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Abstract Breeding of oilseed rape (Brassica napus ssp.
napus) has evoked a strong bottleneck selection towards
double-low (00) seed quality with zero erucic acid and low
seed glucosinolate content. The resulting reduction of
genetic variability in elite 00-quality oilseed rape is particu-
larly relevant with regard to the development of genetically
diverse heterotic pools for hybrid breeding. In contrast, B.
napus genotypes containing high levels of erucic acid and
seed glucosinolates (++ quality) represent a comparatively
genetically divergent source of germplasm. Seed glucosino-
late content is a complex quantitative trait, however, mean-
ing that the introgression of novel germplasm from this
gene pool requires recurrent backcrossing to avoid linkage
drag for high glucosinolate content. Molecular markers for
key low-glucosinolate alleles could potentially improve the
selection process. The aim of this study was to identify
potentially gene-linked markers for important seed gluco-
sinolate loci via structure-based allele-trait association
studies in genetically diverse B. napus genotypes. The
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analyses included a set of new simple-sequence repeat
(SSR) markers whose orthologs in Arabidopsis thaliana are
physically closely linked to promising candidate genes for
glucosinolate biosynthesis. We found evidence that four
genes involved in the biosynthesis of indole, aliphatic and
aromatic glucosinolates might be associated with known
quantitative trait loci for total seed glucosinolate content in
B. napus. Markers linked to homoeologous loci of these genes
in the paleopolyploid B. napus genome were found to be
associated with a significant effect on the seed glucosinolate
content. This example shows the potential of Arabidopsis-
Brassica comparative genome analysis for synteny-based
identification of gene-linked SSR markers that can poten-
tially be used in marker-assisted selection for an important
trait in oilseed rape.

Keywords Brassica napus - Seed glucosinolates -
Candidate genes - SSR markers - Allele-trait association -
Synteny

Introduction

Oilseed rape (Brassica napus ssp. napus; genome AACC,
2n =38) is the most important source of vegetable oil in
Europe and the second most important oilseed crop in the
world after soybean. Brassica napus is a relatively young
species that originated in a limited geographic region
through spontaneous hybridisations between turnip rape (B.
rapa; AA, 2n = 20) and cabbage (B. oleracea; CC, 2n = 18)
genotypes (Kimber and McGregor 1995). The gene pool of
elite oilseed rape breeding material has been depleted by
breeding for specific oil and seed quality traits, with partic-
ularly strong bottleneck selection for zero seed erucic acid
(C22:1) and low seed glucosinolate content (so-called
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double-low, 00 or canola quality). The first erucic acid-free
variety, derived from a spontaneous mutant of the German
spring rapeseed cultivar “Liho”, was released in Canada in
the early 1970s. In 1969 the Polish spring rape variety
“Bronowski” was identified as a low-glucosinolate form,
and this cultivar provided the basis for an international
backcrossing program to introduce this polygenic trait into
high-yielding erucic acid-free breeding lines. The result
was the release in 1974 of the first 00-quality spring rape-
seed variety, “Tower”. Today the overwhelming majority
of modern spring and winter oilseed rape varieties have 00-
quality. However, residual segments of the “Bronowski”
genotype in modern cultivars are believed to cause reduc-
tions in yield, winter hardiness, and oil content (Sharpe and
Lydiate 2003). Furthermore, the restricted genetic variabil-
ity in modern 00-quality oilseed rape (Hasan et al. 2006) is
particularly relevant with regard to the development of
genetically diverse heterotic pools of adapted genotypes for
hybrid breeding. For this purpose B. napus genotypes con-
taining high levels of erucic acid and seed glucosinolates
(so-called ++ seed quality) represent a comparatively
genetically divergent source of germplasm (Robbelen
1975; Thompson 1983; Schuster 1987).

Glucosinolates are secondary plant metabolites synthe-
sized by species in the family Brassicaceae, which includes
a large number of economically important Brassica crops
and the model plant Arabidopsis thaliana. The various
glucosinolate compounds are designated aliphatic, aromatic
and indole glucosinolates depending on whether they origi-
nate from aliphatic amino acids (methionine, alanine,
valine, leucine, isoleucine), aromatic amino acids (tyrosine,
phenylalanine) or tryptophan, respectively. Together with
the myrosinase enzymes (also known as thioglucosidases)
glucosinolates form the glucosinolate-myrosinase system
(Wittstock and Halkier 2002), which is generally believed
to be part of the plant’s defence against insects and possibly
also against pathogens (Rask et al. 2000). When plant tis-
sue is damaged the glucosinolates are hydrolysed by the
myrosinases to release a range of defence compounds from
substrate cells (Mithen et al. 2000).

After oil extraction from the seeds of oilseed rape the
residual meal, which contains 38—44% of high quality pro-
tein, is used in livestock feed mixtures. However, high
intakes of glucosinolates and their degradation products in
rapeseed-based meals can cause problems of palatability
and are associated with goitrogenic, liver and kidney abnor-
malities (Walker and Booth 2001). This particularly limits
the use of the rich-protein meal as a feed supplement for
monogastric livestock. Seed-specific optimisation of the
glucosinolate content and composition would help to
improve the nutritional value of rapeseed meal without
compensating the disease and pest resistance properties in
the crop (Wittstock and Halkier 2002). Genetic control of
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glucosinolate accumulation is polygenic, and the biosynthe-
sis pathways for different glucosinolate compounds are well
characterised in A. thaliana. Furthermore, Howell et al.
(2003) demonstrated through comparative mapping that
high-glucosinolate rapeseed genotypes often carry low-
glucosinolate alleles at one or more of the major quantita-
tive trait loci (QTL) controlling seed glucosinolate accumu-
lation. With effective molecular markers for marker-assisted
selection these genotypes could be used to introduce new
genetic variation for low seed glucosinolate content into
breeding programs. A number of studies have described
detection of QTL for total seed glucosinolate content in
different oilseed rape crosses (Uzunova et al. 1995; Howell
et al. 2003; Sharpe and Lydiate 2003; Zhao and Meng 2003;
Basunanda et al. 2007). Four QTL on B. napus chromo-
somes N9, N12, N17, and N19 were detected independently
in different studies, indicating that these QTL represent
major loci that influence seed glucosinolate content in
different materials. The QTL on N9, N12 and N19 were
found by Howell et al. (2003) to be homoeologous loci.

Markers for QTL detected by classical genetic mapping
in individual crosses are not necessarily transferable to other
material, and the utility of QTL-linked markers for marker-
assisted selection is limited by the relative effects of individ-
ual loci on the trait of interest (Snowdon and Friedt 2004).
On the other hand, detection of marker-trait associations
based on linkage disequilibrium in genetically diverse mate-
rials can identify alleles with direct linkage to genes show-
ing significant effects on the trait. In plant breeding
populations the technique has seldom been used for marker
development (Breseghello and Sorrells 2006), although
association approaches can be particularly suitable for iden-
tification of useful allelic variation in genetically diverse
genotype collections (Flint-Garcia et al. 2003). To date
association studies in plants have mainly been performed in
species for which extensive sequence data is available. For
example, genome-wide analysis was used by Aranzana et al.
(2006) to confirm trait associations of flowering time and
disease resistance genes in A. thaliana, and sequence diver-
sity in trait-relevant candidate genes has also been used to
uncover allele-trait associations in Arabidopsis (Hagenblad
and Nordborg 2002; Balasubramanian et al. 2006; Ehrenr-
eich et al. 2007), rice (Bao et al. 2006; Iwata et al. 2007) and
maize (Thornsberry et al. 2001; Wilson et al. 2004; Yu et al.
2006). On the other hand, genome-wide and candidate
gene association studies have also been successful in crops
with less well-characterised genomes, for example potato
(Gebhardt et al. 2004). Oesterberg et al. (2002) identified
associations with flowering time in sequence variants of the
COLI gene in Brassica nigra, but to date this remains the
only report of an association study in a brassica crop.

In recent years considerable progress in the accumula-
tion and distribution of Brassica genome data has been
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Table 1 Results of Bayesian clustering within two sets of genetically Table 1 continued
diverse Brassica napus genotypes
Cluster Brassica napus Mean total seed  Type
Cluster Brassica napus Mean total seed Type allocation by gene bank glucosinolate
allocation by gene bank glucosinolate STRUCTURE 2.1  acccessions content (umol/g)
STRUCTURE 2.1 acccessions content (Lmol/g)
Markus 81.5 WOSR
Ge;fc le)ir}l;m Spaeths Zollerngold 62.5 SOSR Librador 103 WOSR
groug ) 5 Marnoo . 21.3 SOSR Doral 84.2 WOSR
Bronowski 1.9 SOSR GroB-Liisewitzer ~ 89.5 WOSR
Ceska Krajova 60.1 SOSR Libritta 117 WOSR
Duplo 14.7 SOSR Liporta 20.0 WOSR
Nugget 338 SOSR Lirakotta 74.8 WOSR
Wesway >1.9 SOSR Baltia 73.4 WOSR
Tribute 15.1 SOSR Skziverskij 93.8 WOSR
Svalof’s Gulle 61.2 SOSR Jet Neuf 932 WOSR
Olga 66.5 SOSR Jupiter 81.5 WOSR
Alku 52.3 SOSR Panter 86.7 WOSR
Topas 16.3 SOSR Norde 76.2 WOSR
Line -8 SOSR Matador 76.0 WOSR
Erglu - 302 SF Darmor 16.2 WOSR
Janetzkis Sommerraps 74.4 SOSR Askari 69.5 WOSR
Dux 22.8 SOSR Quedlinburger 87.8 WOSR
Liho 52.8 SF Platzfester
Kroko 69.2 SF Ramses 88.4 WOSR
Petranova 103.1 SF Sarepta 75.7 WOSR
Mestnij 87.1 WOSR Skrzeszowicki 80.1 WOSR
Gene bank Mytnickij 82.6 WOSR Slovenska Krajova  90.8 WOSR
accessions, Aphid Resistant Rape ~ 77.0 WE Sonnengold 85.2 WOSR
group 2 Hokkai 3-go 792 WOSR Trebicska 83.2 WOSR
Taisetsu 71.3 \AY% Victor 86.9 WOSR
Krapphauser 83.7 WOSR Giilzower Olquell 91.1 WOSR
Chuosenshu 56.1 A\VAY Bienvenue 56.0 WOSR
English Giant 88.9 WF Ceres 12.2 WOSR
Nunsdale 86.5 WE Coriander 88.8 WOSR
Clubroot Resistant 8.9 WF Doral 876 WOSR
Dwarf Essex 71.2 WF Edita 85.7 WOSR
Michinaku natane 92.6 WF Erra 714 WOSR
Parapluie 70.4 WF Janpol 9.2 WOSR
Samo 66.1 WF Lesira 38.5 WOSR
Hakuran 87.4 SV Madora 23.1 WOSR
Tira 100.5 SF Jantar 4.2 WOSR
Kromerska 79.0 WOSR Bolko 8.1 WOSR
Lirafit 223 WOSR Silona 921 WE
Vinnickij 15/59 93.6 WOSR Bladkool 3.1 WE
Dippes 81.8 WOSR
Gene bank Lenora 94.8 WOSR Ani 770 WOSR
. nja .
accessgons, Diamant 84.7 WOSR Bi ! 176 WE
inera .
group Quinta 61.7 WOSR o
Liragriin 75.8 WF
Rapol 93.1 WOSR .
. Moldavia 90.8 WOSR
Major 87.0 WOSR
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Table 1 continued

Table 1 continued

Cluster Brassica napus Mean total seed  Type Cluster Brassica napus Mean total seed  Type
allocation by gene bank glucosinolate allocation by gene bank glucosinolate
STRUCTURE 2.1  acccessions content (umol/g) STRUCTURE 2.1 acccessions content (umol/g)
Nemertschanskij 1 84.1 WOSR Lisabeth 12.4 WOSR
Start 23.3 WOSR Pollen 11.8 WOSR
Sobotkowski 83.3 WOSR Prince 25.7 WOSR
Wolynski 85.8 WOSR Wotan 9.1 WOSR
Winter rapeseed Campari 13.6 WF Zenith 2.0 WOSR
genotypes, Caramba 11.6 WE Capitol 11.0 WOSR
group 1 Licapo 6.7 WE Mansholt’s 20.0 WOSR
' Hamburger Raps
Resyn. HO48 70.7 RS £ P
Resyn. H226 32.9 RS The ﬁ%rst genot?fpe set comprises 94 B. napus gene b.ank accessions
" 318 WOSR including old oilseed, fodder and vegetable rape varieties from differ-
Sollux ’ ent geographic origins. For accession numbers and origins of the gene
1012-98 16.5 RS bank accessions see Hasan et al. (2006). The second genotype set con-
Erox 44.8 WOSR tains 46 winter-type varieties and breeding lines
Resyn. Go S4 81.8 RS SOSR spring oilseed rape, SF spring-type fodder rape, WF winter-type
fodder rape, SV spring-type vegetable rape, WOSR winter oilseed rape,
Winter rapeseed ~ Amor 27.6 WOSR WYV winter-type vegetable rape, RS resynthesised rapeseed
genoty;)es, Ascona 9.8 WOSR
group .
Askari 80.3 WOSR  made by participants in the Multinational Brassica Genome
Bienvenue 75 WOSR  project (see http://www.brassica.info/). With the increasing
Cobra 217 WOSR  amount of Brassica-Arabidopsis comparative genomics
Dl—llv}f?m Apexx 102 WOSR  (ata it is becoming possible to navigate between and among
omean the chromosomes of A. thaliana and B. napus. In some
D}ﬂof;?crgnApex x o122 WOSR ases this can enable the map positions of B. napus QTL for
Duell 8.9 WOSR traits of agronomic importance to be compared with the
Jessica 8. 1 WOSR positions of potential candidate genes in the model genome.
Li 8.7 WOSR Brassica sequences with homology to the corresponding A.
10n . . . .
Linid 0.8 WOSR thaliana regions can then potentially be used for database-
L%plb 8.1 WOSR oriented identification of new markers for fine mapping,
L%mkon 10'0 WOSR association studies or marker-assisted selection towards
18 ’ trait improvement. Moreover, it is also potentially possible
Mégnum 95 WOSR identify relevant candidate genes for important traits in
Phil ) 44.9 WOSR — ilseed rape, based on their positions in syntenic maps
Samourai 26.1 WOSR compared to important QTL.
Orlando 9.7 WOSR According to Peleman and van der Voort (2003), distin-
Quinta 12.7 WOSR  guishing as many alleles as possible at loci of interest and
Flip 8.7 WOSR determining phenotypic values for these alleles should
Maplus 39.0 WOSR  greatly improve the predictive power of selection markers
Winter rapeseed ~ Aviso 11.0 WOSR and enable marker-assisted combination of positive alleles
genotypes, Bristol 10.8 WOSR for different loci. Because B. napus is a facultative outcros-
group 3 Columbus 16.8 WOSR  ser, a high degree of heterozygosity would be expected in
Contact 11.8 wosr  hatural populations. However, cultivars and gene bank col-
Express 18.0 wosr  lections of this amphipolyploid species are maintained as
Falcon 96 wosr  pure-breeding lines by self-pollination, so that genetically
Idol 614 wosr  diverse genotype collections are effectively homozygous
Jet Neuf 3.6 wosr  inbred lines and therefore ideal for allele-trait association
Leopard 212 WOSR studies. In this study we performed structure-based associa-
Lirajet 515 WOSR tion studies for seed glucosinolate content in two divergent
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of new simple-sequence repeat (SSR) markers was devel-
oped whose closest orthologs in A. thaliana are physically
closely linked to promising candidate genes for seed gluco-
sinolate biosynthesis. In order to incorporate information on
the population structure into the association analysis, the
potentially gene-linked markers were supplemented with a
large set of SSR markers distributed throughout the genome.
Furthermore, we also tested trait associations of previously
mapped SSR markers for which homologous loci were
localised near major QTL for seed glucosinolate content.
This research tests the utility of association studies based on
gene-linked and QTL-linked markers to detect seed gluco-
sinolate content in B. napus. At the same time we describe a
technique for synteny-based identification of gene-linked
SSR markers for marker development in oilseed rape.

Materials and methods
Plant materials

Two different sets of genetically diverse B. napus geno-
types were used for the allele-trait association studies
(Table 1). The primary genotype set comprised 94 geneti-
cally diverse B. napus gene bank accessions from a B.
napus ‘“core collection” which spans the genetic diversity
present in European gene bank collections of winter and
spring oilseed, fodder and vegetable rape varieties. The
core collection was selected based on phenotypic descrip-
tors that were assessed during a European project on
genetic diversity in Brassica crop species (Liihs et al. 2003;
Poulsen et al. 2004), in combination with available pedi-
gree information. The genetic diversity within the core col-
lection has been described previously (Hasan et al. 2006).
A second set of genotypes was used to further investigate
markers that showed significant associations with glucosin-
olate content in the gene bank accessions. The second set of
material comprised 46 winter-type, predominantly oilseed
rape genotypes that were chosen based on pedigree knowl-
edge to cover as broadly as possible the genetic and pheno-
typic variation present in current western European
cultivars. Thirty-two of the 46 genotypes were cultivars or
breeding lines with low seed glucosinolate content.

The gene bank accessions were grown in field trials in
Rauischholzhausen, Germany, in 2003 and 2004, while the
second set of genotypes were grown in Einbeck, Germany,
from 2003 to 2005. Seeds were harvested from five to six
self-pollinated plants per genotype and mean total seed
glucosinolate content was estimated by near infrared reflec-
tance spectroscopy (NIRS). Approximately 2 g seeds per
sample were measured by monochromator analysis in a
spinning cell at all wavelengths between 1,100 and
1,800 nm. For the molecular marker analyses genomic

DNA samples were extracted from young leaves of five
pooled plants per genotype using a standard CTAB extrac-
tion protocol (Doyle and Doyle 1990).

Potentially gene-linked SSR markers identified
by comparative genome analysis

Twelve new Brassica SSR primer combinations were iden-
tified in sequences with homology to A. thaliana chromo-
some regions containing relevant candidate genes for
glucosinolate content. First, interesting Arabidopsis chro-
mosome regions with putative associations to glucosinolate
QTL in B. napus were identified by in silico localisation of
the closest A. thaliana orthologs for RFLP marker
sequences from three major homoeologous B. napus gluco-
sinolate QTL. Sequences for the RFLP probes CA72,
pO119, pW141, pW200, and pW157, which were reported
by Howell et al. (2003) to label loci belonging to homoeol-
ogous QTL on B. napus chromosomes N9, N12 and N19,
were obtained from the EMBL database of the European
Bioinformatics Institute (http://www.ebi.ac.uk/embl/). Four
A. thaliana chromosome regions containing orthologous
sequences to one or more of the abovementioned markers
were identified based on the BLASTn annotations reported
by Parkin et al. (2005). By searching the biological process
“glucosinolate biosynthesis” in the gene ontology database
of the Arabidopsis Information Resource (TAIR: http://
www.arabidopsis.org/) the genes cytochrome P450 mono-
oxygenase 83B1 (CYP83BI: At4g31500), cytochrome P450
79A2 (CYP79A2: At5g05260), methylthioalkylmalate syn-
thase (MAMI/MAML: tandem duplication At5g23010/
At5g23020) and altered tryptophan regulation (ATRI:
At5g60890) were identified as the physically closest poten-
tial candidates to the QTL-marker orthologs in the four rel-
evant chromosome regions on A. thaliana chromosomes 4
and 5, respectively.

The “SSR Search” tool of the Brassica ASTRA database
from the Plant Genetics and Genomics platform of Primary
Industries Research Victoria, Australia (http://horn-
bill.cspp.latrobe.edu.au/cgi-binpub/brassica/index.pl) was
used to search A. thaliana genome regions up to 500 kbp
upstream and downstream of the four selected candidate
genes for potentially gene-linked SSR sequences. A total of
thirty-two putative Brassica SSR primer combinations
were identified in the different candidate gene regions and
all primers were tested for suitability in B. napus. Twelve
of the primer pairs gave clear, reproducible and polymor-
phic amplification products at one or more loci in B. napus
and were used to screen for allelic polymorphisms in the 94
gene bank accessions. Sequences for these new SSR prim-
ers are available in Supplementary Table 1. All of the four
putative candidate genes were represented by these poten-
tially gene-linked SSR markers.
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Four publicly-available Brassica SSRs (BRASO014,
CB10425, O110-D03 and O111-C02) were also included in
the association analysis in the primary genotype set. These
four primers amplify SSR markers that are known to be
linked to the seed glucosinolate QTL on B. napus N17
(Basunanda et al. 2007; F. Lipsa and R. Snowdon, unpub-
lished results), for which no tightly-linked RFLP markers
with clear synteny to Arabidopsis regions containing puta-
tive candidate genes were available.

Genome-wide SSR markers

Population structure among the 94 gene bank accessions was
analysed using allelic data from 46 publicly available Bras-
sica SSR primer combinations that amplify loci dispersed
throughout the entire B. napus genome. Thirty of these
primer combinations were also used previously to screen the
genetic diversity in these genotypes (Hasan et al. 2006). For
population structure analysis in the 46 winter oilseed rape
genotypes, allelic data from a total of 104 SSR primer com-
binations that amplified 559 marker alleles were kindly pro-
vided by the breeding companies KWS Saat AG, SW Seed
GmbH and Saaten-Union Resistenzlabor GmbH. This data
was generated as part of the project GABI-BRIDGE: Bras-
sica napus allelic diversity in candidate genes.

SSR analyses

PCR reactions were performed in a GeneAmp PCR System
9700 thermal cycler in a volume of 15 pL containing 20 ng
of DNA template, 0.75 pmol of each primer, 0.2 mM dNTP
mix, 1xPCR reaction buffer containing 15 mM MgCl,, a
further 1 mM MgCl, and 0.25 units of Tag DNA polymer-
ase (Qiagen, Hilden, Germany). To reduce primer-labelling
costs, PCR products were labelled with the M13-tailing
technique described by Berg and Olaisen (1994). In this
method the fluorescently labelled universal M13 primer 5'-
AGGGTTTTCCCAGTCACGACGTT-3’ is added to the
PCR reaction, and the forward primer of each SSR is
appended with the sequence 5'-TTTCCCAGTCAC-
GACGTT-3'. After the first round of amplification the PCR
fragments are subsequently amplified by the labelled uni-
versal primer. A touch-down PCR cycle was modified from
the procedure described by Xu et al. (2005) as follows: An
initial denaturation was performed at 95°C for 2 min, fol-
lowed by five cycles of denaturation for 45s at 95°C,
annealing for 5 min beginning at 68°C and decreasing by
2°C in each subsequent cycle, and extension for 1 min at
72°C. Then five cycles were performed with 45 s denatur-
ation at 95°C, 1 min annealing beginning at 58°C and
decreasing 2°C in each subsequent cycle, and 1 min of
extension at 72°C. The PCR was then completed with an
additional 27 cycles of 45 s denaturation at 94°C, 2 min of
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annealing at 47°C, and 30 s of extension at 72°C, with a
final extension at 72°C for 10 min. The SSR polymor-
phisms were separated and visualised using a LI-COR
GeneReadir 4200 (MWG Biotech, Ebersberg, Germany).
Allele sizes including the 23 bp labelled M13 tail primer
were scored with the software RFLP-SCAN (Version 2.01,
Scanalytics Inc., Fairfax, VA, USA) based on a labelled
length standard.

Analysis of population structure

A potential problem for every population-based association
study is the presence of undetected population structure that
can mimic the signal of association and lead to false posi-
tives or to missed real effects (Marchini et al. 2004). We
analysed the population structure with the model-based
Bayesian clustering approach in the software STRUC-
TURE 2.1 (Pritchard et al. 2000) using allelic data from
genome-wide SSR markers. Many Brassica SSR primer
combinations amplify different marker alleles at multiple
loci in the paleopolyploid B. napus genome, and homopla-
sic alleles may be amplified at different loci. This means it
can be difficult or impossible to assign the different marker
alleles to individual loci in genotypes with high allelic
diversity. Hence all SSR alleles were scored dominantly as
present or absent in each genotype, and no information on
marker linkage could be included in the population struc-
ture model. Therefore the model of no admixture was
applied for the analysis of population structure, as stipu-
lated by the user instructions for STRUCTURE 2.1. The
basis of the Bayesian clustering method is the allocation of
individual genotypes to groups in such a way that Hardy—
Weinberg equilibrium and linkage equilibrium are valid
within clusters, whereas these forms of equilibrium are
absent between clusters. For each of the two genotype sets
the optimum number of clusters (K) was selected after ten
independent runs of a burn-in of 100,000 iterations, fol-
lowed by 100,000 iterations using a model allowing for no
admixture and correlated allele frequencies. We tested for
K = 1-10 in the gene bank accessions and K = 1-5 in the set
of winter rapeseed genotypes. A summary of the average
logarithm of the probability of data likelihoods (LnP(D))
for both sets of genotypes is given in Table 2.

Structure-based association analysis

Due to the high allelic diversity, the clear population struc-
ture and an expectation of low familial relatedness due to
the way the genotype collections were selected, we per-
formed structured association tests rather than using a
mixed-model approach (Yu et al. 2006) to control for false
positives (type I errors) caused by the population structure.
Associations between the marker data and the total seed
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Table 2 Summary of the average logarithm of the probability of data
likelihoods (LnP(D)) for two distinct sets of genetically diverse Bras-
sica napus genotypes

Genotype set K Average Ln P(D) SD
94 gene bank accessions 1 —11,084.47 0.57
2 —10,372.74 1.35
3 —10,100.25 18.35
4 —10,146.21 140.23
5 —10,076.47 115.89
6 —10,043.32 116.17
7 —10,028.03 217.97
8 —10,386.28 547.07
9 —10,835.44 2083.44
10 —10,331.89 232.89
46 winter oilseed 1 —10,316.79 5.82
rape genotypes 2 —9,872.74 8.79
3 —9,719.00 8.21
4 —9,660.20 19.76
5 —10,090.76 467.30

Likelihoods were averaged over ten independent runs of a burn-in of
100,000 iterations, followed by 100,000 iterations using a model
allowing for no admixture and correlated allele frequencies. The set of
94 gene bank accessions were tested for K =1-10 subpopulations,
while the 46 winter oilseed rape genotypes were tested for K = 1-5
subpopulations

glucosinolate content were tested using the logistic regres-
sion approach of Pritchard et al. (2000), as modified by
Thornsberry et al. (2001) in order to deal with quantitative
traits. This procedure is implemented in the software pack-
age TASSEL 2 (http://www.maizegenetics.net/). The
response variable was the presence or absence of the SSR
polymorphism, while the quantitative trait (total seed gluc-
osinolate content) and the population structure (Q-matrix)
were used as independent variables. In the null hypothesis,
candidate polymorphisms are independent of the seed gluc-
osinolate content (only the Q-matrix is included in the
model), whereas in the alternative hypothesis the candidate
polymorphisms are associated with the seed glucosinolate
content (the quantitative trait and the Q-matrix are both
included in the model). The test statistic A derives from the
ratio between these two likelihoods and indicates the
degree of association between individual polymorphisms
and the quantitative trait. The null distribution of random
markers was simulated by 1,000 permutations of the quan-
titative trait data over all genotypes. The P value for indi-
vidual polymorphisms was calculated as the proportion of
observed A greater then the maximal permuted A. This
approach enables evaluation of associations involving
quantitative traits while controlling for population struc-
ture. Only markers with an allele frequency of 5% or
greater were included in the association analysis. In order
to account for type I error bias the P values were adjusted

for multiple tests using a procedure proposed by Whitt and
Buckler (2003) based on the permuted P values of random
markers. The rescaled P value accounts for the proportion
of random markers with a permuted P value less than or
equal to 0.05. According to Thornsberry et al. (2001) the
true test statistic probably lies somewhere between the
rescaled P value and P(A), since some of the random mark-
ers are probably truly associated with the trait. Therefore
P(A) provides an overview of markers with potential asso-
ciation to trait, while the rescaled P value is a conservative
test to reduce the likelihood of false-positive associations.

Map positions of markers with significant associations
to seed glucosinolate content

Where possible the map positions of markers with signifi-
cant associations to seed glucosinolate content were identi-
fied in existing B. napus genetic maps. For SSR primers
where the allele sizes were not given in published maps, the
positions of all known loci were recorded. Annotations of
public Brassica SSR markers to the A. thaliana genome
were obtained from the public microsatellite database at
http://brassica.bbsrc.ac.uk/cgi-bin/ace/searches/browser/
BrassicaDB. Glucosinolate-associated SSR markers from
the set of new, synteny-based markers were screened for
polymorphisms among the parents of three different dou-
bled-haploid (DH) mapping populations and integrated into
the maps of these populations where possible. The genetic
mapping procedure followed Basunanda etal. (2007).
Markers that deviated significantly (P >0.01) from the
expected 1:1 segregation in the DH populations were pre-
sumed to represent two or more homoeologous loci with
identical allele sizes and hence could not be mapped.

Linkage disequilibrium

In order to gain information about the putative map posi-
tions of the gene-linked SSR markers in cases where these
markers could not be directly mapped in available mapping
populations, we used TASSEL to analyse linkage disequi-
librium (LD) based on the parameter r* (the squared allele
frequency correlation). The significance of the LD between
marker pairs was determined by Fisher’s exact test. Due to
the pre-selection for the association analysis only markers
with a minimum allele frequency of 0.05 were included in
the LD analysis, as recommended by Thornsberry et al.
(2001). In a first step the LD was calculated among all
markers that were significantly associated with seed gluco-
sinolate content, in order to identify previously mapped
markers with high LD to new, unmapped markers. Subse-
quently, the LD was recalculated within groups of markers
with significant LD. Levels of LD were expected to be
somewhat underestimated by the available SSR allele data,
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because in a paleopolyploid like B. napus it is known that
identical alleles can be amplified by multiple loci. There-
fore no presumption was made that two markers amplified
by the same primer combination must necessarily belong to
the same locus, even when these showed high LD.

Results

As expected from previous investigations (Hasan et al.
2006) a significant population structure was observed
among the 94 gene bank accessions. As seen in Table 2, the
highest average likelihoods for the population structure in
this set of material were observed with K values between 3
and 7, whereby the most stable prediction (standard
deviation = 18.35) was obtained with three groups (K = 3).
These groups comprised (1) twenty genotypes of predomi-
nantly spring-type oilseed rape, (2) twenty genotypes of
mainly fodder or vegetable rape, and (3) fifty-four predomi-
nantly winter oilseed rape genotypes, respectively. The
most stable and high average likelihoods for population
structure amongst the 46 winter rapeseed genotypes were
obtained with K = 2 or 3. Seventeen oilseed genotypes were
strongly assigned to the same group in both cases, while the
remaining 29 genotypes were divided with K=3 into
another group of 20 oilseed types and a group of nine exotic
genotypes, including fodder rape varieties and resynthes-
ised (RS) rapeseed lines. Such material is known to repre-
sent a divergent B. napus gene pool in comparison to
oilseed B. napus genotypes (Seyis et al. 2003), and since
most of these exotic genotypes also exhibited high gluco-
sinolate content this grouping was expected to be particu-
larly relevant for the association analysis with glucosinolate
content. We therefore used the respective Q-matrix outputs
of the three-subpopulation runs (K =3) for the structure-
based association analyses in both sets of genotypes. A
broad range in total seed glucosinolate content was
observed among the 94 gene bank accessions, whereas the
winter rapeseed set included 32 genotypes with low seed
glucosinolate content (<25 pmol/mg dry weight). Details of
the groupings of the accessions along with the mean total
seed glucosinolate data used for the association analyses
are given in Table 1.

Using the complete set of 62 polymorphic SSR primer
combinations, a total of 348 polymorphic SSR marker alle-
les were amplified in the 94 gene bank accessions. Of these,
a total of 51 marker alleles from 29 SSR primer combina-
tions were found to exhibit a significant association
(P <0.05) to total seed glucosinolate content in the 94 B.
napus gene bank accessions. Ten of the markers also exhib-
ited significant association using the rescaled P values,
indicating that these associations are not likely to be caused
by type I errors. All markers with significant associations to
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seed glucosinolate content are described in detail in
Table 3, including information (where available) on map
positions and annotations to the A. thaliana genome. Posi-
tions of glucosinolate-associated markers with known
physical linkage to relevant candidate genes in A. thaliana
are shown in Fig. 1. The phenotypic distributions of the
genotypes with the 51 marker alleles showing significant
associations to seed glucosinolate content in the gene bank
accessions are illustrated by box-plots in Fig. 2. Allelic data
for all SSR markers with significant associations to total
seed glucosinolate content are available in Supplementary
Table 2.

In order to get an idea of the abundance of these gluco-
sinolate-associated markers in European winter rapeseed,
and particularly in material with low seed glucosinolate
content, we re-screened all of the significantly associated
SSRs in the set of 46 winter rapeseed genotypes. Interest-
ingly, many of the significantly associated marker alleles
were only found at very low frequencies (<5%) in the win-
ter rapeseed set, and only three markers with frequencies of
greater than 5% also showed significant association to seed
glucosinolate content among these 46 genotypes. All three
of these markers were associated with low glucosinolate
content. In two cases (Nal2-G04 and O110-D02), different
marker alleles amplified by the same SSR primer combina-
tions showed significant associations in the two different
sets of materials. The marker Gi31_387 was the only
marker allele that was found to be significantly associated
to seed glucosinolate content in both sets of materials. As
seen in Table 3, the sequence of Gi31 is located in A. thali-
ana only 736 bp downstream of the gene CYP83BI1. In the
gene bank accessions, the two marker alleles amplified by
this primer combination, Gi31_385 and Gi31_387, are
associated with significantly increased and decreased total
seed glucosinolate content, respectively. The allele-trait
association of both alleles together with the very short
physical distance to the candidate gene strongly support the
potential involvement of homoeologous CYP83BI copies
in biosynthesis of seed glucosinolates in B. napus. Two of
four marker alleles from the SSR sequence Gi30, which is
located somewhat further away from CYP83BI, were also
significantly associated with total seed glucosinolate con-
tent in the gene bank accessions.

For the three other candidate genes we were also able to
identify putatively linked SSR markers with significant
associations to seed total glucosinolate content (Table 3).
The SSR Gi24, located 166 kbp from CYP79A2 in A. thali-
ana, amplified a single band whose presence in the gene
bank accessions was associated with an increased glucosin-
olate content. The SSR Gil2, although located 382 kbp
away from ATRI in A. thaliana, amplified a single band
that was associated with a mean decrease in total glucosino-
late content. Two of three bands amplified by the SSR
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Table 3 Details of SSR marker alleles showing significant associations (P values) to seed glucosinolate (GSL) content in a set of 94 genetically

diverse Brassica napus gene bank accessions

Markers with potential physical linkage to GSL candidate genes®

SSR Number of  A. thaliana Linked GSL Distance GSL-associated Mean seed GSL content ~ Allele P value
primer amplified  chromosome and candidate from gene in marker allele(s)  (umol/g) in 94 gene frequency
bands position in Mbp ~ gene A. thaliana (bp) bank accessions
Gi30 4 At4: 15237362 CYP83B1 37,954 Gi30_385 72.79 72.83 0.004
Gi30_390 51.02 20.65 0.024
Gi3l 3 At4: 15276052 CYP83B1 736 Gi31_385 83.70 9.57 0.013
Gi31_387 61.25 75.53 0.000*
Gi24 1 At5: 1727906 CYP79A2 166,140 Gi24_247 73.05 68.28 0.010
Gil2 At5: 24895600 ATRI 382,023 Gil2_159 76.49 40.45 0.010
Gi28 3 At5: 7808676 MAMI/MAML 101,782 Gi28_442 70.36 80.00 0.000*
Gi28_444 37.66 18.82 0.000*
SSR markers randomly distributed in the B. napus genome”
SSR Number of ~ Known map Known GSL-associated ~ Mean seed GSL content  Allele P value
primer amplified positions of annotations to marker allele(s)  (umol/g) in 94 gene frequency
bands homoeologous loci  Arabidopsis thaliana bank accessions
BRASO14 5 N6/N17 BRASO014_162 0.540 35.00 0.044
BRAS020 13 N9 BRAS020_260  0.365 5.32 0.019
CB10425 5 N17 CB10425_327 0.366 17.07 0.016
GMRO13 6 N9/N19 GMRO13_176 0.577 59.57 0.000*
GMRO13_188 0.763 47.87 0.025
GMRO13_195 0.507 42.55 0.000*
MRI111 4 N13/N14/N19 MR111_124 0.597 26.60 0.021
MR111_130 0.598 12.77 0.047
MR111_133 0.717 19.15 0.001%*
NalO-CO1 25 N4/N13/N14/N17  At5g31905 Nal0-C01_170  0.519 55.32 0.000*
Nal0-C01_224  0.694 66.74 0.015
Nal0-C01_235  0.663 92.55 0.037
NalO-C01_268  0.886 8.51 0.006
Nal0-C01_282  0.172 6.38 0.003
NalO-DO3 2 N13 NalO-D03_176  0.688 90.43 0.019
Nal0O-HO6 N11 NalO-H06_160  0.705 81.72 0.002
N11 NalO-HO6_162  0.382 15.00 0.002
Nal2-F12 3 N13 Nal2-F12_193 0.657 8.51 0.041
Nal2-G04 10 N9/N14/N19 Nal2-G04_169  0.740 32.61 0.007
Nal2-G04_179  0.455 15.38 0.002
Nal2-G04_183  0.807 25.00 0.002
Nal4-E11 14 N4/N14/N15 Nal4-E11_111 0.601 65.96 0.030
Nal4-E11_119 0.830 19.15 0.003
Nal4-E11_131 0.768 28.72 0.049
0109-A06 N12 At2g41710 0109-A06_109 0.736 56.38 0.033
O110-A05 N2/N14 O110-A05_212 0.601 70.21 0.037
O110-A05_214 0.798 25.53 0.037
O110-BO1 7 N17 0O110-B01_199 0.424 14.89 0.035
O110-D02 11 NY/N15 Atl1g32240 O110-D02_158 0.830 14.13 0.040
O111-C02 N17 O111-C02_155 0.210 11.70 0.000*
Ol11-G11 N3/N13 At3g10040 Ol11-G11_187 0.694 61.70 0.047
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Table 3 continued

SSR markers randomly distributed in the B. napus genome®

SSR Number of  Known map Known GSL-associated ~ Mean seed GSL content  Allele P value
primer amplified positions of annotations to marker allele(s)  (umol/g) in 94 gene frequency
bands homoeologous loci  Arabidopsis thaliana bank accessions
OI111-HO6 8 N19 O111-H06_170 0.827 5.32 0.008
Ol112-A04 4 N19 At5g18500 O112-A04_151 0.690 86.17 0.041
0O112-D05 7 N18 At3g58730 0112-D05_150 0.622 78.72 0.002
0112-D05_153 0.871 10.64 0.015
0O112-D05_155 0.638 9.57 0.009
O112-E03 N7/N16 At1g69260 Ol112-E03_141 0.612 76.60 0.014
Ol12-F11 6 N1/N11 At4g24210 Ol112-F11_242 0.393 14.89 0.008
NI1/N11 Ol112-F11_251 0.508 35.10 0.004
Ol13-D02A 7 N14 O113-D02A_292  0.745 39.36 0.011
Ra2-El1l 11 N13 Ra2-E11_192 0.812 32.98 0.001*
N13 Ra2-E11_222 0.178 5.32 0.006
Ra3-E05 8 N1/N11/N16 At3g06270 Ra3-E05_231 0.472 28.72 0.001*

# New SSR markers developed based on potential physical linkage to promising candidate genes for glucosinolate biosynthesis in Arabidopsis

thaliana

> SSR markers dispersed throughout the B. napus genome. Primer sequences of the potentially gene-linked SSRs, along with allelic data for all
markers associated with seed glucosinolate content, are available in Supplementary Tables 1 and 2, respectively

* Markers that still showed significant association after rescaling (rescaled P < 0.05)

A3 At4 At5
—_ _ 0.00~_
000 0.00 156\] |/ CYP7942
1.90~- Ra3-E05 173\~ Gi24
2.98~] |-1QD1 1.89 pW200
310 |~ OM1-G11
7.70~_|- MAMI/MAML
781 -1 Gi2s
8.56 | [ CA72
1524~ |- Giso
15.28-7] N\- CYP83B1
1528/ | |\ Gist
16,63 [\ pWi157
18.59 —
L 2374~] |- 0112-D05
w4 2451~ ATR1
24.90 = Gif2
249171\ pWi41
25.26 pO119
26.96

Fig. 1 Chromosomal positions in Arabidopsis thaliana (numbers in
Mbp) of orthologs for potentially gene-linked Brassica SSR markers
(italics) in comparison to potential candidate genes for glucosinolate
biosynthesis (bold italics) and RFLP markers (non-italic, non-bold) lo-
cated at major seed glucosinolate QTL (Uzunova et al. 1995; Howell
et al. 2003). Markers with the prefix Gi are new SSR sequences identi-
fied by synteny studies in candidate gene regions. Primer sequences of
the new SSR markers are available in Supplementary Table 1
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Gi28, which is derived from a sequence near the duplicated
MAMI/MAML gene locus in A. thaliana, were associated
with increased and reduced total seed glucosinolate content,
respectively, in the gene bank accessions. Both of the latter
markers, along with Gi31_387, also showed significant
associations with rescaled P-values, meaning that a type I
error is unlikely.

Where sequence and annotation information were avail-
able, the glucosinolate-associated SSRs from the genome-
wide marker set were also compared with the Arabidopsis
genome to establish further potential physical linkages to
candidate genes. For example, O111-G11 amplifies a marker
allele with significant association to glucosinolate content,
although this SSR maps to two loci on B. napus NO3 and
N13 (Basunanda et al. 2007; Rygulla et al. 2008) where no
major QTL for total seed glucosinolate content are known.
As shown in Fig. 1, the sequence of Ol11-G11 is annotated
in A. thaliana to the sequence At3g10040 (data from Brassi-
caDB), which is located on A. thaliana chromosome 3 only
117 kbp downstream from the gene IQ-DOMAIN 1 (IQD1I:
At3g09710). A further glucosinolate-associated marker,
Ra3-E05, also annotates nearby on A. thaliana chromosome
3. This chromosome regions shows no obvious homology to
Brassica regions involved in seed glucosinolate QTL, how-
ever IQD] is nevertheless a further interesting candidate
gene for this trait because it is known to modulate expression
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Fig. 2 Boxplots showing distri-
butions of total seed glucosino-
late content within 94 100
genetically diverse B. napus
gene bank accessions for 51 SSR 90
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marker alleles with significant
association (P < 0.05) to gluco-
sinolate content. Boxes cover the
inter-quartile range around the
mean (horizontal lines), while
the vertical whiskers cover the
remaining variation with the
exception of outliers (open cir-
cles) and extreme values (open
squares)
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Glucosinolate-associated SSR markers

Table 4 Details of SSR marker alleles associated with seed glucosinolate (GSL) content in 46 winter rapeseed varieties and breeding lines

GSL-associated Number of GSL-associated Mean seed GSL content (Lmol/g) Allele P value
marker allele(s) amplified bands marker allele in 46 winter rapeseed lines frequency

Gi3l 2 Gi31_387 18.59 0.696 0.013*
Nal2-G04 Nal2-G04_165 15.08 0.413 0.036*
0110-D02 0110-D02_155 13.64 0.370 0.03*

Only SSR primers already found to be significantly associated with the trait in the 96 gene bank accessions were screened, in order to assess how
much allelic variation for low GSL content from the broader gene pool is present in modern varieties. Detailed allelic data is available in Supple-
mentary Table 2. In all cases the P values still showed significant association after rescaling (rescaled P < 0.05)

of numerous glucosinolate pathway genes. Gain-of-function
and loss-of-function IQD] alleles in A. thaliana are corre-
lated with increased and decreased total glucosinolate accu-
mulation, respectively (Levy et al. 2005).

Knowledge about homoeologous B. napus map positions
of the SSR markers that showed significant associations to
seed total glucosinolate content in the gene bank accessions
allowed these to be sorted into groups of markers that might
putatively be linked to the same responsible gene or genes,
either in the same chromosome region or in common homo-
eologous chromosome regions. For gene-linked SSR mark-
ers with unknown map positions, significant LD to a
marker with a known map position was used to infer the
putative map positions of the new marker. Results of LD
analysis for three groups of markers showing significant
LD within their respective group are shown in Fig. 3. The
relatively low LD within the groups was reflected by gener-
ally low correlation coefficients among the putative neigh-
bouring alleles; however, weak LD patterns could
nevertheless be observed. For example one group of mark-
ers (Fig. 3a) showed linkage disequilibrium flanking two

presumably allelic SSR markers (Gi28_442 and Gi28_444,
respectively) derived from sequences near the duplicated
MAMI1/MAML locus in A. thaliana. Since all of these mark-
ers are known to have loci on B. napus chromosome N17
(see Table 3), and in the case of BRAS014_162 and
CB10425_327 are known to map near the seed glucosino-
late QTL on this chromosome (Basunanda et al. 2007), this
indicates that orthologs of MAM1 and/or MAML might be
among the responsible genes influencing variation in total
seed glucosinolate at this locus. On the other hand the
groups of markers exhibiting significant LD did not always
derive from the same linkage group. This is not unexpected,
since homoeologous SSR loci in B. napus often exhibit
homoplasic alleles. The consequence is that it is apparently
inconclusive to use this method to infer map positions,
since it is very difficult to relate specific SSR alleles from a
diversity study to unique chromosome locations.

A description of LD might nevertheless be useful to
detect potential copies of candidate genes contributing to
different QTL. For example, four markers showing LD on
either side of the putative gene-linked markers Gi30_385
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Fig. 3 Linkage disequilibrium (LD) around the gene-linked SSR
markers a Gi28, b Gi30, and ¢ Gi24 in the 94 B. napus gene bank
accessions. Cells above the diagonal show the squared allele frequency

and Gi30_390 (Fig.3b) map to different chromosomes:
Nal0_CO01-282 on NI14, Nal0-D03_176 on NI13, OI19-
A06_109 on N12 and BRAS020_260 on N9. The Gi30
sequence is separated in A. thaliana by a physical distance
of only 30 kb from the glucosinolate biosynthesis gene
CYP83B1, and the neighbouring RFLP marker pW157 has
been mapped in B. napus to loci on N1, N11, N9 and N19.
Neighbouring markers in the latter two chromosomes have
homology to N12. A similar example is shown in Fig. 3b
for the trait-associated markers that show LD around the
marker Gi24_247, whose sequence in A. thaliana is located
near the gene CYP79A2. These markers have known homo-
eologous loci on a number of different B. napus chromo-
somes including N1, N4, N6, N9, N11, N13, N14, N17 and
N19. Again this suggests that a considerable number of
homoeologous chromosome regions might contain copies
of CYP79A2, along with different copies of the linked
marker loci. The supposition of homologous gene loci asso-
ciated to glucosinolate content was supported by the fact
that many of the new, potentially gene-linked markers devi-
ated significantly from the expected 1:1 segregation in
different DH populations (data not shown), which in turn
also prevented us from genetically mapping these markers.

Discussion

The aim of this work was to investigate the potential use of
Brassica-Arabidopsis comparative genomics data for
marker and gene identification in oilseed rape based on
sequence orthology to A. thaliana. Using marker sequences
from important B. napus QTL for seed total glucosinolate
content, along with comparative mapping data, we were
able to navigate to potential orthologous genome regions in
A. thaliana. This enabled us to identify four promising can-
didate genes with putative physical linkage to homoeolo-
gous Brassica genome regions involved in seed
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glucosinolate biosynthesis. Through in silico screening of
neighbouring Brassica genomic and EST sequences a num-
ber of new Brassica SSR sequences with putative close
physical linkage to these four genes were identified, and
hom(oe)ologous markers for many of these SSR primers
showed significant associations with seed glucosinolate
content when screened in B. napus gene bank accessions. A
number of the trait-associated markers showed skewed seg-
regation in DH mapping populations, indicating the pres-
ence of two or more homologous copies of the markers and
their putatively linked genes.

In addition, whole-genome association analyses were
performed with SSR markers dispersed throughout the B.
napus genome. This approach also led to the identification
of numerous markers with significant associations to gluco-
sinolate content. In some cases the markers were mapped in
available B. napus genetic maps, and numerous markers
showed no apparent relationship to known QTL regions for
seed glucosinolate content. This indicates that we may have
identified novel allelic variation for this important trait,
which should be of considerable interest for breeding pur-
poses. The orthologous sequences in A. thaliana for two of
the genome-wide SSR markers are closely physically
linked to a further promising candidate gene for glucosino-
late biosynthesis, IQDI. The successful identification of
new markers associated to an important seed quality trait
underlines the great promise of in silico mapping data for
gene discovery in oilseed rape based on intergenomic com-
parisons to A. thaliana. Marker sequences, QTL and associ-
ation data from the crop plant can potentially be used to
discover or confirm potential candidate genes in the model
species. Furthermore, with the growing resource of Bras-
sica genomic sequence data and its alignment to the A. tha-
liana genome, it is now also possible to identify new
molecular markers in linkage disequilibrium to genes of
interest in Arabidopsis. Of particular interest for practical
plant breeding is the possibility to identify gene-linked SSR



Theor Appl Genet (2008) 116:1035-1049

1047

markers: SSRs are robust, highly polymorphic markers that
are relatively cheap and easy to use, and hence predestined
for use in marker-assisted selection. On the other hand,
recent developments in high-throughput sequencing tech-
nologies may soon enable large-scale re-sequencing of can-
didate gene orthologs. At present it is still difficult to
develop locus-specific assays for single-nucleotide poly-
morphisms (SNPs) in polyploid species like B. napus,
which can contain many orthologous and paralogous gene
copies. However in the near future it is likely that high-
throughput SNP discovery will become an important tool
for gene discovery and association genetics in oilseed rape.
High-density SNP maps will considerably improve our
knowledge of LD in B. napus and enable much more accu-
rate use of Arabidopsis-Brassica comparative genomics
data. At present little is known about the extent of LD in B.
napus.

Seed glucosinolate content in B. napus is governed by
complex biochemical interactions that make it difficult to
predict the actions of individual genes. Because specific
pathway branches control the synthesis of different ali-
phatic, aromatic and indole glucosinolates, dissection of
QTL for total glucosinolate content into the individual
components is desirable to gain more information about
which QTL may involve global pathway genes and which
QTL might be more specific for individual compounds. The
five candidate genes we identified in this study are well
characterised in A. thaliana, and the use of selection mark-
ers with putative linkage to these genes might enable selec-
tion for specific glucosinolate pathway chains. For
example, the cytochrome P450 monooxygenase enzyme
CYP83BI (Hoecker et al. 2004) catalyses the N-hydroxyl-
ation of tryptophan-derived indole-3-acetaldoxime, an
intermediate in the biosynthesis of indole glucosinolates
(Bak et al. 2001; Hansen et al. 2001). The enzyme encoded
by CYP79A2 catalyses the conversion of L-phenylalanine
to phenylacetaldoxime, a precursor of the aromatic benzyl-
glucosinolates in A. thaliana (Wittstock and Halkier 2000),
whereas ATRI encodes a transcription factor which acti-
vates the expression of tryptophan synthesis genes as well
as the tryptophan-metabolizing genes CYP79B2, CYP79B3,
and CYP83BI; ATRI therefore plays a central regulatory
role in the production of indole-3-acetic acid and indole
glucosinolates (Celenza et al. 2005). On the other hand, the
two tandemly duplicated loci MAMI and MAML encode
genes that catalyze the condensation reactions of the first
two cycles in methionine side-chain elongation in A. thali-
ana, therefore they play a vital role in methionine chain
elongation and the biosynthesis of aliphatic glucosinolates
(Kroymann et al. 2001; Textor et al. 2004). At present it is
not known if different homoeologous methylthioalkamate
synthase loci in B. napus also carry the gene duplication
seen in A. thaliana.

All but a few of the the glucosinolate-associated markers
we identified in the 94 B. napus gene bank accessions were
found at only very low frequencies in the set of winter rape-
seed genotypes. This appears to indicate that the glucosino-
late-associated alleles we identified represent novel allelic
diversity for this trait that is not present in current European
00-quality oilseed rape cultivars. On the other hand, these
results underline the finding of Howell et al. (2003) that
most low-glucosinolate cultivars still contain alleles at
some loci that in fact are associated with increased total
glucosinolate content. The markers we identified will
potentially help to further reduce glucosinolate content in
existing elite 00-quality oilseed rape, and to introduce new
genetic diversity into the comparatively narrow gene pool
of 00-quality rapeseed.

Overall the results of this study give strong indications
that genetically linked homologous copies of a small num-
ber of key biosynthetic and regulatory genes play a major
role in the accumulation of aliphatic, aromatic and indole
glucosinolates in B. napus seeds. By identifying gene-linked
SSR markers with significant associations to total seed gluc-
osinolate content in genetically diverse oilseed rape germ-
plasm, we hope to provide a simple molecular tool for
marker-assisted combination of positive alleles in new, low-
glucosinolate genotypes. This has considerable interest for
breeding because the markers should enhance the identifica-
tion of high-glucosinolate accessions carrying desirable
alleles that until now have been largely ignored in breeding
of 00-quality oilseed rape. Inter-crossing of different high-
glucosinolate genotypes that contain complementary marker
alleles associated with reduced total glucosinolate content at
different gene loci should result in transgressive segregation
with the possibility for marker-assisted pyramiding of posi-
tive alleles at all major loci. Ultimately this could open the
way for the development of new, genetically diverse heter-
otic pools for hybrid breeding.
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