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Chapter 1

General introduction



Chapter 1 General introduction

Brassica rapa

Brassica rapal. is a diploid crop in the family dBrassicaceaeThis family contains about
3500 species and 350 genera and is one of the mwoadly most important plant families
(Rich, 1991,Quijada et al., 2007)The family of Brassicaceads an important source of
edible roots, stems, leaves, buds and infloressgrae well as of edible or industrial oils,
condiments and forag®. rapa and B. campestrisvere first described as two species by
Linnaeus, withB. rapabeing the turnip form anB. campestrishe wild weedy form. Later on

it was shown that these were the same speciesdath were combined under the naBne
rapa (Toxopeus et al., 1984).

There are siBrassicaspecies which have the highest agricultural inrgraré and are referred
to as ‘crop Brassicas’ (GOmez-Campo 1999). The tharg U (U, 1935) shows the
relationship between these ‘crop Brassicas’. Imtitiree ancestral diploid specid3. rapa
(AA, n=10),B. nigra(black mustard) (BB, n=8) ar8l. oleracea(CC, n=9) existed. Through
spontaneous hybridization followed by chromosomebting, three amphidiploid species
emergedB. napus(AACC, n=19),B. carinata(BBCC, n=17) and. juncea(AABB, n=18).
Artificial resynthesis oB. napusfrom B. rapaandB. oleraceashowed the same agreement
with the triangle of U (Olsson, 1960), which hasmeconfirmed by molecular analysis
(Warwick and Black, 1991).

B. rapa which is the putative ancestor of many orie®edssicavegetables, originates from
the high plateau regions in today’s Iran—Irag—Tyr{ixon, 2007) andeems to have spread
naturally to the Western Mediterranean region amdCéentral Asia.B. rapa is the first
domesticatedBrassicacrop and it has the widest distribution, with setary centers of
diversity in Europe, Western Russia, Central Asial e Near East (Quijada et al., 2007).
VariousBrassicaleafy vegetables have been differentiated in Bagt.

Wild B. rapa subssp.oleifera is regarded as the subspecies from which vapa L.
(cultivated turnip) andvar. silvestris(Lam.) Briggs (turnip-rape) originated. Prakash and
Hinata (1980) suggest that oleiferoBs rapa developed in two places giving rise to two
different races, one European and the other Asidre Asian orlindian forms: ssp.
trilocularis, known as “yellow sarson” and sgpichotomaknown both as “toria” and “brown
sarson”; and the west European and north Amerioem:fB. rapassp. deifera. The earliest
reference to yellow sarson was in the Sanskrit dppklpanisadas and Brahamanas (c. 1500
BC) where it was referred to as ‘Siddhartha’ (Prakd961) and used as an oil plant. Yellow
sarson is characterized by yellow colored seedssatieccompatibility. Because many of the
cultivars have three to four carpels, it was presip namedB. trilocularis (Gémez-Campo,
1999) In Europe, the first oil types @&. rapaare believed to have been planted in the early
middle ages and commercial plantings of rapeseed veeorded in the Netherlands as early
as the 16th century. Rapeseed oil was used prinasilyil for lamps. Later it became used as
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a lubricant for steam engines. Although widely uasdedible oil in Asia, through breeding
for improved oil quality and development of imprdvprocessing techniqueB, rapa has
become important in western nations. Since the r@kddorld War, rapeseed production
(now predominantlyB. napu$ in Europe and Canada has increased dramaticallyresult of
improved oil and meal quality.

In addition to the oil and turnip types, there arany leafy and inflorescence vegetable types
of B. rapasuch asyar. campestris var. pekinensisvar. chinensis var. parachinensisvar.
narinosg and var.japonica predominantly originating from Asia. Zhao et &005) used
AFLP fingerprints on 16B. rapaaccessions collected from different parts of tleeldy and
divided them in two main groups: one of Asian ahd second of mainly European origin.
There are different morphotypes (morphologicalatwn within a species population) in both
groups. He concluded that either there is an inoéget origin for both groups and/or a long
and separate domestication and breeding histdvgtimregions (Zhao et al., 2005).

Breeding

B. rapais an important oil and vegetable crop in manysaf the world, with seed used for
oil, and leaves, flowers, stems and roots usecegstableslt is also an important source of
healthy food components, such as vitamins, minexats anti-carcinogenic compounds. In
general, breeding has focussed on important prmgugtaits, such as yield and quality. In
Asian countries, greater seed yield and yield Btalwere the primary objectives, besides
breeding for quality of the harvested product (Qdg et al., 2007). The seed yield is the
resultant of several determining components, tle, number of siliques per unit area
(determined as the number of siligues per plant #twednumber of plants per unit area),
branch number, number of seeds per silique, ardiseze.

The oil content in air-dried seeds varies betwegmatdd 44 % foB. rapa The yellow seed
coat trait has been shown to be associated witkridNver content and higher oil and protein
content (Stringam et al., 1974). Oil content iduahced by the environment, particularly
temperature and moisture stress, and soil nitrogenthere is also genetic variation for oll
content inB. rapa Selection for oil content has led to slow butdieimprovementDuring
the last two decade8rassicaspecies became the second largest oilseed crepsafgbean
(Scarth and Tang 2006), mainly due to the growtB.afapusas oil crop.Seed oil quality is
determined by its fatty acid composition, while iaantritional factors, particularly
glucosinolate levels and protein/fiber proportiodstermine meal quality (Quijada et al.,
2007).

Rapeseed oil on average has 6p%copherol and 35%-tocopherol (Goffman and Becker,
2001). Tocopherols are essential nutrients thaaseinti-oxidants in human foda. rapais a
valuable source of diverse health-promoting antiamt metabolites. Hydrogen-1 Nuclear
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Magnetic Resonanced NMR) spectroscopy has been used to uncover gtizaditand
guantitative differences of various cultivars 8f rapa and different cultivars were
differentiated by elucidated metabolites, sevenmgjanic and amino acids, carbohydrates,
adenine, indole acetic acid (IAA), phenylpropangiisvonoids and glucosinolates (Abdel-
Farid et al., 2007)Glucosinolates are sulphur-containing substancas are broken down
upon cell disruption by the enzyme myrosinase i@ djitter-tasting, toxic, and goitrogenic
compounds. The need for modification of the fattypdacomposition of the oil and the
elimination of glucosinolates from the seed me#daated great attention in the past from
BrassicabreedersErucic acid has been identified as an anti-nutrélacompound for human
consumption. The first low erucic acidB. rapa cultivar Span (Downey et al., 1975) was
obtained by introducing the responsible allele® iahh adapted cultivar resulting in the
development of nutritionally superior CanolaC@nadian oil, low acid) cultivars. On the
other hand, demand for higher levels of erucic aod the industrial oil market has
encouraged breeders to try to produce cultivarh \ewvels greater than 50%RapeseedB.
napusandB. rapg methyl ester (biodiesel), which is environmentdtiendlier than fossil
fuel, has become an important fuel for diesel eegim the EU (Rakow 2004). The EU
Directive on biofuels requires member states teehaminimum 5.75% of biofuels in all fuel
sold for transport by the end of 2010. Biofuels amportant as they can reduce carbon
emissions by up to 70%.

The main types of oilseed rape currently grown “&euble low” and “HEAR”. “Double
low” (“00”) commercial varieties of botB. napusandB. rapadominate the oilseed Brassica
production area in developed countries. These tesiare grown for food and characterized
as having a very low (<1%) content of erucic acidhe fatty acid profile of the seed storage
lipid and a very low content of glucosinolates (qikBoles per gram seed at 8.5% moisture)
in their seed and meal. The term “canola qualisyhormally applied to seed, oil and meal
from such varieties. High erucic acid rape (HEAR)iettees are grown specifically for their
erucic acid content - typically 50-60 % of oil.

Except for oil seed types, most major typesBofrapa are self-incompatible and pure line
selection is complicated, labor intensive and oftading to severe inbreeding depression.
Therefore, most cultivars are produced by masamily selection. As a consequence, single
cultivars often have a wide genotypic variationervf they show a uniform morphological
appearance. Nevertheless some hybrid varietiesaaa#able. The first hybrid cultivar of
Chinese cabbage was released by the Takii Seed d&pan,Jin 1950 (Quijada et al., 2007).
Hybrid cultivars show a more uniform appearancegd ame suitable for simultaneous
harvesting. As such, they are welcomed by growedsadready have a big market share. Self-
incompatibility is used as the system to prevert-fedilization in case of hybrid seed
production.
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Chinese cabbage, a vegetable crop.ofapa,has been recorded in ancient China and Korea.
Chinese cabbage types are as divers8.asleracea cabbage typelleading versus non-
heading, shape, size and storability of the headraportant traits in breeding vegetaBle
rapatypes.Tightly heading Chinese cabbage is a relatively newp, first recorded in China

in the eighteenth century. This crop may have patgd from either a non-heading or a
loosely heading type and is now widely cultivatedGhina, Japan, and Korea (Hirai and
Matsumoto, 2007)As Chinese cabbage is cultivated all year roundjveus with various
types of growth characters are bred and used. Haatyring types can be harvested within 50
days after sowing, while late-maturing Chinese cgbbigpes require prolonged cultivation
for as long as 120 days. Resistances to high anddoperatures are needed for summer and
winter cultivation, respectively. Bolting resistaniserequired in cultivars for spring harvest.
Chinese cabbage is susceptible to almost all tHeogahs, pests and environmental stresses
affectingB. oleracegDixon, 2007).

Arabidopsis thalianaanother species of thBrassicaceadamily, is the model system of
choice for research in plant biology and genomdyaisaand the first flowering plant to have
its entire genomaequenced (The Arabidopsis Genome Initiative, 20G0has a small
genome size (125 Mbp), a low amount of repetitinADand a high gene density (Meinke et
al., 1998). The ancestral lineagesArabidopsisand Brassicadiverged between 12.2 and
19.2 million years ago and the two species shatensive co-linearity and 87% sequence
identity between orthologous exons (Love et alQ®20vang et al., 2006; The Arabidopsis
Genome Initiative, 2000). The genome sizéofapa is about four times (550 Mbp) the size
of the Arabidopsis genome (Park et al., 2005). uthe close phylogenetic relationship of
B. rapawith A. thaliang manyopportunities emergeth transferring knowledge from the
model toB. rapafor further improvementSome breeders are now also working with less
well knownBrassicaceaspecies, such &rassica carinataas a source of valuable genes for
resistance to pathogens, pests and other chasticierof economic importancédixon,
2007).

Genetics and genetic linkage map

Although B. rapa and A. thalianashare considerable DNA identity, the direct transie
knowledge on gene function based on DNA sequenoetigs straightforward as previously
anticipated. This is largely due to extensive chwsamal duplications and subsequent
deletions in these duplicated regions. The genahesany flowering plants have undergone
one or more rounds of duplication. Analysis of fenome sequence &f thalianashows
large scale gene duplications (Blanc et al., 20@)mparative genetic mapping often
revealed six copies of eaéh thalianagene inBrassicaspecies (Lagercrantz 1998; Parkin et
al., 2003). Genomes of tligrassicaspecies are composed of three rearranged vanamais
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ancestral genome, basically similar to that of Adapsis, and the tribdBrassicaceae
probably descended from a hexaploid ancestor (knagn the triplication theory).
Chromosome rearrangements, including fusions anfigerons, subsequently resulted in
diploid Brassica species with variation in chromosome number. ,Ssintenic regions
corresponding to Arabidopsi€hromosome segments could be identified within the
allopolyploid genome oB. napus each in triplicate (Parkin et al., 2003)he genome
triplication has led to an approximately 1.7-fahtiease in th8. rapagene number (49,000 -
63,000) compared to that of Arabidopgidong et al., 2008; Yang et al., 2006). Chinese
cabbage is considered a typical representativle@BtassicaA genome. Due to the small
genome size relative to the otl@rassicaspecies, together with the extensive genetics and
genomics resources available, it has been adoptéldeasubject for the first whole genome
sequence arising from the MultinationaBrassica Genome Project (MBGP;
http://www.brassica.info/). For its whole-genomeqsencing, theB. rapa Genome
Sequencing ProjectB(GSP) consortium has developed suitable genomicuress and
constructed genetic and physical maps. The Chiresgage B. rapassp.pekinensisinbred
line Chiifu-401- 42 has been selected as the seqgtemplate (Choi et al., 2007).

Identifying molecular markers closely linked toaget gene is one of the most important
steps of map-based cloning. Existence of a highitguaap will be of great importance in the
process of map-based cloninthe development of genetic maps will be helpful dpplied
genetics and breeding Bfassicacrops. A range of DNA marker typaacluding Restriction
Fragment Length Polymorphisms (RFLPs), Random AneglifPolymorphic DNA (RAPD),
Simple Sequence Repeats (SSRs) and Amplified Fragoesggth Polymorphisms (AFLPS),
have been produced f&. rapa The simplest and easiest populations to devaleg-a and
back cross (BC) populations. Unfortunately they affcdlt to maintain in this state unless
by vegetative propagation. Recombinant inbred li(lRH.s) and doubled haploid (DH)
populations are easy to maintain, as these homosydjoes can simply be propagated
sexually after self-fertilization. They are thenef@onsidered to be immortal and very useful
for repeated genetic analysis. There are more2@andependent maps available Barrapg
mainly made for F2 populations (12), but also fdew RIL (4) and DH (4) populations, and
mostly using Chinese cabbage as one of the pargotg)(et al., 1991; Teutonico and Osborn
1994; Nozaki et al., 1997; Kole et al., 2002; Kitrak, 2006; Suwabe et al., 2006; Soengas et
al., 2007). The first genetic map Bf rapawas developed based on an F2 population of 95
individuals derived from the cross between a Chireed#bage cultivar and an accession of
spring broccoli (Song et al., 1991). The first iatonant inbred population was constructed
as a set of 87 RI lines (F6), developed by singéntptlescent from F2 plants of a cross
betweenB. rapa cultivars Per (a biennial winter turnip rape) andd®%an annual spring
yellow sarson) (Kole et al., 1997). The referen@negic linkage map oB. rapa was
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constructed by Choi et al. (2007), for the Multioatl B. rapaGenome Sequencing Project.
Seventy-eight doubled haploid lines derived frorthanculture of the F1 of a cross between
two Chinese cabbage inbred lines, ‘Chiifu-401-42’ &8) ‘Kenshin-402-43’ (K) were used

to construct the map. The map comprises a tot&l56f markers, including 278 AFLP, 235

SSR, 25 RAPD and 18 Expressed Sequence Tag Polymor@BSTP), Sequence Tagged
Sites (STS) and Cleaved Amplified Polymorphic SegaegfCAPS) markers. The total length
of the linkage map is 1,182 cM with an averagerugkof 2.83 cM between adjacent loci.

QTL mapping

Natural variation is caused by spontaneously ayisnutations that have been maintained in
nature by evolutionary processes such as artifiaiad natural selection. Thus, natural
variation embraces the enormous diversity preséhtrwwild plant species as well as most of
the genetic variants that are found in domesticptadts (Alonso-Blanco et al., 2009). Some
of the phenotypic differences existing in wild aultovated plants are due to single-gene
(monogenic) allelic variants and cause distinct-goantitative phenotypes. However, most
of the natural variation is quantitative and defesd by molecular polymorphisms at
multiple loci and genes (multigenic). These aremeid to as quantitative trait loci (QTLS)
and quantitative trait genes (QTGs). The naturaiatian present in crop plants has been
exploited since their domestication thousands @fryeago by the genetic manipulation of
developmental traits and physiological featureateel to adaptation to agriculture. Methods
for genetic analysis and mapping of natural quatinig variation were developed a few
decades ago for crop species, in which many modiest have been performed than in wild
plants. Currently, genomic resources have been olgeélfor important crop plants such as
rice (Oryza sativd, maize Zea mayy barley Hordeum vulgarg and tomato olanum
lycopersicunny enabling the identification of the genes and lentide polymorphisms
underlying QTLs involved in domestication, yieldotic and abiotic stress, and quality traits.
QTL analysis inB. rapa has been used to identify loci related to a widege of
developmental and morphological traitsluding heat resistance, disease resistancdetirm
acid content, and flowering tim&enes controlling simply inherited traits, likeedecolour,
seed erucic acid content and the presence of &ef have been mapped in an F3 population
(Teutonico and Osborn, 1994). QTL mapping of ldgihatic glucosinolate loci has been
carried out in two double haploid (DH) populatidnB> rapaand 16 loci controlling aliphatic
glucosinolate accumulation has been identified (ebal., 2008).

Morphological traits related to leaf and stem alentp flowering characteristics (days to bud
formation, days to flower and days from bud formatio flower) have been studied by QTL
analysis in an F2 population Bf rapa(Song et al., 1995Brassicacultivars are classified as
biennial or annual based on their requirement fpe@od of cold treatment (vernalization) to
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induce flowering. Genes controlling the vernali@aatirequirement were identified in B
rapa F2 population derived from a cross between an dremh a biennial oilseed cultivar.
Two major ¥VFR1, 3 and one minor(FR3 QTLs for vernalization-responsive flowering
time were detected (Teutonico and Osborn, 19B5¢.two genomic regions containiNgR1
and VFR2 showed homology to two regions B1 napus which contain QTLs\(FN1 and
VFN2 controlling vernalization responsive floweringmg variation in segregating
populations derived from annual and biennial odsemultivars. The Brassica regions
containingVFR2 and VFN2 were also found to be homologous to a region attdipeof
chromosome 5 oA. thaliang where several flowering-time genes are locatesb@n et al.,
1997), includingFLC. Diploid Brassicaspecies contain three copies of this genomic regio
Thus, multiple copies of a gene homologoua ftowering-time gene on At5, such BEC,
could contributéo the wide range of variation in flowering timesalved irBrassica species
(Schranz et al., 2002).

Mutagenesis and Transformation

Transgenic technology provides the means for iflentj and isolating genes controlling
specific characteristics in one kind of organismg &r moving copies of those genes into
another quite different organism, which will thetsa have those characteristics. This
powerful tool enables plant breeders to generateemeeful and productive crop varieties
containing new combinations of genes and it expdinegpossibilities beyond the limitations
imposed by traditional cross-pollination and setecttechniques. Transgenic plants are
proving to be powerful tools to study various aspext plant sciences. They can be used for
the functional analysis of plant genes e.g. in mqdignts and then making a link to their
utilization in transgenic crops. Fd@rassicaoilseed improvement, total seed oil yield and
qualitative differences in oil composition are imgamt breeding aspects. TransgdBrassica
with altered seed oil composition has been obtaitredddition, herbicide-, pathogen- and
insect-tolerant transgeni8rassicacultivars have already been produced (Lim et 1898;
Moon et al., 2007).

The A. tumefaciensDNA delivery system is still the most commonly dsstrategy to
transform plants. This is for both historical reasdit was the first available DNA delivery
system) and a variety of advantages compared ¢otdDdNA transformation methods. The
tumefaciendransformation system is simple, in many caseasiefit, and inexpensive (Block,
1993). In transgenic plants, insertional mutagenasing heterologous maize transposons or
Agrobacteriummediated T-DNA insertions, has offered valuabldgdor the identification
and isolation of genes based on a mutant phen¢Gison and Somerville, 1993). The gene
functions discovered by insertional mutagenesis a&fdncing strategies along with
expression pattern analysis will provide an integgtafunctional genomics perspective and
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will offer unique applications in transgenic cropsore than forty genes have been identified
by T-DNA tagging inArabidopsisby 1997 (Azpiroz-Leehan and Feldmann, 1997) andesin
then many more have been isolated. The strateggtofation tagging was employed for the
first time in tobacco cell lines by Walden (Waldd894) to generate overexpression mutants
and isolate genes involved in plant growth and greent. Activation tagging generates a
dominant gain-of-function mutation which allows iaedt selection of a desired phenotype in
primary transformants. With strong constitutive enhancer such as that derik@d the
CaMV 35S promoter, gene expression can be increase atoomnal levels. In this way, also
redundangenes might display an overexpression phenotypleeif producis limiting or a
change in the concentration of gene products geatembalance that is manifested as a
phenotype. These phenotypas either directly reveal the gene function ovpie a clugo

the pathway in which the gene is involved. A traxssm-based activation tagging method
using theEn/l Maize transposon system was reportedAmbidopsis(Marsch-Martinez et
al., 2002). This technique is far more superiontaDNA based activation tagging because
of the higher frequency of gene-activated phenaypand in transposon-tagged populations
compared to T-DNA based populations (Weigel et24lQ0), probably due to methylation and
subsequent silencing of multicopy T-DNA inserti¢g@halfun et al., 2003).

It would be very useful to have access to a hidiciehcy mutagenesis tool iB. rapato do
functional genomics studies. There is no reporuglotsertional mutagenesis Brassicaso
far. One of the reasons could be the low frequaidyansformation irBrassica B. rapais
known as one of the most recalcitrant membeRBra$sicagenus to regenerate shoots in vitro
(Moon et al., 2007) and production Bf rapatransgenic plants is less advanced than others
like B. oleraceaandB. napus(Liu et al., 1998; Kuvshinov et al., 1999; Cho &t 2000).
Nonetheless, severBl rapacrop types have been transformed Agaobacterium mediated
methods (Liu et al., 1998; Kuvshinov et al., 19830 et al., 2000), but still there is no
routine protocol forA. tumefaciensmediated transformation &. rapa The transformation
efficiency may be influenced by several factors|uding genotype, explant type, donor plant
age, concentration of growth regulatosgrobacteriumtype and culture parameters (Earle et
al., 1996).

Agrobacterium rhizogenewediated transformation could be an alternativgebtransgenic
B. rapaplants.A. rhizogeness a soil bacterium responsible for the developneérthe hairy
root disease on a range of dicotyledonous plantés Pphenotype is caused by genetic
transformation in a manner similar to the developmef crown gall disease b.
tumefaciensinfection of wound sites b&. rhizogeness followed by the transfer, integration,
and expression of T-DNA from the root-inducing (Rlasmid and subsequent development
of the hairy root phenotype (Christey and Braun, 200% and Ri plasmids both contain
genes encode enzymes for producing organic comgaienched opines, which are produced
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by infected plant cells and delivered to the paéimogs nutrients. In addition, Ti plasmids
contain three T-DNA genes that direct synthesithefplant hormones, cytokinin and auxin.
In Ri plasmidsthe rol genes (root loci)A and B, play primary roles in adventitious root
induction. A. rhizogenesnediated transformation is a useful, easy and testnique for
introducing interested genes into plant cells, esfly for species recalcitrant to
transformation this technique is a valuable tooheW tested oBrassicaceagewithin five to
seven days after inoculation with rhizogenesthe vascular bundles of storage root disks of
turnip or radish developed small outgrowths withmewous root hairs (Tanaka et al., 1985;
Tepfer 1990). Hairy roots can be induced on a wiaege of plants and many can be
regenerated into plants, often spontaneously (@yrisind Sinclaira 1992). Although the
presence of theol genes usually results in an altered phenotypesrakstudies have shown
segregation of Ri and tumor-inducing (Ti) T-DNA, me® that insertion of Ri and vector T-
DNA may occur on different chromosomes during tfamsation, and segregation in the
subsequent generation allows the recovery of teamsgplants with a normal phenotype
(Puddephat et al., 2001; Christey and Braun, 2005).

There is variation in Agrobacterium-mediated transfation responses between
differentBrassicaceaspecies (Poulsen, 1996). Research in Arabidopsisiawn heritable
variation forA. tumefacienbinding to the plant cell or for T-DNA integratiofrurther
analysis of the plant genes involved, has madeti$eDNA-taggedA. thalianamutant lines
that are resistant to transformation Aytumefaciengrat mutants) (Nam et al., 1999). B
oleracea Cogan et al. (2002) identified QTLs for transgeamd adventitious root production
using arA. rhizogenesnediated co-transformation system in conjunctioith va doubled
haploid (DH) mapping population. The transfer antegration ofAgrobacteriumT-DNA
into the plant genome is mediated through exprassidhevir genes present on the virulence
plasmid native tcAgrobacteriumstrains. The virulence genes are highly conseraad,the
key events in T-DNA transfer are common to the pvimcipal species oAgrobacterium
used in plant transformation. Consequently, the yaimal of plant genes regulating
transformation using eithex. rhizogene®r A. tumefaciensvill allow an understanding of a
process common to both.

10
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Scope of the thesis

At the time when this research started the mainwaas to develop akn/l based activation
tagging population ifB. rapato provide possibilities for studying plant gemmdtions. The
first question that had to be answered was, wdwdEn/I transposon system be activeBn
rapa? This question is dealt with chapter 2 Becausé. rapais known as one of the most
recalcitrant members dBrassicagenus to regenerate shoots in vitro, and alsoesstal
transformation oB. rapaby A. tumefaciensias been hampered by the lack of efficient plant
transformation, it was tried to quantify transfotioa frequency by hairy root transformation
using anA. rhizogenedransformation system in a segregating populattonF2 population

of B. rapa derived from a cross between genotype L58, whihapid—flowering, self—
compatible Cai-xin line, and R-0-18, a doubled hapkpring oil genotype was developed.
The construction of a genetic linkage map and the gnalysis for some morphological traits
will be discussed irchapter 3. The result of QTL analysis showed that the F2upatmpn
displays variation for many traits. By making a Rplopulation it was tried to fix the
recombination events as much as possible to olaairfimmortal” mapping population.
Genotyping the recombinant inbred population (F¥) @ TL analysis of some morphological
traits is the topic othapter 4. In chapter 5the same population is used for the QTL analysis
of seed metabolites, focusing on putative healtiebeial secondary metabolites. Finally, in
chapter 6 all findings of this research are discussed.

11
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Abstract

A high-efficiency mutagenesis system would be vadvantageous imBrassica rapato
generate mutations, isolate plant genes and gaights into its biology. Activation of a
heterologousEn/l transposon was verified by the analysis of transgéssue ofB. rapa
Yellow Sarson L143 containing aan/l activation tagging construct. THen-I activation
tagging construct contained tlsn (Spm)transposase coding sequence under control of the
CaMV 35S promoter and terminator; a mobile non-aaeous| (dSpm)element harboring a
tetramer of the CaMV 35S enhancer to act as activiteNPTIlI gene conferring kanamycin
resistance as positive selection marker; andSbid gene that converts the pro-herbicide
R7402 into the herbicide sulfonylurigibiting or reducing the growth of plants thantain

it, as negative selection marker in plants. Thestrolt was introduced int®. rapalL143 by
Agrobacterium rhizogenebairy-root-mediated transformation. Insertion bé ttransposon
construct and excision of tHeelement from the original construct was confirnisdPCR.
Sequencing of cloned PCR products further confirrhedoresence of an empty donor site in
the donor T-DNA. Transgenic plantsBf rapawere obtained by inoculating hypocotyls with
Agrobacterium tumefaciemGLO carrying the binary vector pPCAMBIA-2301, harba af-
glucuronidase (GUS) gene driven by the CaMV 35S ptem A histochemical GUS assay
showed a transformation frequency of 2%. To esthldi stable transposon mutant population
of B. rapa, A. tumefaciensediatedransformation of th&n/l transposon activation tagging
construct was employed. Unfortunately the transéirom of B. rapa cotyledons and
hypocotyls withA. tumefaciensAGL1 carrying the theEn/l transposon activation tagging
construct was not successful. This could be either to the length of the construct, or the
expression of th&U1lgene which may not be viable in grégrrapatissue.
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Introduction

Brassica rapas a crop which is receiving increasingly moreeiest for functional genomics
studies, in view of its economic importance andghaomic advantages as a close relative of
the plant reference speciesabidopsis thaliana with genome sequencing in progress
(http://www.brassica.info/resource/sequencing.pkiyfile QTL-analysis and genome or EST
(expressed sequence tags) sequencing projecteimg $et up, mutant populations are still
scarce. The availability of a mutant resource wdwgdhelping researchers in their quest to
gain insights into the biology of this commercialhyportant crop. These efforts are critical to
understand gene function and, ultimately, the lgglof B. rapa

Insertional mutagenesis through T-DNA or transpdsgging, are valuable tools for isolating
plant genes. Snapdragon and maize contain welbhcterized endogenous transposable
elements, which have been used in the past taigesgines such asviparous-1(involved in
seed development)ppaque-2 (encoding a transcriptional regulator), and seveyahes
involved in anthocyanin production and flower deysghent (McLaughlin and Walbot 1987,
Gibson and Somerville 1993; Azpiroz-Leehan and iRealdn 1997). Subsequently, these
transposons have been used to design heterologstesms for use in plants for which
endogenous transposons have not been charactenzedfficient detail. These systems
proved to be successful, leading to the isolatibnmany genes, including th&ALE
STERILITY yene ofArabidopsis(Aarts et al., 1993), Tomatwarf D (Bishop et al., 1996),
and the disease resistance geNesrom tobacco (Whitham et al., 1996)6 from flax
(Lawrence 1995), an@f-9 from tomato (Jones et al., 1994).

The strategy of activation tagging was employedtfierfirst time by Walden et al. (1994) in
tobacco cell lines to generate mutations and tatsdhe corresponding genes involved in
plant growth and development. Many activation taggconstructs have four copies of the
enhancer element of the constitutively active ¢wer mosaic virus (CaMV) 35S promoter.
These enhancers can cause transcriptional activafimearby genes, and because activated
genes will be associated with a T-DNA insertionis tapproach has become known as
activation tagging. Activation tagging generategoainant gain-of-function mutation which
allows a direct selection of a desired phenotypgrimary transformants. Later on it was used
in Arabidopsis by Weigel and co-workers (Weigelkét 2000) for the isolation of over 30
dominant mutants with various phenotypes, usingstasce to the antibiotic kanamycin or
the herbicide glufosinate to select for plants whté activation construct. The frequency with
which activation tagging produces visible, dominaativation tagged mutants ranged from
0.07% (Weigel et al., 2000) to 2.2% Amabidopsis(lchikawa et al., 2003). A T-DNA-based
activation system has the disadvantage that ittesea complex integration pattern and
chromosomal rearrangement at the insertion site rgdhaMartinez et al., 2002). A
transposon-based activation tagging method usiegraizeEn/I transposon was reported for
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Arabidopsis(Marsch-Martinez et al., 2002). This techniquéaismore superior than T-DNA
based activation tagging because of the higheué&ecy of gene-activation phenotypes found
in transposon-tagged populations compared to T-Dd&ed populations (Weigel et al.,
2000), probably due to methylation and subsequéaricsng of multicopy T-DNA insertions
(Chalfun-Junior et al., 2003).

Ac-Ds (Activator-Dissociatioh and En-lI (Enhancer-Inhibitoy are two systems of maize
transposable elements which have been used irptaos tagging. Iirabidopsis the En-|
system showed a high frequency of independentpoaisons of 7.8% to 29.2% (Aarts et al.,
1995; Speulman et al., 1999). Transposon taggin@nisattractive system to use for
transformation-recalcitrant plant species, becaust¢ a few primary transformants are
sufficient to generate a tagged population (Mangetinez et al., 2002). Theén-I
transposon activation tagging construct, which wssd by Marsch-Martinez et al. (2002),
carries theBAR gene conferring resistance to the herbicide Basta, &aedStU1 gene from
Streptomyces griseolubat confers sensitivity to the proherbicide R740 later acts as a
negative selectable marker to select against thgepce of the T-DNA upon transposition of
the I-element carrying the activation tag. Thus, stalbdnsposants can be selected by
applying Basta and R7042 to soil-grown seedlings. Borapg such a high-efficiency
mutagenesis system will be very advantageous. Aeaa@n of many independent
transposants can be generated and screened foholmgral mutants and mutants altered in
e.g. abiotic stress response (drought, salt, midkefaciency, mineral access) or phytonutrient
content. Verified mutants can be used to identifg alone the tagged gene and analyze its
function.

Instead of first trying to generate many stablengfarmants for this transformation-
recalcitrant species, a swift prescreening can bdopned based orAgrobacterium
rhizogenesmediated root transformant&. rhizogeness a soil bacterium responsible for the
development of hairy root disease on a range daftgiedonous plants. This phenotype is
caused by genetic transformation in a manner sinatathe development of crown gall
disease bA. tumefaciensA. rhizogeness capable of transferring the T-DNA of the Ri (roo
inducing) plasmid to plants (Christey 2001). Haiopts can be induced on a wide range of
plants and many can be regenerated into planexn sftontaneously. Transgenic plants have
been obtained aftek. rhizogenesnediated transformation in 89 different taxa, esgnting
79 species from 55 genera and 27 families, incy8inrapa (Christey 2001). Hairy roots are
easily distinguished by their rapid, highly bramghigrowth on hormone-free medium and
plagiotropic root development. The Ri plasmid car@ (root locug andaux genes that are
transferred to the plant and that are responsitnlehfe hairy root phenotype (Christey and
Braun 2005). Plants regenerated from hairy rootenoféxhibit an altered phenotype
characterized by several morphological changesudnty wrinkled leaves, shortened
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internodes, reduced apical dominance, reduceditigraltered flowering, and plagiotropic
roots due to expression obl genes. To be of use in crop improvemeht,rhizogenes
mediated co-transformation will have to yield trg@sic plants that do not display the
deleterious hairy-root phenotype (Puddephat et28i01). Where Ri and binary vector T-
DNAs insert independently into the genome duringtraasformation, meiotic segregation
can lead to recovery of phenotypically normal pdaiméaring binary vector T-DNA only, as
was shown by Puddephat et al. (2001) upomhizogenesnediated co-transformation &
oleracea

Ultimately, the production of stable transgenic npgathroughA. tumefaciensmediated
transformation is desired, as it would not need dbtrossing of the Ri-T-DNA to obtain
morphologically normal plants. The capability oplantlet to regenerate from a transformed
cell appears to be a critical factor affecting dherall transformation efficiency &. rapa In
general, the regeneration from explants (i.e. tedlaor excised tissues or organs from an
intact plant) can occur via two major pathways,am@genesis and somatic embryogenesis
(Zuo et al., 2002). The organogenesis pathway dikpen a high cytokinin:auxin ratio and
leads to the direct formation of shoots from thecalbed ‘organogenic’ cells. The formation
of somatic embryos, which can directly germinatéo iadult seedlings, requires a high
concentration of 2, 4-D. Other important factorattmay influence the infection frequency
are the duration of inoculation, ethylene concdiumna Agrobacterium co-cultivation
temperature and co-cultivation time. Ethylene pomdlifrom a plant inoculated witA.
tumefaciensinhibits virulence (vir) gene expression i\. tumefaciensand, as a result,
Agrobacteriuramediated genetic transformation is inhibited (Nanat al., 2008). AgNg) an
anti-ethylene agent, was critical to the regenenatif transformed shoots 8f oleraceaand
was thought to reduce wounding stress and stimutgeneration from transformed cells
(Puddephat et al., 2001). The vir genes Agrobacterium can be also induced by
acetosyringone or similar phenolic compounds (Takiast al., 1997). Tissue culture involves
complex interactions and thus experiments to im@rissue culture rely to a great extent on
empirical data. Many parameters have to be invagysuch as media, genotype, variation
among different explants and the amount of groveputators applied and physiological
condition of the starting material. With all memtex factors interacting during the formation
of transgenic plants, it is obvious that estabtighoptimal conditions are extremely difficult
(Poulsen 1996). In general among BrassicaspeciesB. oleraceais the easiest species to
regenerate from tissue culture, wherBasapais the most recalcitrant one (Narasimhulu et
al., 1988).

Here we present the development of a transposcedbadivation tagging system B rapa
using hairy root transformation and we report orriotss methods to obtain stable
transformation oB. rapaby A. tumefaciens
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Material and Methods

Vector constructs and bacterial strains

Four different constructs introduced irdorhizogene$1SU440 were used for this study. The
pRedRoot binary vector (Limpens et al., 2004), exgpngstheDsRedlgene encoding the red
fluorescenprotein as a non-destructive selectable marker.biiery vector pPCAMBIA-2301
harbouring thep-glucuronidase GUS gene and selectable kanamycin resistance gene
(http://www.cambia.org/daisy/bios/585.hjmAn Ac/Dsactivation tagging construct carrying
the green fluoresceptotein GFP) gene as visible marker, and Bn/l activation tagging
construct carrying the kanamycin resistance gerselestable marker (Fig 1). All constructs
were used to transfori®. rapa. The En/l construct (made by Marsch-Martinez et al., 2002)
contains arEn4ransposase source, a honautonomous transpaésabtaent, which contains a
tetramer of the CaMV 35S enhancer sequence, andRAd# kanamycin resistance gene. The
construct includes positive and negative greenhsakectable markers to select for stable
transpositions. ThBAR gene confers resistance to the herbicide Basté&saildyene, which
encodes a protein that converts the pro-herbicidéOR{DuPont, Wilmington, DE) into the
herbicide sulfonylurea inhibiting or reducing thewgth of plants that contain it. The binary
vectors were introduced into MSU440 by electrotfamsationand grown for 2 d at 28 °C
under antibiotic selection (503 mI™). Integrity of inverted repeat construatas checked by
mini-prepping and restriction-digestion.

Activating I Element (AIE)
| 1
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l 4 Lok, |||BA11L/’]”
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Fig 1 Schematic representation of the En/I construct lEE{35SEnh) transposon activation
tagging construct. LB, Left border; RB, right bord85SP, 35ST, CaMV 35S promoter and
terminator, respectively; EnTPase, En immobile sawsase source; ILtir, IRtir, I-element
left and right terminal-inverted repeat,respectived Enh., tetramer of the CaMV 35S
enhancer; BAR, Basta resistance gene; Pnos, Tmos)gier and terminator sequences from
the nopaline synthase gene, respectively; SSU53 S80moter and transit signal peptide to
the chloroplast and terminator of the small subuwiiRubisco gene, respectively (reproduced

from Marsch-Martinez et al., 2002).
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The Agrobacterium tumefacierstrains used in this study were AGLO and AGL1 ¢(Latal.,
1991). Both strains carry pTiBo542DT, a hyperviruldmthelper plasmid that transforms
many dicotyledonous plants at very high frequencleghese strains are to function in
transformation they must also carry a binary veatowhich the T-DNA is defined by both
left and right border repeats. AGL1 is distingustieom AGLO by an insertion mutation in
therecArecombination gene (Lazo et al., 1991), which segges recombination of large T-
DNA plasmids. AGLO harbors the binary vector pPCAMB2801 and is referred to as AGLO-
GUS and theEn/l transposon construct (AGLBR/l). AGL1 harbors theEn/l transposon
activation tagging construct (AGLER/I) (Marsch-Martinez et al., 2002).

Agrobacterium rhizogenes hairy root transformation

Brassicaseeds were surface-sterilized by incubating fos@nd#& 70% ethanol, washing
in sterilewater, then 2 min in 2% hypochlorite (commerciadaah), washinghree times in
sterile water, and subsequently plated on half M&liom (Murashige and Skoog 1962)
without sucrose. Roots of 5-day-old seedling werewith a schalpel and inoculated with a
pellet of A. rhizogenegarrying pRedRoot-DsRed placed at the cutting suréscexplained
by Limpens (Limpens et al., 2004). Infected seedlimere put on the petri dishes having the
same medium as germination one with a half-rdiltes paper (5 seedlings per plate). The
Petri dishes were not completely closed by parafidnenableaeration. Petrie dishes were
placed vertically in a growth chamber maintained 2&fC with a 16h light/8h dark
photoperiod at a light intensity of 60 mEst. Four- day-old seedlings transferred to the
medium containing 200 mg/l ticarcillin. The sametpcol was employed foA. rhizogenes
carrying pCAMBIA-2301-GUS and inoculated roots welacpd on kanamycin medium. Co-
transformation also was done using béthrhizogenescarrying pRedRoot-DsRed arfl
rhizogenescarrying pCAMBIA-2301-GUS. Inoculated roots contamithe En-1 transposon
activation tagging construct were transferred toakaycin medium with tricarcillin and
inoculated roots containing thAc/DsGFP construct were transferred to medium with
tricarcillin. On selection medium, the roottips wemarked on the plate to distinguish
transformed and growing roots from untransformeelson

Plant material and plant growth media

Two varieties ofB. rapa L58 (Caixin line) and L143 (Yellow Sarson) were dis®r
transformation. Seeds were surface-sterilized @nin and sown in half-strength MS-salts
(Murashige and Skoog 1962) and vitamins with 0.5%r@se and 0.6% phyto agar. Seeds
were germinated and grown in a cell culture roonmtaied at 22-24C with a 16 h light/8

h dark photoperiod at a light intensity of 45-55mfs™. Cotyledon and hypocotyl explants
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were used for transformation. For each of the ckffie transformation experiments different
protocols were used.

Experiment 1:

For callus induction, MS medium supplemented wit 8ucrose, 4 mg/l Kinetin, 2 mg/I
NAA and 0.1 mg/l 2,4-D was used. For shoot regdimraVS medium with 1% sucrose, 2
mg/l NAA, 4mg/l BAP and 3mg/l ABA was used. All madwere adjusted to pH 5.8 and
solidified by 0.6% phyto agar.

Cotyledons and hypocotyls of 5-day-old seedlingsewsaced on callus induction medium
for one week and then transferred to shoot reggomranedium. Every two weeks
regeneration medium was refreshed. For plant toamsftion,A. tumefacienstrains (AGLO-
GUS and AGLIENn/l) were cultivated on LB-agar plates supplementeth v60 mg/l
kanamycin and 75 mg/l carbenicillin respectively ddays (d) at 27 °C, followed by
cultivation on liquid LB medium for 2 d. Bacteria wecollected by centrifugation at 3000 x
g for 15 min, and the pellet was suspended in liduisl medium to give ORo = 0.5, which
was subsequently used in the transformation expertisn For transformation first we tried
AGLO-GUS transformation. 1@l of the Agrobacteriumsuspension was applied on the
explant cut surface in the callus induction mediton two days, upon which they were
transferred to callus induction medium with triglirc (100 mg/l) to prevent overgrowth of
Agrobacterium After 5 days they were transferred to shoot reggion medium with
kanamycin (50 mg/l) and tricarcillin (100 mg/l). xSiveeks later transformation and/or
regeneration was scored. In total 300 explants wesal in the first experiment, half with
Agrobacterium(for transformation) and half without (for regeaton).

Experiment 2:

In this experiment the Radke protocol was followRddke et al., 1992). We used 1 mg/l 2,4-
D in the induction medium and 3 mg/l BA+1 mg/l Zeain the shoot regeneration medium.
AgNOs (5 mg/l) was applied to shoot regeneration mediameduce the effect of ethylene.
For transformation we used AGLO-GUS on 300 explantsoth genotypes.

Experiment 3:
As experiment 2, but using 1000 explants, 500 fwhegenotype. Instead of ALGO-GUS,
AGL1-En/l was used.

Experiment 4:

As experiment 3, but using 600 explants and usibgnty/l 2, 4-D and 0.5 mg/l BA in the
shoot regeneration medium.
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Experiment 5:

As experiment 3, but replacing AgN@vith Aminoethoxyvinylglycine (AVG). We used 1
uM and 5uM AVG in shoot regeneration medium. Five hundreglants were used for this
experiment.B. rapa L58 and L143 and Agrobacterium AGIHER/I were used for this
experiment.

Experiment 6:

Experiment 3 was repeated but a liquid shoot reg¢ioea medium was used, which was
refreshed every two weeks and shaken at low spesixdf weeksB. rapal58 and L143 and
Agrobacterium AGLI1EN/I were used for this experiment.

Experiment 7:

As experiment 3, but to induce direct shoot foromatin organogenesis, we used a higher
cytokinin:auxin ratio as suggested by Zuo et 200@). We applied 5 mg/l BA and 0.5 mg/I
NAA in the shoot regeneration medium to resembéentiedium Zhang used to get maximum
shoot regeneration (Zhang et al., 1998). 400 explarre used.

Experiment 8:

As experiment 3, with alterations of the hormon@aaamtrations in the shoot regeneration
medium. Five concentrations of BA were applied (13,24 and 5 mg/l) in combination with
three concentrations of NAA (0.5, 1 and 3 mg/l) &and concentrations of GA3 (0 and 0.2).
Fifty explants were used for each treatment.

Experiment 9:
As experiment 3, but seeds were germinated on mredantaining 3 mg/l BAP and 4 mg/l
NAA. 400 explants were used.

Experiment 10:

As experiment 3, but explants were pre-culturednadium with 2 mg/l BA, 1 mg/l NAA and
0.2 mg/l GA3 for two days, then inoculated with AGEn/l and kept for another two days on
pre-culture medium before transferring to shooteregation medium. 400 explants were
used.

Experiment 11:

As experiment 3, but the cotyledon with petiole wasd as explant. Petioles were inserted
into the agar. 400 explants were used.
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Experiment 12:
As experiment 3, but two concentrations, 0.5mgd amg/l, of thidiazuron (TDZ) were used
in the medium. 300 explants were used.

Experiment 13:
As experiment 3, but 0.03 mg/l brassinolide waseddtb the medium. 300 explants were
used.

Experiment 14:
As experiment 3, but acetosyringone (10M) was used to re-suspend the bacteria pellet for
co-cultivation medium. 300 explants were used lfics €xperiment.

Experiment 15:

Instead of B. rapg tobacco explants (cultivar SR1) were used for sfiamation. We
followed the protocol reported by Dorlhac et al9g93), using AGLO-GUS, AGLEn/I and
AGL1-En/l. 10 explants of tobacco leaf were used for tramsédion with each construct.

Experiment 16:

As experiment 2 but instead Bf rapathe related specid®. napuscv. Westar was used. We
used AGLO-GUS, AGL@EN/l and AGL1En/l in this experiment. About 60 explants used for
AGLO-GUS transformation and more than 300 explaweye used for the other two
constructs.

Experiment 17:

In plantatransformation oB. rapawas tried using genotypes L58 and L39. Two weekd co
treatment (4 °C) was applied on the seeds befosewvieee germinated in a growth chamber
at 24/20 °C day/night, 16/8 h day/night. After 3 weéhey started flowering. The protocol of
in plantatransformation ofA. thalianawas followed (Bent 2000) and AGLHR/I was used
for dipping. 180 plants of L39 and 140 plants oBLWere used for this experiment. Seeds
were collected after ripening of the plants andjestbd to selection. As the construct
contains genes for kanamycin and basta resistdiuth, selective agents were (separately)
used for screening of transformed seeds. Half ®fséeds were germinated on soil and two-
leaf-staged seedlings were sprayed in the greeehwitls 1% Basta solution. The other half
was screened on solidified MS medium containingng@ kanamycin.
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Experiment 18:

Instead ofA. tumefaciensransformation, transformation was performed whtirhizogeneso
obtain transgenic hairy roots 8f rapa A. rhizogenestrain MSU440 was used containing
the En/l construct. Cotyledon and hypocotyls of accessioB BBd R-0-18 were used as
explants. Inoculation was as with tumefaciens

GUS staining

For histochemical GUS staining one leaflet wasipstaining solution including X-Gluc (0.1
mg/ul), KkHPO, (500 mM), KHPO, (500 mM) with water and was kept at°8€7in dark for
overnight. The next day samples were destainegipodhlorite 1% for one hour.

Molecular analysis of excision

Insertion of theEn/l and Ac/Ds activation tagging constructs were confirmed by RGRg
BAR-specific primers (Bar F5’-ACC ATG AGC CCA GAA CGA CGC-3 and Bar R5'-
CAG GCT GAA GTC CAG CTG CCA G-3) as the selectable marlserwithin the
transposable element between the terminal-inverggmbats (Fig 1). The PCR reaction
comprised a denaturing step of 95°C for 3 min, feéd by 40 cycles of 1 min at 95°C, 1 min
at 60°C, and 1 min at 72°C, ending with an elongasi@p of 5 min at 72°C. A subsequent
PCR with primers flanking the jumping elements wadgrmed to detect excision ofor Ds
element from the T-DNA in the transformed rootsg(FE). The following primers were
employed for detection dfelement excision ands element excision respectively:

35S-T2, 5'-CCA AAA TCC AGT GGG TAC CGA GC-3’; SSU-301-T¥;GTT GGT TGA
GAGTCTTGTGGCCT-3; and AcUp, 5-CTCAGTGGTTATGGATGGGAGTF3)
M13F24, 5-CGCCAGGGTTTTCCCAGTCACGAC-3'. The PCR reaction poised a
denaturing step of 95°C for 3 min, followed by 3%leg of 1 min at 95°C, 1 min at 60°C, and
1 min at 72°C, ending with an elongation step ofid at 72°C.
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Results

A. rhizogenes transformation

One week after transformation transformed rootsewasually selected using a fluorescence
stereo microscope in case of usiAgrhizogenesarrying DsRed and thac/Ds construct
carrying 35S::GFP, and by selection of growing samt antibiotic selection media in case of
A. rhizogenegarryingEn/l activation tagging constructs (Fig 2). The putimransformed
roots carrying the GUS construct were evaluated thi¢ histochemical GUS assay.

Fig 2 Selection of roots by A. rhizogenes, transformetl wRRedRoot, carrying DsRed (A),
the Ac/Ds construct carrying GFP (B), pCAMBIA-23Cdrrging GUS (C), En/l activation
tagging construct carrying HPT (D), En/l activatiéagging construct carrying NPTII (E). A:
DsRed expression, B: GFP expression, C: GUS exmresbi Selection of transformed roots
on 20 mg/l hygromycin medium (Left: untransformRayht: transformed), E: Selection of
transformed roots on 50 mg/l kanamycin medium (luefiransformed, Right: transformed).

Twenty seven plants used for transformation wAthrhizogenesarrying DsRed, of which
nine plants (33%) showed root DsRed expression. hasformation frequency for
transformation withA. rhizogenegarrying GUS was 55% (15/27). Roots emerging after
transformation with botl. rhizogenegarrying DsRed and GUS constructs were first tested
under a stereo fluorescence microscope. Ten diftyoplants showed root DsRed expression
and about four plants out of these ten plants sHomet GUS expression. This does not
suggest a higher transformation frequency upomteziion.

Activation tagging

Twelve plants out of thirty (40%) showed root GE®ression Ac/Ds construct) under the
stereo fluorescence microscope. Of the roots toamsd withA. rhizogenegarrying theEn/I
construct, 58% (26/45) were kanamycin resistant. rAbts putatively transformed with
transposon activation tagging constructs were odt ased for DNA analysis to test for
excision events.
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No excision site was detected in material contgjirthre Ac/Dstransposon activation tagging
construct, but one excision site was observed an2éngpots containing thEn/I activation
tagging construct (Fig 3). Two more excision sitgsre obtained when repeating the
experiment with 50 additional plants of which 20wled roots to contain then/l construct.
The DNA was extracted from the empty donor bandstren gel and cloned using the
pPGEMT-Easy vector. We could clone only one of tkeigon sites. Sequencing of the cloned
fragment confirmed the presence of an empty donerirs the T-DNA and thus excision of
the | element. Thd element which was cloned into tli/l activation tagging construct
carried its left terminal inverted repeat (TIR) am@fing from the wx844£n-1locus of maize
(Pereira et al., 1985) and its right TIR from the-mX6078) locus of maize (Pereira and
Saedler 1989). The sequence of the empty donosisiteed that the element took one base
pair of thewaxy 1gene and three base pairs of #legene upon excision. Causing such
deletions is common fdrelement excisions (Aarts et al., 1993).

50bpL. 1 2 3 1kbL. 1 2 3 4 5  50bplL

S —— -

—
R— . pa— - ggtat-/Acagggtc T-DNA + /element
=L K = ggta....... gggtc empty donor site

Fig 3 PCR analysis of T-DNA insertion and | element eanisn B. rapa. 50 bp L.: 50 bp
ladder;1 kb L.:1 kb ladder; A: PCR using BAR pringrows insertion of En/l activation
tagging construct in samples 1 and 2 but not ingarB; B: PCR using primers flanking the |
element shows excision of the | element in samplk dnd 5. Samples 3 and 4 show no
excision; C: Flanking DNA sequences of the originalelment in the En/l T-DNA (top) and of
the empty donor site after | element excision.

Stable plant transformation

For the first transformation experiment we followtb@ protocol described by Wahlroos et al.
(2003), who reported a transformation frequencymfo 9% forB. rapasubspoleiferausing

A. tumefaciendAGL1 harbouring a binary vector carrying the erdeahgreen fluorescent
protein (eGFP, Clontech, Palo Alto, CA, USA) genetaaled by the CaMV 35S promoter.
Initially we used the same genotype as used by Waslet al. (2003), which we received on
request. However, based on morphology and upomgebly flow cytometry the provided
accession appeared to Be napus rather thanB. rapa and we discontinued using this
genotype. Instead we used L58 and L143. While ggemeration frequency was about 9%,
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only 3% of the explants showed green calli on salhduction medium. Unfortunately they
stopped growing and none of them regenerated skdwa transferred to shoot regeneration
medium.

In experiment 2 we tested the protocol by Radkd. €1892), who reported a transformation
frequency of 1-9% using cultivars Tobin and Emmdofapasubspoleifera Regeneration
and transformation percentages are shown in tabléwb percent of the L58 explants
regenerated transformed shoots when treated witiiQ3gas confirmed by analysis of GUS
expression (Fig 4).

Table 1. Result of regeneration and transformation experinZeasing AGLO-GUS

Regeneration Transformation

+ AgNG; - AgN@ + AgNG; - AgN@

Green | Regenerated| Green| Regenerated| Green| Regenerated| Green| Regenerated
genotypes | calli shoots calli shoots calli shoots calli shoots
L143 100 25 90 0 40 0 10 0
L58 89 16 4 0 42 2 10 0

Fig 4 Transformation of B. rapa. A: cotyledons of L143stot regeneration medium with
AgNG; after inoculation with AGLO-GUS. B: Hypocotyls of 8. ®n shoot regeneration
medium with AgN@after inoculation with AGLO-GUS. C: Transformed shobB. rapa L58

with AGLO-GUS. D: GUS expression (blue) in a leaffed transformed plant of B. rapa L58.

Experiment 3 followed the protocol of experimentb2t AGL1En/I was used instead of

AGLO-GUS. Only 4% green calli were obtained in thisnsformation experiment and none
regenerated into a transformed shoot. In experimetite concentrations of hormones in the
shoot regeneration medium were adjusted, butastllyy about 4% green calli emerged, none
of which regenerated into a shoot. We observed hirayvof explants which could be a sign
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of ethylene production. For experiment 5 we folldwexperiment 3, but used another
ethylene biosynthesis inhibitor AVGaminoethoxyvinylglycine) instead of AgNOThis
experiment did not yield any green calli. To furtleéaborate on limiting ethylene production
liquid shoot regeneration medium was used. Aboutg#éen calli was observed, which stay
longer green than in previous experiments, butraosformed shoot regenerated. A high
cytokinin: auxin ratio to induce direct shoot regeation (experiment 7) was not successful
either, as no transformed shoots were formed. pement 8 we further experimented with
the cytokinin (BA) and auxin (NAA) concentrationstire shoot regeneration medium, in the
presence or absence of gibberellic acid (GA3). Resale shown in table 2. 4 mg/l BA
produced more green calli than others and 65% mrgead shoots in the absence of
transformation, but in the presencefoftumefacienso transformed shoots were obtained.

31



Chapter 2 Agrobacteriummediated...

Table 2. Result of regeneration and transformation experim&n(using AGL1-En/l),
combining five concentrations of BA, three of NAA amo of GA3 (all in mg/l) in the shoot
regeneration medium.

BA(mg/l) NAA(mg/l)  GA3(mg/l) | Shoot regeneration%  &m calli induced% Transformed shoot %
1 0.5 0 21 0 0
1 1 0 15 0 0
1 1 0 8 0.5 0
1 1 0.2 6 3 0
1 3 0 3 1 0
1 3 0.2 5 0.5 0
2 0.5 0 15 3 0
2 0.5 0.2 8.3 4.1 0
2 1 0 12 3 0
2 1 0 22 15 0
2 3 0 28 2 0
2 3 0 21 6 0
3 1 0 21 10 0
3 0.5 0.2 25 15 0
3 1 0 19 10 0
3 1 0 35 16 0
3 3 0 42 18 0
3 3 0 40 15 0
4 1 0 52 21 0
4 0.5 0.2 65 35 0
4 1 0 63 37 0
4 1 0 45 24 0
4 3 0 61 28 0
4 3 0 56 26 0
5 1 0 35 18 0
5 1 0 39 15 0
5 1 0 42 17 0
5 1 0 31 14 0
5 3 0 29 15 0

Burnett et al. (1994) reported that the presenc&Afor NAA during seed germination
medium markedly enhanced subsequent shoot regemefadbm the base of the excised
cotyledon explants oBrassica rapacv. Horizon. We tested this option (experiment&d
although about 3% of green calli were obtained,significant difference was observed
compared to previous experiments.

Block (1993) studied the cell biology of plant treorsnation and showed that during a
preculture period dedifferentiation occuitiere are few reports about the effect of preceltur
on the transformation frequency Brassica(Burnett et al., 1994; Babic et al., 1998; Tang et
al., 2003; Tsukazaki et al.,, 2002). Tsukazaki et(2002) investigatedhe effect of the
preculture period on transformation efficiency yphcotyl explants oBrassica oleracear.
capitataMatsunami P22. The explants that were precultuoe®fdays produced the highest
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number of GUS-positive explants. Unfortunately vie mbt obtain any transformed shoots in
this experiment (experiment 10).

Sharma et al. (1991) studied differentiation of#loand roots from cotyledon explants of
Brassica juncedL.) Czern and observed that organogenesis occonlydf the proximal cut
end of the petiole was in contact with the medium. the absence of the petiole,
differentiation from the lamina was raré/hen this was tried (experiment 11) there was no
significant difference between a cotyledon cut ialf and cotyledon with petiole. No
transformed shoot regenerated. In experiments #i218nwe also tested the effect of TDZ
(Thidiazuron) (Qin et al., 2006), and brassinoli@@ardoza et al., 2004) in the shoot
regeneration medium, but no significant effect whserved.

Agrobacteriumrelated parameters such as virulence inductiomstea and integration are
also important in transformation. Bothgrobacteriumstrains AGLO and AGL1 carry a
hypervirulent Ti helper plasmid. Still addition afetosyringone to the co-cultivation medium
was reported by Takasaki (Takasaki et al., 199 8nteance the T-DNA transfer by inducing
the vir gene expression of the Ti plasmid. About 4% grealti @vere obtained in this
transformation experiment (14), but no transforrsledot regenerated.

After 14 experiments with no transformed shootshgisihe AGL1EnN/I strain-construct
combination, we wanted to test if this combinatwas at all able to transform plants.
Therefore we used SR1 tobacco rather tBarapafor transformation in experiment 15. For
each explant inoculated with AGLO-GUS, on averagye transformed shoots regenerated,
while for AGLO-ENI and AGL1ENI this was four and two respectively (Fig 5).

~— o

Fig 5 Regeneration of transformed shoots of tobacco BA ®n days after co-cultivation
with A: AGLO-GUS, B: AGLO -En/l and C: AGL1- En/I.

This showed that although the transformation wiehEn/I construct was clearly less efficient
than with the GUS construct, in both cases transimits were obtained and thus the strain-
construct combinations were all potentially able giwe transformed shoots. Of course,
tobacco is much easier to transform, so theref@eised explants @rassica napusultivar
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Westar, which is &8rassicaspecies, but easier to transform ti&arrapa(experiment 16). In
the shoot regeneration medium 90 % of the explasisonded and regenerated shoots, in the
absence ofA. tumefaciensAlso in the presence of AGLO-GUS, 19 % (11/56) tbé
inoculated cotyledons regenerated transformed shétdwever, only 0.5 % (2/358) of the
explants inoculated with AGL&n/lI or AGL1-En/lI produced transformed shoots and they
stopped growing after a few days. This indicatest tine problem to obtain transformed
shoots may not be the transformation protocoltieitconstruct used, with serious trouble for
the cells containing thEn/l construct to properly regenerate into transforsteabts (Fig 6).

wgﬁ
Fig 6 Brassica napus regeneration and transformationsi#oot regeneration on cotyledon;
B: regeneration of transformed shoots with AGLO-GUS hypocotyls explants; C:
transformed shoot with AGLO-En/l on a hypocotyllanp D: transformed shoot with AGL1-

En/l on cotyledon explants; E and F: regeneratidnuatransformed shoots on cotyledon
explants.

[ .

As this may be caused by the tissue culture phéstheo protocol, we tried alternative
protocols. Anin planta transformation protocol was proposed by Cardozal.e2004) for
Brassica which would negate the need for tissue culturke Th planta transformation
protocol has been optimized férabidopsis thalianain which flowers are immersed .
tumefacienscultures, and in which ovules are the targetstfansformation (reviewed by
Pelletier and Bechtold, 2003). Followimg planta transformation, seeds are harvested and
transformed seedlings are selected. To date, tlyecoops to be transformed by this method
have all beerBrassicaceaePakchoi B. rapa ssp.chinensi$ (Liu et al., 1998; Xu et al.,
2008), radishRaphanus sativus. longipinnatusBailey) (Curtis and Nam 2001), and canola-
quality B. napugWang et al., 2003), all with transformation fregaies of less than 0.20 %.
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About 1200 seeds from L39 and 4000 of L58 wereinbthafter the infiltration. Plants were
selected for resistance to kanamycin or Basta. Mergplants were observed after selection
e (Fig 7).

Sk

Fig 7 In planta transformation of B. rapa. A: Three weaki®r germination of seeds (upon
two weeks of cold treatment) plants are ready foplemta transformation; B: The seeds
obtained after in planta transformation have beennginated in a greenhouse to be sprayed
with the herbicide Basta.

Finally, rather then trying transformation wi¢h tumefaciensysing direct transformed shoot
regeneration, we usetl rhizogeneso create transformed hairy roots, which could seduto
select transgenic plants from. SreteideRajici¢ £t al. (2006) reported that up to nine percent
spontaneous shoot regeneration of excised roairesltgrown on the hormone-free medium
occurred inB. oleraceabut we are not aware of a report of spontaneoastsiegeneration
usingB. rapahairy roots. When using. rhizogenesontaining theen/l construct on explants
of accessions L58 and R-0-18 we obtained hairysratier 10 days (Fig 8). Three percent of
the hypocotyl explants regenerated untransformeabtsh 100 transgenic hairy roots were
transferred to hormone free medium or medium with &8 kept for six weeks. No shoots
regenerated on both media, only white and greel wake observed on BA-containing
media.

- A > S - N e 27
Fig 8 Hairy root formation on B. rapa explants. A: Indiact of hairy root on cotyledon and
hypocotyl, B: Untransformed shoot regenerated faimypocotyl explant inoculated with A.
rhizogenes- En/l, C: Hairy roots growing after tramsfng to free hormone medium; D and
E: Hairy roots in BA-containing medium.
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Discussion

Genetic engineering can potentially be used as thadeto add specific characteristics to
existing varieties. It would be most practical iffi@ent, genotype independent, and
reproducible transformation and regeneration tepies are available. The most widely used
method for the introduction of new genes into @aist based on the natural DNA transfer
capacity ofA. tumefaciensin this work the aim was to make a mutant popahadf B. rapa
using En/l-based activation tagging through tumefaciensnediated transformation. The
insertion ofEn/I throughA. rhizogenesnediated transformation and subsequent excision of
the | element demonstrated that tBe/l transposon system is active Bn rapa and could
potentially be used in this species for heterol@ggene tagging. However, re-insertion of the
| element was not examined and this is needed fopper insertional mutagenesis system.
We showed that thEn/I transposon activation tagging system should biepesl inB. rapa
above amAc/Dsbased system because of the higher transposrgguéncy. In Arabidopsis
also in contrast to th&c element, a one elemeBh system gave a much higher transposition
frequency (Cardon et al., 1993). For gene taggugoses the occurrence of independent
transpositions is important, as each independentsiexn can give rise to independent
reinsertions. Although we sequenced excision $itms a few different hairy root samples,
we only detected one excision sequence. Normaltisen of En/l is imperfect (Aarts et al.,
1995) and different excisions leave different emgdyor sequences, which was not the case
in this experiment. Although we took great care tmtcontaminate samples, we cannot
completely rule out cross-contamination of othangkes with DNA from one excision site,
explaining for the exact same sequence as we found.

Genotype, type of explant, explant pre-treatmentymone combination of BA and NAA,
AgNOs, AVG, acetosyringone are important factors whicle wcluded in the stable
transformation study to induce shoot regeneratioimas been shown that a large variation in
regeneration frequency exists amdhgpleracea(Tsukazaki et al., 2001) afl rapa(Zhang

et al., 1998; Narasimhulu and Chopra 1988) cultiviarshis study we used differeBt rapa
genotypes, which were all self-compatible and ragcling. When comparing them genotype
L58 showed more green calli than L143 in transfaromawith AGLO-GUSandAGL1-En/I.

The positive role of cotyledon tissue on differatibn of shoots iBrassica was reported by
several groups (Sharma et al., 1991; Burnett etl884; Teo et al., 1997). In this study we
found no significant difference between hypocotylcotyledon explants in transformation
frequency. A positive effect of acetosyringone hasn reported foB. rapatransformation
(Lim et al.,, 1998; Takasaki et al., 1997). Howevere did not observe this in our
transformation study, probably because bdtliumefacienstrains are already hypervirulent
and virulence cannot be enhanced further in thieams.
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Different optimal concentrations of BA and NAA haleen reported for shoot regeneration
of B. rapa 5 mg/l BA and 0.5 mg/l NAA was reported by Juretlal. (1995), whereas only 3
mg/l BA (Radke et al., 1992) or 5 mg/l BA and 3 mg/AA(Mukhopadhyay et al., 1992)
was reported by others as the best concentrat@nshbot regeneration. In our study 4 mg/I
BA and 0.5 mg/1 NAA showed more green calli wheooitnpared with other combinations
of BA and NAA. This appears to be more due to thetB#n the NAA concentration, as also
concentrations of 1 or 3 mg/l NAA gave higher peteges of green calli than other
treatments.

The production of ethylene in tissue culture isWwnato increase under stress (Chi et al.,
1990). Inclusion of ethylene biosynthesis or ethgleesponse inhibitors such as AVG and
AgNOsin the shoot regeneration medium was another nfagtor reported to contribute to
increased shoot regeneration efficiencmssica(Chi et al., 1990; Sethi et al., 1990). These
compounds stimulate morphogenesis in many monabdyl and dicotyledon species
including Brassicag(Chi et al., 1990; Mukhopadhyay et al., 1992). ldgar, we did not find
any significant difference in shoot induction usthgse ethylene inhibitors.

Our study confirmed thaB. rapa is a recalcitrant plant in regeneration and esygci
transformation. While we could optimize the meditonget 65 % shoot regeneration in the
absence oA. tumefaciensno transformation was observed in the presende afmefaciens
Insertional mutagenesis Brassicahas not been described before to our knowledge. @n
the reasons could be the low frequency of transition in Brassica Moon et al. (2007),
Tsukazaki et al. (2001) and Narasimhulu and Chop8&8g) previously showed thBt rapa

is one of the most recalcitraBtassicaspecies in tissue culture by comparing weBdyapa
and introgresse®. rapa(Moon et al., 2007), comparirg. rapa cultivars withB. oleracea
(Kuginuki and Tsukazaki et al., 2008, nigraand amphidiploid. junceaB. napusandB.
carinata (Narasimhulu and Chopra 1988) genotypes. Zhang .e{1808) showed large
genotypic variation in shoot regenerationBxfrapa When 123 genotypes were tested the
regeneration frequency ranged from 0% to 95% (Zledrad., 1998).

The length of a construct generally has a negatifect on transformation. The T-DNA
region of theEn/l activation tagging construct is 11 kb while théDIRA size of the GUS
construct is 5.3 kb. In tobacco, this decreasedtrdresformation frequency by about 60 to
80%, although tested with a low number of explaklswever, as we showed with tlige
napustransformations, the main inhibiting factor foarisformation might be the presence of
the SUlnegative selection marker gene in i@l construct, which reduced the frequency of
transformedBrassica napugplants from 19% to zero. In Arabidopsis expresdingSU1
gene, even in the absence of selection, exhibitdiffarent morphology compared to
untransformed plants (Tissier et al., 1999). Tlamdformed plants are shorter, bushier, and
darker green. Therefore iArabidopsisthe SU1 phenotype served as a visual marker
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(Schneider et al., 2005; Marsch-Martinez et al02Z0In developing a transposon activation
tagging population of rice only thear gene has proven to work efficiently (Zhu et al.02pD
Based on our experiments we conclude that the presmmd potential expression of t8ell
gene in green tissues, when controlled by the ptenad the Rubisco small subunit as in the
construct we used, leads to a sublethal phenotgp8rassica which prevents proper
regeneration of viable shoots.

Hairy root transformation iB. oleracea(Sparrow et al., 2004) ari#él napus(Damgaard and
Rasmussen., 199hpgs led to direct transformed shoot formation.unsiudy just some green
and white calli were observed on transformed raats, no green shoots were formed. Again,
this can be attributed to expression of 8¢l gene in green tissue.

In conclusion, we showed that hairy root transfdramaof B. rapais a fast and easy method
to test the action of transformed genes, includimg activation of theEn/l transposon.
Omitting theSU1 gene from the activation tagging construct magvalthe production of
transgenid. rapaplants containing thEn/I activation tagging construct, but it will not alto
the easy selection against the presence ofBhetransposase gene after excision and
reinsertion of the activation tag transposon.
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Abstract

Two reciprocal F2 populations of 190 individualleavere developed, made by crossing
Brassica rapagenotype L58, which is a rapid-flowering, self-qmatible Caixin line, with R-
0-18, a self-compatible Indian doubled haploidrspil line. A linkage map was constructed
for the L58 x R-0-18 population using 97 AFLP maskand 21 publicly available SSRs,
covering a total map distance of 757 cM with anrage resolution of 6.4 cM. A total of 15
QTLs for eleven traits including flowering timetabplant height, plant height until first open
flower, number of siliques, number of seeds pagwsd, seed size, seed weight, seed oil
content, seed colour, adventitious root and, tramgghairy root formation were identified. A
strong QTL explaining 52 % of the seed colour waiawas found on linkage group A9.
Seed colour and seed size were controlled by therna plant genotype rather than the seed
genotype. The seed coat colour QTL co-localizedh @TLs for seed size, seed weight, seed
oil content, number of siliques and number of sepés silique but no correlation was
detected between seed coat colour and seed odrdonhen comparing all genotypes. This is
probably due to the presence of additional indepentbci with opposite effects involved in
controlling seed coat colour and seed oil contBrgtead, a significant positive correlation
was observed between seed coat colour and seedndént only in the light coloured classes
(scored classes of 1- 6 from 13 classes, 1=Yelibvi3=Black). Plants with more siliques
have more seeds and higher seed oil content bukesrsaeds. One QTL on adventitious root
formation of F3 cotyledons and one on transgenicyhraot formation of F3 seedlings were
detected on A10. These loci will be important felestion of lines that are more efficient in
B. raparegeneration and transformation.
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Introduction

Brassica rapd.. belongs to the family of Brassicaceae. This fgradntains well-known crop
species such aBrassica oleraceaB. juncea, B. nigraRaphanussativusand Sinapis alba
but alsoArabidopsis thalianawhich is the best studied plant model organishe fiaploidB.
rapa genome, or “A” genome, consists of ten chromosofne40) and is one of the parents
of the amphidiploidB. napus(U, 1935). Wild B. rapa has a wide distribution from the
Western Mediterranean region to Central Asia. Inisst likely the firstBrassicacrop that
was domesticated more than 4000 years ago (Qugadd., 2007). It is cultivated as a
vegetable, fodder and oilseed crop. Domesticagdntd a wide variety of forms, such as the
leafy vegetables of whiclB. rapa ssp. chinensis(Pak-choi) andB. rapa ssp. pekinensis
(heading Chinese cabbage) are best known; rootalelgstlikeB. rapassp.rapifera Metzg.
(turnip) (Quijada et al., 2007); and oil types likgp.oleifera (Chinese oil turnips) and ssp.
trilocularis (Yellow Sarson). Zhao et al. (2005) used AFLP dirmginting on 161B. rapa
accessions collected from different parts of theldvand distinguished two main groups: one
of Asian and one of mainly European origin, andnmaals group of Indian oil types. Each
group contained mostly similar morphotypes, butedédnt morphotypes from the same origin
were often more related to each other than to armilorphotypes from different origins.
Greater seed yield and yield stability besides spegdity are the primary objectives in seed
crop breeding. Seed contributes directly to thenenuc success of commercial cro@eed
yield is the resultant of some determining compdsiere., the number of siliques per unit
area, branch number, number of seeds per siliquksaed sizéQuijada et al., 2007)The
seed ofB. rapais mainly used for oil production, although the mmeamaining after oil
extraction is also of economic interest.

Mainly F2 maps are available f@. rapa (McGrath and Quiros 1991; Chyi et al., 1992;
Teutonico and Osborn 1994; Ajisaka et al., 1995tsMianoto et al., 1998; Zhang et al., 2000;
Lu et al., 2002). The firdB. rapagenetic linkage map was made from an F2 populati@b
individuals derived from the cross between a Chireeddbage cultivar and a spring broccoli
accession (Song et al., 1991). Doubled haploid (Péfulations, which are commonly used
for Brassicas, are difficult to develop fBr rapaas some genotypes respond very poorly to
DH induction (Kole et al., 1997). In general a heglevel of segregation distortion is found
in DH population due to preferential selection @ngtypes responsive to microspore or
anther culture (Suwabe et al., 2004). By now sévekh (Lim et al., 1998; Suwabe et al.,
2004; Wang et al., 2004; Choi et al., 2007; Loulet2907) and Recombinant Inbred Line
(RIL) (Kole et al., 1997; Novakova et al., 1996; ¥ual., 2003) populations &. rapahave
been described which have been used for genetipingpAvailable RIL populations have
been developed from crossings between the biecnigivar “Per” and the annual cultivar
“R500” (Kole et al., 1997), between a Chinese cabbagd a Mizuna line and between two
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Chinese cabbage lines, respectively (Novakova et1896; Yu et al., 2003). The DH
population created by Lim et al. (1998), generditeth a cross between two morphologically
diverse Chinese cabbage inbred lines, “Chiifu” an@righin”, is used as a reference Bor
rapa genetic mapping and for genome sequencing Bf rapa “Chiifu”
(http://www.brassica.info/resource/sequencing.php).

More than ten decades ago Smith and Townsend (1&€Mpnstrated thahgrobacterium
tumefaciengauses plant tumors. T-(transferred) DNA is tramsld from the bacterium to the
plant cell and expression of several genes in #i#NRA results in tumor formation. These
genes affect the concentrations of the phytohormanein and cytokinin in transformed
tissue (Akiyoshi et al., 1983). Tumors induced bijdwype Agrobacteriumcontain high
concentrations of both cytokinin and auxin relatweintransformed callus. Today the natural
gene transfer capacity of this soil bacterium is thost widely used method of delivering
transgenes into many species like Brassica (Pudtdepla., 1996). A number of virulence
(Vir) proteins are involved in T-DNA transmissioro Agrobacterium Ti (tumor inducing)
or Ri (root inducing) plasmids into the genomes ighbr plants. Certain phenolic and sugar
compounds of the plant defense system from woumpdaat cells serve as inducers (or co-
inducers) of the bacteriglr genes (Gelvin, 2000).

Brassica rapais known as one of the most recalcitrant membdr8rassica genus to
regenerate shoots in vitro (Narashimhulu and Chapg&s8). Also successful transformation
of B. rapaby A. tumefaciensias been hampered by the lack of efficient plarsformation
and regeneration technigues. Therefore there eéed for developing efficient transformation
methods to overcome genotype dependency.

Hairy root transformation has become a useful, emsy fast technique for introducing
interested genes into plant cels.rhizogenesnediated root transformation is a fast method
to generate adventitious, genetically transformedts. A. rhizogenesis capable of
transferring the T-DNA of Ri (root inducing) plasntl plants (Christey 2001). Especially in
species recalcitrant to transformation, suclBesssica this technique is a valuable tool. As
virulence genes in T-DNA are highly conserved amghartant factors involved in T-DNA
transfer are common to both tumefacienandA. rhizogenesthe analysis of plant genes
regulating transformation using eithé: rhizogenesor A. tumefacienswill lead to the
understanding of process common to both (Cogan,e2@)2). Marker-assisted selection has
been used for successful breeding of regeneratidriiransformation frequency. Koornneef et
al (1993) used a genetic analysis to screen foh log low regeneration potential of
Lycopersicon esculentuplants in breeding. In Arabidopsis, mutant linesttare resistant to
A. tumefaciensiave been identified (Mysore et al., 2000). Codaal €2002) also identified
guantitative trait loci (QTL) for transgenic andvadtitious root production using a.
rhizogenesmediated co-transformation system in conjunctioithwa Brassica oleracea
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double haploid (DH) mapping population. Auxin isvatved in the process of adventitious
root initiation. Endogenous auxin levels and thesgevity of cells to exogenous auxin are
important parameters in this process (Blakesley.e1291; Audus 1959).

In this report we describe a new F2 mapping popratas starting material for the
development of a new RIL population. The populati@as derived from a cross between two
distinct morphotypes, Cai Xin and Yellow Sarson hbearly flowering and self-compatible to
ensure rapid propagation after repeated selfifation of each line. Thus a mapping
population can be obtained that is easy to maintaine propagated to F8 or beyond through
single-seed descent and that can be analyzedléog@ number of traits. The Cai Xin parent
Is L58, a broccoletto vegetable type originatimgnirChina B. rapassp.parachinensis(first
described by Wu et al., 2007). The other parera; B, a doubled haploid Yellow Sarson oll
type line 8. rapa ssp. trilocularis), which has been used as susceptible parent in F2
populations for genetic analysis of disease remigtdo TuMV andXanthomonas campestris
(Rusholme et al., 2007; Soengas et al., 2007). Tihes is also used for microsatellite
development (Lowe et al., 2004), and TILLING purp®$McCallum et al., 2000) to identify
mutations in  selected genes using an organized teduta population
(http://www.brassica.info/research/activities/tithi.php). The parents differ in many traits and
the population is suited to study characteristicsobth vegetable and oil seed types.
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Results

Genotyping and the construction of a linkage map

A linkage map was constructed for the L58 x R-0HAB population consisting of 190
individuals using 97 polymorphic AFLP markers antl @ublicly available SSR markers,
covering a total map distance of 757 cM with anrage distance of 6.4 cM between markers
(Figure 1). Selective amplification with the PNPsti/Msel) primer combinations showed
more amplification products than with the EBMcERI/Msd) primer combinations. In total,
300 bands were produced using four PM and severpifer combinations. Of these, 158
were polymorphic, which is 52% of the identifiednda. 36 AFLP markers were excluded
from the analysis because they could not be scfmedhany F2 plants or they showed an
identical segregation as another marker. 25 AFLFena could not be assigned to a linkage
group at the high LOD score. 23 out of 36 SSRsdesttewed polymorphisms for the parents
and 21 of them were mapped, allowing the assignmerinkage groups to their respective
chromosomes as presented in the refer8ncapalinkage map (Choi et al., 2007).

Based on the chi-square test for goodness-of-fihéoexpected 1:2:1 Mendelian segregation

ratio, six SSR markers showed a segregation digtoai P<0.005. The corresponding loci are
found on chromosomes Al, A2 and A5 (Figure 1).
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Figure 1 Genetic linkage map of the F2 B. rapa L58 x R-oFBpopulation, showing the
positions of 97 AFLP and 21 SSR markers distribaiesr 10 linkage groups. The linkage
groups correspond to the 10 chromosomes of theia reference linkage map (Choi et al.,
2007) QTLs mapped to the linkage map for the determinatstare indicated with boxes
and whiskers representing 1-LOD and 2-LOD confideimtervals (95%) respectively for
significant QTLs. FT= flowering time; TPH= total piaheight; PHF= plant height until first
open flower; NSPS= number of seeds per silique; O€edsoil content; SS=seed size;
SC=seed colour; NS= number of siliques; SW=seed wehijbt adventitious root and HR:
hairy root formation. Skewed SSR markers in A1, AQ A5 are indicated with * and L
(skewed to L58) or R (skewed to R-0-18).
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Phenotyping of the F2 population

Both parents are rapid flowering. L58 and R-o0-18vBo on average after respectively 29
days and 39 days after sowing (Figure 2). The mininand maximum flowering time for the
F2 lines was 30 and 58 days respectively. This smslar in the F2 derived from the
reciprocal cross, which was not used for linkagelysis (respectively 30 and 64 days).
Different visible phenotypes, as well as seed oiitent, were recorded for the L58 x R-0-18
F2 population.

A very prominent phenotype segregating in the pah was seed colour. L58 has brown-
black seeds and line R-0-18 has yellow seeds. T4ee and colour of F1 seeds of the
reciprocal crosses corresponded to that of the leerparents, indicating that these seed
phenotypes reflected the genotype of the mothet pFagure 2).

£
-
o
..I'
‘Smew
W mwn g
daRexay
e NEsenrs

Figure 2 Morphological phenotypes of plants (A) and se®&lsr{d C) of parental lines and
progeny of the L58 x R-0-18 population. A) L58tflehd R-0-18 plants (right), 30 days after
sowing. B) Seed colour in the parents (Black:;L68llow: R-0-18), F1, F2 and reciprocals of
the L58 x R-0-18 cross and C) The variation in F8dsewas divided into 13 different classes
(1=Yellow till 13=Black).
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Figure 3 shows the frequency distributions for thenber of siliques per plant; number of
seeds per silique; seed weight; flowering timenplaeight; silique length; seed size; seed
colour; and seed oil content. Transgression beyoagarental values was observed for most
of the traits except for seed colour. For the nundbesiliques, seed oil content and flowering
time, the transgression is mainly beyond the R-g@a&nt, which has the highest parental
value. For the other traits, transgression is th kales.

Correlation analysis of the measured traits showatl ftowering time was highly correlated
with total leaf number, plant height until first ep flower and leaf number below 20 cm
(Table 1). There was no significant correlationnetn seed colour and seed oil content when
data for all lines were examined, however, whery daking the lines classified as light
coloured (seed coat colour clusters 1 to 6, Fi@)réhere was a highly significant positive
correlation (r= 0.62) between seed colour and seledontent, so genotypes with reddish-
brown seed coat had higher oil content than thieweteeded genotypes. Silique number and
seed number per silique were positively correlédeglach other but negatively correlated with
seed weight. Seed oil content was positively cateel with the number of siliques. Seed
weight and seed size were highly positively coteglaand they were negatively correlated to
seed oil content and silique number. In generantsl with more siliques had more, but
smaller seeds and higher seed oil content.

51



Chapter 3 Identification of seed...

L

25.00 50.00 75.00 100.00
Sead weight

200 500 780 10.00 1250

Seed size Seed colour

1000 1800 2000 2500 2500 50.00 7500 100.00 . 050
Number of seads per silique Number of siliques Seed oil content

Li8

0 o
3500 4000 4500 5000 5500 1000.00 1250.00 1500.00 20000 30000 40000 50000 60000  700.00
Flowering time Plant height Height of first flower{mm)

Figure 3 Frequency distributions of non-normalized datenwofe traits in the L58 x R-0-18
F2 population.The vertical axis indicates the number of lines pait value class and the
horizontal axis the different trait value classé&) seed size (mm); (B) seed weight (of 10
seeds in mg); (C) seed colour; (D) number of squssilique; (E) number of siliques per
plant; (F) seed oil content (mg); (G) flowering génfdays after sowing); (H) total plant height
(mm); and (I)plant height until first open flower (mm). The pasdrvalues are the mean of
five replicates, indicated with L as L58 and R as-R8.
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Table 1 Pearson correlation analysis of the measured stait
NS: Number of siliques; NSPS: number of seeds pgusijliSW: seed weight; OC: seed oil
content; PC: seed protein content; SC: seed colo8r; sged size; FT: flowering time; LNF:
leaf number until first flower; TPH: total plant fght; SL: silique length; TLN: total leaf
number; PHF: plant height until first open flowerNBbranch number. ** means significant

at P<0.01; * significant at R0.05.

Trait NS NSPS SW ocC PC SC SS FT LNF TPH SL TLN PHF
NS 1

NSPS | 0.34

sSwW 0377 031

ocC 0427 038"  -0.69"

PC 0.07 0.04 -0.28% 020

sC -0.02 -0.02 0.09 0.03 0.09

sSs -054%  .0B1% 095" 068"  -0.22% 01

FT 036% 013 0377 039% 012 -0.25%  -0.36*

LNE 0.02 -0.07 -0.007 0.16% -0.005 -0.16* -0.02 0.50%

TPH -0.01 -0.11 0.14 0.14 0.03 -029%  0.06 0.40% 053

sL 0.05 056% 012 0.07 0.01 0.05 0.01 -0.001 009 120

TLN 0397 018 -0.28%  037% 0.3 -0.47* -032%  08* 050"  031% 01

PHE 034 017 0.35%  032%  033% 0.1 033 06 005 0.05 0.03 0.72%
BN 0.04 -0.28 0.05 0.02 0.09 0.03 0.01 0347 033" 028% 018" 040" 0.6

This F2 population showed segregation for otherpmological traits such as leaf glossiness
(cuticular wax composition), leaf shape, leaf cbjpdryll content, petiole length, fertility,
shattering, carpel number (trilocularis), vivipaparthenocarpy, fertility, and anthocyanin
content (stem), but these traits have not beenumegs

QTL analysis

In total 15 QTLs were mapped for eleven differenits (Table 2; Figure 1). The strongest
QTL was found for seed colour, mapping to chromasa@xf. It co-located with other seed-
related QTLs for seed size, seed weight and siliquaber. Correlation analysis (Table 1)
already showed significant correlation betweendhtesits, except however for seed colour.
Figure 4 shows the box plots of phenotypic valuesefich of the three genotypic classes at
each QTL region. In case of seed colour, genotymeraozygous for the L58 allele and
heterozygotes are not significantly different fr@ach other, and many lines classified in
classes 7 to 13 (most black ones) are actuallydmtgote for the QTL on chromosome A9
(Figure 5). They are significantly different frorergptypes homozygous for the R-0-18 allele
though, indicating that the L58 allele is fully dm@ant over the R-0-18 allele. In classes 1 to 6
(most yellow ones) many lines are homozygous fa Bro-18 allele for the QTL on
chromosome 9. Genotypes homozygous for the L5&aleow a significant difference from
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genotypes homozygous for the R-0-18 allele andrbeygotes in case of seed weight, seed
oil content and number of seeds per silique (Figdre

Table 2 QTLs detected in the F2 population for nine défertraits: Flowering time (FT);
plant height at first flower (PHF); total plant hdig(TPH); number (No.) of seeds per silique
(NSPS); seed oil content (OC); seed size (SS); a@edr (SC), number of siliques (NS) and
seed weight (SW). QTLs are numbered according toedsing LOD score (LOD). %Expl.
var. is the percentage of total phenotypic variaegplained by individual QTLs. For each of
the QTLs the allelic effect is indicated (Effedthese are calculated as pA-uB (L= mean),
where A and B are F2 carrying L58 and R-0-18 genedyqt the QTL positions, respectively.
HA and uB were estimated by MapQTL. Effects arengiv days (flowering time), millimeter
(plant height, size), milligram per seed (oil cartjeor without unit (silique or seed number,
seed colour).

Trait QTL Linkage group LOD  Position of peak LOD % Expl. var. Effect
cM
Flowering time FT1 A2 4.2 6.8 10.1 3.8
FT2 A3 4.1 4.2 9.5 -5.2
Plant height until first open PHF1 Al 4.7 41.3 11.3 -131.4
flower PHF2 A9 34 45.2 8.0 -110.7
Total plant height TPH A3 4.9 4.2 13.6 -137.3
No. seeds/silique NSPS1 Al10 3.1 15.0 8.5 -3.0
NSPS2 A9 2.9 30.1 3.8 4.6
NSPS3 A6 2.6 17.2 20.7 5.0
Seed oil content ocC A9 6.6 30.1 20.0 0.1
Seed size SS A9 7.0 30.1 19.0 -0.4
Seed colour SC A9 26.3 30.1 52.6 +5.4
Seed weight SwW A9 4.6 30.1 12.0 -0.6
No. siliques NS A9 3.1 30.1 8.5 16
Adventitious root formation AD Al0 5.2 52.0 36.0 .30
Transgenic hairy root HR Al10 4.6 15.0 30.0 -0.1

formation
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Figure 4 Box plots of the phenotypic values of the threetgic classes in F2 for six seed
traits for which one co-localizing QTL was found ano SSR OI12F02 on chromosome A9.
The X-axis shows the genotypic class (LL= homozyigote58 allele, LR= heterozygote and
RR= homozygote for R-0-18 allele) and the Y-axésdtandard score Z (= X-g/ X= trait
value, p= trait mean and=trait standard deviation), SC: seed colour. SS:dsege. SW.:
seed weight. NS: number of silique. OC: seed oil ctndSPS: number of seeds per silique.
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Box plots show the median, interquartile range, ietgl(?) and extreme cases). a, b and c
are significance classes at p<0.05 in a t-test carimy mean values of genotypic classes.
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Figure5 Frequency of genotypic classes at the SC QTL ragieach of the different seed
colour classes. The X-axis shows the seed coloss @ad the Y-axis shows the frequency.
LL= homozygote for L58 allele, LR= heterozygote &R homozygote for R-0-18 allele.

55



Chapter 3 |dentification of seed...

Discussion

A segregating F2 population &frassica rapaconsisting of 190 individuals was developed
from two distinct morphotypes that both are eaidlywering and self compatible. This
population was used for genetic linkage mapping.ar@itative F2 phenotyping was
performed for 16 traits. For several traits therstrong transgression of phenotypes beyond
the parental values, often far beyond the parenih whe highest value, suggesting the
presence of several loci controlling a trait, watimtrasting allele effects in this population. It
makes this population a potentially rich tool fbetanalysis of genetic variation fBr rapa
breeding purposes. In total 15 QTLs for 11 of tlagts were detected, most of which have not
been described before f&. rapa Two new QTLs for “plant height below the firstap
flower” (PHF1, PHF2) were detected, which mappediioand A9 respectively. PHF is a
poor predictor of total plant height (TPH). We didt find significant correlation between
both traits (table 1) and also did not find a comn@TL (Figure 1). PHF QTLs also do not
correspond to any of the plant height QTLs mappetldu et al. (2007) in F2/F3 populations
of B. rapg but the QTL for total plant height (TPH), whiclewnapped to the top of A3, may
correspond to one QTL (out of three QTLs they idieat), which they mapped to the same
region.

Correlation analysis showed a significant positieerelation between flowering time and
plant height. Although both parents are rapid-eyglitwo QTLs were identified for flowering
time (FT1, FT2). FT2 co-localizes with the TPH-Q®h the top of chromosome A3, the
other maps to chromosome A2. There are four knoawelring time genes imB. rapa;
BrFLC1, BrFLC2, BrFLC3 and BrFLC5, all corresponding to an orthologous copy of the
FLC flowering time gene previously discovered An thaliana (Koornneef et al., 1994,
Michaels and Amasino, 1999) and known to play somiajle in determining natural variation
for flowering time inA. thaliana (Shindo et al., 2005). ThBrFLC genes are assigned to
linkage groups A10, A2, and A3 respectively (Schrat al., 2002; Kim et al., 2006).
Unfortunately the resolution of the F2 populatiosing anchored SSR markers is not
sufficiently detailed to confirm co-localization &1 withBrFLC2 or FT2 withBrFLC3 or
BrFLCS.

In this F2 population, seed weight, seed size, rarrob siliques, number of seeds per silique
and seed oil content are highly correlated, amdefiore it was not unexpected to find that
these traits all share one co-localizing QTL on ABis is the only QTL we detected for the
number of siliques, however there are two additid@@Ls for the number of seeds per
silique, on A6 and A10. Both traits are positivetyrelated with seed oil content, but they are
negatively correlated with seed size and seed weymegative correlation between the
number of seeds per silique and seed size wasopiyialso established féy. thalianain
which several QTLs were found to affect both trgidonso-Blanco et al., 1999). When
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selecting for lines homozygous for the L58 alleti¢hss locus, one will select for plants with
many siliques and many, but small, seeds per siligith high oil content. Breeding for lines
with more siliques is one approach to increase seedoil yield and these loci may be of
considerable importance for the rapeseed breeduhgstry.

Although B. rapais a minor oilseed crop, it is one of the two aticd species oB. napus
which is the second largest seed oil crop in theldvé&eed coat colour is a very important
trait in oilseed typeBrassicacrops. Yellow seeds are preferred, since yelloededness
corresponds with significantly higher seed oil @nt$ (Rakow et al., 1999) and the meal of
yellow-seeded varieties that remains after extngctil has higher protein and lower crude
fiber contents than that of black-seeded varietiasis of better quality for use as poultry and
livestock feed (Tang et al., 1997). We found ongom®TL on A9 explaining 52 % of the
seed coat colour variation (Figure 1 and TableP2pbably the same locus for seed coat
colour was previously mapped to A9 by Lou et aD(®?) in twoB. rapaDH populations.

The black seed coat allele is over-dominant overatele for yellow seed coat. Seed coat
colour is a maternal trait (Figure 2), in agreemwith the fact that seed pigments are
deposited in the testa layers, which are materssli¢s (Vaughan et al., 1976). Ahmed and
Zuberi (1971) already reported that a single geneesponsible for the dominant reddish
brown seed colour in IndiaB. rapaToria's lines. Also Chen and Heneen (1992) showad th
a single maternal gene controls seed colour wighblack allele dominating over the yellow
allele inB. rapa However Schwetka (1982) described six genes tovmved in seed colour,
with one having a pleiotropic effect on hilum calan turnip rape B. rapa) In the model
proposed by Van Deynze and Pauls (1993)Bfonapus black seed colour is controlled by
dominant alleles at three loci, and only homozygeggssive alleles at all of these loci confer
yellow seeds.

Seed colour mutants are also describedAfothalianaastransparent testa (ttinutants that
have yellow or pale brown seeds. All knowtnrmutations are recessive and show maternal
inheritance of the seed phenotype. The mutdhfdt2, tt8, tt9, tt10, ttl12andttl5 appear to
be altered in seed colour only (Debeaujon et &Q1® whereas the other genes control
anthocyanin accumulation in all parts of the plantd often encode flavonoid biosynthesis
genes (Lepeniec et al., 2006). Orthologues of thabilopsisTRANSPARENT TESTA 12
genes have already been cloned fi@mrmapusB. oleraceaandB. rapa(Chai et al., 2008).
AtTT12 encodes a membrane-associated MATE transporter feingtions as a vacuolar
flavonoid/H+-antiporter to mediate proanthocyani@@?A) accumulation in cells of the seed
coat (Marinova et al., 2007). PA polymers are ttegomconstituents of seed coat pigments of
ArabidopsisandBrassica Yellow-seeded oilseed rape varieties generallyehthinner seed
coats that result in reduced acid detergent fibmanly comprised of cellulose and lignin.
Yellow-seededness generally also corresponds teeased seed oil and protein content
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(Badani et al., 2006; Xiao and Liu 1982). A direelationship between seed coat thickness
and seed colour iB. rapa independent of seed size, was already reportestirygam et al.
(1974). Like the testa-controlled seed colour, adsed size is maternally controlled. In
Arabidopsis most seed pigmentation mutants showcesti seed weight and seed size
(Debeaujon et al., 2000), which is different whemparing L58 and R-0-18, of which the
yellow-seeded genotype R-0-18 has the largest seeds

One QTL explaining 20% of the phenotypic variance deed oil content was identified on
A9, in the same region where the seed coat coldlr Was mapped (Figure 1 and Table 2).
Oil content at the QTL level is still poorly undersd in B. rapa A RAPD (Random
Amplified Polymorphic DNA) marker linked to an oteacid QTL was mapped on A6 by
Tanhuanpaa et al. (2004) B rapassp.oleifera But, inB. napus6 to 7 QTLs involved in
seed oil content have been detected (Gul et ab3;2Qiu et al., 2006; Zhao et al., 2006).
Based on previous work . napus(Badani et al., 2006; Rakow et al., 1999), we e)quket
negative correlation between seed colour and oitesd, with dark seeded genotypes having
lower oil contents. Instead we found a strong pasicorrelation, but only when examining
the six “lighter” seed colour genotypic clustersdart when the whole F2 population was
considered. The reason for this is probably that smlour is a fully dominant trait and thus
the dark-seeded genotypes (classes 7-13) are namiyx of genotypes homozygous for the
L58 allele at A9, or heterozygous, with no biasdarker seeds to be homozygous (Figure 5).
This will be different for oil content or the othiaits associated with the A9 QTL, which are
co-dominant, thus disturbing the correlations. Omligen seeds are lighter and largely
homozygous for the R-0-18 allele at the A9 QTL, twerelation can be detected. Another
reason why the correlation was not detected coeldhe presence of additional, though
undetected, loci with opposite effects that indelegrtly control seed oil content. Since the
A9 QTL still explains only 20 % of the variance foit content, compared to 52% for seed
colour, there are likely additional loci controlijiroil content that went undetected in this F2
population.

The opposite correlation we found between seeducaad oil content, compared to Badani
et al. (2006) and Rakow et al. (1999), also sugdghatst may not always be advantageous to
select for yellow-seededness when breeding for Isigéd oil content in Brassicas. Seed
colour and oil content may however not be conttobly one gene, but by two closely linked
genes for which favourable alleles happen to bmupling phase in most genotypes, but by a
rare recombination in the ancestry of R-0-18 hapgdeto end up in repulsion phase when
they became fixed in the doubled haploid R-0-18m&H and Zuberi (1971) previously also
describedB. rapavarieties with reddish brown seeds that producererod than yellow seed
coat varieties, suggesting that similar genotypesiomore frequently. In the F2 population
described here, oil yield per plant is mostly dejieg on seed size, number of siliques and
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number of seeds per silique. Since silique numbegasy to score, this could be a good
morphological marker for oil content improvementBfrapainstead of yellow seed coat
colour. In a segregating DH population Bf napusoil content showed the strongest
correlation to seeds per silique (Zhao et al., 2086ich is correlated with silique number in
our population. Still, the possibility remains thaso seed size, the number of seeds per
silique and the number of siliques per plant art pieiotropic effects of the same genetic
locus but caused by two or more closely linked.loci

Finding markers related to adventitious and tramséal root formation is useful to improve
regeneration and transformation ability Bf rapa The AD and HR QTLs on Al10 are
controlling adventitious and transgenic root forimwat respectively. The lines that are
sensitive to A. rhizogenesare also good candidates for high sensitivity &iable
transformation byA. tumefaciensin addition, hairy root cultures are an efficieneans of
producing secondary metabolites that are normalbgymthesized in roots (Hu and Du.,
2006). Also inB. oleraceathe QTLs controlling these two traits mapped ® shhme position
within the genome (Oldacres et al., 2005), whew tieed the same explants for the study.

In conclusion, the F2 population we developed sheulsstantial variation to map traits of
agronomic interest and an immortal recombinantaddme population of this cross will be
an interesting tool for genetic analysis of suditdrand identification of genetic loci that can
be used in future breeding programs. Detailed amalinvolving the generation of near
isogenic lines and further fine-mapping should wallonore insight in the relationships
between seed properties.
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Materials and methods

Plant growth and generation of the F2 population

Two reciprocal F2 populations were made by crossingapa genotypes L58 and R-0-18.
For each population 200 F2 seeds were used amgtaraterial. The seeds of L5B.(rapa
ssp.parachinensiswere provided by Dr. Xiaowu Wang from the Ingitdior Vegetables and
Flowers of the Chinese Academy of Agricultural Sces) Beijing, China and seeds of R-o-
18 (B. rapavar. trilocularis) were obtained from Dr. Lars @stergaard, John dn@entre,
Norwich, UK.

Individual plants were grown in October 2006 in @agpe pots in a temperature-controlled
greenhouse with artificial day length extensiori@hours. After about four weeks the first
lines started to flower. The inflorescences wereeced with plastic bags to prevent cross-
pollination. In case of poor seed set, hand pdilbms were performed.

Trait measurement

The F2 population derived from the cross L5§ & R-0-18 ¢) was used to determine the
phenotypes for 16 traits: flowering time, plantdtiuntil first open flower, leaf number until
first open flower, branch number, total leaf numbtiermmain axis, total plant height at ripening
stage, siligue number per plant, silique lengthmber of seeds per silique, seed weight, seed
size, seed colour, seed oil content, total seetdiprocontent, adventitious root formations and
transgenic hairy root formation.

Seed size was measured using the ImageJ 1.39sefthttp://rsb.info.nih.gov). Seed colour
of fully mature F3 seeds was scored by eye andechitko 13 different classes ranging from
yellow (1) to black (13) (Figure 2). Silique lengttas determined as the average length of
three ripe siliques. The mean number of seedsiligueswas determined by averaging three
ripe siliques. Seed oil was extracted by grindiigwleighed seeds of each line in 650
hexane, shaking the mix for two min. followed byeanin. of centrifugation at 14.000 rpm in
an Eppendorf microfuge. 6Q0 of supernatant was transferred to a new tubeleiihdn the
fume hood overnight to evaporate the hexane. Theootent was determined in mg oil per
mg seed. The seed remains left after oil extractiere used for total protein measurement,
using the Bradford essay as described by Goossahs(£999).

Hairy root transformation

F3 lines of the cross L582) x R-0-18 (¢) were used for adventitious and hairy root
formation. Adventitious root formation was doneSday-old cotyledons and transformation
was done on 5-day-old seedlings. For each expetim@nseeds were used. Seeds were
surface sterilized with 70% ethanol (v/v) for 3@®eds, followed by agitation for 5 min in
sodium hypochlorite (2.0% active chlorite). Aftérde rinses in sterile distilled water, seeds
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were placed in 15x90 mm petri dishes, each com@i20-25 ml half strength salts and
vitamins MS medium, without sucrose, solidified lwid.8% (w/v) agar. Petri dishes were
placed vertically in a growth chamber maintained 2&C with a 16h light/8h dark
photoperiod at a light intensity of 60 mEst.

A. rhizogeneMSU440 were used for hairy root transformatione fiiRedRoot binary vector
(Limpens et al., 2004) contains tBsRedlgene, coding for the red fluorescendbtein as a
non-destructive selectable marker. It was electaied into A. rhizogenesMSU440.
Transgenic cells were cultivated on LB-agar platggplemented with 50 mg/l kanamycin for
2 d at 27 °C. Roots of 5-day-old seedlings were ¢tlt ascalpel and inoculated with a pellet
of A. rhizogenegarrying pRedRoot placed at the cutting surfacexplamed by Limpens et
al. (2004). Infected seedlings were transferrechéav9 cm Petri dishes containing half
strength salts and vitamins MS medium, without sser solidified with 0.8% (w/v) agar and
a half-roundilter paper (5 seedlings per plate). Thetri dishes were not completely closed
by parafilm to enabl@eration. Petri dishes were placed vertically igrawth chamber
maintained at 25°C with a 16h light/8h dark photigeat a light intensity of 60 mEfs™.
After 2 days co-cultivation seedlings were trangférto medium containing 200 mg/I
tricarcillin (Duchefa, NL) to kill the Agrobacterium The number of adventitious and
transgenic roots was scored after 10 days on medivamsformed roots were scored using a
stereo fluorescence microscope (Figure 6).

Figure 6 Adventitious and transformed roots. A: adventgioaot formation on cotyledons of
B. rapa lines on hormone-free medium. B: B. rapadiegs with A. rhizogenes carrying
pRedRoot show transformed hairy roots expressingeBD$Rusing a stereo fluorescence
microscope.

DNA extraction and molecular analysis

Total DNA was extracted from frozen leaves or flowads as described by Van der Beek et
al. (1992) and the AFLP and SSR procedure was ipeei as described by Vos et al. (1995)
and Choi et al. (2007). Pre-amplification and sélecamplification were carried out as
described by Zhao et al. (2005). For selective dimglion seven combinations of EM
(EcaRI/Msd) (E34M15, E34M16, E37M32, E37M49, E37M56, E4A0M38d E40M51) and
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four combinations of PM @/Msd) (P23M48, P23M50, P21M47and P23M47) primers were
used. ThePst | and EcoRI primers were labelled with IRD-700 at theireds (Zhao et al.,
2005). The reaction product of selective amplifmatwas mixed with an equal volume of
formamide-loading buffer, denatured for 5 minute94 C, cooled on ice and run on a 5.5%
denaturing polyacrylamide gel using a LI-COR (LincolNeb) 4200 DNA sequencer
(Myburg et al., 2001). The AFLP gel images werelyel by the AFLP-Quantar Pro
software. All distinguishable bands ranging from Ig® to 500 bp were used in the data
analysis. The AFLP bands were scored as 1 or Opfesence or absence of the band
respectively. All weak and ambiguous bands wergest@s “unknown”. In addition, 36
public SSR primer pairs (Choi et al., 2007) were usestcreen for polymorphisms using the
same LI-COR system to run a 5.5% denaturing polyaortyle gel .

Construction of a genetic linkage map and QTL analysi

Linkage analysis and map construction were carpetl using the program JoinMap4
(http://www.kyazma.nl). All markers were groupedngsincreasing LOD scores (ranging
from 5 to 15) to identify ten linkage groups. Thegmession mapping algorithm was used for
linkage analysis. Recombination frequencies wereveaed to centiMorgan distances using
the Kosambi mapping function. MAPQTL 5.0 (http://wvkyazma.nl) was used for QTL
analysis. First, an interval mapping test wasqreréd to find putative QTLs. A permutation
test with 1000 repetitions was applied to deterntiveeLOD thresholds (at p=0.05). A LOD-
score of 2.6 was used as a significance threstmidhfe presence of a candidate QTL.
Multiple-QTL model (MQM) mapping also was performediocate QTLs after the selection
of cofactors. Linkage maps along with QTLs wereuslgzed using Mapchart (Voorrips
2002).
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Abstract

A recombinant inbred population (F7) of 160 lineaswnade by repeated selfing of F2 plants
derived from a cross between genotype L58, which rigpid-flowering, self-compatible Cai
Xin line, and R-0-18, a self-compatible Indian dab haploid spring oil line. The
Complexity Reduction of Polymorphic Sequences (CR9R8chnology was applied for
single-nucleotide polymorphism (SNP) detection. Thecently developed lllumima
BeadXpres§' platform combined with the GoldenGate assay wasl fisr genotyping of the
RIL population. A linkage map was constructed fos fpopulation using 86 SNP markers and
6 publicly available SSRs, covering a total mapagise of 400 cM with an average resolution
of 4.3 cM. A total of 26 QTLs for 19 traits, incling) flowering time, total plant height, plant
height until first open flower, leaf number uniilst open flower, total leaf number, cuticular
wax appearance, branch number, number of siligsiégue length, siligue beak length,
silique carpel number, seed weight, seed coloed skattering, and seed ripening time were
detected. This study shows that the developedapa RIL population can successfully be
used to study the genetic basis of many breediagecktraits.

Y The AFLR, KeyGen®, CRoP® technologies are covered by patents and/or paaeplications owned by
Keygene N.V. AFLP, KeyGene and CRoPS, are (regihterademarks of Keygene N.V.
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Introduction

With the smallest genome size in the Brassica gandsthe rapid life cycle of some of its
genotypesB. rapa can be a model crop for genetic analysis in thiniliy. For genetic
analysis, so-called immortal mapping populatiores \&ry useful in the quantitative genetic
analysis to identify loci that impact traits of enést. Immortal populations are characterized
by their homozygous state, allowing propagationodlgh seeds while maintaining the
genotype of the parents in the progeny. In thidystwo distinct morphotypes &. rapa Cai

Xin L58 and Yellow Sarson R-0-18, were used to tlgv@ Recombinant Inbred Line (RIL)
population. Recombinant Inbred Line populations arade by repeated propagation of
progeny of an F1 plant over many generations bglsiseed descent until each line has a
high degree of homozygosity, typically until F7/f8oornneef et al., 2004). As both parents
are early flowering and self-compatible, the depelb RIL population has a rapid
propagation and is easy to maintain through sirsgled descent. Doubled haploid (DH)
populations are also immortal. They are made bydhdn of haploid embryos through
culture of microspores from an F1 plant, followeg $pontaneous genome doubling of
regenerated plantlets (Sebastian et al., 2000hoAgh DH production is common for
Brassicaspecies (Pink et al., 2008) it is not easyBorapaas most genotypes respond very
poorly to DH induction (Kole et al.,, 1997). In atidh, normally a higher degree of
segregation distortion is found in DH populationmaared to sexually propagated
populations due to the preferential selection ofaggpes responsive to microspore or anther
culture (Voorrips et al., 1997; Suwabe et al., 2004

For genetic mapping, the highly abundant singldeuizle polymorphisms (SNPs) are useful
genetic markersSNPs are the most frequent type of genetic polymsmp and can be readily
detected using appropriate genotyping platformswéi@r in unsequenced crops with
duplicated genome sequences the efficiency of SEiEbdery is low if not hampered (Li et
al., 2004). The AFLP-based Complexity Reduction ofyRorphic Sequences (CRoPS)
technology, as a novel approach for large-scaleympoiphism discovery in complex
genomes, can be used in crops with a complex gerfeameOrsouw et al., 2007). Recently
the Golden Gate assay has been implemented foysimaln the lllumina® BeadXpre'ss
platform. The GoldenGate assay was a very effidieolt for high-throughput genotyping of
polyploid wheat (Akhunov et al., 2009). In the itlina Golden Gate assay, cyanine-3 (Cy3)
and cyanine-5 (Cy5) labeled PCR products, contairdifferent address sequences are
hybridized to small glass rods (VeraCode “beadsd} #re coupled to oligos complementary
to the lllumicodes. The VeraCode beads have etcheddres that correspond to a specific
lllumicode address sequence. Once the beads dmeaeader, a laser scans the beads and
detects the bar code on each bead as well as Berdyy5 fluorescent signal. Each bar code
corresponds to a specific lllumicode address whiohresponds to a specific genomic
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sequence provided in the SNP design file. The ratithe intensity of the Cy3 and Cy5
fluorescence is used to determine the allelic ggaotype) at the SNP.

Several seed characteristics, such as seed nutinéerymber of siliques per unit area, branch
number, and seed size, determine the value of cgopan for seeds like oilseed rape
(Bekkaoui and Wilf, 2003; Quijada, 2007). Tkeed ofB. rapais mainly used for oll
production, although the meal remaining after airaction is also of economic interest. A
yellow seed coat colour is an important trait in $3iea oilseed crops as it is generally
associated with thinner seed coat and lower calluloontent, improving the quality of the
meal (Tang et al., 1997; Badani et al., 2006). Iaptér 3 we reported on a strong QTL
explaining more than 50% of seed colour variancam@d SC), which mapped to
chromosome A9 in the F2 population of the sameschasn which the RIL population that is
studied here is made.

Some morphological related traits such as shatferoarpel number (trilocularis), plant
architecture, leaf glossiness (cuticular wax) andpary are of interest in plant breeding.
Plant architecture is of major agronomic importarsteongly influencing the suitability of a
plant for cultivation, its yield and the harvesti@éncy (Reinhardt and Kuhlemeier, 2002).
Height of the plant at first open flower and leainmber at first open flower are factors that
contribute to Brassica plant architecture. Brassiegetables and oil types generally differ
considerably in height. Pod shattering is an umdbk character in crop breeding. Grain loss
during harvesting due to shattering decreases ekl A loss of 20% of the seed yield has
been reported foB. napus(Price et al., 1996). Shattering is caused byeatapscission. Pod
shatter resistance is a complex trait, partly reégesand difficult to assess because it is only
seen at maturity (Morgan et al., 2003). As far as ave aware there is no report about
Brassica loci controlling shattering.

The outer surfaces @rassicaleaves are coated with cuticular waxes which ptdtee plant
from a variety of environmental pressures. Genatygontrol of wax formation has been
studied in many plants; in most cases the normglaarcous form is dominant and the glossy
or glabrous form recessive. The difference in apgeae has been variously associated with
the quantity, chemical composition or structurdhaf epicuticular wax (Baker 1974). Glossy
leaves often have a reduced wax load. The waxvidved mostly in reduction of water loss
and in defense against pathogens (Teece et al8).200ax accumulation also potentially
contributes to drought adaptation (Jefferson 19®picuticular wax is hydrophobic and
composed of long-chain fatty acids, alcohols, aydels and very long-chain wax esters (Wen
and Jetter, 2009). Arabidopsseriferum (cermutants defective in normal epicuticular wax
deposition have been identified by their glossy eappnce (Koornneef et al. 1989;
Beittenmiller 1996).

Vivipary is the phenomenon of seeds germinatingtie mother plant before harvest. In
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cereals, but also in oilseed rape, this can leaal krge economic loss, as it causes severe
damage to grain quality. Resistance to viviparnherdfore a very important trait in breeding
programs (Zhang et al., 2008). Vivipary is causedtie absence of dormancy, which
normally prevents seeds to germinate prematurelg. Much dormancy, causing the inability
to germinate, to germinate with a delay or to geateé non-uniformly, also has a negative
affect on seed quality (Millar et al., 2006). Geneind physiological studies showed that
abscisic acid (ABA) is a key player in establishiagd maintaining seed dormancy
(Koornneef et al. 2002). Also iB. napusvivipary is found, causing decreased seed vigbilit
and vigor (Ruan et al.,, 2000). Recently a major QMplaning 50.78% of the total
phenotypic variance for vivpary has been mappechtomosome N11 dB. napus(Feng et
al., 2009).

Brassica rapais known as one of the most recalcitrant membér&8rassica genus to
regenerate shoots in vitro (Narashimhulu and Chd@8&8) and routine high frequency
transformation oB. rapaby A. tumefacientias been hampered by the lack of efficient plant
transformation and regeneration techniques. Therestil a need to develop efficient
transformation methods that can be used for mangtgpes.

In this report we describe a new RIL mapping popatatderived from a cross between two
distinct morphotypes, Cai Xin line L58 and YellowrSan line R-0-18. A new high-
throughput genotyping platform was designedBoaissicaand used for genotyping the RIL
population. The RIL population was scored for selvptant morphology, seed-related and
root formation traits, which led to the identifizat of several QTLSs.

71



Chapter 4 Genetic mapping and...

Results

Genotyping and the construction of a linkage map

Genotyping of 16@. rapalines was performed using the Illumina BeadXpresadee to
analyse a GoldenGate assay developedfassicaSNP detection. Of the 384 SNPs present
in the GoldenGate assay, 120 were polymorphic, id2fkers gave 100% homozygous or
heterozygous scores and 42 SNPs did not genergieoduct or could not be scored
unambiguously. A linkage map was constructed fer 58 x R-0-18 F7 RIL population
using 86 polymorphic SNP markers and 6 publiclyilatbte SSR markers, covering a total
map distance of 399.8 cM with an average resolutioh34 cM between markers (Figure 1).
Biased location of markers makes grouping diffidaltJoinMap and extra linkage groups
appear. The SSR markers were included in the magpimdjow the assignment of linkage
groups to their respective chromosomes as defineth®B. rapa reference linkage map
(Choi et al., 2007). Six linkage groups (A2, A4, AH, A9 and A10) correspond to defined
B. rapachromosomes (Choi et al., 2007). Linkage groups@,,G3, G4 and G5 could not
yet be assigned to a chromosorBerapahas 10 chromosomes, suggesting that two linkage
groups corresponde to one chromosome.

The RIL map is shorter than the F2 map of the samesqChapter 3) and anotlr rapa
RIL map (Kole et al., 1997). Based on the chi-squesé for goodness-of-fit to the expected
1:1 Mendelian segregation ratio, 28% of the marlshrewed segregation distortion. For
highly skewed loci (9.7% of the markers showed >atio) the R-0-18 allele was in excess.
Skewed markers were clustered in regions of theA85and G3 linkage groups.
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Figure 1 Genetic linkage map of the B. rapa L58 x R-0-18 Rpulation, showing the positions of 86 SNP ai@5& markers distributed over 11 linkage groupslifgiage groups (A2, A4, A5, A6, A9 and
A10) correspond to defined chromosomes of the & raference linkage map (Choi et al., 2007). Lg&kgroups G1, G2, G3, G4 and G5 could not yet Bggasd to a chromosome. QTLs mapping to the
linkage map for the determined traits are indicateith boxes. Whiskers represent 1-LOD and 2-LODfidence intervals (95%), respectively, for sigrafic QTLs. FT: flowering time; TPH: total plant
height; PHF: plant height until first open floweBC: seed coat colour; SN: silique number; SW: seeidht; SH: shattering; WX: wax; SR: seed ripeniBg; seed setting ; LNF: leaf number until firseap
flower; BN: branch number; CN: carpel number; Slliggie length; BL: beak length; TLN: total leaf nber; Vi: seed vivipary; AD: adventitious root fortian; and HR; transgenic hairy root formation.
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Phenotyping the RIL population
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Figure 2 Frequency distributions of non-normalized datasome traits in the L58 x R-0-18
RIL population.The vertical axis indicates the number of lines fait value class and the
horizontal axis the different trait value class¢8) number of seeds per silique (B) beak
length (mm); (C) silique length (mm); (B¥ed ripening (days to ripen); (E) flowering time
(days to flower); (F) seed setting (days from floweruntil ripening); (G) pod shattering ;
(H) adventitious root formation; (I) transgenic Imairoot formation; (J) seed oil content; (K)
Seed colour (from yellow to black); (L) plant heigii) length of inflorescence; (N) carpel
number; and (O) branch number. The parental valaes the mean of five replicates,
indicated with L as L58 and R as R-0-18.

In total 21 traits, consisting of 20 morphologiqaienotypes and seed oil content, were
recorded for the RIL population. Figure 2 shows frequency distributions of some
measured traits including silique length, beak fengeed ripening, flowering time, seed
setting, pod shattering, adventitious root formatamd transgenic hairy root formation, seed
oil content, seed coat colour, plant height, irdkence length, carpel number and branch
number. Transgression beyond the parental valuesolwserved for most of the traits except
for seed colour.

Correlation analysis of all measured traits showed tlowering time was highly positively
correlated with total leaf number and leaf numbetil dirst open flower (Table 1). Silique
number, seed number per silique, shattering angusillength were positively correlated.
Silique length was highly positively correlated hwithe number of seeds per silique. In
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general, plants with more siliques had longer séd® with more seeds and higher seed oll
content. Pod shattering was positively correlatétth wumber of seeds per silique, silique
number and seed coat colour, but negatively witdsdpening. Branch number was
correlated with leaf number and flowering time. Cular wax showed a significant
correlation with plant height until first open flew Seed vivipary was positively correlated
with seed set and negatively with flowering timbéeThumber of carpels showed a significant
positive correlation with seed weight.
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Table 1 Pearson correlation analysis of all measured sait the L58 x R-0-18 RIL population.
FT: flowering time, TPH; total plant height, PHFIgmt height until first flower, LNF: leaf number tilrfirst flower, WX: wax cuticular,
BN: branch number, TLN: total leaf number, SN:gsi& number, SL: silique length, SH: shattering, Beak length, NSPS: number of
seed per silique, SW: seed weight, CN: carpel numbevivipary, Infl: length of infloresence, SReed ripening, Ss: seed setting, AD:
adventitious root formation, HR: transgenic haigot formation, SC: seed colour, SO: seed oil cantérmeans significant at £0.01; *
significant at <0.05.

Trait BL SL SN SR FT Ss PHF LNF BN TLN TPH InfL SH NSPS Sw CN WX Vi SC SO AD
SL 0.41%>* 1

SN 0.19* 0.27** 1

SR -0.17 -0.18 -0.19* 1

FT -0.01 =21 0.1 0.1 1

Ss -0.1 0.02 -0.21*  0.66** -0.11 1

PHF 0.17 0.12 -0.1 -0.12 0.27** -0.29%* 1

LNF -0.02 -0.20* 0.06 0.01 0.86** -0.62**  0.31* 1

BN -0.05 -0.13 0.02 -0.16 0.38** -0.40**  0.35* @®B5* 1

TLN -0.02 -0.21* 0.07 0.01 0.88** -0.64*  0.29** 08** 0.56** 1

TPH 0.08 0.11 -0.08 -0.13 0 -0.08 0.63** 0.01 0.16* 0.01 1

InfL 0.02 0.03 0.16 -0.02 0.13 -0.16 0 0.05 0.14 090. 0.28** 1

SH 0.18 0.11 0.42** -0.26**  0.06 -0.23*  -0.14 0.03 0.02 0.05 -0.02 0.17 1

NSPS 0.41**  0.47* 0.55** -0.22* 0.02 -0.16 -0.11 .02 -0.07 0.03 0 0.26* 0.53** 1

SW 0.12 0.05 0.1 -0.05 0.11 -0.13 0.05 0.12 0.09 110. 0.11 0.02 -0.02 0.01 1

CN 0 -0.15 -0.02 -0.09 0.06 -0.11 0.17 0.17 0.03  150. 0.12 -0.01 0.04 0.1 0.27** 1

WX 0.1 0.08 0.01 -0.05 -0.01 -0.02 0.29** 0.04 $.0 0.02 0.25** -0.11 -0.18* -0.25*  0.02 -0.01 1

Vi 0.1 0 0.14 0 -0.37*  0.33* -0.18 -0.39**  -0.26* -0.39** 0.01 0.07 -0.01 0.04 0.19 -0.14 0.01 1

SC 0.02 -0.08 0.06 -0.1 0.05 0.02 0.01 -0.12 0 101 O 0.02 0.24** 0.14 -0.07 0.14 -0.23*  -0.09 1

SO -0.04 -0.07 0.34* 0 0.28** -0.20* 0 0.22* 0.07  0.22* -0.11 -0.04 0.11 0.24* -0.17 0.02 -0.02 22 0.18* 1

AD 0.28**  -0.24 -0.03 0.1 -0.05 0.05 -0.07 -0.05 0 -0.05 -0.09 0 0.22* 0.04 -0.1 -0.2 -0.08 027 £.0 -0.15 1
HR 0.23* -0.15 -0.14 0.03 -0.04 0 0.06 -0.08 -0.09 -0.07 0.02 -0.07 0 0 -0.02 -0.11 0.1 0.2 -0.15 10.1 0.12
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QTL analysis

In total 26 QTLs were mapped for 19 different sdifable 2; Figure 1). The strongest QTLs
were found for seed colour (SC1 and SC2), mappincthtomosome A9 and linkage group
G2 and explaining 55.4% and 14.3% of the seed calaur variance respectively. The dark
coloured allele at SC1 is coming from L58 (blackdsd), but the darker allele at SC2 comes
from R-0-18 (yellow seeded). SC1 co-located with pbattering (SH) and seed ripening
(SR) QTLs on A9. 16% of the variance for pod shattewas explained by this locus. 14% of
the variance for carpel number was explained by &XdN on A4. AD and HR QTLs on G1
and A9 were responsible for adventitious and trangghairy root formation.
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Table 2 QTLs detected for 19 different traits in the L5&>0-18 RIL population.

QTLs are numbered according to decreasing LOD sc®D). %Expl. var. is the
percentage of total phenotypic variance explaingdnldividual QTLs. For each of the QTLs
the allelic effect is indicated (Effect). These eaéculated as pA-uB (U= mean), where A and
B are RILs carrying L58, respectively R-0-18 gepetyat the QTL positions. pA and uB
were estimated by MapQTL. Effects are given in dégsvering time), millimeter (plant
height, size), milligram per seed (oil content)vathout unit (silique or seed number, seed

colour).
Trait QTL Linkage LOD Position of peak % Expl. Effect
group LOD cM var.
Silique length SL A4 3.81 26.2 14.4 +7.05
Beak length BL Gl 4.23 0.0 15.8 -2.90
Siligue number SN A6 3.67 39.7 10.4 +15.91
Shattering SH A9 4.83 3.1 16.1 +0.22
Carpel number CN A4 3.7 16.0 14.0 -0.18
Seed colour SC1 A9 32.42 1.76 55.4 +3.70
SC2 G2 12.02 0.0 14.3 -2.10
Seed weight SwW A5 3.60 15.9 15.2 -4.33
Seed ripening SR1 A9 5.00 1.9 135 -5.96
SR2 A5 3.40 0.0 9.1 +5.05
Seed setting Ss A5 2.90 0.0 9.0 +8.0
Vivipary Vi G3 2.40 55 14.0 -0.22
Total plant height TPH G2 4.73 0.0 13.0 -130.00
Plant height until first flower PHF G1 3.67 3.4 30. -100
Total leaf number TLN A5 3.10 3.7 9.1 -4.06
Leaf number until first flower| LNF1 A5 3.12 3.7 8.0 -3.85
LNF2 Al10 2.56 0.0 6.6 -3.58
LNF3 A4 2.21 52.00 5.3 +3.06
Wax WX A9 3.80 12.31 11.0 -0.50
Branch number BN1 A2 4.54 42.26 10.5 +1.86
BN2 A6 3.93 32.9 9.1 +1.75
BN3 G2 3.48 0.0 7.9 +1.77
Flowering time FT1 G5 3.90 26.4 9.8 -5.00
FT2 A5 3.54 28.9 8.9 -6.00
Adventitious root formation AD Gl 3.56 1.32 20.4 40
Hairy transgenic root HR A9 6.00 1.1 33.0 -0.12

formation
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Discussion

A segregating recombinant inbred populationBodssica rapaconsisting of 160 lines was
developed from two distinct morphotypes, both efldwering and self compatible, and used
for genetic linkage mapping.

CRoOPS technology, as a novel approach for large-gpcdyenorphism discovery in complex
genomes, was applied for SNP discovery (van Orseual., 2007). Of about 1300 putative
SNPs, 384 SNPs with a high probability of deteciimgenotyping assay were selected. The
GoldenGate genotyping assay as analyzed usingltimina® BeadXpress' platform was
successfully employed for SNP genotyping of Bierapa RIL population. This genotyping
platform has the potential to genotype up to 38#/morphic sites in 96 individuals in a
single reaction. One third of the SNPs presenhe GoldenGate assay were polymorphic
between parental lines. The linkage map includeSR&s and 6 publicly available SSRs,
grouped in 11 linkage groups. The short lengtthefrhap could be due to the biased location
of markers which makes the grouping difficult usthg JoinMap mapping software, which is
why more than 10 linkage groups are found. Ovenf@®kers could not be mapped so far,
which suggests that currently part of the genommitscovered by the genetic map. Since not
all linkage groups were assigned to a referencensbsome, there still is the possibility that a
chromosome is not represented in the linkage malperGexplanations, like suppression of
recombination, or strong genetic distortion of neask are less likely. Although 28% of the
loci show significant segregation distortion frohetexpected 1:1 ratio, only 9.7% of the
markers show highly distorted segregation (>3:MerEthough we made an effort not to
select during the single seed descent propagdtimnis hard to avoid, especially for lines that
are at the low fertility, germination or growth sidf the spectrum. Generally, environmental
and artificial selection over several generati@asising segregation distortion, is common to
many mapping populations (Voorrips et al., 1997;ng/&t al., 2003; Kianian and Quiros.
1992).

QTL analysis was performed for 21 traits. For salvérits there is strong transgression of
phenotypes beyond the parental values, often fgorzkthe parent with the highest value,
suggesting the presence of several loci with cetitrg allele effects controlling a trait in this
population. It makes this population a potentialth tool for resolving genetic variation for
B. rapabreeding purposes. In total 26 QTLs for 19 of sh&died traits were detected. Seed
coat colour is a very important trait in oilseedayBrassica crops. Yellow seeds are
preferred, since yellow-seededness was found tegoond with higher protein and lower
crude fiber contents compared to black-seeded tigsiand are of better quality for use as
poultry and livestock feed (Tang et al., 1997; Baddral., 2006). We already showed in the
F2 population 0f.58 x R-0-18that seed coat colour is a maternal trait and khekiseed coat
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allele is over-dominant over the allele for yelle@ed coat. Two strong QTLs for the seed
colour (SC1 and SC2) were detected on A9 and GZaexpyl about 70% of the seed coat
colour variation. The dark allele at SC1 is deriiedm the dark-seeded L58 parental
genotype, but for SC2 the darker allele comes frepyE3, indicating that there are modifiers
in R-0-18 that might be epistatic to the yellowelds at SC1. The SC1 locus was also
detected in the F2 generation of this populatio@ {§ Chapter 3) and had been reported
before by Lou et al. (2007). Contrary to what wenfdun the F2 generation, the QTL for seed
oil content on A9 in same region as SC1 did not eddbe LOD threshold level and since no
additional QTL were detected, we did not map a selecbntent QTL in the RIL population.
For the analysis of seed oil content, both in tBeak in the RIL population, we used a crude
method to extract seed oil. This method can beitsenso differences in extraction, which
could explain for the inability to detect the ASdeoil content QTL in the analysis of the RIL
population. Seed oil has a significant positiverelation with silique number and the number
of seeds per silique, which is in agreement with previous observations for the F2
population (Chapter 3).

The pod shattering QTL (SH) on A9 is located in 8ame region as SC1. Correlation
analysis confirmed that easy shattering lines hda&ek seeds. Therefore selection for yellow-
seeded lines might improve shattering resistanaenwioth traits segregate. Shattering has a
significant positive correlation with the number sideds per silique and the silique number.
The QTL for number of seeds per silique in thisisrgwas not significant. There is little
exploitable variation in pod shattering resistaméthin the B. napusgene pool (Morgan et
al., 2003). Introducing pod shattering resistaritdes fromB. rapainto aB. napusbreeding
program could be useful. In Arabidopsis the MADSchmanscription facto-RUITFULL
(FUL) (Gu et al.,, 1998;) mediates valve developmentitdyibiting the action of the
SHATTERPROOKSHP (Liljegren et al., 2004) valve margin identity rgs. Constitutive
expression of th&UL gene inB. junceais sufficient to inhibit valve margin formation én
seed dispersal (Jstergaard et al., 2006).

R-0-18 is aB. rapaYellow Sarson type which was previously nanBedrilocularis (Gomez-
Campo, 1999); because many fruits have three ordanpels. The allele of the carpel number
(CN) QTL that maps to chromosome A4, explaining 1agf%arpel variance, corresponding to
higher carpel number, originated from R-0-18. Canpeinber showed only a significant
positive correlation with seed weight and therefeeed size. As R-0-18 has bigger and
heavier seeds than L58, the CN QTL could be dirantlglved in determining seed size and
weight or it may be linked with loci controlling e size and weight.

A silique length QTL (SL) is located at chromosoA¥e This QTL is different from the QTL
for beak length (BL) mapped to G1, indicating boté genetically independently controlled.
In B. rapa DH populations Lou et al. (2007) reported two geiwregions on Al and A7
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affecting silique length and three loci on A5, ATdaA9 controlling the beak length. The SL
QTL is a new locus on A4 but like the BL QTL locditen G1, which we could not assign to a
reference chromosome, it is not clear if this ieeav locus too. The number of seeds per
silique is highly positively correlated with othsitique related traits such as silique length,
beak length and siligue number. Therefore SL andaRl_likely to have an overall effect on
silique related traits.

Seed ripening and seed set traits are highly @ie@l Co-location of the SR2 and Ss QTLs
reveals there is one QTL on top A5 probably activearly stages of seed setting. The second
QTL of seed ripening (SR1) appears to control sdapdning at later stages of seed
development. There is no report about seed vivigaris inB. rapa We detected one QTL
on G3 explaining 14% of preharvest sprouting va@anCorrelation analysis revealed a
significant negative relation between vivipary aegd oil content. IB. napusvivipary also
resulted in lower seed oil (Ruan et al., 2000).

We detected one QTL on A9 for cuticular wax appeeea(\WWX). As we only recorded the
appearance difference of the leaves and did ndyzamdhe chemical composition of the
epicuticular wax, it is not clear if this QTL expla the quantity, chemical composition or
structure of the epicuticular wax.

Branch number QTLs are found on A2, A6 and G2. Bramamber has no correlation with
silique number, but is highly correlated with leafmber. As every branch originates from the
bud at the leaf base, this correlation is expecldte outgrowth of buds to branches is
strongly controlled by hormonal balance, involviogtokinins, auxins and stringolactones
(Gomez-Roldan et al., 2008).

Finding markers related to adventitious and tramséal root formation would be useful to
select for regeneration and transformation improBedapa genotypes. The AD and HR
QTLs on G1 and A9 are respectively controlling adit®us and transgenic root formation
indicating that these are independent traitB.Ilmleraceahypocotyls it has been shown that
performance for transgenic root production is aiséed with performance for adventitious
(non-transgenic) root production (Oldacres et2005), contrary to what we describe here.
As we used different tissues for the adventitiong hairy root production, it is possible that
these traits are independent. Correlation analyse did not show a significant correlation
between these two traits. AD and HR mapped on Ailléhe F2 population (Chapter 3).
Sensitive genotypes ®&. oleraceain adventitious root production tend also to perfavell

in transgenic roots production inducedAyrhizogenedut the presence of the bacterium had
no significant effect on adventitious root prodanti(Oldacres et al., 2005). Therefore it
would be beneficial to test in the future if theguction of non-transgenic roots is enhanced
by treatment withA. rhizogenes
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TheB. rapaimmortal population we described has two importdrdracteristics which are an
advantage for maintaining the population and femes& phenotypic screens: The population
is fully self-compatible and plants rapidly completheir life cycle. In addition, the
population is sufficiently large to have ample istatal power to detect QTLs. The rapid-
cycling properties, and the diverse origin of bp#rents (vegetable and oilseed rape), make
this population a potentially very interesting smurfor genetic analysis of a range of
agronomic traits, both for leafy vegetables andoitseed properties. The diverse origin of the
parents ensured there was sufficient genetic vwamiain the population to map many
morphological and seed related QTLs. Some of theQW¥e describe here are reported for
the first time. In few cases we could not detbetgame QTLs which were detected in the F2
generation. For example, in the F2 we detected@ibs for flowering time on A2 and A3.

In RIL we could not find these, but instead mappdd.Qon G5 and A5. Also the AD and
HR QTLs related to adventitious and transgenic foohation, which mapped on A10 in the
F2, mapped to G1 and A9 in the RIL population. Wendbthink this is due to phenotyping
or mapping mistakes in either of the two analyses, simply reflects the contribution of
genotype x environment interaction to the phenatypdthough both F2 and RIL populations
grew in the same greenhouse, they grew in vergmdifft seasons. Some QTLs may have been
lost due to increased segregation distortion dumddvertent selection during single seed
descent over 6 generations. Finally, some diffe@ena QTL detection may be caused by
differences in the accuracy of phenotyping bothytajmons, with more experience gained at
the time the RIL population was scored. GenerallfL € with a high LOD score were
detected in both populations. Probably due to adriggumber of recombination events in the
RIL and a better scoring of recombination by usitNPS in the RIL, compared to dominant
AFLPs in the F2, we were able to detect an occasiaiditional minor QTL, as was the case
for the SC2 locus, the second locus for seed cdaticm addition to the strong SC1 locus.

In the future the map will be improved by addingliéidnal markers, including the AFLP
markers scored in the F2, which are expected targalthe map, to combine linkage groups
corresponding to the same chromosome and to addadedM the markers that could not be
mapped as yet.
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Materials and methods

Plant growth and generation of the RIL population

The F2 cross oB. rapawhich was made between genotypes L83 ¥ R-0-18 (7) (chapter
3) was propagated through single seed descentthetf7 generation. Individual plants were
grown in April 2007 in separate pots in a tempaetontrolled greenhouse with artificial
day length extension to 16 hours. After about feeeks the first lines started to flower. The
inflorescences were covered with plastic bags &vemt cross-pollination. In case of poor
seed set, hand pollinations were performed. Thpdptlation of 160 individuals obtained in
June 2009 was considered as a recombinant intmedRilL) population for genetic studies.

Trait measurement

The RIL population was used to determine the phgrestyof 21 traits; seed related traits
including: seed colour, seed weight, seed oil, ggehing, seed setting, seed vivipary and
morphological traits including flowering time, tbtheight, plant height until first flower,
branch number, silique length, beak length, siliquenber, number of seeds per silique,
number of siliques in main stem, carpel number, pbdttering, total leaf number, leaf
number until first open flower, length of infloresee and cuticular wax. Seed colour was a
very prominent phenotype segregating in the poiat58 has brown-black seeds and line
R-0-18 has yellow seeds.

Seed colour of fully mature F8 seeds was scoreglybyand ranked into nine different classes
ranging from yellow (1) to black (9). Silique lehgivas determined as the average length of
three ripe siliques. The mean number of seedsilgueswas determined by averaging three
ripe siliques. Seed vivipary was scored as norf@dium (1) and high (2) based on a visual
estimation of the number of seeds with radicleswiarvested. Cuticular wax was scored by
eye from 1 (glossy), 2 (normal) till 3 (non-gloss§higure 3). Shattering was scored at
harvesting time as 0 (no open siliques), 0.5 (fp&rosiliques) and 1 (many open siliques).
Seed oil was measured as explained in chapter &l 8pening was scored as days after
sowing, when more than 50% of siliques were yeléowl ready for harvest. Seed setting was
calculated from reducing flowering time from segsbning time.

The correlation analysis was done for all traitirid significant relation between the traits.
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Figure 3 Phenotyping of RIL population of B. rapa L58 x R&. A: Seed vivipary, B: silique
(SL)and beak length (BL) variation, C: pod shatigti D: carpel number variation, E:
glaucus plant appearing a bit more dark green at @nd the glossy plant at the bottom.

Adventitious root formation was tested on 5-day-@dtlyledons and hairy root transformation
was performed using 5-day-old seedlings as expaineChapter 3A. rhizogenedViSU440
was used for hairy root transformation (Limpenlet2004).

Construction of a genetic linkage map and QTL analysi

Genotyping was done using a 384 SNP loci assay. D44 extracted from frozen leaves
according to a modified CTAB procedure (Van der Bee&l.€1992). Because large amounts
of DNA are required for the GoldenGate assay, DNaswamplified with the Genomiphi-kit
(HNlustra™ GenomiPhi™ V2 DNA Amplification KitGE Healthcare UK). For SNP discovery
the CRoPS8l technology of Keygene N.V. was deployed. This tedbgy was developed as a
novel approach for single nucleotide polymorphisstavery between two or more samples
(van Orsouwet al 2007). CRoPS analysis was performed comparingBrassica rapdines
(Kenshin and Chiifu) and more than 1300 putative ShiFhigh quality were discovered. The
SNP-harboring sequences were sent to lllumina® pi@cessing by the lllumina Assay
Design Tool (ADT). ADT generates scores for eachPShat could vary from 0 to 1; SNPs
with the scores above 0.6 have a high probabiitye converted into a successful genotyping
assay. A total of 384 SNPs were selected, all lgp#DT scores above 0.6. A total of 100-
500 ng of genomic (GenomiPhi) DNA per plant wasdu® Illumina SNP genotyping at
Keygene N.V. using the lllumina BeadXpr88splatform and the GoldenGate Assay
following the manufacturer’s protocol. The fluoresce images of an array matrix carrying
Cy3- and Cy5-labeled beads were generated withatbechannel scanner. Raw hybridization
intensity data processing, clustering and genotgp#ing were performed using the
genotyping module in the BeadStudio package (lllan®an Diego, CA, USA).

Part of the DNA was used for the SSR-detectionegsribed by (Choi et al., 2007) using the
LI-COR system (Lincoln, Neb) 4200 DNA sequencer (Mygpet al., 2001). All weak and
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ambiguous bands were scored as “unknown”. Linkagdyais and map construction were
carried out using the program JoinMap4 (http://wiwazma.nl/). All markers were grouped
using increasing LOD scores (ranging from 5 totbSyentify linkage groups. The regression
mapping algorithm was used for linkage analysis.drRdunation frequencies were converted
to centiMorgan distances using the Kosambi mappifugpction. MAPQTL 5.0
(http://Iwww.kyazma.nl/) was used for QTL analysisrst, an interval mapping test was
performed to find putative QTLs. A permutation testh 1000 repetitions was applied to
determine the LOD thresholds (at p=0.05). A LODrscof 2.8 was used as the significance
threshold for the presence of a candidate QTL. igletQTL model (MQM) mapping also
was performed to locate QTLs after the selectiorcafactors. Linkage maps along with
QTLs were visualized using Mapchart (Voorrips 2002)
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Abstract

There is a wide variation for nutritional traits Brassica rapabut the genetic basis of this
variation is largely unknown. A recombinant inbyempulation of 160 lines, made by crossing
genotype L58, which is a rapid-flowering, self-caatiple Cai Xin line, with R-0-18, a self-
compatible Indian doubled haploid spring oil limegs profiled to detect quantitative trait loci
(QTL) controlling seed tocopherol and seedling ioeliée variation as detected by High
Performance Liquid Chromatography (HPLC) and Nuclskgnetic Resonance (NMR)
analysis. The two parental lines differed consibdigran their metabolite profile. L58 had a
higher level of glucosinolates and phenylpropanaeitiereas levels of sucrose, glucose and
glutamate were higher in the R-0-18 parent. QTlated to seed tocopheral-( y-, 6-, a-y-,
and total tocopherol) concentrations were deteote@dhromosomes A6 and A9 explaining
9.5-36.6% of the seed tocopherol concentratioratian. QTLs were identified for 148 of the
238 signals detected by NMR analysis. NMR signals onganic/amino acid,
sugar/glucosinolate and aromatic regions coulddsggaed to 19 different compounds in the
respective classes. This analysis shows that Qalysis of metabolites is feasible and useful
for the future detection of markers and/or gene®lired in the biosynthesis of nutritional
compounds irB. rapa
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Introduction

Brassica rapds an important crop with a variety of forms: o#éske leafy vegetable and turnip
(Zhao et al. 2005) and with a wide distributiorthie world. It is a valuable source of diverse
health-promoting metabolite®.¢. antioxidants, vitamins, glucosinolates). Plantgyéeneral
produce an amazing diversity of low molecular maasural compounds (Pichersky and
Gang, 2000). Over 100,000 metabolites have beeectet (Wink, 1988), for which the
structures of close to 50,000 have been elucidddedLuca and St-Pierre, 2000). Many of
these compounds are part of secondary metabolwvpgs, which are not directly involved
in the central metabolic processes of the plantgbay very important roles in ecological
interactions like in plant defense against pathegeard herbivores and in response to abiotic
factors. Primary metabolites, such as carbohydrates, vitsmamino and organic acids are
found in all plants and they are directly involved normal growth, development, and
reproduction.

Tocopherols are essential nutrients that human®einobtain via food. Tocopherol content
and composition can be determined accurately by Rigrformance Liquid Chromatography
(HPLC) (Schledz et al., 2001; Endrigkeit et al., 200They are lipid-soluble amphipathic
molecules that act as anti-oxidants (Porfirovalet2802; Collin et al., 2008). The-, B-, v-,
and - tocopherols produced by plants are jointly knoagvitamin E,a-tocopherol is the
most interesting component from a nutritional pahview, because it is selectively taken up
in the human liver and the activity eftocopherol is 2-50 times higher than that of ttreers
(Gilliland et al., 2006). Seeds generally provitde bulk of the micronutrients to the human
diet (Gilliland et al., 2006) and also tocopheraie mainly found in plant seeds (Eenennaam
et al., 2003). On average rape seed oil contaifs BHocopherol and 35%:-tocopherol.
Generally, no B-tocopherol is found B napusand only very low amounts (<1%) o6f
tocopherol (Goffman and Becker, 2001). The ratiohef content ofi- to y-tocopherol varied
from 0.32-1.40 in rapeseed (Goffman and Becker, 198Bicey-tocopherol has ten-fold
lower biologicalactivity thana-tocopheroljncreasing thesi-tocopherol fraction can improve
the nutritional value of rape seed (Goffman and Be@001).

There are different aims for tocopherol breedinglants: the increase of total tocopherol, the
increase ofi-tocopherol for nutritional purposes, and the iasee ofs-andy-tocopherol for
oil stability. y-tocopherol is known to be tlogrect precursor ofi-tocopherol (Schultz 1990).
The enzymey-tocopherol methyltransferase (gTMT) catalyzes dbeversion fromd- to -
and fromy- to a-tocopherol, respectively (Endrigkeit et al., 2Q0Bg¢tween 5 and 7 loci with
additive and/or epistatic effects have been magpedy-tocopherol and total tocopherol
content and for the-/y-tocopherol ratio in a Double Haploid (DH) poputetiof B. napus
(Marwede et al., 2005B. rapais also related to the plant reference spegiesbidopsis
thaliana Fourteen QTLs affecting seed tocopherol contard aomposition have been

91



Chapter 5 Genetic analysis ...

identified in two ArabidopsiRIL populations (Gilliland et al., 2006), while mtitan studies
revealed the tocopherol synthesis geNa&E 1 to VTES (Porfirova et al., 2002; Cheng et al.,
2003). Recently the first gene fromB.napus involved in tocopherol biosynthesis
(BnaA.VTE4.allhas been cloned (Endrigkeit et al., 2009).

Apart from tocopherol, there are many more secongdant metabolites in the plant
metabolome that are suggested to have an effdotalth. For instance, it is known that a diet
rich in cruciferous vegetables can significantlguee the risk to develop a range of cancer
types by an intake of as little as 10 g per dayh{K®ier and Su, 1997). The development of
high throughput technologies and untargeted methtbds use Liquid Chromotography
combined with Mass Spectrometry (LC-MS) has beestrumental in revealing a large
genetic variation for many metabolites, also witlgpecies (Keurentjes et al., 2006).
Glucosinolates, for instance, are sulfur containot@nt metabolites with anti-carcinogenic
properties. They form a group of more than 100 tpdacondary metabolites present primarily
in the Brassicacea family; each plant species amtaiblend of different glucosinolates in
significant amounts (Fenwick and Heaney, 1983; Fadteal., 2001). This blend is largely
responsible for the typical flavor and odor of Breaseae species. There are also significant
differences within the crop species for their gkioolate profiles (Ciska et al., 2000).
Glucosinolates can be grouped into three chemieelses: aliphatic, indole and aromatic,
according to whether their amino acid precursomethionine, tryptophan or an aromatic
amino acid (tyrosine or phenylalanine), respecyivGiamoustaris and Mithen 1996).
Aliphatic glucosinolates are the most prominentcghinolates found iBrassicavegetables
(Mithen et al. 2003). The concentration and chemgtaucture can vary considerably,
depending on the genotype, stage of developmeasyditype and environmental conditions
(Cartea and Velasco, 2008).

More than 90 different aliphatic glucosinolates édeen identified among plants (Fahey et
al., 2001) of which 8-16 are fourd B. rapa(He et al., 2000; Padillat al., 2007; Lou et al.,
2008). QTL mapping of leaf aliphatic glucosinol&tei has been carried out in two doubled
haploid (DH) populations ofB. rapa and 16 loci controlling aliphatic glucosinolate
accumulation were identified (Lou et al., 2008).

Flavonoids form a second class of health promatomgpounds. These secondary metabolites
are synthesized from phenylpropanoid and more 6@00 different flavonoids have been
reported (Harborne and Williams, 2000). Based orottidation level of the C-ring, different
classes of flavonoids are distinguished, includifigvonols, flavones, flavanols, and
anthocyanins (Lepiniec et al., 2006). Flavonoidwvesdifferent functions in plants such as
pigmentation of flowers, insect interaction, praoi@c against UV light, plant defence, lignin
formation and antioxidant properties (Koes et &D93); and are important health related
compounds in Brassica (Schijlen et al., 2004). Thgnflavonoid compounds iA. thaliana
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are the flavonols, predominantly kaempferol glydesi (Veit and Pauli, 1999; Lepiniec et al.,
2006). Altered seed pigmentation mutants in Arapsi®y such adransparent testa(tt)
mutants, are often impaired in flavonoid accumata{iKoornneef 1990).

Amino acids like threonine, valine and isoleucime assential food ingredients for humans,
while alanine, asparagine and glutamine can beugex in the human body. Glutamate is
very important in amino acid metaboligmplants since it is the substrate for the synthek
glutamine from ammonia; in addition theamino group of glutamate is transfertedall
other amino acids (Forde and Lea, 2007). Transfeh® a-amino group of glutamate to
oxaloacetate creates aspartate which is a precofs@paragine (Lea et.a2007), threonine,
and isoleucine (Azevedo et,a2006). Thex-amino group can be also transferred to pyruvate
and thus form alanine (Forde and Lea, 2007).

Carbohydrates such as glucose are other importanagyr metabolites. Glucose, as primary
product of photosynthesis, is a major energy soantkestructural/storage component. Starch
and cellulose are made up of alpha and beta glugdgeose isomers) respectively. In the
Arabidopsis mutangiinl (glucose-insensitive), glucose repression of eolyh greening and
expansion, shoot development, floral transitiord gane expression is impaired (Zhou et al.,
1998). There is no report about QTL analysis otgée inB. rapa

To get unambiguous structural information aboutedaiolite, Nuclear Magnetic Resonance
(NMR) and particularly proton NMRY NMR analysis) is probably among the most
selective analytical options available, as it a-destructive method and can simultaneously
detect all proton-bearing compounds (Choi et alQ620Although it has a lower sensitivity
compared to Mass Spectrometry (MS) (Moco et alg720H NMR spectroscopy has been
used to uncover qualitative and quantitative défees of various cultivars d@. rapa
Different cultivars could be distinguished by etlated metabolites, several organic and
amino acids, carbohydrates, adenine, indole aeettt (IAA), phenylpropanoids, flavonoids
and glucosinolates (Abdel-Farid et al., 2007).

We have used this technique to analyze the gewatiation for a range of (secondary)
metabolites in 8. rapaseedlings of a recently develop RIL population 60 lines (chapter
4). In addition, a targeted approach detectingpgbeools was used to analyze variation for
these compounds in seeds of the same population.
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Results

HPLC result of seed Vit E measurement

To determine the extent of variation in the predwating vitamine E compounds,
tocopherols, we analyzed seeds of the parentad Rye-18 and L58 and all individual lines
of the RIL population. L58 showed higher levels tifi&0-18 for all tocopherols except for
tocopherol. Transgression beyond the parental salweas observed for all measured
tocopherols. In case di-tocopherol transgression was beyond R-0-18 onbmes lines
showed very higlu-tocopherol concentration in comparison to the odomenponents. Table 1
and Figure 1 show the descriptive statistics obpberol analysis.

Table 1. Overview of tocopherol analysis, in pararid in the RIL population of L58%R-o-
18. Tocopherol concentration is given in mg pef geed.

Tocopherol a- v- 8- total a-y- ratio

L58 0.317 0.273 0.004 0.595 1.159
R-0-18 0.250 0.233 0.019 0.502 1.076

Max value 0.885 0.530 0.034 1.199 8.266

Min value 0.161 0.086 0.003 0.325 0.537
Mean

value(+SD) 0.365(0.123) 0.294 (0.092) 0.015 (0.006)  0.675(0.149) 1.428 (0.943)

C
T

T T
0.40 0.80 i 0.20 0.30 0.40 050 0.010 0015 0.020 0.025
Alpha tocopherol Gamma tocopherol Deltatocopherol

20

0.40 0.80 0.80 1.00 1.00 2.00 3.00 4.00 5.00 6.00
Total Tocopherol Alphel/Gamma tocopherol

Figure 1 Frequency distributions of non-normalized data @ff/in seeds of the L58 x R-0-18 RIL populati®he vertical axis indicates

the number of lines per trait value class and tbeizontal axis the different trait value classe&) @lpha tocopherol (mg/g); (B) gamma
tocopherol (mg/g); (C) delta tocopherol (mg/g); ©jal tocopherol (mg/g); (E) alpha/gamma tocopheamtio; The parental values are the
mean of three replicates, indicated with L as L68 & as R-0-18.
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Correlation analysis of Vit E components revealett thtal tocopherol was highly positively
correlated witho- andy- tocopherold-tocopherol was negatively correlated with theorati
a-/y- tocopherol while its correlation wittr andy-tocopherol was not significant (Table 2).
Correlation analysis of Vit E components with seedtaolour (chapter 4) showed that seed
coat colour had a significant positive correlatwith 5-tocopherol but a significant negative
correlation witha-, a-/y- and total tocopherol (Table 3).

Table 2 Pearson correlation analysis of Vit E componemtd aeed coat colour in the L58 x
R-0-18 RIL population. ALuo-tocopherol; Ga:y-tocopherol; De:é-tocopherol; To: total
tocopherol; ALGa:a / y tocopherol ratio; and SC: seed coat colour. ** measignificant at
P<0.01; * significant at ”R0.05.

Trait SC AL Ga De ALGa
AL -0.44** 1

Ga 0.18 -0.09 1

De 0.231* -0.16 0.15 1

ALGa -0.373* 0.69** -0.65** -0.23* 1

To -0.249* 0.78** 0.54** -0.01 0.19

* Correlation is significant at the 0.05 level @hed).
** Correlation is significant at the 0.01 level {&ied).

NMR results of seedling metabolites detection

To assess the variation in metabolites presentarBt rapa RIL population we performed
NMR analysis on young seedlings. Usaually an NMR tspetconsists of hundred signals.
Among these, 19 compounds in the organic/amino, aidar/glucosinolate and aromatic
regions of NMR spectra were annotatedHyNMR (Table 2), but for many unknown signals
further 2D NMR measurements are required to be iitesht 1H-NMR data of RIL were
subjected to principal component analysis (PCA). Ri€Aeedling metabolites revealed that
the two parental lines were quite different, esalgcin PC2. PC2 was mostly composed of
progoitrin, polypropanoids and organic compound$ilevPC1 mostly corresponded to
neoglucobrassicin (Figure 2).
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Figure 2 PCA analysis of seedling metabolites of the L58 &E8 RIL population. Parental

values are indicated in box.

The PCA analysis (Figure 2) revealed that L58 hddigher level of glucosinolates and

phenylpropanoids whereas the levels of sucrosepgltiand glutamate were higher in R-o-
18. The major phenylpropanoid was sinapoyl glucobere were at least two more aliphatic
glucosinolates, one very similar to progoitrin. Fhexact identity can be determined upon
two-dimensional (2D) spectrum analysis. In the atoarea, there were signals from indole
compounds (tryptophan or indole acetic acid (IAANL this also needs to be confirmed by
2D spectra. As an example, in Figure 3 theNMR spectra of L58 are shown, expanded for

organic/amino acid, sugar/glucosinolate, and armnmneagions.
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Figure 3 * H NMR spectra of L58 expanded for organic/amino a@id0.8- § 4.0),
sugar/glucosinolated(4.5- 6 6.0), and aromatic regions (6.2- 6 8). The X-axis shows the
chemical shift in ppm aof. 1: asparagine, 2: malate, 3: glutamine, 4: glutm 5: citrulline,
6: alanine, 7: threonine, 8: valine, 9: isoleucinE): progoitrin, 11: sinapoyl glucose, 12:
glucose, 13: flavonoid 1, 14: flavonoid 2, 15: nkemgbrassicin, and 16: phenylpropanoid.
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QTL analysis of seed Vit E

Each tocopherol component was subjected to QTLyaisaland QTLs related to seed
tocopherol ¢-, y-, &-, a-y-, and total tocopherol) concentrations were detecon
chromosomes A6 and A9 (Figure 4, Table 3). Abo4d the variance fou-tocopherol
was explained by two QTLs (AL1 and AL2, respectveh chromosomes A9 and A6). Two
QTLs were found for total tocopherol (Tol and To@yplaining almost 42% of the vit E
variance. WhileTo2 co-located with AL1 on A9, Toitl ¢chot co-locate with AL2 on A6, but
instead co-located with the only QTL fgrtocopherol (Ga) on A6. The QTL for delta
tocopherol (De) maps to the same region of A9 whése AL1 and To2 were mapped. In this
region also the seed coat colour QTL (SC1) was nthppe

A6 A9
898692|9945263 - 0 Ol12F02-A9 -0 > .8
.904266(9904851 1}~ 1 f ;o g ih F
i . 8994759952883 »
905831|9898188 - 8 .903058(9942128 (fIl' 2
. 9013379933371
.903657(9918676 1| 3
9055999903237 |fi| 4
A 901377[9956951 |/l 5
90074419938076 - 26 . 901365(99222071) || 6
900052|9939634 | 33 | P 8990519912525 | | 8
898943|9924960 | 37 902433|9913933 | | 12
. 9022809923784 -~ 40 902873(9917290 | | 21

90342619919397
904780|9915179 46 | 24

Nal2HO07-A6 48

904231[9917340 55
902942|9916766 57
899816|9963721 59
899015|9918455 64

899208|9961195 —— 70

899601/9950692 |- 80 1S 1 &
905326]9911105 — 82

Figure 4 Vitamin E related QTLs identified in the B. rap&8Lx R-0-18 RIL population.
QTLs mapped to the linkage groups A6 and A9 aréecated with boxes and whiskers
representing 1-LOD and 2-LOD confidence interv&S%) respectively for significant QTL.
AL: a-tocopherol; De:js-tocopherol; To: total tocopherol, and ALGavy- tocopherol ratio.
Also the location of seed colour QTL SC1 is shown.
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Table 3 QTLs related to Vitamin E concentration as detéateseeds of the B. rapa L58 x R-
0-18 RIL population. Peak position indicates thealtion of the highest LOD score for each
QTL. % Expl. var. is the percentage of total phgpimt variance explained by individual

QTLs. The allelic effect of each QTL is indicatedféct), which is calculated as pA-uB (p=
mean), where A and B are RILs carrying L58, respebti R-0-18, genotypes at the QTL
position. Effects are given in mg/g or without yréitio of o/y).

Trait QTL Linkage LOD Peak position % Expl. var. Effect
rai
group (cM)

ALl A9 9.15 4.3 36.6 -0.15
a-tocopherol

AL2 A6 3.35 36.7 9.5 +0.08
y-tocopherol Ga A6 4.75 81.7 21.0 +0.09
J-tocopherol De A9 2.83 5.14 13.0 +0.004

Tol A6 7.96 81.7 27.0 +0.17
Total tocopherol

To2 A9 4.68 1.9 14.5 -0.12
oy tocopherol ratio ALGa A9 5.14 2.37 22.3 -0.92

QTL analysis of seedling metabolites

Genetic analysis of 238 signals detected in the N&pBctra enabled the identification of
QTLs for 148 signals (summarized in Table 3). SIKL® related to malate, citrulline and
choline were identified in the organic region ok tBpectrum. The strongest QTL was
belonging to the class of phenylpropanoids exptg®1% of the variation in seedlings. This
QTL is one of six QTLs detected for phenylpropanocadmpounds. The major
phenylproponoid was sinapoyl glucose showing QThsA® and A9. In the amino acid
region at least 12 QTLs controlling variation fdardne, asparagine, glutamine, isoleucine,
threonine and valine were detected. One of themG@nexplained more than 30% of
asparagine variance. QTL analysis of the glucoatealegion of the NMR spectrum detected
six significant loci, with the highest one for poigin. About 40% of progoitrin and more
than 30% of asparagine variation in seedlings wadaged by co-locating QTLs on G7.
Alpha and beta glucose QTLs on G8 and G7 explai 48d 15% of the seedling glucose
variation. In the aromatic region three QTLs faavibnoids and three QTLs for sinapoyl
glucose were detected. Additional QTLs were detefite compounds of which the chemical
identity is not known.
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Table 4 Overview of QTLs related to seedling metabolitegatet! in the B. rapa L58 x R-o-
18 RIL populationPeak position indicates the location of the highe®D score for each
QTL. % Expl. var. is the percentage of total phgpimt variance explained by individual

QTLs.

compound Linkage LOD Peak position % Expl. Var.

group (cM)
Alanine G1l1 3.4 27.4 125
Asparagine G7 11.2-12.3 44.1 33.0-36.2

A5 4.0-4.6 24.2 10.0-11.7
Glutamine A4 3.3 0 11

G7 3.4 24.8 9.7

G8 3.8-7 12.5, 23.18 12.5-23.0

G11 2557 27.4 8.4-15.0
Isoleucine G8 3.1-4.6 23.1 11.4-16.7
Threonine G7 4.6 3.3 16.8
Valine G8 4.0-4.9 231 15.0-16.5

A9 34 20.5 10.7
Glutamate G8 4.3-7.0 12.5,4.8,8.4 15.7-24.5

G7 3.4-3.6 24.8 10.4-11.2

Gl1 2.9-3.6 274 09.0-11.2
Citrulline A6 2.5-33 8.4 9.3-12.4
Choline G7 34 24.8 12

A6 1.9 56.9 6.5
Malate Al0 5.3-8.6 23.6,13.5 19.2-27.2

A6 3.3 59.0 9.4
Phenylpropanoids | A6 5.0 8.4 18.1

A9 4.0 1.5 12

A10 6.5-13.2 7.5,13.5 20.2-41.3
Progoitrin A5 4.6-5.3 24.2 11.0-12.5

G7 9.7-14.4 44.1 28.3-39.5

G8 4.4 231 14.5
Neoglucobrassicin | A5 2.9-4.8 0 11.1-18.0

G8 3.6-5.8 4.8, 46.4 10.6-17.7
Glucose (alpha) G8 5.3 12.5 19
Glucose(beta) G7 4.2 24.8 15.6
Flavonoid 1 A10 5.1 135 18.5
(Kaempferol
glycoside)
Flavonoid 2 A6 3.9 79.6 14.4
(Kaempferol type)
Flavonoid 3 A5 2.9 0 11
Sinapoyl glucose | A6 2.6-4.8 70.1,8.4,0 09.0-17.6

A9 2.7-5.6 1.5 09.1-17.5
Unknown A5 4.3-35 30.6 24.0-80.8
Unknown G8 4-13 4.8 34.0-41.0
Unknown G8 4.4 8.4 16
Unknown G7 3. 3.0 12.5
Unknown G8 3.9 2.9 13.3
Unknown G8 2.7 0 10.3
Unknown G8 9.5-15.2 4.8 31.6-45.4
Unknown Gl1 3.3-44 23.1 11.0-14.2
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G8 3.6-4 27.4 12.0-12.7
Unknown G7 55 44.1 19
Unknown G7 4.4 24.8 16
Unknown A6 3.8-4.8 0 12.0-17.2
Unknown Gl1 2.6-3.9 27.4 08.0-12
Unknown G8 3-6.2 125,231 10-19.4
Unknown G11 2.7-3.2 27.4 10-10.4
Unknown A6 5-5.9 8.4 16.0-21.0
Unknown A5 3.6 0 13.8
Unknown G4 3.2 55 12
Unknown G4 3 0 11.2
Unknown Al10 3.5-5.5 13.5 13.6-17.3
Unknown G7 3.1 3.3 11.8
Unknown A5 2.9-5.1 0 11.4-19.0
Unknown G7 6.7-16.1 44.1 22.6-46.5
Unknown A10 5.1-13.9 7.5 15.1-36.7
Unknown A5 3.1-4.6 0 12.0-17.1
Unknown G8 3.2-4.6 12.5 12.3-18.0
4 8.4 14.7
Unknown G1l1 3.6 17.2 12.2
Unknown G8 2.7-3.1 84,231 10.3-12.0
Unknown G10 3.4-45 15.0 12.7-16.4
A5 2.5-2.7 0 10.0-11.0
Unknown A6 4.6 79.6 16.8
Unknown A10 2.6-4.6 52.0 10.0-17.0
A5 4.4-23.4 24.2 16.0-60.0
Unknown A6 4.3 6.4 15.8
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Discussion

The determination of the concentration of metabslih a recombinant inbred line population
enables the mapping of quantitative trait loci thee individual metabolites and discovery of
co-locating and possibly co-regulated compounds. diftained map positions and insights in
the genetic control of the various metabolites balp improving the breeding for healthy
compounds in crop plants.

Tocopherols are important dietary nutrients as tbeystitute the essential vitamin E. The
presence of variation in vitamin E seed concemmnatn the RIL population under study
allowed the detection of QTLs for all tocopherdnsiderable transgression of tocopherol
levels beyond the parental values revealed thdt patents contribute alleles with positive
effects at the different loci, in case of the twajon QTL for alpha and total tocopherol
respectively on A6 and A9. This observation alsdidates a potential for improvement of
vitamin E content and composition through classtwaeding. Asa-tocopherol is highly
positively correlated to the total tocopherol cartcation and one of their respective QTLs
maps to the same position, it suggests that theetdration ofa-tocopherol, and not of the
intermediatey-tocopherol, has the major contribution to the alldncopherol concentration.
However, the second locus for total tocopherol eatration co-locates with thetocopherol
QTL on A6, showing that indeed both tocopherolshwitghest concentrations contribute to
the total tocopherol concentrations. The absenca siynificant correlation between, vy-
andé concentrations and the finding that these werdratbed by different QTLs indicates
their independent genetic regulation, which is gneement with findings of Marwede et al.
(2004) in canola. Thus, with three independent gaxitrolling a- andy-tocopherol it should
be possible to enhance the concentration of botiis Will have a negative effect ok
tocopherol concentration though, since the co-lngabe and AL1 loci have opposite allele
effects and although both QTLs may be caused Bgrdiit genes, the corresponding alleles
may be difficult to separate genetically. A similantagonistic effect was seen for
Arabidopsis, where over-expression of th&VTE3 gene, encoding the tocopherol
biosynthetic  enzyme  2-methyl-6-phytylbenzoquinol timyéiransferase, increases
accumulation of 6-tocopherol but decreases thetocopherol content in seeds (Van
Eenennaam et al., 2003).

The seed colour locus SC1 is also located on thetd® and correlation analysis indeed
showed yellow seeds to contain higher amounts @ind total tocopherol and lower amounts
of 6- tocopherol. Since there is no biochemical or jeneason to suggest a common
biochemical basis of biosynthesis of tocopherol dmel flavonoids contributing to seed
colour, a close linkage of different genes rattemtone common gene is the most likely
explanation for this correlation.
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An adequate diet must contain essential amino a€iusre is not much known about genetic
variation in amino acid content in Brassica. Hereigantified four QTLs for the essential
amino acids isoleucine and valine, co-locating & The isoleucine biosynthesis pathway is
almost parallel to valine biosynthesis, except iferfirst step which involves a threonine
deaminase and dehydrase. This locus possibly pomes to the gene encoding the
biosynthetic threonine dehydratase (TD) isozymewlaat has been isolated from tomato and
potato (Samach et al.,, 1991; Hofgen at al., 198@hn-essential amino acidse equally
important as the essential amino acids in our b&tyht QTLs for non-essential amino acids
were identified in the RIL population. These werdradependent, except for one, which was
shared between alanine and glutamine. Glutamate sidared a QTL with this co-located
region. As glutamate is the substrate for the ghinne synthesis and theeamino group of
glutamate can be transferred to pyrutateorm alanine (Forde and Lea, 2007), this locus c
regulate the accumulation of glutamate along witltagnine and alanine synthesis and is
somewhere upstream in the biosynthesis pathwal thfese compounds.

Six glucosinolates (progoitrin and neoglucobras$icelated QTLs localized on A5, G7 and
G8. Previously five QTLs related to progoitrin wenapped to chromosomes Al, A3, A4, A8
and A10 by Lou et al. (2008) iB. rapa DH population. He used forty-day-old leaves for
metabolite analysis and there is likely to be ddfee in the regulation of glucosinolate
biosynthesis in mature leaves, compared to yourgllieégs, which may even still carry
glucosinolates originally present in the seed.ng ease the progoitrin QTL on A5 is a new
locus to regulate progoitrin accumulation in yowwagdlings. Additional markers are needed
to assign linkage groups G7 and G8 toBheapareference map (Choi et al., 2007) and thus
rule out similarity of these loci with loci mappbg Lou et al. (2008). Extensive studies about
aliphatic glucosinolates in Arabidopsis have ledh® identification of genes encoding AOP
(2-oxoglutarate-dependent dioxygenase) and MAM liylghioalkylmalate synthase),
controlling the modification of side-chain moietpcdaelongation respectively (Field et al.,
2004; Heidel et al., 2006). The regulation of adipt glucosinolate biosynthesis enzymes is
controlled in Arabidopsis by the R2R3 myb-like tramgton factors, myb28 and myb29
(Hirai et al., 2007).

Flavonoids are most commonly known for their axilant activity. Three QTLs were
detected for flavonoids (kaempferol derivatives)AB A6, and A10. The last QTL on A10
co-located with malate and phenylpropanoids QTLs.flavonoids are synthesized via the
phenylpropanoid pathway, the locus on Al10 is prbpamvolved in upstream
phenypropanoid biosynthesis.

Alpha glucose QTL was mapped on the same positootha glutamate locus while beta
glucose QTL was mapped together with glutaminetaghate, and choline related QTLs.
Possibly glucose QTLs have role in carbon metatotlaring amino acid synthesis.
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The markers which we detected here can be usedtablish a diagnostic marker assisted
selection in plant breeding. Gaining Knowledge dtiba genetics behind the accumulation of
healthy compounds is necessary while new oppordsnifor pathway elucidation and

identification will be created. Genetic improvemeat healthy compounds improves

nutritional quality which is an important objectiwecrop breeding programs.
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Materials and methods

Seed preparation for HPLC

F7 seeds derived from one plant per line of recoanti inbreds of th8. rapalL58 x R-0-18
population were used for Vitamin E (tocopherol) sweament (two replicates of lines with
two technical replicates from the same plant). &bdate the data, 20 lines chosen at random
were re-measured after measuring all samples.Heotocopherol extraction 10-40 mg seeds
were ground in 2-ml reaction tubes with a Geno/@m 2000 (SPEX-Sample Prep,
Metuchen, USA) using-heptane and 3.0 - 4.0 mm metal beads. The samglesincubated

at -20 °C for 2 h. Further applications and HPLC ysed were performed as described by
(Dahnhardt et al., 2002; Falk et al., 2003; Schiktdal., 2001).

Quantification of the tocopherols was done by fasmence detection (excited2at290 nm,
emission ath=328 nm). To identify the individual tocopherolfietretention times were
compared with standard substances (Merck).

Seedling preparation for NMR

Thirty seeds per RIL of thB. rapalL58 x R-0-18 were used. Seeds were surface gtatili
with 70% ethanol (v/v) for 30 seconds, followed hgitation for 5 min in sodium
hypochlorite (2.0% active chlorite). After threemses in sterile distilled water, 30 seeds of
each individual (for every experiment) were placed5x90 mm petri dishes, each containing
20-25 ml half strength MS salts and vitamins, withgucrose and solidified with 0.8% (w/v)
agar. Petri dishes were placed vertically in a ghoghamber maintained at 25°C with a 16h
light/8h dark photoperiod at a light intensity df GEm?®s™. Five-day-old seedlings without
roots were harvested and freeze-dried.

Seedling Extraction and NMR Analysis

20 mg seedlings (dry weight) were extracted withigture of 500ul methanole, and 500Qul
D,0 (KH.PO, buffer, pH 6.0) containing 0.05% TSP (trimethylilspropionic acid sodium
salt, w/v) by ultra-sonication for 20 min. After rdefugation, 800ul supernatant were
transferred to an NMR tubéH NMR spectra were recorded at°’@5on a 600 MHz Bruker
AV600 spectrometer equipped with a cryoprobe opegaat a proton NMR frequency of
600.13 MHz. CROD was used as the internal lock. EddhNMR spectrum consisted of 128
scans using following parameters: TD=51200, Spettwidth=16.02 ppm, 0.25 Hz/point,
pulse width (PW) = 30(6.6 usec), acquisition time = 1.70 sec. and relaxatielayd (RD) =
2.0 sec. A pre-saturation sequence was used taesgpfhe residual 4@ signal with low
power selective irradiation at the,®l frequency ap 4.869 (2915.9 Hz) by 60.59 dB during
the recycle delay. Free Induction Decay (FID)s weoerier transformed with LB = 0.3 Hz
and the spectra were zero filled to 32 K pointse Tésulting spectra were manually phased
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and baseline corrected, and calibrated to TMSP.@&tpPm, using Topspin (version 2.1,
Bruker).

The 'H NMR spectra were automatically reduced to ASCR.fiSpectral intensities were
scaled to the internal standard (TSP) area andceedto integrated regions of equal width
(0.04 ppm) corresponding to the regionsod.3-6 10.0. The region ob 4.75-6 4.90 andd
3.28-% 3.34 was excluded from the analysis because ofréblual signal of HDO and
CD3OD, respectively. Bucketing was performed by AMIXfta@are (Bruker). Principal
component analysis (PCA) was performed with the SIMZA&oftware (v. 12.0, Umetrics,
Umea, Sweden) with scaling based on the Paretoaaieth
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Insertional mutagenesis using heterologous masesfrosons ohgrobacteriummediated T-
DNA insertions, has been a valuable tool for thentdication and isolation of genes that
display a mutant phenotype (Pereira, 2000). Thengiype associated with the altered
expression of a gene is often the best clue tofutstional role in the plant. Mutant
phenotypes can be broadly defined at the morphcaggbiochemical or physiological levels
and provide information on the interaction betweddferent processes. The maize transposon
systemsAc—Dsand En-1 (Spm/dSpinhave been shown to transpose after being intextiuc
into numerous heterologous hosts. These heteratogansposons can be modifiedvitro
and thus offer several advantages for transposaagenesis over the endogenous systems
(Pereira, 1998), which are also not available inmnynalant species. Activation tagging
provides an alternative to knockouts or RNA-silegcinduced knockdowns, through the
upregulation, rather than abolition, of native gempression. Employing insertion sequences
that carry a strong enhancer element near the hadivates the adjacent gene ectopically or
just enhances its expression level resulting in idant phenotypes (Pereira, 2000). A
dominant mutant frequency of about 1% was obtaurs#g En/I transposon based-activation
tagging in Arabidopsis by Marsch-Martinez et &20@2).

It would be very useful to have access to a hidjesiehcy mutagenesis tool BBrassica rapa,
which is receiving increasingly more interest fandtional genomics studies, in view of its
economic importance, its development as a modatassica crop species
(http://Iwww.brassica.info/) and the genomic advgataas a close relative of the plant
reference speciedrabidopsis thalianaThe initial goal of this research project wasdfiere

to develop artn/l transposon—based activation tagging populatioB.imapa This mutant
population, together with an EMS-generated M2 pafparh for tilling purposes as developed
by Ostergaard e.a. at the John Innes Center (Norviét) (http://www.jic.ac.uk/) could
provide valuable and complementary tools to studgptgene function iB. rapa

The first question that had to be answered waeEn/I transposon system is active Bn
rapa. In chapter 2, the activation of a heterolog@ugl tagging construct was shown B
rapa using Agrobacterium rhizogenebairy root transformation as an easy and fast gene
transfer method. Although in principle activati@yging could be achieved with a collection
of root cultures containing independent activatiag insertions to screen for altered root
phenotypes, we considered a collection of stabigadion tag insertion lines a more widely
applicable tool. Therefore we initiatéd tumefaciensnediated transformation &:. rapa B.
rapais known as a species recalcitrant to transformgfidoon et al., 2007; Tsukazaki et al.,
2002; Narasimhulu and Chopra 1988), so we expeotedransformation frequencies, as we
obtained upon transformation with the pCAMBIA2301 sioact expressing 35S-GUS.
Unfortunately we did not get any transformed shamtgying theEn/l activation tagging
construct, not even iB. napus which is much less recalcitrant to transformati&mce
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tobacco could be easily transformed with the comstwe concluded that one of the genes
present on the construct poses particular problgros expression iB. rapa Previously this
construct was transformed to Arabidopsis updn tumefaciensdip-inoculation, also at
relatively low transformation frequencies (Marsclafihez et al., 2002). The transformants
that were obtained all showed a dark-green, dwagsfeshotype, which could be attributed to
sequences at tHen/l construct, even after transposition of thelement activation tag. This
construct contains th8U1 negative selection marker gene, encoding a prakgihconverts
the pro-herbicide R7402 into the herbicide sulforgéu Since this gene is expressed under
control of the promoter of the Rubisco small subuamitich is mainly active in green tissue, it
also explains that production of transgenic rootsatli with this construct was not much of a
problem, but that regeneration of photosynthesizgrgen shootlets turned out to be
impossible.

It took a long time and many transformation expenits to find this out. Although the best
way to proceed towards an activation tagging proceavas to delete the SU1 gene from the
construct and restart transformation, time wasdoort to be able to achieve this and siill
obtain an activation tagged population which cobéd screened. Instead, the focus of the
research was shifted towards analysis of geneti@mti@an for transformation ability irB.
rapa, since the transformation experiments with a feffeent genotypes showed striking
differences in regeneration and in their resporseéA.t tumefaciensand A. rhizogenes
Previously Zhang et al., (1998) observed a larg@atian in regeneration frequency B
rapa when testing 123 genotypes. Also Sparrow et 8042 showed that a number of stages
within the transformation processin oleraceavere under strong genetic control, suggesting
that altering the tissue culture conditions aloneuld have only a limited effect on
transformation and regeneration efficiencies oélatrant material. This study by Sparrow et
al. (2004) led to the finding of highly significaguantitative trait loci (QTL) associated with
susceptibility toA. tumefaciensTherefore we decided to test if there are any d$sociated
with susceptibility to A. tumefaciensin B. rapa Since A. tumefaciensnediated
transformation is very time-consuming with the Idvansformation frequencies that are
expected when using a transformation-recalcitrgggci®s, we considered. rhizogenes
mediated hairy root transformation as an altereato test for transformation competence.
Since the virulence genes Afrobacteriumare conserved betweeh tumefaciengnd A.
rhizogenesand since other important factors needed for T-CiNsfer are common to both,
the analysis of plant genes regulating transfoimnably A. rhizogenesvas expected to also
shed light on the responseAotumefaciengCogan et al., 2002). In chapter 3, the generation
of two reciprocal F2 populations of about 200 indihals each, derived from crossing
genotypes L58 and R-0-18 was described. These ymwtwere chosen based on their
difference in susceptibility t&\. rhizogeneshairy root transformation, but also based on
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morphological characteristics, such as plant aechire (vegetable type x oilseed type),
different geographical origin, self-compatibilityné rapid-cycling, to allow the rapid
development of a large segregating population &edptospect to carry this on towards the
generation of a Recombinant Inbred Line populatiém. Amplified Fragment Length
Polymorphism (AFLP) platform was used to genotype E2 population. A great advantage
of this technique is that it is quick, relativelgeap and usually produces many polymorphic
bands using a single PCR reaction. A disadvantati@ighese markers are mostly dominant,
which particularly for an F2 population, in whichany loci are still heterozygous, is
inconvenient for genetic mapping. Therefore Simpéxuence Repeat (SSR) markers were
added to provide semi-dominant markers and to ketalassign the identified linkage groups
to their respective chromosomes as presented iB.thapareference linkage map (Choi et
al., 2007).

The genetic map that was made for one of the twipr@cal F2 populations was sufficiently
detailed to allow QTL analysis. Initially traitslaged to transformation and regeneration were
studied, revealing two QTLs for adventitious andyhaoot production. These QTLs can be
used for future selection oB. rapa lines that are more efficient in regeneration and
transformation. In addition to these traits, th@uydation segregated for many more traits for
which QTLs could be identified. A total of 13 QTEmr nine traits including flowering time,
total plant height, plant height until first opdavirer, number of siliques, number of seeds per
silique, seed oil content, seed size, seed weightaed colour were found. All of these traits
are interesting for breeding purposes, both foetedgle crop characters (as found in L58) as
for oilseed properties (R-0-18).

Yellow seededness has often been promoted forediBessicasas it often corresponds with
significantly higher seed oil contents (Rakow et &P99) and the meal of yellow-seeded
varieties that remains after extracting oil hashkigprotein and lower crude fiber contents
than that of black-seeded varieties and is of bgtiality for use as poultry and livestock feed
(Tang et al., 1997). However, surprisingly there apo yellow-seeded modern commercial
varieties in many parts of the world, due to a camrbelieve among farmers that rape seed
should be black (R.J. Snowdon, pers. communicatibhere may be some experimental
ground for that, as we found. The F2 populatiorresgated for a strong QTL explaining 52 %
of the seed colour variation mapping to chromosafe(chapter 2). The black seed coat
allele was fully dominant over the allele for yelil@eed coat. The seed coat colour QTL co-
localized with QTLs for seed size, seed weight,dse# content, number of siliques and
number of seeds per silique. Seed colour and seedvere controlled by the maternal plant
genotype rather than by the seed genotype. Muodlitsurprise, no correlation was detected
between seed coat colour and seed oil content wdwnparing all genotypes. We
hypothesized that this absence of correlation imimalue to the complete dominance of
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black seededness over yellow seededness, while @eembntent shows additive allelic
effects. However, a significant positive correlativas observed between seed coat colour
and seed oil content when examining the light c@duclasses only. This correlation
contradicts the previously found negative correlatbetween dark seededness and oil
content, as described by Badani et al. (2006) ane\WRadt al. (1999). As also black seeded
genotypes in general have higher oil seed conteats yellow-seeded genotypes it may not
always be advantageous to select for yellow-seed=dwhen breeding for high seed oll
content in Brassicas. Our observation also questiengresence of one gene controlling seed
colour and oil content at the QTL on chromosome ABhough further detailed genetic
analysis will be needed, it may well be that theme two closely linked genes at the A9 QTL,
for which favourable alleles for low fibre contesie to yellow seededness and for high oll
content happen to be in coupling phase in mosttgpas, but not in one or both of the L58
and R-0-18 parents used to make the population.

The major drawback of using an F2 population i¢ this not immortal, in the sense that F3
progeny will still segregate for many of the traitsserved in the F2 and thus the population
cannot be easily maintained as stable genotypesBFassicas this is normally achieved
through the development of doubled haploid derigegulations. However, these generally
have the disadvantage of showing self-incompatybdnd sterility hampering production of
sufficient seeds, and the tissue culture phaseaappe be a considerable selection bottleneck
(Kole et al., 1997) often leading to strong skevesgntowards the alleles of only one of the
parents (Suwabe et al., 2004). Therefore insteRdcmmbinant Inbred Line (RIL) population
was developed from this F2 population by singlelstescent, as described in chapter 4. The
llumina® BeadXpress' genotyping platform combined with the GoldenGassag (van
Orsouw et al. 2007) as recently developed by KegQ¢rv (Wageningen, The Netherlands)
was used to genotype the RIL population in F7. Phasform provided 86 SNP polymorphic
markers that could be mapped. We subsequently aglgedlicly available SSRs also used to
map the F2 population to compare both and to réfetdinkage map to thB. rapareference
map (Choi et al., 2007). The RIL genetic map covetsta distance of 399.8 cM with an
average resolution of 4.34 cM. Still 28% of the kesis showed considerably distorted
segregation but this is less comparing vBtlassica rapaDH populations (more than 50%)
(Wu et al., 2007; Lou et al., 2007; Suwabe et24lQ4).

A total of 26 QTLs were detected in the RIL popuatfor 19 traits including adventitious
and hairy root production, flowering time, totalapt height, plant height until first open
flower, leaf number until first open flower, toteaf number, cuticular wax appearance,
branch number, number of siliques, silique lengilique beak length, silique carpel number,
seed weight, seed colour, shattering and seedimgenwo strong QTLs for the seed colour
(SC1 and SC2) were found, explaining about 70% ofséed coat colour variation. Dark
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alleles for SC1 derive from L58 and for SC2 from R&-QTLs for relevant breeding traits
such as carpel number, pod shattering, seed vivgnad cuticular wax were also detected in
this RIL population.

Next to an important vegetable and oil seed cBy@ssica rapais a valuable source of
diverse health-promoting antioxidant metabolitesefE appears to be a wide variation for
these compounds . rapa for which the genetic basis is largely unknownchapter 5 the
genetic analysis of health related compounds, a6 age other primary and secondary
metabolites, is presented and discussed. QTLsekn socopherolof, y-, 8-, ay-, and total
tocopherol) content were detected on A6 and A9amrjlg a large fraction (up to 37%) of
the observed phenotypic variance for seed tocoploerdent. Previously Abdel-Farid et al.
(2007) demonstrated the use'Bf NMR spectroscopy to uncover qualitative and quativie
differences in metabolite concentrations in varioulivars ofB. rapa therefore this tool was
used to detect elucidated metabolites, severalnargand amino acids, carbohydrates,
phenylpropanoids, flavonoids and glucosinolatesexdlings of the RIL population.

This yielded a large dataset of NMR spectra compi&i38 signals. The conversion of NMR
signals to compounds is not easy, especially if two-dimensional NMR spectra are
available. So far, 19 compounds, distributed ovganic/amino acid, sugar/glucosinolate and
aromatic regions could be annotated. Out of the §8als, QTLs were determined for 148
signals. Among these are six glucosinolates (ptagand neoglucobrassicin), four essential
amino acids aneight non-essential amino acids. Although this fgst screen for seedling
metabolites, it shows the potential of the usehid population for further development of
genetic markers suitable for breeding for improvedritional quality inB. rapa Further
analysis is needed for the cloning of genes invahlwehich could be used for future genetic
engineering of nutritional quality.

The developed RIL population is a self compatibld eapid cycling population and a useful
source for genetic analysis and identification ehetic loci that can be used in future
breeding programs. The results described in chapteand 5 are mainly illustrating the
potential of the population for genetic analysise Wid not focus in detail on traits
particularly useful for vegetable or oilseed morypes, which will be segregating in this
population considering the origin of both parerSsich traits could be shoot tenderness,
resistance to particular pathogens, storabilitygpsation to required growth conditions, etc.
The population can also be used to directly seleitéble lines as starting material for further
breeding. For instance, the genotypes with bettgemeration and transformation abilities
could be used in future transformation experimel@sce transposon based activation
mutagenesis is still an important goal to pursuB.imapathey would be the genotypes of
choice for transformation with improved activatiagging constructs. The genetic map of the
RIL population can be further improved by adding &fLP markers used for the F2 map.
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This would enhance the resolution of the map alavala much better comparison of traits
and QTLs analysed in both populations. Furtheristudre therefore needed to refine the map
positions and improve the correlation of the RIL gggnmap to théB. rapareference map.
This reference map is expected to be integrated sath the physical map based on genomic
DNA sequence (http://www.brassica-rapa.org/BRGP/stp). This will  simplify
identification of candidate genes, and facilitatee comparison to functional analyses for
related genes performed in Arabidopsis, or others8caceae species for which genome
sequence and functional genetic information islalsba.
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Summary

Brassica rapais an important crop with a variety of forms, andvae distribution in the
world. It is used as oil seed and vegetable crap arvaluable source of diverse health-
promoting metabolites. It also can serve as a mimalejenetic and molecular analysis in the
Brassicagenus, to which all rapes, kales and cabbagesidpeds it has the smallest genome
size and some genotypes with a rapid life cycle.

Insertional mutagenesis using heterologous maaesposons has been a valuable tool for the
identification and isolation of genes in Arabidapsiiransposon-based activation tagging
systems use a construct with constitutive enhaet@Ements that can cause transcriptional
activation of flanking plant genes, which can resol dominant mutant phenotypes and
subsequent isolation of the genes involved. Chaptatescribes the action of dan/l
activation tagging construct iB. rapa through Agrobacterium rhizogenesediated hairy
root transformation. Successful transformation lois tconstruct toB. rapa ssp. byA.
tumefacienswas not achieved, probably due to the combinabbran inefficient plant
transformation and regeneration system, the leafjthe construct and most importantly the
presence of theSU1l gene in the construct that appears to inhibit tegeneration of
transformed shoots.

As an alternative to the insertional mutagenespagch to identify genetic loci that impact
traits, there is a genetic approach based on datiwi trait locus (QTL) analysis. Segregating
populations are needed to map QTLs for traits tdrest. Chapter 3 describes the analysis of
an F2 population derived from a cross between twtindt, but early flowering and self
compatible,B. rapa genotypes, L58 and R-0-18. Amplified fragment kEengolymorphism
(AFLP) markers together with simple sequence re(fe8R) markers were used to genotype
this F2 population and anchor the linkage map ¢oréiierence genetic map Bf rapa Highly
significant QTLs associated with the productioradizentitious roots and the transformation
competence td\. rhizogenesvere detected, which will allow the selection wiek that are
more efficient in transformation experiments. Timalgsis detected a strong QTL associated
with seed coat color as well as QTLs for variougphological traits.

To fix the recombination events as much as possibte to obtain an “immortal” mapping
population, a recombinant inbred line (RIL) popwatiwas developed from this F2
population. Chapter 4 describes development of Rils population, for which a genetic
linkage map was constructed using the lllumina® Bgadss" genotyping platform of

Keygene NV and additional SSR markers. Analysisaktean additional QTL for seed coat
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colour as well QTL for pod shattering, carpel numbauticular wax and seed vivipary.
Chapter 5 describes the detection of QTLs relatepritnary and secondary metabolites in
this RIL population. The two parental lines showaclelifferences in metabolite profile,
which allowed the finding of QTLs for glucosinolaighenylpropanoids, glucose, glutamate
and amino acids after analysis witH-HNMR. HPLC analysis of tocopherols revealed four
QTLs controlling the levels of this important anxiidant.

The information on the genetic control of healtlated compounds indicates the potential to
improve nutritional quality in classical crop bregglprograms.
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Samenvatting

Brassica rapais een belangrijk gewas met een verscheidenh@igpattypes en een brede
wereldwijde verspreiding. Het gewas wordt gebrwigor olie- en groenteproductie en is een
waardevolle bron van verschillende gezondheidslirende metabolieten. Het is ook een
modelsoort voor genetische en moleculaire analysket genusBrassica(met daarin alle
kolen en rapen vertegenwoordigd) met het kleinst@ogm en sommige genotypes met een
korte generatieduur.

Insertiemutagenese met behulp van maistransposoesni waardevol hulpmiddel gebleken
voor de identificatie en isolatie van genen uit ldapsis. “Activation-tagging” systemen
gebaseerd op transposons maken gebruik van eetruminmet constitutieve expressie
inducerende “enhancer” elementen die de transeridn flankerende plant genen kunnen
activeren. Dit kan resulteren in dominante mutdet®types, op basis waarvan nieuwe genen
geidentificeerd kunnen worden. Hoofdstuk 2 besithdg werking van eekn/l activation-
tagging construct irB. rapa na worteltransformaties metgrobacterium rhizogene®Dit
construct kon niet met behulp vah tumefaciensiaarB. rapa overgebracht worden om
stabiele transgene planten te krijgen. Waarscjijiklivam dit door de combinatie van een
inefficiént plant transformatie- en regeneratiepcol; de lengte van het construct; en vooral
door de aanwezigheid van &/l gen op het construct. De aanwezigheid van ditligerde
regeneratie van transgene scheuten sterk te remmen.

Een alternatief voor insertiemutagenese om gemetistctoren die een effect op
planteigenschappen hebben te bepalen, is een ggmehanpak gebaseerd op de analyse van
genetische loci voor kwantitatieve eigenschappeQuéhtitative Trait Loci — QTLS").
Uitsplitsende populaties zijn nodig om QTLs in ka@r brengen. Hoofdstuk 3 beschrijft de
analyse van een F2 populatie afkomstig van eersikgiitussen twee verschillende, maar
vroegbloeiende en zelfcompatibele, rapagenotypes, L58 en R-0-18. “Amplified Fragment
Length Polymorphism” (AFLP) merkers en “Simple Sexgce Repeat” (SSR) merkers zijn
gebruikt om deze F2 populatie te genotyperen erdergenetische koppelingskaart van de
populatie te verankeren aan de genetische refekaatit varB. rapa Na analyse zijn enkele
QTLs gevonden met een hoge statistische betrouwb@mavoor associatie met de productie
van adventiefwortels en transformatiecompetentigr Yo rhizogenesHiermee kunnen in de
toekomst lijnen geselecteerd worden die efficiérggn in transformatie-experimenten.
Verder is een sterke QTL gevonden voor zaadhuididauQTLs voor diverse morfologische
kenmerken.
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Samenvatting

Om de verschillende recombinatiegebeurtenissereze ¢F2 populatie zo veel mogelijk vast
te leggen en om zodoende een “onsterfelijke” pdulaoor genetische analyse te krijgen, is
een zogenaamde recombinante inteeltlijn (RIL) papulantwikkeld. Hoofdstuk 4 beschrijft
deze ontwikkeling. Voor de constructie van een gscdee kaart van deze populatie is gebruik
gemaakt is van het lllumina® BeadXprB$sgenotyperingsplatform van Keygene NV,
aangevuld met SSR-merkers. Na analyse van de gegege een nieuwe QTL voor
zaadhuidkleur gevonden, evenals QTLs voor voogigdiaadval, het aantal vruchtbladen, de
bladwaslaagkleur en voortijdige zaadkieming. Hotfkss beschrijft de vondst van QTLs
gerelateerd aan primaire en secundaire metaboligstedeze RIL populatie. De twee
ouderlijnen vertonen duidelijke verschillen in mmihetprofiel, waardoor het mogelijk was
om met behulp van H NMR QTLs te vinden voor de gehaltes aan glucdatea,
fenylpropanoiden, glucose, glutamaat en aminozu#€l.C-analyse van tocoferolen leverde
vier QTLs op betrokken bij de productie van deziagrijke antioxidant.

De informatie over de genetische controle van dealjes aan gezondheidsbevorderende

stoffen is illustratief voor de mogelijkheden om tmedehulp van klassieke
veredelingsprogramma’s de  voedingskwaliteit van apsen te verbeteren.
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