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Summary

Inheritance of the high oleic trait and environmental effects on seed fatty
acid composition in High Oleic Sunflower (Helianthus annuus L.)

By
Claudio Ferfuia

(Under the Supervision of Prof. dr. Gian Paolo Vannozzi)

High Oleic Sunflower oil has a wide range of applications, such as in the food industry and as raw
material for norfood applicatios. The development of a high oleic sunflower mutant was first
reported by the Russian resgzer K.I. Soldatov (1976), whdeveloped the first stable higheic

acid opemp ol | i nat ed c u lthtough ahemical Preitagenegigeht dsnethyl sulfate
(DMS) and further selectionfor high oleic acid contentdigh temperature enhances oleicdaci
contentin the oil of normal or low oleic cultivars but conflicting results are reported about
temperature effects on oleic acid content of high oleic acid cultiedh&rno effect oranincrease

in oleic acid content with temperatuiRResearchson genetic control athe high oleic mutation led

to several hypotheses on the number of genes (major genes, modifier genes and suppressors), on
their dominance and maternal influence on the trait. Genetic variability among HO lines could be of
importanceto breeders working in the industry of high oleic types. A goal in HO breeding for
industrial useis to select hybrids with an oleic acid content higher than 90% and stable across

environments.

The approach to studying the inheritance of oleic acid comtas based only on the cross between
HO inbred lines. ThuI (or Pervenets Allele) was homozygous. All variation in oleic acid content

observed across generations was due to others genetic factors.

To investigae the effects of temperature in high olgienotypesundernatural field condition, a
threeyear field trid was carried out with two dagef sowingand three HO genotypes in Udine.
Oleic and linoleic acids content was influenced by temperature in two gesofgne inbred line

and in the hybridyvhile the other inbred line was inseig to temperature. There was an increase

1
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of about 3%in oleic acid content from 400 to 500 Growing Degi2ays (accumulated from

flowering to 25 days after flowering).

The HO inbred lines tested differed for sonfeéhe alleles that condition their high oleic content.

The use of reciprocal hybrids and backcrosses led to the hypothesis that two genetic factors (one
major gene and a combination of modifier genes), in addition to Pervenets allele, affected oleic acid
content in HO genotype3he gitoplasm masks the effects of this second major gene, designated as
Ols. It could be a second FAD2 genkhe emperaturanay affectsegregation ratio or, in other
words, the phenotypical expression of some genes only in thefenglle cytoplasm. Maternal

effects could modify phenotypic expression of some genes and consequently the 90% threshold in

oleic acid content.

In the R, plantgeneration some individual seeds showed a low oleic phenotype (oleic acid content
<55%). In seeds collected from one plant a longitudinal gradient in oleic acid content was found
from embryo to upper cotyledons. A maternal phenotypic effect on the HQvaaisuggested: a

third recessive gene, designated ag @tting on oleic acid content in the HO phenotypes.

Temperature seems to modify the phenotypical expression of some genes.

It seems that three elements, two major genes and a combination of repdifiaddition to the

Pervenets allele, wersvolved in thegeneticcontrol ofhigh oleic acid content

Segregation patterns led to several hypotheses of gene interactions: epistasis, suppression or
duplicate genefkesults suggest that epistaarsdbr duplicate genes are the most probable type of

gene interactions.

To obtain environmenrnsensitive hybrids, selection could be based on inbred lines that do not
show any phenotypic variation in oleic acid content across years and locations. It was dbhs¢rved
the cytoplasmic effect might have an important role in the genetic control of these traits.
Cytoplasmic effect could be used by breeders to obtain stable HO hybrids, insensitive to the
environment. Selection for increased oleic acid compositionrgiesseed basis and on ha#ed
technique in early seffollinated generations should be avoided. Selection on single seed basis or
on single plant basis should be made with increasing of inbreedingRaaimbinant inbred lines

with a LO phenotype del@ped from the crosses between HO inbred lines could be ugedtas

lines to select against negative factors new High Oleic lilesobtain hybrids with a content in

oleic acid higher than 985% it is necessary to select inbred lines with a low corntesaturated

fatty acids.

2
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Further studies are needed to elucidate the nafusappression for Pervenets mutation efftog
number of these suppressors, the nundfemodifier genesand their interaction withthe other

genetic elements.

Key Words: High oleic acid contentenetic ContrglMaternal EffectsEnvironment
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Aims of thework

The topic of research presented in this thesis is the evaluation of environmental and maternal effects
on oleic acid content and its inheritability in High Oleic Sunflower. The environmental effects have
been studied by using two sowing dates ifetdént years. The effects of temperature are considered.
Maternal effects have been studied by using reciprocal crosses and backcrosses between High Oleic
inbred lines. Finally, inheritance of high oleic acid content has been studied by analyzing parents,
their k, F, and patrtially k.

The main goal of this thesis is to determthatfactors affect oleic acid content in HO genotypes

and, consequently, to give some indications for HO sunflower breeding procedures.
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1. Introduction and literature review

Sunflower (Helianthus annuuslL.) is an annual speciebelongng to subtribe Helianthinae,
subfamily Asteroideae and familgomposiae (Seiler and Rieseberg, 1993unflower originated
in northern Mexico and soutlestern USAand domesticatiomccurred about 3000 B.®y the

Native American Indians

It was introducednto Spain from North America for floral decoration in théth centuryMassal
selection for oilcontentwas first carried out in Russia and, through continuadesding efforts,

inbredlines with a 50% oil content were obtained.

There are three types of sunflower. These includeeed type, nopoilseed typeand ornamental
sunflover. However, the production stnflower is mainly devoted to oil extraction (Dofrahd

Vick, 1997).With the discovery in France of a cytoplasmic male sterility sysbawsed on PET1
(Leclercq 1969), and fertility restorationfrom a wild sunflower(Kinman, 1970) hybrid sunflower
varieties have become predominawnto the market to produce seed. dllhis characteristic

revolutiorized the sunflower industry by producing highality hybrid sunflowers.

Sunflower oil is the fouh most important vegetable oil world trade at present with an annual
produdion of around 9 milliontonsand a cultivated acreage of oved million hectaes, mainly
concentrated in th®ussian Federation, Ukraine, India, and Argentina, which totalize more than
50% of sunflower world acreagfaostat, 202). In Italy, sunflower $ cultivated oracreage of10
thousand hectaremainly concentrated in thréglian regionsin central Italy Marche Umbria and
Tuscany(Istat, 2012) The new European Federation with 27 countries is become the first sunflower

producer (Romanidulgaria Hungary, Spain, and France).

Oilseed sunflower has many applications in both thefood and food industryHdowever,the use
in non food industryor for human consumption requireds with dfferent fatty acid composition
(Vannozzi, 2006)Different mutagengphysical antbr chemical mutagenic agehtsave been used
to develop these mutantgth a high contenin saturated fatty acidgpdlmitic andstearic acids)
and/or with a modified ratio between unsaturated fatty acids (oleic/linoteg. ra

1.1 MUTANTS FOR FATTY ACID PROFILE

The properties of a vegetable oil are determined by the fatty acid composition of its lipids. Seed oill
from cultivated sunflower is comprised primarily of the saturated fatty acids palmitic (16:0) and
stearic (18:0pncids, and the unsaturated fatty acids oleic (18:1), linoleic (18:2) and linolenic (18:3)
acids (Dorrel and Vick, 1997). Typically up to 90% of the fatty acids in conventional sunflower oil
are unsaturated, namely oleic (18%%0) and linoleic (68%2%) faty acids. Sunflower oil is

8
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1. Introduction and literature review

premium oil because of its relatively high level of unsaturated fatty acid contents. However, oils
with different fatty acid composition are required depending on their use in industry (Vannozzi,
2006) or for human consumption.

Advances in modern genetics, most importantly induced mutations, have altered the fatty acid
composition of sunflower oil to a significant exteifferent mutagens (physical or chemical
mutagenic agents or combined treatment) and methods have been dsedlop these mutants

with an increase in saturated fatty acid and/or with a modified oleic/linoleic ratio.

With regard to the oil with anodified oleic/linoleic ratipthe most important mutations have been
obtained by treatment with dimethyl sulfateMB), which produced genotypes with more than 80%
oleic acid (Soldatov, 1976). Mutants have also been obtained that have a high linoleic acid content
(>80%) by treating seeds with-bays and ethyl methanesulfonate (Sketial, 2008).

A second landmark ithe genetic improvement of sunflower oil quality was the discovery of
mutants with increased levels of saturated fatty acids, either with high palmitic acid (>25%) or high
stearic acid (>25%) content (lvanet al, 1988; Osoricet al, 1995; Fernandelloya et al.,2002;
Velascoet al, 2008).For instance, as far as the use of mutagenic agents is conceeadagt
sunf | ower -andXrdys hasvpradiced anutants with 2886 palmitic acid. Sunflower

seed treatment with Xays has also resulted in mutants having 30% palmitoleic acid, while
treatments with mutagenic sodium azide have produced seeds containing 35% stearic acid (Skoric
et al, 2008).

1.2 HIGH OLEIC SUNFLOWER

Sunflower genotypes are often classified according to the potential oleipeacehtage in their oil.
Oleic acid percentage in oil is 180% in traditionalor low oleic or normal type0 80% in mid

oleic typesand more than 80% in high oldigpes

The development of a high oleic sunflower mutant was first reported by the Rresstancher K.|.
Soldatov (1976), whdevelopedhe first stable higloleic acid opepollinated cultivafiPer ve net s
through chemical mutagenesmth dimethyl sulfateand trther selectiondor high oleic acid
content. The Pervenets mutant came from ordye pollen grain and it has been screened as a
dominant mutation (Lacombe and Bervillé, 200@)was used worldwide as faigh oleic acid
contentsource m breeding programs to produce High Oleic (H@gs and commerdiehybrids

with an oleic acid contenbver &%. In practice nowall HO lines derived from the mutant
population Pergnets display seed oil with tlodeic acid contenHO over 80%.In other words, all
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1. Introduction and literature review

High Oleic genotypes (Hybrids and Inbred linesyéshe same High OleiSource the Pervenets
mutant. The HO genotype carries not onkjpe Pervenets mutation but also different factors that
affectoleic acid content

The hgh oleic trait is seedpecific andthe mutation reduced the expression offi2-desaturase

gene (Garcés and Mancha 1989, 190dhbajet al. 1996 Hongtrakulet al. 1998 MartinezRivas

et al, 2001).The seed specific microsomaleate desaturassncoded by the FAD2 (Fatty Acid
Desaturasepene was completely active, however, the level of gene expression was drastically
reduced (MartinezRivas et al, 200). The microsomal oleatelesaturase (MOD)mMRNA
accumulation is reducetlring the grairilling period, compared to the LO genotypédsading to a
decrease aficrosomaloleatedesaturase activity in the seeds during lipid reserve elaboration steps
(Hongtrakulet al., 1998; Lacombe and Bervillé, 2000).

More recently, Lacombet al. (2009) denonstrated that Pervets allele is organized in two parts:
the first section present in both HO and LO genotypes camiesormal microsomal oleate
desaturase gene, the second section is fspea HO genotypes and carries part of MOD
duplications. Thestudy of mMRNA accumulation in LO and HO seeds revealed thabth&tion is
expressed in tranand induces aoleate desaturagaRNA downregulation.Furthermore pleate
desaturassmallinterfering RNA(23bp) characteristiof gene silencing, accumulatspedically
in HO seeds.

Silencing mechanism is dominafitacombeet al, 2009) and acts in trans in Fhybrid plant
heterozygous for the Pervenets mutation. The absend©bf oleate desaturase transcript explains
the absence of thdOD oleatedesaturase activity and cgeguently the high oleic trai(Bervillé et

al., 2006).

1.2.1 Genetics

1.2.1.1 Origin of Pervenets mutant

Soldatov reported the development of a sunflower with high oleic acid content in 1976. About 200
sunflower heads from the populativiNIIMK 8931 weretreated with a 0.5% solution of dimethyl
sulfate, a chemical mutagen. Thirty; Beeds from eacbf the 200 sectors were sown on one lane
plants were selpollinated and the operation was repeated until thegsheration. To detect
eventuafatty acid mutants, Soldatov collected pollen on 10 differeppMgenies to pollinate one
normal plant. Thus, Soldatov repeated this operation 200 times. He sowed 30 seeds per pollinated
head and after seffollination of each plant he used 30 seeds gant to extract oil. Thus, he
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analysed 6,000 oil samples per iodine method or gas chromatography and only one displayed an
Oleic Acid Content (OAC) 50.3% higher than those of other plants. He sowed the remaining seeds
from the plants that had such an O£60.3%9 and seHpollinated each of them. He used again 30
seeds per head to extract oil and mixed the seeds from all the progenies, which displayed an OAC
higher than 40%. Thus, he constituted the Pervenets population. After two cycles, by intercrossing
plants in Pervenets, he enhanced the average OAC of Pervenets to 65% (range 60 ltong3%).
found that the high oleic content was stable and well maintaingtieimextgenerationsas
indicated by a close relationship of plants with high oleic cordedttheir progeny (£ 0.67). By

bulking the superior plants with high oleic content, the Pervenets variety was created and released
to producers in Russia by the VNIIMK research centre. The Pervenets variety had an oleic acid
content of approximately 705%, whereas the oleic acid content of the original VNIIMK 8931 was
30-35%.

1.2.1.2Genetic Studies

Thehigh oleic trait in sunflower is complex and no general agreement on how oleic acid is inherited
has been reachebh general, genetic modifications that altee fatty acid profile have been found

to be qualitative rather than quantitative. This means that they are controlled by a low number of
genes and are less affected by the environment than quantitative traits such as oil content. They are
mostly determied by the genotype of the developing embryo with little or no maternal influence.

It has never been considered if there is only one mutation in Pervenets or several mutations, all
leading to a HO phenotype (Lacombnd Bervillé, 2000)However, no evidencéor several

mutations occurring in Pervenasseported in literaturéseeTablel).

Various levels of dominance were reported in diffeqauiblications(Table 1). The HO trait may
behave as a dominant, recessive or sgmminant trait.In the subsequent generations, depending

on theprogenies, the HO trait may disappear, segregate as a Mendelian factor, or submitted to
strong distortion in the segregation pattern either as an excess of LO or an excess of HO individuals
(Lacomle and Bervillé 2000; Bervilléeet al, 2006). The behaviorof the mutation depends on the
background of the classical sunflower lines crossed onto the Pervenets(Beuvd& et al, 2006)

Some genetic variation for oleic acid content appeared in interaction with Pervenets mutation
(Varéset al, 2002)

Thefirst genetic analyses on the high oleic sunflower mutant concluded that the high oleic acid trait
was controlled by gartially dominantor dominant (Fick, 1984Urie, 1985)single gene designated

Ol. Urie (1985) detectedlsothe presence of modifiers as well as an unexplained reversal of the
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dominance of th®©Il geneandhe concludedhat somelLO parentlines do and some do not carry
major factors and/or modifiers causing deviatidfiller et al. (1987) reportedhe action of a
seond gene, designatédl, thatappeaedto modify the oleicacid content These Authors found in

F, seeda trimodal distributions for oleic acid content. An intermediate class was clearly evident,
ranging from 48% to 72% in oleic content. The high oleic class ranged from 82% to 92%, whereas
the low oleic class was similar to HA 8RO parent)and ranged from1% to 18%. The number of
seeds in the intermediate class was too large to support a single, dominant gene theory. However,
this study did confirm the presence of a major gene with partially dominant gene action, as reported
by Fick (1984) and Urie (1985This geneproduced oleic composition levels of-86% in seed oil.
Therefore asecondocus designatedl, appears to modify the oleic content,hen the recessive

allele, miml,and combined with the ge, oleic levels in seed were 82% or higher.

FerrandezMartinez et al. (1989) proposed a model based on the presence of three dominant,
complemerdry genes, designated;O0l,, and Of. These Author$ound by the analgis of F, and
baclcrossed seedhree kindof segregations, in both, Bndbaclkcrossedopulations, with different
proportions of low, intermediatand high oleic type3hey reported in f£the following segregation
patterns:1:3, 7:9 and 37:27 for high oleic and lomiermediate classe$eneticanalysis of thes

data supported the hypothie that the high oleictrait is controlled by three dominant
complementary genes. Additional data showingsEedswith intermediate oleic conterand
segregations for high oleic progenies of intermediate typssggest the presence of nrajactors

modifying high oleic acid content.

Demurin and Gkoric (199 6previmschypbtideses antl concloded that m

the Ol locus exhibited genetically unstaldrpression.

Fernandezt al. (1999) reportedilsoa two gene modgebut theyproposed thathe recessive allele

ol increases oleic acid content and the domindhtallele controls thefeedbackmechanism
maintainingoleic/linoleic content ratio at the physiological level, in relation to the temperature
during the seed maturation. &hadvanced the hypothesis tMitis a polygene or a gene complex

which works by a series of single genessely influenced by temperature.

Only Demurinet al. (2000)reported the existence ahother allele 0Dl gene.According to hese

Authors arecessivallele of Ol gene, designated’ptontrolled themid-oleic acid content

The first genetic study on oleic acithheritance conducted under controlled environment was
carried out by Alonso (1988). Ttathor found a greatffect of temperature ooleic acid levels in

all generations. In all cases the conclusion ¥t oleic acid content was controlled by a single
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geneOl, which depending on thiemperature can act either as dominant or partially dominant. No
additional genes or modifiegere detectedA secondgenetic study under controlled environment
was carried out by Velas@i al. (2000). They reportethe existence of ie genes controlling oleic

acid content, designate®l;, Ol,, Ols, Ol; and Ols. The gentypes OIl;0l;, Ol;0l;0I,0l, and
Ol,0l;0l,0l, were high in oleic acid, whereas the genotypmlplhad a low oleic phenotype.
Conversely, the genotyp®Il;ol;0l,0l, could exhibit low, memim, or high oleic acid content
depending on th@lI3, Ol, andOls genesTheyspeculatd that thephendypic expression of some of
these genes is dependenmt the temperature during seethturation and therefore the genetic
hypothesis nght not be useful to understasegregations for oleic acid under different conditions

The works done by Lacomig al (2000;2001 2002a,l5 2004)with molecular techniquandicated
thatthe high oleic acid content was directed by two independent loci, a locus carrying the oleHOS
allele (that is exclusively correlated to the high oleic acid content status of the geranygpe)
another locus that carries a suppressor allele (supHOAC) that also directs the high oleic acid trait.
All the HO lines derived from the Pervenets mutant carry a specific RFLP (oleHOS) revealed by an
oleate desaturase cDNA used as a probe. dve Oleic genotypes do not carry oleHOS, but
another allele: oleLORThey studied HO heredity in two segregating populations. In an F
population, the HOtrait cosegregated with oleHOS. In Becombinantinbred line (RI) Fg
population, all HORI lines carried oleHOS. The RI lines carrying oleHOS were elteor HO

(2:27 low to high) The absence of H®I lines with oleLOR eliminated the occurrence of a
recombination event between the locus carrying oleHOS and the locus c#igieyvenetsllele.

Thus, heHO trait is due to 2 independent loci: the locus carrying oleHOS allele and another locus.
One allele at this other locus may suppress the effe¢cheobleHOS allele on théHO trait.
Therefore, depending on the supHOAC allele in theeggding population, the high oleic acid trait

is controlled by one or two loci. The suppressor allele could disturb the conventional segregating
pattern for high oleic to linoleic acid and therefore other observations that reject the dominance of

the higholeic acid trait might beuk to segregation at this loc{ilsacomte et al, 2001)

1.2.1.3Modifier genes

The combined experience of public and private sunflower researchers has led them to suspect that
several modifier genes are presentinbred lines of sunflower, each having an effeon the
intermediatdevel of oleic acid iybrids(Vick andMiller, 20039.
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Fig. 1. F, segregation for gammacopherol content in absence (A) or presence (B) of modifiers from a cross Low
gammatocopherol x High gammtocopherol. k segregation for oleic acid content in absence (C) or presence (D) of

modifiers from a cross Low oleic acidHgh oleic acid. (Source: Velaset al, 2012).
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Modifying genes, also known as modifier genes or simply modifiers, are minor genes having no
known effect except to intensify or diminish the expression of a major gene (Bndgsnawles,

1967 Allard, 2001). The effect of modifieis well known in some annual leguminous plants on
seed mottling levelAllard, 2001). Also in soybean, a role obdifying genesacting on oleic acid

content wagproposed (Alet al, 2005)

For sunflower oil quality traits, modifiers were first reported for the high oleic acid trait (Urie, 1985
Miller et al, 1987). Breeders are making a beneficial use of modifiers to break complete dominance
of high oleic acid in order to develop hybrids pradgcmid-oleic acid oil(Velascoet al, 2012)
Modifiers are not a phenomenon specific to high oleic acid, but they have been found to influence
most of the oil quality traits developédelascoet al, 2012) The presence of modifiers hinders

breeding fowil quality traits.

As shown inFig. 1, modifiers exert a dramatic effect upon the expression of alleles controlling
modified oil quality traits The genetic bases underlying modifiers action are poorly understood.
Recently, GaregMorenoet al. (2012 identified four modifiers ofph2 which underlies a gamma
tocopherol methyltransferase (gamiielT) enzyme, on four different linkage groups of sunflower
genome and demonstrated that in most cases they corresponded to duplica&sdfcgpmma
TMT.

14
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1.2.1.4HO Suppressoror Suppressors

Suppressions atype of gene interaction. A suppressor is an allele that reverses the effect of a
mutation of another gene, resulting in the normal (yjee) phenotypef-or example in sunflower,

the actionof a suppressor on Pervenets alledO( mutantphenotypg could originated aLO
phenotype(wild-type). Both recessive and dominant suppressors are found, and they can act on
recessive or dominant mutatio(Griffiths et al, 2000) Suppression is sometimesnfused with
epistasis. However, the key difference is that a suppressor cancels the expression of a mutant allele
and restores the corresponding wiygpe phenotype while epistass inferred when an allele of one

gene masks the expression of the afiebf another genand expresses its own phenotype instead
(Griffiths et al, 2000)

The action of a suppressor on the Pervenes first proposed by Lacorabet al. (2001).
Suppressors may affect the expression of the silentiaghanisnthat may cause to save oleate
desaturase transcript and thus to restore the LO trait (Beetik®, 2006). Demurin (2003) and
Demurinand BorisenkoZ011b) verified he existence of suppression in normal and HO genatype
Demurin and Borisenko (20&)1 reported that thenormal line RIL100contaired a high oleic
mutation Ol in hypostatic conditiofa suppressor masked HO phenotypeferitance of the high
oleic mutation in the crosses of VK5080) with suppressoréLO lines that carried a suppressor)

in F, fitted a digenic model of epistatic action of Sup over Ol in the ratio of 13 ndir@gl 3
mutant (HO). L26 (HO) line showed resistance to suppressor with complete dominance of Ol
mutation in the Fand monogenic inheritand®:1 of HO to normal)n the K, when LG 26 was
crossed with suppressoarrying lines.Suppression seems to be common in several sunflower

genotypes.

1.2.1.50ther Desaturasegenes

Another important issue is the following: how many FAenesare there in sunflowerth
sunflowerthreedifferent FAD2 (Fatty Acids Desaturase) were identifi€dhe of theseFAD2-1,
was expressed speddlly in seed¢MartinezRivaset al, 2001)andtemperature may regulate this
enzymeboth by altering its expression and by regulating its actiUityHO sunflowerthe FAD2-1
gene was completely active, howevehe level of gene expssion was drastically reduced
(MartinezRivas et al, 200]). Recently,GarciaMoreno et al. (2012) demonstrated that unstable
expression of high gamnrtacopherolcontentin sunflower seeds was due itderaction between
duplicated locithat revert the high gammimcopherol phenotype to intermedidd®v gamma
tocopherol valueDuplicatedFAD2 genehave been founth other oil cropqe.g. Schlueteet al,

2007 Jurg et al, 2000). In soybean, FAD2 is a gene family (with duplicate genes) that consists of
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at least five member(Schlueteret al, 2007. It is known that duplicate gea@rovide alternative
genetic determination of a specific phenoty@iffiths et al, 2000). At present,he literature
contains no informatioon the presence of FAD2 duplicate genes in sunflower.

In conclusion there isa general agreement on the presence migr Ol gene controlling the high

oleic acid contentrait, but this trait is complex and involveseveral modifying genesand
suppressaof HO phenotypavhose number and function still need to be determ{hadombeet

al., 2001;PérezVich et al, 2002 Demurinand Borisenkq 201Db). The level of dominancenay

depend on genetic backgrourgtudies by Fernandédartinezet al. (1989), Demurin andkoric

(1996), Velascet al.(2000) and Pére¥ich et al. (2002 confirmed the reversal of dominance that
wasfirst mentioned by Urie (1985). Furthermore, interpre&tiifferences in these studies may be

due to background genes in the parental lines (mgupressors)environmentsitilized to test the
segregating generations and the number of modified genes present in the breeding material (Miller,
1992; Miller and kek, 1997; TriboiBlondelet al, 2000). Finally, the molecular and genetic nature

of the high oleic acid tris still not well understood.

This lack of understanding causes difficulties in directing the conversion of traditional linoleic lines
into high oleic lines during breeding programméderstanding the genetic control IdD trait

will help to find solutionsand more effective breeding procedures.
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Tablel. Summary of the genetic studies dealing with the oleic emident trait in sunflowefmodified from Lacomle
and Bervilg, 2000 and Varet al, 2002)

HO Line LO Line Dominant/recessive/ Maternal Number of major (M) gene  References
incomplete dominance effect with or without modifiers
Pervenets Incomplete dominance Not checked 1M Fick, 1984
selection
Pervenets P21 Dominant No 1M + modiefer Urie, 1985
selection
Pervenets HAS89 Incomplete dominance maternal 1M + modiefer Miller et al.,
selection influence 1987
Pervenets Dominant Not checked 1M Schmidtet
selection al., 1989
Pervenets Cms Dominant No 3M additive+ modifiers Fernandez
HA89 Martinezet
al., 1989
AO-P-1 Cms Dominant No 3M additive+ modifiers Fernandez
HA89 Martinezet
al., 1990
6 different 6 different Dominant butlso Notchecked 3 hypotheses with increasing Demurinand
HO line LO line sometimesecessive gene numbergeneOl with Skoric, 1996
incompletepenetrance Demurin
determined by genotypic 2003
epistatic factors of reversion
HAOL9 ROL71 Dominant butalso Notchecked 1 M + modifiers not clear Dehmer and
sometimegecessive Friedt,1999
R 978 HA89 Recessive Notchecked 2 interactinggenes: Single Fernandezt
recessive genand recessive al., 1999
modifier (gene complex)
7 different  3different  Dominant Reciprocal Not addressed Varéset al,
HO lines LO lines effect 2000;2002
HAOL-9 High 1 Dominant Notchecked  Major QTL (85 % EV) PérezVich et
stearic al., 2000
mutant
CAS-3
HO line LO line 1 Dominant Notchecked llocus=pl1l2 RFLP Lacombeet
from from al., 2000
Monsanto  Monsanto
Different Different Dominant No effect Not addressed Lacombeet
HO lines LO lines al., 2000
HAOL9 HA89 Complexsome maybe No Five genes + modifiers Velascoet
dominant al., 2000
LG-27 HA89A Dominant andecessive No effect 1 Major locus with 3 alleles Demurinet
oL butalsosometimes al., 2000
recessive
line line Dominant Notchecked 2 M (1 epistatic suppressor) Lacombeet
BE78079 BD40713 modifier (combination of) al., 2001
from from 2002a,b ;
Monsanto  Monsanto 2004
LG 26 LO Dominant Notchecked  2M (1 epistaticsuppressqgr Demurinand
suppresser Borisenkq
carrying 2011
lines
VK508 VIR721 Dominant Notchecked  Dominant epistatic action of Demurinand
the suppressor Borisenkq
2011
17
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1.2.2 Maternal effects

Variati on i n an I ndi vidual 0s phenotype may
environment of that individual but also by maternal effelectghis work, the terminologyusedto
definethe maternalkeffectsis that proposed biroach and Wulff (1987).

Roach and Wulff (1987) definedaternal effectas the contribution of the maternal parent to the
phenotype ofts offspring beyond the equahromosomal contribution expected from each parent
Maternal effects in plants may also affect phenotgxigression of traits in subsequent generations
and theycan have a profound impact on selection, el if selection is based ahe phenotypic
performance of seeds produced onanplUnderstanding how materredfects influence selection
can allow br the develoment of more efficient breedirgjrategies and an increase in genetic gain
(Gilsingeret al.2010)

Roach and Wulff 1987 described three types of matat effects and classified thems
cytoplasmic genetic, endosperm nuclear, and maltehenotypic.

The cybplasm isstrictly maternally inheritedRieseberget al, 1994) in sunflowerFor instance,
cytoplasmic male sterility (CMS) is a maternally inherited tirmisunflower(Rieseberget al, 1994
Miller and Fick, 1997. In the botanicatontext, cytoplasmic genetic maternal effects occur when
the maternal parg passes, to heffspring, genes located in the cytoplasm that affect a certain tra
When these nenuclear genes are passed from one generation to the next, the phenomdrexh is ca
cytoplasmic inheritancgMiko, 2008) Non-nuclear effects may playnaimportant role in
determiningthe phenotype of hybridend thus breeding procedurés selfpollinated specieshese
effects are heritable and normally are deteatedach succes/e generation oihbreeding, unless
cytoplasmic x nuclear genetic effects exibt this case, the effects maissipate or appear,
depending on the interaction.

Endospem nuclear maternal effects cancur as a result of 3N endosperm having two nuchen f
the maternal parent. This cagive rise to a higher dosage of maternal genes amsgngtimes
referred to as dosagmaternal effectsin sunflower endosperm nuclear maternal effegtse
negligible (Seiler, 1997).

The third class of maternal effe@se matenal phenotypior maternal influengeresulting fronthe
environment and/or genotype of the maternal parent itself. These influences mayi@stuwrcture

or physiology and may be the most commapetpf maternal influencén high stearic sundwer,
FerrandezMoya et al. (2003)reported a mother plant control on high stearic trait irhiga-stearic
temperatura@ependentnutant line CAS14. These authors speculatdtht thelower expressiomf

the stearate desaturase (high content in stearic acid at high temperature) wabelegistence of
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a thermosensitive element in the fatty acid biosynthesgulatory cascade originating from the
maternal planduring capitulum and seed developmeaiisingeret al. (2010) found in soybean

t hat of fspringds p matermalt plap Matemma sffects fbdtveeergcipracal b y
crosses dissipated whepnybean seeds wegeown in vitro, while significant differences between
the parents were maiained. This is evidence that factors translocated from the maternahagnt

be causing the maternal effect.

It is also important to realize that observed maternal effects could be the result of any one or a
combination of the maternal effects just déssal.

Cytoplasmic influences are normallgetected via reciprocal crossesnce, in sunflowet
cytoplasmic genes are inherited maternally. cytoplasmic effects are present, significant
differences should be observed among reciprocal crosses in sucggssivations. If consistent
effects are not observed (diminishing effects with inbreeding), likely causes are nuclear x
cytoplasmic interaction effectshortlived maternal effects, or Type | error.

The reciprocal hybrid (ff seeds would normally be pheaypically different from those obtained
from selfpollination in female parents, because they have different genotypesséfefis from
reciprocal crosses have a phenotype equal to that epalétiated seeds of the maternal parents,
than maternal effés occur. In the absence of materphénotypicandor cytoplasmic effects, it is
also expected thaeciprocalF; have the same phenotype hesathey have the same genotyibe
they are different, there could either be cytoplasmic inheritance, matdraeabtypiceffects, or
both The absence of signiiant diferences in the means of plants is not necessarievidence
that cytoplasmic eécts are absent(Gilsinger et al, 2010) Reciprocal effects due to the
environment should produce significalifferences between reciprocal crosses, but diminish in the
subsequent generations or environmemtewever, environmental maternal effects progeny

phenotype often appears to be transitory

Cytoplasmic and mateah effects may be distinguishé&g compaing F, seeds borne on reciprocal
F1 plants Knowles and Mutwakjl 1963). Under the assumption that; plants and seeds from
reciprocal crosses have the sagemotype on average, it is expected that they valehthe same
mean value for th&ait understudy whether maternaffects are present or not. If differences exist
betweenreciprocal |z populations, they would be expectiedbe due solely to cytoplasmic effects
(Mosijidis and Yermanos, 1984)he results obtained with these procedures bwinfluenced by
environmentalfactors such as flower manipulation at the timesses are made, and temperature

during seedlevelopment.
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If the parental lines used akeery different in flowering time, or irthe period from flowering to
seedmaturity, environmemat effects on the oil compositiomay cause diffrences in reciprocal
crossesOne wayof getting around th@roblem is to use backosses that have the plants as
maternal parenidt is expeced thatF; plantshavesimilar or equal developmental timirgcaise
this is controlledby the nuclear genotyd#liller and FHck, 1997%. It is normally expected that seeds
borne on the FA/B backcrossedo parent A will be different to those backssed to parent B,
because theeeds have different genotypdshey have the same wa for the trait being studiet,
indicates that the maternal genotype controls the tta# also expected that ti@ckcrosgA/B)A
would be equal to (B/A)A If this expectationis not fulfilled, it indicatesthat cytoplasmic
inheritance is present, because the only factor that ferelift between these reciprocal crosses is
the cytoplasm of the maternal plaft4osjidis and Yermanos, 1984)

One limitation of both reciprocal crosses and pemtal backcrosses is that theoncluwsions of the
presence of cytoplasmic inheritze are obtained solely fronm, populations No information is
obtained about the pergsaice of reciprocal differencés later generationéMosjidis and Yermanos,
1984)

Early studies on HO trahaveindicaied maternal influence but not complete maternal inheritance
(Miller et al, 1987) andthe complete influence of the embryo genotype trait (Urie, 1985,
FernandeaMartinez et al, 1989) In other wordsthe absence of maternaffects More recently,
Varés et al. (2000; 2002), witha completediallelic cross between seven linesporteda reciprocal

effect on oleic acid content.

1.2.3 Environment

Environmental factors (that may cause any type of stress) influence the proportions of fatty acids by
altering the enzyme activitfGarcéset al, 1992; Sarmient@t al, 1998 Rondaniniet al, 2003

2006 as well as transport between organelles (Saeer Seiler, 1990) and therefore a thorough
understanding of the environmental factors influencing seed develbpamen oil quality is

necessary.

Sunflower oil content and composition is not only influenced by genetic factors, but also by
environmental andagronomical factors including planting location, climate, tempezatwater
availability, planting date, nitrogeand irrigation applicationsSteerandSeiler, 1990;Baldini et al,
2002;Flagellaet al, 2002; Izquierdet al, 2002;Rondaniniet al, 2003; Rochet al, 2004; Roche

et al, 2006;Zheljazkovet al, 2008;Zheljazkovet al, 2009;Anastasiet al, 2010;Zheljazkovet al,

2011).
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In traditional hybrids, fatty acid composition varies w#bwing date Ynger, 1980Jones, 1984
Rocheet al., 2004;Zheljazkovet al, 201]), year (Goyneet al, 1979 Varés et al, 2002;Rocheet
al., 2009 and locatio (Benvenutiet al, 1984;Lajaraet al, 199Q Zheljazkovet al, 2009, though
high oleic hybrids seem to be less affected by emwirentalconditions Garcés et al, 1989; Tribd

-Blondelet al, 200Q Baldini et al, 2002;Flagellaet al, 2002 Izquierdoet al, 2002 Rocheet al,

2004; Rocheet al, 2006 Anastaskt al, 201Q.

In normal type sunflowemil composition(and especiallpleic acid contentis highly influenced
by environmental factors as the temperatur@afia et al, 1990;lzquierdoet al, 2002 Rondanini
et al, 2003 Izquierdoet al, 2006 Rondaniniet al, 2005; Izquierdo and Aguirregbal, 2008, the
interceptedsolar radiation(lzquierdoet al, 2009; Echarteet al, 201Q Echarteet al, 2012 and
water availability (Baldinet al, 2002).

1.2.3.1 Temperature

Temperature may have a major effect on sunflower oil characteristics during grainfdiiisg
Among sunflower seed components, the unsaturated fatty acid content (oleic and linoleic acids) is
the most temperature sensititehas long been known that temperature is the main environmental
factor affecting thdatty acid compositionn the oil oftraditional type sunflowef{Canvin, 196%

mainly regulating the ratio of oleic and liret acidduring sunflower seed developmemhere is

an inverse relabnship between temperature dmbleic acid contenfHarriset al, 1978 Izquierdo

et al, 2006)

Seveal studies have been conducted, under natural field conditions and in controlled environment,
in order to clarify how temperature affects the fatty acid compostfosunflower seeddJnder

field conditions, variation in oleic acid percentage was betplained by maximum (Seiler, 1983),
minimum (Harriset al, 1978) or daily mean temperature (Nagao and Yamazaki, 1983).
controlled environment studies, high temperatures during seed development (especially night
temperatureRochester and Silver, 198Bave been found to cause a decrease in the amount of
linoleic acid and a corresponding increase in the amount of oleic acid in the oil (Izgeieao

2002). Seed maturation during periods of low temperature gave opposite results. The mechanism
involved appeared to be the direct effect of temperature on the activity of the desaturase enzymes
that are responsible for the conversion of oleic to linoleic acid (Canvin, 1965; Efaalis 1978;

Silver et al, 1984; Garcés and Mancha, 1991). Therefordy tehperature and genetic effects are
mediated by changes in the activity of the microsomal @QDI8ate Desaturas®y FAD2 (Fatty

Acid Desaturase)Accordingto Izquierdoet al. (2002), Izquierdoet al. (2006) and Echarteet al.

(2010)variations in oil fatty acid composition weveell related to night temperaturizquierdoet
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al. (2002)suggested that the effect of temperature during the dark period on fatty acid composition
was an indication that light or a metabolite associated thghday/night cycle could affect the
activity of the ODS enzymen a later work, Pleitet al. (2008) demonstrated that the rateotdic

acid desaturation increag in the middleof the night indicates the infénce of night temperature

onthe desaturéion activity in sunfower seeds.

In sunfower seeds, temperature aéfts the activity of th@DS responsible for the synthesis of
linoleic acid (Garcéet al, 1992). The temperature may regulate this enzlgotk by altering its
expression and byegulating its activitysince it is an enzyme that can be thermally inactivated
(Garcéset al, 1992; Sarmientet al, 1998).

The ODS enzyme is highly regulated by temperature in sunflower seed and according to Garcia
Diaz et al. (2002), different mechasims might be involved in the control of the microsomal ODS
activity. These mechanisms include: 1) de novo enzyme synthesis or activation of ODS that is
stimulated by low temperatures, 2) the rapid and reversible partial inhibition of texigtiag

enzyne at high temperatures and 3) the exchange of oleate and linoleate between TAGs and PC
(Canvin, 1965; Garcét al, 1992; Sarmientet al, 1998).In addition, MartineRivaset al.(2001)
proposed two separate and independent mechanisms that could be involved in the temperature
regulation of ODS activity in developing sunflower seeds: 1) The-teng direct effect of
temperature, mostly related to the low thermal stability of tB&@nzyme and 2) the shaerm

indirect effect of temperature on the availability of oxygEme internal oxygen level acts as a key
regulator for the activity of the FAD2 enzyn{Rolletscheket al, 2007). Higher solubility of

oxygen in water at low tengpatures may increase the total desaturase activity by increasing the
availability of oxygen that acts as-sabstrate for oleate desaturatitinis concluded that a major
mechanism by which temperature modifies the unsaturation degree of the sunflase¢hroiugh

its effect on dissolved oxygen levels in the developing Relletscheket al, 2007).

Both regulation mechanisms are of particular relevance as they act during field growth conditions of
sunflower plants. However, temperature does not only regulate ODS activity, but also the amount of
oleate (synthesised de novo and mobilised from preforivie@) available as substrate for the

enzyme (GarciDiazet al, 2002).

Another topic of interest iguantifying the effectsof temperature on oleic acid content at different
phases in the graifiling process in sunflowerlnd thus selecting the criticgleriod Critical

periods are those when the sensitivity do environmental variable is highedtatty acid
composition of sunflower oil has been related to temperature during various periods, such as mean
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flowering to physiological maturity (Harrist al, 1978), 10 days before harvest to harvest (Nagao
and Yamazaki, 1984) and 40 days after the beginning of flowering to harvest (Seiler, 1986).
Robertsonet al. (1978) reported a significant correlation between ola@d content and
temperature between 24nd 70 days after floweringdowever, fom research on the enzymes
involved in fatty acid synthesis it appears that temperature effects would be most important early
during fruit filling (Garcés and Mancha, 1991; Ga&scet al, 1992; Kabbagt al, 1996).Rondanini

et al (2003)reported that the period of greatest sensitivity for oil quality was from 19 to 26 day
after anthesig normal line HA89 However, some difference among genotype seems to be present
(Rondaniniet al, 2006). Izquierdoet al. (2002 2006 and Izquierdo anéguirrezabal (2008found
increments in oleipercentage with gher night temperatures appliddring early stages ofrgin
development(100-300 degrealays after flowering base temperature 8C), with standard
genotypesshowing the greatest change arnigh oleic hybrids the leasRocheet al. (2006)
hypothesizedhat changes in the level ofeic acid in seeds are modulated by the mean temperature

during theflowering periodand also by the temperature sums oph#ses.

Linearrelationships between oleic (limoleic) acid concentrationna temperature were established
(Harriset al, 1978; Goyneet al, 1979; Silveret al, 1984) for ranges adaily mean temperature
betweenl5 and 27°C. Trémolieereset al. (1982) eported aurvilinear relationship étween oleic
acid concentratiorand mean tempature, with a maximum value a&pproximately 27°C. It
appears then that there is@stimum temperature for maximum oleic acid concentratizquierdo
et al. (2006) estalidhedthat theresponse of oleic &t concentration to temperatuweas bilinear.
Increags in night minimum temperatufeom 10.7 to 22.6°C resulted in a strong increment of
oleic acid concentration. Higher nigtemperatures did not increatbe concenation of this fatty
acid According to lIzquierdo and Aguirrezabal (2008gio acid percentagehewed a sigmoid
response taminimum night temperaturbetween 100 and 300C days after flowering (base
temperature 8C). These Authors demonstratédte existence odn interspecific genetic variability

in the responsef oleic acid percentage to temperataneong sunflower hybrids

1.2.3.2Temperature effecsin high oleic sunflower

Several researchers reported that oleic amiohtent showed a greattability in different
environments in high oleic genotypes, evegeahetic differences were present (Salera and Baldini,
1998 Rocheet al, 200§. Additionally, in high oleicmutants the oleic and linoleic acid contents
were less influenced by tempenauhanstandard genotypes (Flage#a al, 20®; Rocheet al,

2004; Rocheet al, 2009. However, it is known that in high oleic hybrigd 2-oleate desaturase is
active only at the early days of the embryo development associated with synthesis activity of the
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lipids (Gar@s and Mancha, 1991) and that its transcript is not accumulated during the grain filling

period (Lagravéret al, 2000).

However, Champolivier and Merrien (199€)ggested that temperature had an effect on oleic acid
content in high oleic sunflowdrybrids. In contrast,Lagravéreet al. (200Q 2004 found that the

high oleic hybrids they studied weresensitive taemperature conditions. The differences between
these reports could brelated to differences in hybrids studied as well as their genetic backgrounds.
Oleic hybrids can beharacterize@s high or low oleic acid potential hybrids and the largasdt of

total variation in oleic acid percentage could be due to differences in potentigdesicehtages of

the hybrids (Izquierdet al, 2002).Lagravéreet al. (2000) suggested thatbrids with low oleic

acid potentials could be more sensitive to environmesaalitionssuch as temperature, while

hybrids with a higher oleic acid content genetic potential wesensitive to temperature conditions.

1.2.3.30ther Environmental factors

Environmental factors other than temperature have been shown to affect oil fattprapadsition.

There is vast information about how temperature regulates oleic acid synthesis by both direct and
indirect control of FAD2, the key enzyme involved in oleic acid biosynthesis (Gare@ds 1992;
Kabbajet al, 1996; Rolletschekt al, 2007). By contrast, lighnediated changes in sunflower oil

oleic acid have been less explored. A positive correlation between oleic acid percentage and
incident solar radiation has been reported (Seiler, 1986). lzquedr@d. (2009) proposed that
charges in oleic acid percentage in response to variatiolmgarnceptedsolar Radiation(ISR) could

be mediated by changes in the carbon supply to the grains, which would affect the level of
saturation of key enzymes in lipid synthesis. At higher irradiafie&B2, the main regulation point

in this pathway, would be substrate saturated and thus increased carbon availability would lead to a
relative accumulation of oleic aciicharteet al. (2012) confirmed that effects of ISR on fatty acid

composition are aonsequence of changes in assimilate availability for grain oil synthesis.

In standard typsunflower, differences in oleic acid percentages drivelsBycould be higher than
10 percentage points (Izquierdbal, 2009).No informationis reported in lierature on ISR effects

in High Oleic Genotypes.

Studies based on different irrigation regimes reveal contrasting results (Fetgall22002;Roche
et al, 2006; Ananstasiet al, 2010). However,n high oleic genotypes, when water stress was
appliedduring the grain filling period, the oleic/linoleic acid ratio increhgesunflower grown in
North-East Italy (Baldiniet al, 2002), with respect to a more favorable water regifey

concluded that water stress, causing accelerated and earlier eddrgtopment and lipid
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accumulation therefore determines a shorter duration of all enzymatic activities, including those of

ODS and this could reflect on the final acid composition.
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ABSTRACT

High Oleic Sunflower oil has a wide range of applications, such as in the food industry and as raw
material fornonfood applicatios. High temperature enhances the oleic acid contetite oil of
normalor low oleiccultivars but conflicting results are reportaatemperature effects on oleic acid
content of high oleic acid cultivargither no effect oran increasein oleic acid content with
temperature. To investigathe effects of temperatu@n high oleic genotypesndernatural field
conditiors, a threeyear field trid was carried out with two daef sowingand three HO genotypes

(2 inbred lines and 1 hyial). To compare our results with previous wqorgsowing Degree Days

were computedtb = 6 °C) GDD accumulated during Flowering25 days after flowering period
influenced fatty acid composition. Oleic and linoleic acids content was influenced by temperature in
two genotpes (one inbred linand in the hybrid) while the other inbred line was insensible to
temperature. There was an increase of abouin38teic acid contenfrom 400 to 500 GDD. There

was genotype by environment interaction that we suppose depends by modifier Hese
indicated the importance of breeding targeted to select Isyitth an oleic acid content higr

than 90% and stable acsosnvironmenand the role of other genetic factors that affected oleic acid
content. Some difference between the two HO genotypes sensitive to temperature is detected. The
inbred line 342mt and the hybrid seem to differthe timing of sensitivity to tenperature
Furthermore, oleic acid content is well related to mean daily temperature in 342mt and to minimum
night temperature in the hybrid. This result suggests that temperature could act on different
processes in HO genotypeslso saturated fatty acidgalmitic and stearic) are influenced by
temperature and there was genetic variability among genotypes. Gergaatiyic and stearic acid
content increased with GDD accumulateith a variation of about 1% hese results suggested a

genetic variabilityamong HO genotype.

Key Words: High Oleic GenotypessDD, Date of SowingY ear, Fatty Acid
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2.1 INTRODUCTION

Sunflower Helianthus annuud..) is one of the most important oilseed crops in the world.
Sunflower oil has a wide range of applications, such as in the food industry (e.g. margarine
production) and as raw material for Afmod application (biofuels, oleochemical). Sunflower oll
gualty is determined by content and ratio of fatty acids in the oil. Sunflower oil contains both
saturated (palmitic and stearic acid) and unsaturated fatty acids (up -86%90 either
monounsaturated (oleic acid) or polyunsaturated (mostly linoleic anelstigicother minor fatty
acids). Depending on unsaturated fatty acid composition, sunflower oil can be divided into
traditional or normal or Low Oleic (LO) types, with an oil composition characterized by a majority
of linoleic acid, MidOleic (6580% oleicacid) and High Oleic (HO) sunflower (&3% oleic acid).

Previous research has demonstrated that the fatty acid composition of sunflower oil depends on
genotypes (Low Oleic, Mi®Dleic and High Oleic) and environmental conditions during seed filling
phase Kdarris et al, 1978; Champolivier and Merrien, 1996; Roatteal, 2006; Izquierdo and
Aguirrezabal 2008).

HO sunflower was obtained by chemical mutagenesis with dimethyl sulfate (DMS) of LO
sunflowers (Soldatov, 1976). HO genotypes cumulate Pervenets mutation effect and other
independent factors acting on oleic acid content such as modifier genes @iy 1987;
Fernandeet al, 1999; Velascet al, 2000; Lacombet al, 2004). Somgenetic variation for oleic

acid content among HO genotypes may depentieseindependent factorgénetic background of

parental lines).

Sunflower oil content and comptisn is not only influenced by genotypes, but also by
environmental and agronomical factors (date of sowing, irrigation, fertilization, ktbas long

been known that temperature is the main environmental factor affecting the fatty acid composition
in the oil of LO sunflower (Canvin, 1965jnainly regulating the ratio of oleic and linoleic acid.
Oleic acid content showed a great stability in different environments in high oleic genotypes
compared to the LO genotypes. High temperature enhances theaoi@icontent of normal
cultivars but conflicting results are reported about temperature effects on oleic acid content of high
oleic acid cultivars: either no effect (Lagravéteal, 2000) or an increase in oleic acid content with
temperature (Champolivier and Merrien, 1996; TrB@indel et al, 2000; Izquierdo and
Aguirrezabal, 2008)The differences between these reports could be related to differences in
hybrids studied as wedls their genetic backgroundsagraveéreet al. (2000) suggested that hybrids

with low oleic acid potentials could be more sensitive to environmental conditions such as
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temperature, while hybrids with a higher oleic acid content genetic potential wersitinseto

temperature conditions.

Under natural field conditions, the effect of temperaturdrigh oleic genotypes through the delay

of sowing has not been extensively studied. Connor and Sadras (1992¢dé¢pattsowing date
influences the fatty acidomposition by modifying the ontogenesis. For standard hybrids, delay of
sowing involves a reduction of oleic acid content and an incriealsgoleic acid content (Jones,
1984; Unger, 1986). The same variation is observed for oleic hybrids (Flagella2002; Roche

et al, 2004; 2006) but the variation was less intensive across date of sowing (a variation in oleic

acid content of about 2%).

Another topic of interest is quantifying the effects of temperatareleic acid content at different
phases inhe seedilling phase in sunflower and thus selecting the critical period. Critical periods
are those when the sensitivity to an environmental variable is highest. Roneiaaini(2003)
reported that the period of greatest sensitivity for oil qualityfweam 19 to 26 dayafter anthesis in
normal line HA89. Izquierdeet al. (2002; 2006) and Izquierdo and Aguirrezabal (2008) found
increments in oleic percentage with higher night temperatures applied during early stages of grain
development(100-300 degreedays after flowering, base temperature 6 °C), with standard
genotypes showing the greatest change and high oleic hybrids the least. &Rah€2006)
hypothesized that changes in the level of oleic acid in seeds are modulated by the mean temperature
during the flowering period and also by the temperature sums of all phases. It is not known whether
the period in which temperature has maximum effect on fatty acid composition differs among HO

genotypes.

The saturated fatty acids, palmitic and stearic, @se influence by environmental condition than
unsaturated fatty acids with small variation across years and locations @tegard990; Izquierdo
et al, 2002; 2006). However, to select HO hybrids with a high and stable oleic acid content, it is

important to detect all factors that may reduce or increase the concentration of oleic acid.

This work aimed at assessing the grain composition of fatty acids of three high oleic sunflower
genotypes in response to different growing degree days accumubatmnto study genetic

variability in seed fatty acids composition among HO genotypes as affected by temperature.
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2.2 MATERIAL AND METHODS

2.2.1 Plant material

The sunflower(Helianthus annuu4.) seedsused in this work were from the inbrédes 342mt
andR978,both high oleic inbred lines, and from their hybrid 342 x R®7& 342mt is a selection,
made at University of Udinederived by Ha 342 USDA, and it is a male sterility maintainer with a
single head. Line R978, selected by University of Udine, is g-bulinched type and it israale

fertility restorer

2.2.2 Field trials

Inbred linesand hybridwere grown in2009, 20102011 atthe experimental field dfniversity of
Udine(Fig.2, Azienda Agraria Universitaria nA. Ser
North-East Italy.The experiment was designed as a compdtek randomization scheme, with

three replictons, using two dates of sowirfdable 3). Plot size wa m x 2 m. The seeds were

sown at a spacing @75 m between row®lants were thinned aftseedling emergence from 10 to

7.5 plants rif. Nitrogen was applied at 100 kg haWeeds and diseases were controlled, and
regular watering throughout the experiment ensured that plants were not subjected to water deficit
during the entire growth periodll plants were covered with paper bags, at the R4 gageneiter

and Miller, 1981)to prevent crosgertilization. Five plants per plot were studied.

Meteorologicaldata [Table 2) for the experimental periodere recorded at a statiorJ(line - S.
Osvaldo Station; OsmeFVG Region Meteorological Servicécated 200 m away from the field
site.

2.2.3 Sampling

Harvesting waslone when all plants in a given treatment reached Physiological Maturity (PM), R9
phase (Schneiter and Miller, 1981). Seed from outer rings was separated for fatty acid and oil

content determination and analyzed. Seed was dried in an oven at 60 °C for 48 h
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Fig. 2. Field trials at S.Osvaldo (Udine) Experimental Staiiohz i enda Agraria Universitarie

To find the right PM and thus to investigatthe relationship between fatty acids contents and
temperatureplantswere sampled two times a week over a peobf weeks, commencing 10 or 13
Days After Flowering (daf) for a total of 8 samplings. At each samplieg seeds per plant from
each of three plants were taken from the outer region of the capitulum (firshgs). Seed was
dried in an oven at 60 °C for 48 h. Plants reached the real PM, when the seedbeeayhes

constant aftethreesuccessiveampling.

2.2.4 Fatty acid analysis

100 seedgper plantfrom outer rings (46) were collected. Seed weattehulled. Kernels were ground

to a fine powder using a coffee grinder. 200 mg of kepoglderwere weighed to perform fatty

acid analysis. Lipidsvereextracted im-hexane. Fatty acglwereconverted in Fatty Acidethyl

Esters (FAME) by transesterifidgon with a methanolic potassium hydroxide soluti¢2N).
FAMEs composition was determindxy gas chromatography and every fatty acid was expressed as
a percentage of the total fatty acids detgdte the oil. The gqas chromatograph, equipp&dth

Flame lonization Detector (FID)and a splitsplitless injector,was fitted with a 60 m HB8
capillary column (Agilent Technologies, USA). Helium was used as carrier gas, and the injector,
detector and oven temperatures wed@,250 and 200 °C, respectively.uL of sample were
injected in split modeDifferent FAMEs were identiéid by comparison with known standards.

2.2.5 Oil content analysis

Whole seed$10 g)were analyzed for oil content by Nuclear Magnetic ResonébtR Oxford
Instruments4000)
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2.2.6 Growing DegreeDays accumulation

To study the environmental effects on fatty acids and to compare our results with previous works,
data from years and date of sowing were divided accordi@dwing Degree Dayaccumulated.
The accumulation of the GrowgrDegree Day(GDD), over a baséemperature of 8C (Th), was

calculated using the following formula:

GDD=E[ ( Tmax +TbTmi n) / 2]

where Tmax and Tmin were the daily maximum and minimum temperatures, respectively, in °C
GDDia is calculated from last flowering to Physiological Maturity and GR@s calculated from

last flowering to 25 daf. Two GDDgroups were created: A and B. In group A, there was inbred
lines at 500 GGD and hybrid at 600 GGD. Group B was formed by inbresl #h600 GGD and
hybrid at 700 GGD. GGbwas also separated into two groups: the first one was constituted by
plants that had accumulated 400 GGD and the second by plants that had accumulated 500 GGD.

2.2.7 Statistical analysis

Statistical analysis was perforthaising R version 2.15.0 (R Development Core Team, 2012).
ShapireWilk normality test was performed to test normality conditiéntwo-way ANalysis Of
VAriance (ANOVA) was performed dixed-effect model withGDD and genotypesSignificance

of each sourceof variation was evaluated by-tEst. When the Jatio revealed significant

differences, means were compared bylthastSignificantDi f f er ence (.LSD) at P

Table2. Meteorological data for the field site during sunflower growth in 2Q209.1.

2009 2010 2011
Tmin Tmean Tmax Rainfall Tmin Tmean Tmax Rainfall Tmin Tmean Tmax Rainfall
) G (6 (mm (€) (6 (6 @Mmm (6 (€ (€ (mm)

April 9.2 147 206 1315 6.7 135 196 751 79 150 221 18.1
May 131 197 261 28 11.7 166 216 230.2 115 191 26.3 852
June 152 209 26.8 1042 155 213 27.1 687 156 21.2 26.7 1851
July 171 236 29.7 1045 181 245 306 1437 158 220 28.1 1484

August 182 249 318 66.2 162 220 280 1221 169 240 313 233
September 145 205 269 1456 122 175 234 2648 146 21.7 293 839

Mean 145 20.7 27.0 134 19.2 251 13.7 205 273

Total 580.0 904.6 544.0
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2.3 RESULTS AND DISCUSSION

Whole cycle duration (emergende physiological maturity) and relative phases duration are
reported in Table 2. Physiological maturity, expressed as daf when seed weight was constant, was
reached some days before BBase $chneiter and Miller, 1981)n inbred lines the difference
between PM and R9 was less important than in the hybrid. In the hybrid true PM was reached about
10 days before R9 phase. Thus, the duration of end of flowering to PM phase was calouiated o

PM expressed as daf when seed weigitomegonstant.

The Growing Degree Days (GDD) frolastflowering to PM (GDD) for the year 2010 (average
540 GDD; Standard Deviation 94jas different from that of the years 20@9d2011 (average 618

+ 49 GDD and 630 = 38 GDD respectivelyAverage GDD accumulated by inbred lines (average
567 °C dag = 67) was lower than GDD accumulated by hybrid (average 652 °€+da8). This
compared with 69836 (midfloweringi PM) reported byRobertson and Green (1B3whenthese
data are converted toth of 6 °C, and with degree dagummation (R&R9 phase) reported by
Rocheet al.(2006).

Oil content and stearic acid were influenced by interaction genotype by @Dmulated from
flowering to physiologicalmaturity (Table 4). The effect of GDD1 on oil content wasxpected
because seedil concentration of sunflower is sensitive to environmental conditthreng the
grainfilling period (Connor and Hall, 1997 he effect of GDD1 on stearic acid content itne

hybrid was uexpected

The GDD accumulatedrom lastflowering to 25 daf (GDB) was 439 + 33, 426 + 22, 405 = 23
GDD:2 for the yea 2009, 2010, 201Xespectively Average GDDR accumulated by inbred line
342mt was 436 + 34, 420 + 28 by inbred line R978 and 414 + 23 by hybrid.

Seed fatty acids (palmitic acid and unsaturated oleic and linoleic acids) composition was influenced
by GDDz accumulated from enaf flowering to 25 dafTable5).

This results are in agreement with Rondaranial. (2003) who reported that in sunflowdére
sensitive period for modificationia oil quality was19-26 days after anthesis and with Izepgioet
al. (2002)who reported that the sensitive period for modification in fatty acid composition-was O

400 < days after flowering
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Table3. Date of sowing, cycle duration and Emergence to Flowering, and End of FloWE)iRbysiological Maturity

(PM) phase duration.

Genotype Year Code Date of Cycle Emergence F-PM F-PM?
Sowing  duration Flowering R9! (dd)
(dd) (dd) (dd)
[ 6" May 106 68 31 31
2009 I 28" May 110 71 35 34
[ 19" April 111 66 34 32
34zme 2010 i T June o1 52 33 32
5011 [ 18" April 110 62 41 35
I 30" May 101 59 37 35
[ 6" May 110 71 33 32
2009 I 28" May 115 74 34 34
[ 19" April 119 73 35 32
RI78 2010 I 1*' June 95 57 32 30
2011 [ 18" April 113 67 40 38
I 30" May 101 60 37 33
[ 6" May 113 69 47 37
2009 I 28" May 113 72 46 36
. [ 19" April 124 64 53 42
Hybrid 2010 I 1 June 98 49 45 38
2011 [ 18" April 116 60 45 40
I 30" May 106 56 40 38

YPMi R9 according to Schneiter and Miller (1981)

2PM as seed constant weight

Table 4. Analysis of Variance (Mean Square) for the main fatty acids and seed oil content. &®Ehe GDD

accumulated from end of flowering to physiological maturity (daf when seed weight becomes constant).

Source of Variation DF  Palmitic Acid Stearic Acid Oleic Acid Linoleic Acid Oil
GDD; 1 2.8ns 0.0s 0.15s 3.5"s 18.0s
Genotype (G) 2 5.2 1.87s 146.44+* 73.35** 204.19*
GDD; x G 2 1.17%s 3.53 11.4&s 7.9Ms 94.19*
Residuals 48 0.70 0.69 4.96 4.34 13.52

* *x ek = Significant at the P<0.05, 0.01 and 0.001 levels, respectively. netssignificant.

Table 5. Analysis of Variance (Mean Square) for the main fatty acids and seed oil content @&®[Ehe GDD

accumulated from end of flowering to 25 daf.

Source of Variation DF  Palmitic Acid  Stearic Acid Oleic Acid Linoleic Acid Oil
GDD, 1 12.60~** 0.0ns 6.0Ms 35.94** 0.3Ms
Genotype (G) 2 2.86* 2.0s 169.7F** 98.87** 192.42**
GDD, x G 2 5.03** 1.6ns 19.34~ 9.37% 50.2Ins
Residuals 48 0.43 0.77 3.54 2.55 16.21

* *x ek = Significant at the P<0.05, 0.01 and 0.001 levealespectively ; ns not significant.
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2.3.1 Effect of GDD on saturated fatty acid content

Palmitic acid content wasn average 4.20%The oleic genotypeshad lowest palmitic acid
percentages compar&dth the standardunflower typesas reported in other waosk(Lajaraet al,
1990; Rocheet al, 2004; Anastaset al, 2010). The two high oleic inbred lines tested and their
hybrid were different for palmitic acid conterfig. 3). The highest value in palmitic acid was
achieved by line 342mt with 500 GDR5.37%) and the lowest content was reached by R978
inbred line with 400 GDB(3.28%).The hybridshowed a content palmitic acid like the parental
lines (4.00%; 400 GDBp) or significantly lower (3.60%; 500 GDIp High oleic genotypes with
high oleic acid potentials had the lowest palmitic acid contémigerature, therés a small number

of works on palmitic ad contentinheritanceand the trait appesito be complexVick et al, 2004).

The hybrid did not show any significant difference among GEbups, while inbred lines showed
an increase in palmitic acid content from 400 to 500 @GD&everal environmental factors like
water availability (Rochest al, 2006; Jalilianet al., 2011), temperature (Rondanigei al, 2003;
Izquierdo andAguirrezabal 2008) and nitrogen (Zheljazkaat al, 2009) could altered saturated
fatty acid content irsunflower.In our experiment, the most variable environmental factor was
temperatureThe temperature modified the concentration of palmitic acid of the oil in normal
sunflower type (Rondaninet al, 2003) and in high oleic hybrids (lzquierdo and Agwateal,
2008). We found a positive correlation between mean temperatur@ Mfghaseand palmitic acid
content only ininbred line 342mt Fig. 4) while we did not find any correlation between

temperature and palmitic acid content in inbred line R978

These data are in agreement witlgquierdo and Aguirregbal (2008 who found a correltion
between palmitic acid content and temperature only in some hyhmidsedtingly in inbred line
R978 oil seed percentage and palmitic acid were positively correledbte) and seed oil content
increased from 500 to 608BDDx1 (Fig. 10). We suppose that the rise in palmitic acid content was

related to an increase in seed oil content and not to a rise in air temppestsee
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Fig. 3. Effects of Interaction genotype by GBBn palmitic acid content. Means followed by the same letter are not
significantly dfferent (LSD at the 5% level).
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Fig. 4. Correlation between mean air temperature and palmitic aditbiied line 342mt during M phase f§-value
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Fig. 5. Effects of Interaction genotype by GRBn stearic acid content. Means followed by the same letter are not
significantly different (LSD at the 5% level).
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Stearicacid content was significantly affected ioyeraction genotype by GDDThe hybrid had
stearic acid content into the parental lines raage it showed the same interaction with GI¥3

its female parental lineAt A GDD1 accumulated there was no sigrant difference among tested
genotyps. At B GDD1 accumulated inbred line R978 had the lowest stearic acid content (2.00%).
There was a difference in interaction genotype by GDBbred lines had the same stearic acid
content with different GDblevels,while the hybrid showedan ircrease of about% in stearic acid
content from600 GDD to 700 GDD (Fig. 5). Differences among genotypes could be related to
isozymes of stearate desaturase (Fernahtiga et al, 2003).Also thioesterasd-atA and FatB
could regulate stearic acid contastsuggested B®yfield and Upchurct{2007) in soybean.

At A GDD1, mean air temperature was lower than at B GPI2.9 °C and 23.6 °C respectively).
Our results are in agreement witernandeaVioya et al. (2003) whosuggestd an inhibition of the
stearate desaturase(SAD) enzyme responsible for the C18:0/C18cbnversion at higher
temperature in a high stearic sunflower mutimsoybeanByfield and Upchurcl{2007) found that
decreased SAD transcript accumulation at the warm temperature was positseeia@sl with a

significantly increased level of stearic acid but only lmgh-steaic mutant line
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Fig. 6. Effects of Interaction genotype by GDDBn oleic acid content. Means followed by the same letter are not
significantly different (LSD at the 5% level).
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On the other handn a soybean genotypie stearic acid percentage was negatively relatdditp

mean temperaturguring grain filing period @uil et al, 2012).Thus, the effect of temperature on
stearic aciccontent was uncleand this effect seems to be genotgpecific

The response to GDDand not to GDRcould be related to a different oil accumulation pattern
among genotypes (inbred lines vs hybrid). Considering that variation in stearic acid amount was

small,the responsetoGDI@ oul d be r el taaremo dfeemparmicitd oo stegric acid.

2.3.2 Effect of GDD on C18 unsaturated fatty acid content

2.3.2.10leic acid content

Oleic acid contentsvere relatively stable in thhigh oleic genotypes testedlrhesedata are in
agreement withLagravéreet al. (2004) and Rochet al. (2004). Small but significardifferences in
oleic acid content were manifest with different GDa&rcumulagéd and with a difference among
genotypesThe two high oleidnbredlines tested are differenfnalysis of Variance showed that
there was aelative prominence of genotype effecdsmpared toGDD2 (Table 5). Inbred line
342mt showedraaveragen oleic acid content lower than R978 inbred laral their hybridFig. 6).

Line R978 was inseride to GDD tested. Line 342mt and hybrid showed the same interaction
genotype by GDBPwith an increase of 3% in oleic dotontent from 400 GD£xo 500 GDD. This
indicates the presence of genotyjyeenvironmeninteraction on fatty aciccomposition as reported

by some authors (e.dgzquierdo andAguirrezabal 2008).Flagellaet al. (2002) reported a similar
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

variation in oleic acid conterfabout 2%)in otherhigh oleic sunflower hybrids as affected by date
of sowing.

High oleic nbred lines with different origins are not equivalent for high oleic. tfdie hybrid
showed an averagde oleic acid contenlike its male parental liner intermediate to parental lines
range.Thebasis for differences between higleic and normasunflowergenotypess a differential
activity of theenzymeqgdl 2-desaturase, which catalyzes tesaturatiorf oleicacid to linoleicacid
(Garces and Mancha, 1991; Kabhketjal, 19%).

High oleic mutants had substantially lovegt2-oleate desaturase gene transaitumulatiorthan
sunflower standard typéKabbaj et al, 199%; Hongtrakul et al, 1998). High oleic trait was
controlledby at least three locoleHL, a suppressor locus, and modifier Id@dombeet al, 2004).
We suppose thahbred lines and hybrid testecere homozygous fothe Pervernetsllele. Thus,
observed differences could be related only to modifier genesefMillal, 1987; Velasceet al,
2000) o to other genetic factors (Varet al, 2002; Lacombeet al, 2004) We speculate that
genotype x environment interactiomas caused by modifier geneBhe observed response to
temperature in inbred line 342mt andthre hybrid (see2.3.2.3 pag.47) could be related to a
residual activity ofthe (p1l-8esaturase (mediated by modifier) or to some geneshthat no
phenotypicexpression at higher temperatug®lascoet al, 2000).From a plant breeder point of
view, knowledge of Gx E interaction that it is not desirablefacilitates the efficient use of
appropriate breeding and selection procedures. A hybrid is preferred to be stable in different

growing conditions.

Fig. 7. Effects of Interaction genotype by GRDn linoleic acid content. Means followed by the same letter are not
significantly different (LSD at the 5% level).
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

2.3.2.2Linoleic acid content

Linoleic acid content was significantly affected I&DD:z only in two genotypes: 342mt and hybrid
(Fig. 7). As for oleic acid content, inbred line R978 did not slaow response to GDIRested. Line
342mt and hybrid showed a decrease in linoleic acid from 400 t&BIR. As for oleic acid, the

difference between genotypes could be related to modifier genes.

2.3.2.3 Relationship between temperature and unsaturated fatty acidontent

The unsaturatethtty acid content (oleic and linoleic acids) is the mestperature sensitiveeed
componentThere was no relationship between temperatureuasdturated fattyacids content in
inbred lineR978 (data not shown). On the other hand, oleic acid content was correlated positively
with temperature in line 342mt andtime hybrid. High oleic sunflower may respond to temperature
(Triboi-Blondelet al, 2000; Izquierdeet al, 2002; Izquierdo anfguirrezaba) 2008),with asmall
variation respecto normal and migleic types. There was a positive relatiship between
temperature and oleic and linoleic acids$hahybrid andin inbred line 342mt. Inthe hybrid, during
100-300°C degreedays (dd) after floweringperiod there was a strong relatiop-¢alue 0.012)
betweerminimumnight temperature and oleic acids conigiid. 8).

This is in agreement with Izquierad al. (2006). At the saméinoleic acid content was lineargnd
negativelyrelatedwith minimum night temperatureKig. 8) during 100300 dd after floweringp-
value0.009.

Line 342mt was quite differer(fFig. 9). Oleic acid content was linearlselatedwith daily mean
temperature durin@00-300°C dd after flowering(p-value 0.063). Also linoleic acid contentvas
linearly relatedwith daily meartemperature during00-300 dd after floweringp-value0.017).

Linear relationships between oleic acid concentration and temperature were recognizedet{Harris
al., 1978; Goyneet al, 1979; Silveret al, 1984 Izquierdoet al, 2006 for ranges of dayl mean
temperature between 15 and 27 inear responses of oleic acid percentage tibydamean
temperature were also observed by Izquieztial. (2009) and Zuilet al. (2012) in soybean and
maize.

The difference inthe timing ofsensitivity to temperature in 342mt inbred lines compared to the
results oflzquierdo et al. (2006) and Izquierdo and AguirrezabaQ08 could be related to a
shorter cycle duration in inbred lines compared to the hybadlé 3). In fact, these authors tested

in their studies oleic hybrids and not inbred lines. We cannot exclude that the differehee in
timing of sensitivity, more simply, was related to a genetic variability among HO genotypes
(Rondaniniet al,, 2006).
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Fig. 8. Oleic acid percentage (a) and linoleic acid (b) percentagthe hybridas a function of minimum night

temperature during 16800 degreeadays after flowering. 106800 degrealays after flowering inthe hybrid were
accumulated in average from 8 to 21 days after flowering.
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Fig. 9. Oleic acid percentage (a) and linoleic acid percen{gyen the line 342mtas a function of daily mean
temperature during 26800 degrealays after flowering.In the line342mt, 200-300 degrealays after floweringwere
accumulated in average from 15 to 20 slafger flowering.
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

The differencesn temperatureéesponse (mean daily temperaturebast temperature predictor for

fatty acid composition in 342mt could beexplaired by physiologicalspecific mechanisms
Regarding the specific physiological process, we hypothesized that temperature affected
unsaturatd fatty acids content in 342mt in two ways. First, temperature regulated phenotypic
expression of some modifier genes, and these genes were not expressed at high temperature
(Velascoet al, 20000We suppose that 342mt c aratureiestabildy r e c
geneo, designated as Ol s, a n drurtierenang temparatwrer e a
r e gul a-tesaduraspla@ivity (Garcés and Mancha, 1991) and this was well related with night
temperature (Izquierdo and Aguirrezab2008. For these reasons we suppose tigty mean
temperature was well related with oleic and linoleic acids contents in 342mt. The genetic variability
between the female parental line and hybrid was associated to the fact that the hybrid was
heterozygous at ndifier locus while 342mt was homozygous. In addition, a maternal effect was
found (see Chapter 3 and 4).

lzquierdo and Aguirrezbal2Q08 reported a sigmoid relationshigsetween the elc acid
percentage and minimum nigi@mperaturen several normal type sunflower and in one high oleic
hybrid. These authors reported also a range of temperatures that altered fattyrgauditionand

this was specific for a given genotypes. Furthermore, they reported a high difference in upper and
lower limits of range according to genotypés.our trials the temperature range wiss22 °C

(night temperature) for hybrid and-P% °C (mean daily temperature) for 342this possible that

the relationship betweealeic acid percentagand temperaturén our tested genotypes is also
sigmoid but the temperates, above and below which tlegencentration of oleic acid remains

relatively constant, are lowand higher than those explored in this wimkthe tested genotypes
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Fig. 10. Effects of Interaction genotype by GBRDBn seed oilcontent. Means followed by the same letter are not
significantly dfferent (LSD at the 5% level).
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2.3.3 Seedoil content

Oil content varied fron#0% to 51%.Seed oil concentration in this study wgenerally high and
similar to previous report®kQcheet al, 2004;Anastaskt al, 2010.

Analysis of Variance showed that oil content was influenceddmptype effectand by interaction
genotype by GDBb(Table4). The hybrid showed a seed oil content higher than its parental lines.
342mt and hybrid did not show any significant variation with GBE3ted while R978 showed an
increase in seedla@ontent from 500 to 600 GDFig. 10). Results suggest that sunflower seed oll
concentrationdepends on genotype, but it may be expresddi@rertially under difierent
environmeral condition because seed concentration of sunflower is sensitive to environmental
conditions during the graifilling period (Connor and Hall, 1997No relationship was found
between seed oil content and temperatureainfall. Thus, seed oil contentay be affected by
other varables not studied in this workifferences, among genotypes, in response to GDD could
be related to a different oil accumulation pattern (Manésd., 2006) ordue to the fact tha®978

is a fully-branched typeThus, it would be possible to suppose a different interaction between yield
componentgseed number, se&eeight number of heads per plant).

2.3.4 Seed oil content and fatty acid relationship

There is nasignificant relationshipetween seed oil content and oleic acid content in both lines and

in the hybrid Table6). In inbred line 342mt, oil content was negatively correlated with stearic acid
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

content. In high oleic hybrids a negative correlation between stearic acid and oil content was
reported by Van der Merwet al. (2012). In inbred lines R978, oil content wassipively correlated

with palmitic acid content. This result was not in agreement with Velatsab(2007) that reported

a negative correlation between oil content and palmitic daidthe hybrid oil content was
positively correlated with linoleic acidrurther studies are needed on oil content and its relationship

with fatty acids in high oleic mutants.

With regard tahe ratio of palmitic to oleic acid, a negataed significantorrelation wa®bserved
in line R978 and in the hybrid and these ressakein agreement with datay Champolivier and
Merrien (1996), Rochet al.(2004) andzquierdoet al. (2006),collected for oleic hybrids/elasco
et al. (2007) also reported a negative correlation between palmitic and oleic acids in high stearic

mutants.

Flagellaet al. (2002) showed thah sunflower an increase in palmitic acid is accompaniea by
decrease in both oleic and stearic aciitudies on soybean €Retzkeet al, 1996), peanut
(Andersen and Gorbet, 2002), sesame (Were, 2006) and winter oilseed épes(&hd Schierholt,
2002) also revealed strong inverse relationships between palmitic and oleicLawd342mt did

not show any significantly coelation between palmitic and oleic acid, but we report an inverse
significant correlation between palmitic and linoleic acit#artinez et al. (2010) reported a

negative correlation between palmitic and linoleic acid in oat.

Oleic and linoleic acids were negatively correlated. There was a difference between high oleic
inbred lines(Fig. 11). Line 342mt showed a strong néiga oleic linoleic relationshipptvalue <

0.001) andndicating that increasing 1 point of oletorresponded with the decrease of 1 point of
linoleic acid The correlation coefficient between oleic and linoleic acids was not significant
R978 (Table 6). The hybrid showed a strong negative oleic linoleic relationship and iahad
average value of the regression paramedtween parentdines Fig. 11).

We suppose that the linoleic acid level reached by R978 was a physiological threshold (limit) for
this genotype. We speculate that in R978 dhly constitutive desaturasesystem(FAD2-2 and
FAD2-3) present in the whole plaiMartinezRivaset al, 2001) could be active andsponsible

for low linoleic acid synthesis(physiological threshold) while seegbecific desaturases fully
inactive. Inline 342mt, linoleic acid synthesis probably due to a residuattivity of the achene
specific desaturase systdiiragravéreet al, 2004) From a breeder point of view, increasing the

oleic acid content over 935% is possible only with a reductionsaturated fatty acids content.
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2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

Table 6. Correlation coefficients between seed oil content and concentration of fatty acids in the three high oleic
genotype tested (n = 18).

Genotypes Palmitic  Stearic Oleic Linoleic (0]
Palmitic 1.00
Stearic -0.27 1.00
342mt  Oleic 0.31 -0.45 1.00
Linoleic -0.55¢ 0.21 -0.92xx= 1.00
Oil 0.18 -0.81%** 0.32 -0.12 1.00
Palmitic 1.00
Stearic 0.15 1.00
R978  Oleic -0.65* -0.53 1.00
Linoleic -0.10 -0.32 -0.39 1.00
Oil 0.57* -0.41 0.00 -0.13 1.00
Palmitic 1.00
Stearic 0.15 1.00
Hybrid  Oleic -0.49 -0.55¢ 1.00
Linoleic 0.22 0.15 -0.87** 1.00
Qil -0.39 -0.29 -0.19 0.54 1.00

* *x xek = Gignificant at the P8.05, 0.01 and 0.001 levels, respectively

Fig. 11. Relationship between oleic and linoleic acids in inbred lines atiteimybrid.

15.0
y = -0.9683x + 89.736
R2 = 0.8441
g 100 °
e L y = -0.6544x + 62.225
@ R2 = 0.7581 ® 342mt
[&]
% Hybrid
£ 5.0 e o
3 y = -0.257x + 25.951 O R978
% R2 =0.1531
L2 o
L)
0.0 . . . :
78.0 83.0 88.0 93.0 98.0

Oleic Acid (%)

53
31 UPWEPWEOUUOUEUVUOWEPwW" OEUEDPOW%! Ui UPEOQWEPUEUUUEwWxUI UUOwOZ



2. Effects of accumulated Growing Degree Day s on fatty acid composition in three High Oleic genotypes

2.4 CONCLUSION

Fatty acid composition in high oleic sunflower depended mainlyhergenotype. Environment
could modify fatty acids profile in high oleiarieties but the effects are smaller than in standard
type sunflower. However, environmental effects are significant to achieve the 90% threshold of

oleic acid content.

Seed fatty acidomposition was mainly influenced by GRBccumulated from end of flowering to
25 daf. Only stearic acid content was modified by GREcumulated from end of flowering to PM.
Generally, at the highest GDD accumulated, palmitic, stearic and oleic acrdasied with a
genetic variability among high oleic genotypes. Linoleic acid decreased at the highesie@&&D

Oleic acid contents was affected by temperature in two high oleic genotypes. To obtain
environmerdinsensitive hybrids, selection could be lhsen inbred lines that not show any
phenotypic variation in oleic acid content across years and locations. Genetic variability among
high oleic genotypes tested in response to temperature could be related to modifier gene. Some
differences are detected ihe period in which temperature has the maximum effect on fatty acid
composition. Furthermore, oleic acid content shows a good correlation with mean daily temperature
in 342mt and to minimum night temperature in the hybrid. This result suggests thatatemgper
could be acting on different physiological processes in HO genotypes. Further studies are needed.

Saturated fatty acid content was affected by GDD with a different response among genotypes. To
obtain hybrids with a content in oleic acid higher th&8®98% it is necessary to select inbred lines
with a low content in saturated fatty acids. Further studies on saturated fatty acid content in high

oleic genotypes are needed.
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ABSTRACT

High oleic sunflower is currently used in the food sector and as raw material for non food
applications (biofuels, oleochemical). Non food applicationsparticulay require a stable oleic

acid content higher than 90%. Seed fatty acid compasttependson two factors namely the

genetic background of the embryo and the female plant condition (abiotic and biotic stresses). High
oleic trait has been rarely studied in reciprocal crosses and in most of these cases maternal effects
on the content of unsaturated fatty adi@dse not been identified (except for soya and rapeseed).
The aims of this study ar@) to check if any maternal effect on oleic acid content is present in high
oleic mutants and (ii) if maternal effect and environment conditions could modify the 90%

thresholdfor oleic acid content

Two high oleic inbred lines with different origins were evaluated: 342mt, a selection derived by Ha
342 USDA (maintainer), and line R978 (male fertility restorer, branched), selected by University of
Udine, and their recipial crosses (R978 x 342mt and 342mt x R978) obtained in 2010 by hand
emasculation of female parent and controlled pollination. Field trials were conducted iat 8841
experimental fields of the University of Udine using a complete randomization schidmevo

dates of sowing.
Key results:

i) The two inbred lines respond differently to the same environmental conditions. R978 showed the
same oleic acid content through sowing date, while 342mt showed variation in oleic acid content of
3% through sowing daf

i) Reciprocalhybridsshoweddifferent accumulation pattesin the first sowing date and the same
response as their female parent. Reciprocal hybrids were equal in the second sowing date. 342mt x
R978 hybrid showed a variation in oleic acid content of 4% from first to second sowing date. In the
first sowing date342mt x R978 hybrid showed an increase of 1.4% in linoleic acid content from 35
DAF to PM (Physiological Maturity);

iii) There is a maternal effect in the early stages of the seed filing phase. Low temperature
increased linoleic acid and decreased oleid at 13 DAF only in 342mt inbred line and in 342mt x
R978 hybrid. Low temperature treatment did not cause any variation on oleic acid conteat in lin
R978 and R978 x 342mt hybrid.

iv) Reciprocalhybridsand backcrosseshowed a different content in olecid in the first sowing

date. Difference in reciprocal generation was due to recombinant types withaeidigghenotype.
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Temperature seems to modify segregation ratio or, in other words, the phenotypical expression of

some genes. Reciprocal hybrids &adkcrosses were equal in the second sowing date.

v) HO phenotype depends on three genetic factors: Pervenets allele, a second major gene
(designated as Ols) and a combination of minor modifier. Their phenotypical effect seems to be

influenced by cytoplas and temperature.

High oleic inbred lines with different genetic backgrounds respond differently to the same
environment al condi t i edesaturasd ih thea early stages afcaccunwliatiory o
of reserve lipids in one line and this is @mhed from the mother plant. Results in reciprocal
segregating and backcrosses populations suggest that oleic acid percentage was affected by
cytoplasm or by cytoplasm x nucleus interaction.

The importance of female parental line choices in breedingbtairo hybrids insensitive to
environmental conditions and with a stable oleic acid content over 90% was determined.
Cytoplasmic effectgould be used in breeding programs to select hylwittsan OACinsensitive

to environment.

Key words: Environment Fatty AcidsHigh Oleic Genotypesviaternal Effect
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3.1 INTRODUCTION

High oleic sunflower is currently used in the food sector and as raw material for non food
applications (biofuels, oleochemical). Non food applicationsparticulay require a stable olei

acid content higher than 90% (Vannozzi, 2006). In a breeding program targeted to select hybrids
with an oleic acid content higher than 90% it is necessary to understand all phenomena that modify

fatty acids accumulation and their ratio in the seed.

Seedfatty acid compositiomlependn two factors namelythe genetic background of the embryo

and the female plant condition (abiotic and biotic stresses).

High Oleic mutants were obtained by chemical mutagenesis, with dimethyl sulfate, of normal
sunflowers (Soldatov, 1976). High oleic trait is sspécific and mutation reduced the expression
of aqil2-desaturase gene (Lacométeal, 2004). Its transcript isot accumulated during the grain
filling period (MartinezRivaset al, 2001). Some linoleic acid is still present in the achenes and it
is synthesized by a constitutive desaturase system (MaRinez et al, 2001; Lagravéret al,

2004).

The hgh oleic trait was controlled by at least three loci: oleHL, supole, and modifier loci (Lacombe

et al, 2004). Genetic variability among HO genotypes is due to the alleles at these different loci.
Many genetic approaches have been developed to study the H@omatad in literature different
conclusions are reported on the number of genes that control trait and on their dominance (Lacombe
and Bervilg, 2000.

Oil composition in standard sunflower is clearly affected by the environritehas long been
known that temperature is the main environmental factor affecting the fatty acid composition in the
oil of traditional type sunflowefCanvin, 196% mainly regulating the ratio of oleic and linoleic
acid during sunflower seed developmemhtigh temperature enhances the oleic acid content of
normal cultivars (Low Oleic) but conflicting results are reported about temperature effects on oleic
acid content of high oleic acid cultivanso effect (Lagravéret al, 2000) or an increase in oleic
acidcontent with temperaturé@ (iboi-Blondel et al, 2000; Izgiierdo and Aguirrezabal, 2008).

Vari ati on i n an i ndividual 6s phenotype may
environment of that individual but also by maternal effects (Roach andf,Vi@B7). Maternal

effects in plants can have a profound impact on selection, especially if selection is based on the
phenotypic performance of seeds produced on a plant. Understanding how maternal effects
influence selection can allow for the developmehtmore efficient breeding strategies and an
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increase in genetic gaiffhere are three types of maternal effects classified as cytoplasmic genetic,
endosperm nuclear, and maternal phenotyjloach and Wulff, 1987)Cytoplasmic genetic
maternal effects ocec when the maternal parent passes, to her offspring, genes located in the
cytoplasm that affect a certain trait. In self pollinated generations, these effects are heritable and
normally are detected in each successive generation of inbreeding, unlgdasaoyio x nuclear
genetic effects exist. In this case, the effects may dissipate or appear, depending on the interaction.
Endosperm nuclear is not important in sunflower seed because endosperm is a tiny layer in
sunflower seed (Seiler, 1997). The thirdsslaf maternal effects are maternal phenotypic, resulting
from the environment and/or genotype of the maternal parent itself. These influences may occur via
structure or physiology and may be the most common type of maternal influence. It is also
importantto realize that observed maternal effects could be the result of any one or a combination

of the maternal effects just described.

A small number of studies investigated maternal effectfatty acids in high oleic sunflower. Early
studies on HO trait have indicated maternal influence but not complete maternal inheritance (Miller
et al, 1987) and the complete influence of the embryo genotype onUirédt, (1985 Fernandez
Martinezet d., 1989). Only one previous study has reported a maternal effect on high oleic trait
(Lacombe and Bervillé, 2000). Reciprocal effects on oleic acid content have been reportedsdy V

et al. (2002). Interestingly, they concludéhat some genetic variatiofor oleic acid content

appeared in interaction with Pervenets mutation.

Maternal effect on fatty acids was also found in other oil crops such as canola and sblbesas(
and Kondra, 1973; Ericksaet al, 1988; Gilsingeet al, 2010.

Our approach to these problems was to use only high oleic genotypes with different genetic
backgrounds. All tested genotypesre homozygous for the Pervenets allele and consequently
every phenotypic variation in oleic acid content is due to diffealtees at the other loci that acts

onthehigh oleic trait

In order to study the effectf the temperature on oleic and linoleic acid contents in HO genotypes
with a different genetic backgrounds, portions of sunflower head were incubated in the aiti, in Petr
dishes containing water, at 10 °C for 24Ah.index of the ODS (Oleate Desaturase) activity (Green,
1986) was calculated. The value of this index is directly proportional to the activity of the enzyme

system believed to be responsible for the desaturafioleic acid (Cheriét al, 1975).

Cytoplasmic influences are normally detected via reciprocal crosses and back@vtusgiess and
Yermanos, 1984)xince, in sunflower, cytoplasmic genes are inherited matel(fitgeberget al,
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1994) Reciprocabackcrosses are used because they give more accurate results when differences in
phenological development between parental lines may have an effect on the trait (8fodjetis
and Yermanos, 1984). Furthermone,our case, the use of plants as mother plants, pertadto

overcome the problem of branching that may have an effect on the trait studied.

The aims of this study ar€) to test for the presence of maternal eem oleic acid content in
high oleic mutants and (ii) if anyccurred, how maternal effects and environment could modify the

90%thresholdfor oleic acid content
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3.2 MATERIALS AND METHODS

3.2.1 Experiment 1. Effects of low temperature
3.2.1.1Plant materials

Two high oleic inbred lines and their reciprocal cross were used. libesdused were: 342mt and
R978. Line 342mt is a selection derived by Ha 342 USDA, and it is a male sterility maintainer with
a single head. Line R978, selected by University of Udine, is gluiinched type and it is a male
fertility restorer. Recipraa F; seedswere obtained by hand demasculation of female parent and
controlled pollination in field conditions at Udine in 2010. All plants were covered with paper bags,
during the R4 stage (Schneiter and Miller, 1981), to prevent-éedilszation. Thereciprocal k

seed was planted in field in 2011 and tested with parental inbred lines.

3.2.1.2Field experiment

Inbred lines and their reciprocal hybrids, (fybrids plants and Fseeds) were grown in 2011 at
University of Udine, Azienda Agraria Universi
m) in NorthEast Italy. The experiment was designed as a complete randomization scheme, with
three replications, using two datefsowing. The first date of sowing was™8pril (I) and the

second was 31May 2011 (Il). Plants were thinned after seedling emergence from 10 to 7.5 plants
m2. Nitrogen was applied at 100 kg'haVeeds and diseases were controlled, and regularimgter
throughout the experiment ensured that plants were not subjected to water deficit during the entire
growth period. All plants were covered with paper bags, at the R4 stage, to prevent cross

fertilization.

3.2.1.3Sampling

Two types of samples were taken: i3&eds per plant and ii) pieces of sunflower head (see below)

in several days during seed filling period. Seeds sampling were started at 13 DAF (Days After

Flowering). Five seeds per plant (taken from the outer rings of the head) were taken every 7 days
from 13 DAF to 35 DAF, in order to determine fatty acid accumulation. Seece dried in an

oven at 60 °C for 24 h. The final harvest was done at physiological maturity (R9 phase; Schneiter
andMiller, 1981).

3.2.1.4Effect of Low Temperature

To simulate the physiological conditions of seed lipid synthesis in the plant, portions of sunflower
head were collected at 13, 20, 27 and 35 DAF. Portions of head were incubated in the air, in Petri

dishes containing water, at 10 °C for 24 h (GaRiaz et al, 2002). After cold treatment, pieces of
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head were dried in an oven at 70 °C for 24 h. An index of the ODS (Oleate Desaturase) activity

(Green, 1986) was calculated for each sampling using the formula:

ODS activity index = %18:2/(%18:2+%18:1)

where %48:2 and %18:1 are the percentage of linoleic and oleic fatty acids, respectively.

The value of this index is directly proportional to the activity of the enzyme system believed to be

responsible for the desaturation of oleic acid (Chedrél, 1975).

3.2.2 Experiment 2. Reciprocal crosses and backcrosses
3.2.2.1Plant materials

Maternal effects were evaluated by analyzingé&ed resulting from the reciprocal cross between
the high oleic inbred line 342mt and R978 and from the recipracsédregating seeds and rfro

the reciprocal backcrosses Bt seeds.

3.2.2.2Field experiment

F, seeds generation was tested on female parental plant in 2010 with three sovenga&eril

(1), 12" May (1) and1%' June 2010 (llITable9). Five R plants from each reciprocal cross were self
pollinated (covered with paper bags during R4 phase) to prodguseeHs and five ;jplants were
emasculated for each reciprodackcross during 2011., Fgeneration and reciprocal backcross
generation (B@F;) wereevaluated under natural field conditions in 2011 in two sowingsdates
first (1) was 28' April and the second (II) date of sowing wad'Doine 2011Fable12).

3.2.2.3Emasculation and Cross

All plant materials usedvere malefertile. Female parental plants require emasculation to avoid
self-pollination. Handemasculation was done pinching off the anthers with tweezers. Five plants
for each reciprocal backcross were emasculated. Emasculatian Wéb first flowering (R5.1;
Schneiter and Miller, 1981) and plantere emasculated for the next 4 daydterwards the disk
flowers in the center of the heagreexcised and controlled pollination was carried out. Hathd

of male parent was cut from the stem and carried to female parent plants for pollination. The other

half-head was selpollinatedto evaluate ma parental line.

3.2.2.4Sampling

Plantswereharvested at physiological maturity (R9 phase; Schneiter and Miller, 1981). Seeds from

head outer rings (6), with the same developmental timing, were separated. Twe ¢ygampling

66
31 UPWEPWEOUUOUEUVUOWEPwW" OEUEDPOW%! Ui UPEOQWEPUEUUUEwWxUI UUOwOZ



3. Maternal effects on oleic acid content in high oleic sunflower

were taken. (1) 100 seeds weoeicted and dehulled. Kernels were ground to a fine powder using a
coffee grinder. 200 mg of kernpbwderwere weighed to perforratty acid analysis. (2) To verify

the hypothesis of maternal effects, individual seeds were analyzed from) theBCP;, and BCR
reciprocal populations. To detect transgressive segregationgerteration15 singleseedswere
analyzed. To detect segregation in reciprogaBEP;, and BCR populations, 50 single seeds from
outer ring (with the same development timing) @icke plant were analyzed for fatty acids
composition5 plants were studied from each population

3.2.3 Fatty acids determination

Individual seed were dehulled and grounded. Lipidsere extracted in 1 mL oh-hexane. Fatty
acidswereconverted in Fatty Acid Methyl Esters (FAMEby transesterification with a methanolic
potassium hydroxide solution (2Njatty acid composition was determined by gas chromatography

and every fatty acid was expressed as a percentage of the total fastyleigcted in the oilhe

gas chromatograph was fitted with a 60 m-88capillary column (Agilent Technologies, USA).

Helium was used as carrier gas, and the injector, detector and oven temperatures were 230, 250 and
200 °C, respectivelyb pL of samplewereinjected in split mode. A 5.0 mm ID precision inlet split

liner with wool (Restek, USA) was used. Different FAM®&ere identified by comparison with

known standards.

3.2.4 Statistical Analysis

Statistical analysis was performed using R version 2.15.0 (R Development Core Team, 2012).
ShapireWilk normality test was performed to test normality condition. ANOVA (ANalysis Of
VAriance) and LSD (Least Significant Distance) test witvalue adjusted sing Bonferroni
correction were applied to experimental results to determine the significance of differences among

treatments. Segregation ratios were tested by-agqeiare goodness of fit.
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3.3 RESULTS

3.3.1 Experiment 1

Sowing date effects on duration of cycleda=PM (Flowering to Physiological Maturity) phase in
inbred lines and reciprocal lplants are showed ihable7. Later sowing date resulted in a shorter
cycle, likely due to environmental differences during plant development. Within sowing date,

reciprocal i plants had the same developmental timing.

ANOVA results for the main and interaction effects of genatygrel sowing daton seed fatty
acids composition indicated a significant sowing date by genotype interaction effect. There are

some differencebetween the inbred lines and reciprocal hybrids.

Sowing date did not alter the oleic acid concentration in line R978 and in its R978 x 342mt hybrid.
On the other hand, sowing date altered the oleic and linoleic acids concentration in line 342mt and
in 342mt x R978 hybridTable8).

We alsoinvestigated the variation in saturated fatty acid concentration across sowing date. Palmitic
and stearic fatty acids content did not alter oleic aoidcentration Table 8). Reciprocal hybrids

were equal for saturated fatty acids content.

The concentration of oleic acid was affected by the coratonr of linoleic acid. This was
confirmed by ODS indexdue to the metabolism pathwdlagravéreet al, 2004) In the first
sowing date ODS activity was significantly higher than in the second sowing date only in 342mt
and 342mt x R978. Reciprocal hybridere not equal for unsaturated fatty acids content through

sowing date.

The oleic acid accumulation showed some differences between inbred lines and hybrids. R978 and
R978 x 342mt showed the same accumulation pattern for both sowing dates. 342mt ang 342mt
R978 showed the samecamulation pattern of the othgenotypes within the second sowing date.
There were some differersgvithin the first sowing date.

All the genotypes exhibited a synthesis of linoleic acid at early stages (13 DAF), but we

reporteda difference between the two high oleic inbred lines and among reciprocal hybrids.
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Table7. Genotypes, sowing date, cycle duration, duration of Flowering to Physiological Maturafm) @nd mean

temperatures from-PM for field experiments.

Genotype Sowing Date Cycle F-PM Tmin Tmean Tmax
(dd) (dd) °C °C °C

342mt I 110 41 16.2 224 28.7
R978 I 113 41 16.1 225 29.0
342mt x R978 I 123 53 16.2 23.2 30.5
R978x 342mt I 123 53 16.2 23.2 30.5
342mt ] 101 37 16.7 23.9 31.5
R978 ] 101 37 16.7 23.9 315
342mt x R978 ] 108 42 16.7 23.8 314
R978x 342mt ] 109 43 16.7 23.8 314

Table 8. Fatty acids composition (%) of seed from gmflinated inbred lines and hybrids. ODS is an adimensional

indexof oleato desaturase activity. Results are means =SE.

Genotype Sowing date Fatty acid (%) OoDSs
Palmitic Stearic Oleic Linoleic

342mt I 3.54:0.04c 3.03020c  83.920.64 9.420.38 0.11:0.006
R978 I 3.12+ 0.05 2.76:0.380¢C 91.920.44a 2.19%0.21cd 0.02:0.00x
342mt x R978 I 3.5%0.1x 3.3%0.1%b 88.0%0.44 4.97%0.28h 0.05:0.00d
R978 x 342mt I 4.470.19C 3.3k0.13b 90.620.25 1.6Q:0.01cd 0.02:0.00aC
342mt Il 5.21:0.3% 4.25:0.0% 87.160.41b 3.3%0.8dbc  0.04:0.011bC
R978 Il 4.87:0.04a 2.910.07c 90.810.04a 1.42:0.04cd 0.02:0.00%
342mt x R978 Il 3.86:0.1c 2.61r0.10c 92.350.200 1.090.1d 0.02+0.00aC
R978 x 342mt Il 3.76:0.1%c 2.19%0.06C 91.560.55 1.4Q0.2d 0.02:0.00x

LSD at 5% 0.90 0.96 2.19 1.98 0.02

Values followed by the same letter are not significantly different (LSD at the 5% pevalle adjustment Bonferroni).
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Fig. 12. Oleic (a) and linoleic (b) fatty acids accumulation in lines and hybrid in the first sowing date.
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Line 342mt presented the highest initial linoleic acid content followed by a rapid dedfgpde)
Line R978 presented a lower initial linoleicid content than 342mt followed by a rapid decrease.

In 342mt and in 342mt x R978, the amount of linoleic acid synthesized is higher than in other

genotypes. Reciprocal hybrids were not equal for oleic and linoleic fatty acids content at 35 DAF
and at phgiological maturity Fig. 12). 342mt x R978 hybrid showed a continuous increase of
linoleic acid accumulation (1.4% from 35 DAF to PM).

Cold treatmen(10 °C for 24h) modified the fatty acid composition only at 13 DAF in line 342mt

and 342mt x R978 hybrid~{g. 13). A net increase in linoleic acidutent occurred for both sowing

dates. The lowest increase was observed in the seeds incubated at 10 °C in the second sowing date
The cold treatment on line R978 and hybrid R978 x 342mt did not modify oleic and linoleic acid
content in the seeds incubatdlO °C Fig. 13).

Fig. 13. Low temperature (10 °C) effects on oleic acid content at 13 DAF in the first (a) andsectved sowing date
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3. Maternal effects on oleic acid content in high oleic sunflower

3.3.2 Experiment 2

Whole cycle duration (EmergentePhysiological Maturity), vegetative (Emergeric&lowering)
and reproductive phases (End of Floweiinghysiological Maturity) duration are reportedTiable

9. Physiological maturity was expressed as R9 phase (Schneiter and Miller, 1981).

No transgressive segregation for all fatty acid was detectedsedds generation (data not shown).
Palmitic acid content depends oy genotypes and there was no significant difference between
reciprocal hybrids seedPate of sowing influenced stearic, ol@indlinoleic acids conterdas well
asODS activity with ®me differences amorggenotypegTable10). Mean oleic acid content of,F
seeds resulting from the cross between 342078 and the reciprocal R978 x 342mt averaged
91.6% and 90.6% respectively, very similar to the content inabid of the parent R978 (91%). In

the first and in the second sowing date reciprocal hybrid seeds had the same oleic acid content
(Table 11) while in the third sowing date a significant difference between reciprocal hybrids was
detected. On the other hand, only in the inbred line 342mt, linoleic acid content and ODS index
were modified by date of sowinglo significant difference was found in the recipab R seed

Thus, variations in oleic acid contemererelated to decrease in stearic acid content. Hybrid 342mt

x R978 showed a decrease in stearic acid contemt first to third sowing date.

Significant differences between O/L means of reciprogatdeds were observediable 11). F;

seeds from the cross 342mt x R978 had a higher O/L ratio than the reciprd@althe other hand

R978 x 342mshowed the same O/L ratio across sowing date and it was equal to O/L ratio of the
female parent used in the cross. Significant differences between O/L means of recipsopaioft

a maternal effects hypothesis.

Hybrid plants and parental inbred lines leyauration (Emergencé Physiological Maturity),
vegetative (Emergence Flowering) and reproductive phases (End of Floweiinghysiological
Maturity) duration in 2011 are reportedTablel12.

Table9: Sowing date, cycle duration, duration of Flowering to Physiological MaturatiétMFand GDD (Growing
Degree Day, th=6 °C) for inbred lines used as mother plants fort¥fid seeds.

Date of Female Male Cycle E-F F-PM GDD GDD

Sowing parental line parental line (dd) (dd) (dd) F-25 daf F-PM

1900412010 — 76— Siomi 11076 T TR

R e S| S

00812010 — 76— om0 % TR S
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3. Maternal effects on oleic acid content in high oleic sunflower

Table10. Analysis of Variance (Mean Square) for the main fatty acids gereration.

SoV DF Palmitic Stearic Oleic Linoleic OoDS O/L ratio
Dateof 2 0.0746ns 0.5897* 7.76%** 4.91%* 0.000553*** 92.6ns
Sowing (D)
Genotype (G) 3 0.8697*** 1.4842%** 119.55%** 83.13%** 0.010578***  2801.0***
DxG 6 0.2228ns  1.0128*** 7.61%** 6.35%** 0.000808*** 157.3ns
Residuals 24 0.1003 0.1116 0.44 0.39 0.000053 77.2

Table 11. Fatty acids composition (%) of seed from g@flinated inbred lines and from reciprocal $eeds. ODS

(index of oleato desaturase activity) and O/L (Oleic/ Linoleic acids ratio) are adimensional. Results are mean

Genotype Sowing date Fatty acid (%) OoDSs Oo/L
ratio
Palmitic Stearic Oleic Linoleic
342mt I 3.93 3.28 abcd 83.20d 9.59 a 0.11a 9
R978 I 3.42 2.54 cd 91.72 ab 2.72¢c 0.03c 40
342mt x R978 I 4.04 3.93a 89.88 b 2.15¢c 0.02c 42
R978 x 342mt | 4.04 241 cd 91.07 ab 248 ¢c 0.03c 37
342mt ] 4.20 4.05 a 81.50d 10.25a 0.11a 8
R978 1] 3.51 3.02 abcd 90.76 b 2.72¢c 0.03c 34
342mt x R978 1] 3.29 3.22abcd 91.85ab 164c 0.02c 62
R978 x 342mt 1] 3.91 3.43 ab 90.45b 221c 0.03c 43
342mt 1" 4.19 3.91ab 86.76 5.14b 0.06 b 18
R978 I 3.57 2.86 bcd 90.50 b 3.06 c 0.03c 30
342mt x R978 1" 3.19 2.27d 92.96 a 1.58¢c 0.02c 59
R978 x 342mt [l 3.91 3.17 abcd 90.44 b 2.48¢c 0.03c 37
LSD at 5% ns 1.05 2.10 1.96 0.023 ns

Values followed by the same letter are not significantly different (LSD at the 5% pevalie adjustment Bonferroni). Ns Not Significant

Sowing date affected all fatty acids content and the ODS and O/L if@éke(l3). Palmitic acid
content increaskin all tested genotypes from the first to the second sowing Tla¢ehighest value

was recorded by line 342mt (5.20% in the second sowing datdpwaedt value was achieved by
R978 (3.21% in the first sowing date). Reciprocal segregating generation did not show any
significant difference within sowing date. Reciprocal backcrosses with 342patlasser had the

highest content of palmitic acibllo reciprocal differenceweredetected
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3. Maternal effects on oleic acid content in high oleic sunflower

The highest stearic acid content (4.00% in the first sowing dateaetdsvedoy [342nt x R978] x

342mt backcross and the lowest (2.03% in the second sowing date) was showed by [R978 x 342mt]
x R978 backcross. Date of sowing did not alter stearic acid content in parental inbred lines and in
reciprocal segregating generation. Inbred line 34Bad a higher stearic acid content than line
R978. Reciprocal backcrosses w978 as polliniser had a lower content of stearic acido

maternal effect on stearic acid content was detected.

Oleic acid content increagérom the first to the second plamg date only in some genotypes. The
highest value (93.02%) was recorded by backcross [342mt x R978] x R978 and the lowest by
inbred line 342mt (84.42%). In 342mt inbred line, oleic acid content was affected by sowing date
and it showed a lowest oleic aadntent than inbred line R978. R978 did not show any variation
through sowing date. A significaiifference of about 6% in oleic acid content was detected among
reciprocal segregating generations in the first sowing date. Also, a reciprocal effectectsdde

the first sowing date. Backcross [342mt x R978] x 348hdwed a significantly lower content of

oleic acid tharthe reciprocal backcross and equal to 342mt x RQ&@é&ds.

Linoleic acid content varied across sowing date as oleic acid contentcoFitentration of oleic

acid was affected by the concentration of linoleic acid. This was confirmed by ODS index. In the
first sowing date ODS activity was significantly higher than in the second sowing date in 342mt,
342mt x R978&nd in [342mt x R978] 842mt.

OIL ratio was affected by sowing date in the inbred line 342mt, in the segregating population 342mt
x R978 and in the backcross [342mt x R978] x 342mt. The highest value (95 in the second sowing
date) was achieved by [R978 x 342mt] x R978 and thvedb (11) by 342mt and 342mt x R978 in

the first sowing date. The O/L ratio in hybrid 342mt x R978 and in the backcross with 342mt was
equal to female parental line in the first sowing date. The backcross with R978 showed a O/L ratio
higher than female pant. On the other hand, reciprocal effeatsre detected. The backcross
[342mt x R978] x 342mt was not equal to [R978 x 342mt] x 342mt for O/L ratio in the first sowing
date.

Means and ranges of the main FAMIBased on single seed analysis, in parental lines, reciprocal
segregating generation and reciprocal backcrosses were repoffedlenl4. Differences were
found in oleic acid content in the reciprocal $egregating populations and in the reciprocal
backcrosses BfF;. Recombinant individualghat displayed an intermediate contenldic acid,

thatwere not found in parent lines and in the reciprbgdrid generation, were detectedtire F,
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3. Maternal effects on oleic acid content in high oleic sunflower

seedsof the cross342mt x R978 and ithe BC;F; seeds from thbackcross [342mt x R978] x
342mt.

To study the segregation pattamF, and in BGF; generations, ODS index was used to compare
phenotypes to avoid an interference on unsaturated fatty acids by the other fatty acids content. The
distributions for | and BGF; seeds were divided into phenotypic classes on the basis of the ODS
index of theparents grown in the same environmélrdk{le 17). Any individual with an ODS index
greater than 0.10 (the highest value recorded in inbred line 342mt) was classified as recombinant
(individual that showed a phenotype not matched in inbeed reciprocal hybrid seeds).
Recombinant individualgvith an intermediate content of oleic acid were deteotdy in the first

sowing date in the Fseed of 342mt x R978 and in backcross [342mt x R978] x 342mt with a
frequency of 25%. In the second sowidate no segregation was deteciedny of thetested
genotypes and generations. Thus, vanmaiiooleic acidcontent across sowing date was related to a
different segregation patteand not to a overall decrease or increase in oleic acid content &.g

seeds showed the same variation). All 5 plants had the same segregationgpattéatty acids

compositionNo different pattern of segregation within genotypes was detected.

In the F, seeds of the cross 342mt x R978, we obtained a fit to a 3dl (Nain recombinant
Recombinant). The Fseeds population supported the hypothesis of a gene, with two alleles, in
addition to oleHL gené€in this case it is homozygous for the Pervenets allele) that controlled the
HO trait. This gene, wheit is homozygous for the recessive allele, affected oleic acid content in
HO mutants. The backcross with female parent 342mt fitted the ratio 3:1 non reconibinant
recombinant. The number of segregants in the recombinants ODS class was lower thadi&apect
single gene was controlling high oleic expression (1:1 expected segregation ratio in backcross). The
backcross supported a two gene theory in addition to Ol gene. The backcross with male parent R978
showed only offspring with a parental phenotype. The baskes supported a hypothesis that
recessive allele of the first gene was in the 342mt inbred linéirsA gene could affect the
expression of a second gen&. different distribution in oleic classes of the Bnd BGF;
recombinant seeds was founthble 15 and Table 16). The seeds with the lowecontenif oleic

acid (5565%) had the same frequency in the aRd BGF; generations. The seeds in other
intermediate oleic acid classes had a different frequency in zla@d=BGF;. The elationship

oleici linoleic acids content in the;Bnd in theBC,F; with female parent 342mE({g. 14) showed

some difference among generations. Thegéneration could be divided into two main groups:
recombinat and non recombinant. Recombinant class (88%) showed a continuous variation in

the oleic linoleic acids relationship. The BE. generation could be divided into four discrete
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3. Maternal effects on oleic acid content in high oleic sunflower

groups: Non Recombinant and three type of recombinants (about 60%, 7@®@%rid oleic acid
content). Considering the BE; plants (replicates) separately wbserved a slightly differenaa
the frequency distribution of the seeds in this three type of recombinants (data not shown). This

suggest that the third genetic elensethtat controlled HO trait could be some minor genes.

Table12. Sowing date, cycle duration, duration of Flowering to Physiological Maturati®tMFand GDD (Growing
Degree Day, tb=6 °C) for parent lines ancokants.

Date of Genotype Cycle E-F F-PM GDD GDD
Sowing (dd) (dd) (dd) F-25 daf F-PM
342mt 100 55 35 449 681

R978 102 62 32 448 581

26/04/2011 342mt x R978 123 56 53 390 916
R978 x 342mt 123 57 53 390 916

342MT 101 59 37 456 674

R978 101 60 37 416 674

10/06/2011 342mt x R978 111 59 47 458 760
R978 x 342mt 111 58 47 458 760

Tablel13. Analysis of Variance (Mean Square) for the main fatty acids in parent lines, recipreealdrgeneration and

Backcrosses.
SoV DF Palmitic Stearic Oleic Linoleic OoDS O/L ratio
Genotype 7 7.260%** 14.672%** 116.52%** 93.48%** 0.010811**=* 11496***
Date of 1 1.200%** 1.002%** 49.96*** 27.04%** 0.003321 *** 4249%**
Sowing
GxD 7 0.887*** 1.626*** 20.79%** 16.74%** 0.002077*** 2045%**
Residuals 64 0.076 0.143 1.39 1.20 0.000150 269
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3. Maternal effects on oleic acid content in high oleic sunflower

Table 14. Fatty acids composition (%) of seed from sgmflinated inbred lines and hybrids,(Beed) and from
backcrosses. ODS and O/L are adimensidResults are means.

Genotype Generation  Sowing Plants Fatty acid (%) ODS O/L

date number ratio

Palmitic Stearic Oleic  Linoleic

342mt Inbred I 5 4.53bc 3.28a 84.42c 7.77a 0.08a 11f
R978 Inbred I 5 3.21h 3.05 91.30a 2.44c 0.03d 38cdef
342mt x R978 F, I 5 3.78efgh 3?(;%9; 84.52c 7.94a 0.09a 11f
[342mt x R978] x BC,F; I 5 3.78efgh 4.00a 86.75 5.47ab 0.06 21 ef
bc bc
342mt
[342mt x R978] x BC,F, I 5 3.86defg 291 91.77a 1.47c 0.01d 65abc
bcdefg
R978
R978 x 342mt F, I 5 3.58gh 3.19a 90.98a 2.25c 0.02d 60abcd
[R978 x 342mt] x BC,F; I 5 4.06cdefg 3.59a 90.46a 1.88c 0.02d 51bcce
342mt
[R978 x 342mt] x BC.F, I 5 3.68fgh 2.87 92.49a 0.98c 0.01d 95a
cdefg
R978
342mt Inbred ] 5 5.20a 3.78a 87.52b 3.50bc 0.04 25def
R978 Inbred I 5 4.90ab 2.87 90.70a 1.53c 0.((:)%d 60ab
342mt x R978 F, I 5 4.44bcde 20221:% 92.21a 1.17c¢ 0.01d 8lab
[342mt x R978] x BC.F, I 5 4.47bcd 2.09g 92.32a 1.12c 0.01d 86ab
342mt
[342mt x R978] x BC,F, ] 5 3.62fgh 2.05¢ 93.02a 1.32c 0.01d 72ab
R978
R978 x 342mt F, I 5 4.6labc 2.42defg 91.32a 1.64c 0.02d 72ab
[R978 x 342mt] x BC.F, I 5 4.23cdef 2.03g 92.22a 151c 0.02d 63abcd
342mt
[R978 x 342mt] x BC,F, ] 5 3.84defg 2.36efg 92.68a 1.12c 0.01d 84ab
R978
LSD at5% 0.65 0.89 2.78 2.58 0.03 39

Meansfollowed by the same letter areat significantly different (LS& the 5% levelp-value adjustmenBonferroni).
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3. Maternal effects on oleic acid content in high oleic sunflower

Table 15. Mean and range for the main fatty acid contents of the recipreaaid-backcrosses seeds. Data for any

genotypes was from 5 plants and 50 seeds per plant from outer rings.

Fatty acid (%)

Genotype Generation Seeds
Palmitic Stearic Oleic Linoleic

342mt x R978 F, 250 3.78 3.65 84.98 7.58
[2.76:4.97] [2.165.25] [57.8092.80] [0.86-34.98]

[342mt x R978] x 342mt  BC,F, 250 3.85 3.78 86.26 6.11
[2.84-4.84] [2.01:5.99] [60.5892.74] [1.10-31.29]

[342mt x R978] x R978 BC,F, 250 3.76 2.87 91.77 1.60
[2.87-4.85] [1.62-4.84] [87.01-93.74] [0.47-3.96]

R978 x 342mt F 250 3.55 3.11 91.45 1.89
[2.254.49] [1.804.75] [85.3593.50] [0.64-7.78]

[RO78 x 342mt] x 342mt  BC,F, 250 4.00 3.40 90.37 2.24
[3.155.51] [1.61-5.77]  [81.2293.07]  [0.49-11.00]

[R978 x 342mt] x R978 BC,F, 250 3.70 2.87 92.34 1.09

[3.034.26] [1.743.88] [90.77-93.42]  [0.60-1.97]

Table16. Distribution of seeds in oleic class. From 81% to >90% individuals had an equal oleic acid content to parent

lines and they were not recombinants. If oleic acid content was lower thant&#@alividual seed was recombinant.

Oleic Acid
Genotype Generation Seeds

5565 6675 7680 8185 86-90 >90

342mt x R978 F, 250 22 37 2 0 16 173
[342mt x R978] x 342mt  BC,F; 250 20 18 6 14 59 133
[342mt x R978] x R978  BC,F, 250 0 0 0 0 18 232
R978x 342mt F 250 0 0 0 0 36 214
[R978 x 342mt] x 342mt  BC;F, 250 0 0 0 8 69 173
[R978 x 342mt] x R978 BC,F, 250 0 0 0 0 0 250

Table 17. Distribution of seeds in ODS Activity class. If ODS activity was higher than @h&dndividual seed was

recombinant.

Genotype Generation Seeds ODS Activity
0.1 0.11-0.20 0.21-0.30 >0.30
342mt x R978 F 250 189 5 35 21
[342mt x R978] x 342mt  BC,F; 250 192 34 5 19
[342mt x R978] x R978 BC,F; 250 250 0 0 0
R978 x 342mt F, 250 250 0 0 0
[R978 x 342mt] x 342mt  BC,F; 250 250 0 0 0
[RO78 x 342mt] x R978  BCF, 250 250 0 0 0
77
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3. Maternal effects on oleic acid content in high oleic sunflower

Fig. 14. Oleic linoleic acids relationship in [R978 x 342mt] and in [342mt x R978] backcrosses with 342mt.
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Fig. 15. Oleic linoleic acids relationship the F, seed from the cros842mt x R978 and R978 x 342mt.
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3. Maternal effects on oleic acid content in high oleic sunflower

3.4 DISCUSSION

3.4.1 Experiment 1

Line R978 was insensitive to environment conditions and had the same composition through
sowing date. On the other hand, fatty ac@dmposition in line 342mt varies through sowing date:
oleic acid content increases with temperatdrab(e 7 and Table 8). Temperature was the major
environmental factor that varies among sowing date. The other factors that may modify fatty acids
composition,such as water (Rochest al, 2006) and nitrogen (Zheljazkost al, 2009), were
controlled. Different genetic background and modifier genes could cause differences between high
oleic inbred lines (Lacombet al, 2004). Thus, some high oleic genotypes showed a response to
temperatue (Izquierdo and Aguirrezabal, 2008hile others did no{Lacombe and Bervid 200Q
Lagravéreet al, 2000).

It seems that difference in oleic acid content at maturity is due to a diverse pattern of fatty acid
accumulation andMicrosomal Oleate Desaturae (MOD) activity and, therefore to different
metabolism in high oleic mutantBi¢. 12). Different fatty acid metabolissin high oleic hybrids

were already found by Lagravéret al. (2004). At 13 DAF, line R978 showed an intermediate
linoleic content among those reported bytavéreet al. (2004). These Authors reported a linoleic
acid percentage of 21.17% and 0.50% in two HO hybrids. According to MaRiuaget al. (2001)

and Lagravéret al.(2004), two desaturase systems are involved in the biosynthesis of unsaturated
fatty acids. The first one is a constitutive system present in the whole plant, and the isecond
specificallydevoted to storage metabolism in the achenes. During the first part of the seed filling
period, the constitutive desaturase could be responsibéeldovaccumulatiorof linoleic acid in all

kinds of hybrids. The specific desaturase is then involved in the accumulation of high quantities of
linoleic acid in the standard hsids, but its activity is lackingn high oleicvarieties and thus oleic
acidaccumulatesData showed that 342mt and R978 displayed OAC of 91% and 85%, respectively,
andthey are responding differently to environment: We are therefore allowed to hypothetize that
they carry 2 different constitutive systems for MAD 342mt theres aMOD constitutive system
involved in the accumulation of linoleic acidore active or activéongerthan in R978. This is
confirmed bythe low temperature effect. At 13 DAF, R978 did not show any variation in-oleic
linoleic ratio, while 342mt showed dareng response to low temperaturéig; 13). The low
temperaturenduced variations in lipid composition at 13 DAF are different between sowingrdate i
line 342mt and 342mt x R978 hybridrig. 13). This could be related to the environmental
temperature thatmay modify the activity of the enzyme (Garcés al. , 1992) and to

effecto of early temperature regi me oealthe f
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3. Maternal effects on oleic acid content in high oleic sunflower

2002). Furthermore, Schluetetral.(2007) found many oleate desaturase genes in soybednegnd
reported that some dlhesegenes show temperatudependent changes in transcript accumulation
in developing pod. A mechanism comparable with soylmay be proposed in sunflower.

Absence of temperature sensitivity from 20 DAF is duthémgeof seeds(Garcéset al, 1992).

Temperature response during the seed filling phase was shown due to a maternal ledfect
maternal effect, small but significant, on oleic and linoleic acid contents, was detected in reciprocal
hybrids plants. The difference wdound on response to low temperaturelatDAF that we
suppose depends on the constitutive desatukdghlin the seond sowing datethe environment
could maskthe maternal effect and therefore,reciprocal hybrids are equal. When parents
displaying small differences in fatty acid composition are crogsedenvironment could easily
mask any maternal effects (Gilsingalr al, 2010). Different response magnitude between 342mt
and its 342mt x R978 hybrid cloube related to a different duration of F to PM. It is important to
note that the magnitude of the maternal effect could be the resutiushber of morphological or
physiological processes, all of which could be controlled by genes in the nucleu@asyt
(Gilsingeret al, 2010).

3.4.2 Experiment 2

No transgressive segregation for all fatty acids was detected in the recipreesds. Saturated

fatty acids content in tested genotypes was not affected by maternal effect and this was in
agreement with Per-Vich et al. (1999), Pere¥/ich et al. (2002) and Velascet al.(2007).There

is a small number of studies on saturated fatty acids content inheritance and the traits appear to be
complex(Vick et al, 2004).

No significant differences in fatty acid®mposition was detected in the reciprocakéed hybrid
generation in the first and in the second sowing date. There was a significant difference in stearic
and oleic acids content mean values between reciprqcs¢dtls in the third sowing date. The
difference in stearic acid content between reciprocakeBdsvasnot observed between reciprocal

F1 plants (F seeds averaged) and reciprocal backcrosses, indicating the absence of cytoplasmic
effects. The differences between reciprocadéeds may be due maternal phenotypic and may be
related to differences in phenological development of the parental plaiie ). The difference

in oleic acid content between reciprocalséeds in the third sowing date was due to a decrease in
stearic acid content. The reciprocal 9eeds had the same linoleic acahtent and ODS activity

and those was similar to R978 parent line in each cross. Thus, oleic acid content in seeds of the
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cross 342mt x R978 was not affected by ODS index or linoleic acid content but it was affected by

stearic acid content.

With regard tathe maternal effect on oleic acid content, if the trait had been inherited maternally,
the R generation oleic acid content would have been equal to the oleic acid content of the female

parent used in crosses ahe F, and BGF; generatios would not show segregation.

In our case, inbred lines were both high oleic but they were quite different in oleic acid content.
Oleic acid content of the reciprocal Beeds was the same in the two date of sowing and this
observatiorseems to indicata complée influence of the embryo genotype on the trait. This was in
agreement with Milleet al. (1987),FerndndeiMartinez et al. (1989) and Varést al. (2000).0n

the other hand,Fgeneration was tested in three sowing dates but only in one year and one.location
There was not significant difference in the accumulation of GDD from flowering to 25 daf.
Therefore, it is possible to propose three hypothéséygbrid genotype and thudominance of the
hypothetical heterozygous genotypé, the environment could have masked the phenotypic
expression of some genes and thus transgressive segregatipmgenefation was not detected

and/or iii) a maternal effect masked thegénotype.

As far as hypothesis two is concernéitie environment could have masked the phenotypic
expression of some gene# the environment masked the phenotypic expression of some genes in
F, seeds each;plant or some Fplants would have shown a differengsegation ratio in Fseeds.

All F, plants (replicates) had the same segregation ratio so hypothesis two was rejected. Inbred lines
tested were bred true for the high oleic trait. Results showed that different genotypes gave a HO
phenotype (see belowgnd this was in agreement witRernandeaMartinez et al. (1989) and
Velascoet al. (2000). On the other hand, hypothesis three was partial fulfillesedts of the cross
342mt x R978 showed a higher oleic acid content than the female parent and so a different
phenotypefrom the female parent.;Fseeds of the cross R978 x 342mt had an equal oleic acid
contentto thefemale parent. Linoleic acid contemdaODS showed the same trends. The reciprocal

F, seeds had a different O/L ratio, $eeds from the cross 342mt x R978 had a higher O/L ratio
thanthe female parent line while reciprocal Beed had an equal O/L ratio ttee female parent.

Thus, hypothesithree was not rejected.

To verify the hypothesis of maternal effects, single seeds were analyzed from the recipaochl F
BC,F; generation. Single seeds analyzed in these generations showed segréghtedtt) only in
one reciprocal ¥ and BGF; with female parent line and in the first sowing date (lowest
temperature). Sowing date altered fatty acids composition $eéds and in backcross geniers
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when inbred line 342mt was used as hybrid female parental line. Variation in fatty acids
composition among sowing date was due to a different segregating pattern in seeds and not to a
overall variation in seed fatty acids composition. Probably some of the genes that controlled HO
trait have no phenotypic expression at higher temperatures (Vedasdp 2000) which was the

case for the second sowing déf@ble14). If oleic acid content was controlled by maternal effects,
each seed of these generations would have had oleic acid contents similar to the female parent with
no segregan. When inbred line R978 was used as hybrid female parental line no segregation was
detectedn any of thetested generatioand sowing date. A maternal effect was detected on high
oleic trait inthe high oleic mutant. From a breeding point of view, feeale parent choice is
fundamental teselect HO hybrids that have rariation in oleic acid content across environments.
Cultivated HO genotypes are hybrids and the harvest is given bgdéls generatiohus, the
maternal effect could be used to selbgbrids insensible to environmental conditions and thus

having a high and equal content of oleic acid across the environments (years and locations).

Segregation ratio fitted in,Fand in backcross with female parent 342mt suggestedhbigh

oleic trait was controlled by at least three lIoEefnandeaMartinez et al, 1989; Lacomb et al,

200% Lacomle et al, 2004). In this experiment, tested genotype was homozygous for the Pervenets
allele (HO inbred line derived from Pervenets population) ans skegregation was caused by other
factors. Those factors may be present or not in HO inbred lines, masked by maternal effects, and so
discordant conclusions concerning the genetic of HO trait were reported in literature (seed.acomb
and Bervillé, 2000).

As a hypothesis, considering that the parentedbteue for the trait and with two different
genotypes, an additional major gene and some modifier genes, other than Pervenet algle (OL
could be acting on oleic acid conterA second major genegesignated as Gl. when is
homozygous for the recessive allele (3:1 segregation ratio fittegigarferation and no detected in
backcross with R978), could be acting on Pervenets allele and decrease oleic acid content in
combination witha modifier geneThe result with hybrid plants suggested that the variation in oleic
acid content of the homozygous inbred line 342mt was recessive sidicknot appear in the

hybrid seeds and in the backcross with R978. Furthermore, in exgeriimonly in inbred line
342mtoleic acid content was affected by low temperature. Our results suggested that response to
low temperature was caused by this major genmid-oleic sunflower types the presence of a gene

has been reported that, when is homozygous for the recedieiee causes instability in oleic acid
content and whose expression was affected by modffieitsoi-Blondel et al, 2000).Lagravéreet

al. (2000) suggested that hybrids with low oleic acid potentials could be more sensitive to
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environmentalconditions such as temperature, while hybrids with a higher oleic acid content

genetic potential were insensitive to temperature conditions.

The different response of the HO genotypes to environmental conditions could be related to this
gene thatmodifiesthe potential in oleic acid content.

The results with reciprocal,KR978 x 342mt) and backcrosses suggested a maternal effect on this
gene and/or modifier genes. Maternal effect on oleic acid content in HO sunflower was reported
only by Vaks et al. (2002). It is expected that oleic acid content of the backcross [342mt x R978] x
342mt would be equal to [R978 x 342mt] x 342mt because the only factor that was different
between these reciprocal crosses was the cytoplasm of the maternal plants. Thatiexyeas not
satisfied in the firstsowing date. On the other hanoh the second sowing date reciprocal
backcrosses were equal in oleic acid content. Theefregating generation seeds from the cross
R978 x 342mt had an equal oleic acid content thiaayving date while the reciprocal population
showed variation. Thus, a cytoplasmic or a nuclear x cytoplasmic effect on oleic acid content was
hypothesized. It appears that the cytoplasm is involved in the maternal effects for oleic acid content
becausehte mean of the Fseed produced on the j/fplants of reciprocal cross were significantly
different. Information on cytoplasmic effects would be useful to the breeder in the selection of male
and female parents. We could not exclude that observed differanoeng tested genotypeere
caused by other types of maternal effects. We tested qnéndr F, generations from two HO
genotypes, that displayed few differences, in one location. No informatisobtained about the
persistence of reciprocal differerscen later generations. If cytoplasmic effects are present,
significant differences should be observed among reciprocal crosses in eaclsigeicsel
pollinated generatiofF; or BC;F, and latter). If cytoplasmic % nuclear genetic effects exist, those
effects may dissipate or appear in each successivgpdaéifated generation, depending on the
interaction. It is also possible that different cytoplasmic effects affecting the same trait could mask

each other, only to reappear in later generations (Gdsetal, 2010).

Continuous variation in oleitlinoleic acids contentHig. 14) and the frequency of the recombinant
type in F, and backcross generation for ODS clas3eble17) suggested that the third factor could

be a combination of modifier genes, eackihga small effect on the trait (Fernandszal, 1999;
Lacombeet al, 2001; Lacombeet al, 2002), that modify oleic acid content only when Ols was
homozygus for the recessive allele. Each modifier gene has small quantitative effects on the level
of expression of Ols, but in combination they cause a greater variability. This result is in agreement
with repors of accumulation of genes with a minor effect @eic acid inheritance in sunflower

(Urie, 1985; Fernendelrlartinezet al, 1989; 1990).
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The third element could be one or more quantitative trait loci. The segregation ratio (3:1) in
backcross generation with female parent line suggdstedypothesesThe first hypothesis was

that it could be a gene complex (Fernandeal, 1999) and sgeneswere inherited together. The
second hypothesis was epistagis. epistatic combinatioior modifier alleles was suggested by
Lacombeet al. (2002) and a QTL x QI epistatic interaction was reported by Shupperial.
(2003).

The following genotypes on the basis of the ODS index were postulated for inbred lines:

1) 342mt: OLOL;OLOLOL,OLy,

2) R978: OLLOL;0LsOLsOLyOLy

Where Ol is the Pervenets Allele; Qlis a major gene that, when is homozygous for the recessive
allele (OLOIs), decreases oleic acid content and OLm are modifier genes. OLs and/or OLm

expression is modify by maternal effects.

The difference among HO inbred lines depends on maternal effiedtsegregation of the alleles

We suppose that theveere both dominant alleled these nuclear modifier genes in line R978 as a
consequence of maternal effects. The different behavior of these genes under different
environmental conditions and in different cytoplasm make HO trait a complex one. Therefore
further experiments not onlynder controlled environments with different temperatures and in
several locations under different field natural conditions but also wiimé BGF, generations are
needed for a better understanding of the genetic system controlling oleic acid levietsrainds

influenced by temperature.

84
31 UPWEPWEOUUOUEUVUOWEPwW" OEUEDPOW%! Ui UPEOQWEPUEUUUEwWxUI UUOwOZ



3. Maternal effects on oleic acid content in high oleic sunflower

3.5 CONCLUSION

High oleic inbred lines with different genetic background are not equal for oleic acid content and
they show a different interaction genotype by sowing date. Inbred line 342mt was sensitive to

temperaturewhile inbred line R978 was insensitive to temperature.

An oleate desaturase was active in the early seed filling phase in both lines. 342mt showed greater
ODS activity than R978. All these differences depend on different nuclear genes and on maternal
effect. High oleic trait was controlled by at least three loci and influenced by maternal effect, so
different genotypes could show a HO phenotype. Variation in fatty acids composition among
sowing date in segregating generation was due to a different seggqogitern in seeds and not to

an overall variation in seeds fatty acids composition. When a second major gene, designated as OLSs,
is homozygous for the recessive allele, oleic acid content was affected by temperature only when
342mt was used as hybridmnfiale parentt was observed that the cytoplasmic effect might have an
important role in the genetic control of these traits and thus it could be used in brémtieal

effect could modify phenotypic expression of some genes and so théehg88holdin oleic acid

content, a goal in a breeding program to select high oleic hybrids for industrial use. No studies have

yet been reported on the cytoplasmic effect on the inheritance of oleic acid in HO sunflower.
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ABSTRACT

The high oleic sunflower was develapdased on the mutant PervendResearch on genetic
control of the high oleictrait led to several hypotheses on the number of genes (major genes,
modifier genes and suppressors), on their dominaglegionshipsand maternal influence on the

trait. Our approach to study the inheritance of the HO trait was based on the cross between HO
inbred Inesonly. Therefore,Ol (or Pervenets Allele) was homozygous. All variation observed
across generations was due to other genetic factors. Two inbred lines were crossed and each
successive plant generation,(IF, and partially B) was analyzed. Parentahd, R plants and F

plants were tested in two years: 2010 and 2011. A classical approach based on segregation pattern
fitting and a quantitative genetic approach based on the generation means were performed. Parental
lines and F plants showed a HO stabpdenotype. On the other hand, in thepkant generation

some individual seeds appeared showing a MO or LO phenotype (oleic acid content <55%). In the
seeds collected from one plant a longitudinal gradient from embryo to upper cotyledons was found.
A pherotypical maternal effect on the trait was suggested. A 13:3 segregation ratio (non
recombinanti recombinant plant) fitted well the data. The hypothesis of dominant epistasis or
suppression or duplicate genes was supported and thus the hypothesis geatetsyon addition to

the Pervenets allele, were involved in HO trait control. Mjeothesizehat the recessive gene was
another FADB2 gene or some kind of suppresstising the k seedfamilies as the unit of
measurementhe twegene modefailed. A third element seems involved in HO control. According

to segregation pattern and analysis in some F3 plants we suppose that this element was a
combination of modifier gene that acts on major genes. With these results some indications for

breeding activityare given.

Key Words: HO phenotype, Segregating Population, Fatty Adittdf-seed Technique
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4.1 INTRODUCTION

The development of a high oleic sunflower mutant was first reported by the Russian researcher K.1.
Soldatov (1976). Heleveloped the first stable higheic acid opespo | | i nat ed cul ti v
through chemical mutagenesisth dimethyl sulfate (DMS)nd further selectionfor high oleic

acid content.Pervenetswas used worldwide as High Oleic source m breeding pygrams to

produce High Oleic (HO)ines and commerdighybrids with an oleic acid content over 80%. In
practice nowall HO lines derive from the mutant population Ramets and they display seed oil

with the oleic acid content over 80%. However, tH® genotype carries not onlthe Pervenets
mutation but also different factors that affect OA@ie, 1985; Milleret al, 1987; Lacombet al,

2001; Demurin and Borisenko, 2011)

Many genetic approaches have been developed to study the HO mutation derivéeivenets
Several indications on number of genes that controlled HOepited in different publications
one, two, three or five genes acting on HO trfaitk (1984) reported a single dominant gene with
partially dominant gene action; Urie (198porteda fully dominant gene action by a single
dominant genaand detected thgresence of modifier®One Ol gene with incomplet@enetrance
determined by genotypic epistatic factaf reversion was reported by Demurin &# o (1996
and Demurin 2003). Miller et al. (1987)found two genes acting on HO tragt:partially dominant
major geneOl and a modifier genml acting recessively. Fernandetzal (1999) suggested thtite

ol genewasrecessive anthe modifier geneMl wasdominant. According toLacombeet al. (2001)
the HO trait was directed by two loci:igh oleic locusoleHOS and suppressor loc8sip Other
studies reportethree complementary genes,; ODl, and Of (FerrendezMartinezet al,, 1989 or
five genes QJ, Ol,, Ol;, Ol, and O§ (Velascoet al, 2000).

Various levels of dominance were reported in different publicatibhe level of dominance of
high oleic may depend on genetic background of inbred linesinsed crosses. Hsegenetic

factors might be modifier genes and/appressor/s

The presence of$everalmodifier genes innbred lines was demonstrated (Millet al, 1987,
FernandeaMartinezet al, 1989; Fernandezt al, 1999). Modifiers exert a dramatic effect upon the
expression of allelethey control(Velascoet al., 2012).No indication on the number of modifier
genes PerezVich et al, 2002) and their interaction wittOl (Pervenets allele)s reported in
literature.The action of a suppressoir HO phenotypevas first proposed by Lacoralet al (2001).
Demurin(2003)and Demurin and Borisenko (20IrEported theexistence of suppressidapistatic
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suppressor)n normal and HO genotype§hus, suppression seems to be common in several

sunflower genotypes. For this reasons, HO appear to be a complex trait.

The presence of modifiers hinders breeding for oil quality traits. Accordingly, identification of
modifiers in the initial breeding material is mandatory and germplasm containing them must be

discarded to avoid unnecessary problelmsngthe final steps of breaty (Velascoet al, 2012)

Our approach to study inheritancetbé& HO trait was based on the cross between HO inbred lines.

HO x HO crosses have been used by seed industry to seleclévidypes Yick and Miller, 20032.

It has been hypothesizeah the basis of the phenotygbat n a HighOleic x High Oleic cross,Ol
(or Pervenets Allele) was homozygous. All variation observed across generations was due to other
geneticand evironmentalfactors. Two HO inbred lines were crossed and each succesaie

generation (5 F, and partially k) was analyzed.

The aims of the work wer®: (i) studythe inheritance of oleic acid content and (ii) detedhiére
are other genetic factors, in addition to Pervenets allele, affecting oleic acid percentaggim

Oleic x High Oleic cross.
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4.2 MATERIALS AND METHODS

4.2.1 Plant Material

The sunflower lelianthus annuug..) seeds used in this work were from two gmiflinated R

plants derived from the cross 342cms x R978 (HO x HO). Line 342 is a selection, made at
University of Udine, derived by Ha 342 USDA, and it i€y@oplasmicmale sterile line with a
single head. Line R978, selected by University of Udine, is a-buiypded type and it is a male

fertility restorer. All plant materials were High Oleic.

The F, populationgplants were grown and each plant wal-pollinatedto obtain the gseeds. The

F; families, each derived fromn individual | plant, were planted dt/dine in 2011. F seed
families derived from sevemplants, namely family A, B, C, 2871/20, S, T, Z. The seven families
were: 1 family with all individuals that showed a high oleic phenotype (C), 3 families with
individuals that showed an intermediatgthbleic content (A, B; Z) and 3 families with individuals
that showed a low oleic acid content (2871/20, S, T).

4.2.2 Field trials

Parental lines, Fplants and segregating populatiomere grownduring 2010 and2011 atthe
experimental field ofJniversity ofUd i n e, Azienda Agraria Univer s
13A2206E, al t it uEhst Italy.Bo® thenparentalilimes add plant$, he experiment

was designed as a complete randomization scheme, with three replications. The date aflaswing

19" April in 2010and18" May 2011. Plants were thinned after seedling emergence from 10 to 7.5
plants nf. The seeds were sown at a spacing of 0.75 m between rows. Plants were thinned after
seedling emergenceoim 10 to 7.5 plants ™ Nitrogen wasapplied at 100 kg ha Weeds and
diseases were controlled, and regular watering throughout the experiment ensured that plants were
not subjected to water deficit during the entire growth period. All plants were covered with paper
bags, at the R4 stag8dneiter and Miller, 1981)o prevent crostertilization.

4.2.3 Sampling

Plantswereharvested at physiological maturity (R9 phase; Schneiter and Miller, 1981). Seeds were
dried in an oven at 30 °C for 42 h. Seeds from head outer rings6jl with the same
developmental timing, were separated. 100 seeds were counted and dehulled. Wenenground
to a fine powder using a coffee grinder. 200 mg of kernel powder were weigpheddmmer fatty

acid analysis.
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A screening on 15 Fseedsrom each of the Fplants was péormed to identify the presenace
absence of segregatioA screenng on 12 k seedsfrom each of the Fplants was péormed to
identify the presencer absence of segregati@erezVich et al, 1999)for a highC18:1content.

When segregation was found, to fit a segregation ratiadd@ional i seedsrom whole sunbwer

headwere analyzedrom those plants showirgggregation for G&.: 1 content.

A screening on 15/seeddrom each of the fplants was péormed.

4.2.4 Fatty Acid determination

Single seeslweredehulled and grounded. Lipidgereextracted in 1 mL oh-hexane. Fatty acids

were converted in Fatty Acid Methyl Esters (FAMEDby transesterification with a methanolic
potassium hydroxide solution (2NJhe fatty acid compositionf seeds from eactjenerationvas
analyzed bygas chromatography and every fatty acid was expressed as a percentage of the total
fatty acids detected in the oilhe ¢as chromatograph was fitted with a 60 m-88 capillary

column (Agilent Technologies, USA). Helium was used as carrier gas, andettinfetector and

oven temperatures were 230, 250 and 200 °C, respectb/gly of sample vereinjectedmanually

in split mode. Different FAMEwere identified by comparison with known standards.

4.2.5 Half-Seed Technique

Half-seed technique was used ays€eds. Sevenzseed families (derived from the selbllinated

F, plants grown during 2010) were grown in 20Altotal of 30 F; half-seedsvereanalyzed from

each F plants. Each individual seed was cut with the razor into two part: upper cotyledons and
embryo (embryo + lower cotyledons). Upper cotyledahge fop of the seg@dvere analyzed for

fatty acid compositiorby gas chromatography. The bottdembryo+ lower cotyledonp of the
seedcouldbe embryo cultured to produce seedlings for transplanfimg.enbryo was pubn paper
soakedwith water in aPetri dishes to germinate. After germination, seedling was transferr@d to
pot filled with potting compost ithe greenhouse for acclimations. After 15 days, when plaste

10 cm tall, bey wereransplanted in the field.

4.2.6 Seed Spatial Analysis

Individual seeds from Jplant were cut with the razor into two parnpper cotyledons and embryo

(embryo + lower cotyledonsyhich were analyzed separately.
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

4.2.7 Statistical Analysis

Means were calculated fail fatty acids in the parental, iR plant generationsand inF, plant
generations and compared using thest (independent-test two-tailed). Chi-squared tests were

used to determine the goodneddit of observed segregations to expected genetios. A chi-
squared test for heterogeneity was also performed to examine whether different populations from

the same type of cross displayed similar genetic behavior.

4.2.8 Quantitative Genetic Analysis

Estimates of the genetic parameters were obtained watlvahance of parents P1 (VP1)daR2
(VP2), F1 (VF1) and F2 (VFZX)enerationsVariance components were estimated as described by
Allard (2001)using the following equations:

Phenotypic variancgVP) = VF2
Environmental variance (VE) = 1{2VF1+VP1+VP2)

Genetic variance (Vg) = VPVE.

4.2.9 Broad-sense heritability (h?)

Broadsense heritabilitys the proportion of phenotyp variance thats attributable to diérences
among individuals in their genotypkt measures how much of the differeramaongindividuals is

attributable to diférences in their genel$ was calculated as:
hy’ = Var(G)Var(P)

where Var (G) indicates Genotypic Variance and Var(P) indicates Phenotypic Variance.
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

4.3 RESULTS

In 2010, seeds from the hybrid plants had an average oleic acid content equal to 90s&%ilare.
to the content of the male parent R978 (91.3%). Female parent showed an average oleic acid
content of 85.0%. The;fplants (k seed) did not showariationin the OAC Seeds from the,F

plants (averagesseeds) had an oleic acid contameragedo 84.5%(Table18).

In 2011, seeds from the hybrmlants had on average an oleic acid content equal t&®Mha
different from male parent R978 (91.4%). Female parent showed an average oleic acid content of
85.5%. The Eplanss (F, seed) did not show segregation. Seeds from ilptaiits (averagesfseed)

had an oleic acid content of 88.4%able18).

Table18. Fatty acid composition infpopulation as plant mean in 2010 and 2011.

Fatty acid 2010 2011
Mean (%) Min Max Mean (%) Min Max
Palmitic 3.96 3.19 6.65 3.68 2.87 5.08
Stearic 3.26 2.32 5.37 3.00 1.75 4.17
Oleic 84.52 58.14 92.56 88.42 60.10 93.38
Linoleic 8.26 1.06 39.17 491 0.77 31.27

The two segregating populations were equal for saturated (Palmitict-deisk= 1.84, p>0.05;
Stearict-Test 1.71,p>0.05) and unsaturated fatty acids content (Oleic &diest 1.91,p>0.05;

Linoleic acidt-Test 1.72,p>0.05). Thewo sample means come from the same population

Thirty-two F, plants were maléertile and 15 Eplants were malsterile, which fitted the expected
3:1 (malefertile:malesterile) ratio ¢= 1.20,p = 0.55)in 2010. Forty-four F, plants were male
fertile and22 F, plants were malsterile, which fitted the expected 3:1 (mé&betile:malesterile)

ratio (&>= 3.00 p = 022) in 2010.

The OAC threshold for classification Bf plants(means of Fseedskshould be located &0% that
was the minimum oleic acid content of the female parent. In the caftthis threshold25% and
19% of theF, plants could be consideredcombinantsn 2010 and in 2011 respectivdlable19).
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

Table19. Absolute frequency in phenotypic class based on oleic acid content expressed as mean plant.

Phenotypic classOleic Acid Content Year 2010  Year 2011

<60% 2 0
61-70% 1 4
71-80% 5 4
81-90% 12 10
> 90% 12 24

Total Plants 32 42

A segregation ratio of 3:1 (naecombinant Fplanti recombinantFpl ant ) was ?fi tt e
0.3348- p 0.85. Heterogeneityanalysis( %2.5279- p 0.28 indicated that the twsegregating

populatiors were equafor segregating ratidnegenemodel fitted well the data.

Environmental effects need to be considgi@ek Chapter 2 and.3We found that environmental
conditions, in particular temperature, modify the segregatiorerpath F, seed generatiofsee
Chapter3). To detect segregation in, Blants, 12 individual seeds were analyzed. If segregation
was found, the remaining 48 individual seeds were analyzed from whole capitubompuotea
segregation ratio. A different frequency in oleic phenotypic classes was found in analysis of seeds

from outer rings and whole capituluffiable20; Table23; Table24).

Table20. Seedfatty acid composition from individuakBeed analysim 2010 and 2011

Fatty acid 2010 2011
Population mean (%  Min Max Population mean Min Max
Palmitic 3.91 2.72 9.76 3.66 2.01 7.60
Stearic 3.41 1.84 5.72 2.85 0.92 4.78
Oleic 81.51 20.63 93.61 88.64 35.72 93.98
Linoleic 11.18 0.77 67.57 4.85 0.81 54.40

Theaverage of seed fatty acids composittriained fronl00 seed analysis was similar to average
of seed fatty acids compositi@btainedirom individual seed analysis in 2046d 2011(Table20).

Range was different for oleic and linoleic acid conf{@iatole20).

Some [z seedswith a Low Oleic phenotype appeared. Considering as threshold for LO phenotypic
classification the level of oleic acid in the Pervenets mutant (Soldatov, 1976) and previous
classification (Low, Intermediate and High Oleic) reported in literature (Mgteal., 1987
FernandeMMartinezet al, 1989 Lacombeet al, 2001), and that in our experiment no individual

was found in oleic phenotypical class68%, a 55%0f oleic acid content was selected as threshold
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

to identify low oleic phenotypéTable 22). The variation in oleic acid content from 90% to 65%
could be related to modifiers (Lacométal, 2001) but a content in oleic acid lower than 55% or
LO phenotype would be related to other genetic factors.

Table 21. Number of recombinant and neecombinant plant®n single seed basiRecombinantavere plants that
showed some seeds with a LO phenotype.

Year 2010 2011
F2 Plants Harvested 32 42
F2 Plants fARe 6 8
F2 Plants fANot 26 34

When seeds were analyzed as individual seed, plants that shewembmmbinant seeds were 19%

in 2010 and in 201(Table21) and so another segregation ratio Vitied in F, plants.

19% of the k plants in each yedrad some seeds with a content in oleic acid lower than 55%. In
other words, seeds with a Low Oleic phenotype appear in fheedd generation of the cross
342cms x R978. A segregation ratio of 13:3 @necombinant Eplanti recombinant Eplant) was
fitt ed?00p1ld-IpD.e7ndHeterogeneityanalysis( %0.0010- p 0.97) indicated that the two
segregating population were eqf@ segregating raticA two-genemodel with dominant epistasis

or suppression hypothesis fitted well tregad Two genes act arteic acid level in Fplants.

Table22. Oleic acid content- phenotypical classl2 individual seeds per plant were analyzed. In 2010, somes fBant

plans) did not hae enougtseeds for 12 individualeterminations

Total
Phenotypic class 2010 2011

Oleic Acid Content

Seed number Frequency Seed number Frequency Seed number Frequency

<55% 11 3.1% 28 5.6% 39 5%
61-80% 20 5.6% 32 6.3% 52 6%
80-90% 55 15.4% 52 10.3% 107 12%
> 90% 272 76.0% 392 77.8% 664 77%
Total 358 504 862

If the analysis ended here, the tggene model fittedvell the data. However, instead of using
families as the unit of measurement, an analysis was done using the indigidead phenotype.

The result was far romthe x pected 13: 3 segreggenenmodel o
consequently this model was rejected.
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

The frequency of individuals that showed a content in oleic acid lower than 55% over the
population was 3.1% and 5.6% in 2010 and 2011 respectiVhly.dfference between the two
could be related to a distortion in plants (different population size, unknown phenotype in male
sterile plant, environmental condition at the flowering, etc.) or more simply péahkt to  plant
variability. However, the freueny was in agreement with a thrgene model with suppression
(expected frequency of 1.6% in feedgpopulation).On the other hand, modifiers could be acting
increasing or decreasing oleic acid contétonsidering all individuals with a contentaheic acid

lower than 80%the hypothesis of two complementary genes could be not rejeéofeding on

intermediate phenotype was complex.

Considering only the recombinant plants (6 plants in 2010 and 8 plants in 2011) that originated
offspring with a O phenotype, the frequency of theseindividuals (k seedswas 30% and 16%

on the total of F seeds analyzed (48 seeds per plant) from these plants in 2010 and 2011
respectively(Table23 andTable24). If LO phenotype was due to two complementary genes than it
would have drequency of 6.25% (15:1 ratio suppression) or 18.75% (13:3 ratio dominant epistasis)
in F, generation. Thus a 12.50% or 37.5% frequency was expectedgenEration. No Fplants
showed all progeny with a LO phenotype.

To test the hypothesis of dominaeqistasis or suppression, the families g5€eds were analyzed
separately. Different segregation ratios were fitf€dble 25 and Table 26). We analyzed raF;
generation, so different segregation patterns were expected. A pooled analysis revealed that a 3:1
( pol?l2e667-m®0.26) and a 13:3 p o | %12.41d4- B0.30 segregation pattern fitted well the

data in 2010 and 2011 respectivelyeterogeneity tesapplied for all plantswith the same
hypothesis for ratio te8:1 and13:3 was inconsisten(3:1, reterogeneitye® 44.222- p < 0.001;

13:3, keterogeneityc® 28.1527- p < 0.001) Thus, the phenotypes of the offspring were due to a
maternal phenotypic effecgénotype of the maternal planbut also to the genotype of seed

(embryo).

Individual F, plants were different with respect to the segregation pattern. In 2010, 2 plants showed
a 1:1 High to Low Phenotype segregation ratio, 2 plants a 3:1 segregation ratio, 1 a 13:3 and 1 15:1
(Table25). In 2011 4 plants showed a 15:1, 3 plants showed a 13:3 ratio and 1 plant showed a 1:1
ratio (Table 26). It was obvious that individual F plants were different with respect to the
segregation patterns: ary §eed generation was analyzddwas not obvious that the relative
frequency of plants for each segregation ratio fitted varied fist to second year. In other words,

we observed a different relative abundance of plants for each segregation pattern fitted.
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4. Inheritance of the High Oleic Trait in a High x High Oleic cross

Table23. Analysis of 48 individual seesdrom whole head in year 2010.

Phenotypic clast Oleic Acid Content Plant Total
1 2 3 4 5 6

<55% 22 8 27 12 12 3 84

61-80% 14 9 16 8 0 2 49

80-90% 12315 4 0 0 92

> 90% 0 0 0 24 36 43 103

Total 48 48 48 48 48 48 288

Generally, in Mendelian segregation, it is expected that igeReration the half of all individuals

are heterozygous at a certain locus. In the next generation, it is expected that about half of progeny
shows a segregation pattern similar togéneration. We considered only the plants that showed
recombination, thus we suppose that the first gene wasnozygous fornfor the recessive allele.

The second and the third elements could be in heterozygdwmrmzygous formSo, only plants

that had the second and third gene in heterozygous form originated the same segregation pattern
expected in fFgeneration. With the hypothesis of dominant epistasis it was expected that 25% of
the plants showed the same segregation pattern (13:3 HO to LO)eskp@dd generation, that

12.5% of the plants showed a 3:1 Low to High segregation pattern and that 6.25% of the plants
showed a LO phenotype. A 1:1 segregation ratio waexgpliainablein an ki generation. No 3:1

Low oleic to High oleic segregation pattewas fitted. The observed plants with a 13:3 ratio were
higher than expected in each year. For the same reasons (with different ratios), the suppression

hypothesis was not supported.

The different segregation ratio obtained among plants (recombinantglgear) and the different
abundance in the Mid Oleic phenotypic class (among years) suggested that the third element could
be a geneomplex or a polygenthat mimics segregation patternproduced by Mendelian
segregationDifferent segregating ratio \xss years and a continuous variation in oleic acid content

in those plants suggested that the third element was a combination of modifier genes.
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Table24. Analysis of 48 individual seedbulk) from whole head igear2011.

Phenotypic clasé Oleic Acid Content Plant Total
1 2 3 4 5 6 7 8

<55% 4 8 4 4 4 20 4 8 56

61-80% 4 16 0 4 0 0 4 4 32

80-90% 12 16 16 4 4 12 0 0 64

> 90% 28 8 4 36 40 16 40 36 208

Total 48 48 24 48 48 48 48 48 360

Table 25. Chisquare analysis for goodness of fit of segregatatio observed in F seed (only from F, plant

recombinant). Year 2010.

Plant Segregating Ratio PhenotypicClass Observed Expected ¢ Probability
1 11 High 26 24 0.3357 0.85
) Low 22 24
. High 40 39 0.1500 0.93
2 13:3 Low 8 9
3 11 High 21 24 0.7619 0.68
' Low 27 24
. High 36 36 0.0000 1.00
4 31 Low 12 12
5 31 High 36 36 0.0000 1.00
' Low 12 12
. High 45 45 0.0000 1.00
6 15:1 Low 3 3

Table 26. Chisquare analysis for goodness of fit of segregatatio observed in k seed (only from F, plant

recombinant). Year 201

Plant Segregating Ratio PhenotypicClass Observed  Expected & Probability
1 15:1 E:)%C t4 %5 0.3556 0.84
2 13:3 E:)%C 4;0 ?59 0.1368 0.93
3 13:3 'E(')%C 240 250 0.0684 0.97
4 15:1 t'(')%c " 4;5 0.3556 0.84
5 15:1 'E(')%*V‘ a4 4 0.3556 0.84
6 11 High 28 24 1.3333 0.51

Low 20 24
7 15:1 E(I)%C 424 %5 0.3556 0.84
8 13:3 E(I)%C 4;0 ?;9 0.1368 0.93
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4.3.1 Quantitative approach

Several hypothes could beformulatedwith a qualitative approacbut nae could be tested
appropriately because we used equal HO parent lines and we suspected a distattion in
segregation patterin the K plant generations (use of cms parent and seiadld segregating

population)

Thusa quantitative approach to anahg theHigh Oleic traitover generationg/as performedThe

first step was fitting a simple model (additivedominance) with three parameters; d and h,
wherem was the mean that was mparents value (P1+P2/2) or hybrid value (Hayman, 1960),

were the additive effects armdwere the dominance effects. A edquare goodness of fit with one
degree of freedom (number of generationsmodel parameter) was perform@dom Table 27 to
Table30). A three parameter additiiedominance model described oleic acid content in each year
while it did not describe linoleic acid camit in the generatior(year 2010 Table29). So oleic acid
content was not affected by epistatic efféichble 27 and Table 28). With respect to linoleic acid
content, &ilure to fit the norepistatic model (m, d andh) is a definiteindication of epistasis the

general sense (Hayman, 1958) or linkéGable29) . Hybri ddés dpEakentsavalieinn f r
oleic and linoleic acid content and its reduction in the next generation indicated that dominance was
present.

The gene action was additivehen |n/d|=0, incompletely dominant when 04j|<1 and dominant
when|h/d|=1

Broad sense hereditably was 0.93 and 0.92 for oleic and linoleic acid respectively in both years.
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Table27. Oleic acid content in year 2010.

Generation Observed Expected Diff. Parameter h/d
P, 85.17 86.2 -1.1 m 88.3 0.68
P, 91.40 92.4 -1.1 d -3.1
F. 90.39 87.2 3.2 h 2.1
& 0.17
F, 84.52 86.2 -1.7 (p=0.68)
m=mid parent value
Table28. Oleic acidcontent in year 2011.
Generation Observed Expected Diff Parameter h/d
P, 85.57 86.4 -0.9 m 88.5 0.60
P, 91.37 92.2 -0.9 d -2.9
F. 90.21 87.6 2.6 h -1.8
F, 88.42 86.6 1.8
6> 0.13 (p=0.71)
m=mid parent value
Table29. Linoleic acid content in year 2010.
Generation Observed Expected Diff Parameter h/d
P, 7.5 77 -0.2 m 53 1
P, 2.7 29 -0.2 d -2.4
F 2.8 2.8 0.0 h -2.4
& 6.6
F, 8.3 35 48 (p<0.01)
m=mid parent valu¢
Table30. Linoleic acid content in year 2011.
Generatior Observed Expected Diff Parameter h/d
P, 6.4 6.6 -0.2 m 41 0.20
P, 1.8 2.0 -0.2 d 2.3
F, 3.1 39 -0.8 h -0.5
F, 4.9 5.1 -0.2

6> 0.23(p=0.63)

m=mid parent value
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