinezet al (1993) and by Velascet al (2007) in sunflower. Selection for higher oil
content would result in an increase in oleic acahtent under normal temperature
conditions. However, under heat stress conditieaigction for higher oil content would
result in a reduction in oleic acid content. Thiatienship between oil content and stearic
acid content was inconsistent at different tempeest Under normal temperatures, this
correlation was positive and non-significant. Casedy, under heat stress conditions it
was negative and significant. As result, selectmmnboth traits is feasible under normal
temperatures, but under heat stress conditionsteeidor higher oil content would result
in a reduction in stearic acid content. This obggon was in accordance with Velaseto
al. (2007) who reported an inconsistent correlatiebeen oil content and stearic acid
content. The strong and highly significant coriielas observed between palmitic and
oleic acid content in both temperature treatmengsewin agreement with reports by
Ebrahimiet al (2008) for sunflower and by Méllers and Schieti{@D02) for rapeseed.
Selection for increased oleic acid content woulddléo a reduction in palmitic acid
content. Significant negative correlations betweksic and linoleic acid content were in
accordance with other reports for sunflower (Lagraet al, 2004; Qadiret al, 2006;
Ebrahimiet al 2008) and for rapeseed (Mdllers and Schierh6b2).

Correlations between some traits were weaker inhted treatment than in the control
treatment. These were explained by the differespoases of the particular traits to
temperature treatment. The correlations betwedts should be taken into account when

parents are selected for a specific trait.

Variation between hybrids in response to high tewempee can be used to select
temperature stable hybrids for specific traits. Thest stable hybrids (less sensitive to

heat stress) that have shown small differencesematwthe two temperature treatments for
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head diameter include the low oleic hybrids 7 adcdd the mid oleic hybrid 2. The high
oleic hybrid 4 was highly sensitive to heat stréss head diameter and showed a
significant increase (3.03 cm) in head diameter. rieonber of filled seeds per head, the
mid oleic hybrid 6 and the low oleic hybrids 8 ah® were the most stable hybrids.
However, the low oleic hybrid 9 was the most sévesihybrid and showed a significant
increase (204.96) in number of filled seeds pedhdae low oleic hybrids 9 and 12 as
well as the mid oleic hybrid 6 were the most stdbjbrids for twenty-five seed weight.
Conversely, the mid oleic hybrid 1 and the low olbybrid 3 were the most sensitive
hybrids that showed significant reductions in twelfinte seed weight after heat stress. For
head sterile centre diameter, mid oleic hybride\d 2 as well as the low oleic hybrid 12
were the most stable hybrids. In addition, the tafghic hybrid 4 and the low oleic hybrid
10 were relatively stable across the two treatmémtshis trait. The mid oleic hybrid 5
was the most sensitive hybrid for heat stress &oved a large and significant increase

(1.11 cm) in head sterile centre diameter.

With regard to oil quality characteristics, low icl&ybrids 8 and 10 were the most stable
hybrids for oil content. The rest of the hybridsreveensitive and showed large reductions
in oil content under heat stress. The high oleigrisy4 showed the largest decrease in oil
content (11.80%) and was highly unstable for oiiteat. Low oleic hybrids 7, 8, 9 and 10
were the most stable hybrids for palmitic acid eoft The rest of the hybrids (mostly the
mid and high oleic hybrid) were sensitive to theathetress and showed significant
increases in palmitic acid content. All hybrids sfed more or less the same sensitivity to
heat stress. However, the mid oleic hybrid 5 wasrttost sensitive of all to heat stress
and showed a large and significant increase (2.38%fearic acid content. For oleic acid
content, the high oleic hybrid 4 and mid oleic hgbtl were the most stable hybrids
between the two temperature treatments. Mid olglriis 1 and 2 as well as the low
oleic hybrids 7, 8, 9, 10 and 12 were the mostabist hybrids and showed large and
significant increases in oleic acid content. Widgard to linoleic acid, the high oleic
hybrid 4 and mid oleic hybrid 11 were again the tr&table hybrids. The rest of the
hybrids showed significant decreases in linoleiil @ontent. The low oleic hybrids 10
and 12 were the most unstable hybrids with largiuctons in linoleic acid content
(25.66% and 23.34% respectively).
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Although the high oleic hybrid 4 showed stabilior bleic acid content under heat stress
conditions, this hybrid did not perform well withgard to agronomical traits. This hybrid
showed a significant increase in head diameter itithtectly resulted in the significant
decrease in oil content observed for this hybridwas previously reported that larger
heads resulted in increased hull content (Pustodd®66) and since hull content is
negatively correlated with seed oil content (Dergtisal, 1994), the larger head size

resulted in lower oil content.

This knowledge on how sunflower hybrids respontid¢at stress with regard to head and
seed characteristics and oil quality may assistd@es in determining the correct breeding
methods and selection criteria for environments rehlgigh temperatures may occur

during critical growth stages and seed-filling pés.
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CHAPTER 5

IDENTIFICATION OF MOLECULAR MARKERS LINKED TO THEH  IGH
OLEIC ACID TRAIT IN SUNFLOWER

5.1 Introduction

Traditional sunflower oil is economically importabécause it is used in the food, feed
and chemical industries. Sunflower oil is charasegt by a high content of
polyunsaturated fatty acids and most common vasetiontain about 65-70% linoleic,
20% monounsaturated (oleic) and 10-14% saturatatin{fic and stearic) fatty acids.
Breeding efforts in sunflower have focussed on riyoatj the proportions of fatty acid in
the seed oil in order to increase its suitability potential applications such as deep
frying. Soldatov (1976) developed the first stahigh oleic acid variety ‘Pervenets”
through chemical mutagenesis and further selectfonshigh oleic acid in several
generations. High oleic acid lines have been ddrivem Pervenets. High oleic varieties
typically contain 80-90% oleic acid and low linaeacid contents of between 5-9%
(Gupta, 2002).

Many studies have been conducted to explain oleid accumulation in high oleic
sunflower (Lacombe and Bervillé, 2000a; Lacomdieal, 2001; 2009). Oleic acid is
produced from stearic acid by stearoyl-acyl cargestein desaturase and subsequently
desaturated into linoleic acid by ODS. In high oleicid sunflower ODS activity is
drastically reduced (Shanklin and Cahoon, 1998) tesults in an increased oleic acid
content of sunflower seeds. Further studies redealeorrelation between the high oleic
acid phenotype and a strong reduction of ODS trgrtsaccumulation in high oleic acid
seeds during the critical stages of storage ligidhesis (Kabbagt al, 1996; Hongtrakul
et al, 1998a. Lacombe and Bervillé, 2000a). It was sstgyl that the mutation that has
occurred in Pervenets affected the structure ofhilgh oleic specific ODS region. In a
later study, Lacombet al (2009) demonstrated that the ODS allele is osgahin two
sections. The first is present in both high and loeic acid genotypes and carries a
normal ODS gene. However, the second section isifgp& the high oleic acid genotype
and carries duplications of the ODS gene. By snglymessenger ribonucleic acid
(mRNA) accumulation in high and low oleic acid se¢ldese authors revealed that the

Pervenets mutation was dominant and induced ODS Ané&iWvn-regulation. In addition,
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they found that ODS small interfering RNA (that dearacteristic of gene silencing)
accumulated only in high oleic acid seeds. Theeefowas concluded that the mutation
was associated with ODS duplications that led teegglencing of the ODS gene. As a
result silencing of the ODS gene resulted in acdatimn of oleic acid in high oleic seed
(Lacombeet al 2009).

On the other hand, many studies also have beenuctaulto study the genetics of the
high oleic acid trait in sunflower. However, inttarice of the high oleic acid trait is
complex and is not well understood. Contradictoeguits were obtained that are
concerned with 1) the high oleic acid trait thathdeed as dominant, recessive or
intermediate, 2) the different number of genesmndifiers involved deduced from these
studies and 3) the presence of some maternal gffacttaddition, oil composition is

largely influenced by the environment the plants grown in as well as the genetic
background of genotypes used. These factors majaiexplifferences observed in

previous genetic studies (Lacombe and Bervillé 0B)0

Several studies demonstrated the importance ofaulslemarkers in the genetic analysis
of sunflower. The development of molecular markkes largely contributed to the
establishment of saturated molecular maps. A nunatbdinkage maps using various
molecular markers, including RFLP, RAPD, AFLP ar&8RSmarkers have been published
for sunflower (Berryet al, 1995; Gentzbitteét al, 1995; Gedikt al, 2001; Tanget al,
2002; Yuet al, 2003; Rachid Al-Chaaramit al, 2004). In general, most of these maps
had 17 or more linkage groups that presumably spmeded to the haploid chromosome
number (2n=2x=34) of cultivated sunflower. A unifieonsensus molecular genetic map,
integrating independently developed linkage mapss hecently been published for
cultivated sunflower (Panieget al, 2007). This framework covered 96% of the full
sunflower genome. Molecular genetic linkage mapsvide molecular breeders with a
dense genome-wide framework of DNA markers thaivalthe mapping of qualitative

traits and the localisation of factors underlyingagtitative traits (Lwet al, 2007).

The application of DNA markers to sunflower breediras been mainly focussed on the
development of markers for some agronomic traith disease resistance. RFLP, AFLP
and SSR analyses have been applied in severakstiaimap QTL related to seed oll
content (Leoret al, 1995; Mokranket al, 2002; Bertet al, 2003; Rachid Al-Chaaraet
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al., 2004), seed weight (Mestrie$ al, 1998; Mokraniet al, 2002; Bertet al, 2003),
days to flowering and photoperiod response (Lebral, 2001; Mokraniet al, 2002;
Rachid Al-Chaaranet al, 2004) and plant height, stem and head diam&acHhid Al-
Chaarankt al, 2004). QTL have been identified that showed @asion with Sclerotinia
sclerotiorum (Lib) de Bary (Mestrieset al, 1998; Ronickeet al, 2005), Diaporthe
helianthi Munt-Cvet et al. (Beret al, 2002), Plasmopara halstedi{Farl.) Berl. et de
Toni. (Rachid Al-Chaaranét al, 2001; Kustereet al, 2004) and®homa macdonaldii
Boerema (Rachid Al-Chaaraat al, 2001). In addition, the BSA approach (Michelmore
et al, 1991.) has been applied in several moleculalysisastudies to map genes related
to disease resistance (Lawsetnal, 1996; Luet al, 2000; Kustereet al, 2002; Tanget
al., 2003), chlorophyll deficiency (Yuet al, 2009a), nuclear male sterility (Chenal,
2006), fertility restoration (Kusterest al, 2002; 2004) and gamma-tocopherol content
(Garcia-Moreneet al, 2006).

On the other hand, only a few molecular studiesteel to sunflower seed oil composition
have been published. The molecular basis of mabifigy acid composition in sunflower
seed oil has been studied through both QTL anals® a candidate gene approach.
Several genes coding for enzymes in the fatty bimdynthetic pathway of seed oil have
been cloned and their polymorphism studied (Hokglrat al, 1998a; 1998b; Lacombe
and Bervillé, 2000a; Pérez-Viat al, 2002).Genes encoding ODS are logical candidates
for the Ol mutation. Marker studies related to high oleidamntent in sunflower began
with the identification of two RAPD markers linkeéd the Ol; gene (Dehmer and Friedt,
1998). Later studies demonstrated that @egene cosegregated with the ODS gene,
FADZ2-1, that is strongly expressed in low oleic and weapressed in high oleic lines
(Hongtrakul et al, 1998a). TheOl;-FAD2-1 locus mapped to LG 14 of the public
sunflower genetic map and was found to underlieagproleic acid QTL explaining 56%

of the phenotypic variance for oleic acid (Pérezh\t al, 2002; Schuppesdt al, 2006).

In breeding programmes for high oleic acid sunflpwaeic acid contents of seeds are
usually determined using gas chromatography. Sewwéronmental effects strongly
influence seed oil composition (Harwood, 1996)sitdifficult to differentiate between
several high oleic acid alleles in high oleic agehotypes or between homozygous or
heterozygous plants for the high oleic acid trAs. a result, genotypic selection using

linked molecular markers would be independent ftbm environment and is therefore a
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more reliable method (Pérez-Viat al, 2000). The aim of this study was to identify
molecular markers linked to the high oleic aciditfraising the BSA method in

conjunction with AFLP and SSR analysis.

5.2 Materials and methods

5.2.1 Plant material and glasshouse trial

A F; hybrid was developed from a cross between a Higjs bne and traditional linoleic
line from the PANNAR breeding programme. Due to confidentiality reastiesnames
of the breeding lines may not be revealed. Théybrids were planted in a field trial at
the Delmas breeding station and thesBed were collected during harvest. Theplant
population was grown in the glasshouse at the Usitye of the Free State in
Bloemfontein from September 2006 to January 200i& B seed were initially sown in
polystyrene seedling trays with Hygromix seedlimpvgh medium (Hygrotech). This
method was used to promote an optimal germinatiercemtage. Seedlings were
transplanted in 8 | planting pots. Pots were filgth Bainsvlei type red soil with N:P:K
fertiliser [3:2:1 (25) + 0.5% Zn] and Curat8i2 ml per plant). A total of 80 Fplants
were grown under normal conditions in the glassbod$he minimum and maximum
temperature was set at 15°C and 26°C respectiddnts were watered daily by hand.
Kompel Hydroponic fertiliser (6.5% N, 2.7% P, 13% % Ca, 2.2% Mg and 7.5% S)
was applied every second week at 5 ml/l water. $pedier mite infestation was controlled
by spraying plants every two weeks, alternativelthviRed Spider Spray (Wonder) and
AbamecPlus (R.T. Chemicals). Young leaves werlectald from single plants after each
plant formed 10 leaves. Leaves were rinsed withilstélistilled water and placed in
sterile tubes and freeze-dried in a VirTis AdVametdigeeze-drier for approximately four
days. The freeze-dried samples were stored ineazdreat -80°C for DNA isolation. Each
F, sunflower plant's head was covered with transgapefiination bags to prevent cross
pollination. After maturity, & seed from each,fplant was harvested and seeds threshed

out separately.

5.2.2 Seed oil extraction and fatty acid analysis

In order to do phenotyping of the individual plantshe segregating mapping population,
five seeds from each parental plant andséed harvested from the 78 individual self-
pollinated F, plants were prepared for oil fatty acid analyBise seeds instead of the 10
seeds generally analysed per plant (Bilgeal, 2005; Yueet al, 2009b), were used due
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to the high cost of fatty acid analysis. Nonethgléise F; seeds proved to be sufficient to
discriminate betweerthree oleic acid groups: 1) the high oleic grougpttincluded
individuals with mean oleic acid contents of ab@&%, 2) the low oleic group that
included individuals with mean oleic acid contenfsless than 35% 3) the mid oleic
group that included individuals that showed segiegdor oleic acid and with oleic acid
contents that ranged from 35-84% (Table 5.1).

Total lipids were gquantitatively extracted fromgla ground seed samples by adding 5 ml
hexane as solvent to the sample. Samples wereutaso shaken for 1 min and left
overnight at room temperature. Each sample wasrdilt into a 10 ml glass vial and the
hexane was evaporated under a stream of nitroggérsa@ples were stored under a
blanket of nitrogen at -20°C until analysed. Ottyfaacid analysis was done according to
the method described in Chapter 3. The oleic amaldic acid contents of the five single
seeds of each plant were determined based onttigeatad analyses. The phenotypes of
the two parents (high oleic and low oleic) werefoamed and the 78 FAndividuals were
classified into the three oleic acid groups (hidgia low oleic and mid oleic) according

to the oleic and linoleic acid contents of thejipFogeny.

5.2.3 Deoxyribonucleic acid (DNA) isolation

The freeze-dried leaf material was homogenisedguairQiagen TissueLyser. A small

piece of leaf material together with two stainlsteel ball bearings (5 mm diameter each)
were placed into a 2 ml Eppendorf tube and grindefihe powder for 30 seconds at 30

r/s.

Total genomic DNA from the parental lines angl gepulation was isolated from the
homogenised leaf material using the hexadecylthigialmnmonium bromide (CTAB)
method (Saghai-Marooét al, 1984). CTAB DNA isolation buffer was prepared b
mixing together SABEX water, 100 mM Tris-Cl (trisiypxymethyl-aminomethane) at
pH 8.0, 20 mM EDTA (ethylene-diaminetetra-acetaiepH 8.0, 1.4 M NaCl, 2% (w/v)
CTAB and 0.2% (v/v)B-mercaptho-ethanol. CTAB buffer (750) was added to each
Eppendorf tube (containing = 250 powdered leaf material) and incubated at 65°@ in
water bath for 1 h. Chloroform:isoamylalchohol @54d) at a ratio of 24:1 (v/v) was

added to each tube (containing the extraction sisspe) and mixed.
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Table 5.1 Mean and range for oleic and linoleic acid contés of sunflower seed oil
of the parental lines and k individuals used in the high and low oleic acid
bulks (based on values of five £seeds) from a cross between high and

low oleic parents

Mean and range of fatty acid content*

Cc18:1 C18:2

Parent or F, individuals Mean Range Mean Range

Parents

High oleic 86.05 85.52-86.60 2.56 2.08-3.69

Low oleic 21.47 19.12-24.17 63.46 59.44-66.39

F, individuals

High oleic group
1 85.52 82.90-86.64 2.74 1.76-4.54
2 89.57 89.19-90.81 1.60 0.98-2.51
3 89.52 88.16-90.59 1.32 0.87-2.23
4 87.91 84.42-89.83 2.85 1.28-6.86
5 90.58 90.29-91.15 0.99 0.55-1.71
6 89.24 88.10-89.60 1.01 0.81-1.32
7 89.02 86.71-90.56 0.75 0.63-0.89
8 87.42 84.33-90.06 0.99 0.70-1.25
9 87.91 86.08-89.39 0.55 0.38-0.81
10 90.72 88.25-92.87 0.68 0.50-0.88

Low oleic group
1 34.74 28.85-40.03 52.27 48.32-55.48
2 33.85 28.30-41.72 51.53 43.89-57.81
3 29.05 16.97-46.45 59.16 41.63-71.74
4 30.62 13.85-39.99 57.45 48.13-74.81
5 19.46 17.02-22.74 67.57 64.66-70.13
6 32.30 28.67-35.26 55.28 53.20-57.32
7 27.36 13.11-40.26 55.58 45.49-68.53
8 31.88 18.17-47.12 57.57 43.05-71.15

*Fatty acids were expressed as percentages offattalacids, C18:1: Oleic acid, C18:2: Linoleiddac
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Tubes were centrifuged for 5 min at 1209@ separate the DNA from the cell debris,
proteins and chloroform:isoamylalchohol. DNA frohretaqueous phase was precipitated
using isopropanol (50Ql) at room temperature and left to stand for 20 minroom
temperature. The sample tubes were centrifuged® fimin at 12000y. The supernatant
was discarded and the tubes drained. The pre@pitas washed by adding 70% (v/v)
ice-cold ethanol (50@l) and left to stand for 20 min at room temperaturebes were
again centrifuged for 5 min at 120@0and the supernatant discarded. The DNA pellet
was left to air dry for +1 h at room temperaturbeTair-dried pellets were resuspended in
200l TE (10 mM Tris-Cl at pH 8.0 and 1 mM EDTA at pkDBbuffer overnight at 4°C.
The following day, 10Qug/ml DNAse-free RNase A was added to each sample &und
tubes were incubated at 37°C in a water bath foh+RNA was extracted with 0.75 M
ammonium acetate and 2@0 chloroform:isoamylalchohol at a ratio of 24:1 (v/and
centrifuged for 5 min at 1200§. DNA from the aqueous phase was precipitated with
100% ice-cold ethanol (500l) and left overnight at 4°C. The following mornirige
tubes were centrifuged for 15 min at 12080and the supernatant was discarded
afterwards. The DNA was washed twice with 70% (vMbg-cold ethanol (50Qul) by
centrifuging for 10 min each time and the supemiatiiscarded afterwards. The sample
tubes were left open at room temperature for thé\[pillets to dry. After £2 h, the air-

dried samples were resuspended overnight at 4TE ibuffer at pH 8.0.

The quantity and quality of the DNA were estimatéth agarose gel electrophoresis. An
0.8% (w/v) agarose gel was prepared and electregiwof the DNA was done for 1 h at
80 V in 1x UNTAN buffer (40 mM Tris-Cl and 2 mM EDY adjusted to pH 7.4 with
acetic acid). DNA was visualised under UV lightngsiethidium bromide staining. DNA
concentrations of samples were determined using edio$d Spectronic Unicam
spectrophotometer. Absorbencies were measured @& A and A280 nm and the ratio
A260/A280 gave an indication of DNA purity. The DN#ncentration was determined
from the A260 nm reading and the genomic DNA froatle sample was diluted to a
working solution of 200 ngl.

5.2.4 Bulk segregant analysis

For BSA, equal amounts of genomic DNA from 10 indals of the high oleic acid
group and eight individuals of the low oleic acidgp were respectively pooled to form
the high oleic- and low oleic-bulk samples. Setattdf individual k plants for the bulks
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was based on the seed oil analysis of theirpFogenies (Table 5.1). The DNA
concentration of each individual constituting thékls were 20 ngd for the high oleic-
bulk and 25 ng/l for the low oleic-bulk in order to create bulkstlwend-concentrations
of 200 ngil each. Both bulks, together with the parents wesed to identify markers
showing linked polymorphisms between the four samplThese polymorphic markers
were further used to analyse individual pfants to determine linkages between AFLP

markers and the high oleic acid trait.

5.2.5 Amplified fragment length polymorphism analysis

AFLP analysis was performed according to Vel al (1995) with modifications
(Herselman, 2003). Adapters and primers used, llegetith their sequences, are given in
Table 5.2. These were synthesised by Integrated Dbighnologies Inc. (Coralville, 1A,
USA). Primers were named “E” and “M” f&@icoR| andMsd, respectively, followed by a
number representing a code for the three selentiedeotides, as indicated in Table 5.2.
Oligonucleotides used for adapters were purifiedingis polyacrylamaide gel
electrophoresis (PAGE). Adapters were prepared byng equimolar amounts of both
strands. These were heated for 10 min in a watérdis65°C. After the 10 min, the water
bath was switched off and the adapters were leftdol down overnight to room

temperature in the water bath.

Restriction digestion and adapter ligation

Genomic DNA from the two parental lines, the twdkisy the 18 high and low oleic
individuals used to construct the bulks and 62 wigic F, individuals were digested
using two restriction enzymellsd andEcoRI. For each sample, 10 DNA (2 ug) was
digested using 4 Wisd (New England Biolabs) and IMsd-buffer [50 mM NacCl, 10
mM Tris-Cl, 10 mM MgC} and 1 mM dithiotreitol (DTT) at pH 7.9]. Sampleew
placed in the water bath for 5 h at 37°C. AfterdhHe5 U EcdRl (Roche Diagnostics) and
NaCl (to a final concentration of 100 mM) were adide the samples and the DNA was
further digested overnight at 37°C.
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Table 5.2 Adapters and primers used for AFLP analysis to htify and map

of sunflower

markers linked to the high oleic acid trait in a F, segregating population

Adapter /
Enzyme ] Sequence (5'-3")
primer
EcoRl Adapter-F CTCGTAGACTGCGTACC
Adapter-R AATTGGTACGCAGTCTAC
Msd Adapter-F GACGATGAGTCCTGAG
Adapter-R TACTCAGGACTCAT
EcaRl Primer+0 GACTGCGTACCAATTC
Msd Primer+0 GATGAGTCCTGAGTAA
EcaRl Primer+3 GACTGCGTACCAATTCANN
ANN = AAC (E32), AAG (E33), ACA (E35), ACC (E36),
ACG (E37), ACT (E38), AGC (E40), AGG (E41)
Msd Primer+3 GATGAGTCCTGAGTAAINN

NNN = AAC (M32), ACA (M35), ACG (M37), AGT (M42),

ATA (M43), CAA (M47), CAC (M48), CAG (M49), CAT

(M50), CCA (M51), CCC (M52), CCG (M53), CCT (M54),
CGA (M55), CGC (M56), CGG (M57), CGT (M58), CTA
(M59), CTC (M60), CTG (M61), CTT (M62), GAA (M63),
GAC (M64), GCA (M67), GCT (M70), GGA (M71), GGC
(M72), TCG (M85), TCT (M86), TGA (M87), TGC (M88),
TGT (M90)
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Oligonucleotide adapters (Table 5.2) were ligatethe ends of the restriction fragments
by adding a 1Qu mixture containingMsd-adapter (50 pmol)EcaRI-adapter (5 pmol),
0.4 mM adenosine 5'-triphosphate (ATP), 1x T4 DN@ydse buffer (66 mM Tris-Cl at
pH 7.6, 6.6 mM MgGJ, 10 mM DTT and 66 mM ATP) and 1 U T4 DNA LigaseSB

Corporation). Samples were incubated overnightwater bath at 16°C.

Pre-selective and selective amplifications

All PCR amplification reactions were performed ilD¥AD™ Peltier Thermal Cycler.
The pre-selective amplification step was includedreéduce background smears (that
result from mismatched amplification) in the AFLRtiern. A mixture containing 1x
Promega DNA polymerase buffer (10 mM Tris-Cl at 18, 50 mM KCI and 0.1% (v/w)
Triton X-100), 2 mM MgCJ, 200uM of each 2'deoxynucleoside 5’ triphosphate (dNTP),
30 ngMsd-primer+0, 30 ngEcaRI-primer+0 (Table 5.2) and 1 U GoTadrlexi DNA
polymerase (Promega) was prepared. A volume qfl 46 the mixture was added topb
restriction/ligation solution. Pre-selective amighition started with a 5 min denaturation
step at 94°C that was followed by 30 cycles offtilwing cycle profile: a 30 s DNA
denaturation step at 94°C, a 1 min annealing dt&6% and a 1 min elongation step at
72°C. A final elongation step at 72°C for 10 milideved the last PCR cycle.

The pre-selective amplification fragments were sajgal on a 1.5% (w/v) agarose gel in
order to determine the purity and quantity of thegphfied DNA. Gel electrophoresis was
performed at 80 V for 1 h using 1x UNTAN buffer.hitium bromide was added to the
gel solution in order to visualise the fragmentdemUV light. DNA fragment sizes were
determined by comparison with marker DNA fragme¢da EcoRI/Hindlll digest of
lambda DNA). The pre-selective DNA was diluted with TE buffer according to the
observed quantity (1:15 to 1:30) and served as lee®gpfor the selective amplification

reaction.

For selective amplification, a mixture containingTag polymerase buffer, 2 mM Mggl
200 uM of each dNTP, 10Qg/ml Bovine serum albumin, 30 ndsd-primer+3, 30 ng
EcaRlI-primer+3 (Table 5.2) and 0.75 U GoTaklexi DNA polymerase was prepared. A
volume of 15ul of the mixture was added toB diluted pre-selective DNA. Selective
amplification started with a 5 min denaturationpstg 94°C, which was followed by 9

cycles of the following cycle profile: a 30 s DNAemhturation step at 94°C, a 30 s
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annealing step at 65°C, and a 1 min elongation &té{2°C. The annealing temperature
was subsequently reduced by 1°C per cycle. The cgole profile included: a 30 s
denaturation step at 94°C, a 30 s annealing st&g°& and a 1 min elongation step at
72°C. This profile was repeated for 25 cycles fo#d by a final elongation step for 2 min
at 72°C.

5.2.6 Simple sequence repeat analysis

SSR analysis was conducted following the procedofd@anget al (2002). Primers used
together with their forward and reverse sequenaes given in Table 5.3. Primer
sequences were supplied by PANNARBiotechnology division in Greytown). SSR
primers were selected based on the published suaflonap of Panieget al (2007).
Since previous reports (Pérez-Viehal, 2000; 2002) indicated that the high oleic acid
trait mapped to LG 14, 10 SSR markers, spread theeentire length of LG 14, were
selected for analysis. Genomic DNA from each sanfpkrental lines and entire; F
population) was diluted to a working solution of &@ul. PCR was performed using a 10
ul reaction mixture containing gl genomic DNA (0.2ug), 1x Taq polymerase buffer, 2
mM MgCl,, 200uM of each dNTP, 30 ng of each forward and reversaqy (Table 5.3)
and 0.5 U GoTdy Flexi DNA polymerase. Amplification started with & min
denaturation step at 95°C, followed by 1 cycle witte following profile: 30 s
denaturation at 94°C, 30 s annealing at 64°C arsle86ngation at 72°C. The annealing
temperature was decreased 1°C per cycle in subseguees until reaching either 58°C
or 59°C (Table 5.3) depending on the primer pdire Tiext cycle profile included: 30 s
denaturation at 94°C, 30 s annealing at 58°C argle36ngation at 72°C. The profile was

repeated for 32 cycles with a final elongationX0rmin at 72°C.

5.2.7 Polyacrylamide gel electrophoresis

In order to visualise the amplification product#ther AFLP or SSR), fragments were
separated on 5% (w/v) denaturing polyacrylamide.géhe gel matrix consisted of 19:1
acrylamide:bis-acrylamide solution, 7 M urea, 1xETBuffer (89 mM Tris-Cl, 89 mM
boric acid and 2 mM EDTA)N'N'N’'N’ -tetramethylene-diamine (TEMED) and 0.22%
(w/v) ammonium persulfate. The gel solution wasetidly stirred and cast between two
clean and treated glass plates. DNA products wepednwith equal volumes of
formamide loading dye [98% de-ionised formamide,® EDTA at pH 8.0, 0.05%

(w/v) bromophenol blue and 0.05% (w/v) xylene cygno
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Table 5.3 Primers used for SSR analysis to identify and mamarkers linked to the

high oleic acid trait in a F, segregating population of sunflower

Primer name

Sequence (5-3)

Annealing temperature

ORS301-F
ORS301-R
ORS307-F
ORS307-R
ORS391-F
ORS391-R
ORS398-F
ORS398-R
ORS578-F
ORS578-R
ORS694-F
ORS694-R
ORS782-F
ORS782-R
ORS1079-F
ORS1079-R
ORS1086-F
ORS1086-R
ORS1206-F
ORS1206-R

CGTGACCTGTGAAACACCAA
CGATAACCGTGTGAATCGTC
CAGTTCCCTGAAACCAATTCA
GCAGTAGAAGATGACGGGATG
AGACTGGAGGGTATGGAGAGC
GCTCGGTTAAGGAGGGAGAAA

CACGTCCTAAATTAAGTAGGAACGA

CCAAGACCTCCGTTGAGCTAT
CTCTCAATCCCTAAAGTCCCT
TGGTGGATGTGGTTGTTGAT
CCTGGAACTGAACCGAGAAC
GCCGTGAAACAGAGAGAGGA
CCATGACGTGTTTGTGTGTGT
GCCAAGCGTACATCAGACTTT
TACGACTGACGATTCCATTTCTC
AACTGGATTTCACAGGGAGTGTT
TTGTTTGTCGCACACTCAAGATT
ATTATCGGCACATCTTTCCATTT
GTTAAATCTGGTCATGTGCTTGC
ACAGAATCAGGAACCATCTTCCA

58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
58°C
59°C
59°C
59°C
59°C
59°C
59°C
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A 100 base pair and 25 base pair DNA ladder (Pr@negs used to compare AFLP and
SSR fragment sizes respectively. Prior to loadingADproducts on the gel, these,
together with the ladder, were denatured for 5 atirf5°C in the thermal cycler and
immediately put on ice afterwards. PAGE was perfirat a constant power of 80 W for
approximately 2 h for AFLP and 1:10 h for SSR. Tame 1x TBE buffer used in

preparing the gel matrix was used as running buffer

5.2.8 Silver staining of polyacrylamide gels

The AFLP and SSR patterns in the polyacrylamidevggre visualised using the silver
staining procedure described in the Silver SequehBNA Sequencing System manual
supplied by Promega. After staining, the gel on gi@ss plate was left to air-dry
overnight. Photographs of the gel were taken byipta photographic paper (llford,
Multigrade IV RC de lux) face to face with the gald underneath the glass plate and
exposing it to dim white light for approximately 82

5.2.9 Identification of polymorphisms

The BSA strategy was used to target genes/QTL dirtkethe high oleic acid trait by

establishing a linkage relationship between thenptyge and the polymorphic AFLP and
SSR markers. Screening of AFLP and SSR primer ganbinations for polymorphic

markers that show putative linkage to the highoolagid trait was conducted with DNA
samples from the two parental lines (one showirgh holeic acid content and one
showing low oleic acid content) and the two bulknpées (Table 5.1). A fragment
showing presence in the high oleic parent and bigit bulk and absence in the low oleic
parent and low oleic bulk and vice versa was carsid putatively linked to the high
oleic acid trait.

The high oleic and low oleic parents and high olend low oleic DNA bulks were
screened for linked polymorphism using 160 randorsdyectedEcoRI/Msd primer
combinations and 10 SSR primer pairs (Tables 5.@ &18). Informative primer
combinations that generated informative polymonpisieither in coupling or repulsion
phase between the parents and the bulks and wedetascreen the parents and the 18
high and low oleic individuals that were used tomstdgute the two bulks. Informative
primers identified after screening the parents batk individuals were tested on the

remaining 60 Findividuals form the segregating population.
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5.2.10 Statistical analysis

Linked DNA fragments in both coupling and repulsmirase with the high oleic acid trait
were identified and polymorphic fragments were dwanily scored for presence (1) or
absence (0). A binary matrix reflecting these fragis was generated for each genotype.
For phenotypic trait scoring, the average oleid acintent of the five seeds per individual
was used. Linkage analysis of the putative markexs conducted using the software
MAPMAKER/EXP version 3.0 (Landest al, 1987). The Haldane mapping function was
used to determine the genetic distances betwe&adimarkers in centiMorgans (cM)
from the recombination fractions. Interval mappimgs used to link putative markers. A
minimum log-likelihood score (LOD) of 3.0 with a mimum recombination frequency
(theta) of 0.5 was employed. A coding system wlteeehigh oleic parent was seen as the
homozygous parent and thus coded as B was used.a@dllysis was conducted using
MAPMAKER/QTL version 1.1 (Lander and Botstein, 1988aps were drawn using
Mapchart version 2.2 (Voorrips, 2002he position of QTL was determined with interval
mapping and a minimum LOD score of 3.0 was usedd&ermination of significance.
The percentage variation explained by the QTL vetisnated at the maximum-likelihood
QTL position.

5.3 Results

5.3.1 Phenotypic analysis of the Fpopulation (F; seed) for oleic acid content

The mean oleic and linoleic acid percentage inpheental lines (high oleic and low
oleic) and the findividuals of the mapping population obtainedhira cross between the
two parents are shown in Table 5.4. The oleic aoitents of the Fseeds were assigned
to three phenotypic classes: high oleic acid, Idgicoacid and intermediate oleic acid.
The oleic acid content of the high oleic bulk irdivals ranged between 85.52-90.72%,
while the oleic acid content of the low oleic buhdividuals ranged between 19.46-
34.74%. The oleic acid contents of the mid oleidrfélividuals ranged between 37.26-
84.39%.
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Table 5.4 Mean oleic and linoleic acid contents siunflower seed oil of the high oleic acid and lowieic acid parents and F individuals

(based on values of fseeds) from a cross between the two parents

Fatty acid content*

Ci18:1 C18:2
Parent or F, individuals Number of individuals Mean Range Mean Range
Parents
High oleic 1 86.05 85.52-86.60 2.56 2.08-3.69
Low oleic 1 21.47 19.12-24.17 63.46 59.44-66.39
F, individuals
High oleic bulk individuals 10 88.74 85.52-90.72 35. 0.55-2.85
Low oleic bulk individuals 8 29.91 19.46-34.74 .0 51.83-67.57
Mid-oleic individuals 60 60.79 37.26-84.39 26.97 5648.78

*Fatty acids were expressed as percentages offattplacids, C18:1: Oleic acid, C18:2: Linoleiddac
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5.3.2 Amplified fragment length polymorphism analysis

Analysis of the high and low oleic parents and th® bulks with a total of 160
EcaRI/Msd primer combinations, identified a total of 905&ci, of which 41 (0.45%)
were polymorphic between the two bulks (Table 5%6naximum of 104 and a minimum
of 24 loci, with an average of 56.61 loci, were ed¢¢d by a single primer pair
combination. From the total of 160 primer combioa$ tested, 32 (20%) displayed
linked polymorphisms between the two parental lined two bulk samples and from
these only 14 (8.75%) primers generated linked molphisms between parents and 18
individuals of the two bulks. A maximum of 21 polgnphisms per primer pair were
scored between the two parental lines, with anameof 8.67 polymorphisms per primer
pair. The 14 primer combinations that were infoireatbetween the two parents and
individuals from the bulks were tested on the méshe mid oleic population to confirm

co-segregation of fragments with the high oleidarait.

5.3.3 Simple sequence repeat analysis

Analysis of the two parental lines and the two bglkmples with 10 primer pairs

identified a total of 12 loci. Of the 10 primer maitested, three (25%) generated
polymorphisms between the two parents, while tw®.§%) generated polymorphisms
between the two parents and two bulks. The two @ripairs that were informative

between the individuals from the bulks were theste® on the rest of the mid oleic

population to confirm co-segregation of the fragtsemith the high oleic acid trait.

5.3.4 Linkage analyses of putative markers related to the higheit acid trait

Data obtained from 14 AFLP two SSR primer paird tare informative between the
two parents and 18 high and low oleic individuatsi the segregating population used to
construct the bulk samples (and that were screendhbe entire population), were used to
order markers into a linkage group (Figure 5.1)e Tihkage group was constructed from
the information from 16 putative AFLP and four SBRrkers using MAPMAKER/EXP.
Markers linked both in coupling and repulsion phasi the oleic acid trait were used
for linkage mapping. The putative AFLP markers weaened using the universal code of

the primer combinations.
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Table 5.5 AFLP analysis data obtained usingcoRI/Msel primer combinations

EcoRI/Msel reactions

Primers tested 160
Total number of fragments detected 9058
Total polymorphisms 1417
Informative primers between parents 89%
Informative primers between bulks 20%
Average fragments per primer pair 56.61
Maximum fragments per primer pair 104
Minimum fragments per primer pair 24
Maximum polymorphisms per primer pair 21
Polymorphic fragments in parents 15.31%
Polymorphic fragments in bulks 0.45%
Average polymorphisms per primer (parents) 8.67
Average polymorphisms per primer (bulks) 0.26

Of the total of 20 markers used, 19 markers (15 RRInd 4 SSR) mapped to a single
linkage group (Table 5.1). Since all four teste@®RS3&arkers mapped to this linkage group
and since they mapped to LG 14 of sunflower dusiegeral previous studies (Pérez-Vich
et al, 2000; 2002; Panieget al, 2007), it was assumed that the linkage groupinbd in
this study was the same as LG 14 of these reg@rnis.marker was unlinked. Putative LG
14 covered a distance of 147.2 cM. Distances betvaggacent markers on putative LG
14 ranged from 2.6-29.0 cM. A clustering of SSR kess ORS1086.2, ORS307.1 and
ORS307.2 was observed on putative LG 14.
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Putative LG 14

0.0 —)}— E36M58.2

29.0 E36M72
45.0 E35M53.1
59.5 ——— E32M57.1
63.4 —— E36M86
78.3 ——— E35M86
84.0 —— E36M58.3
87.7 E36M58.1
92.7 E41M56.1
97.0 — T~ E37M55.1

108.3 ~| |- E35M37
112.2 ——+— ORS1086.1
114.8 | |~ E40M53.1
123.2~] |- E38M3.1
127.3~]-|- ORS1086.2
129.9 — [~ ORS307.2
134.2 - >~ ORS307.1
141.1 E38M58.1

147.2 ——— E35M52.1

Figure 5.1 AFLP and SSR marker order of putative linkage groupl4 of sunflower
based on a segregating JFpopulation. Names of markers are shown on
the right and their map position (cM) on the left. LG: Linkage group.

Codes used for marker names are given in Table 5.2.
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5.3.5 Identification of putative quantitative trait loci for high oleic acid genes

Data obtained from the linkage analysis were use®MAPMAKER/QTL in order to
identify putative QTL linked to the high oleic acg#nes. Putative QTL were identified
based on LOD scores higher than 3.0. The LOD mradiéntified the most likely position
for the QTL in relation to the linkage group. PutatLG 14 was scanned using free,
dominant and additive genetics. One major QTL wdesiified on putative LG 14 with a
LOD score of 5.97 (Figure 5.2) using additive gaseThe QTL detected on putative LG
14 explained 35.0% of the phenotypic variance fightoleic acid in the segregating
population. The putative QTL was detected betwémnking marker loci E37M55.1 and
E38M3.1 with a genetic distance of 26.2 cM. Two AFImarker loci, E35M37 and
E40M53.1 with LOD scores of 5.67 and 5.79 respettimapped within the QTL region,
6.5 cM apart. In addition to AFLP markers, one S8&ker, ORS1086.1 with a LOD
score of 5.93, also mapped within the QTL regiohisTSSR marker mapped in the
middle of the two AFLP marker loci, 3.9 cM from B337 and 2.6 cM from E40M53.1.

5.4 Discussion

The AFLP and SSR techniques in conjunction with B8A method were successful in
targeting markers located in specific chromosoragians that are linked to the high oleic
acid trait in high oleic sunflower. AFLP analysissvconducted since markers obtained
are reliable and reproducible and AFLP has the aigpto inspect an entire genome for
polymorphism and the number of polymorphisms detkgeer reaction is high (Ve al,
1995). AFLP analysis was furthermore selectedHiw $tudy in an attempt to increase the
marker density on the targeted chromosomes in dadémprove QTL analysis for the
trait of interest, namely high oleic acid. HowevAFLP markers are unsatisfactory for
anchoring and cross-referencing of linkage maps thedefore their use is limited in
breeding programmes. Consequently SSR analysis engsdoyed to overcome these
constraints and to determine whether there waslatiaoeship between the QTL map
obtained in this study and QTL previously reportedthe high oleic acid trait. This was
the first publicly available report of using SSRrk&s in QTL analysis to characterise

the genomic regions for the high oleic acid trait.
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Putative LG 14

0.0 ——+— E36M58.2

29.0 E36M72

45.0 E35M53.1

59.5 ——— E32M57.1
63.4— 1 E36M86

78.3 ——— E35M86

84.0 — |- E36M58.3
87.7 E36M58.1
92.7 E41M56.1
97.0— 1 E37M55.1

108.3~_| - E35M37
112.2 —+— ORS1086.1
114.8 ] [~ E40M53.1
123.2~] |~ E38M3.1
L— ORS1086.2
I~ ORS307.2
134.2 7| [~ ORS307.1
141.1 E38M58.1

147.2 ——— E35M52.1

ib 21910

Figure 5.2 Linkage map of putative linkage group 14 indicatinghe chromosomal
regions containing the quantitative trait loci (QTL) associatd with the
high oleic trait and the relative distances of the markerérom the QTL.
LG: Linkage group. The linkage map of putative L@ 5 on the left.
Marker names and their genetic distances (cM)radieated at the right and
left sides of the linkage map respectively. The QiKelihood-profile for the
high oleic acid trait is given on the right. LODoses and map distances are
indicated on the horizontal and vertical axes retpely. The bar graph in
the middle of the figure represents the standaddOD (shaded region)

and/or 2 LOD support intervals for the oleic QTlgian.
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AFLP markers used in this study that were also usedprevious study are E32M57 and
E35M52 (Pérez-Viclet al, 2002). Although a number of SSR markers have lbsed in
previous studies to develop linkage maps in surdlpwone of these markers have
previously been linked to the high oleic acid traisunflower. Since major QTL for oleic
acid content in sunflower have previously been nedpfo LG 14 (Pérez-Viclet al,
2000; 2002), SSR markers used in this study wdeeteel from LG 14 of genetic linkage
maps previously been constructed for sunflower ¢Tahal, 2002; Yuet al, 2003;
Paniegcet al, 2007).

Fatty acid analysis ofgseeds of the fpopulation from a cross between a high and a mid
oleic acid parent demonstrated the existence egtbteic acid groups: one with low oleic
acid content (19.46-34.74%), one with high oleidamntent (85.52-90.72%) and a third
(intermediate) group formed by individuals whoseiolacid content ranged from 37.26-
84.39%. According to these values, individualpfants were classified into three groups
namely the high oleic, low oleic and mid oleic gosuHigh oleic- and low oleic-DNA
bulks were formed by pooling equal amounts of genddNA from 10 high oleic and
eight low oleic individuals respectively. By makirmulks, all loci were randomised
except for the region containing the high oleiddairait. After screening the parents and
the two bulks with a total of 16HBcdRI/Msd primer combinations and 10 SSR primer

pairs, 20 markers putatively linked to the highiobgid trait were identified.

A linkage group for the Fpopulation segregating for the high oleic acidtti@as
constructed using information from 16 putative AFARd four putative SSR markers.
Seven of these markers were linked in repulsios@laad 13 in coupling phase. From the
20 putative markers, 19 (15 AFLP and four SSR) redpio a single linkage group and
covered a distance of 147.2 cM. Linkage analysisegged only a single linkage group
since BSA, being a gene targeting approach, gersemtly a few linkage groups on the
targeted regions with a limited number of mark&istances between adjacent markers
ranged from 2.6-29.0 cM. Large distances were oksehetween E36M58.2 and
E36M72, between E36M72 and E35M53.1 as well as &etvE35M53.1 and E32M57.1.
The large distances observed between these mankghg be due to lack of markers
within these regions and also probably because theskers were on the distal end of the

chromosome.
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The use of SSR markers, that are highly polymorphimapping populations, made it
possible to determine whether there existed aioekttip between the previously mapped
QTL and QTL found in the present study. Both SSRrkexs that showed linked
polymorphisms between the parental lines and iddaiis of the bulks, mapped with
AFLP markers to the same linkage group after bdegjed on the entire mapping
population. Since both these SSR markers previomspped to LG 14 in sunflower
(Tanget al, 2002; Yuet al, 2003; Panieget al, 2007), they could be used to anchor the

current linkage group to LG 14 of previous maps.

QTL analysis was performed to detect an associatietween the high oleic acid
phenotype and markers. A major QTL with a LOD scofe5.97 was identified on
putative LG 14 and explained 35.0% of the variationthis trait. The LOD score and
phenotypic variance explained by this QTL was lowcomparison with previous reports
for high oleic acid trait in sunflower. Pérez-Viehal (2000) identified a major high oleic
acid QTL on LG 14 with a peak LOD score of 33.8 #imd QTL explained 83.9% of the
variation. Additionally, they identified minor QTan LG 8 with a peak LOD of 2.39 and
that explained 0.6% of the variation. In anotheundgt Pérez-Vichet al (2002)
constructed a linkage map with AFLP and RFLP marlkerd identified QTL affecting
oleic acid content on LGs 1, 8 and 14. These QTetiver accounted for 58.4% of the
phenotypic variance. Individual QTL accounted fdr526 (LG 1 with peak LOD 8.5),
9.6% (LG 8 with peak LOD 3.1) and 56.5% (LG 14 wjbak LOD 19.7). In a later
study, Kustereret al (2004) identified two QTL (located at the samesipon) for both
linoleic and oleic acid content on linkage groupThe first QTL (LOD 3.19) explained
28.4% while the second QTL (LOD 3.79) accounted Zér6% of the variation. These
two QTL together explained 56.0% of the phenotyaciation for oleic acid content.
Linkage group A of this map might correspond to L& of Pérez-Vichet al (2002),

however, it still needs to be proven.

Accordingly, there should be other major and/or ani@TL with smaller effects that
contribute to the high oleic acid trait, that wew detected in the present study. Reasons
for this are that with the BSA approach it is pbksthat some major and minor QTL with
smaller effects might not be detected and thasibe of the segregating population was
too small. By increasing the population size andubing whole genome QTL analysis

instead of the BSA approach it is more likely tded¢ QTL with smaller effects (Haley
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and Andersson, 1997). In addition, the profountliarice of the environment (Collaed
al., 2005) on the expression of the high oleic acait tas well as the fact that the
sunflower trial was planted in the glasshouse (emeronment and for one year) may

have had an influence on the low number of QTL cteth

Selection for the high oleic acid trait based oa two markers flanking the oleic acid
QTL region (E37M55.1 and E38M3.1) would be moreatde than selection based on
one single marker detected within the QTL regioawever, the genetic distance between
the two flanking markers is large (26.2 cM) andr¢hies a chance for recombination to
occur within the QTL region. However, since the S8&ker ORS1086.1 mapped within
the QTL region, this marker should be more usefdl eeliable than the AFLP markers in

high throughput screening for the high oleic acattin a breeding programme.

Although the BSA technique has some limitationss #ipproach was successful in this
study since 19 out of 20 identified markers mapioea single linkage group, putative LG
14, and the QTL related to the high oleic acidt taééo mapped to this linkage group. In
addition, phenotyping of five j~seeds instead of 10 or more seeds was effective to

accurately map the QTL.

In future research, additional markers should btetkfor linkage with the high oleic acid
trait in the population used in this study in orderdevelop a more saturated linkage
group. In addition, SSR markers identified by Laberat al (2009), that showed linkage
with the Pervenets mutation, should be screenedhenparents and on the entire
population in order to detect polymorphisms betwkigih and low oleic acid genotypes.
If linked polymorphisms are detected, these shbelincluded in QTL analyses. If these
markers also map to putative LG 14 and within tightoleic acid QTL region, it is
possible that QTL identified in this study could genetically linked to the Pervenets
mutation explained by Lacomleg al (2009).

Additional major and/or minor QTL influencing thegh oleic acid trait should also be
mapped. Furthermore, markers identified in thislgtshould be validated by testing their
effectiveness in determining the target phenotypdifferent populations from different
genetic backgrounds and by testing in differenirenvnents and years since environment

has a profound influence on fatty acid compositiorsunflower. For these purposes it
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might be necessary to develop an “eternal” mapping popuiatoch as recombinant
inbred lines (RILs) or doubled haploid lines in @rdo conduct replicated trials across

different locations and years.

Although the AFLP marker technique was a reliabhel atable and generated a high
number of markers in a short period of time, AFLBrkers are dominant, multicopy and
unsatisfactory for anchoring and cross referendingage maps. In addition, AFLP
analysis is expensive, time-consuming and techiedtly demanding, and therefore the
use of AFLP markers for large scale screening @eting programmes is limited. This
constraint may be overcome by converting AFLP marketo sequence characterised
amplified region (SCAR) or STS markers that ardtgcally simpler, less expensive and
more efficient (Tanget al, 2003; Collardet al, 2005). Several studies reported the
successful conversion of AFLP markers to SCAR markbat were associated with
agronomic traits irB. juncea cowpea and Ponkan mandarin (Negal, 2000; Boukaet
al., 2004; JinPinget al, 2009). As a result, the AFLP markers detectetthig study may
need to be converted to single copy, co-dominarAfS@arkers to facilitate their wider

use in MAS in sunflower breeding.
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CHAPTER 6

PHYSICOCHEMICAL AND OXIDATIVE STABILITY CHARACTERIS  TICS OF
HIGH AND MID OLEIC SUNFLOWER SEED OIL

6.1 Introduction

Sunflower oil is the major product of seed proaegshat contributes approximately 80%
to the total value of the crop. The oil is mostsed as a cooking medium, but is often
used in salad oil and to manufacture margarineitshimg and other products. Sunflower
oil has a desirable fatty acid composition for aseedible oil. It is a polyunsaturated oll
with a relatively low total saturated fatty acidntent. However, because of its high

unsaturation level, sunflower oil is highly susdeletto oxidation (Salunkhet al, 1992).

Oxidative stability refers to the resistance odd lipid oxidation during processing and
storage (Guillen and Cabo, 2002). Different typé®xidation occur and these include
autoxidation, photo-oxidation, thermal oxidationdahydrolytic oxidation (O’Brien,
2009). The consequences of lipid oxidation areftheation of off-flavours and odours,
associated with rancidity, as well as loss of fioral and nutritional value (Nawar, 1996;
Stauffer, 1996; Grompone, 2005). Oxidative stabilit therefore an important indicator
to determine oil quality and predict oil shelf-lifeike, 2001; Martin-Polvillet al, 2004;
Choe and Min, 2006).

Oil oxidative stability depends on various factoreluding oil composition, minor
antioxidant or pro-oxidant compound content andreegof processing. Oil storage
conditions and packaging also affect the rate aflation. Oil storage in light or dark
conditions, temperature and oxygen availability nrdluence the oil's oxidative stability
(Crapisteet al, 1999; Abramovic and Abram, 2005). These faciteractively affect the
oxidation of oil and it is difficult to differentta between their individual effects (Choe
and Min, 2006). Autoxidation can be retarded byistpoil in the dark, refrigeration or
freezing, vacuum packaging and packing under art ig&s to exclude oxygen. The
addition of antioxidants to oil is highly preferablo suppress oxidation (Merriit al,
2008) because the above storing conditions arealmays applicable and only a small
amount of oxygen in the oil is necessary to ingtiabhd maintain oxidative processes (Naz
et al, 2004).
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The degree of unsaturation of fatty acids is onehef most important parameters that
influence oil oxidative stability (Holman and Elmet947; Merrillet al, 2008). Much
research has focussed on improving oil stability antritional quality by altering the
fatty acid composition. This was achieved throughventional breeding, coupled with
mutagenesis in some cases. Oils that have beenlogede by decreasing the
polyunsaturated (linoleic and linolenic) fatty agiend increasing the monounsaturated
(oleic) acid content have improved oxidative sigbitompared to traditional oils (Liu
and White, 1992; Nefét al, 1994; Huet al, 2006; Smithet al, 2007). These include
soybean (Patiét al, 2007), canola and rapeseed (Aatdal, 1992; Spasibionek, 2006),

safflower (Knowlet al, 1965) and sunflower oil (Soldatov, 1976).

Oxidative degradation is directly related to thdyposaturated fatty acid content of the
oil (Neff et al, 1994). Oxidation essentially takes place atdiwble-bond (unsaturation)
sites in triglyceride molecules (Sherwin, 1978;ufiter, 1996). Consequently the higher
the number of double bonds in the triglyceride dtrice (the higher the unsaturation level
of fatty acids), the more susceptible the oil iDxidative degradation and the higher the
rate of oxidation (Gray, 1978; Sherwin, 1978; Kasklin, 2006). As a result,

polyunsaturated oil is more susceptible to oxidatttan monounsaturated oil.

The high monounsaturation makes high oleic sunftowik much less susceptible to
oxidative degradation than traditional sunflowerwith high polyunsaturation (Dorrell
and Vick, 1997). For that reason, sunflower oilshwiigh oleic acid contents and low
linoleic acid levels should prove more resistanbxalation than traditional sunflower oil.
The aim of this study was to evaluate and comgaegohysicochemical properties along
with the oxidative stability of traditional and higpleic sunflower hybrids developed and

grown in South Africa.

6.2 Materials and methods

6.2.1 Seed material

The seed analysed in this study were obtained &#@ANNAR® breeding trial planted in
Lichtenburg in 2008. The trial layout was the saamdrials described in Chapter 3. Seed
were harvested in May 2009. Seed material inclubleze traditional (linoleic), three high

oleic and one mid oleic hybrid entry with three lregtions for each entry. Due to
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confidentiality reasons the names of hybrids maly beorevealed. Once received, seed

were vacuum-sealed and stored at 4°C until needeaallfextraction.

6.2.2 Seed oil extraction and fatty acid analysis

Crude seed oil was extracted using a Soxhlet didraprocedure at a rate of six to eight
drops per minute with diethyl ether as solvent. fleuver achenes were ground with a
coffee grinder and more or less 70 g of samplewseighed into each thimble. Thimbles
were placed in a vacuum oven at 50°C and left agstnPhosphorus pentoxide was used
as moisture absorbent. The following morning, tHesbwere placed in the Soxhlet
apparatus and the oil extracted from the dried $anmging diethyl ether as solvent. After
extraction, the diethyl ether was evaporated omatembath and the oil weighed. Flasks
were left overnight in the refrigerator and thefiiered the following morning to remove
waxes. The filtered oil was again placed in theuume oven for two hours at 50°C. The
oil was cooled to room temperature and poured imdevidual dark bottles. Oil samples
were stored with nitrogen in the headspace. Faity analysis was done according to the

methods described in Chapter 3.

6.2.3 Physicochemical properties

Refractivity index (RI) was determined according tiee Association of Official
Analytical Chemists' (AOAC) Official Method 921.02000) with an Abbé automatic
digital refractometer from ATAG® (Model RX 500@). Two droplets of the extracted
lipid were placed on the glass prism of the sammpamber. The RI-readings were done in
triplicate at a temperature of 40°C. After eachdineg, the prism was wiped with 100%
ethanol and dried with clean, dry, soft tissue papestilled water was used as a blank
(with a known RI-value of 1.33061) and the blankswiged to calibrate the refractometer

after every seventh sample.

lodine value (IV) was determined according to AO@@icial Method 920.158 (2000). A
sample of 0.5 g lipid, from the Soxhlet extractiams weighed into a 250 ml Erlenmeyer
flask. A volume of 10 ml chloroform was added aheé flask shaken until the lipid
dissolved. Then 25 ml of the Hanus iodine bromiokeiteon (0.1 M IBr in glacial acetic
acid) was added and allowed to stand for 30 miheéndark. After the 30 min, 10 ml of a
15% potassium iodide solution and 100 ml distileater was added and the flask was

shaken. The sample was titrated with 0.1 N sodibiostilfate. As the yellow colour
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became faint, a few drops of starch indicator wadeled and when the blue colour
disappeared, the endpoint was reached. The IV wpsessed as the number of gram
iodine absorbed by 100 g of lipid. 1V is determir®dthe formula (Jacobs, 1958):

lodine/100 g fat = [(difference of ml blank — mlsdmple) x N of Ng5,03) x 126.91]
Weight of sample x 10

FFA content was determined according to the mettextribed by Pearson (1973). A
sample of 0.5 g lipid, from the Soxhlet extractiamas weighed into a 250 ml glass
beaker. A solvent was prepared by mixing 20 ml tfarol [95% (v/v)] with 1 ml
phenolphthalein indicator [1% (v/v) in alcohol]. &mixture was neutralised by adding
0.1 N NaOH from a buret. The solvent was addeti¢ooil sample and titrated with 0.1 N
NaOH, while constantly being stirred, until the gd&s colour turned pink and the pink
colour persisted for at least 15 s. FFA was catedlas free oleic acid on a percentage
basis: If titration =V ml of 0.1 N of NaOH andlvV = weight of the sample (g), then

FFA (as oleic acid %) =x 0.0282 x 100)W

6.2.4 Determination of oxidative stability

PV of the extracted oils was determined accordinthe AOAC Official Method 965.33
(2000). A sample of 1.0 g oil was weighed into & 2Bl glass Erlenmeyer flask. A
solution of acetic acid and chloroform (3:2) waspgared and 30 ml of this solution was
added to the sample. Thereafter, 0.5 ml saturatéabpium iodide solution was added to
the sample and stirred for precisely 1 min. Aftenih, 20 ml distilled water was added to
the sample to stop the reaction. A 1% (w/v) stanclicator was prepared and 0.5 ml of
the starch indicator was added to the sample. @k was titrated with 0.01 N sodium
thiosulfate until a specific colour reaction wassetved. The reading on the buret was
taken and the value was used in the formula tautatke the peroxide value. The peroxide

value is expressed in terms of milli-equivalente@nperoxide per 1000 g of sample:

PV = (S x N x 1000) / weight of sample
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where S is the titration value of the sample ang khe normality of sodium thiosulfate

solution.

The p-anisidine value g-AV) was determined according to the method desdcriby
Hamilton and Hamilton (1992). A sample of 0.5 g wihs weighed into a 25 ml
volumetric flask. The oil was dissolved with iscmeé and the solution was diluted to
volume with a disposable pasteur pipet. The spphttmmeter was calibrated at 350 nm
absorbency with isooctane as blank. The absorb@imef the fat solution was measured
at 350 nm with a Thermo Spectronic spectrophotom@enesys™ 10 series). The
anisidine was prepared by weighing 0.0625 g amisid@to a 25 ml volumetric flask and
adding 25 ml of glacial acetic acid to the flaskeTsolution was stirred to dissolve the
anisidine. Exactly 5 ml of the fat solution and Lahthe anisidine reagent was pipetted
into a glass test tube. The blank contained 5 mbdt&ne solvent and 1 ml anisidine
reagent. Tubes were shaken and left for 10 min.rédieer, the blank was used to
calibrate the spectrophotometer and the absorb@g@®f the fat solution with anisidine
was measured. The colour was quantitated and deavey AV. Thep-AV is given by
the formula:

p-AV = [25 x (1.2AsAb)] / m

whereAsis the absorbance of the lipid solution after tieacwith thep-anisidine reagent,

Ab is the absorbance of the lipid solution and the mass (g) of the lipid.

The OSI measurements were done at Antioxidants Asoand Fine Chemicals (PTY)
LTD in Richards Bay. The oxidative stability instnent from Omnion was used
according to the American Oil Chemists’ Society @%) Official Method Cd 12b-92.

The oil sample was held in a thermostated bathoaidhtion was carried out at 110°C. A
stream of purified air was passed through the lgiié rate of 2.5 ml/s. The effluent air
from the lipid sample was bubbled through a vesseitaining deionised water. The
conductivity of the water was continuously measwasdhe effluent air contained volatile
organic acids (swept from the oxidising oil) whidlereased the conductivity of the water
as oxidation proceeded. The conductivity of theewatas monitored by a computer. The
time it took for the oil sample to begin a rapi¢rease in conductivity determines the

induction period endpoint (Pike, 2001). The timedzh end point was determined by a
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computer that calculated the maximum of the sea®rd/ative of the conductivity with

respect to time.

6.2.5 Statistical analyses
ANOVA and LSD tests were conducted to identify eifnces among means using
Agrobase (2005).

6.3 Results

6.3.1 Oil and fatty acid content

The mean seed oil content varied between 35.65%%6 &mong the traditional, high oleic
and mid oleic oil types (Table 6.1). On averages three oil types did not differ
significantly for oil content even though the ttamhal oil contained 0.6% more oil than
the high oleic oil. The traditional hybrid 3 comted the highest percentage of oil
(38.08%) and this was significantly higher than d¢ilecontents for the traditional hybrid 1
and the high oleic hybrid 6. The mid oleic hybrith&d, on average, a similar oil content

as the traditional hybrids, but was not signifitauifferent from any other hybrid.

The predominant fatty acids detected were palmi@i6:0), stearic (C18:0), oleic
(C18:1¢c9) and linoleic acid (C18:2c9,12). Palmiile (C16:1), o-linolenic

(C18:3c¢9,12,15), arachidic (C20:0), eicosenoic (€C2D1), eicosadienoic (C20:2c11,14),
behenic (C22:0) and lignoceric (C24:0) acid wergecked in minor percentages in all
oils, while vaccenic acid (C18:1c7) was only dezddn the traditional and mid oleic oils.
Insignificant percentages of myristic acid (C1l4M@re detected in a small number of oil
samples. Only major fatty acids palmitic, steaalgic and linoleic, occurring at levels

more than 0.5%, are presented and discussed (Gdhle

Averages for palmitic acid content ranged betwed®-8.28% among the three oil types
(Table 6.1). Significant differences were obseredween oil types for palmitic acid
content. The traditional oil contained on averag#8% and 1.47% more palmitic acid
than the high oleic and mid oleic oils respectivdlge palmitic acid content of traditional
hybrid 3 was significantly higher than all otherbigls. However, the individual high

oleic hybrids did not differ significantly for paltit acid content.
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Table 6.1 Mean oil and major fatty acid contents ofraditional, high oleic and mid oleic sunflower ol types

oil
Oil type Hybrid C16:0 C18:0 C18:1 C18:2 MUFA PUFA SFA PUFA/SFA
content
Traditional 1 34.46b 5.91b 3.81a 26.95b 61.96b 7.1 62.02b 10.86b 5.71a
36.20ab 6.22b 3.83a 22.66¢ 65.97a 22.82c 66.04a 11.14b 5.93a
38.08a 6.70a 3.89a 19.12c 69.04a 19.26¢ 69.10a 1.644 5.94a
Mean 36.25 6.28 3.84 2291 65.66 23.07 65.72 11.21 5.86
High oleic 4 35.51ab 3.27c 4.07a 84.08a 6.61c .31 6.71c 8.98de 0.76b
36.78ab 3.25¢c 3.62a 81.67a 9.45c 81.93a 9.55¢ 53e8. 1.12b
34.66b 3.68c 4.14a 81.94a 8.28c 82.18a 8.43c 9c@.3 0.90b
Mean 35.65 3.40 3.94 82.56 8.11 82.81 8.23 8.97 0.93
Mid oleic 7 36.56ab 4.81d 3.57a 53.77d 36.37d 53.95d 36.42d 9.63c 3.78c
LSD (0.05) 2.93 0.47 0.60 3.77 3.74 3.77 3.74 0.47 0.37

LSD: Least significant difference, C16:0: Palmiticid, C18:0: Stearic acid, C18:1: Oleic acid, Ci1&ioleic acid, MUFA: Monounsaturated fatty acid®JFA:
Polyunsaturated fatty acids, SFA: Saturated fatigsa Mean values followed by the same letter diddiffer significantly at R0.05.
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A highly significant and negative correlation wasserved between palmitic and oleic
acid (Table 6.2). The higher the oleic acid, thedp the palmitic acid content. This
negative correlation was evident in the traditiosmadl high oleic sunflower oil types. The
traditional oil contained more palmitic acid thdwe thigh oleic oil. The strong and highly
significant positive correlation between palmititddinoleic acid can be attributed to the
strong negative correlation between oleic and déiobcid. Although both palmitic and
stearic acid contributed to the SFA content, onnptic acid showed a strong and

significantly positive correlation with SFA content

Stearic acid content varied between 3.57-3.94% gntioe three oil types (Table 6.1). No
significant differences were observed between idd&l hybrids (and as result, between
the three oil types) for stearic acid content. gngficant and negative correlation between
stearic acid and oil content was observed (Taldg 6lowever, this correlation was only
observed for high oleic and mid oleic hybrids. Ak @ontent increased, stearic acid
content decreased. Although significant variatioowred between the traditional hybrids
for oil content, their stearic acid contents wemarenor less the same and the correlation

appeared to be positive between stearic acid dredaient.

Oleic acid content varied between 19.12-26.95% ayrite traditional hybrids (Table
6.1). The traditional hybrid 1 showed significantiigher oleic acid content (26.95%)
than the other two traditional hybrids (22.66% 4d19d12% respectively). The high oleic
oil types contained the highest oleic acid con(88t56%) which was significantly higher
than in the traditional (22.91%) and mid oleic B&3%) oils. No significant differences
were observed among the high oleic hybrids forcodeiid content. The oleic acid content
of the mid oleic oil was significantly higher thémat of the traditional oil. Linoleic acid
content varied between 61.96-69.04% among thetimadi hybrids (Table 6.1). The
traditional hybrid 1 showed a significantly lowéndleic acid content than the other two
traditional hybrids. This observation together witte significantly higher oleic acid
content for this hybrid was a result of the highigative correlation between oleic and
linoleic acid content (Table 6.2). The traditiorl contained on average significantly
higher linoleic acid content (65.66%) than the hidgic (8.11%) and mid oleic (36.37%)
oils. No significant differences were observed agtre high oleic hybrids for linoleic
acid content. However, the average linoleic aciashteot of the mid oleic oil was

significantly different from that of the high oleddl.
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Table 6.2 Significant correlations between oil coeint, fatty acids and physicochemical properties

ol C16:0 C18:0 Ci8:1 Ci18:2 SFA MUFA PUFA PUFA/SFA RI
content
C16:0 0.29
C18:0 -0.65* -0.21
Ci18:1 -0.20 -0.98** 0.15
C18:2 0.21 0.98** -0.16 -1.00**
SFA 0.07 0.94** 0.15 -0.94** 0.93**
MUFA -0.20 -0.94** 0.15 1.00** -1.00** -0.94**
PUFA 0.21 0.98** -0.16 -1.00** 1.00** 0.93** -1.00**
PUFA/SFA 0.21 0.98** -0.21 -0.99** 0.99** 0.91* -0.99** 0.9**
RI 0.23 0.98** -0.19 -0.99** 0.99** 0.92** -0.99** 0.9** 0.99**
v 0.20 0.91* -0.25 -0.94** 0.94* 0.82** -0.94** 0.9+ 0.96** 0.94*

**P<0.01,*P<0.05, C16:0: Palmitic acid, C18:0: Stearic acid8C1 Oleic acid, C18:2: Linoleic acid, SFA: Satedffatty acids, MUFA: Monounsaturated fatty acids,
PUFA: Polyunsaturated fatty acids, RI: Refractivdex, IV: lodine value.
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Fatty acids palmitoleic, oleic, eicosenoic and esic contributed to the monounsaturated
fatty acid (MUFA) content of each hybrid. Howevpalmitoleic, eicosenoic and vaccenic
acids occurred in minor percentages (data not shamd their contributions to the
MUFA content can be omitted. As a result, the MU&erages of hybrids and three oil
types correlated well with their oleic acid conge(ifable 6.1). MUFA content showed a
strong and significantly positive correlation witkeic acid and strong and significantly
negative correlation linoleic acid (Table 6.2). Aduhally, the strong and significantly
negative correlation between MUFA and palmitic asigs a result of the significantly

negative correlation between palmitic and oleid acintent.

Fatty acids linoleic, eicosadienoic and linolenantributed to the total polyunsaturated
fatty acid (PUFA) content of each hybrid. Sinceosadienoic and linolenic acids
occurred in minor percentages (data not shownpah énybrid, their contributions to the
PUFA content can be ignored. As result PUFA costefthybrids (and three oil types)
were related to their linoleic acid contents (Tabl&). Therefore, PUFA was positively
correlated with linoleic acid and negatively coated with oleic acid content (Table 6.2).
The strong and significantly negative correlati@vieen MUFA and PUFA was a result
of the strong and significantly negative correlatibetween oleic and linoleic acid.
Additionally, the strong and significant correlatibetween PUFA and palmitic acid was

a result of the significantly positive correlatibatween palmitic and linoleic acid.

Myristic, palmitic, stearic, arachidic, behenic dighoceric acids contributed to the total
SFA content of each hybrid. However, palmitic atehsc acids contributed the most to
the SFA content and the minor percentages of ther@FAs can be ignored. The three
oil types differed significantly for total SFA canmtt. The traditional oil contained on
average 11.21% SFA, the high oleic oil 8.97% ang thid oleic oil 9.63% SFAs.
Significant differences were observed among sordwintual hybrids as well as between
the three oil types for SFA content. The traditiohgbrid 3 contained a significantly
higher SFA content than the other two traditiongbrids. Also, significant differences
were observed between high oleic hybrids 5 and GFA. The significantly higher total
SFA content of the high oleic hybrid 6 may be htited to slightly higher contents of
palmitic and stearic acids for this hybrid. The rage SFA content of the traditional oil
(11.21%) was significantly higher than that of thigh oleic (8.97%) and mid oleic

(9.63%) oils. This observation could be explaingdHz significantly higher palmitic acid
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contents observed for the traditional hybrids sithee stearic acid contents did not differ
significantly between all individual hybrids (Tabl1). Additionally, SFA content
showed a strong and significantly negative conatatvith MUFA (oleic acid) content
(Table 6.2). Therefore, as the oleic acid contantdased, SFA content decreased. The
negative correlation was mainly attributed to theorsy negative correlation between
palmitic and oleic acid. The strong and signifitapbsitive correlation between SFA and
PUFA (linoleic acid) content was a result of theosy and significantly positive

correlation between palmitic acid and PUFA content.

The three oil types differed significantly in theatios of polyunsaturated fatty acids to
saturated fatty acids (PUFA/SFA). The high averBgd-A/SFA ratio of the traditional
oil (5.86) was attributed to the significantly hegrPUFA (linoleic acid) content of the oll,
while the low PUFA/SFA ratio of the high oleic qi0.93) was a result of both the
significantly lower PUFA content and SFA contentghe oil. The PUFA/SFA ratio for
the mid oleic oil (3.78) was significantly diffetefrom that of both the traditional and
high oleic oils. The reason for this is becausehef significant differences between the
mid oleic oil and the other two oils with regard ltnoleic acid content. The ratio of
PUFA/SFA showed strong and significantly positivarelations with PUFA (linoleic
acid) content, but it was negatively correlatednwilUFA (oleic acid) content (Table
6.2). The strong and significantly positive cortela of PUFA/SFA with SFA content
was a result of the strong and significantly pwesiticorrelation of PUFA/SFA with

palmitic acid content.

6.3.2 Physicochemical properties

The three oil types differed significantly in thé&i values. Traditional hybrids had the
highest RI values, followed by the mid oleic andhhbleic hybrids (Table 6.3). Of the
traditional hybrids, hybrid 1 was significantly ftifent from the other two, while for the
high oleic hybrids, hybrid 5 was significantly difent from the other two. Similarly to
the RI values, the traditional oil had on average highest 1V (104.23), followed by the
mid oleic (101.33) and high oleic (85.31) oil (Telél.3). The traditional and mid oleic oll
did not differ significantly, but both were sigméintly different from the high oleic oil.
No significant differences were observed betweeaditional hybrids and between high

oleic hybrids within each oil type.
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Table 6.3 Mean values for physical and chemical tessof traditional, high oleic and mid oleic sunflover oil types

) ) Refractive index ) Free fatty acid Peroxide value o

Oil type Hybrid no. lodine value ) ) p-Anisidine value
(Np 40°C) (% oleic acid) (meqg/1000 g)

Traditional 1 1.467142b 105.64a 0.32a 10.33bc 4.55a
1.467563a 102.23a 0.37a 12.32b 2.15ab
1.467824a 104.81a 0.41ab 17.34a 2.22ab

Mean 1.467510 104.23 0.37 13.33 2.97

High oleic 4 1.462098d 83.86b 0.32a 3.17d 0.44b
1.462420c 86.78b 0.33a 4.10d 0.78b
1.462090d 85.29b 0.62b 3.19d 0.27b

Mean 1.462203 85.31 0.34 3.49 0.50

Mid oleic 7 1.464854e 101.33a 0.32a 8.18c 2.27ab

LSD (0.05) 0.0003 4.33 0.28 2.83 2.85

LSD: Least significant difference. Mean valuesduled by the same letter did not differ significgrat P<0.05. N,: Refractive index measurement value at 589.3 nm
(the D Fraunhofer line).
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Highly significant and positive correlations werlkserved between RI and linoleic acid
(PUFA) content and between IV and linoleic (PUFAQntent (Table 6.2). These
correlations were expected since both RI- and IMes are indicative of the level of
unsaturation of an oil. The higher the unsaturatéwel, the higher the RI- and IV-values.
Additionally, the higher the MUFA (oleic acid) cemit, the lower the RI- and IV-values.

FFA content ranged between 0.32-0.62% (Table Gi%se values were below the limit

of 2% and indicated that the oil of all seven hgbnivas of good initial oil quality.

When considering the oxidation indexes, the thritetypes differed significantly for

average PV (Table 6.3). The high oleic oil had werage a significantly lower PV than
the traditional and mid oleic oils. Between theditianal hybrids, hybrid 3 had a
significantly higher PV (17.34 meq/1000 g) than dtker two hybrids (10.33 and 12.32
meqg/1000 g). No significant differences were obsdrsetween the high oleic hybrids for
PV values. The PV of the mid oleic hybrid 7 (8.18qfL000 g) was not significantly
different from the PV of the traditional hybrid 10;33 meqg/1000 g). The PV of the mid

oleic oil was on average significantly lower thaattof the traditional oil.

The traditional oil showed on average the higlpeal of 2.97 and was followed by the
mid oleic oil with ap-AV of 2.27. The high oleic oil had the lowest aage p-AV of
0.50. However, the three oil types did not diffegndficantly for p-AV. No significant
differences were observed between individual hybridr p-AV apart from for the
traditional hybrid 1 that had a significantly higheeAV than all three high oleic hybrids.

6.3.3 Determination of oil oxidative stability and prediction @ oil shelf life

Only hybrids with PVs of 10 meg/1000 g and lessh{&&.3) were used for oxidative
stability analysis and therefore only hybrids 1,5,6 and 7 were included for OSI
determination. A PV of less than 10 meq/1000 gaaths that oil oxidation has not
occurred yet and therefore that the oil is of ggadlity. Only the high oleic hybrids were

analysed for variation because there were thraesrior this oil type.
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Table 6.4 Mean oxidative stability index and shelf life value$or traditional, mid

oleic and high oleic sunflower oils

. . OSl at 110°C Shelf life
Oil type Hybrid (hours) (months)
Traditional 1 2.70 0.96
Mid oleic 7 4.10 1.45
High oleic 4 10.38a 3.69

5 9.02¢ 3.21

6 5.05a 1.79
Mean 8.15 2.90
LSD (0.05 6.24 2.21

OSiI: Oil oxidative stability index, LSD: Least si§jnant difference.

The traditional and mid oleic oils contained onlyecentry each and could therefore not

be analysed for variation.

The traditional, mid oleic and high oleic oils @ifed in their OSI times and as a result in
their predicted shelf life times (Table 6.4). Thisservation was a result of the different
unsaturation levels of the oils. The traditionabhg 1 showed the lowest OSI value (2.70
OSI/h) with a corresponding predicted shelf lifeooe month. The mid oleic hybrid 7 had
a slightly higher value (4.10 OSI/h) than hybridvith a predicted shelf life of one and a
half months. The high oleic hybrids had the high@St values and together they had an
average predicted shelf life of three months. Amthregthree high oleic hybrids, hybrid 4
performed the best of all hybrids and showed tighdst OSI value (10.38 OSI/h) with a
corresponding predicted shelf life of four montHybrid 5 was less stable than hybrid 4
with a predicted shelf life of three months whilgbhid 6 had a predicted shelf life of two
months. Although the three high oleic hybrids dif# in their OSI values and predicted

shelf lives, the differences were non-significant.

6.4 Discussion

The mean seed oil content varied between 35.6%36.for the three oil types and no
significant differences were observed among theseif content. Therefore, the high and
mid oleic hybrids compared well to the traditiorglbrids with regard to oil content.

Values obtained in this study are in accordancér wit contents reported by several
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researchers (Rondaniat al, 2003; Radi et al, 2008). Reported oil contents in whole
sunflower seed varied between 34-52% (Salursttad, 1992).

According to the fatty acid analysis, three oil @gws could be distinguished from the
seven sunflower hybrids. They included the traddlo(PUFA) oil with a high linoleic
acid content (65.66%) and low oleic acid conter&92%), the high oleic (MUFA) oll
with a high oleic acid content (82.56%) and lowol&ic acid content (8.11%) and the mid
oleic oil with 53.77% oleic and 36.37% linoleic @ciThe extent of variation obtained
through traditional plant breeding for sunfloweedeil is evident when comparing fatty

acid composition of the three oil types.

The three oil types differed significantly for pafim acid content with traditional oil
containing the highest percentage, followed byrthié oleic oil and the high oleic oil. It
was evident that as oleic acid content of the ligbncreased, the palmitic acid content
decreased and this observation was confirmed bysiti@ficantly negative correlation
between palmitic and oleic acid content. The higgicooil contained on average 2.9%
less palmitic acid than the traditional sunflowdr dhis tendency is generally observed
for high oleic acid sunflower oil (Martin-Polvillet al, 2004; Marquez-Ruiet al, 2008;
Merrill et al, 2008; Codex Alimentarius Commission, 2010). Bteacid did not vary
significantly between the three oil types and watsaorrelated with oleic acid content as
was the case with palmitic acid. However, a negatiorrelation was observed between
stearic acid and oil content of the high oleic lgbr Therefore, when selecting high oleic
hybrids with increased oil content, a reductionstearic acid content would result. In
general, fatty acid contents of the high oleic #&madlitional oils used in this study were
consistent with data reported by other researgiastin-Polvillo et al, 2004; Marquez-
Ruizet al, 2008; Merrillet al, 2008) for traditional and high oleic sunflowel o

High intake of saturated fatty acids has proveeléwate total and low density lipoprotein
LDL cholesterol in the blood that increases thé i heart disease. Several studies
showed that by substituting dietary SFAs with PUFAte LDL-cholesterol
concentrations are reduced in the blood plasma $Mkrand Katan, 1989; Kris-Etherton
and Yu, 1997; Kris-Ethertoet al, 2004). Thus, by increasing the dietary PUFA/SFA
ratio by including linoleic oils in the diet may laelvantageous in reducing total plasma

cholesterol (Jacksoret al, 1984). However, both high density lipoprotein D({H
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cholesterol and LDL-cholesterol is reduced. Increaevidence is showing that MUFA
also reduce LDL-cholesterol and plasma TAG, buhuout adversely affecting the HDL-
cholesterol levels in the blood (Mattson and Grynt§85; Kris-Ethertoret al, 1999;
Roche, 2001). Recommendations for a preference WFMover PUFA for replacing
SFA in the diet initially stemmed from a metabatady by Mattson and Grundy (1985).
However, much controversy later evolved over theomemendation for restriction of
specific types of dietary fat in the prevention aifronary heart disease. Katenh al
(1997) suggested that a diet in which the totalctattent is held constant and that is
enriched with MUFA will offer better protection dgat coronary heart disease than a
low-fat diet. It was reported that high intakes lofoleic acid were associated with
increased susceptibility of LDL-cholesterol to adidn. This could lead to increased
risks of cancer and accelerated ageing (Grundy7)Y19%e high oleic oils may therefore
play an important role in decreasing the PUFA iatalkd may help in reducing these

health concerns.

From an oil quality perspective, the PUFA/SFA raisoa measure of the extent of
polyunsaturation and is therefore taken as a measfuan oil's tendency to experience
autoxidation (Farhoosét al, 2008). Oils with the highest levels of unsatioratre most
likely to experience autoxidation. The significgndifferent Rl and IV values between
the traditional and high oleic sunflower oils cae attributed to differences in their
unsaturation degrees. Rl and 1V increases witmtimber of double bonds present in the
fatty acid. As a result, the polyunsaturated o#sl thigher Rl and IV values than the
monounsaturated oils. This was confirmed by théliigignificant positive correlations
between linoleic acid (PUFA) content and RI andégpectively. The significantly lower
RI value observed for the traditional hybrid 1 cargal to traditional hybrids 2 and 3 was
attributed to the significantly lower linoleic ac{dnd total PUFA) content observed for
this hybrid. The observed RI and IV values fellhiit the range recommended by the
Codex standards (Codex Alimentarius Commission,00ar the three sunflower oil

types.

The FFA content of an oil is an important qualigrgmeter in oil crops (Moschner and
Biskupek-Korell, 2006). FFA production is generafeam lipid hydrolysis by chemical
or enzymatic action (Robertsat al, 1984; Fregeet al, 1999). Improper handling of

seed that damages it and unsuitable storage comglitsuch as high temperature and
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humidity, may cause a considerable increase in RR& content in the crude oil
(Moschner and Biskupek-Korell, 2006; O’Brien, 2009)herefore, the significantly
higher FFA value observed for the high oleic hyb8idnay be a result of the larger
amount of damaged seeds (from harvesting) presenthe seed sample received.
However, results obtained in this study showed BigA contents of all hybrids (and as
result, the three oil types) were less than thestiwld maximum value of 2% FFA set for

crude sunflower seed oil. The three sunflowerwise therefore of good quality.

The oxidative status of the oil samples was evalliatonsidering both primary and
secondary oxidationThe progress of oxidation can be distinguished inmto stages
(Martin-Polvillo et al, 2004). The first stage is characterised by avgwogress of
oxidation or the induction period (IP) and the setstage is an accelerated stage of
oxidation (secondary oxidation). PV measures trdrdperoxide content of an oil sample
and is a useful index for the early stage oxidatl®W reaches a maximum during the
progress of oxidation that is followed by a notabkrrease in PV. During this stage
(secondary oxidation) the decomposition rate ofrbgdroxides exceeds the rate of their
formation (Martin-Polvilloet al, 2004). Thep-AV test assesses secondary oxidation by
estimating the amount of unsaturated aldehydesrgtte during the decomposition of
hydroperoxides (Shahidi and Zhong, 2005). Ph&V is a reliable indicator of oxidative
rancidity in oils (Van der Merwet al, 2003).

The number of peroxides present in oil is an indéxts primary oxidative level and
consequently of its tendency to go rancid. The drighVs observed for the traditional oil
(>10 meqg/1000 g) might be a consequence of persxadéydroperoxides formed during
seed storage before oil extraction and during>draetion itself. Higher PVs observed for
traditional hybrids indicated that these were nemesitive to oxygen during storage and
extraction and were therefore less stable to oxidathan the high oleic oils. Since
PUFAs are more susceptible to oxidation than MUF#sl SFAs, the higher PVs
observed for the traditional hybrids was a consege®f their higher unsaturation levels.
Therefore, the significantly higher PV observed tbe traditional hybrid 3, when
compared to traditional hybrid 1, may be attribuiethe significantly higher linoleic acid
(and PUFA) content for this hybrid. The signifidgniower PVs observed for the high
oleic hybrids £4.1 meq/1000 g) were attributed by their signifibatower PUFA/SFA

ratios. According to the Codex standard 210-1996déX Alimentarius Commission,
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2010) a maximum PV value of 10 meg/1000 g oil iseptable for good oil quality. The
high oleic and mid oleic hybrids showed PVs loweart the recommended standard
(Codex Alimentarius Commission, 2010) and theseewberefore considered to be of

good quality.

The high oleic oil had the lowest averggAV (0.50) and was followed by the mid oleic
oil (2.27) and traditional oil (2.97). However, thbree oil types did not differ

significantly for average-AV. The reason for the highgrAVs of the traditional and

mid oleic hybrids may be because of their highesatmration levels. According to White
(1995), an anisidine value of between 1-10 mmoigkgcceptable for well-refined oils,
while this level might even be higher for fresh PUBIls. Monounsaturated oil is
expected to have lowgrAVs than PUFA oils.

The moderately low PV- anpgtAV-values observed for all three oil types indehthat
oxidation was in the induction stage that is chi@é®ed by a slow progress of oxidation.
Martin-Polvillo et al (2004) observed that high oleic sunflower oil haxger IPs than
traditional sunflower oil. Hydroperoxide formatievas slower in high oleic sunflower oil
than in the traditional oil. The reason for thistht the length of the induction period
depends on the unsaturation degree of an oil andiitiher the level of unsaturation, the
shorter the induction period. Consequently secgndaidation is likely to occur more

rapidly in traditional sunflower oil than in higheic sunflower oil.

To estimate their oxidative stability, the threaffawer oil types were evaluated for OSI.
Since OSI measures the resistance of lipids toatkid, OSI duration is positively
associated with oil stability (Guillen and Cabo,02R In addition, OSI is useful for
quality control of oils (Shahidi and Zhong, 2005he high oleic sunflower oil proved to
be the most stable of the three oil types with werage OSI of 8.15 h, followed by the
mid oleic oil (4.10 h) and traditional sunflowet (2.70 h). Variation in initial OSI values
between traditional and high oleic sunflower oilvéabeen found in several studies
(Marquez-Ruizet al, 2008; Merrillet al, 2008). According to their initial oil stability
analysis results, the traditional sunflower oil fsghificantly lower OSI values (7.4 h at
100°C and 5.2 h at 110°C) than the high oleic surt oil (20.1 h at 100°C and 16.5 h at
110°C). Dobarganest al (1993) also observed that induction time was tpeady

correlated with the unsaturation degree of oils #mat the high oleic sunflower oil
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(80.8% oleic and 6.5% linoleic aicd) showed sigifitly higher induction times
compared to the traditional sunflower oil (22.3%ioland 65.0% linoleic acid). The
distinct OSI values observed for the three oil §ypan be attributed to differences in the

unsaturation degrees of the three oils.

OSI values were used to estimate predicted oiff ¢ivek. The predicted shelf life of the
high oleic sunflower was on average three monthslewor traditional sunflower oil it
was one month. As a result, the monounsaturated dlgjc oils were three times more
stable to oxidation than the traditional sunflowsl Results obtained in this study
supported observations of Smihal (2007) who reported that high oleic sunflower oll
had greater oxidative stability than traditionah#ower and soybean oil with high PUFA
contents. Among the three high oleic hybrids, hylriperformed the best of all hybrids
and showed the highest OSI value (10.38 OSI/h) witlorresponding predicted shelf life
of four months. The reason for this could be tlghhuleic acid content of 84.08% and the

low linoleic acid content (6.61%) observed for hght.

Other oils that are high in oleic acid content it olive oil (78%) and variants of
regular safflower (77%), canola (78%), peanut (76&)d soybean (79-68%) oil
(Gunstone, 2005). Despite their similar oleic apiohtents, some of these oils showed
variation in their OSI values in a study by Meratlal (2008). The high oleic canola oil
(71.3% oleic acid), with a lower oleic acid contémin safflower oil (72.8%) was more
stable (OSI of 18.5 h) than the safflower oil (@$114.3 h). In addition, the high oleic
sunflower oil (76.2% oleic acid) was less stabl&(Of 16.5 h) than the high oleic canola
oil. These differences can be explained by thepbewml profiles and levels present in the
oils. Oils of similar fatty acid composition, thokaving higher amounts of tocopherols,

have greater stability (Normard al, 2006).

In conclusion, the oil of the high oleic sunfloweybrids proved to be of good quality
with low PVs andp-AVs. In addition, the high oleic oils had consialelly better oxidative
stabilities than the traditional sunflower oil. Angthe high oleic hybrids, hybrid 4 had
the highest oleic and lowest linoleic acid contéfttis resulted in the low Rl and IV
values observed for this hybrid. In addition it hthe lowest FFA content and PV that
indicated good oil quality and oxidative stabilityybrid 4 indicated the best resistance to

oxidation (highest OSI) with the longest predicwlf life (four months) of the three
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high oleic acid hybrids. As a result, this hybritbald be considered in high oleic acid
sunflower breeding programmes for developing hitgiccacid sunflower lines with high

quality oil that will show better resistance to@utlation.

6.5 Oxidative stability of commercial vegetable oils

6.5.1 Introduction

Vegetable oils, the most commonly used cooking medalie beneficial and popular due to
their cholesterol lowering effect. However, theme @ome important issues regarding
their well-judged use, that are largely ignoredcbypsumers and the medical society (Naz
et al, 2004). In contrast to highly saturated and stalimal fats, unsaturated vegetable
oils are more readily reactive to oxygen. In addifi the fatty acid composition and
presence of antioxidants in oils also influence aildation. Oil quality and nutritional
losses may arise from reaction with atmospheriagery(autoxidation) or by hydrolytic
reactions catalysed by lipases. The effects of dlytic reactions can be minimised by
cold storage and careful packaging. However, oidats an autocatalytic series of
reactions that needs low activation energy and aaom stopped by lowering temperature
(Stauffer, 1996).

Cold pressed high oleic sunflower oil is availalde the shelves of various local
supermarkets. In order to compete with other capkiils (traditional sunflower, canola
and olive oil), the high nutritional value and cxive stability of the oil is mostly used to
promote high oleic sunflower oil. In addition, th# is less expensive than olive oil. The
fatty acid composition of high oleic oil comparesgliwwith olive oil and this, together
with the lower price, should make the high oleiofsawer oil more attractive to the

general consumer.

The aim of this study was to evaluate the oxidatstability of four commercially
produced cooking oils using a simple acceleratedaton test, the Schaal oven test, and
to compare the “recently” produced high oleic sowir oil with other standard cooking

oils commercially used in South Africa.

6.5.2 Materials and methods
Commercial cooking oils were taken from the shelfai local supermarket and were

evaluated for oxidative stability. Oils selected fhis study were traditional sunflower
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oil, cold-pressed high oleic sunflower oil, canolaand palm oil. Traditional sunflower
and canola oil were selected due to their commerasscooking oils and the high relative
reaction rates of their unsaturated fatty acid$ witygen. High oleic sunflower oil was
included to compare the oxidative stability of tloi$ with that of the commonly used
cooking oils. Palm oil was included due to its higisistance to oxidation, so that a
comparison could be made between reaction rate®ilef with different inherent

stabilities.

A duplicate oil sample of 60 g of each type of dagkoil was weighed in 250 ml glass
beakers with free access to air (McGinley, 1991i). 9@mples were placed in a heat
cabinet with the temperature set at 63°C. On dag, Z2Be oil was evaluated for initial
guality and stability. Fatty acid composition tdgat with free fatty acid content, RI, 1V,

PV andp-AV values were analysed according to methods desttipreviously.

In order to follow the oxidation rate in each ainsple, these were periodically analysed
for PV, p-AV and RIl. Measurements were taken daily for tingt ftwo weeks, after that
these were taken three times a week until all aihgles reached the required oxidation
point. A single reaction criterion was not enoughatcount for the oxidative changes at
various stages. The keeping quality from a PV paihtview was determined as the
number of days needed for PV to reach a value 6fril®q/1000 g oil (Hertzmaet al,
1988). Keeping quality from a RI point of view waatermined as the number of days for
RI to show an increase of 0.001 units from theidhitalue at day zero. Both methods
were used because the claim was made that thev®s gi more precise indication of the
end of induction period compared to the PV (McGQntE991).

6.5.3 Results
Fatty acid composition

The initial fatty acid analysis results of the faaommercial oils before heat storage at
63°C are shown in Table 6.5. Traditional sunfloweghholeic sunflower and canola oil
contained between 3.78-5.80% palmitic acid. Howeyalm oil contained 40.62%
palmitic acid. Traditional sunflower, high oleicrglower and palm oil contained between
3.99-5.47% stearic acid. Canola oil showed a diigbtver stearic acid content of 2.05%.

The different oils showed large variation for olared linoleic acid content.
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Table 6.5 Initial fatty acid composition (as percetage of total fatty acids) and oil analysis resultef four commercial vegetable oils

before oil oxidation as well as the number of dayfer the oils to show the first phase of oxidation

Measurement Traditional sunflower oil  High oleic sunflower oil Canola oil Palm oll
Fatty acid composition (%)
C14.0 0.03 ND 0.06 0.95
C16:( 5.8C 3.7¢ 4.4t 40.6:
Ci16:1 ND 0.05 0.18 0.15
C18:0 5.47 5.20 2.05 3.99
C18:1 22.6¢ 74.1¢ 59.6: 43.5¢
C18:2 64.60 15.28 21.76 10.08
C18:3 0.09 0.05 8.98 0.18
C20:0 0.31 ND 0.47 ND
C20:1 0.11 0.1 1.3¢ 0.1z
C22:0 0.72 1.02 0.05 ND
PUFA/SFA ratio 5.16 1.49 4.24 0.22
IV (g 1,/100g oil’ 104.7¢ 89.2¢ 100.3¢ 56.1:
FFA (% oleic acid) 0.31 0.71 0.21 0.19
PV, (meq/1000 g oil) 3.01 9.36 3.47 0.98
#Time (days 9 21 9 58
p-AV 10.71 1.33 1.26 8.82
Rl (40°C) 1.46737 1.46276 1.46577 1.45857
RI; (40°C) 1.46874 1.46394 1.46682 1.45981
*Time (days) 17 29 14 66

C14:0: Myristic acid, C16:0: Palmitic acid, C16Halmitoleic acid, C18:0: Stearic acid, C18:1 Oksiad, C18:2: Linoleic acid, C18:3: Linolenic acf€i20:0: Arachidic
acid, C20:1: Eicosenoic acid, C22:0: Behenic aBldFA: Polyunsaturated fatty acids, SFA: Saturasgty facids, IV: lodine value, FFA: Free fatty aci@/: Initial
peroxide value at day zen@AV: p-Anisidine value, R}: Initial refractive index at day zero, RRefractive index with a difference of 0.001, ND: Not detectedTime
in days for PV to reach a maximum value of 100 h@@0dg, Time in days for RI to differ with 0.001 units froRl,.
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The traditional sunflower oil contained the highestcentage of linoleic acid (64.60%) of
all four oils and 22.66% oleic acid. High oleic #ower oil had oleic and linoleic acid
contents of 74.18% and 15.28%. Canola oil contab@®83% oleic and 21.76% linoleic
acid. Palm oil contained 43.65% oleic and 10.0886l&ic acid. With regard to minor
fatty acids, canola oil contained 8.98% linolen@daand 1.39% eicosenoic acid, while
the other three oils contained minor amounts ofehfatty acids that can be ignored.
Small amounts of behenic acid were detected irhitje oleic sunflower oil (1.02%) and
traditional sunflower oil (0.72%). However, thigtfaacid occurred in minor amounts for

canola and palm oil.

The traditional sunflower oil had the highest PUERA ratio of 5.16 and was followed
by canola oil with a ratio of 4.24 (Table 6.5). Thalatively high PUFA/SFA ratio
observed for the traditional sunflower oil can keilauted to the high linoleic acid content
and relatively low total SFA content of this oiloWever, for canola oil, both linoleic and
linolenic acids contributed to the PUFA and resiiitea high PUFA content. In addition,
canola oil contained less SFA and therefore it haeklatively high PUFA/SFA ratio
(4.24). The low PUFA/SFA ratio of high oleic sunfler oil (1.49) was a result of the low
PUFA (linoleic acid) content of the oil. Palm oih@ved the lowest PUFA/SFA ratio
(0.22) of the four oil types. The high palmitic (&Fcontent and low linoleic acid (PUFA)
content of this oil contributed to the low PUFA/SFa#io.

Initial oil quality and influence of high temperatustorage on oil quality and oxidative

stability
Before the oil samples were placed in the heanedlfor heat storage at 83, they were

tested for initial oil quality. The IV differencedbserved between the four oil types were a
result of differences in their unsaturation levélke traditional sunflower and canola oil
had the highest IVs (104.75 and 100.39 respec)ivatyl were the result of their high
PUFA contents (Table 6.5). The high oleic sunflow#ihad a lower PUFA content that
resulted in the lower IV (89.26) observed for tbis Palm oil had the lowest IV (56.13)
since this oil had the lowest PUFA content. Thehhideic sunflower oil had the highest
FFA value (0.71% oleic) and was followed by thelitianal sunflower (0.31% oleic) and
canola (0.21% oleic) oils (Table 6.5). The palm lwdld the lowest FFA value (0.19%

oleic).
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The traditional sunflower and canola oils showedilsir initial PVs (P\¢) of 3.01 and
3.47 meq/1000 g oil respectively (Table 6.5). Tlghloleic sunflower oil had a relatively
high P\, of 9.36 meq/1000 g oil, while the palm oil showt@ lowest Py of 0.98
meq/1000 g oil. The initigh-AVs observed for canola and high sunflower oil evéyw
(1.26 and 1.33 respectively). However, the tradalosunflower and palm oil had
relatively high initialp-AVs of 10.71 and 8.82 respectively. The initiahRillues (R¢) for
the four oil types were in the ranges recommendgdhle Codex standards (Codex

Alimentarius Commission, 2010).

After placing the oil samples in the heat cabin@Y, p-AV and RI-values were
periodically measured for all four oils until thel ceached a maximum PV of 100
meq/1000 g oil and the oil showed an RI-value iasecof 0.001 units from the Rialue.
The number of days it took for the different odsreach 100 meq/1000 g oil differed with
their levels of unsaturation. Both the traditiosahflower and canola oil with the highest
PUFA/SFA ratio took only nine days to reach 100 /160 g (Table 6.5 and Figure 6.1).
For both the traditional and canola oil, the PVw&d a sharp increase from the second
day of heat storage. The high oleic sunflower athva lower PUFA/SFA ratio reached
100 meq/1000 g after 21 days of heat storage. dihshowed a gradual increase in PV
from the first day of heat storage. Palm oil wilte tlowest PUFA/SFA ratio took the
longest of the four oils and reached 100 meqg/10@@tey 58 days of heat storage. Palm
oil showed constant PVs during the first two weekbeat storage, however, from day 17

the PV showed a sharp increase.

With regard to the RI-values, canola oil was thetdat of the four oils and reached a RI
increase of 0.001 units after 14 days of heat geoor@able 6.5 and Figure 6.2). The
traditional sunflower oil took 17 days to reach #g@me unit increase. The high oleic
sunflower oil was much slower and took 29 dayshows a Rl increase of 0.001 units.

The palm oil was the slowest and took 66 daysaolréhe same RI unit increase.
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Figure 6.1 Graph indicating number of days for peroxide valugo reach maximum
of 100 meq peroxide/1000 g oil for traditional sunflower, high oleic
sunflower, canola and palm 0il.SO: Traditional sunflower oil, HOSO: High

oleic sunflower oil.
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difference of 0.001 for traditional sunflower, high oleic snflower, canola
and palm oil. SO: Traditional sunflower oil, HOSO: High oleic $lanver oil.
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The p-AVs remained constant during the early stagesxafation for all four oils (Figure
6.3). Measurements fqgr-AV were taken until the PV of an oil reached iteximum
value of 100 meq/1000 g. TheAVs for the traditional sunflower oil remained neoor
less constant with values ranging between 10-13% figh oleic sunflower oil also
showed stablg@-AVs of between 0-1.7 byt-AV gradually increased from day nine to
reach a value of 3.5 at day 21. TV of palm oil remained more or less stable during
the first three weeks with an average value of Bdwever, palm oil showed a slow but
systematic increase mAV from 10.9 (day 24) to 17.4 (day 58). Only camoil showed

a sharp increase gAYV from day four (5.7) to day nine (27.3).
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Figure 6.3 Graph indicating gradual increase inp-anisidine value measured for
traditional sunflower, high oleic sunflower, canola and palm di SO:

Traditional sunflower oil, HOSO: High oleic sunflewaoil.
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6.5.4 Discussion

Large variation was observed between the four ypes$ for fatty acid composition.
Traditional sunflower oil is generally charactedsas a linoleic oil with linoleic acid
contents between 48.3-74.0% and low oleic acid esunof less than 39.4% (Codex
Alimentarius Commission, 2010). The linoleic aciohtent of the traditional sunflower
oil used in this study was 64.60%, while the olaiid content was 22.66%. Canola oll
had a higher oleic acid content (59.63%) than thditional sunflower oil, but a lower
linoleic acid content (21.76%). However, the canoihad the highest linolenic acid
content (8.98%) of all four oil types. The traditéd sunflower, high oleic sunflower and
palm oil contained minor percentages of linolerd@aThe contents of major fatty acids
were in the ranges recommended for canola oil dErend Snowdon, 2009; Codex
Alimentarius Commission, 2010). Although both ttadial sunflower and canola oil are
widely used for cooking oil, salad oil and in makimargarine, canola oil is preferred by
health-conscious consumers because it has the tl@atgated fatty acid content of all

major edible vegetable oils (Raymer, 2002).

High oleic sunflower oil is characterised by itgtnioleic acid content (74.18%) and low
linoleic acid content (15.28%). However, the olaatd content showed a lower level than
the minimum limit required for high oleic sunfloweil. According to literature, high
oleic sunflower oil should not contain less thar®/6leic acid and the linoleic acid
content should preferably be less than 10% (Gu@02; Codex Alimentarius
Commission, 2010). The lower oleic acid content sneed for the high oleic sunflower
oil might be the result of the high oleic hybridededelivered at the oil press. If high oleic
acid hybrids are unstable for the oleic acid trigy would vary in their oleic acid
contents across planting locations (environments) wears, since environment has a
large influence on oil fatty acid composition. Thisuld result in seed batches that vary
for oleic acid content. As a result, high oleicdéelivered at the oil press might have had
lower oleic acid contents than the minimum requiiedt because of the environmental

influence on these hybrids.

Palm oil is the commaodity oil richest in palmiticid with an average content of 44-45%
(Lin, 2002). Eighty percent of the oil is mainlyagsin food (as cooking oil, margarine,
and shortenings), while the remaining 20% are w@sedleochemicals to replace mineral

oils in various industries (pharmaceutical, cosoetdetergents, lubricants and plastics)
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(Sohet al, 2009). Palm oil used in this study containedb2% palmitic, 3.99% stearic,
43.56% oleic and 10.08% linoleic acid and theseeslere in the ranges recommended

by the Codex Alimentarius Commission (2010) fompalil.

IV gives an indication of the number of double bema the oil and therefore quantifies
the degree of unsaturation in the fatty acids (@deret al, 2009). The IV is thus a
reflection of the susceptibility of an oil to oxiitan. The higher IVs observed for the
traditional sunflower and canola oil were attrittlite the high unsaturation levels of these
oils and as a result these were expected to shevottest oxidative stability. The high
oleic sunflower oil had a lower IV since it is a nounsaturated oil with a lower
unsaturation level. The saturated palm oil with lilwest IV was expected to show the
highest oxidative stability. The IVs of all foul®were in the ranges recommended by the

Codex standards (Codex Alimentarius CommissionPp@dr each oil respectively.

FFA and PV are the most frequently determined guatidices during oil production,
marketing and storage (Thomaidis and Georgiou, 199 four oils showed low FFA
values (less than 1.0%) and were below the limi2%f The low FFA values observed

indicated absence of hydrolytic alteration and thatoil was of good quality.

The traditional sunflower and canola oil showed BW at the beginning of heat storage.
In spite of their low initial PVs, these oils wete most susceptible to oxidation and both
oils reached the maximum PV of 100.0 meq/1000 eraftly nine days of heat storage.
The low oxidative stability of the traditional simier oil might be attributed to its high
PUFA/SFA ratio and high linoleic acid content. [eanola oil, both linoleic and linolenic
acid contents contributed to the total PUFA confentthis oil. This, together with the
low SFA content, resulted in the high PUFA/SFA aathat contributed to the low
oxidative stability for canola oil. The relativelyigh initial P\p of 9.36 meqg/1000 g
observed for the high oleic sunflower oil may bedese the high oleic oil was cold-
pressed and therefore may contain impurities thae lan effect on the stability of the oil.
However, the PYwas still below the recommended value. The highcobil reached a
maximum PV of 100 meqg/1000 g after 21 days of Is¢artage. Regardless of the higher
initial PV of the high oleic sunflower oil, it wamsore than twice as stable as the
traditional sunflower and canola oil when PV is sidlered. This resistance to oxidation

may be attributed to the lower PUFA/SFA ratio adl &s the high monounsaturated fatty

239



acid (mostly oleic acid) content of the high olsinflower oil. Palm oil had a low initial
PV, of 0.98 meg/1000 g. The oil showed the highesstasce to oxidation of all four oils
and the maximum PV value of 100.0 meq/1000 g waslred after 58 days of heat
storage. The high oxidative stability of palm oisvexpected due to the high total SFA
content, low PUFA/SFA ratio and hence, its inhestability.

The p-AV, an indicator of secondary oxidation (aldehycentent) remained constant
during the early stages of oxidation for all foulsoHowever, as oxidation progressed
over time, thg-AV gradually increased from day eight on for thaditional sunflower,
high oleic sunflower and palm oil. On the other dharanola oil showed a sharp increase
in p-AV from day four on. The reason for this suddecré&ase irp-AV for canola oil may
be explained by the fact that two oxidation staggas be distinguished. The first period is
characterised by a slow progression of oxidatitsg aamed the IP and is followed by the
second stage of accelerated oxidation (Marquiz-Ruial, 2003; Martin-Polvilloet al,
2004). During the IP, the PV increases to a maxinpomt, while the AV remains
constant. However, when the secondary oxidatiogeststarts, the peroxides formed
during the IP are broken down to secondary oxigapooducts and as result, the PV
decreases while thp-AV increases.The reason for the stableAVs observed for
traditional sunflower, high oleic sunflower and mpabil may be because for these oils,
oxidation was still in the IP and oxidation did naach the accelerated stage yet.
Alternatively, canola oil might have had a shoiferand secondary oxidation may have

started at day four.

As oxidation of oil samples progressed over tirhe,RI values increased. Autoxidation is
a complex series of chemical reactions that caasdecrease in the total unsaturated
content of the oil due to abstraction of hydrogeljaeent to a double bond and the
formation of free radicals (Stauffer, 1996). SirRkvalues are related to the degree of
unsaturation of oils, Rl-values increase upon didda(Martin-Polvillo et al, 2004).
According to the Rtvalues, canola oil showed the shortest IP witH-a&dRue difference

of 0.001 that was reached after two weeks. Canblavas followed by the traditional
sunflower oil with the RI difference that was readhafter 17 days. The high oleic
sunflower showed a notably longer IP with the Rifedlence that was reached after
approximately four weeks. The palm oil was the nsiable oil with the longest IP of

more than nine weeks.
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In conclusion, the Schaal oven test approach wasessful in determining keeping
quality and oxidative stability of the four commialccooking oils. Both methods used to
determine keeping quality, PV and RI, gave equdications of the endpoint of IP.

Although PV reached the endpoint of IP first, teedency of PV and RI the reach the

endpoint of IP was similar for the four differenlso

The traditional sunflower and canola oils showedl lfwest oxidative stability and were
followed by the high oleic sunflower and palm ditaditional sunflower and canola oil
showed similar oxidative stability, regardless it notably different fatty acid
compositions. The reason for this was becausetiadl sunflower and canola oll
showed similar unsaturation levels (as measuretthély PUFA/SFA ratios and IVs) and
therefore the same tendencies towards oxidativeidiéyn High oleic sunflower oil was
more resistant to oxidation and was almost twicestable as the polyunsaturated oils.
Palm oil was the most resistant to oxidation of@lir oils analysed and this high stability

was attributed to the low level of linoleic acidddmgh level of total SFA content.

Since the high oleic sunflower oil that is currgrdaiailable on the shelf is cold-pressed,
the oil may contain a higher level of natural axiiants that is usually removed during
the refining steps of a conventional oil procesgimacedure. As a result, the high oleic oil
may contain acceptable shelf stability without atidgnthetic antioxidants. The natural
antioxidants, together with the high MUFA contentay additionally provide health
benefits to consumers in disease prevention (Patkadr, 2003).

In order to establish valid and reliable comparssbetween different oils, it is necessary
to follow the progress of oxidation until the enoift of accelerated stage is reached,
because differences may exist in the evolutionxidation for the different oils. Also, the
different oils vary in their content of minor commmnts that have pro-oxidant or
antioxidant activity. Therefore it is necessary éwaluate their content and changes
because of their decisive contribution to the cews oxidation (Martin-Polvillcet al,
2004).

In the first part of this study it was shown thiag¢ tigh oleic sunflower hybrid seed used
in the PANNAR breeding programme was of good oil quality andwsitbconsiderably

better oxidative stability than oil of traditionalinflower hybrids. It was then decided to
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compare results obtained with commercial oils thia available on the shelf for the
consumer. The commercially available high oleicflwver oil proved to be of good
quality with noticeably better oxidative stabilitdHowever, this high oleic sunflower oil
that was randomly taken from the shelf had an odeid content that was below the
minimum requirements for this oil type. It is naicaptable to label an oil “high oleic” if
the oleic acid content of the oil is below the ectpd requirements for this type. The
reason for this is that high oleic sunflower oibguction and commercialisation is still in
the foundation stage and it is necessary to devahampgent quality control for high oleic
sunflower. Additionally, quick methods for testitige fatty acid content of seed batches
delivered at the oil press should be put in pldoe éxample by use of near magnetic
resonance spectroscopy instruments). Finally, lmgedf stable high oleic sunflower
hybrids that will produce seed with invariable drigh oleic acid contents across seed
batches is necessary to produce oil that will cgmyith the standards set for high oleic

sunflower oil.
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CHAPTER 7

GENERAL CONCLUSIONS AND RECOMMENDATIONS

Sunflower oil has unique properties that are papwitgh consumers who use the oil for
cooking, frying and for salad dressing. High olsignflower oil is becoming more
attractive to health-conscious consumers as welbasestaurants. This oil type has all
the appeal of traditional sunflower oil, while Aetsame time it is more stable and does
not need to be hydrogenated for industrial fryimgplecations. However, high oleic
sunflower oil production and commercialisation il &1 the foundation stage and much
research is still needed to produce high oleic lewdr oil that complies with the

standards set for this oil type.

One of the aims of this study was to investigatedfiects of genotype, environment and
their interaction on oil quality traits of traditial, high oleic and mid oleic acid sunflower
genotypes and to identify the most stable and widelapted genotypes for these traits.
Sunflower seed oil content and fatty acid compositiave shown significant differences
in relation to genotype, environment and year effémvironmental factors that were

found to have a large influence on genotypic pentorce for these traits included rainfall,
temperature and planting date. In general, highgiedds were observed in environments
that received more rain during the growing seastowever, too much rain resulted in

lower oil yields that could be attributed to eitltbe occurrence of low radiation, low

temperatures, diseases or waterlogging conditidainfall also had a significant

influence on the fatty acid profiles and especialig oleic and linoleic acid contents.
Generally, genotypes grown in drier and warmer remvhents showed higher oleic and
lower linoleic acid contents than those grown imiemments that received more rain and
had cooler temperatures during the growing seaBuffierent planting dates caused
flowering and seed development to occur duringgasriof widely different temperatures,

radiation and day length. The highest oleic acidtent was observed for early plantings
when seed maturation occurred during high meary dainperatures. Later plantings
caused seed maturation to occur when the mean taiperatures were lower. As a

result, genotypes showed higher linoleic acid catisten later plantings.
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Analyses of variance indicated highly significarXEinteraction for all oil quality traits
over locations and seasons. As a result it wasssacg to do stability analyses. In
general, the traditional linoleic genotypes (gepety1 and 2) had high linoleic and low
oleic acid contents and were relatively stabletiese fatty acids over six locations during
the first season (2004/2005). However, both theseotypes were unstable for oleic and
linoleic acid content across years. The traditiageziotype 1 was stable across locations
for oil content while both traditional genotypesosied stability across years at one
location (Kroonstad). The high oleic genotypes stdwWarge variation for oleic and
linoleic acid content across locations and yearewéver, of the eight high oleic
genotypes analysed, genotypes 6, 8 and 14 weretis¢ stable for oleic acid content
across locations and years and showed oleic acittots of above 75%. The high oleic
genotypes 6 and 8 and the mid oleic genotype 18 ter most stable for oil content and
showed average to above average oil contents. igheoleic genotypes 5 and 9 were the
most stable for palmitic acid content, while thgrhbleic genotype 9 and the mid oleic
genotype 10 showed stable stearic acid contentslowations and years. Genotypes that
showed stability for the particular traits shouksl donsidered for commercial hybrid seed
production. High oleic genotypes 6 and 8 that shibability for both oil content and
oleic acid content with average to above averagaeots of these traits are highly

recommended for commercialisation.

Sunflower hybrids have different oleic acid potalstiin their oil. In high oleic sunflower,
the potential oleic acid content varies betweerB@%. High oleic hybrids with lower
oleic acid potentials could be more sensitive tarenmental factors such as temperature
and soil water availability. The variability in @adeacid content observed for the high oleic
acid genotypes across locations and years canbhods attributed to the presence of
modifying factors in their genetic backgrounds. §@enodifiers are inherited from either
one or both parental lines used in hybrid productod have an effect on the expression
of the high oleic acid genes. Modifiers may belafiethat suppress the effect of e
allele on the high oleic acid trait. However, itpessible to breed for stable and widely
adapted high and mid oleic acid genotypes. Higltaeid inbred lines that are used in
hybrid crosses should be analysed across locatiodsgenerations for stability of the
high oleic acid trait. Lines that show stabilityr foleic acid content should then be used
for hybrid production. Hybrids obtained from crogsistable inbred lines should then be

analysed across locations and seasons for stabie ahd linoleic acid contents. It is
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recommended that genotypes that show unstable ssiprefor this trait be selected

against in the breeding programme.

Most parts of South Africa where sunflower is proeld, is semi-arid and therefore erratic
weather conditions may occur during the croppingsea that has a large effect on
agronomical and oil quality properties of sunflowkiis therefore necessary that hybrids
are produced that will perform well under heat andught stress conditions and that
show stability for yield-related and oil qualityaits. In order to assess the effect of heat
stress on these traits, plants of high oleic, neicand traditional sunflower hybrids were
exposed to a maximum temperature of 36°C for & ipeéeiod during the most critical
stage of storage lipid biosynthesis. Heat stresslted in a significant increase in head
diameter and head sterile centre diameter, but pumifilled seeds per head and twenty
five-seed weight was reduced. These traits arergiyeorrelated with sunflower seed-
and oil yield and therefore heat stress would taauh reduction in oil yield. In general,
the most stable hybrids for head and seed traite W low oleic hybrids 10 and 12 and
the mid oleic hybrid 2.

Unfortunately, the high oleic hybrid 4 did not perh well with regard to agronomical
traits. This hybrid was highly sensitive to the t&taess and showed a significant increase
in head diameter that resulted in the increasesroed for number of filled seeds per
head and twenty five-seed weight. Although increasdhese traits were observed, it was
not the ideal since it was previously reported tlater heads resulted in increased
percentage of hull that ultimately results in desee of oil content, since oil content and
hull percentage is negatively correlated. This ywam/ed by the significant reduction in
oil content observed for hybrid 4. The oil contefthis hybrid was reduced with 11.8%,
the largest observed among all hybrids analysesb,Ahe larger head size resulted in an

increase in the sterile centre of the head.

Heat stress significantly modified oil content afatty acid composition in both

traditional and mid oleic hybrids. Oil content slemva significant reduction of 6.09% on
average. Palmitic, stearic and oleic acid contemie significantly increased by the heat
stress, however, linoleic acid content was sigaiftty reduced. The low oleic hybrids 8
and 10 showed good stability for oil and palmit@dacontent. The high oleic hybrid 4

and the mid oleic hybrid 11 were the most stableridg for oleic and linoleic acid

250



content. These should be considered for produati@meas where high temperatures may
occur. Where significant differences were obseribetveen hybrids for seed and oll

quality traits, it is possible to genetically impeothese traits through selection. However,
heritability estimates of these traits also coniigbto the effectiveness of selection for a

trait.

Estimates of broad sense heritability were highettem normal temperature conditions
than under heat stress conditions for head diagnetenber of filled seeds per head and
twenty five-seed weight. However, these estimatesevwgenerally low to intermediate
under both normal temperatures and heat stresstiomsdand indicated that these traits
were sensitive to the environment. As a resulthcha for improvement of these traits
through selection would be complicated. Oil conterid palmitic acid showed
inconsistent heritability estimates between treatihand therefore it would be difficult to
improve upon these traits under heat stress conditiHowever, stearic, oleic and linoleic
acid contents had high heritability estimates unoleth normal temperature and heat
stress conditions and indicated that it would bespie to improve upon these traits
through selection. For oil quality purposes, ok linoleic acids are the most important
fatty acids because these contribute almost 90%heototal fatty acid composition of
sunflower oil. Since these traits showed high héility estimates, breeding to improve
these traits would be relatively simple under défé temperature conditions. However,
the inconsistent heritability estimates observed ful content under different

temperatures are challenging in producing hybridbk high oil contents.

Although significant correlations were observedwsstn some agronomical and oil
guality traits, these were low. Therefore, whersthg for head and seed traits, the fatty
acid composition would not necessarily be affecad vice versa. Care should be taken
when selecting for traits that show inconsistentralations at different temperature
conditions. The negative correlation between ailteat and oleic acid content under heat
stress conditions is problematic for the productidrhigh oil yielding high oleic acid
hybrids.

Unfortunately, during this trial only one potentiaigh oleic acid hybrid was identified
and analysed and therefore no general conclusiothereffect of heat stress on the

stability of oleic acid content could be made slrécommended that more high potential
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oleic acid hybrids should be included in this typlestudy since different high oleic
hybrids have shown variation in stability acrosSedent environments and seasohs
future research the inheritance of the high olead arait in South African genetic
backgrounds needs to be investigated. Addition#tly,number of genes involved as well
as the presence of modifier genes in the parergainglasm need be established.
Knowledge of the genetic control and inheritancehigh oleic acid content can help
breeding programmes to focus on developing stagte dleic acid breeding lines that can
be used to develop superiot ybrids with stable oleic acid contents acrossedit

environments and seasons.

Since the environment plays a major role on otlyfatid composition, it is difficult using
conventional phenotypic evaluation, to differemtidietween different high oleic acid
alleles in high oleic acid genotypes or between ¢wygous and heterozygous plants for
this trait. However, genotypic selection for thegthioleic acid trait with the use of
molecular markers and MAS would be more reliablerimeding programmes, since these
markers are not influenced by the environment. &itsh molecular markers linked to the
high oleic acid trait have been identified in poas reports, the development of markers
targeting this trait in a South African genetic kground was necessary. Furthermore,
these previously mapped markers are not suitabiehigh throughput and reliable

analysis in breeding programmes.

A F, segregating population was developed from a cressden a high oleic and low
oleic acid parent. The j;Findividuals and their two parents were screened fo
polymorphism using AFLP and SSR markers and a ¢jakgroup was constructed based
on 19 putative markers. At first, AFLP makers wigtentified in order to ensure a high
density of markers in the targeted chromosome rég)o SSR markers were included to
correlate or anchor the linkage group obtainedhis study with LG 14 of the public
sunflower map. One major QTL (LOD 5.97), contrdflioleic acid content, was identified
on putative LG 14. This QTL explained 35.0% of fifeenotypic variation for the high
oleic acid trait. In addition, results of the QThadysis indicated that the QTL controlling
this trait was due to an additive effect. Sinceyoohe QTL, explaining 35% of the
variation, was detected, other major and/or min®t. §hat contribute to the phenotypic
variation for this trait might exist that were ridentified in this study. Reasons for this

are the small population size used and because @my trial was planted in one
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environment. Also the BSA approach was used toetaltte gene of interest and whole

genome mapping was not done.

From the 19 putative markers that mapped to p@ai 14, five mapped within the high
oleic acid QTL region. The two AFLP markers flardgithe oleic QTL region (E37M55.1
and E38M3.1) as well as the SSR marker, ORS1086ér1 pbe used for MAS. However,
these need to be validated for their reliabilitypnedicting the phenotype. In order for the
AFLP markers to be useful in MAS, these need todreverted to SCAR markers that can
be used in high throughput screening for the hifgcoacid trait. However, the SSR
marker ORS1086.1 should be reliable and useful he breeding programme.
Furthermore, because of the large distance (26 )2beveen the flanking markers, there
is a chance for recombination to occur within thELQ@egion and therefore it is necessary

to identify and map more markers on LG 14 thatliafeed to the high oleic acid trait.

It is recommended that the identified markers shdid tested for their effectiveness in
determining the target phenotype in different pagioghs and in different genetic
backgrounds. Additionally, these should also beéetks$n different locations and years
since uncontrolled environmental effects could wrdarge phenotypic variation without
any genetic basis for the effects. In order tadedé markers across locations and years, it
will be necessary to develop an immortal mappingutation such as a RIL or doubled
haploid population. Future research should cona@mton marker saturation of the
targeted chromosome. In addition, the size of tregping population should also be

increased to allow detection of additional majod aminor QTL.

The last aim of this study focussed on oil quadind oxidative stability properties of the
seed oil of high oleic, mid oleic and traditionahfiower hybrids. Oil quality refers to the
nutritional and functional properties of oil; hovegyit is a relative concept that depends
on the end-use of the oil. The keeping qualityibisathe length of time that the oil resists
significant change of its acceptable propertie$.cOntent and fatty acid composition are
regarded as major oil quality parameters and faityd content and the level of

unsaturation play a key role in the keeping qualftgil.

The high and mid oleic sunflower hybrids had simi@ contents than the traditional
sunflower hybrids. Mean seed oil content variedveen 35.65-36.56% for the three
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hybrid types and was relatively low compared to awhtents observed for hybrids in
Chapter 3. Mean oil content varied between 45.982. for genotypes studied in
Chapter 3. Since oil content is largely influended the environment, the lower oil
contents observed may have resulted from unfavéeiradnditions like heat or drought

stress occurring during the field trial.

The high oleic, mid oleic and traditional sunflowesbrids differed significantly in their

fatty acid contents. High oleic hybrids contained average 82.56% oleic acid (8.11%
linoleic acid), the mid oleic hybrid 53.77% oleicid (36.37% linoleic acid) and

traditional hybrids 65.66% linoleic acid (22.91%icl acid). High oleic hybrids contained
on average 3% less palmitic acid than the tradilicunflower oil. This correlation was
genetic and contributed to the lower SFA contenthiwfh oleic sunflower oil. The

PUFA/SFA ratio as well as Rl and IV values wereigatlve of unsaturation levels and as
a result oils’ tendency to undergo autoxidationci@ased levels of unsaturation (linoleic
acid) will result in increased levels of oxidatistability. Therefore the high and mid oleic
sunflower oils with their lower levels of unsatuoat should be more resistant to
oxidation than the traditional sunflower oil. Thienjecture was verified by determining

the oxidative quality and stability of the threétgpes.

The initial oxidative status of the three oil typgas evaluated by measuring PV gnd
AV values. The significantly lower PV angtAV values observed for the high oleic
sunflower oil confirmed that this oil type was matable than the traditional sunflower
oil. For the traditional oil, autoxidation alreadtarted during seed storage and was in the
induction period. Additionally, oxidative stabilitgf the three oil types were assessed
under accelerated oxidation conditions, using tis t@st. The high oleic sunflower oil
was the most stable oil with the highest OSI valDi.shelf life was estimated from the
OSl values. The high oleic sunflower oil showed ltregest predicted shelf life of three
months, while the traditional sunflower oil had r@dicted shelf life of one month. The
mid oleic oil showed better oxidative stability théhe traditional sunflower oil with a
predicted shelf life of one and a half months. Thesiderably better oxidative stability of
the high oleic sunflower oil was attributed to litssv level of unsaturation. Among the
three high oleic acid hybrids analysed, hybrid dve#d the best initial oil oxidative status

and had the best resistance to oxidation. It hadldhgest predicted shelf life of four
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months. This hybrid should be considered in breggirogrammes for developing high
oleic acid hybrids with excellent oil oxidative isiiaty.

Oil of the high oleic sunflower hybrids from PANNARshowed good oil quality and
excellent oxidative stability compared to oil ofditional sunflower hybrids. It was
decided to investigate the keeping quality and atke stability of commercially
available high oleic sunflower oil and compare ithwtraditional sunflower, canola and
palm oil. The high oleic sunflower oil showed oatsling oxidative stability and was
more than twice as stable as the traditional sweftoand canola oils. This resistance to
oxidation was attributed to the low PUFA/SFA radiod unsaturation level of the oil. The
traditional sunflower and canola oil showed simdaidative stability due to their similar
levels of unsaturation. Palm oil was the most tesisto oxidation of all four oils tested
and this high oxidative stability was attributed tioe high SFA content and low
PUFA/SFA ratio of the oil.

Vegetable oils obtained from the shelf of localewparkets vary in their content of minor
components that have pro-oxidant or antioxidaniviagtsince these oils were obtained
through different extraction and processing procesluTherefore making a comparison
between these oils is not exactly valid. Thereftoe future research it is recommended
that the same test is repeated on the same oillegmipcluding olive oil. In order to

make more valid comparison between the differehttyges, fresh crude oil samples
should be obtained that did not go through somedgrocessing (degumming, refining,
dewaxing or hydrogenation). These processes dlteomposition and structure that will

ultimately contribute to differences in keeping lijyaand oxidative stability.

Although the cold-pressed high oleic sunflower dHat is currently commercially
available, proved to be of high quality with gooddative stability, its oleic acid content
of 74.18% is below the minimum level (75%) recomuh for sunflower oil to be
regarded as high oleic acid oil. The precise re&gothis is unclear, but the instability of
high oleic acid hybrids for oleic acid content ntigiontribute to the low level observed.
However, high oleic acid sunflower hybrids with iolecid contents that exceed 80%
have been identified in this study and are promgisior the production and
commercialisation of high oleic sunflower oil thaill conform to requirements for high

oleic sunflower oil.
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This study made a valuable contribution towardshhateic acid sunflower breeding in
South Africa, since it was possible to identifytigleic acid hybrids that showed stability
and adaptability for the high oleic acid trait iffiferent environments and under different
temperature conditions. High heritability estimatebserved from genetic analyses for
oleic and linoleic acid contents, will contribute further development of high oleic
sunflower hybrids. Additionally, molecular markéirked to the high oleic acid trait have
been identified that may possibly be implementedri@eding programmes in order to
select more accurately for the high oleic acidttrhiigh oleic sunflower seed oil has
superior oil quality and oxidative stability profies to traditional sunflower oil and the

South African hybrids will meet the demands for embealthy and stable sunflower oil.
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SUMMARY

High oleic acid sunflower hybrids have been avddaim the market for a few years, but
research on the stability of these genotypes fbrqaality traits in South African

production areas is limited. General aims of thislg were to compare oil quality traits of
high oleic sunflower against traditional sunflonggnotypes in different environments,
over seasons and under heat stress conditionsoaiutritify possible genetic markers

related to the oleic acid trait that would be uk@&fibreeding programmes.

Combined ANOVAs of oail, linoleic, oleic, palmiticnal stearic acid content of 16
genotypes tested in a total of nine trials oveheigcations and three seasons showed
highly significant differences between genotypejiemment and GXE. Significant GXE
suggested differential response of genotypes adestgg locations and years and the
need for stability analyses. Stability analysesewperformed for all oil traits using
AMMI. Stability analyses indicated that high olgjenotypes 6 and 8 could be considered
stable across environments and seasons for oibkeici acid content and genotype 9 for

palmitic and stearic acid content.

Sunflower oil quality is affected by genotype andvieonmental conditions with
temperature as a major influence. The effect ot B#ass on seed yield and oil quality
traits was investigated by applying a maximum terapege of 36°C to plants during the
critical seed-filling stage. This information waseatled to define a breeding strategy to
further improve seed oil quality in environmentsesd heat stress may occur. All traits
measured were significantly influenced by heatsstreThe low heritability estimates
observed for seed-related yield traits indicateat tienetic improvement for these traits
would be difficult. Oil and linoleic acid contentgere significantly reduced by heat, while
oleic acid content was significantly increasedraditional hybrids. The oleic acid content
of the high oleic acid hybrid was unaffected, s thybrid showed the largest decrease
in oil content. High heritability estimates obseatvior oleic and linoleic acid content
indicated that it is possible to genetically impeahese traits under different temperature

conditions.

Since oleic acid content is influenced by the emwinent, this trait showed instability

across environments. Genotypic selection for thigit tusing linked markers is
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independent from the environment. A segregating ufaion comprising 78 F
individuals was obtained from a cross between h blgic acid and traditional sunflower
line. AFLP and SSR markers were used to identifg avap QTL, associated with the
high oleic acid trait, putatively to LG 14 of therdlower consensus map. A major QTL
controlling the level of oleic acid was identifigdat explained 35% of the phenotypic
variance for this trait. Markers linked to thisitraere identified that could be useful in
MAB.

Physicochemical properties and oxidative stabiityseed oil of high (82.6% oleic) and
mid oleic acid (53.8% oleic) sunflower hybrids we@mpared with those of traditional
sunflower (65.7% linoleic and 22.9% oleic). Oxidati stability was evaluated by
measuring PVp-AV and OSI values. High oleic acid oil had the to@sdative stability.
Since oxidative stability was related to the uns#tan level of oil, the high oleic oil with
significantly reduced linoleic acid content had kinghest resistance to oxidation. Keeping
quality of commercially available vegetable oils¢cluding high oleic sunflower oil was
evaluated using the Schaal oven test. Oil samplased in a heat cabinet at 63°C were
periodically examined for keeping quality by deterimg PV, p-AV and RI values. High

oleic sunflower oil was twice as stable as tradgilosunflower and canola oils.

Keywords: AMMI, ANOVA, broad sense heritability, dgii oleic acid, fatty acids,
molecular markersHelianthus annuud.., oxidative stability, temperature
stress
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OPSOMMING

Hoé-oleiensuur sonneblombasters is al vir ‘n geeuiyd kommersieel beskikbaar, maar
byna geen navorsing is gedoen om die stabiliteit herdie genotipes ten opsigte van
olie-kwaliteitseienskappe in Suid-Afrikaanse prosiegebiede te ondersoek nie. Die doel
van hierdie studie was om die olie-kwaliteitseieapgbe van Suid-Afrikaanse hoé-
oleiensuur sonneblomgenotipes met dié van tradidosonneblomgenotipes te vergelyk
en om die effek van verskillende omgewings, seisoen temperatuurstoestande op
hierdie genotipes te bepaal. ‘n Verdere doel wasmwontlike molekulére merkers, wat
aan die hoé-oleieneienskap gekoppel is en in twmgipmme gebruik kan word, te

identifiseer.

Die gekombineerde variansie-analises vir palmitiens steariensuur, oleiensuur,
linoliensuur en olie-inhoud het aangetoon dat mitdtaal van 16 genotipes, wat in nege
proewe in agt lokaliteite oor ‘n tydperk van draay ontleed is, daar hoogs betekenisvolle
verskille vir genotipe, omgewing en genotipe-omgeyinteraksie was. Betekenisvolle
genotipe-omgewing interaksie het aangetoon dat tgeso verskillend in verskillende
omgewings en oor jare gereageer het en stabititalesdings was dus nodig. Die
stabiliteit van al die olie-eienskappe is deur melddvan additiewe hoofeffek en
multiplikatiewe en interaksie analise (AMMI) bepablierdie ontledings het aangetoon
dat die hoé-oleiensuur genotipes 6 en 8 hoogse$tatni omgewings en seisoene was Vvir
olie- en oleiensuurinhoud, terwyl genotipe 9 stabMr palmitiensuur- en

steariensuurinhoud was.

Sonneblomolie-kwaliteit word grootliks deur die osmgng beinvioed en temperatuur
speel die belangrikste rol. Die effek van hittesinéng op saadopbrengs- en olie-
kwaliteiteienskappe is bestudeer deur sonneblontglaan ‘n maksimum temperatuur
van 36°C gedurende die mees kritieke stadium vpiedbiosintese bloot te stel.

Hittestremming het ‘n betekenisvolle invloed op die eienskappe gehad. Lae
oorerflikhede van saadopbrengs-verwante eienskdppdaarop dat genetiese vordering
vir hierdie eienskappe nie haalbaar is nie. Vir tlaisionele sonneblombasters is ‘n
betekenisvolle afname in linoliensuur waargeneemyytl oleiensuurinhoud betekenisvol

toegeneem het. Die oleiensuurinhoud van die hoirddaster was onveranderd, maar

hierdie baster het ‘n beduidende afname in olieirthgetoon. Die hoé oorerflikhede vir
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oleiensuur en linoliensuur dui daarop dat dit webntlik sal wees om hierdie eienskappe

geneties onder verkillende temperatuurtoestanderteeter.

Omdat oleiensuurinhoud grootliks deur omgewingssoete beinvioed word, is hierdie
eienskap onstabiel oor verskillende omgewings. amr genetiese merkers wat aan die
hoé-oleieneienskap gekoppel is, gebruik te maalk, dedeksie op die genotipe gedoen
word en die omgewing speel dus nie ‘n rol nie. ys€gregerende populasie, bestaande
uit 78 plante, is verkry nadat ‘n hoé-oleien ingéde lyn met ‘n tradisionele
sonneblomteellyn gekruis is. AFLP (geamplifiseefidgment lengte polimorfisme)- en
SSR (eenvoudig herhalende volgorde) analises isutelmm QTL (kwantitatiewe
eienskap lokusse), wat aan die hoé-oleieneiensleopgel is, te identifiseer en
waarskynlik op LG 14 van die konsensus sonneblomkeaakarteer. ‘n Hoof QTL, wat
die hoé-oleiensuur inhoud reguleer, is geidengéfign verklaar 35% van die fenotipiese
variasie vir hierdie eienskap. Die geidentifiseerdeerkers, wat aan die hoé-

oleieneienskap gekoppel is, kan vir merker-ondengtrde teling gebruik word.

Die fisies-chemiese- en oksidatiewe stabiliteitssi@ppe van die saadolie van hoé-
oleiensuur (82.6% oleiensuur) en mid-oleiensuuBfd3oleiensuur) sonneblombasters is
met dié van tradisionele sonneblom (65.7% linoliemsen 22.9% oleiensuur) vergelyk.
Oksidatiewe stabiliteit is bepaal deur peroksigdansidien- en olie stabiliteitsindeks
(OSI) waardes te meet. Olie van die hoé-oleiensstigls het die beste weerstand teen
oksidasie getoon. Omdat die vetsuur-onversadiglagsvan olie ‘n aanduiding van
oksidatiewe stabiliteit is, het die hoé-oleienoligt die laagste onversadigingsviak gehad
het, die meeste weerstand teen oksidasie getooae. dRsidatiewe stabiliteit van
kommersiéle kookolies, insluitende dié van hoéarledonneblom olie, is deur middel van
die Schaal oondtoets geévalueer. Olie monstens ‘i3 hittekabinet by 63°C geplaas en
peroksied- p-ansidien- en refraksie indekswaardes is gereetidey@ om te bepaal hoe
lank dit vir die olie neem om te oksideer. Die olediewe stabiliteit van die hoé-oleien

sonneblom olie was twee maal hoér as dié van teedile sonneblom- en kanola-olie.
Kernwoorde: AMMI, ANOVA, oorerflikheid in die breBegrip, hoé oleiensuur, vetsure,

molekulére merkers,Helianthus annuusL., oksidatiewe stabiliteit,

temperatuurstremming
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