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Abstract
Sugar beetBeta vulgarisis an importantcrop for the global sugar industrypeingone ofthe

two major crops cultivated for sugar production. In the USKhe sugar beet root aphid
Pemphigus betaas a regionally occurringgest which damagesugar beets by feedingho
their secondary rootshich results imreduced biomass artncea lower yield.To date, he
bestalternativeto control the aphids isby useof resistantvarieties. Tofind such resistance
and to introduce it in plant materiay plant breeding it is necessary to have a precise and fast
selection method for the resistante modern plant breeding more and more of useful plant
characteristics are selected for via molecular markers.

A locus on sugar beet chromosome kn®wn to harbor resistance to the root aphid, but
the markers flanking the locus were too far from the actual gene(s) to be really useful for
selections.The aimof this master thesiwas to finemap the resistance locus byeans of
sequencingo enabladentification of SNPsin close proximity othe locusand by conducting
a phenotypic test under greenhouse conditions

The phenotypidest showed varying results, but was still a useful complement to the
marker analysisSeveral lines scored fairly costnt, while other linefiad plants which
scoredanything betweersusceptite and resistain However,in most cases the results from
the phenotypic test were comparable to earlier phenotypicfrdataa field test, and part of
the variation was because tleestill was segregation among sugar beet offspring but most
likely also due to escapes from infestatio8ince tle phenotypic test waa pilot test there
were some aspects that could be improved, for instheselection ofoil type

The results from theequencingshowedthat nearly 50% of théNA targets were
polymorphic. Tk other half of th&®NA targetsturned out to be eitheranomorphic orfailed
due totechnical reasons or difficulties in amplification of the lodesom the fire mapping
five SNP markers were found in the vicinity of the interval where the resistancewasus
previously mapped, making it possible to narrow down the resistance locus. The
recombination frequency of the two markers closest to the resistance locus was 1.6%.
Although the new markers can be utilized in maskssisted breeding for tiseigar beetoot
aphid resistanceecombinanevents are still presebetween the two markessiggesting that

furthernarrowingdown of the interval would be feasible

Keywords resistance, sequeing, mapping, molecular marker, singlenucleotide
polymorphism SNP, gaome sequence, breeding, root aphREsnphigus betasugar beet



Sammanfattning
SockerbetaBeta vulgaris ar en av tva grodor somuvudsakligenodlas for att producar

socker och adarfér en viktig groda inonden globalasockerindustrinl USA &r rotléss pa
sockerbetaPemphigus betaeen regionalt forekommande skadegdrare som orsakar skador
hos sockerbetan genom att suga ut saften ur deras sekundara rétter vilket resulterar i minskad
biomassa hos sockerbetan och darmed en minskad riviadtlittills ar resistenta sorter det
basta alternativet for atiekampaotiossen. For att hitta sddan resistens och introducera de
vaxtmaterial ar det viktigt att ha en precis och snabb selektionsmetod for resistensen. |
modern vaxtforadling selekteras allt fler plantegenskaper med hjalp av molekylara markaorer.

Det ar sedan tidigare kant att resistensen mot rotloss ar lokdligkratt locus pa
kromosom | pa sockerbeta, men flankerande markorer ligger fot &g sjalva genen
(generna) for att vara anvdvatra for att séektera resistenta plantor. Syftened detta
examensarbete var att finkartera resistenslocuset genom sekimgnoch identifiering av
SNPs nara locuseth genom att utféra ett fenotyptest i vaxthus

Fenotyptestet uppvisade varierande resultat, men var anda ett anvandbart komplement
till markdranalysen. Flera linjer uppvisade ett relativt jaAmnt resultatameddra linjer hade
plantor som var bade kansliga och resistenta. Likval var resultatet fran fenotyptestet i de flesta
fall jamforbara med tidigare fenotypdata fran ett faltforsok, och variationen berodde delvis pa
att dar fanns en segregation i avkommasen mest troligt berodde det dven pa att en del
plantor inte blivit infekterade. Eftersom fenotyptestet var ett pilottest fanns det en del aspekter
som kan forbattras, t.ex. valet av jordtyp.

Resultaten frasekvenseringewmisade att 50 % av DNAegmenrgn var polymorfa. Den
andra halvan avDNA-segmergn var antingen monomorfa ellesd misslyckades
sekvenseringepa grund av tekniska orsaker eller att amplifiering i locuset ar svitt.
finkarteringen hittades fem SNP markorer i narheten av det omradeesiétenslocuset
tidigare karterats vilket medférde att omradet for resistensen kunde begransas.
Rekombinationsfrekvensen for de tvd markdrerna narmast resistenslocuset var 1,6 %. Aven
om de nya markoérerna kan anvandas vid markorstodd féradling av mesisteot rotloss
finns det fortfarande nagra rekombinanta linjer mellan de tva markorerna vilket indikerar att

det ar mojligt atbegransamradet for resistensaftterligare.

Nyckelord resistens, sekvensering, karteringplekylarmarkér,singlenucleotide
polymorphism, SNP, gemsekvens, foradling, rotlod8emphigus betasockerbeta



Glossary
Contig = DNA sequencéhat,with a high confidence levetorrespondto a part of the

genome

Indel = a mutation resulting in either an insertioraatteletionof one or more nucleotides in
thechromosome

SNP= SingleNucleotide Polymorphisprefers to a mutation at a single nucleofsition
inthegenome

Scaffold = a partof the genome sequenicgormationthat iscomposed of contigand gaps
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1. Introduction

1.1. Sugar beet (Beta vulgaris L.)

1.1.1. Sugar beet production

Sugar beetReta vulgarisL.) is a root crop commonly used to extract sugar which is an
important food source. In 1747, the sugar in the roots of the beet was discovered, and in 1784,
different varieties obeets from the genuBetawere studied to compare differences in sugar
production. The first publication on cultivating the crop for sugar production is dated back to
1799 and two years later the first sugar beet factory was established in Cunern, Silesia. Since
185Q systematic selection of beets regarding sugar content haspee®rmed (Cooke &

Scott, 1993).

Today, sugar beet (together with sugarcane) constitutes most of the sugar production in
the world (Biancardi et al., 2005). During the year 2008, sugar beet was the tenth most
cultivated crop in the world with global production of approximately 220 million tons
(FAOSTAT a). Out of these, Europe accounted for producing approximately 150 million tons,
followed by America and Asia with a production of approximately 30 million tons each and
Africa with a production of appximately 8 million tons. During that same year, North
America and Sweden produced approximately 25 and 2 million tons of sugar beet
respectively (FAOSTAT b, 2011).

1.1.2. Biology
Sugar beet is an herbaceous dicotyledon (Biancardi et al., 2005) belonging féantilye

Amaranthaceae (Yamane). With the basic haploid chromosome numbeythe=@op is a
true diploid (Biancardi et al., 2005). The plant is biennial; that is completing its life cycle in
two yearsDuring the first year, continuous vegetative grovthmarked by the development
of leaves and a large taproot accumulating sugar. During the second year, plants switch to the
reproductive stage as a response to the exposure to cold temperaturehguwiderand the
increasing day length occurring duritige spring. However, as sugar beet is a root crop,
flowering is not desired since the accumulated sugar in the root will be utilized during the
flowering process and thereby resulting in a lower sugar yieldciggissown in spring and
then harvestedni autumn during the same year (Cooke & Scott, 1993). Sugar beets are
commonly selincompatible and thereby crepsllination is a requiremenfor seed
production(Biancardi et al., 2005).

The taproot of the sugar beet caach 1.5 meters into the soil and the root is covered

with a cork layer of periderm which functions as a protection against pathogens and
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desiccationInside the rootcontainsparenchyma cellgh which the sucrose istoredin the
vacuolesthese lattecorrespond to approximate®b% of thetotal cell volume (Biancardi et
al., 2005).

1.2. Sugar Beet Root Aphids (Pemphigus betae Doane)
A regionaly important pest of sugar beet is the sugar beet root apeichphigus betae

Doane which cause damage by feeding on the secondary roots of the sugar beet (Harveson et
al., 2009). In the BA, several areaghere sugar beets are groverq. Michigan, Colorado,

Nebraska, Wyoming and Montgnaan be heavily infected by root aph{@etaseef

1.2.1. Lifecycle and hosts
P. betaehas a complex life cycle (fig. 1) switching between tiypes ofhosts. h spring

overwintering eggshatch giving rise to wingless females on the primary host (most
commonly narrowleaf cottonwoodP¢pulus angustifad), but also black cottonwood
(Populus trichocarpp and balsam poplarPppulus balsamifefg. The wingless females
initiate galls on the leaves of the primary host in which winged females (the spring forms)
with a black head and thorax and a green abdamemproduced asexually (Bradshaw, 2011;
Harper & Whitfield, 2001Harveson et al., 200®1oran & Whitham, 1988).

In early summer the winged females migrate to the secondary host consisting of sugar
beet Beta vulgarisL.) and variousweeds, such as species Réimex Chenopodiumand
Polygonum Underground at the roots of the secondary,lsesteral generations of yellowish
white and broadly oval wingless female aphids (the summer forms) are produced asexually.
Since the summer forms efigar beet root aphids secrete a white waxy material the colonies
often appear Amol dyo (Bradshaw, 201188 Har ve
Moran & Whitham, 190).

In autumn both winged and wingless aphids (the fall forms) are produced aad fhet
spring forms, these aphids have a black head and thorax and a green abdomen. Winged aphids
fly back to the primary host, while the wingless aphids stay and overwinter in the soil of the
secondary host. On the primary host several wingless femai@aledaphids are produced in
protected places on the bark. Then in a crevice in the bark or under thd dadddranches
ege aredeposited after mating anare left to overwinter (Bradshaw, 2011; Harper &
Whitfield, 2001; Moran & Whitham, 1988).



Switches between winged and wingless morphs of root aphids are triggered by
environmental cues such as crowding and temperature (Bradshaw, 2011; Minks & Harrewijn,
1987).

APt

Figure 1. The lifecycle of sugar beet root aphids.

1.2.2. Damage
The sugar beet roatphid causes damage by feeding on the secondary roots of the sugar beet

(Harveson et al., 2009nd a population of approximately 200 root aph&lsufficient to
cause injuryto the beet (Bradshaw, 2011). Based on a two year study in Minnesota,
Hutchison& Campbell (1993) estimated that a 31% loss in sugar content and a 32% loss in
yield of sugar beets were caused by the infestation of sugar beet root aphids.

The presence of the aphids may result in a reduction of thedld@tsass since the
white and waxy material produced by the aphids serves as a means of keeping water away
from the colonies and thereby interfere with the plamater uptake (Bradshaw, 2011;
Harveson et al ., 2009) . T froen the poots ofitbessugaribeet i t y
will also have a negative effect on the plants ability to take up nutrients and water. Although
aboveground symptoms on the milaare not necessary to obtain sevgiedd losses, leaf
wilting and yellowing can occuunderadditional stress conditions (such as drought stress)
(Harveson et al., 2009).



The infestation dynamics is most likely a result from a combination of different factors,
such as the abundance of wingless adults late in the season that will remaigsaih ithéhe
fall, the number of severe weather days during the winter (e.g. number of days with
temperatures 48°C and snow cover <12.7 cm) and dryer conditions during the growing

season (Hutchison & Campbell, 1993).

1.2.3. Management
At present, the usef resistant varieties of sugar beet is the best alternative for managing

sugar beet root aphids. However, there are some other strategies to minimize infestation. One
option is to keep the soil moist, since the impact of aphids increase under drowditibicen

Also the soil type can contribute to the impact of the aphids. A heavier soil may crack which
will provide the aphids with pathways to the roots whereas in a lighter soil cracks are not
likely to develop On the other hanid will probably comprig better drainage which will keep
moisture away from the aphid colonies. In areas where aphids overwinter in thercgil
rotation and good weed control can reduce the infestation risk. There are also some natural
enemies, e.g. the chloropid flylfaumabmyia glabrg, which feed on aphids in galls and in

the soil (Harveson et al., 2009).

1.3. Resistance
Pess and diseases can be a major factor affecting the yield and quality of the cultivated crop

which makes breeding of cultivars genetically resistant an important objective of plant
breeding (Brown & Caligari, 2008Resistance can be classified ramhost rsistanceand

host resistancePlants with nonhost resistance are simply not a host for the patheganse

of many plant characteristics that difefrom hostsHost plants with polygenic resistance
activate genes that will have a quantitative resistaeftect Monogenic resistant plants
defend themselves through the presence of matching genes in the host plant and the pathogen.
The host plant contains a few resistance genege(iRs) per pathogen and likewise the
pathogen carries matching avirulence egrfA-genes) for each Hgene (Agrios, 2005). R

genes have previously been shown to be involved in aphid resistance, e.g. in tomato,
Pallipparambil et al. (2010) found that thegBneMi-1.2 is involved in resistance against
severaherbivores including aptis (Macrosiphum euphorbige
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1.3.1. Plant defense and resistance mechanisms
In plant resistance to insects, there are three possible resistance mechanisms; antixenosis,

antibiosis and tolerance. The resistance in antixemosasused by morphological factors (e.g.

the presence of hairs and waxes) or chemical factors (e.g. the lack of sufficient levels of
phytochemical s) . In antixenosis the resistart
preferred as an eggying and feeding site and the insect will therefore select an alternative
host. I n antibiosis the resistant plant wi l
increase the mortality rate which is commonly caused by plant chemicals. Tolerant @ants ar
less injured by the insect since they are able to withstand damage caused by the insect and
tolerance can occur together with antibiosis and antixenosis (Smith, 1989). An early example
whereinsect resistanceas introduced to control a pastthe rootfeeding grape phylloxera
(Phylloxera vitifoliaFitch.) in European grapevines. This insect spread from North America

to Europe and was about to knock out the entire European wine industry. But by grafting
susceptible European grapevine scions on residtarth American rootstocks the pest was
successfully controlled (Metcalf & Luckmann, 1982). Campbell and Hutchison (1995) studied

the resistance mechanism of sugar beet root apRidbetag¢ and, depending on the sugar

beet variety, their results indicatétht the mechanism is conferred by both antixenosis and
antibiosis or that the mechanism is limited to antixenosis.

Plants have evolved a complex of characteristics to defend themselves against pest and
pathogen attack The defense response can be bathctural and biochemical anthn be
pre-existing or inducedas the plant recognizes an invader (Agrios, 2@&jakova, 2001;

Ahman, 2009)

1.3.2. Resistant varieties
Compared to pesticides there are many advantages in using resistant varieties. For a farmer,

the cost of seeds of resistant varieties is usuallyhigiter compared to conventionakeds.

Even partial resistance wil|l benefit the far
for satisfactory control can be reducdthe use of @sistantvarieties also redusg¢he contact

risk for the farmer anthe amount of pesticidesidues for the consumer. In some cases plant
resistance is also compatible with biological pest control measures, whereas pesticides often
also affect such beneficiarganisms The difficulties with resistant varieties are that it takes

several years to intgressresistance into a crop, the cultivar should be acceptable to both
growers and consumers and except being resistant the cultivar should also produce a high
yielding quality crop (Hayward et al., 1993). In many cases a resistance gene is only effective

against one pest species and auee new races of the pest can evo{ee just increase in
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numbers)and thereby overcome the resistance in the host plant whichaffgitt the
durability of the resistance in the cultivar (Brown & Caligari, 2008; Hayward et al., 1993).

1.4. Plant Breeding
Ever since Mendel 6s wb cektury, planttbteedingnhasdbeédn en o f

important tool to improve crop characteristics (Brown & Caligari, 2008). With plant breeding

a particular objective is obtained by deliberate selection towards the objétdisard et al.,

1993). To recombingariation in traits of useplants are crossed. The produced offspring are
then evaluated and the recombinants displaying thesge#n@aterest are selected and then
used in further crosses (Acquaah, 2007). The most common breeding objectives are to
increase crop igld, improve the endise quality and to increase pest and disease resistance
(Brown & Caligari, 2008).

In breeding, one can distinguish between qualitative and quantitative genetics. In
qualitative genetics alleles at a single locusadew loci control the inheritance, while in
guantitative genetics this is controlled by alleles at more locithadtrait is commonly
influenceal by the environmentCharacters showing quantitative variation are referred to as
polygenic systems since thegeamediated by a number of supplementary genes all effecting
the total variation. The relationship between genes and the affected characters is often very
complex as several genes can have the same primary action and likewise a singengene
have severgbrimary actions (Brown & Caligari, 2008; Hayward et al., 1993).

Examples of galitative traits are flower coloand plant size (dwarf vs. nhormaBnd
guantitative traits areomplex traits such as, yielmhd maturity date. Genes controlling the
variation of complex traits are called polygenaad are present auantitative trait loci
(QTLs). The difficulties in studying complex traits comes from a range of variation since
many genotypes can show the same phenotype, the true genotype can be obscured by
dominance, the environment can cause variation and the effect of one genotype at one locus

can depend on the genotype at another locus (epistasis) (Hayward et al., 1993).

1.4.1. Sugar beet breeding
With sugar beet breeding one wants to obtaiiable varieties thatesult in a high yield of

sugar per unit area in relation to the cost of productiad varieties that accord wigtowers
and sugar factories requirements regardmgrphology, anatomyphysiology and chemical
traits of the beet. The root shape ia amportant morphological character in sugar beet

breeding since it will affect harvesting, storage ability and factory processes. Anatomical
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characters, such as cell size and number of vascular bundles are significant features which
have an impact on sugextractability. As for physiological charactgnematurebolting is an
important breeding objective, particularly in temperate areas and where autumn sowing is
performed, since this character will cause difficulties in harvesting and reduce the vyield.
Ancther important physiological aspect in sugar beet breeding is resistance to pests and
diseases which have a great impact on yield and pesticide inputs. Chemically, sugar beets
should contain higher sucrose content relative to sodium and potassiumUsattd)o
nitrogen and betaine, since thedwracters are of great impaat the sugar crystallization
processes (Cooke & Scott, 1993).

In sugar beetthe hybrid breedingmethod isthe breeding method commonly used. To
produce hybrid seeds male sterilityisry important and the most important system in hybrid
seed production is cytoplasmic male sterility (CM@)ich enable efficient and economic
hybrid seegroduction (Hayward et al., 1993).

1.5. DNA (deoxyribonucleic acid) markers
Genetic markersire tags for genes at certgositions (loci) within the chromosomes that

causegenetic differences between individual organisms or species. This meanhethat
markers do not necessaribgcur at a coding region thatfect the phenotype of a traltut
they ardocated near the gene affecting the trait (Collard et al., 2005).

DNA (deoxyribonucleic acid) markers are the most commonly used genetic marker
nowadays (Collard et al., 2005) and results from diffespohtaneoumutationsat the DNA
level (Paerson, 1996). Since phenogypased identification of QTLS not possible (as many
genotypes may display the same phenotype) the development of DNA maskisilitated
thelocalizationof QTLs and thereby the characterization of quantitative traits (Collard et al.,
2005; Hayward et al., 1993keneic variationobserved at a DNA marker gives information
about alleles which can be associated taattedic forms ofgenesof interestqHartl & Jones,
2005). DNA markers that display differences between individuals are called polymorphic
markersOn thecontrary, DNA markers that do not show any differences betwelviduals
are called monomorphic marker&olymorphic markers can be furthalivided into
codominant and dominant markers. Codominant markers can distinguish homoZxguotes
heterozygotes ancinrepresenmany different allelesvhereas dominant mankeare either
present or absentthereby unable tomake thedistinction betwee homozygotes and
heterozygoteand represent only two alleléSollard et al., 2005).

13



There is a widdield of applicationfor DNA markers, e.g. they can be used to identify
genes involved in diseasesistanceand food safety, to create genetic mapsnap simple
traits, QTLs and mutations or to characterize transformants (Birren & Lai, ;119861 &
Jones, 2006 With a linkage map the position and distance between maakdiferent loci
along the chromosomean bedisplayed. With an adequate number of markers, and a
population in disequilibrium, the linkage map can be used to locate genes and QTLs that are
associated with a trait of interest and this is referred to as QTL maps. During meiosjs genes
and markes, sggregate via chromosome recombination, also called cressieg making up
the foundation of a QTL map (Collard et al., 2005; Hartl & Jones, 2005; Lynch & Walsh,
1998). The closer or more tightlynked the genes or markers are the more likely it is that
they will be transferred together from the parent to the progeny. The order and distance
between markers can be estimated by analyzing markers where a lower frequency of
recombination between two markers indicates that the markers are more closely fota¢ed i
chromosome (Hartl & Jones, 2005). To construct a linkage map of a mapping population,
identification of polymorphism and linkage analysis of markers are required. The mapping
population needs to be a segregating plant population and the paremtpopthation need

to differ in one or more traits (Collard et al., 2005).

1.5.1. Different types of DNA markers
There are different types of DNAnarkers used in marker analysigr example the

codominant markergonsisting of Restriction Fragment Length Polymbipms (RFLP)
(Hartl & Jones, 2005; Winter & Kahl, 1995Simple Sequence RepealSSRs) Hartl &
Jones, 2005; McCouch et al., 19%Fowell et al., 1996Taramino & Tingey, 1996and
Single-NucleotidePolymorphisns (SNFs) (Schneider et al., 20Q,7and thedominant markers
consisting ofRandom Amplified Polymorphic DNA&RAPDs) Hartl & Jones, 2005; Lynch
& Walsh, 1998; Williams et al., 1990and Amplified Fragment Length Polymorphisms
(AFLPs) (Vos et al., 199p Mostof these marker systems are the@nsumng and expensive
and for some of them thamounts of polymorphisms ardew and the methodology
complicated Collard et al., 2005Schulman, 2007Vos et al., 1995Winter & Kahl, 1993.
With the development dfigh-throughputtechniquedor the detecton of SNPs this type of
DNA-marker has become more advantageand istoday widely usedLandegren et al.,
1998 Schneider et al., 2001)
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1.5.2. Single-Nucleotide Polymorphism (SNP)
SNPs are the latest generationflA markers(Schneider et al., 2007and constitue the

most frequent type of genetic variation in natural populations of a species (Schneider et al.,
2001). SNPs are distributed uniformlgrassthe genomesand at one SNP locus, onlywo
alleles and three genotypes amangivenpopulation argossible (fig. 2); e.g. homozygous
with either A or G-C at the same site at both homologous chromosomes or heterozygous
with T-A in one chromosome and-G at the same site in the homologous chromosome (Hartl
& Jones, 2005). By DNA sequencisgchdifferencesbetween the allelest acertainposition
can be detected (Schneider et al., 2001).

Functional differences by an SNP are more likely to occur when thesSbifated in a
coding region or in a regulatory region comparedniocSNP located elsewherevds though
the majority of SNPs does not have an effect on a gene function, many mapped SNPs can be
very useful as markers to find SNPs that affect gene function (Collins et al., 1998). Schneider
et al. (2001) studied the frequency of SNPs and the fractipnlymorphic loci in sugar beet
using EST (Expressed Sequence Tag) sequences. After the sequencing of 37 gene fragments
of sugar beet, the results showed that the frequency of SNPs corresponded to 1 SNP every
130 bp. Most of the SNPs (65%) were locatethtrons and therefore do not change the gene
product but could still induce a phenotypic effect since they might affect the transcription rate
or stability of the mRNA.

There are some advantages of using SNPs as markers in genetic analysis; SNPs locate
in genes might affect protein structure or expression levels and comp&B&HRIGSNPs are
more common in the genome, easier to score and statde [andegren et al., 1998
Schneider et al., 2001

AACGTATTCCTGCCCGTATTC
TTGCATAAGGACGGGCATAAG

A
AACGTATTCCTGCCCGTATTC
TTGCATAAGGACGGGCATAAG
AACGTATTCC GCCCGTATTC
TTGCATAAGGCCGGGCATAAG
B
AACGTATTCC GCCCGTATTC
TTGCATAAGGUCGGGCATAAG
AACGTATTCCTGCCCGTATTC
TTGCATAAGGACGGGCATAAG
C

AACGTATTCC GCCCGTATTC
TTGCATAAGGUCGGGCATAAG

Figure 2. Three possible genotypes of an SNRarl BhomozygousandC heterozygous.
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1.5.3. Marker -assisted breeding
DNA markersare essential to perforrmarkerassisted selection (MAS) and facilitate the

mapping and tagging of agricultulkaimportant genes. The use of molecular techniques has
enabled a more rapid transfer of desirable genes between different varieties, the introgression
of novelgenes from wild species and simplifiadalysis of polygenic characters (Mohan et

al., 1997; Winer & Kahl, 1995).

Prior to the discovery ofDNA markers, a resistant donor line was crossed with an
agronomically better cultivar to condusingle gene introgressionAfter repeated testirsy
selfings and backcrossirgghe cultivarmainly contained the gene of interest from the donor
genome. This process can be speedethyupeveral plant generationsDINA markers are
usedto selectthe offspring containing the lowest amouwrft the donor genome every
generation (Winter & Kahl, 19959nd many rounds of selection can gerformedduring a
year (Mohan et al., 1997). MAS contribstenore advantages in breeding for disease
resistance; unreliableesults due to poanoculation methods are avoided since selection can
be achieved without iaculation and breeding can be carried out in areas where safety
regulatiors do not allow field inoculation with the pathogen (Hayward et al., 1993).

At Syngenta, SNPs are the only DNA marskesed inMAS of sugar beet. Every year
approximately 200 000 phs are analyzed resulting in approximately 2 million datapoints
and these numbers are constantly increadihg. most important traits that are subjected to
MAS areresistancdo diseases (such as rhizomania aactosporg nematodesnd bolting
and morecomplex traits (such as sugar yield). Most of the marker analyses are dope on F
plants so that only the moftvorablegenotypes will be selfed for line production. This can
be regarded as a pselection, so for example if marker selection is done énRhfor a
singlelocus resistance, only the 25% of the plants that are homozygous for the resistance
allele will be selfed. Compared to a random inbreeding, this will save a lot of resources
(inbreeding, phenotypinghat would have otherwise been spent on genotypes that are either
segregating or susceptible at the resistance locus. Marker selection is also used in back
crossing programs, something that has increased after the introduagjieneti@lly modified
(GM) sugar beets in the WSand Canada. In some materjaisarkers are also used tadify
many traits at the same time with the aim of creating superior lines. QTL ignglygione in
large mapping populations and based on the results the ideal genotypg @mi that cross
can be described. In subsequent generations of the samemesksrs are used to create
genotypes that are close to this ideal genotype and can then afterwards be tested in the field
(Kraft, T., personal communicatip8011).
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To increase the precision at selection it is necessdlipganapthe locus. For this, a
large mapping populatigmsually consisting of thousands of individuals and segregating for a
trait of interest needs to be developed. Using flanking markers, iddals showing
recombination events within this locus are selected and selfed in order to get fixed
recombinant lines in the next generation. The next step is to enrich the region with new
markers (when sequences are available). Based on the phenotyfhe aredv genotype of
each fixed recombinant line a new genetic interval candégned (Pin, P., personal

communication2011)

1.6. Sequencing
With DNA sequencing the order of the nucleotide bases in the DNA molecule are determined

(Miyamoto & Cracraft, 1991)During the 1970stwo different types of DNA sequencing
methodswveredeveloped; the chemical sequenciagd the chain termination method (Kim et
al., 2008). The chemical sequencing method is based orspasiic chemical reactions to
determine the basan the DNA segence Maxam & Gilbert, 1977 Miyamoto & Cracraft,
1991, andthe chainterminator methodises radioactively or fluorescently labeled ddSTP
(dideoxy nucleoside triphosphates)hich facilitates detection in automated sequencing
machines (Kin et al, 2008Sanger, 1980 ompared to the chemical sequencing method, the
chainterminator method immorecommonly used since it lmore amenableo automation and
neesd fewer toxic chemicals dnlower amounts of radioisotopedidnz et al., 200;
Miyamoto & Cracraft, 1991Schuster, 2008

To increase the throughput and lower the cost of DNA sequencing several next
generation sequencing (NGS) technologiegelHzeen developedMVetzker, 2010;Schuster,
2008). One of them, the 454 technology, ussscquencing by synthesis approach. During the
sequencing process light are generated as nucleotides complementary to the template strand
are incorporated454 Life Sciences). lllumina sequencing (previously known as Solexa) is
another NGS method supportipgrallel sequencing (lllumina, 2011a). Based on reversible
terminators single nucleotides can be detected when they are incorporated into the DNA
strand. Nucleotides added to the DNA during the sequencing are fluorescently labeled, hence
enabling identifcation (lllumina, 2011b)At a lower cost(in comparison with the chemical
sequencing and the chain terminator methoil)ions of sequenceead can begenerated in
a single runof NGS (Metzker, 2010)therdoy opening up for new area of applications For

instance, the sequencing of entire genomes of hundreds of new organisms became possible.
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NGS can also be applied for thesequencing of known genosand the characterization of

whole transcription profile

1.7. Aim
Prior to this study, Syngentadhenapped a single locus controlling the sugar beet root aphid

resistance to an interval of 10 cM (centimorgan) at chromosome | in sugar beet. Based on
field testin USA with 225 recombinank; lines and amolecular analysis with two flanking
SNP markers(SS0011land SS0014 several sugar beet lines shemhcrossingover in that
interval, but since no polymorphic markers were found or could be developed within the
genetic interval, it has not been possible to narrow down the region. Witbhntieng
sequencaig of the whole sugar beet genome, it is now possible to look for new
polymorphisms at sequences locabsdweenthe two previous markers and to saturate the
locus with new markers.
The core objective of this master thesis was to initiate a fine mappihg stigar beet

root aphidresistancdocus(from now on referred to as SBRA resistance lotys)

(i) Implemening arobustphenotypiogreenhouséestfor the SBRA resistance

(i) Developing new SNP markers closely linked to 88RA resistancéocus.
Primers were designed to amplify fragments of scaffolds flankingBRA resistancéocus
of both resistant and susceptible lines. The sequences of the amplified products were
compared to identify polymorphisms which could be used to devaloge precise SNP
markers.

(iif) Combining the phenotypic datawith the genotypic data to finmap the

resistancdocus.
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2. Material sand Methods

2.1. Plant material
To create the mapping population of 225 recombinant lines, Syngentaossed a resistant

parent (LGV128) with a susceptible parent (L327). All plants from ghmopulation from

that cross were selfed, and one plant from each offspring seed let€h was selected and

selfedagain. The genotyping was done on the seleci@ibiRts and phenotyping on the

offspring from these plants {knes).

2.1.1. Phenotypic test
For the phenotypic testsieplicates (plants) ef0 different lines were usedut of which

)

v)

Thirty recombinant line were selected frothe 62 recombinant lines used in the
marker analysisThe selection was based on Hezess teeedsThe 62 lines were
in turn selected frorthe mapping population of 225 recombinant lines.

Five F4 lines (JL9100, JL9400, JL94XXa, JL94XXb and JL9500) were derived
from across betweetheresistant parent (LGV128) amahothersusceptible parent
(L397).

OneF, line (JL8Y00) vasderived from a cross between the resistant parent
(LGV128) and another sosptible parent (L408).

Oneline wasthe resistant parent (LGV128hdtwo other known resistant lines
(KK0300 and IA3J00yvere also included

Oneline wasacontrolknownasresistant

2.1.2. Marker analysis
The plant material for the marker analysis consisted in to@d btilked DNA samplesout

of which:

)

ii)

Sixtytwo samples were recombinant liresected fronthe mapping population

of 225 linesThe 62 lines were selected due to the fact that they showed
crossingover in the interval for the SBRA resistance locus.

Threesamples were derived frothreeF; lines(JL9100, JL9400, JL9500)
generated by cross betweerhe resistant parent (LGV128hdanother

susceptible parent (L3%7

Onesample were derived frooneF; line (JL8Y00)generated by a cross

between the resistant parent (LGV128) and yet another susceptible line (L408).
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Iv) Foursamples weréhe resistant parent (LGV128) and the three suddepti
parents (L327, L397 and L408).

V) Two samples werether known resistant lind&kK0300 and IA3J0Q)

Vi) Fifteenandsevensamples were other known susceptdueresistant lines

respectively

For all lines, except four, genomic DNA was already extractedeatl to use.

2.2. Insect material
For the phenotypic test, sugar beet root aphRismphigus betgewerekindly provided by

PhD Jeff Bradshaw at the University of Nebradkacoln, USA.

2.3. Phenotypic test
The sugar beet root aphids were kept on the roop®iéd sugar beet plants (in which they

were shipped oversea from USA) in a climate chamber in the quarantine laboratory. With a
brush, the aphids were transferred to new sugar beet plants for reproduction (appendix I, fig.
1). To avoid the development winged aphids the plants were kept atc.2

The test was performed witharious resistant and susceptible elite lines, as well as the
recombinant lines for the SBRA resistance locus. For each line, 6 individual plants
(replicates) were tested. One wedlelasowing the plants were transferred to bigger pots and
then after another two weeks two cells (wholes), approximately 8 cm deep and 1.5 cm in
diameter, were made into the soil of each pot sealedwith corks (appendix Il, fig. 2). The
plants were ldgffor two weeks so that the roots would grow into the cells. Then the plants
were moved to tents in a climate chambeC220°C (D/N)) and by the use of a brush each
cell was infected with five sugar beet root aphids (in total ten aphids per plant)oiticc@y
high water levels in the soil (and consequently minimizing the risk that the aphids would
drown) but still keep the soil moist, a blanket was placed at the bottom of the tent to facilitate
watering from the bottom of the pot.

Three weeks after iettion each inoculated plant was scored individuatya scale of

1-9 (appendix I, fig. 1), where 1 is susceptible and 9 is resistant. The results were then used

to estimate a mean value for each line representing the phendtya¢ lme.
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2.4. DNAIsolation
Fresh leaf samples were harvested from gosungar beet plants and plagadvells of a 96-

well box. The tissues were grinded into a fine powder using glass beads. Genomic DNA was
isolated according to the DNA KA(potassium acetatayolation me¢hod and started by
adding 250ul of extraction buffer consisting of 100 mM ###CL, 1 M NaCl (sodium
chloride), 10 mM EDTA (ethylenediaminetetraacetic acid) and 1% SDS (sodium dodecyl
sulfate), pH 8.0 to each sample. The box was shageatly and placedt 65C for 90
minutes. After incubation, the box was cooled down on ice for 5 minutes and then
centrifuged. To each welll50 pl of cold 5 M KAc were added and mixed. After -0
minutes of incubation on ice, the box was centrifuged for 10 minutes at 3800 rpm. For the
precipitation of the DNA, 40 pl of the upper phase were transferred to a newelB6ox
containing 10Qul of isopropanol (Zroparl). The box was inverted several times to help the
precipitation and centrifuged for 20 minuis3800 rpm. The isopropanol wdscarded by
inverting the box and 200l of 70% EtOH (ethanol) were added to clean the pellet of DNA.
After 10 minutes of cenfugation at 3800 rpm, EtOH was discarded by inverting the box and
the pellets air dried. 400 ul TE 1x buffer (FEDTA buffer) were added to resuspend the
pellets. The box washaken on aortex and incubated at &5 for 10 minutes to aid the

resusperien. DNA solutions werstoredat-20°C.

2.5. Insilico selection of DNA targets
The recent sequencing of the whole sugar beet genome generated nearly 740 Mb (unpublished

data). Hundreds of thousands of scaffolds were loadedardequence database. Using
previous marker information, it has been possible to anchor thousands of scaffolds to the
sugar beet genetic map. In this stuflyscaffolds were identifiedh the vicinity of markers
SS0011 and SSO001All together the 6 scaffods consist o#.4 Mb which overlap partially.
However, a single superscaffold could not be assembled fronb teeaffolds which
unfortunatelyresuled in a gap inthe middle of the locus. From the sequences, 32 primer
pairs, spread all over the locus, wedesigned using Primer Express program (Applied

Biosystems, Inc, USA).

2.6. Polymerase chain reaction (PCR)
PCR were performed in 98ell plates using th&82 primer pairs specifically designddr the

6 scaffold sequencdkat were identified in close proximity to the SBRA resistance locus in
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thein silico searchThe PCR mix was as follesv2.968 pl ddH,O, 1l [2.5 mM] dNTP mix
(deoxyribonucleotide triphosphate), .4 [10x] AmpliTag Gold® buffer,0.8 pl [25 mM]
MgCl, (Magnesium chloride)0.066 ul [50 uM] forward primer,0.066 pl [50 uM] reverse
primer and0.1 pl [5 U/ul] AmpliTaq Gold® (Applied Biosystems, Inc, USA). As template 4

pl of DNA was added to the PCR mix. After a quick centrifugation, the PCR was performed
acording to the program in tablefar all 32 primer pairsising a GeneAmp® PCR System
9700(Applied Biosystems, Inc, USA).

Table 1. PCR program for amplification of DNA on a GeneAmp® PCR System 9700 (Applied Biosystems, Inc,
USA).

Cyclel Temperature {C)| Time (min.)
1 95 10:00
94 0:30
35 60 0:30
72 0:30
1 72 5:00
1 4 K

2.7. Control of the PCR products
Prior to sequencingapproximately 8 ul of the PCR products weyaded on a 2% agarose gel

to ensure that the amplificatioesulted in asingle and specific product. Agarose gel was
prepared using TAE 1x buffer (trecetateEDTA). Ethidium bromide was added in the gel.
After polymerization of the agarose gel, loading buffer was added to the PCR product and the
mix was loaded onto the gelhe electrophoresis was performed under 200 V3f@45
minutes. After electrophoresithe PCR products were visualized under UV ligyt the use

of a ladderhe sizes of the obtained bands were estimatedtaenicompared to the expected

sizesof theproducs (appendix I, fig. 1).

2.8. Sequencing and SNP discovery
After the PCR 2 ul of each PCR product were transferred to a newvélb plate. To each

well, 5 pl [0.5 uM] of sequencing primemm(this case théorward primer that were used in

the PCR was added. The sequencing plates were sent for sequencing to the Syngenta
sequencing facility at SBI, North Carolina, USA. The raw sequencing data were assembled
using SegMan (DNASTAR, Inc, USA). Alignmenivere manually adjusted and sequencing
artifacs were corrected. Polymorphisms were then extracted from the SegMan file and

exported to Excelvherethesugar beet lines were grouped based on their allele
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3. Results

3.1. Phenotypic test
Many of the lines scored fairly consistent, e.g. the resistant parent2&\and the resistant

line KKO300 scored 9 on all six replicates. Other lines, e.g. line 707 and line 718, displayed a
more varying degree of infection (as seen by the large standard deviations), ranging between a
score of 19 within the same line (tab®.

In comparison with earlier phenotypiatd from a field test (table 2pany of the lines
showing resistance in the field tedsoscored a high value in the greenhouse test, many of
the susceptible lines scored a low value in the greenhouse testaarydof the segregating
lines showed a varying score in the greenhouse téstvever, sme lines displayed
inconsistent data when comparing the earlier phenotypic ddtatldtnew phenotypic data.

For example, line579 scored 700 in the greenhouse test (table Blt showedsusceptibility
in the previous field testyhich could be a result from escagptants where the inoculation

were unsuccessfuih the greenhouse test

23



Table 2. The table displays earlier phenoiymlata fom a field test and the phenotypic data frorest ina

greenhouse (with standard deviation in bracketsiducted for this studyl = susceptible, 9 = resistant and

missing data. n = 6 plants.

Line | Field test | Greenhouse test (StDey
480 Resistant 9.00 (0.00)
502 - 8.17 (0.75)
509 | Segregating 8.67 (0.52)
511 - 8.67(0.52)
517 - 8.67 (0.52)
523 | Susceptible 5.83 (2.23)
528 - 9.00 (0.00)
529 | Segregating 8.67 (0.82)
531 Resistant 9.00 (0.00)
539 - 7.17 (1.83)
557 Resistant 8.33 (0.52)
569 - 6.50 (2.38)
570 - 6.83 (2.40)
573 - 6.33 (2.34)
579 | Susceptible 7.00 (1.79)
595 Resistant 8.17 (2.04)
599 | Susceptible 6.83 (1.83)
610 | Segregating 8.83 (0.41)
615 Resistant 8.67 (0.52)
616 | Susceptible 2.83 (1.33)
621 Resistant 8.67 (0.52)
626 | Susceptible 4.17 (2.48)
637 - 8.50 (0.55)
657 Resistant 8.83 (0.41)
658 Resistant 4.67 (2.73)
707 | Segregating 6.50 (3.27)
714 | Segregating 7.17 (2.86)
715 Resistant 8.83 (0.41)
718 Resistant 7.50 (3.21)
729 Resistant 8.67 (0.52)
JL9100 Resistant 9.00 (0.52)
JL9400 Resistant 8.80 (0.45)
JL94XX Resistant 8.80 (0.45)
JL94XX Resistant 9.00 (0.00)
JL9500 Segregating 8.00 (2.24)
JL8YO0( - 5.00 (3.03)
KK030( Resistant 9.00 (0.00)
IA3J00| Resistant 8.50 (1.22)
LGV12§ Resistant 9.00 (0.00)
Control - 7.50 (1.52)
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3.2. Target selection
Totally, 5 scaffolds were identified from thia silico search in the SS0019S0014 genetic

window (fig. 3). Unfortunately not kbf the scaffolds overlap witeach other which results
into 3 gays; one betweethe adjacenscaffold A and superscaffold BC, a second between the

two superscaffolds BC and DEnd a third between superscaffold DE and scaffold F

SBRA resistance locus

39PGO3 350011 330014  MB0654

| b b

Chromosome

(s D

100 000 bp

Figure 3. The figure shows the order of the scaffoldsK)A The numbers 18 and 23 are genetic positions in cM
on the genetic reference map. 39PG03, MS0654, SS0011 and SS0014 represent the positions of markers

previously developed and mappedhe vicinity of the SBRA resistancéocus.

3.3. Sequencing
As illustrated in table 3, 3@rimer pairs were used to ampliéyd sequencergetfragments

of the 6 scaffolds in the vicinity of thé&BRA resistance locus. Out of these 32 targetd

based on all 94 genotyped lind$ targets were polymorphic (out of which one was analyzed

on a gel), 1 target was monomorphic drdtargets failedOn average (in the successfully
sequenced targets), 1 SNP occurred every 137 bp and 1 indel occurred every 323 bp. For
some of the targets where the sequencing failed, the PCR moduettested on a gel. All of

the tested products shed very weak bands or no bands at all, indicating that the targkts ha

not been amplified.
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Table 3. Number of primer pairs for each scaffold, number of polymorphic sequences and number of SNPs and

indels per bp for each targéfthe results are based @ll susceptible and resistalines tested in the marker

analysis(n = 94.

Scaffold| Primerpair| Gel analysi§ Sequencing SNP/bp| Indel/bp
A 1 - Polymorph | 1/200 -
A 2 - Polymorph | 1/601 | 1/301

3 - Polymorph | 1/75 -
4 - Polymorph | 1/30 1/138
5 - Monomorph - -
6 - - - -
7 - Polymorph | 1/184 -
8 - - - -
9 - - - -
10 - - - -
11 - Polymorph | 1/121 -
C 12 - - - -
C 13 - - - -
C 14 - - - -
C 15 - - - -
SBRA resistandecus
D 16 - - - -
D 17 - - - -
D 18 - - - -
D 19 - - - -
D 20 - - - -
E 21 - - - -
E 22 - - - -
E 23 Polymorph - - -
E 24 - Polymorph | 1/30 -
E 25 - Polymorph | 1/113 -
E 26 - Polymorph - 1/251
E 27 - Polymorph | 1/100 -
E 28 - Polymorph | 1/10 -
E 29 - Polymorph | 1/72 -
E 30 - Polymorph | 1/59 -
F 31 - Polymorph - 1/601
F 32 - Polymorph | 1/184 -
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For the mapping population fiveew SNP markers have beeidentified other
polymorphic markerseither did not show polymorphismn the mapping population or
displayed the same information as another marken of the five SNP markeréE25 and
E29) are located in the genetic window between ma&30011 and SS0014 (fig. 4). The
markers found has also ensured that the order of the scaffolds are as in figure 4; scaffold A
being furthest away from the locus awpescaffoldsBC and [E being closest to the locus.

X=11 X=7 X=6 X=1
39PG03 350011 380014 MB0654
Al B7 E25 E29 F31
‘ 8 3
Chromosome
Q) D

SBRA resistance locus

100 000 bp

Figure 4. The figure shows the best markers (A1, B7, E25, E29 and F31) found in scafféldEh& figure is
based on the 30 lines that were phenotypically tested in the greenhouse fexsepen lines that showed
inconsistent data) and addition two other lines that could not be phenotyped due to lack of. RHG03,
MS0654, SS0011 and SS0014 represent the positions of markers previously developed and migeped in
vicinity of the SBRA resistancdocus. Numbers 18 and 23 are genetic positions in cM on the genetic reference

map. X indicates the number of lines showing citossrs between the markers.

3.4. Fine Mapping
The fine mapping of a locus can be illustrated by a graphical map which is based on

genotypic information of different markers and phenotypic data of eachTiides 4 and

illustrate how a graphical map is constructed based on that inform@tentoprow of the

tables dents thevarious markers, except the one named SBRA which represents the
phenotype of each individual line. In the left columnyheouslines are listed. For each line,

nSo, ARO0O and AHO representge fike genbboypweyhgor
susceptible all el e, ARO i s homozygous for
(heterozygous Number s fA10, A ek theéallelasnenotyipdpdor eheh mew

marker that i9eing mapped.
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Table 4. A part of thegraphical map before thigudystarted

39PGO03| SHRA | MS0654

499 H H R
509 R H H
523 H
729 H R R
579 H
595 R R
616 H

Table 5a.The first polymorphic marker (Alyas added in the columto the right To see where in thmapit fit

in, markerAl was manuallymoved around between thearkers

39PG03] SHERA | MS0654| Al
499 H H R 1/2
509 R H H 1
H
R
H
R

Table 5b. This table show why marker A1 does nahapbetweenthe SBRA resistancdocus and the MS0654

marker.For example if marker Al is placed at this position, flanking markerne 616indicates that allele 1/2

should be fASo. However, since allele 1/ 2 is Theterozyg
means thamarkerAl does notmapbetween theesistancdéocus and the MS0654 marker.
39PG03| SHRA Al MS0654
499 H H 1/2 R
509 R H 1 H
H
R
H
R
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Table 5c. By moving marker Albetween marker 39PG03 and tBBRA resistancdocus the profile of the
genotypes match or al | i ndividual s, where allele 1 correspon
This suggests that the marker A1 maps between the 39PG03 marker and the RA locus.

39PGO3| Al SHRA | MS0654
499 H 1/2 H R
509 R 1 H H
H
R
H
R

Table 5d. The last stefs to convert the allele numbef marker Alto thecorrect genotypehence, allele 1 is
the resistangenotype allele 1/2 is the segregating genotype allele 2 is the susceptibdenotype Following
the same procedure, other markers can be placed in the graphical map.

39PGO3| Al SHRA | MS0654
499 H H H R
509 R R H H
H
R
H
R

From the genotypic information of the 5 new SiMBrkers (A1, B7E25,E29 and F31)
and the phenotypic data from an earlier field test a graphical map was condtrulttstiate
the fine mapping fothe SBRA resistance locus (tablg &Vith markerB7 and EB the SBRA
resistance locus has been possitd narrow downBetweenthe two markers there are 7
recombinant lines (lines 610,15, 729, 523, 539, 637 and 62&orresponthg to a
recombination frequency df6%.Since the phenotypic data of three of the recombinant lines
(lines 511, 539 and 637) (table @)ye uncertain itwas not possible to make an exact
estimation of the recombination frequency betwaesinglemarker and the resistance locus.
This means that if markessisted selection is to be performed using ertiteker B7 or E25
a recombination frequency varying between 1.1% and 0.4% is expected between the marker
and the resistance gene.

For some of the lines, e.g. line 658 (taB)ethe data were inconsistent, which is most

likely due to inaccurate phenotypiatd.Line 658 displayed resistance in an earlier field test
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but scored a low value in the phenotypic test conduatéis study. Since flanking markers
(B7 and E25) of the resistangecus in line 658 are heterozygouhis line is most likely

heterozygasfor the SBRA resistance locus
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Table 6. Fine mapping of th&BRA resistancéocusbased orthe 30lines that were phenotypically tested in the
greenhouse (excefir six lines that showed inconsistent data) andddition two other lines that could not be
phenotyped due to lack of seeds. The lines tested are listbe ileft column.The top rowshowsthe two
markers (39PG03 and MS0654) previousigpped near theesistance locus and the fisew SNPmarkers (A1,
B7, E25, E29 and F31). The columamedSBRA displays the phenotyp®f each line obtaineffom a field test
and, in brackets, the phenotypic value from the greenhouséRésthomozygous for the resistant allefi&o:
homozygous for the susceptible #@leand fiHO: heterozygous(segregating) The white regions represent

uncertain data.

39PG0§ Al | B7 | SERA | E25 | E29 | F31 |MS0654

715/ R R R |R(.83) R R H H
517| R R R | 867) | R H H H
509| R R H |H(@®.67)| H H H H
529| R R H |H(@®.67)| H H H H
499 H H H H H R R R
610 H H H |H(.83) R - R R
511 H H H | 867) | R R R R
729| H H H |R@867)| R R R R
531| H H R | R(©.00)] R R R R
621 H H R |R(.67)| R - R R
657| H H R |R(8.87)| R R R R
595 R |R@.17)| R R R R
528 H | (900 H H H H
523 H H H H
539 717) | H H H H
637 (850) | H H H H
502 R R R
579 H H H
583 H H H
599 H H H
569 H H

570 H H

573 H H

616| H H

626| H H H

658 H R H |R@67) H H H R
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4. Discussion

4.1. Phenotypic test
At Syngenta irLandskrona, this was the first attempt to con@uphenotypic test tevaluate

root aphid resistance in sugar beatler greenhouse conditior@verall thephenotypic test
showed to be swessful as the results were similarthe results from an earlier field tebtt
as expected with a pildest, there wersome difficulties along the wayOne problem that
arose was that the soil collapsed in many ofceits after the cells were made. This was most
likely due to the type of soil selected for the test which resulted in different cell depths and
this might have influenced the resulo improve this issue dirent soil types or mixtures
shouldbe evaluatd to find a more firm solil for future phenotypic tegtaother problem with
the phenotypic test was that the development of roots in the cells was very uneven with some
plants showing many roots in the cells and others showing very little or no roistss Trkely
a consequence from uneven watering, making spote constantly moist and thereby
slowing down the development of the roofhe lack of roots in the cells malyave
influencel the survival of the aphids and thuxlirectly the amount oéscapesAs in other
studies of root aphids where escapes has occurred (Campbell & Hutchison, H®a®&)ptint
of escapes is a likely reastor some lines€.g. line718, table 2) displayng a varying degree
of infection

Despite those difficulties, theesults from thegreenhousephenotypic testmainly
confirmedthe phenotype diield tested linesasmostlines that were expected to be resistant
in the phenotypic test showed resistance rmodtlines that were expected to be susceptible
were susceptilel The new phenotypic data were therefore helpifulevaluating the markers
andfine mapingthe SBRA resistance locus

4.2. Sequencing
The sequencing of segments showed many polymorphisms for many of the scaffolds. On

average, 1 SNP occurred every 137wbich is in accordance wittne findings of Schneider

et al. (2001) who found 1 SNP every 130 bp in sequenced gene fragments of sudar beet.
rice SNPsoccurredmore frequent than indels, suggesting that the use of SNPs are a better
choice when fine majpg the rice blast resistance locus (Hayashi et al. 2004). This also
seems to be the case for the fine mapping of the SBRA resistance locus, since 1 indel

occurred every 323 bp.
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Closer to the resistance locus the sequencing failed dd&ckoof amplified PCR
product. This meanthat it was not possible to evaluate the two scaffolds closest to the
resistance locus (scaffold C and D). The reason for the failed amplification can be due to
technical reasons or that amplifican of segments closeo tthe SBRA resistanclcus is

moredifficult because of greater-esrangements near the resistance locus

4.3. Fine mapping
DNA markers have been used for fine mapping resistance to insects in various plants; e.g.

Kim et al. (2010) used SNPs to fine map swybean aphidAphis glycinesMatsumura)
resistance. As illustrated by that studlyere are three pnequirements that are essential to
carry out fine mapping of a resistance locusa(imapping population segregating for a trait

of interest, (ii) molecular markers located in the vicinity of the locus involved in the trait, and
(iii) a robust phenotypic method to test the trait across the population. All of these three pre
requirementsare fulfilled in this project. Important to point out is that in QTL analysis a
polymorphic marker fountb be linked to a specific trait ione population is not necessarily
applicable for another population since each population have specific paretasd @t al.,

2005). This means that when fine mapping the SBRA resistance locus not all polymorphic
markersshownin table 3 could be used for the mapping populatibat was used to map the
SBRA resistance to a single locus located at chromospr@s the ontrary, it is not certain

that the five markers that were foungeful for the mapping population (table 6) are
applicable when fine mapping the lodasother ppulations Since the fine mappin(table 6)

is based on data from the mapping population the discussion will focus on these results. As
previously mentioned, the mapping population consisted of 225 lines which correspond to
450 chromosomes. The DNA markers that were identified in thaityioof the resistance

locus could, together with the phenotypic data, be used to fine map the SBRA resistance locus
and thereby it was possible to calculate the recombination frequency as an estimation of the
distance between the markers.

In the mappingpopulation 25 recombinant events were found between the two
originally closest polymorphic markers (39PG03 and MS0654) (fig. 4; line 658 is excluded
due to inconsistent data) corresponding to a recombination frequency of 5.6%. Using new
SNP markers identédd on scaffold sequences in this study, a new recombination frequency of
1.6% could be estimated between the closest maB&and E25When using two markers
to select plants, plants that are homozygous resistant at both markers will be selected. If

sekcted plants are not resistant this means that there is a doubleweosetween the two
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markers. The smaller the distance is between the two markers, the more unlikely it is that
there will be a double crogs/er between the two markers. If markersa@id E25 are used as
selection markers, the probability that selected plants will not be homozygous resistant is very
low because the interval between the markers is very small (a recombination frequency of
1.6%) and therefore it is unlikely that there Wbk a double crossver between the two
markers. This also means that if only one of the markers is used in raasksted selection

the probability of selecting a plant that is not homozygous resistant at the resistance locus is
low, also due to the smiainterval between the marker and the resistance locus (a
recombination frequency between 1.1% and 0.4%Qm this it is possible to conclude that
whether both or only one of markers B7 and E25 are used as selection markers for the root
aphid resistance the probability of selecting plants carrying the resistance will be high and
hence, both markers are usafumarkerassisted breeding for the SBRA resistance.

However, since there are some recombinant lines between markers B7 and E25, there is
still a possibility for the fine mapping to become even more accurate and it might even be
possible to find a markdocated in the resistance gene its@l pointed out by Kim et al.

(2010) the identification of markers closely linked to the resistance locus are valuable in MAS
for the resistance gene. For the fine mapping of the SBRA resistance locus to become more
accuratethe next step will be to sequence new fragments of the superscaffolds BC and DE
(fig. 4) to find new SNPs that are more closely linked to the locus. Moreover, with the
ongoing sequencing of the whole genome of sugar beet, the gap between ditgids @

and DE might be filled in the future and thus enable the sequencing of currently unknown
segments to find polymorphisms that can be used for further marker development. As
phenotypic data are essential in the evaluation of DNA markers, thetepxtidl also be to
conduct a new phenotypic test to get more reliable data that can be used in the fine mapping
of the resistance locus. By improving the test further to avoid the difficulties that arose in the
pilot test, fewer escapes are likely to acoesulting in more reliable data and thereby making

future marker analysis easier.
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5. Conclusions
Prior to this study, a single locus for resistance against sugar beet root apbidappedo

chromosome to an interval with a recombination frequency of 5.6%. The core objective of
this study was to fine map the locus by developing new SNP markers and by developing a
greenhous@henotypic test that could be used in the evaluation of the mafkersbjectve
was successfully fulfiled aa phenotypic test wadeveloped under greenhouse conditions
and, although it showedomewhatvarying resuls, it was accuratenough to confirm the
position of the new SNP markers. The stadigoresulted in five new SNP meers, two of
them being mapped in the genetic window of the two SNP markers found prior to this study.
This made it possible to fine map t8BRA resistance locus and narrowidgwn the locus to
a recombination frequency of 1.6&singthe twonew best SNPmarkers in the selection,
making the probability of selectinglantsthatcarry the resistandagh.

In a short term perspective, the new SNP markarsbe used for markeassisted
selection, knowing that a very small proportion of the selected plants may be hgbeioiyr
the resistance locus. Inlong term perspective, sequencing of new segments of the scaffolds
closest to the locus is necessary moigh the interval with new markers that can be used to

furthernarrowrdown the locus or even locate the position of the resistancatgelfie
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Appendix | z Control of PCR products

1A 1B 1C 1D 1E 1F 1G 1H|2A 2B 2C 2D 2E 2F 2G 2H|3A 3B 3C 3D 3E 3F 3G M

719

Figure 1. The figure illustrates an example of three PCR produc®) {ésted on an agarogel to make sure
that the amplification would yield single and specific productsd:ADifferent DNA samples. M: Ladder. 601
and 719 are expected product lendihshp).
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Appendix Il z lllustration of the phenotypic test

Figure 1.Transfer of aphids from one plant to another plant using a brush.

Figure 2 A plant with two cell§wholes) in the sosealedwith corks.
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Appendix Il z Scoring of the phenotypic test
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