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Foreword

Genome analysis and molecular breeding of Brassica oilseed crops

Brassica oilseeds have become a significant agricultural product during the past 30 years
and are now the world’s third-leading source of both vegetable oil (after soybean and oil
palm) and oil meal (after soybean and cotton). In Europe and Asia oilseed rape
(predominantly from Brassica napus L.) is today the most important source of vegetable oil
for human nutrition and as a renewable fuel. The dramatic increase in demand for Brassica
oils places increasing pressure on plant breeders to continuously improve seed and oil
yields, the overall agronomical performance and the quality of the oil and of the meal that
remains after oil extraction.

Molecular genetic techniques today play an important role in breeding strategies for
improvement of all major agricultural crops. On the one hand, marker-assisted breeding
can potentially reduce the time and cost of trait introgression. On the other hand, genome
analysis tools provide a means to dissect and better understand complex traits, and to
isolate, characterise and ultimately utilise the responsible genes.

The work described here focuses on the development and application of genome analysis
tools for molecular breeding and trait dissection in Brassica oilseed crops. The introduction
gives an overview of the current status and future trends in production, breeding, genetics
and genomics. Chapters 2 to 6 present one invited review article and nine original
scientific articles that provide diverse examples for genome analysis and molecular
breeding in oilseed rape, based on molecular genetic and molecular cytogenetic
techniques. In Chapter 7 this work is summarised in the context of worldwide molecular
breeding and genomics of Brassica oilseeds, including an outlook on future work
incorporating current developments in high-throughput genomics and next-generation
sequencing. Chapter 10 lists nine additional book chapters or monographs, a further 24
original scientific articles in reviewed journals, and five additional review articles. These
publications cover a broad range of topics related to molecular genetics and genome
analysis in Brassica oilseeds and other species.
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1 Introduction: Brassica oilseed crops and genome analysis

1.1 Oilseed rape (Brassica napus L.) and related crop species

The species Brassica napus L. originated through spontaneous interspecific hybridisation
between turnip rape (Brassica rapa L., syn. campestris; genome AA, 2n = 20) and cabbage
(Brassica oleracea L.; genome CC, 2n = 18), resulting in an amphidiploid genome
comprising the full chromosome complements of its two progenitors. Because no wild
B. napus forms are known, it is assumed that the species arose relatively recently, when
the parental species began being cultivated in geographical proximity due to
anthropogenic influences. The occurrence of spontaneous chromosome doubling in crosses
among closely-related Brassica diploid species is well documented; the related
amphidiploids Indian or brown mustard (Brassica juncea; genome AABB, 2n = 36) and
Abyssinian or Ethiopian mustard (Brassica carinata; genome BBCC, 2n = 34) arose in the
same manner after crosses of black mustard (Brassica nigra, genome BB, 2n = 16) with B.
rapa and B. oleracea, respectively. Brassica vegetables and oilseeds were among the
earliest plants to be systematically cropped by mankind. There are indications that a
vegetable crucifer was widely cultivated as early as 10,000 years ago. In India records have
been identified which suggest that oilseed Brassicas (probably B. rapa) were being used as
early as 4000 B.C., and 2000 years ago their use had spread into China and Japan. Swedes
(B. napus ssp. napobrassica) were known in Europe at the time of the Romans, and
utilization (probably of B. rapa) for oil purposes in northern Europe is thought to have
begun around the 13w century. By the 16t century, rapeseed was the major source of lamp
oil in Europe, although it was not until the 18« century that significant cultivation areas of
the crop were recorded (Kroll 1994; Kimber and McGregor 1995). For winter oilseed rape
only three distinct local landraces are known. These evolved in different European climate
zones and hence display variation in vegetative growth and winter hardiness. The first
released cultivar 'Lembkes’, selected in Germany from a Mecklenburg landrace in the early
20w century, was extensively exploited in French, Swedish, German and Polish breeding
programs. Spring-sown oilseed rape was first grown in Canada in the mid 20« century.
Large-scale worldwide production of oilseed rape did not begin until the mid 1970s,
however, when the value of rapeseed oil and seed meal was significantly improved as a

result of intensive breeding efforts. Today, oilseed rape is the most heavily produced



oilseed crop in Europe and only soybean has a greater importance worldwide. Oilseed rape
production is dominated by North America (particularly Canada), Western Europe and
China, however Brassica oilseed crops also play a major role in Eastern Europe, the Indian
subcontinent and Australia.

1.2 Major breeding achievements in oilseed rape

Oilseed rape has become a major international crop only over the course of the past three
decades. This rapid advance to one of the major arable crops is a result of spectacular
breeding success. The oil from rapeseed and most other Brassicas naturally contains a high
quantity of erucic acid (C22:1, cis 13-docosenoic acid), which has a bitter taste and in high
doses has been implicated in cardiac health problems. This serious limitation of rapeseed
oil as a foodstuff was overcome only by the development of “0” and *“00” oilseed rape
varieties in the 1970s (Stefansson 1983; Downey and Robbelen 1989; Downey 1990). The
first major breakthrough came with the initial 0-quality cultivars with erucic acid levels of
less than 1% (Stefansson and Hougen 1964). Earlier rapeseed cultivars contained up to 50%
erucic acid in the seed oil. 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. The value of the crop was still suppressed by the presence of high quantities of
glucosinolates in the seed, however, which made rapeseed meal unsuitable as a livestock
feed. In monogastric animals the digestion of glucosinolates results in the release of toxic
by-products that can cause liver and kidney damage along with lymph dysfunction. 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 material. The result was the release in
1974 of the first 00-quality spring oilseed rape variety, ‘Tower’, with zero erucic acid and
low glucosinolate content. Thus began the advance of oilseed rape (also known as canola)
to one of the most important oil crops in temperate regions.

1.3 Genetic mapping and genome analysis in Brassica oilseeds

Molecular markers have been widely used to map agronomically important genes in oilseed
rape and in many cases play an important role in breeding and selection procedures. The
complete sequencing of Arabidopsis thaliana (The Arabidopsis Genome Initiative, 2000)
and the development of comparative genetic and physical maps between B. napus and
Arabidopsis (e.g. Parkin et al. 2005) has enormous potential for application in gene
identification and breeding in oilseed rape. The genome of B. rapa is expected to be
completely sequenced within the near future (for progress see http://www.brassica.info),
and current technological developments in the field of ultra-fast DNA sequencing are
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beginning to revolutionise the fields of polymorphism discovery, genome analysis and
molecular breeding. The number of expressed sequence tag (EST) sequences available for
Brassica species has skyrocketed in the past few years as sequencing costs have
diminished, enabling DNA sequence mining to become extremely useful for the
identification and development of single nucleotide polymorphism (SNP) markers in oilseed
rape. In the near future it can be expected that high-density B. napus SNP arrays will play
an important role in development of dense genetic maps for oilseed rape. Next-generation
sequencing technologies are also set to rapidly accelerate SNP discovery, so that ultra-high
density SNP maps will probably become available in the relatively near future. High-
throughout SNP screening methods will also be a valuable resource for whole-genome
allele-trait association studies, which can potentially play a major role in the identification
of genes contributing to complex traits.

The first genetic map for B. napus was developed by Landry et al. (1991) using restriction
fragment length polymorphism (RFLP) markers. In the subsequent two decades a large
number of B. napus genetic maps were generated worldwide using different crosses, and
considerable efforts have been invested in the localisation of genes and QTL controlling
agronomically relevant traits. The most extensive B. napus genetic map published to date
was an ultradense map of 13,551 sequence-related amplified polymorphism (SRAP) markers
that were assembled into an ultra-dense bin map by Sun et al. (2007). A marker density of
8.45 SRAPs per cM was achieved, which according to the authors could correspond to more
than one marker per 100 kb. Although these markers are anonymous and therefore not
directly useful for annotations to a physical map, this achievement demonstrates the great
potential of high-throughput marker techniques for genome mapping. The availability of
ultra-dense maps based on sequence-annotated SNP markers derived from next-generation
sequencing or EST-SNP arrays will — in the very near future — hugely expand the
opportunities for rapid discovery of candidate genes for both simple and complex traits.

A detailed summary of B. napus crosses, mapping populations, marker systems, map details
and the quantitative traits that were studied until 2006 is given by Snowdon et al. (2006).
In the following | describe some of the most recent genetic mapping studies, including
QTL analysis of traits that had previously been less intensively studied, along with some
novel approaches for identification of genetic markers and candidate genes closely linked
to important traits in oilseed rape. In some cases marker-assisted genome scans were
implemented to introgress novel genetic diversity into oilseed rape breeding lines.

1.4 Genetic analysis of seed yield and heterosis

As the importance of hybrid cultivars has increased over the past decade, there has been
growing interest in identifying the mechanisms and potential genomic loci responsible for



the manifestation of heterosis in oilseed rape. A number of different strategies have been
used to analyse the quantitative genetics of heterosis for yield and related traits with the
assistance of genetic maps. For example, Radoev et al. (2008) mapped QTL contributing to
additive, dominant and overdominant heterosis effects in a mapping population of 250
doubled haploid lines that were tested in two-year, multi-location field trials along with a
corresponding set of test hybrids from each of the DH lines with a common male-sterlile
tester parent. Heterosis levels of up to 30% (for grain yield) were used to map QTL involved
in heterosis for yield and related seed traits. A large number of epistatic interactions were
found to interact with dominance and overdominance effects to control expression of
heterosis. Further studies from our own work revealed that important QTL clusters
contributing to yield heterosis are also involved in heterosis for plant development during
seedling development (Basunanda et al. in review). This raises the possibility to identify
key regulatory loci that may function as global regulators of heterosis in different tissues
and at different stages of plant development. Dissection of yield and yield component
traits are another important aspect that has been analysed extensively in oilseed rape by
QTL analysis. For example, Chen et al. (2007) recently reported on the detection of
numerous QTL for yield and yield-related traits in DH and immortalised F2 populations, and
found some QTL that contributed significantly to numerous yield-related traits and could
be interesting targets for yield improvement.

Technologies for highly-dense genetic mapping today make it possible to more accurately
integrate and compare map and QTL data from different populations. This will be of great
interest to see whether important QTL related to yield co-localise in different materials,
and whether such QTL may interact with epistatic loci involved in yield heterosis. Meta-
analyses with multiple mapping populations and large, common marker sets will hopefully
enable such determinations in the not-too-distant future. Use of genome-wide marker
screens can also be useful for the introduction of novel genetic diversity for the
exploitation of heterosis in hybrid breeding. For example Li et al. (2006) described a
marker-assisted approach to develop new types of B. napus with introgressions of A
genome chromosomes from B. rapa and C genome chromosome segments from B. carinata.
When crossed with conventional B. napus these new types demonstrated elevated levels of
so-called “inter-subgenomic heterosis” for seed yield and related traits. In our own work,
dense whole-genome marker scanning was used to identify DH lines in which the genes for
zero erucic acid along with QTL for low glucosinolate content were introgressed from a 00-
quality variety into a novel genetic background of semi-synthetic, double-high quality
rapeseed (Basunanda et al. 2007). Test hybrids generated using these genetically diverse
introgression lines as pollinators showed high mid-parent heterosis for seed vyield
(Basunanda et al. 2007, Gehringer et al. 2007).



1.5 New male sterility genes

Considerable advances have been made in recent years in mapping and marker
development for genes controlling genic and cytoplasmic male sterility systems in oilseed
rape. For example, Yi et al. (2006), Lei et al. (2007) and Huang et al. (2007) described the
fine-mapping of three recessive genic male-sterility genes using amplified fragment length
polymorphisms (AFLP®: Keygene, Wageningen, Holland) and amplified consensus genetic
markers (AGGM) using large segregating populations. Tightly-linked markers were anchored
to previous B. napus genetic maps. In each case flanking marker sequences covering a
region of well under 1 cM in B. napus were used to delineate syntenic chromosome regions
in Arabidopsis that may contain the orthologs to the respective sterility genes. Hong et al.
(2008), Xie et al. (2008) and Xiao (2008) described the development of sequence-based
markers with tight linkage to an epistatic genic male sterility suppressor gene, while He et
al. (2008) generated sequence-characterised markers liked to a cytoplasmic male sterility
fertility restoration gene. In each of these cases AFLP markers and bulked-segregant
analysis played an important role in whole-genome marker saturation to identify sequences
with very lose linkage to the responsible genes. Sequence annotations to Arabidopsis and
an often well-conserved synteny can assist greatly to identify potential candidates in
corresponding chromosome regions, and bulked-segregant analyses have proved a valuable
method to fine-map and clone genes for simple-segregating genes involved in male sterility
and fertility restoration. In a different approach based on differential gene expression, Wu
et al. (2007) used suppressive subtractive cDNA techniques and cDNA microarray
hybridisation to try to identify candidate genes for a dominant genic male sterility in B.
napus. A number of genes involved in male gametogenesis pathways were among the
differentially expressed genes between fertile and sterile near-isogenic lines.

1.6 Genetic improvement of seed quality

Much interest has developed recently in breeding of yellow-seeded oilseed rape and canola
with improved seed meal quality. The yellow-seed trait in B. napus is generally associated
with a reduced seed coat thickness; this leads to a reduced contribution of the seed coat
to the seed meal after oil extraction and a consequent lowering of anti-nutritive crude
fibre and phenolic compounds. At the same time the proportional contribution of the
embryo to the total seed is increased, raising the sum content of oil plus protein.
Unfortunately, seed colour itself is difficult to use as a morphological marker for improved
meal quality, because the accumulation of seed coat tannins is highly sensitive to
temperature, light intensity and other environmental factors. Therefore there is a
considerable effort to identify major genes contributing to reduced seed coat in different
yellow-seeded materials and to develop screening tools and markers for effective breeding



of high-performing light-seeded varieties. In one example from our own work, Badani et al.
(2006) localised a major QTL with a large contribution on seed colour and acid detergent
fibre content in two different yellow-seeded winter rapeseed sources. The gene was
flanked by markers originating from B. napus chromosome N18, although later work
showed that the chromosome region containing the major QTL may be a non-reciprocal
translocation from chromosome NO09. In Chinese oilseed rape with a completely different
genetic background to the above study, Fu et al. (2007) also found a major dominant QTL
that appeared to be localised on chromosome N09. Xiao et al. (2007) also developed
closely linked markers to a major gene for yellow seed colour in Chinese oilseed rape. It
will be of great interest to determine whether the same major genes are influencing seed
colour-related traits in these genetically diverse materials. Furthermore, the availability of
markers and candidate genes will enable us to identify new allelic diversity for seed meal
quality and ultimately to clone the responsible genes.

Synteny to Arabidopsis and increasing quantities of aligned genomic sequence data from
Brassica species are particularly valuable for identification of candidate genes and
potentially gene-linked markers for important seed quality traits in oilseed rape. To
demonstrate the power of synteny-based marker development, we developed potentially
gene-linked markers for four seed glucosinolate candidate genes from A. thaliana. Via
structure-based allele-trait association studies in genetically diverse B. napus genotypes,
we demonstrated that othologous copies of all four candidate genes were associated with
significant effects on total seed glucosinolate content (Hasan et al. 2008). This example
shows the potential of Arabidopsis-Brassica comparative genome analysis for synteny-based
identification of gene-linked SSR markers that can potentially be used in marker-assisted
selection for an important trait in oilseed rape.

Identification and utilization of important genes contributing to oil content is one of the
major aims of seed quality breeding in oilseed rape. A recent publication compared oil
content QTL in different mapping populations and revealed that some major gene loci
appear to influence this complex trait in different genetic backgrounds. Delourme et al.
(2006) localised oil content QTL in two large, genetically divergent mapping populations
and compared their locations to previously mapped QTL from earlier published studies. In
some cases the QTL were found to be consistently revealed across different genetic
backgrounds. In particular, a QTL on NO3 was revealed in all the studies and other QTL on
NO1, NO8 and N13 were found in three out of five different studies. Other QTL were
located in homoeologous genome regions, while some were specific to a particular genetic
background and potentially carry novel alleles. These results show the potential for
combination of favourable alleles at different QTL to increase seed oil content.
Furthermore, examples were given of how Arabidopsis genomic data could be used to
derive markers and identify candidate genes for oilseed rape QTL. The study also



demonstrated the added value of consolidated information from different segregating
populations, in order to identify meta-QTL involved in a specific trait in different genetic
backgrounds.

1.7 Genetic mapping of resistance loci

Mapping and marker development for resistance genes to biotic stress factors represent
ongoing goals for oilseed rape breeding. In recent years, continued progress has been made
in the map-based cloning of genes contributing to resistance against blackleg disease, the
major disease of oilseed rape worldwide (see Rimmer et al. 2006). Mayerhofer et al. (2005)
described the fine mapping of loci involved in seedling resistance to blackleg in two
different canola cultivars. Both loci localised to the same position on B. napus chromosome
NO7, and a collinear chromosome region was able to be identified in Arabidopsis. A
complex pattern of tandem duplications was identified in the B. napus genome region
containing these loci. Apparently, duplication and sequence divergence during the
polyploidisation events that led to Brassica species may also have played a major role in
the evolution of resistance to major pathogens. Candidate genes for blackleg resistance
were also identified in Arabidopsis by Staal et al. (2006); fine-mapping was performed in
recombinant inbred lines to identify two genes that were associated with resistance and
contained typical resistance gene sequence motifs. The contribution to resistance was
confirmed by reverse genetics. For a number of other diseases of oilseed rape breeding
efforts have been hindered by a lack of resistance sources. In some cases this can be
overcome by introduction of resistance genes from exotic B. napus materials,
resynthesised rapeseed or other interspecific crosses, however the available of useful
selection markers is a prerequisite for effective combination of quantitative resistances in
elite germplasm. For example, we identified QTL-linked markers associated with
resistance against Verticillium longisporum introduced from B. oleracea (Rygulla et al.
2007), while Werner et al. (2008) described QTL involved in resistance against clubroot
disease (Plasmodiophora brassicae). Resistance to Sclerotinia sclerotiorum is a major
breeding aim in most of the major oilseed rape growing areas of the world, however little
resistance has yet been identified against this disease in B. napus. QTL analysis of a partial
resistance in Chinese rapeseed lines was characterised by Zhao et al. (2003), and gene
expression profiles produced by resistant and susceptible genotypes in response to
S. sclerotiorum infection was analysed by Zhao et al. (2007) using microarray analysis.
Early response genes to pathogen inoculation were integrated into the QTL map, leading to
the identification of a number of candidate genes for the defence reaction. Among the
genes that co-localised with interesting resistance QTL, some plant cell wall-related
proteins and WRKY transcription factors were identified as potential contributors to
defence against sclerotinia rot.



Abiotic stress resistance is also gaining increasing attention in oilseed rape breeding,
although the regulatory mechanisms involved in whole-plant reactions to drought
conditions, nutrient deprivation or cold stress can be extremely complex. Considerable
efforts have been made to investigate genes involved in vernalisition requirement and
flowering time in B. napus and related species (reviewed in detail by Snowdon et al. 2006),
and in recent years it has become clear that some of the major genes controlling flowering
traits may play an important global role in gene expression regulation in general. The role
of FLOWERING LOCUS C (FLC) homologs and associated genes in the regulation of flowering
time and related traits, and their involvement in relevant QTL for these traits, has recently
been confirmed in B. napus and its diploid progenitors (Pires et al. 2004, Kim et al. 2007,
Lou et al. 2007, Okazaki et al. 2007, Razi et al. 2008). Such global regulatory genes are
particularly interesting with regard to overall yield improvement through targeted
manipulation of development and heterosis.

1.8 New developments in marker applications and molecular breeding

The astonishing current developments in next-generation sequencing technologies (see
Dalton 2006) offer unprecedented opportunities for new genomics-based breeding and
selection strategies. In particular, as soon as the sequencing of the reference A genome of
B. rapa is completed it will be possible to re-sequence large portions of the B. oleracea C
genome and consequently the A and C genomes of B. napus. Even without a reference
sequence, the next-generation sequencing technologies enable large-scale comparative
sequencing of BAC libraries from elite breeding lines for a relatively low (and continuously
decreasing) cost, so that whole-genome selection in oilseed rape and other major crops is
likely to become a reality in the foreseeable future. This new sequence-based genomics
era is likely to completely change the way that genetic mapping, genome analysis and
marker-assisted selection are performed in crop plants.

Considerable interest is arising in the potential use of whole-genome selection techniques
based on ultra-high thoughput, genome-wide SNP marker screening. Whole-genome
selection is today already being utilized in commercial animal breeding programs, and as
genotyping costs continue to fall they could also become an integral part of breeding
strategies for Brassica oilseeds and other major crops in the foreseeable future. Next-
generation sequencing techniques will doubtless be a pivotal technology in the application
of whole-genome association genetics methods for the identification and utilisation of
genes involved in important complex traits. Already, the use of genome-wide transcriptome
analysis has enabled the identification of potential global gene expression regulators that
could be useful for significant yield increases. Ultradeep expression profiling via next-
generation sequencing, and comparisons to whole-genome sequence variation, have the
potential to take this kind of gene discovery to a completely new level.



Although oilseed rape genome research has long profited from the close relationship to
Arabidopsis, one of the most intensively studied plant species, in the near future it is likely
that a vast array of genomic tools will also be available for crop brassicas. One major
limitation to genome-assisted breeding is the current lack of associations between genomic
data and detailed, reliable phenotypic data for factors contributing to major traits.
Intensive phenotyping, including high-thoughput physiological and metabolite profiling,
may be the most important key to understanding important complex traits like oil content,
seed development, biotic and abiotic stress tolerance and the manifestation of yield
characters in oilseed rape. Novel and high-thoughput phenotpying technologies should
therefore be an important priority in coming years, in order to facilitate the identification
of genomic and transcriptomic variation associated with economically important

characters.
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2 Molecular cytogenetics of Brassica and related species

This chapter begins with a review article describing recent advances in the application of
cytogenetic and genomic techniques in Brassica oilseed crops, with particular emphasis on
the structure and evolution of Brassica genomes and the consequences for genome
analysis. The second article in the chapter represents the first compete molecular
karyotpe of B. napus based on fluorescence in situ hybridisation (FISH). The use of FISH
techniques to identify physical chromosomes and assign them to Brassica genetic maps is
today an integral part of the Brassica rapa genome sequencing project. The third article
presents one example for the use of genomic in situ hybridisation (GISH) to identify and
characterise alien genome introgressions in Brassica interspecific hybrids. Since the
development of the methodology to distinguish different genome components in Brassica
amphidiploids and interspecific hybrids (Snowdon et al. 1997), GISH has become the
method of choice for initial analysis of chromosome additions and introgressions carrying
genes of interest from a related donor species. Such techniques play a particularly
important role in the transfer of new resistance genes to B. napus from related crucifer
species.
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Abstract

The genus Brassica contains a wide range of diploid and amphipolyploid species including some of the most
important vegetable, condiment and oilseed crops worldwide. As members of the Brassicaceae family the
brassicas are the closest crop relatives to the model plant Arabidopsis thaliana, and hence are major beneficiaries
from the vast array of Arabidopsis molecular genetic and genomic tools and the increasingly good annotation to
major Brassica crop genomes. In this review examples are shown from recent studies that demonstrate the
potential for intergenome navigation from model to crop plant and for comparisons among genetic and
cytogenetic maps between the model and crop species and among different crop brassicas. The use of inter-
specific and intergeneric hybridization for introgression of novel traits into Brassica genomes from the secondary
and tertiary crucifer genepools is described. In this context the use of the Brassica triangle of three diploid
species and their corresponding amphiploids as an excellent model system for studying the mechanisms and
control of homeologous recombination and polyploidization is discussed from a crop breeding perspective.

Introduction

The chromosomal relationships among the A, B and C
genomes of the diploid species Brassica rapa (genome
AA, 2n=20; turnip rape, turnip, Chinese cabbage), B.
nigra (genome BB, 2n=16; black mustard) and B.
oleracea (genome CC, 2n=18; cabbage, cauliflower,
broccoli, kale, kohlrabi, brussel sprouts) and their nat-
ural spontaneous amphidiploids B. carinata (genome
AABB, 2n=34; Abyssinian or Ethiopian mustard), B.
napus (genome AACC, 2n=38; oilseed rape, swede)
and B. juncea (genome BBCC, 2n=36; Indian or
brown mustard) were elucidated through interspecific
crosses and meiotic analyses by the Asian cytogene-
ticists Morinaga and U in the early 20th century
(Morinaga 1933, 1934, U N 1935). Because the Bras-
sica amphidiploid species can be generated syntheti-

cally with the help of embryo rescue techniques, this
complex of three diploid species and their corresponding
polyploids (Figure 1) is today one of the most useful
model systems for investigations of polyploidy in crop
plants (e.g. Song et al. 1995, Lukens et al. 2006). Col-
chicine treatment can also be used to artificially syn-
thesize autotetraploid brassicas, which can potentially
be used to compare the corresponding effects of gene
dosage, autoploidy, alloploidy and amphiploidy on
gene regulation and expression.

Brassica—Arabidopsis comparative genomics:
model-based breeding tools

Comparative genome analyses between Brassica and
the model crucifer Arabidopsis thaliana have
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Figure 1. The Brassica triangle of species, as described by U N (1935), representing the A, B and C genomes and their respective
amphidiploids that arose from spontaneous chromosome doubling via meiotic nondisjunction after interspecific hybridizations in regions of
overlapping geographical distribution of the respective diploid progenitors.

revealed that Brassica chromosomes show a complex
rearrangement in comparison to the A. thaliana genome
(Lagercrantz & Lydiate 1996), presumably the result
of numerous rounds of polyploidization. As a conse-
quence the synteny and microsynteny relationships
between the more or less triplicated diploid Brassica
genomes (Schmidt et al. 2001, Lan et al. 2000, Lysak
et al. 2005, Parkin et al. 2005, Ziolkowski et al. 2006)
and the paleopolyploid genome of Arabidopsis are
extremely complicated. Detailed comparative genomic
information is therefore needed for directed utilization
of genome data from Arabidopsis in Brassica molec-
ular breeding.

The most intensively studied Brassica amphidip-
loid is the most economically important crop, oilseed
rape (B. napus ssp. napus). The A and C genome
chromosomes in B. napus have remained essentially
unaltered after their amphipolyploidization (Olsson
& Hagberg 1955, Attia et al. 1987, Sharpe et al.
1995, Snowdon et al. 2002). Hence it is possible to
compare genetic maps, chromosomes and gene posi-
tions among the three species and to use the smaller
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diploid genomes to obtain genomic data that can be
extrapolated to the amphidiploid. A large number of
independent genetic maps among different B. napus
crosses have been generated (reviewed by Snowdon
et al. 2006) with a particular emphasis on investiga-
tion of quantitative traits, development of markers
for marker-assisted breeding, and potential map-based
cloning of genes involved in agronomically important
traits. The ability to navigate between the Arabidopsis
sequence and the major Brassica genomes is improv-
ing constantly as the genomic sequencing of B. rapa
(Bancroft 2006, Yang et al. 2006, see also http://www.
brassica.info) progresses and the annotation of the
new sequence data to the Arabidopsis genome is
updated. On the other hand, comparative genomics
from Arabidopsis sequence information is a valuable
asset for in-silico chromosome walking within the B.
rapa sequencing project (Bancroft 2006, Lim et al.
2006). For example, evenly spaced seed BAC (bacterial
artificial chromosomes) for the sequencing of B. rapa
chromosome 1 were selected using mapped expressed
sequence tags (EST). The physical positions and
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ordering of these BAC on chromosome 1 were con-
firmed by fluorescence in-situ hybridization (FISH) to
mitotic and meiotic chromosomes. Because the major-
ity of the BAC show collinearity to the corresponding
homoeologous chromosome region in Arabidopsis it is
possible to validate the positions of the B. rapa
sequencing clones by in-silico comparative physical
mapping (Yang et al. 2006).

A detailed comparative genetic map between the
chromosomes of A. thaliana and B. napus was gen-
erated by Parkin et al. (2005) by localization of
orthologous sequences from mapped B. napus RFLP
markers to the corresponding chromosome positions in
A. thaliana. A total of 21 chromosomal blocks were
identified in the genome of A. thaliana that could be
duplicated and rearranged to reconstruct the basic chro-
mosome structure of B. napus. Each block contained
several closely linked homologous loci with more or
less conserved order in both the A. thaliana and B.
napus genomes. For each B. napus chromosome
numerous blocks of conserved synteny were found
between B. napus and A. thaliana, each presumably
representing chromosomal segments that have been
maintained since the divergence of Arabidopsis and
Brassica from a common ancestor. According to
Parkin ef al. (2005) a minimum of 74 gross rearrange-
ments (38 in the A genome and 36 in the C genome)
appear to have occurred since the divergence of the
brassicas from the Arabidopsis lineage some 14-24
million years ago (Koch et al. 2000). In similar studies
Lukens et al. (2003) and Lan et al. (2000) compared
the positions of sequenced loci with a known position
on a B. oleracea genetic map to the physical positions
of their putative orthologues in A. thaliana. By distin-
guishing orthologous from paralogous loci and estab-
lishing criteria to identify significant regions of
collinearity between the genomes a total of 34 signif-
icant A. thaliana regions were found by Lukens et al.
(2003) to be collinear with 28% of the B. oleracea
genetic map. The large number of macrosynteny
breakpoints coupled with the identification of extensive
duplications in the B. oleracea genome also confirmed
the extremely high degree of chromosomal rear-
rangement since divergence of the Brassica diploids
from A. thaliana. Nevertheless it is potentially possible
to utilize rough macrosyntenic data to navigate between
particular regions of interest in the Arabidopsis genome
and Brassica genetic maps. On the other hand evidence
from microsyntenic studies of gene order in duplicated
chromosome regions suggests that interspersed gene
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loss is prevalent in homoeologous Brassica chromo-
some regions (O’Neill & Bancroft 2000, Rana et al.
2004, Town et al. 2006).

The conservation of gross macrosynteny can prove
extremely useful in the identification and character-
ization of Brassica genes involved in important
quantitative traits based on comparative analysis with
chromosome regions in Arabidopsis corresponding to
QTL in the crop species. For example, considerable
knowledge has been gained on the genetic control of
vernalization-responsive flowering time in B. rapa
and B. napus through QTL analysis and comparative
mapping of genes associated with this trait in homo-
eologous Brassica and Arabidopsis genome regions.
Osborn et al. (1997) found that a chromosome region
containing a homoeologous QTL for flowering time
in B. rapa and B. napus, respectively, was collinear
with a region of A. thaliana chromosome 5 contain-
ing the flowering time genes FLC, FY and CO. A
second QTL region showed fractured collinearity
with several regions of the Arabidopsis genome, includ-
ing the top of chromosome 4 where another flowering-
time gene, FRI, is located. Detailed analysis enabled
identification of FLC and FRI as the major candidate
genes for regulation of flowering time in the Brassica
species.

On a sequence level high similarity is found
between the exons of putative orthologous genes in
Arabidopsis and Brassica (Schmidt 2002), meaning
that knowledge from Arabidopsis is highly relevant
for gene isolation and characterization in Brassica
crops. With an ever-growing resource of Brassica
sequence data it is today becoming increasingly pos-
sible — despite the complex rearrangements among
Brassica genomes — to annotate, align and compare
chromosomal and genomic data between the crop
brassicas and the model species and to use this new
information for genomic studies in the comparatively
large crop genomes. Navigation between Brassica
and Arabidopsis physical maps using published
genome annotation and synteny data uncovers an
enormous wealth of tools for fine-mapping, synteny-
based gene cloning and marker development for
marker-assisted selection. For example, we have suc-
cessfully used online SSR search engines to scan
Arabidopsis chromosome regions flanking candidate
genes of interest or major QTL positions. Many of
the Brassica SSR primers we identified in this
manner were found to amplify polymorphic markers
at one or more homologous loci in oilseed rape. The
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linkage of these markers to the trait of interest could
often be confirmed by re-mapping to QTL regions or
by allele-trait association analysis in genetically
diverse material (unpublished results). If such markers
are in linkage disequilibrium with the gene of interest,
this strategy can be extremely useful for indirect
mapping of candidate genes on Brassica chromo-
somes. Because SSR markers are codominant, this
approach also has the potential to enable map
localization of duplicated copies of a given candidate
gene, for example to allow comparisons with major
QTL positions.

Integration of karyotypes with genetic
and physical maps

Development of classical cytogenetic resources for
Brassica crop species is difficult due to the small size
of the chromosomes and the lack of distinct karyo-
logical features that can be readily identified in meta-
phase preparations. This restricts the exact cytological
characterization of Brassica addition, substitution and
particularly introgression lines. However, Brassica
interspecific addition and introgression lines can be
generated with relative ease via interspecific hybrid-
ization and recurrent backcrossing using embryo
rescue techniques in early generations. Characteriza-
tion of addition lines with molecular markers has to a
certain extent enabled the successful characterization
of specific additions or introgressions for genome
analysis or associations with particular traits of
interest from the donor genome. Quiros et al. (1987)
generated a set of monosomic addition plants and
disomic addition lines by crossing and backcrossing
B. napus to B. rapa (syn. campestris) and confirmed
the genome-specificity of the additions using genome-
specific molecular markers. The marker analyses
revealed extensive gene duplications on individual
addition chromosomes (McGrath et al. 1990) and the
presence of deletions in some chromosomes (Hu &
Quiros 1991), a phenomenon that may be a contrib-
uting factor to the extensive chromosomal rearrange-
ment that has occurred during the evolution of the
Brassicaceae. In a similar manner Chen et al. (1992,
1997a) generated addition lines containing monoso-
mic addition chromosomes from the C-genome donor
Brassica alboglabra in a B. rapa background by
backcrossing a resynthesized B. napus containing the
donor genome to its parental B. rapa line. One addi-
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tion line was found to contain, on the same addition
chromosome, independent genes for erucic acid
biosynthesis, white flower colour and an isoenzyme
of leucine aminopeptidase. Again, intergenomic recom-
bination was frequently observed in the monosomic
addition line and resulted in the introgression of one or
two loci from the alien chromosome into the B. rapa
genome. Another addition line was found to contain a
gene controlling seed colour in a region where a homo-
eologous recombination or chromosomal deletion was
detectable (Chen et al. 1997b). Disomic B. napus + B.
nigra addition lines were described by Chevre et al.
(1991) and Struss et al. (1991), respectively. A number
of other studies have reported individual addition or
substitution lines between B. napus and related genera
that have been generated in an effort to introgress spe-
cific traits into oilseed rape (e.g. Sjodin & Glimelius
1989, Skarzhinskaya et al. 1998, Snowdon et al. 2000,
Voss et al. 2000, Peterka et al. 2004). In comparison
to cereals, however, where chromosome additions, trans-
locations and introgressions are well characterized and
can be closely integrated with genetic maps, such
detailed cytogenetic information is not yet available
for Brassica materials and broad, well-defined cytolog-
ical stocks are not available.

The use of FISH techniques offers new potential
not only for more reliable chromosome identification
in Brassica, but also in terms of potential information
regarding the integration of genetic and physical
maps, for ordering molecular markers and measuring
physical genome distances, and for structural and
functional chromosome analyses. Methods for the
accurate in-situ localization of repetitive DNA sequen-
ces at chromosomal sub-arm level, particularly repet-
itive DNA sequences, have enabled a considerably
more accurate identification of chromosomes and the
elucidation of karyotypes for diploid and amphidiploid
Brassica species (e.g. Figure 2, see also Armstrong
et al. 1998, Fukui er al. 1998, Snowdon et al. 2002,
Maluszynska & Hasterok 2005). FISH hybridization
of BAC clones to B. oleracea (Howell et al. 2002) and
B. rapa chromosomes (Jackson et al. 2000) represents
a first step towards integration of physical and genetic
maps with the karyograms of the diploid species and
their amphidiploid hybrid B. napus. The first integra-
tion of a complete Brassica genetic map with the corre-
sponding mitotic chromosome karyotype was achieved
by Howell et al. (2002), who assigned all nine linkage
groups of a B. oleracea genetic map to the nine mitotic
metaphase chromosomes using FISH. The probes were
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Figure 2. Karyotypes based on fluorescence in-situ hybridization patterns with 5S (green) and 25S (red) rDNA probes and DAPI staining
(blue), for Brassica rapa, B. oleracea and their amphidiploid B. napus. Closed arrowheads indicate co-localization of 5S and 25S loci,
whereas open arrowheads show a small 5S locus and a small 258 locus on B. napus chromosomes C5 and C7, respectively. The red asterisks
represent the position of a large 25S rDNA locus located on the satellite of B. napus chromosome A2, which in this spread was lost during
chromosome preparation. The B. napus karyotype is divided into two sets of chromosomes with differing chromatin condensation patterns
resembling, respectively, those of B. rapa (A) and B. oleracea (C). Each B. napus chromosome is aligned and numbered in accordance with
its putative homologue in the B. rapa or B. oleracea genome. Image from Snowdon et al. (2002).

mainly B. oleracea BAC clones that could be assigned
to linkage map positions through development of locus-
specific PCR assays. A total of 22 probes representing
19 loci were used to integrate the cytogenetic and
genetic linkage maps and compare the orientation of
the chromosomes with their respective linkage groups.
Such cytogenetic maps represent an important new
resource for locating genomic sequences with unknown
genetic map positions and to analyse the relationships
between genetic and cytogenetic maps. A similar strat-
egy based on FISH localization of genetically and phys-
ically mapped BAC clones is currently being followed
for integration of the genetic, physical and cytological
maps of B. rapa within the B. rapa whole-genome
sequencing project (Yang et al. 2006). Hybridization of
locus-specific probes to meiotic pachytene chromo-
somes can considerably increase the resolution of the
cytological mapping. Ziolkowski & Sadowski (2002)
demonstrated the application of this technique in B.
oleracea using ribosomal DNA probes and BAC clones

from A. thaliana. Because of the considerably higher
resolution than is possible in Brassica mitotic chromo-
somes, cytological mapping to pachytene bivalents
offers the opportunity to potentially compare physical
and genetic distances among selected markers. Together
with synteny data and comparative genome annotations
this technique should play a major role in increasing the
feasibility and success of map-based gene cloning
in Brassica crops.

Repetitive sequences and genome evolution

Centromeric regions of B. rapa and B. oleracea chro-
mosomes contain two divergent 176 bp centromeric
repeat sequences (Hallden et al. 1987, Iwabuchi et al.
1991, Sibson et al. 1991, Xia et al. 1993) with a degree
of specificity for different chromosomes within the dip-
loid genomes (Harrison & Heslop-Harrison 1995). Lim
et al. (2005) identified two classes of these 176 bp
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repeat sequences in B. rapa. Similar 176 bp repeats
with more than 90% sequence similarity are also pre-
dominant in distant crucifer relatives including Diplo-
taxis (Harbinder & Lakshmikumaran 1990), although
less than 80% sequence identity is found in the corre-
sponding repeats in Sinapis and Raphanus (Capesius
1983, Grellet et al. 1986, Sibson et al. 1991, Xia et al.
1993). In B. nigra two different tandem repeat sequences
specific to the B genome were identified by Gupta et al.
(1992), one of which is unrelated to either A or C
genome sequences. In-situ hybridization to B. juncea
metaphase chromosomes showed that this sequence is
located at all B genome centromeres and enables B
genome chromosomes to be distinguished from A and C
genome chromosomes by GISH (Schelfhout ez al. 2004).

Detailed analysis of sequence diversity in repeti-
tive sequences can offer interesting insight into the
evolutionary relationships among and between Bras-
sica species and their crucifer relatives, and may give
useful information regarding the potential for inter-
generic gene transfer to brassicas from more distant
relatives via homoeologous recombination (see below).
For example, Lenoir et al. (1997) and Tatout et al.
(1999) studied the molecular phylogeny of short inter-
spersed element (SINE) Sl retrotransposons in numer-
ous different Brassica diploids and related crucifer
species. Even among closely related species signifi-
cant sequence divergence was found that appears to
have arisen from sequence-specific surges in Sl
amplification (Lenoir et al. 1997). SINE amplification
near or in genes can cause post-transcriptional
regulation or even give rise to novel gene domains
(Bennetzen 2000). Furthermore, the amplification of
SINES can result in unequal homologous recombina-
tion between cis-Sl elements (Lenoir et al. 1997),
potentially leading to chromosomal rearangements
that can be a driving factor in speciation. The genomic
organization and diversity of retrotransposons in
Brassica diploids and allotetraploids was investigated
in detail by Alix et al. (2004, 2005). Sequence anal-
ysis revealed distinct Tyl/copia and LINE-like ele-
ments, whereby the latter were present at only very
low copy numbers in the genomes investigated. A third
clade could be subdivided into Ty3/gypsy, Athila and
virus-like branches. Phylogenies based on the sequence
comparisons showed no correlation with the known
genome relationships among the species of the Brassica
triangle, indicating that members of the element families
were present in a common ancestor (Alix et al. 2004).
On the other hand some sub-families appeared to be
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amplified in individual species. Fluorescent in-situ
hybridization of representative reverse transcriptase
domains from the different retroelements to B. oler-
acea (Alix et al. 2005) showed characteristic chro-
mosomal distributions for each group, suggesting that
the different retrotransposons have preferential ampli-
fication sites and possibly different insertion/excision
control mechanisms.

In order to study evolutionary relationships among
different members of the Brassicaceae, Lysak et al.
(2005) performed chromosome painting with an
almost 9 Mbp long BAC contig from A. thaliana
chromosome 4 to trace homoeologous chromosome
regions in 21 different species of the family Brassi-
caceae, including species representing Brassica
crops. Homoeologues were identified in all three
Brassica amphidiploids in six copies corresponding
to the Arabidopsis segment, whereby rearrangements
caused by inversions or translocations could be
observed in the homoeologous copies within the Bras-
sica genomes. Phylogenetic studies based on compar-
ative sequencing of conserved genes indicated that
species containing three or six copy pairs descended
from a common hexaploid ancestor with basic
genomes similar to that of Arabidopsis. The pre-
sumed hexaploidization event was shown to have
occurred after the Arabidopsis—Brassiceae split,
between 7.9 and 14.6 Mya.

Interspecific hybridization and homoeologous
chromosome pairing

One strategy to broaden the genetic basis of oilseed
rape breeding material is the production of resynthe-
sized rapeseed by crossing the original ancestors, B.
oleracea and B. rapa. This has the potential not only
to increase genetic variability with a view to hybrid
breeding, but also to broaden the genetic base with
respect to pest and disease resistances in the narrow
gene pool of modern oilseed rape. Interspecific and
intergeneric incompatibility barriers can be success-
fully overcome in crosses between Brassica crop
species and their relatives by embryo rescue tech-
niques or protoplast fusion. In some cases resynthe-
sized rape forms subjected to backcrossing with elite
breeding material have resulted in successful release
of cultivars carrying novel resistance genes from the
diploid donor species. Synthetic Brassica polyploids
can also offer important insights into the genetic and
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epigenetic changes that occur during polyploidiza-
tion. For example, Song et al. (1995) reported exten-
sive and rapid genome change in the form of loss or
gain of restriction fragments in early generations of
polyploids generated from interspecific crosses among
the A, B and C genome diploid species. The alter-
ations also revealed divergence among different
genotypes with the same parental origin, demonstrat-
ing the ability of Brassica polyploids to generate
novel genetic diversity in only a few generations. By
analysing the methylation status of a large number of
isogenic resynthesized rapeseed lines and their two
common parental genotypes, Lukens et al. (2006)
demonstrated that this high degree of divergence is
caused by extensive alteration in DNA methylation
patterns after polyploidization, whereas few deletions
or insertions could be detected. In other words, poly-
ploidy in B. napus is accompanied by considerable
regulation of epigenetic changes rather than by major
genetic changes.

The observed variability in the degree of homoe-
ologous pairing in different B. napus haploids
demonstrates the potential for extensive homoeolo-
gous recombination after amphipolyploidization
among Brassica diploids. By analysing different B.
napus doubled-haploid (DH) mapping populations
with co-dominant RFLP markers, Udall er al. (2005)
identified chromosomal rearrangements that could be
classified into de-novo homoeologous non-reciprocal
translocations (HNRT), pre-existing HNRT and
homoeologous reciprocal translocations (HRT). A
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total of 99 de-novo HNRT were identified as dupli-
cations of particular chromosomal regions in a small
number of lines accompanied by a loss of the
corresponding homoeologous region. These de-novo
HNRT were more prevalent in a population that had
a resynthesized B. napus as a parent, indicating a
higher rate of homoeologous recombination in early
generations of new polyploids. Nine pre-existing
HNRT were identified by fragment duplication or
fragment loss in DH lines from three populations
involving natural B. napus parents, indicating a
segregation of HNRT that already existed in one of
the parents. This study suggests that chromosomal
rearrangements caused by homoeologous recombina-
tion are apparently widespread in B. napus, and this
phenomenon can be speculated to be also prevalent
in the other Brassica amphidiploids B. juncea and B.
carinata. One of the most interesting aspects of this
from a crop-breeding perspective is that such non-
reciprocal translocations can cause changes in allele
dosage, which in some cases have been shown to
have a demonstrable effect on the additive expression
of important agronomic traits such as pathogen resis-
tance (Zhao et al. 2005).

Other Brassica species and even less closely related
genera are also important as potential sources of dis-
ease resistance for oilseed rape breeding. A prime
example for this is the use of interspecific and inter-
generic hybrids as a source for new resistance against
blackleg (Leptosphaeria maculans), the most serious
disease of oilseed rape worldwide. The B-genome

Figure 3. Detection of interspecific homoeologous recombination events (arrows) in sexual progeny of asymmetric Brassica napus x C.
abyssinica hybrids (from Wang et al. 2005, used with permission from NRC Research Press, Canada) by GISH analysis in meiotic metaphase
1. Crambe chromosomes are labelled red with Cy3, whereas non-labelled B. napus chromosomes are stained blue with DAPL (a, b) In
metaphase I Cy3-labelled chromatin strands (arrows) can be observed between C. abyssinica univalents and B. napus bivalents. (c¢) At early
anaphase I a late disjunction of C. abyssinica chromosomes is observed; however, introgressions on B. napus chromosomes can still

potentially segregate into the daughter cells. Scale bars=10 um.
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species B. nigra and B. juncea exhibit strong resis-
tance against blackleg and have been extensively used
in an attempt to introgress resistance genes into oil-
seed rape (Roy 1978, Sacristan & Gerdemann 1986,
Sjodin & Glimelius 1989, Chevre er al. 1996, Struss
et al. 1996). Similarly, related genera including Sina-
pis are also potential donors for transfer of blackleg
resistance into B. napus via homoeologous recombi-
nation (Snowdon et al. 2000). Even distantly related
crucifer genera can potentially be used for introgres-
sion of genes of interest into Brassica crop species via
sexual or somatic hybridization, for example Rapha-
nus (Voss et al. 2000, Benabdelmouna ez al. 2003,
Peterka et al. 2004), Lesquerella (Skarzhinskaya et al.
1998) or Eruca (Fahleson et al. 1997). The primary
(intraspecific), secondary (intrageneric) and tertiary
(intergeneric) gene pools for Brassica vegetable and
oilseed crops contain an enormous diversity of spe-
cies, and hundreds of examples have shown the poten-
tial for interspecific or intergeneric hybridizations
with Brassica crop plants (see Warwick et al. 2000
for detailed information). As an example, Wang et al.
(2005) demonstrated the successful transfer of new
allelic variants of the FAEI gene controlling erucic
acid biosynthesis from the distantly related, triploid
oilseed plant Crambe abyssinica (n=3x=45) into B.
napus by somatic hybridization. Via genomic in-situ
hybridization (GISH) to meiotic chromosomes it was
possible to detect the occurrence of homoeologous
pairing between C. abyssinica and B. napus chromo-
somes (Figure 3), demonstrating that homoeologous
recombination can potentially occur even between
chromosomes from distantly related genera. On the
other hand, homoeologous introgression of genes of
interest even from closely related species of the same
genera is not always successful, underlining the fact
that pairing does not depend simply on genome
homoeology.

The prerequisite for interspecific or intergeneric
gene transfer is a mechanism for control of homoe-
ologous chromosome pairing. In wheat the pairing
regulation locus Ph/ (Riley & Chapman 1958) sup-
presses homoeologous pairing. The successful utili-
zation of alien introgressions in wheat breeding is
particularly due to suppression of the effect of this
locus. In B. napus the chromosomes of the A and C
genomes each pair in a bivalent, disomic manner,
suggesting a similar suppression of homoeologous
pairing in favour of homologous pairing. On the
other hand, haploid B. napus plants are known to
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show considerable genetic variation in the degree of
chromosome pairing, with common formation of
chiasmata among rod-shaped and ring-shaped biva-
lents along with multivalents (Attia & Robbelen
1986). By investigating segregation for pairing
behaviour at meiotic metaphase I in haploids pro-
duced from F1 hybrids between high-pairing and
low-pairing lines, Jenczewski et al. (2003) found that
suppression of homoeologous chromosome pairing in
B. napus is, as in wheat, largely controlled by a single
major gene, coined PrBn (Pairing regulator in Brassica
napus). According to Jenczewski et al. (2003), how-
ever, the mode of action of PrBn appears to be quite
different from that of the wheat Phl gene. In particular,
Phl suppresses homoeologous pairing at both the
haploid and diploid stage, but even B. napus haploids
with a high level of homoeologous pairing show
regular disomic inheritance and normal bivalent chro-

Figure 4. Cytological evidence for a reciprocal translocation between
Brassica napus linkage groups N7 and N16 (from Fig. 3 in Osborn et al.
2003 , kindly provided by John Parker and used with permission from
the Genetics Society of America). The image shows meiotic
chromosome behaviour in part of a synaptonemal complex spread
from an F1 hybrid showing quadrivalent formation between two
chromosome pairs. Two synapsis exchange points are indicated by
arrows. Comparative genetic mapping of N16 and analysis of marker
segregation in two different crosses revealed a homoeologous reciprocal
translocation with N7. Scale bar=2 pm.



Cytogenetics and genome analysis in Brassica crops

mosomes in their diploid form. Furthermore, almost no
natural polymorphism has been discovered for Phl in
wheat, whereas allelic variability in PrBn is clearly
detected among high-pairing and low-pairing B. napus
phenotypes. In other words although Pkl is vital for
chromosome fertility and stability in wheat (Sanchez-
Moran et al. 2001), in B. napus the suppression of
homoeologous pairing by PrBn is not essential. Map-
based cloning on PrBn has the potential to offer con-
siderable new insight into the genetic mechanisms
involved in homoeologous pairing in polyploid plant
species.

Homoeologous chromosomal translocations can be
readily detected in B. napus using co-dominant
marker systems for which homoeologous loci are
assigned to different linkage groups in the genetic
map. In this manner Osborn et al. (2003) detected a
homoeologous reciprocal translocation between B.
napus linkage groups N7 and N16 using segregating
populations of doubled haploid lines. Pairs of
homoeologous RFLP loci from the two chromosomes
had identical alleles in the parental lines in regions
expected to be homoeologous, and an interstitial
reciprocal translocation was confirmed by cytological
analysis of synaptomenal complexes in F1 hybrids
(Figure 4). Although this translocation included
approximately one-third of the physical length of
the N7 and N16 chromosomes, few recombination
events within the region were recovered in the prog-
enies of the hybrids. Higher seed yields in offspring
exhibiting the parental configurations of the rear-
rangement in segregating progenies point to a pos-
sible selective advantage of allopolyploidy through
the fixation of intergenomic heterozygosity.

Outlook

The growing collection of physical genome resources
and genomic sequence data for Brassica crop spe-
cies, combined with the expansive genomic and tran-
scriptomic data from the model crucifer Arabidopsis,
today enable increasingly detailed annotation and
navigation between the Arabidopsis and Brassica
genomes. With the expected completion of the first
complete genome sequence of a Brassica crop plant
in the coming years, the opportunity will be greater
than ever to utilize the close relationship between the
model plant and its nearest crop relatives, the bras-
sicas, for applied genomics and breeding biotechnol-
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ogy. Of particular interest will be the possibility this
allows us to gain considerably more insight into the
genetic functionality underlying intricate biochemi-
cal pathways and metabolic expression patterns
involved in important Brassica vegetable and seed
compounds—based on primary knowledge from
Arabidopsis—and perhaps to dissect extremely com-
plex traits such as yield or heterosis into genetic
components that are manageable and usable from a
practical breeding perspective. Finally, identification
of the genetic factors controlling homoeologous
recombination in Brassica chromosomes may in
future enable more flexibility in the targeted intro-
gression of novel germplasm into the gene pools of
the crop brassicas, opening the way for a broadening
in the genetic diversity that is available for breeding
towards a sustainable production in future.
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Abstract Oilseed rape (Brassica napus L.) is an amphi-
diploid species that originated from a spontaneous hy-
bridisation of Brassica rapa L. (syn. campestris) and
Brassica oleracea L., and contains the complete diploid
chromosome sets of both parental genomes. The meta-
phase chromosomes of the highly homoeologous A ge-
nome of B. rapa and the C genome of B. oleracea cannot
be reliably distinguished in B. napus because of their
morphological similarity. Fluorescence in situ hybridisa-
tion (FISH) with 5S and 25S ribosomal DNA probes to
prometaphase chromosomes, in combination with DAPI
staining, allows more dependable identification of Bras-
sica chromosomes. By comparing rDNA hybridisation
and DAPI staining patterns from B. rapa and B. oleracea
prometaphase chromosomes with those from B. napus,
we were able to identify the putative homologues of
B. napus chromosomes in the diploid chromosome sets
of B. rapa and B. oleracea, respectively. In some cases,
differences were observed between the rDNA hybridisa-
tion patterns of chromosomes in the diploid species and
their putative homologue in B. napus, indicating locus
losses or alterations in rDNA copy number. The ability
to reliably identify A and C genome chromosomes in
B. napus is discussed with respect to evolutionary and
breeding aspects.

Keywords Brassica - Chromosome - Karyotype -
rDNA - Fluorescence in situ hybridisation

Introduction

The genetics of oilseed rape (Brassica napus L. 2n=38,
genome AACC), now one of the most important oilseed
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crops worldwide, are complex because it is an amphidip-
loid composed of two related genomes which themselves
are thought to represent ancestral hexaploids (Lager-
crantz and Lydiate 1996; Lagercrantz et al. 1996; see
also Truco et a. 1996; Quiros 1999). B. napus originated
from a spontaneous hybridisation of Brassica rapa L.
(syn. campestris; AA, 2n=20) and Brassica oleracea L.
(CC, 2n=18) and contains the entire diploid chromosome
sets of both parental genomes. The chromosomes of the
highly homoeologous A genome of B. rapa and the C
genome of B. oleracea, which diverged relatively recent-
ly from a common ancestor (Lagercrantz and Lydiate
1996), are difficult to reliably distinguish in B. napus be-
cause of their small size and morphological similarity
(Robbelen 1960; Olin-Fatih and Heneen 1992). Fluores-
cence in situ hybridisation (FISH) with ribosomal DNA
probes, however, considerably improves the identifica-
tion of Brassica chromosomes, particularly in prometa-
phase. FISH with 25S ribosomal DNA probes has been
used to assist chromosome identification in the three dip-
loid Brassica species B. rapa, Brassica nigra (BB,
2n=16) and B. oleracea (Fukui et al. 1998), and to spec-
ulate on the evolution of rDNA loci in modern-day Bras-
sica amphidiploids (Maluszynska and Heslop-Harrison
1993; Snowdon et al. 1997a; Hasterok and Maluszynska
2000). Moreover, multicolour FISH with 25S and 5S
rDNA probes has been applied to reliably identify a
number of chromosomes in B. oleracea (Armstrong et al.
1998) and B. napus (Kamisugi et al. 1998; Schrader et
al. 2000; Snowdon et al. 2000). Despite this, the associa-
tion of individual B. napus chromosomes with their ho-
mologues in B. rapa and B. oleracea remains problemat-
ic to-date.

Parkin et al. (1995) and Sharpe et a. (1995) demon-
strated that the molecular linkage groups of B. rapa and B.
oleracea could be identified in B. napus with only rela-
tively minor reorganisation. Most linkage groups were
more or less intact, indicating that recombination between
A- and C-genome chromosomes has not been extensive in
the evolution of modern B. napus (Parkin and Lydiate
1997). In a similar study, Axelsson et al. (2000) by com-
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parative mapping of re-synthesised and natural Brassica
juncea demonstrated that very little recombination has oc-
curred between A- and B-genome chromosomes during
the evolution of the AABB-genome Brassica amphidip-
loid. This could aso be effectively demonstrated by the
fact that genomic in situ hybridisation (GISH) allowed the
respective A- and B-genome chromosome sets to be clear-
ly distinguished in B. juncea (Snowdon et a. 1997b). The
same was true for the B and C genomes of Brassica cari-
nata, but the A and C genomes of B. napus, on the other
hand, were too highly homoeologous to label specificaly
by GISH (Snowdon et al. 1997b). Chromatin condensa-
tion patterns have been shown to differ in B. rapa and B.
oleracea prometaphase chromosomes (Cheng et al. 1995;
Chen et al. 1997), and using image-analysis equipment
Kamisugi et al. (1998) were able to divide B. napus chro-
mosomes into those with rapa-type and those with olera-
cea-type chromatin condensation. A direct association of
B. rapa and B. oleracea chromosomes with their homo-
logues in B. napus was however not made.

Besides providing information on chromosome and
genome evolution, the ability to reliably identify A- and
C-genome chromosomes is important for the genomic
location of transgene inserts in genetically transformed
oilseed rape. The well-documented ability of B. napus to
outcross with B. rapa poses a risk for transgene spread
from transgenic oilseed rape to wild B. rapa populations
(see Mikkelsen et al. 1996a). On the other hand, it has
long been known that sexual crosses between B. napus
and B. oleracea are extremely difficult to generate with
B. napus as the pollen donor (Roemer 1935); hence the
probability of transgene spread from B. napus to the B.
oleracea genome is by comparison very low. On this ba-
sis it has been suggested that transgenes introgressed in-
to the C genome of B. napus would be considerably less
likely to be introgressed into wild Brassica populations
than those present on A-genome chromosomes, because
B. napusxB. oleracea hybrids are extremely rare and
transgene-carrying C-genome chromosomes will be
eliminated from wild B. napusxB. rapa backcross off-
spring due to the absence of homologues (Mikkelsen
1996b; Metz et a. 1997; but see also Tomiuk et a.
2000). In combination with the methods described here,
localisation of introgressed transgenes by FISH (see
Moscone et a. 1996; Ten Hoopen et al. 1999; Snowdon
et al. 2001) will assist in the selection of B. napus plants
with transgene inserts on C-genome chromosomes.

In this study we compared 55/25S rDNA hybridisation
and DAPI saining petterns of B. rapa and B. oleracea
chromosomes with those from B. napus, in order to match
the A- and C-genome chromosomes of the amphidiploid B.
napus with their putative homologues in the diploid species.

Materials and methods

Plant material

Seeds from B. napus L. subsp. oleifera (winter oilseed rape cv
“Lirajet”), B. rapa L. subsp. trilocularis (yellow sarson, accession
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number Y SPb-24) and B. oleracea L. var. capitata (white cab-
bage, cv "Braunschweiger”) were germinated on moist filter paper
until the primary roots were 2-3 cm long. Whole seedlings were
treated for 2 h at room temperature and 2 h at 4°C in 2 mM of 8-
hydroxyquinoline to accumulate metaphases, then fixed in etha-
nol-acetic acid fixative (3:1). Root tips were excised and chromo-
some spreads were made from protoplast suspensions using a
method described previously (Snowdon et al. 2000, adapted from
Schwarzacher et al. 1994).

Fluorescence in situ hybridisation (FISH)

The 25S rDNA subclone pAt27 from Arabidopsis thaliana and a
5S rDNA subunit from Beta vulgaris were directly labelled by
nick translation with the fluorochromes Cy3 and fluorescein-iso-
thiocyanate (FITC), respectively. FISH methods followed Snow-
don et al. (2000). After hybridisation, slides were washed at 42°C
for 5 min in 2xSSC and 10 min in 0.2xSSC. Chromosomes were
counter-stained with DAPI and fluorescence was visualised using
a Leica DM-R microscope. At least five to ten well-spread pro-
metaphases were observed for each species and images were ob-
tained using a Cohu 4912 uncooled CCD camera and Leica
QFISH software. Individual chromosomes were dissected from the
FISH images and karyotypes were constructed using the Adobe
Photoshop.

Results

Based on 5S and 25S rDNA hybridisation patterns with
DAPI counterstaining, the prometaphase chromosomes
of B. rapa, B. oleracea and B. napus, respectively, could
be identified and paired. Figure 1 shows the chromo-
some sets of the three species, aligned according to their
FISH and DAPI staining patterns, chromosome size and
morphology. The chromosomes of B. rapa and B. olera-
cea were numbered according to Fukui et al. (1998),
whose chromosome assignment for B. oleracea matches
that of Armstrong et al. (1998) with the exception of
chromosomes 2 and 4 which are exchanged. In accor-
dance with Armstrong (1998) the chromosome with the
larger 25S rDNA locus was designated chromosome 7.
Chromosome-arm length ratios were not calculated here,
because the intense DAPI staining at Brassica centrome-
res only permitted the approximate localisation of the
centromere.

In B. rapa, four 25S rDNA loci were observed near
the centromeres of the metacentric chromosomes 1, 4, 5
and 7. Chromosome 1 could be easily differentiated from
chromosomes 4 and 5 by size, whereas the large 25S |o-
cus on chromosome 4 was readily distinguishable from
the small locus on chromosome 5. The NOR-bearing
chromosome 2 contains the fifth largest 25S rDNA lo-
cus, which extended over the NOR and chromosome sat-
ellite. The large 25S locus located interstitially on chro-
mosome 7 co-localised with alarge 5S rDNA locus, giv-
ing a strong double-hybridisation signal that allowed this
chromosome to be readily identified. Two further 5S loci
were localised on the short arms of chromosomes 2 and
10, the largest and the smallest acrocentric B. rapa chro-
MOosomes, respectively.

As described previously by Armstrong et al. (1998),
the B. oleracea 5S rRNA genes were located in two



Fig. 1 Karyotypes based on fluorescence in situ hybridisation pat-
terns with 5S (green) and 25S (red) rDNA probes and DAPI stain-
ing (blue), for B. rapa L., B. oleracea L. and their amphidiploid B.
napus L. Closed arrowheads indicate co-localisation of 5S and
25S loci, whereas open arrowheads show a weak 5S locus and a
weak 25S locus on B. napus chromosomes C5 and C7, respective-
ly. The red asterisks represent the position of a large 25S rDNA
locus located on the satellite of B. napus chromosome A2, which
in this spread was lost during chromosome preparation. The B.
napus karyotype is divided into two sets of chromosomes with dif-
fering chromatin condensation patterns resembling, respectively,
those of B. rapa (A) and B. oleracea (C). Each B. napus chromo-
some is aligned and numbered in accordance with its putative ho-
mologue in the B. rapa or B. oleracea genome

closely adjacent loci on the long arm of a single large
submetacentric chromosome, designated here and by Fu-
kui (1998) as chromosome 4. The two acrocentric, satel-
lite-carrying B. oleracea chromosomes (2 and 7) both
had 25S loci at the terminal ends of their short arms and
extending over the satellite.

The chromosomal positions of rDNA loci in B. napus
have been described previously (see Kamisugi et al.
1998; Snowdon et al. 2000) and the B. napus karyotype
in Fig. 1 derives from the chromosome spread shown by
Snowdon et al. (2000). In the present study, however, the
large 25S locus covering the chromosome satellite of B.
rapa chromosome 2 led us to investigate the number of
25S loci in B. napus in more detail, because it appeared
that this locus was absent from the corresponding chro-
mosome in B. napus. After observation of a large num-
ber of metaphases it was revealed that chromosome A2
in fact also possesses a chromosome satellite with alarge
25S locus adjacent to the 5S locus, corresponding to B.
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rapa chromosome 2. In prometaphase, however, this sat-
ellite can be highly distended (Maluszynska and Heslop-
Harrison 1993) or alternatively completely lost during
chromosome preparation. This was the case for B. napus
chromosome A2 in the karyotype shown, hence the loca-
tion of this 25S locus has been indicated by asterisks in
Fig. 1.

When the chromosome sets from the diploid species
B. rapa (A genome) and B. oleracea (C genome) were
compared to those from B. napus, the AACC amphidip-
loid, chromosomes could be identified in B. napus which
closely resembled all rDNA-carrying chromosomes from
the two diploid species. Chromosomes not containing
rDNA loci could also be matched to their putative homo-
logues due to similarities in size, centromere position
and DAPI staining pattern. In prometaphase, different
chromatin condensation patterns allow B. rapa chromo-
somes to be distinguished from B. oleracea chromo-
somes (Cheng et a. 1995; Chen et a. 1997). Hence, the
B. napus karyotype could be clearly divided into ten A-
genome (B. rapa) and nine C-genome (B. oleracea)
chromosomes, as described previously by Kamisugi et
al. (1998). Moreover, based on rDNA hybridisation and
DAPI staining patterns, the chromosomes of B. napus
could be aligned with their putative homologues in the
respective diploid species (Fig. 1), and were designated
A1-A10 and C1-C9 to reflect their putative origin from
either B. rapa or B. oleracea, respectively.

Minor differences were observed between the rDNA
hybridisation patterns of some of the presumed homo-
logues, with respect to signal strengths (indicating differ-
ences in copy number) or absence of loci. Details of
these discrepancies are listed in Table 1.
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Table1l Differences observed

in 5S and 25S rDNA occur- rDNA B. napus (genome AACC) Diploid genome homologue
d signal strength b locus )
{@”e%iimrfrﬁgwmgn 0% B. < Chromosome FISH signal B. rapa (AA) B. oleracea (CC)
napus (genome AACC) and strength
their putative homologuesin
B. rapa (AA) and B. oleracea 95 Al Weak Absent
(Cc?p (AA) 5S A5 Low Absent
5S A10 Strong Weak
58 C5 Low Absent
258 Al Strong Weak
258 c7 Weak Strong
Discussion chromosomes in the diploid species had a characteristic

Metaphase chromosomes from Brassica species are ex-
tremely difficult to reliably identify in standard cytologi-
cal preparations because they are very small and normal-
ly highly condensed. They can be more-readily identified
in prometaphase, but because heterochromatin is located
almost solely in the pericentromeric regions of Brassica
chromosomes few useful cytogenetic landmarks are
available using classical banding techniques (Olin-Fatih
and Heneen 1992). Because of this, the ability to re-
cognise chromosomes of the highly homoeologous dip-
loid genomes of B. rapa and B. oleracea in their amphi-
diploid B. napus has remained elusive to-date.

Various comparative mapping studies (e.g. Parkin et
al. 1995; Sharpe et al. 1995; Parkin and Lydiate 1997)
have demonstrated that no more than minor recombina-
tion has occurred between the A- and C-genome linkage
groups since the spontaneous origin of B. napus. This
implies that the diploid karyotypes should be largely in-
tact in the amphidiploid, as has been found by GISH to
be the case in B. juncea and B. carinata, the amphidiplo-
ids that contain the Brassica B genome (Snowdon et al.
1997b). The high level of homoeology between the A-
and C-genomes prevents their differentiation by GISH,
however (Snowdon et al. 1997b), and might be expected
to promote intergenomic recombination. Here we pro-
vide molecular cytogenetic evidence that the physical
karyotypes of B. rapa and B. oleracea are largely intact
in B. napus.

In this study we were able to identify and distinguish
the A- and C-genome chromosomes in B. napus by
multicolor FISH with rDNA probes in combination with
DAPI staining. The resulting karyotype for B. napus
closely resembles that produced by Kamisugi et al.
(1998), whereby the inclusion of 5S rDNA loci aided
considerably in comparing B. napus chromosomes to
those of B. rapa and B. oleracea. Schrader et a. (2000)
note that such a comparison should preferably be per-
formed in meiotic prophase or mitotic prometaphase,
where a higher resolution of FISH signals is possible
than in Brassica mitotic metaphase. This was confirmed
in the present study, where mitotic prometaphase chro-
mosomes gave clear, reproducible hybridisation signals
that could be used effectively for chromosome identifi-
cation and interspecies comparisons. All rDNA-carrying
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5S and/or 25S rDNA hybridisation pattern closely re-
sembling a putative homologue with a similar centro-
mere position and chromosome size in the amphidiploid.
The remaining chromosomes could be identified by the
DAPI staining pattern, chromosome size and morpholo-
gy, and could be allocated to either the A or C genome
due to differences in DAPI staining patterns caused by
differential chromatin condensation (Cheng et al. 1995;
Chen et a. 1997). Most chromosomes not containing
rDNA could also be matched to a putative homologue in
B. napus with a similar DAPI staining pattern and chro-
mosome morphology.

In three cases B. napus possessed a 5S rDNA locus
that was not present on the putative homologues in the
diploid species, and strong variation in signal strength
was apparent for afurther 5S locus and two 25S loci (see
Table 1). Losses or additions of rDNA loci and altera
tions in copy number are quite common in polyploid
plant genomes (e.g. Dubcovsky and Dvorak 1995; Osuji
et a. 1998; Taketa et a. 1999), and have been reported
previously in Brassica amphidiploids (Mauszynska and
Heslop-Harrison 1993; Snowdon et al. 19973). In Brassi-
ca, differences are often observed between the number of
25S rDNA loci in different subspecies or varieties of the
same species. For example, athird, interstitial 25 S locus
is present in B. oleracea var. alboglabra (Armstrong et
al. 1998) and various studies report the presence of either
six (Malusynska and Heslop-Harrison 1993; Schrader et
al. 2000) or seven (e.g. Kamisugi et al. 1998) loci in
B. napus. The latter may arise from differences in hy-
bridisation conditions in different laboratories, which
can affect the resolution of small loci in particular. In
any case, the B. rapa and B. oleracea varieties investi-
gated in the present study do not represent the original
parental genotypes of modern oilseed rape, hence minor
discrepancies in rDNA locus and copy number are not
unexpected. On the other hand, it was shown that on the
whole the B. rapa and B. oleracea chromosome sets are
largely conserved in B. napus, indicating that the overall
karyotype structures of the respective A and C genomes
have not changed excessively during the course of B.
napus evolution.

Comparative analysis of the Brassica A, B and C
genomes has unveiled a remarkably high degree of inter-
genomic similarity and intragenome duplication, sug-



gesting that the three genomes each possess full but rear-
ranged copies of what is now thought to be a hexaploid
ancestral genome (Lagercrantz and Lydiate 1996).
Through chromosome fusions and rearrangements, the
genome of the Brassica predecessor has been reorgani-
sed into 8, 9 and 10 chromosomes in B. nigra, B. olera-
cea and B. rapa, respectively. The results presented here,
and by Parkin et al. (1995), suggest that, despite their
high homoeol ogy, the evolutionary reorganisation of the
respective diploid genomes has been sufficiently exten-
sive and divergent to result in physically distinct chro-
mosome sets that have kept intergenomic recombination
to a minimum, not only in B. carinata (Snowdon et al.
1997b) and B. juncea (Snowdon et al. 1997b; Axelsson
et al. 2000) but also between the A and C genomesin B.
napus. The distinct A- and C-genome chromosomes in
B. napus mean that the narrow genetic variability present
in B. napus breeding material can be expanded by inter-
specific crosses with B. rapa and B. oleracea, which can
be valuable sources for resistance (e.g. Crouch et al.
1994; Scholze and Hammer 1998) or to increase heterot-
ic potential (Seyiset al. 2001).

Although the presence of rDNA loci as physica
markers provided convincing evidence for matching
chromosome homologues between species, the identifi-
cation of homologues in the absence of hybridisation
signals still needs to be viewed with some caution. For
example, B. rapa chromosomes 8 and 9 were distin-
guished by the presence of a DAPI-stained region at the
distal end of the long arm of chromosome 8. Chromo-
somes A8 and A9 in B. napus, on the other hand, show
extremely similar DAPI staining and could be distin-
guished only by the larger long arm of A8. Therefore,
further markers will be necessary before A8 and A9 can
be confirmed as the homologues of B. rapa chromo-
somes 8 and 9, respectively. Similarly, the absence of
markers on six B. oleracea chromosomes means that the
identification of their putative homologues in the B.
napus C genome can presently only be based on similari-
ties in chromosome morphology. In order to generate
physical markers to positively identify all B. oleracea
chromosomes, Armstrong et al. (2001) are developing
FISH probes derived from anchored BAC clones with
which the physical karyotype of B. oleracea can be
aligned with its molecular-marker linkage groups. Such
markers should also enable confirmation of B. oleracea
chromosome homologues in B. napus.

As further cytogenetic markers become available, the
accuracy of chromosome identification will increase and
it should also become possible to physically identify re-
gions of interest on specific chromosomes, delivering
much more detailed information about A- and C-genome
chromosome structure. This will enable the accurate des-
ignation of transgene introgressions to A- or C-genome
chromosomes or specific chromosomal regions, and will
also bring benefits for studies of Brassica genome evolu-
tion and for physical mapping.
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Abstract

Genomic in-situ hybridization (GISH) was applied to study the behaviour of addition chromosomes in first and
second backcross (BC) progenies of hybrids between Brassica napus sp. napus L. (AACC, 2n = 38) and Sinapis
alba L. (SS, 2n = 24) produced by electrofusion. With GISH using genomic DNA of S. alba as a probe it was
possible to clearly distinguish both of the parental genomes and effectively monitor the fate of S. alba
chromosomes in the BC; and BC, progenies. GISH analysis confirmed the sesquidiploid genome composition
(AACCS) of the BC, progenies, which contained 38 chromosomes from B. napus and 12 chromosomes from
S. alba. Genome painting in the pollen mother cells (PMCs) of the BC; plants revealed intergenomic association
between B. napus and S. alba chromosomes, whereby a maximum of 4 trivalents between AC and S chro-
mosomes were identified at metaphase I. In the BC, progenies, aneuploids with different numbers of additional
chromosomes from S. alba, ranging from 1 to 7, were confirmed. Three putative monosomic alien addition lines
were characterized, and the results are discussed with respect to the potential for intergenomic chromosome
recombination.

Introduction

Sinapis alba L. (genome SS, 2n = 24) is phyloge-
netically close to Brassica species and possesses
desirable agronomic characteristics such as yellow
seed colour, reduced pod shattering and resistance to
various diseases including black spot (Alternaria
brassicae Berk., Hansen & Earle 1997), beet cyst
nematode (Heterodera schachtii Schm.) and clubroot
(Plasmodiophora brassicae Wor., Lelivelt et al.
1993), as well as tolerance to flea beetles (Bodnaryk
& Lamb 1991, Brown et al. 2004). It is also tolerant
to high temperatures and drought stress (Brown et al.

1997), therefore S. alba has considerable promise as
an alternative cruciferous oilseed crop in areas with
short, dry growing seasons such as those found in the
semi-arid regions of Western Canada and Australia
(Rakow et al. 2000). On the other hand, the seed
and oil yield are relatively low in comparison to oil-
seed rape/canola (Brassica napus ssp. napus, AACC,
2n = 38), therefore the interspecific transfer of these
positive traits to B. napus is desirable to expand the
genetic variability for these traits in the more
important crop species. Successful sexual hybridiza-
tion between B. napus and S. alba has been reported
through embryo rescue or ovary culture (Ripley &
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Arnison 1990, Mathias 1991, Lelivelt ef al. 1993,
Chevre et al. 1994, Brown et al. 1997) and by
protoplast fusion (Primard et al. 1988, Lelivelt et al.
1993, Wang et al. 2005b). In our previous work,
somatic hybridization was performed between B. napus
and S. alba via electrofusion, and seven somatic hybrids
were produced (Wang et al. 2005b) with the aim of
enriching sources of disease resistance of B. napus and
introduction of the yellow seed trait from S. alba. In
order to create a full set of monosomic alien addition
lines of S. alba in a Brassica napus genomic back-
ground, and to eliminate undesirable traits, backcrosses
with B. napus were subsequently carried out.

Genomic in-situ hybridization (GISH) enables not
only the distinction of the parental chromosomes in
a large number of interspecific and intergeneric
hybrids, but also the detection of genomic constitu-
tion and chromosome rearrangements (Schwarzacher
et al. 1989, Anamthawat-Jonsson et al. 1990,
Jacobsen et al. 1995, Kamstra et al. 1999, Takahashi
et al. 1997, Stevenson et al. 1998, Karlov et al. 1999,
Ji et al. 2004). GISH has also been applied success-
fully for identification of Brassica intergeneric
hybrids (Fahleson et al. 1997, Skarzhinskaya et al.
1998, Snowdon et al. 2000, Benabdelmouna er al.
2003, Wang et al. 2004); however, it is difficult
to detect intergenomic rearrangements in Brassica
chromosomes. Also, due to a concentration of hetero-
chromatin around the centromeric regions, and
the extensive intergenomic homoeology among the
Brassicaceae, genomic probes often do not hybridize
uniformly across the entire length of the chromo-
somes (Snowdon et al. 1997). On the other hand,
we have shown that GISH on meiotic preparations can
allow the detection of intergenomic recombination
between B. napus and Crambe abyssinica (Wang et al.
2004).

The transfer of genes and chromosomes from alien
species and genera has contributed a great deal to
the improvement of numerous crops in the past (Lim
et al. 2000), and interspecific hybrids can also be
used to generate novel B. napus genotypes with
genetically diverse polyploidy genome components
(Li et al. 2004). GISH has proved invaluable in mon-
itoring the fate of alien chromatin through subse-
quent generations of wide hybrids (Raina & Rani
2001). In order to establish the number of B. napus
and S. alba chromosomes, and to determine whether
homoeologous recombination has occurred in the
BC,; and BC, plants, mitotic and meiotic GISH was
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performed in plants of the BC; and BC, progenies
from hybrids between B. napus and S. alba.

Materials and methods
Plant materials

Somatic hybrids obtained by electrofusion of Bras-
sica napus L. cv. ‘Maplus’ (AACC, 2n = 38) proto-
plasts with Sinapis alba L. protoplasts have been
described previously (Wang et al. 2005b). Sexual
progeny of the hybrid was obtained by backcrossing
twice with B. napus cv. ‘Maplus’. Root tips from
seeds harvested from BC; and BC, plants were used
for mitotic GISH analysis, whereas flower buds of the
BC, and BGC, plants were used as experimental mate-
rial for meiotic GISH. The crossing scheme for the
development of hybrid progeny is shown in Figure 1.
All plants were grown in the greenhouse.

Chromosome preparation

For study of mitotic metaphase complements, the
root tips of young seedlings from BC, and BC, seeds
were collected, and the whole seedlings were pre-
treated in 2 mM 8-hydroxyquinoline for 2 h at 25°C
followed by 2 h at 10°C. Material was fixed in
Farmer’s solution (acetic acid: ethanol = 1:3) and
stored at —20°C until use. Flower buds from BC,
and BC, plants were fixed directly in Farmer’s
solution. Both root tips and anthers were incubated
in an enzyme mixture containing 2% (v/w) cellulase
and 20% (v/v) pectinase in 4 mmol/L citrate buffer
(pH 4.8) for about 1.5-2 h at 37°C and subjected to a
45 min treatment in 75 mmol/L KCI. Subsequently

Brassica napus X Sinapis alba

(AACC, 2n=38) (Ss, 2n=24)
Electrofusion
Fl AACCSS (2n=62) X B. napus (AACC)
BC1 Sesquidiploid (AACCS, 2n=50) X B. napus (AACC)
BC2 Aneuploids (AACC+S1-12)

Figure 1. Crossing scheme for the development of hybrid progeny.
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each tip or anther was transferred to chilled slides
directly using a pipette, and 60% acetic acid was
added to clear the cytoplasm followed by washing
with ice-cold Farmer’s solution to spread the cells on
the slides. Slides were air-dried before further use.

Probe preparation and in-situ hybridization

Total genomic DNA was extracted from young leaves
of B. napus and S. alba plants using the DNeasy Plant
Maxi Kit (Qiagen, Germany). Genomic DNA of
S. alba was labelled with fluorescein-12-dUTP using
a nick-translation kit (Catalogue No. 976776, Roche,
Germany) according to the manufacturer’s instruc-
tions. To prevent non-specific intergenomic cross-
hybridization, a 30-fold excess of sheared genomic
DNA from B. napus was added to the hybridiza-
tion solution. The DNA was sheared by autoclaving
(5 min, 1 bar), yielding fragments of around 300-
500 bp in size. Labelled probe and chromosomes
were denatured simultaneously on cleaned microscope
slides at 80°C for 4 min and hybridized overnight at
37°C. After hybridization the slides were washed at
42°C for 5 min each in 2 x SSC and 0.4 x SSC,
respectively. Chromosomes were counterstained with
propidium iodide (PI) and fluorescence was visualized
using an Olympus BX51 microscope. At least 5 cells
were observed for each preparation. Photographs were
taken using a computer-assisted cooled charge-cou-
pled device (CCD) camera and images were merged
with Image-Pro Plus Version 5.0 software.

Results
GISH analysis of BC plants

Using genomic DNA of S. alba as a probe, the
B. napus and S. alba genomes were clearly distin-
guished in the hybrid progeny. As expected, the GISH
studies showed that the chromosome constitution in
the seeds harvested from F; hybrids via backcrosses
with B. napus (BC;) was 2n = 50 (AACCS,

sesquidiploid), i.e., 38 chromosomes of B. napus origin
were strongly painted in red, while 12 chromosomes
of S. alba origin fluoresced in yellow (Figure 2a). We
examined the possibility of meiotic pairing between
B. napus (AC) and S. alba (S) chromosomes in the
BC, plants. At diakinesis I stage of the pollen mother
cells (PMCs), B. napus chromosomes formed 19
normal bivalents, while the 12 S. alba chromosomes
formed univalents and no intragenomic pairing was
observed. However, chromatin association between
AC and S chromosomes was detected by GISH to
meiotic preparations. At metaphase I, AC chromo-
somes from B. napus aligned on the equatorial plate
and paired preferentially, whereby between one and
four trivalents between AC and S chromosomes were
also formed (Table 1). The example shown in Figure
2b shows eight S chromosomes present as univalents
and distributed around the exterior of the PMC, while
four S chromosomes form trivalents with AC genome
chromosomes and were typically found to be oriented
more centrally. At anaphase I the 12 chromosomes
from S. alba were randomly distributed to both poles.
Among 65 PMCs scored, 4.6%, 7.7%, 6.2%, 18.5%,
35.4% and 27.7%, respectively, were counted at the
ratios of 1:11, 2:10, 3:9, 4:8, 5:7 and 6:6 (Table 1).
The example given in Figure 2c shows separation in a
ratio of 5:7, with two chromosomes from S. alba
exhibiting association with B. napus chromosomes
(arrow). Figure 2d shows a PMC at telophase I with
seven chromosomes from S. alba, one of which is
combined with an AACC chromosome (arrow).

GISH analysis of BC, plants

Seeds harvested from BC; plants were also examined
by GISH on mitotic root tip preparations. Among 36
seeds tested, all had more than 38 chromosomes,
ranging from 39 to 45, and were confirmed as
aneuploids. Thirty-eight chromosomes from B. napus
and 1, 3, 4, 5, 6 and 7 additional chromosomes from
S. alba, respectively, were observed (Table 2, Figure
2e, 2g). Of the progeny investigated, three were

Table 1. Chromosome behaviour of BC; plants at diakinesis I or metaphase I and anaphase I analyzed by GISH.

No. of trivalents per PMC at diakinesis I or metaphase I ~ Separation ratio of S. alba chromosomes at anaphase I

Meiosis 1 2 3 1:11 2:10 3:9 4:8 5:7 6:6
No. of PMCs scored 12 18 24 3 5 4 12 23 18
Frequency (%) 18.5 27.7 36.9 4.6 7.7 6.2 18.5 35.4 27.7
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Table 2. Chromosome constitution of somatic hybrids and the BC; and BC, progenies analysed by GISH.

Genome constitution
Chromosomes from

Genotype Chromosome number (2n) Genomic constitution B. napus S. alba
B. napus 38 AACC 38

S. alba 24 SS 24
Somatic hybrids (F;)* 62 AACCSS 38 24
BC1 (F1 x B. napus) 50 AACCS 38 12
BC2 (BC x B. napus) AACCS(1-12)

BC2-1 38 1(3)°
BC2-2 38 3(8)
BC2-3 38 409
BC2-4 38 5@
BC2-5 38 6 (4)
BC2-6 38 7(5)

“For details see Wang et al. (2006).
®Figures in parentheses = frequency.

confirmed to contain 39 chromosomes comprising 38
from B. napus and one monosomic addition from
S. alba. Selected BC, plants were used for further
meiotic GISH analysis. Figure 2f shows a PMC with
seven additional chromosomes from S. alba, two of
which were associated with B. napus chromosomes
at diakinesis I (arrows). Figures 2h and 2i indicate
chromosome behaviour of PMCs with five additional
chromosomes of S. alba, three of which are possibly
associated with AC chromosomes (Figure 2h). Five
laggards of S. alba were clearly displayed at ana-
phase I, one of them with chromatin bridge between
S. alba and B. napus (Figure 2i, arrow). Figure 2j
shows a PMC with three additional S. alba chro-
mosomes, one of which appears to be undergoing
chromatin recombination with B. napus chromatin
(arrow). Potential B. napus + S. alba monosomic
alien addition lines with one S. alba chromosome
were identified in the BC, populations. At diakine-

sis I, 19 bivalents derived from B. napus and 1
univalent derived from S. alba were clearly detected
(Figure 2k). At metaphase I, one univalent of alien
S. alba chromosome was observed (Figure 21).

Morphological characterization of the monosomic
alien addition lines

Considerable morphological variation was observed
among the BC; and BC, progenies. Three putative
monosomic alien addition lines (MAALs) detected
by GISH grew vigorously, were taller than B. napus
and were differentiated morphologically from each
other. Plant BC2-1-1 had very dark green leaves
without wax, while plant BC2-1-2 had a thick stem
with numerous trichomes and plant BC2-1-3 had a
compact shape resembling S. alba. The MAALSs had
a higher pollen fertility, ranging from 82% to 90%.
The average seed set of the MAALs by self-

Figure 2. Genomic in situ hybridization (GISH) to mitotic and meiotic chromosomes of BC; and BC, progeny from somatic hybrids between
Brassica napus ssp. napus (AACC, 2n = 38) and Sinapis alba L. (SS, 2n = 24). Chromatin of S. alba is labelled yellow with FITC, while
B. napus chromatin is counterstained red with PI. (a—d) BC, plants: (a) mitotic chromosomes of sesquidiploid BC, plants with 38 B. napus
chromosomes and 12 S. alba chromosomes; (b) metaphase I in the sesquidiploid hybrid. In this example the B. napus chromosomes are
oriented on the equatorial plate and eight S. alba chromosomes separate to form univalents, while four S. alba chromosomes are involved in
putative trivalents with B. napus chromosomes; (¢) example of anaphase I showing a 5:7 separation of S. alba chromosomes and association
of AC and S chromosomes (arrow); (d) example of telophase I showing seven chromosomes from S. alba, one of which shows association
with a B. napus chromosome (arrow). (e-1) BC, plants: (e, f) plants with seven additional chromosomes from S. alba; (e) mitotic cell with 38
B. napus chromosomes and seven S. al/ba chromosomes (yellow); (f) example of diakinesis showing a PMC with 1911 from B. napus, five
S. alba univalents and two putative AC-S trivalents (arrow); (g—i) plants with five additional chromosomes from S. alba; (g) mitotic cell with
38 B. napus chromosomes and five S. alba chromosomes; (h) example of diakinesis in a PMC with 1911 B. napus, two S. alba univalents and
three putative AC-S trivalents (arrows); (i) example of anaphase I showing five S. alba laggards, one of which exhibits a chromatin bridge
with a B. napus chromosome (arrow); (j) metaphase I in a PMC with three additional S. alba chromosomes, one of which shows an
intergenomic recombination with a B. napus chromosome (arrow); (K, 1) monosomic addition line carrying a single S. a/ba chromosome at
diakinesis I (k) and metaphase I (I) in the form of a univalent. Scale bar represents 2pm.
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pollination was 2-3 seeds per pod, in backcrosses
with B. napus 5-7 seeds per pod were produced.
Siliques of all MAALs exhibited a long beak
characteristic of S. alba. Most of the seeds harvested
from the MAALSs were larger than that of B. napus,
and the plant BC2-1-3 produced brown—yellow seed.

Discussion
Genome differentiation by GISH

The results of this study demonstrate the utility of
GISH for genome discrimination in hybrid nuclei for
an analysis of intergenomic relationships. Further-
more, the transmission and recombination of S. alba
and B. napus chromosomes through meiotic divisions
of intergeneric hybrid progeny was also able to be
determined by GISH. At meiosis, B. napus chromo-
somes were shown to pair preferentially and some
S. alba chromosomes formed trivalents with B. napus
chromosomes, meaning that recombinant chromo-
somes are present in the nuclei of backcross progeny
(Figure 2j). This demonstrates the existence of par-
tial chromosome homology between the genomes
of B. napus and S. alba, as was found previously
in somatic hybrids between B. juncea and S. alba
(Gaikwad et al. 1996), and therefore the potential for
intergenomic recombination. Therefore, the intro-
gression of alien genes from S. alba to B. napus
can be achieved through meiotic cross-over in
backcross progenies. This important prerequisite for
the integration of agronomically relevant traits from
related crucifers into Brassica crops is not always
fulfilled: In intergeneric hybrids between B. napus
and the closely related crucifer oil radish (Raphanus
sativus), for example, radish addition chromosomes
were maintained more or less unaltered in the
background of the Brassica genomes (Peterka et al.
2004) and desired resistance traits could not be
introgressed from R. sativus to the B. napus genome
despite numerous rounds of backcrossing (Voss et al.
2000, Peterka et al. 2004).

Chromosome associations in hybrid progeny

The identification of intergeneric or interspecific
recombination by GISH in mitotic preparations is
questionable in small genomes with a relatively low
proportion of medium and highly repetitive DNA
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families, such as Brassica species (Snowdon et al.
1997, 2000, Wang et al. 2004). In this case, detectable
GISH signals are mainly restricted to pericentromeric
heterochromatin blocks and sometimes to nucleolus
organizers (NORs) where repetitive DNA sequences
are clustered. In contrast, our results using GISH to
meiotic preparations were able to effectively reveal
intergenomic recombination and homoeology. Homo-
eologous associations between B. napus and S. alba
chromosomes were identified, and in some cases
recombinant chromosomes could be clearly detected.
The hybrid progenies had a higher seed set when
backcrossed with B. napus. This result differs from
the study of Lelivelt et al. (1993), who reported infer-
tility in backcross offspring from somatic hybrids of
B. napus and S. alba. On the other hand, however,
GISH can fail to identify very short recombinant
segments in interspecific Brassica hybrids and the
exact size and the position of introgressions can be
extremely difficult or impossible to estimate. In such
cases, analysis with chromosome-specific markers
along the chromosome may assist in more exact chro-
mosomal localization and characterization of the
introgressions (Ali et al. 2001, Peterka et al. 2004).

Utility of the MAALs

S. alba and B. napus are closely related species,
hence it is possible to transfer individual chromo-
somes from S. alba to B. napus to produce mono-
somic alien addition lines. Obviously, this opens the
prospect for establishing a complete set of monoso-
mic S. alba alien addition lines within the genomic
background of cultivated rapeseed. Our study shows
that S. alba chromosomes were decreased in subse-
quent backcrosses with B. napus, whereby after only
two backcrosses three individuals were detected with
only a single S. alba chromosome. The identity of
individual addition chromosomes can be established
in some cases by hybridization with labelled 45S
and 5S rDNA probes or other chromosome-specific
markers (Schrader et al. 2000, Ali et al. 2005), or
with the help of chromosome-specific PCR markers.
This should enable the rapid generation of a com-
plete set of B. napus + S. alba MAALSs as a tool to
localize genes of interest controlling relevant agro-
nomic traits in S. alba, and to transfer these in a tar-
geted manner into the genome of oilseed rape (Ali
et al. 2001). MAALs of B. napus with alien chro-
mosomes from S. arvensis exhibiting resistance
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to Leptosphaeria maculans were successfully
obtained and the resistance was successfully intro-
gressed into B. napus by backcrossing and selfing
(Snowdon et al. 2000). Five different multiple B.
napus + R. sativus (oil radish) addition chromosome
lines (a—i) were selected by Peterka et al. (2004) and
used to identify the oil radish chromosome contain-
ing genes for beet cyst nematode resistance. More
recently, we produced two MAALs of B. napus +
C. abyssinica, and a fertile, stable doubled haploid
disomic addition line was obtained via microspore
culture (Wang et al. 2006). The evidence presented
herein of chromosome recombination and association
between B. napus and S. alba demonstrates in
principle the feasibility of gene transfer from S. alba
to B. napus. In previous work (Wang et al. 2005b),
fael gene introgression from S. alba to B. napus was
confirmed by GISH and cleaved amplified poly-
morphic sequence (CAPS) analysis of the fael gene
in F; plants of the hybrid and their progenies (F, and
BC)). Our eventual goal is to develop a set of S. alba
introgression lines or MAALs in a B. napus back-
ground. Many studies show that loci controlling
complex traits are numerous, widespread, and inten-
sively interact. The application of MAALs offers more
prospects to dissect these loci and ultimately transform
them into simple Mendelian factors via backcrosses,
greatly facilitating map-based cloning of the genes in
the wild relatives (Fridman er al. 2004). A full set
of B. napus + S. alba MAALs containing enhanced
traits from the donor species would provide us with a
potentially powerful tool to identify and transfer
genes of interest from S. alba to B. napus and
ultimately to generate stable rapeseed lines containing
disease resistance and other relevant traits, such as
yellow seed colour and pod shattering resistance, from
the donor genome on small chromosome introgres-
sions with minimal genetic drag.

MAALSs are also useful for detecting structural
variations in homoeologous chromosomes of related
species. By creation of a full set of MAALs from
S. alba to cultivated rapeseed, genes of interest from
S. alba could be fine-mapped and tagged with closely
linked markers. For meaningful utilization of these
valuable materials in further introgression breeding,
accurate identification of recombinant chromosomes
will be necessary using molecular marker analyses
and assessment by fluorescence in situ hybridization
(FISH) with genomic and chromosome-specific DNA
as probes (Wang et al. 2005a). Furthermore, the

production of substitution lines for recombinant seg-
ments is required. Similar studies have been con-
ducted in Festuca—Lolium hybrids where some of the
agronomic traits have been assigned to specific chro-
mosome segments (King et al. 1998). Ultimately, this
approach enables exploitation of the S. alba gene
pool for use in rapeseed breeding.
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3 Analysis and exploitation of genetic diversity in Brassica napus

The following two articles describe the analysis and utilisation of genetic diversity in
winter-type and spring-type Brassica napus including oilseed, fodder and vegetable rape
varieties of diverse geographical origin. In the first article, genome-wide simple-sequence
repeat (SSR) markers were used to estimate genetic diversity in B. napus genebank
collections. The second article describes quantitative trait analysis of an important seed
quality trait with a complex mode of inheritance using population structure-based allele-
trait association analysis, including an innovative approach to marker development using
Brassica-Arabidopsis sequence synteny. This paper was the first description of association
mapping techniques for analysis of a quantitative trait in B. napus, and is also the first to
use synteny information to develop potentially gene-linked markers in oilseed rape.
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3.1 Surveying genetic diversity in the Brassica napus gene pool using SSR
markers

Hasan M., F. Seyis, A.G. Badani, J. Pons-Kuhnemann, W. Luhs, W. Friedt & R.J. Snowdon,
2006. Genet. Res. Crop Evol. 53: 793-802
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Abstract

Genetic diversity throughout the rapeseed (Brassica napus ssp. napus) primary gene pool was examined by
obtaining detailed molecular genetic information at simple sequence repeat (SSR) loci for a broad range of
winter and spring oilseed, fodder and leaf rape gene bank accessions. The plant material investigated was
selected from a preliminary B. napus core collection developed from European gene bank material, and was
intended to cover as broadly as possible the diversity present in the species, excluding swedes (B. napus ssp.
napobrassica (L.) Hanelt). A set of 96 genotypes was characterised using publicly available mapped SSR
markers spread over the B. napus genome. Allelic information from 30 SSR primer combinations ampli-
fying 220 alleles at 51 polymorphic loci provided unique genetic fingerprints for all genotypes. UPGMA
clustering enabled identification of four general groups with increasing genetic diversity as follows (1)
spring oilseed and fodder; (2) winter oilseed; (3) winter fodder; (4) vegetable genotypes. The most extreme
allelic variation was observed in a spring kale from the United Kingdom and a Japanese spring vegetable
genotype, and two winter rape accessions from Korea and Japan, respectively. Unexpectedly the next most
distinct genotypes were two old winter oilseed varieties from Germany and Ukraine, respectively. A
number of other accessions were also found to be genetically distinct from the other material of the same
type. The molecular genetic information gained enables the identification of untapped genetic variability
for rapeseed breeding and is potentially interesting with respect to increasing heterosis in oilseed rape
hybrids.

Introduction ssp. napus) is the most important source of vege-

table oil in Europe and the second most important
Brassica napus L. is a relatively young species that oilseed crop in the world after soybean. However,
originated in a limited geographic region through its limited geographic range and intensive breeding
spontaneous hybridisations between turnip rape has led to a comparatively narrow genetic basis in

(B. rapa L. s.str.; AA, 2n = 20) and cabbage (B. current breeding material. The gene pool of elite
oleracea L. p.p.; CC, 2n = 18) genotypes (Kimber oilseed rape breeding material has been further
and McGregor 1995). Today oilseed rape (B. napus eroded by an emphasis on specific oil and seed
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quality traits. As a consequence, genetic variability
in this important crop is restricted with regard to
many characters of value for breeding purposes.

Rapeseed cultivars are classified as winter or
spring types according to their vernalisation
requirement in order to induce flowering. Besides
spring and winter oilseed types, rapeseed is often
also grown as a fodder crop or as green manure.
Swede cultivars are also relatively common, par-
ticularly in Great Britain and Scandinavia, and a
small number of kale vegetable forms are also
known. Owing to their generally unsuitable seed
characters, in particular high contents of seed er-
ucic acid, glucosinolates, and other anti-nutritive
substances, fodder and vegetable rape forms have
been generally overlooked for breeding of oilseed
cultivars in recent decades. On the other hand,
genetically diverse material is a potentially valu-
able source for improved pathogen and pest
resistance, and introduction of untapped germ-
plasm into breeding lines also has the potential to
improve heterotic potential. Because of linkage
drag for seed yield and quality traits associated
with non-oilseed rape morphotypes, identification
of genetically diverse germplasm amongst the
respective gene pools of winter and spring oilseed
forms is of particular interest.

Traditionally, morphological, phenological and
agronomical traits have been employed as criteria
for the introgression of new variation into oilseed
rape breeding lines. In recent years, molecular
genetic techniques using DNA polymorphism have
been increasingly used to characterise and identify
novel germplasm for use in crop breeding (see
O’Neill et al. 2003 for a review). A number of
previous studies have dealt with genetic diversity
in B. napus, however most have investigated a
limited range of genotypes. Thormann et al. (1994)
used restriction fragment length polymorphism
(RFLP) and RAPD markers to determine genetic
distances in and between cruciferous species,
Halldén et al. (1994) compared B. napus breeding
lines with RFLPs and RAPDs, while Diers and
Osborn (1994) compared RFLP patterns in 61
winter and spring rapeseed genotypes and con-
cluded that the two forms constitute two geneti-
cally different groups. Becker et al. (1995)
compared the genetic diversity in rapeseed culti-
vars with resynthesised lines using allozyme and
RFLP markers. Seyis et al. (2003) described ge-
netic diversity in a large set of resynthesised ra-
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peseed lines and spring rape varieties. Diers et al.
(1996) investigated the relationship between ge-
netic distance and heterosis in oilseed rape using
RFLP markers, and Riaz et al. (2001) performed a
similar study with sequence-related amplified
polymorphic (SRAP) markers. Simple sequence
repeat (SSR; microsatellite) markers were used by
Plieske and Struss (2001) to differentiate 29 winter
and 3 spring rapeseed varieties and breeding lines
in a cluster analysis. In comparison with other
molecular marker techniques SSR markers are
numerous, highly polymorphic and informative,
codominant, technically simple and reproducible,
and they are relatively inexpensive when primer
information is available. Furthermore, SSR
markers often occur in gene-rich genome regions,
increasing their potential relevance for allele—trait
association studies in well-characterised genome
regions containing quantitative trait loci.

In this study SSR genotype information was
compiled for loci spread throughout the B. napus
genome in a core set of gene bank accessions
representing a broad range of the gene pool,
including spring and winter fodder, oilseed and
vegetable types from diverse origins. Ninety-six
morphologically diverse genotypes were chosen
from a B. napus core set described by a European
project on Brassica genetic resources (RESGEN;
see Liihs et al. 2003a). Swede accessions were not
included in the analysis. The genotypes were
genetically characterised using 30 informative
mapped SSR primer combinations from the public
domain. The genetic diversity of the material is
discussed with respect to its potential to expand
the narrow gene pool for oilseed rape breeding.

Materials and methods
Plant material

In a previous study (see Liihs et al. 2003a) around
1500 oilseed, fodder and vegetable rape accessions,
representing the B. napus material present in
European gene banks, were evaluated in field trials
to investigate their variation for descriptive char-
acters like emergence date, vernalisation require-
ment and winter hardiness, flowering time and
duration, fatty acid composition and seed gluco-
sinolate content. Based on the data collected and
available pedigree knowledge, a preliminary core



collection of around 180 genotypes was established
for more detailed agronomic investigations to
identify germplasm of interest for oilseed rape
breeding. The core collection is intended to rep-
resent as broadly as possible the genetic diversity
present in the species as a whole (Poulsen et al.
2004).

In order to quantify the genetic variation pres-
ent in the preliminary core collection 96 accessions
were selected that covered as broadly as possible
the observed morphological variation, with the
exception of swede (B. napus ssp. napobrassica (L.)
Hanelt) accessions for which no material was
available. The 96 genotypes were grown in the field
to confirm homogeneity of the accessions. Total
cellular DNA was extracted from young true
leaves of a representative plant from each acces-
sion using a standard CTAB extraction protocol
(Doyle and Doyle 1990). The accessions investi-
gated and their origins are listed in Table 1.

SSR analyses

Sixty Brassica SSR primer combinations selected
from the collection available in the public domain
(Lowe et al. 2002, 2004; sce www.brassica.info/ssr/
SSRinfo.htm) were tested for their suitability.
After pre-screening 30 primer pairs were chosen
that gave clear, reproducible and polymorphic
amplification products at one or more loci in
B. napus.

PCR reactions were carried out in a volume of
15 uL.  containing 20 ng of DNA template,
0.75 pmol of each primer, 0.2 mM dNTP mix,
I mM MgCl,, 1 x PCR reaction buffer (with
15 mM MgCl,, Qiagen) and 0.25 unit of Tag DNA
polymerase (Qiagen). Amplifications were per-
formed using a standard amplification cycle in a
GeneAmp PCR System 9700 thermal cycler, and
SSR polymorphisms were separated and visualised
using a LI-COR GeneReadir 4200 MWG Bio-
tech, Ebersberg). 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 primer5’-AGGGTTTTCCCAGTCACGAC-
GTT-3" is added to the PCR reaction, and the
forward primer of each SSR is appended with the
sequence S-TTTCCCAGTCACGACGTT-3".
After the first round of amplification the PCR
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fragments are subsequently amplified by the la-
belled universal primer. For further savings on
polymerase costs and workload, duplex or triplex
PCR assays were developed in cases where primers
with the same annealing temperature gave ampli-
fication products of sufficiently different size. PCR
primers along with the annealing temperatures
used are shown in Table 2.

Data analysis

Up to five polymorphic loci were amplified for
each SSR primer combination, reflecting the
complex polymorphic nature of the B. napus gen-
ome, and as many as 11 alleles per locus were
amplified. This resulted at times in complex
banding patterns that made the assignment of al-
leles to loci difficult and in some cases impossible.
Furthermore, homologous Brassica SSR loci can
display identical alleles that cannot be resolved
quantitatively. This prohibited the use of allele-
scoring techniques designed for simple diploid
organisms that assign SSR amplification products
to individual loci and calculate genetic distance
matrices based on allele frequencies. Instead, for
each primer combination, the absence/presence of
each polymorphic amplification product in each
plant was determined and data was recorded in a
0/1 matrix, as described for example by Alamerew
et al. (2004) for analysis of polyploid wheat. Al-
leles were scored digitally using the software
package RFLP-SCAN (Version 2.01, Scanalytics
Inc., Fairfax, VA, USA) through matching with a
size-calling standard, however all genotypes were
confirmed manually. The genotype data was con-
verted to a similarity matrix using the Dice simi-
larity index Dice 1945), described as follows by
Nei and Li (1979):

S = 2Ny (2N + N + N),

where N,, is the number of bands shared by
genotypes a and b in each pairwise comparison,
and N, and Ny, are the numbers of bands present in
the respective genotypes. Dice genetic similarities
were calculated using the software WINDIST
(I.W. Yap, Univ. of Washington, USA), and the
SAHN module of NTSYSpc (Version 2.01, Exeter
Software, Setauket, NY, USA) was used to gen-
erate a dendrogram based on the UPGMA algo-



Table 1. The 96 Brassica napus ssp. napus accessions for the study were selected from a preliminary core collection (Liihs et al. 2003a)
representing the genetic variability present in Brassica napus L. collections in European genebanks.

Accession name Type Genebank® Accession number Country of origin
Erglu SF BS 16237 Germany
Kroko SF BS 32545 Germany
Liho SF IPK CR704 Germany
Petranova SF BS 16223 Germany
Tantal SF CGN CGNO06893 France

Tira SF BS 30285 Germany
Alku SOSR NGB 2336 Sweden
Bronowski SOSR IPK CR270 Poland
Ceska Krajova SOSR IPK CR 280 Czech Republic
Duplo SOSR IPK CR303 Germany
Dux SOSR BS 53721 Germany
Janetzkis Sommerraps SOSR BS 31208 Poland

Line SOSR NGB 1794 Sweden
Marnoo SOSR BS 34719 Australia
Nugget SOSR IPK CR807 Canada

Olga SOSR NGB 8678 Sweden
Spaeths Zollerngold SOSR BS 16225 Germany
Svalof’s Gulle SOSR NGB 585 Sweden
Topas SOSR NGB 2695 Sweden
Tribute SOSR IPK 2005 Canada
Wesway SOSR IPK CR1055 Australia
Hakuran NY% CGN CGNO06897 Japan
Russian Kale Sv HRI 6234 Great Britain
Akela WF BS 7310 Germany
Aphid Resistant Rape WF IPK CR 167/92 New Zealand
Binera WF IPK CR 182 Germany
Bladkool WF IPK CR 192 Netherlands
Clubroot Resistant WF IPK CR283/98 New Zealand
Dwarf Essex WF IPK CR304/95 Great Britain
English Giant WF HRI 3258 Great Britain
Liragriin WF IPK CR 718 Germany
Michinaku natane WF IPK CR 774 Japan
Nunsdale WF HRI 5133 Great Britain
Palu WF IPK CR 834 Ttaly
Parapluie WF IPK CR837/75 France

Samo WF NGB 2767 Sweden
Silona WF NGB 2769 Sweden

Anja WOSR IPK CR 164 Germany
Askari WOSR IPK CR 172/92 Germany
Baltia WOSR CGN 6868 Poland
Bienvenue WOSR IPK CR181/86a France

Bolko WOSR IPK CR853/2000 Poland
Brink WOSR IPK CR 267/82a Sweden
Ceres WOSR IPK CR279/88a Germany
Coriander WOSR IPK CR 286 Germany
Darmor WOSR HRI 9139 France
Diamant WOSR BS 7299 Germany
Dippes WOSR IPK CR298/92 Germany
Doral WOSR BS 29619 Germany
Doral WOSR IPK CR 301/96 Germany
Edita WOSR IPK CR 307 Germany
Erra WOSR IPK CR 318 Germany
GroB-Liisewitzer WOSR BS 34435 Germany
Giilzower Olquell WOSR IPK CR 1191/81 Germany
Hokkai 3-Go WOSR IPK CR 646/92 Japan
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Table 1. Continued.

Janpol WOSR IPK
Jantar WOSR IPK
Jet Neuf WOSR CGN
Jupiter WOSR NGB
Krapphauser WOSR IPK
Kromerska WOSR CGN
Lenora WOSR BS
Lesira WOSR IPK
Librador WOSR BS
Libritta WOSR BS
Liglory WOSR IPK
Liporta WOSR BS
Lirafit WOSR IPK
Lirakotta WOSR BS
Madora WOSR IPK
Major WOSR BS
Markus WOSR BS
Matador WOSR NGB
Mestnij WOSR CGN
Moldavia WOSR IPK
Mytnickij WOSR CGN
Nemertschanskij 1 WOSR IPK
Norde WOSR NGB
Panter WOSR NGB
Quedlinburger Platzfester WOSR IPK
Quinta WOSR BS
Ramses WOSR IPK
Rapol WOSR BS
Sarepta WOSR IPK
Skrzeszowicki WOSR IPK
Skziverskij WOSR CGN
Slovenska Krajova WOSR IPK
Sobotkowski WOSR IPK
Sonnengold WOSR IPK
Start WOSR IPK
Trebicska WOSR IPK
Victor WOSR IPK
Vinnickij 15/59 WOSR CGN
Wolynski WOSR IPK
Chuosenshu WV IPK
Taisetsu \\AY IPK

CR659/97 Poland
CR743/90 Poland
CGNO07227 France

2703 Sweden

CR 2187 Germany
CGNO06869 Czech Republic
7295 Germany
CR689/86a Germany
28959 Germany
61797 Germany
CR561/96 Germany
65330 Germany
CR715/89 Germany
61794 Germany
CR 740 Germany
28659 France
28661 France

594 Sweden
CGNO06871 Soviet Union
CR299/73 Moldova
CGNO06880 Ukraine
CR787/92 Soviet Union
593 Sweden

592 Sweden

CR 862 Germany
7302 Germany
CR 872 France

7306 Germany
CR 904 France

CR 925 Poland
CGNO06885 Soviet Union
CR 948 Czech Republic
CR 950 Poland

CR 954 Germany
CR972/96 Poland
CR1026 Czech Republic
CR 1038/98 Sweden
CGNO06881 Soviet Union
CR 1060/95 Soviet Union
CR 2198 Korea

CR 1008/92 Japan

The material included a broad range of winter-type (W) and spring-type (S) fodder (F), vegetable (V) and oilseed rape (OSR) forms

from diverse origins.

“BS, Braunschweig, Germany; IPK, Gatersleben, Germany; HRI, Wellesbourne, United Kingdom; CGN, Wageningen, Netherlands;

NGB, Nordic Gene Bank, Alnarp, Sweden.

rithm (unweighted pair group method with arith-
metric average). Because UPGMA clustering
sometimes results in discrepancies depending on
the choice of similarity index and can be biased by
rare alleles, genetic relationships among the
genotypes were also represented using a principal
coordinate (PCO; Backhaus et al. 1989) analysis,
using the software SPSS (version 10.0.7, SPSS Inc.,
Chicago, USA), in order to confirm the positions
of outlier genotypes.
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Results

The 30 SSR primer combinations used amplified a
total of 51 scoreable polymorphic loci with 220
alleles in the 96 genotypes. The polymorphic loci
gave unique genetic fingerprints for all 96 acces-
sions. Figure | shows the UPGMA dendrogram
representing genetic similarity among the acces-
sions. As expected two major clusters were formed
representing winter and spring accessions. The



Table 2. Allelic diversity at SSR loci amplified by primer used for the genetic diversity analysis.

SSR-Primer Annealing Polymorphic No. of alleles Linkage group/s
temperature (°C) loci detected detected (Lowe et al. 2002, 2004)

Nal0-C01 55 5 25 NI13, N14

Nal0-D03 55 1 2 N3

Nal0-E02 55 3 11 N5, N6, N§, N13

Nal0-F06 55 1 3 N3, N14

Nal2-D10 55 1 4 NI15

Nal2-E06A 55 1 8 N9, N15

Nal2-F12 55 1 3 NI13

Nal4-DO07 55 1 2 NI

Nal4-Ell 55 4 14 N14

Nal4-G02 55 1 8 N3

0109-A06 55 2 6 NI12

Ol110-A05 58 2 7 N2

0O110-B01 55 1 7 N17

Ol111-B03 55 2 8 N10, N19

OI11-B05 55 2 7 N3

Ol11-Gl11 55 2 9 NI13

OIl11-H02 55 1 6 N4, N14

OI11-HO5 50 2 10 N15, N19

Ol112-A04 55 1 4 NI19

Ol112-D05 55 1 7 NI18

Ol12-E03 55 1 4 N7

Ol12-F11 55 2 6 N1, N10

Ol113-D02A 55 1 7 N3, N14

Ral-F06 60 3 9 N6

Ra2-A04 50 1 5 N5, N15

Ra2-A05 55 1 4 N7

Ra2-Ell 55 1 11 NI13

Ra2-E12 55 1 5 N8

Ra2-F11 50 3 10 N12, N13, N15, N19

Ra3-E05 55 2 8 NI11

Total

W
—

220

Primer sequences were obtained from the collection available in the public domain (http://ukcrop.net/perl/ace/search/BrassicaDB),
which were developed by Lowe et al. (2002, 2004). The 18 bp M13-tail sequence 5-TTTCCCAGTCACGACGTT-3" was added to 5
end of each forward primer for detection of PCR products with a labelled universal M13 primer (see Methods). Because of this the
annealing temperatures differ in some cases from those recommended by Lowe et al. (2002, 2004). S, spring; W, winter; F, fodder; V,

vegetable; OSR, oilseed rape.

winter cluster differentiated clearly into two
genetically distinct sub-clusters. The first sub-
cluster contained mainly winter oilseed rape,
however, four winter fodder varieties (‘Binera’,
‘Silona’, ‘Bladkool’ and ‘Liragriin’) also grouped
with the oilseed accessions. The second winter sub-
cluster was formed from more genetically diverse
fodder rape accessions, whereby the spring fodder
varieties ‘Tantal’ and ‘Tira’ also grouped in this
sub-cluster. Unexpectedly, a number of oilseed
genotypes did not group with the rest of the spring
and summer forms: The German winter oilseed
variety ‘Liglory’, the old spring oilseed cultivar
‘Wesway’, from Australia, and the German spring
oilseed rape ‘Dux’ grouped separately between the
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winter and spring clusters, together with the Ger-
man spring fodder rape ‘Petranova’. The winter
oilseed cultivars ‘Mestnij’ from Mongolia and
‘Kromerska’ from the Czech Republic were more
closely related to the spring material than the other
winter accessions. The old winter oilseed varieties
‘Mytnickij’ from Ukraine and ‘Krapphauser’ from
Germany were highly genetically distinct from all
other oilseed genotypes.

The vegetable varieties ‘Hakuran’ from Japan
and ‘Russian Kale’ from Great Britain were the
most genetically diverse genotypes, with a genetic
similarity coefficient of only around 0.38, and the
Asian accessions ‘Chuosensu’ from Korea and
‘Taisetsu’ from Japan were also extremely distinct
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Figure 1. Phenogram showing DICE genetic similarity for a diverse set of 96 oilseed rape accessions including winter-type (W) and
spring-type (S) fodder (F), vegetable (V) and oilseed rape (OSR) Brassica napus L. accessions from European genebanks (see Table 1),
revealed by UPGMA clustering based on genetic fingerprints from 51 polymorphic SSR loci.



from all oilseed and fodder genotypes. Genetically
distinct within the major clusters were the old
German winter oilseed rape cultivar ‘Grol3
Liisewitzer’ and the Italian winter fodder type
‘Palu’, which each showed a similarity index of
around 0.65 to their respective cluster.

At the other extreme, the narrow clustering of
specific genotype pairs with very similar SSR fin-
gerprints (e.g. ‘Lenora’ and ‘Quinta’, ‘Bienvenue’
and ‘Major’, ‘Brink’ and ‘Darmor’, ‘Coriander’
and ‘Edita’) reflects the close pedigree relation-
ships among these varieties. The German winter
oilseed varieties ‘Ceres’ and ‘Madora’ showed
identical SSR fingerprints for all but 5 of the 60
loci, suggesting a very close pedigree relationship.
The set of investigated varicties contained one
repetition of two different accessions of the variety
‘Doral’. These two accessions clustered closely
together however, were not identical, as might be
expected after independent regeneration in differ-
ent gene banks.

The PCO analysis reflected the UPGMA clus-
tering (results not shown), confirming the posi-
tions of the unexpected outliers described above.
The winter outliers ‘Liglory’, ‘Mestnij’ and ‘Kro-
merska’, and the spring outliers ‘Dux’, ‘Petranova’
and ‘Wesway’ were all located at intermediate
positions between the respective spring and winter
groupings. The spring outliers ‘“Tira’ and ‘Tantal’
were confirmed to cluster with the winter fodder
rape and the extreme divergence of the winter
oilseed varieties ‘Mestnij’ and particularly ‘Krap-
phauser’ was also confirmed.

Overall allelic diversity within the respective
groups of accessions was estimated based on the
number of alleles and of unique alleles per group,
respectively (Table 3). As expected the four
vegetable accessions exhibited an extremely high
allelic diversity, with more than 20% of the alleles
in this group being absent from the other groups
of accessions. The grouping of spring fodder and
oilseed rape showed the lowest number of unique
alleles.

Discussion

The results of this study demonstrate the suit-
ability of SSR data for analysis of genetic diversity
in B. napus genotypes. Unique genetic fingerprints
were obtained for all genotypes, and the genotype
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data enabled differentiation between winter rape-
seed, spring rapeseed and vegetable accessions.
Furthermore, a group of winter fodder accessions
was found to be genetically distinct from the
winter oilseed rape. Based on the genetic data it
appeared that the accessions ‘Tantal’ and ‘Tira’
are in fact winter forms (B. napus forma biennis),
and this was confirmed by winter and summer field
trials studying the vernalisation requirement and
seasonality of the accessions (Liihs et al. 2003a).
Presumably these varieties are listed as spring
varieties because their use exclusively for fodder
purposes means they do not flower before har-
vesting.

It is possible that unexpected genetic finger-
prints can arise from mislabelling of samples or
unintended substitution of seed among the original
gene bank accessions. During the original field
evaluation of the full set of European B. napus
gene bank material a number of duplicated
accessions from different gene banks were found to
have markedly different morphological character-
istics (Liihs et al. 2003a), obviously a result of
incorrect labelling. The accession of the winter
oilseed variety ‘Liglory’ we tested in this study was
found to be a yellow-seeded type, although the
original ‘Liglory’ has brown-black seeds. This
appears to explain the unexpected genetic cluster-
ing of this genotype. Such information can be
conveyed to the gene bank in question to enable
them to update their collection with seed from the
original variety where possible.

Although in many cases well-known rapeseed
varieties can be identified based on existing phe-
nological knowledge, when two modern varieties
exhibit relatively similar characteristics an acci-
dental substitution of seed cannot be ruled out
despite the best controls of the responsible gene
banks. We tested two accessions of the variety
‘Doral’ from different gene banks and confirmed
that these were indeed closely related. The fact that
their genetic fingerprints were not genetically
identical reflects the fact that B. napus is a facul-
tative outcrossing species, and regeneration in gene
banks can be expected to introduce minor varia-
tion in accessions that generally does not however,
diminish the overall value of the collections.

A number of both spring and winter oilseed
genotypes could be identified which showed a high
genetic divergence from the remaining elite spring
or winter oilseed rape breeding material, respec-



tively. During the respective winter and spring field
evaluations (Luhs et al. 2003a) the accessions in
question all showed the expected vegetative or
non-vegetative morphotype. One barrier prevent-
ing the direct use of diverse germplasm to improve
the heterotic potential of oilseed rape is the gen-
erally poor adaptability or performance of exotic
genotypes to the predominant climatic conditions
in the major rapeseed-growing regions. Further-
more, serious linkage drag for seed yield and
quality characters reduce the suitability of exotic
vegetable and fodder rape germplasm for integra-
tion in oilseed rape breeding programs. Geneti-
cally divergent genotypes that belong to the
appropriate spring or winter gene pool can
potentially be much more readily utilised for
oilseed breeding. The diverse spring and winter
oilseed genotypes identified in this study may
therefore represent a useful resource for improving
heterotic potential in spring and winter oilseed
rape, respectively. Butruille et al. (1999) described
significant yield increases in spring oilseed rape
hybrids through introgression of winter germ-
plasm. However, this also requires backcrossing to
re-establish the desired seasonality. In this regard
the highly genetically distinct winter oilseed vari-
eties ‘Mytnickij’, ‘Kromerska’, ‘Mestnij” and
‘Krapphauser’ represent a potentially valuable re-
source for winter oilseed rape breeding, whereas
‘Dux’ (Germany) and “Wesway’ (Australia) could
be of interest for diversifying the spring oilseed
rape gene pool.

The exotic vegetable accessions we tested were
found to be extremely genetically diverse in com-
parison with the other material. ‘Hakuran’ is a
heading vegetable derived from a resynthesised ra-

Table 3. Number of alleles and unique alleles, respectively,
detected within accessions representing the respective spring
fodder (SF) and spring oilseed rape (SOSR), winter fodder
(WF), winter oilseed rape (WOSR), and spring and winter
vegetable rape (SV, WV) gene pools.

Classification Number of Number of Unique
accessions alleles alleles

SF/SOSR 21 126 7

WF 18 135 9

WOSR 53 154 14

WV/SV 4 119 27

Total 96 220 57
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peseed developed by interspecific crosses between
Chinese cabbage (B. rapa ssp. pekinensis (Lour.)
Hanelt in J. Schultze-Motel) and white cabbage (B.
oleracea ssp. oleracea convar. capitata (L.) Alef)
(Nishi 1980). The extreme genetic diversity of re-
synthesised rapeseed genotypes in comparison to
conventional oilseed rape has been described pre-
viously by Becker et al. (1995) and Seyis et al. (2003).
‘Russian Kale’ belongs to leaf rape representing a
distinct form (B. napus L. var. pabularia (DC.)
Rchb. in Méssler, Handb. Gewichskde) of ssp.
napus with a very leafy shoot (Diederichsen 2001).
Formerly leaf rape (also commonly known as
Siberian kale or Hanover salad; German Schnitt-
kohl; French chou d faucher, Chinese xi yang you cai)
was used more often as a winter-annual vegetable.
From phenological studies it is known that swede
accessions (B. napus ssp. napobrassica (L.) Hanelt),
which were not included in the present study, are
also extremely diverse. As mentioned above, how-
ever, seed yield and quality aspects seriously hinder
the potential use of such exotic material for
improvement of heterosis in oilseed rape hybrids.
On the other hand, the high divergence among the
vegetable and fodder rape genotypes was reflected
in field evaluations that identified a considerable
degree of variation for other relevant traits like
disease and insect resistance (Liihs et al. 2003b). In
this respect it would also be interesting to analyse
the genetic variability of the B. napus ssp. napo-
brassica (Swede) accessions from the core collection
with the same SSR markers, in order to compare
their genetic diversity in comparison to B. napus ssp.
napus and to evaluate the degree of genetic diversity
found within this group.

Assignment of alleles to the mapped loci de-
scribed by Lowe et al. (2002, 2004) was not al-
ways possible because of the high allelic diversity
and variation in allele sizes in comparison to the
published data. For this reason it was also not
feasible to calculate polymorphic information
content (PIC) values for the individual loci.

For a number of primer combinations more
polymorphic loci were detected than were mapped
by Lowe et al. however, this is not unexpected when
comparing a large set of genotypes with selected
cross parents. On the other hand, for a few SSRs not
all mapped loci could be reliably identified in the
present study. This could be due to differences in
PCR conditions leading to more stringent amplifi-
cation, or possibly an altered specificity of the M 13-



tailed primers used in the present study. We are
using the primer set used here for genetic mapping
studies in different oilseed rape populations and
hope thus to increase the amount of available
information regarding the polymorphic loci and
their map positions. Detailed allelic information on
mapped SSR loci, in combination with candidate
gene association studies based on linkage disequi-
librium in trait-relevant genome regions, has the
potential to identify genes that contribute to such
agronomically important traits in exotic B. napus
germplasm, and ultimately to assist in the develop-
ment of molecular markers for marker-assisted
transfer of these traits into elite breeding material.
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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 rapeis particu-
larly relevant with regard to the devel opment 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 geneticaly 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 homoeologousloci 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 ail 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 Canadain
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 internationa
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-
tionsinyield, 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 (Rdbbelen
1975; Thompson 1983; Schuster 1987).

Glucosinolates are secondary plant metabolites synthe-
sized by speciesin 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 indol e 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 generaly believed
to be part of the plant’ s defence against insects and possibly
also against pathogens (Rask et a. 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 a. 2000).

After ail 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 mea 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 a one or more of the major quantita-
tivetrait 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 a. 2003; Sharpe and Lydiate 2003; Zhao and Meng 2003;
Basunanda et a. 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 homoeol ogous loci.

Markers for QTL detected by classical genetic mapping
inindividual 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), athough
association approaches can be particularly suitable for iden-
tification of useful alelic variation in genetically diverse
genotype collections (Flint-Garcia eta. 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 Aranzanaet a.
(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 alele-trait associations in Arabidopsis (Hagenblad
and Nordborg 2002; Baasubramanian et al. 2006; Ehrenr-
eich et al. 2007), rice (Bao et a. 2006; Iwata et al. 2007) and
maize (Thornsberry et a. 2001; Wilson et al. 2004; Yu et d.
2006). On the other hand, genome-wide and candidate
gene association studies have al so been successful in crops
with less well-characterised genomes, for example potato
(Gebhardt et al. 2004). Oesterberg et d. (2002) identified
associations with flowering time in sequence variants of the
COL1 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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Table1l Resultsof Bayesian clustering within two sets of genetically Table1l continued
diverse Brassica napus genotypes

Cluster Brassica napus Mean total seed  Type
Cluster Brassica napus Mean total seed Type allocation by gene bank glucosinolate
alocation by gene bank glucosinolate STRUCTURE 2.1 acccessions content (umol/g)
STRUCTURE 2.1 acccessions content (umol/g)
Markus 815 WOSR
Ge:ci Igns Spaeths Zollerngold 62.5 SOSR Librador 10.3 WOSR
group 1 d Marnoo . 213 SOSR Doral 84.2 WOSR
B ronowskl. 1.9 SOSR GrofR-L iisewitzer 89.5 WOSR
CeskaKrgova 60.1 SOSR Libritta 117 WOSR
Duplo 14.7 SOSR Liporta 20.0 WOSR
Nugget 338 SOSR Lirakotta 748 WOSR
Wesway 519 SOSR Baltia 734 WOSR
Tribute 151 SOSR Skziverskij 93.8 WOSR
Svalof’s Gulle 61.2 SOSR Jet Neuf 03.2 WOSR
Olga 66.5 SOSR Jupiter 815 WOSR
Alku 52.3 SOSR Panter 86.7 WOSR
Topas 16.3 SOSR Norde 76.2 WOSR
Line 9.8 SOSR Matador 760 WOSR
Erglu 30.2 SF Darmor 16.2 WOSR
Janetzkis Sommerraps  74.4 SOSR Askari 69.5 WOSR
Dux 228 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 SlovenskaKrgjova  90.8 WOSR
accessions, Aphid Resistant Rape ~ 77.0 WE Sonnengold 85.2 WOSR
group 2 Hokkai 3-g0 792 WOSR Trebicska 83.2 WOSR
Taisetsu 71.3 WV Victor 86.9 WOSR
Chuosenshu 56.1 WV Bienvenue 56.0 WOSR
English Giant 88.9 WF Ceres 122 WOSR
Nunsdale 86.5 WE Coriander 88.8 WOSR
Clubroot Resistant ~ 88.9 WF Doral 87.6 WOSR
Dwarf Essex 71.2 WF Edita 85.7 WOSR
Michinaku natane 92.6 WF Erra 74 WOSR
Palu 85.9 WE LIglOfy 17.7 WOSR
Parapluie 70.4 WF Janpol 90.2 WOSR
Samo 66.1 WE Lesira 385 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 WF
Vinnickij 15/59 93.6 WOSR Bladkool 931 WF
Dippes 81.8 WOSR
Gene bank Lenora 94.8 WOSR Ania 770 WOSR
accessions, Diamant 84.7 WOSR o '
group 3 ] Binera 17.6 WF
Quinta 61.7 WOSR . .
Rapol 031 WOSR Liragrin 75.8 WF
0 . )
P Moldavia 90.8 WOSR
Major 87.0 WOSR
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Tablel continued

Tablel 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 233 WOSR Pollen 118 WOSR
Sobotkowski 83.3 WOSR Prince 257 WOSR
Wolynski 85.8 WOSR Wotan 9.1 WOSR
Winter rapeseed Campari 13.6 WF Zenith 9.0 WOSR
genotypes, Caramba 1.6 WE Capitol 11.0 WOSR
group 1 Licapo 6.7 WE Mansholt's 20.0 WOSR
Hamburger Raps
Resyn. H048 70.7 RS
Resyn. H226 329 RS _The ﬁ_rst genot_ype set comprises 94 B. napus gene b_ank acces§ions
including old oilseed, fodder and vegetable rape varieties from differ-
Sollux 818 WOSR ent geographic origins. For accession numbers and origins of the gene
101298 165 RS bank accessions see Hasan et al. (2006). The second genotype set con-
Erox 4.8 WOSR tains 46 winter-type varieties and breeding lines
Resyn. G6 $4 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 WV winter-type vegetable rape, RS resynthesised rapeseed
genotypes, Ascona 9.8 WOSR
group 2 Askari 80.3 WOSR - - I :
made by participants in the Multinational Brassica Genome
Bienvenue 7.5 WOSR project (see http://www.brassica.info/). With the increasing
Cobra 2L7 WOSR  amount of Brassica-Arabidopsis comparative genomics
DH1from Apexx  10.2 WOSR  datait is becoming possible to navigate between and among
Mohican the chromosomes of A. thaliana and B. napus. In some
DWJ;?;AF’GX x 122 WOSR " casesthis can enable the map positions of B. napus QTL for
Duell 89 WOSR tralFs_ of agronomic |mportance to bg compared with the
Jessica 81 WOSR positi ons of potential gandldate genesin the model genome.
Lion 87 WOSR Bra§S| ca sequences with homol ogy to the corresponding A.
o thaliana regions can then potentially be used for database-
Lipid 20.8 WOSR . . . . .
_ oriented identification of new markers for fine mapping,
L!rabon 8.1 WOSR association studies or marker-assisted selection towards
Lisek 100 WOSR it improvement. Moreover, it is also potentially possible
Magnum 95 WOSR ¢4 identify relevant candidate genes for important traits in
Phil 44.9 WOSR i seed rape, based on their positions in syntenic maps
Samoural 26.1 WOSR compared to important QTL.
Orlando 9.7 WOSR According to Peleman and van der Voort (2003), distin-
Quinta 127 WOSR  guishing as many alleles as possible at loci of interest and
Hlip 8.7 WOSR  determining phenotypic values for these aleles 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 aleles
genotypes, Bristol 10.8 wosr  for different loci. Because B. napus is a facultative outcros-
group 3 Columbus 16.8 WOsR S, a high degree of heterozygosity would be expected in
Contact 1.8 wosr  hatural populations. However, cultivars and gene bank col-
Express 180 wosr  lections of this amphipolyploid species are maintained as
Falcon 96 wosr  bure-breeding lines by self-pollination, so that genetically
Idol 614 wosr  diverse genotype collections are effectively homozygous
Jet Neuf 86 wosr  inbred lines and therefore ideal for allele-trait association
Leoperd 212 WOSR s_tudles I_n this study we quormed sxructur_ebased associa:
Lirajet 515 wosr  tion studies for seed glucosinolate contenﬁ in two d!vergent
sets of B. napus genotypes. For the association studies a set
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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 previoudy
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 (Luhs 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 a. 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 a al wavelengths between 1,100 and
1,800 nm. For the molecular marker analyses genomic
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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 homoeol ogous 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 a. (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 (CYP83B1: At4g31500), cytochrome P450
79A2 (CYPT79A2: At5g05260), methylthioalkylmalate syn-
thase (MAMLU/MAML: tandem duplication At5g23010/
At5g23020) and altered tryptophan regulation (ATRL:
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/brassicalindex.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
al 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 polymorphismsin 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 (BRAS014,
CB10425, OI110-D03 and Ol11-C02) were aso 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

Popul ation structure among the 94 gene bank accessionswas
analysed using alelic 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 a so used previously to screen the
genetic diversity in these genotypes (Hasan et a. 2006). For
population structure analysis in the 46 winter oilseed rape
genotypes, allelic data from atotal 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 avolume 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 isthe presence of undetected popul ation structure that
can mimic the signd of association and lead to false posi-
tives or to missed rea 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
aleles 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 alowing for no
admixture and correlated allele frequencies. We tested for
K = 1-10inthe gene bank accessionsand 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 genotypesisgivenin Table 2.

Structure-based association analysis

Due to the high al€lic 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 | errors) caused by the population structure.
Associations between the marker data and the total seed



Theor Appl Genet (2008) 116:1035-1049

1041

Table2 Summary of the average logarithm of the probability of data
likelihoods (LnP(D)) for two distinct sets of genetically diverse Bras-
sica hapus 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 al 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
guantitative 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 | error bias the P values were adjusted
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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 a. (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://brassi ca.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 eta. (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-
guently, 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. Asseen 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 oil seed 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 pwmol/mg dry weight). Detail s of
the groupings of the accessions along with the mean total
seed glucosinolate data used for the association analyses
aregivenin Table 1.

Using the complete set of 62 polymorphic SSR primer
combinations, atotal of 348 polymorphic SSR marker ale-
les were amplified in the 94 gene bank accessions. Of these,
atotal of 51 marker aleles 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 | errors. All markers with significant associationsto
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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 areillustrated by box-plotsin Fig. 2. Allelic data
for al 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 Ol10-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 alele 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 islocated in A. thali-
ana only 736 bp downstream of the gene CYP83BL. In the
gene bank accessions, the two marker alleles amplified by
this primer combination, Gi31 385 and Gi3l 387, are
associated with significantly increased and decreased total
seed glucosinolate content, respectively. The allee-trait
association of both aleles together with the very short
physical distance to the candidate gene strongly support the
potential involvement of homoeologous CYP83B1 copies
in biosynthesis of seed glucosinolates in B. napus. Two of
four marker aleles from the SSR sequence Gi30, which is
located somewhat further away from CYP83B1, 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 ATRL in A. thaliana, amplified a single band
that was associated with amean decrease in total glucosino-
late content. Two of three bands amplified by the SSR
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Table3 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 potentia physical linkage to GSL candidate genes®

SSR Number of  A. thaliana Linked GSL Distance GSL-associated Mean seed GSL content  Allele P vaue
primer amplified chromosomeand candidate from genein marker alele(s) (umol/g) in 94 gene frequency
bands positionin Mbp  gene A. thaliana (bp) bank accessions
Gi3o 4 At4: 15237362 CYP83B1 37,954 Gi30_385 72.79 72.83 0.004
Gi30_390 51.02 20.65 0.024
Gizgl 3 At4: 15276052 CYP83B1 736 Gi31 385 83.70 9.57 0.013
Gi31_387 61.25 75.53 0.000*
Gi24 At5: 1727906 CYP79A2 166,140 Gi24 247 73.05 68.28 0.010
Gi12 At5: 24895600 ATR1 382,023 Gil2_159 76.49 40.45 0.010
Gi28 At5: 7808676 MAM1/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 homoeologousloci  Arabidopsis thaliana bank accessions
BRAS014 5 N6/N17 BRAS014 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
GMR013 6 N9/N19 GMRO013_176 0.577 59.57 0.000*
GMRO013_188 0.763 47.87 0.025
GMRO013_195 0.507 42.55 0.000*
MR111 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*
Nal0-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
Nal0-C01_268  0.886 851 0.006
Nal0-C01 282 0.172 6.38 0.003
Nal0-DO3 2 N13 Nal0-D03_176  0.688 90.43 0.019
NalO-HO6 4 N11 NalO-HO6 160  0.705 8172 0.002
N11 NalO-HO6 162  0.382 15.00 0.002
Nal2-F12 3 N13 Nal2-F12_ 193  0.657 851 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
0Ol09-A06 6 N12 At2g41710 Ol09-A06_109  0.736 56.38 0.033
Ol10-A05 7 N2/N14 Ol10-A05 212  0.601 70.21 0.037
0l10-A05 214  0.798 25,53 0.037
ol10-Bo1 7 N17 0I10-B01_199 0.424 14.89 0.035
0Ol10-D02 11 N9/N15 At1g32240 0l10-D02_158  0.830 14.13 0.040
Ol11-co2 2 N17 0OlI11-C02_155 0.210 11.70 0.000*
Ol11-G11 9 N3/N13 At3g10040 Ol11-G11 187 0.694 61.70 0.047
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Table3 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 alele(s)  (umol/g) in 94 gene frequency
bands homoeologousloci  Arabidopsis thaliana bank accessions
0Ol11-H06 8 N19 Ol11-H06_170  0.827 532 0.008
Ol12-A04 4 N19 At5g18500 Ol12-A04_151  0.690 86.17 0.041
0l12-D05 7 N18 At3g58730 Ol12-D05_150  0.622 78.72 0.002
Ol12-D05_153  0.871 10.64 0.015
Ol12-D05_155  0.638 9.57 0.009
Ol12-E03 4 N7/N16 At1g69260 Ol12-E03_141 0.612 76.60 0.014
Ol12-F11 6 NIL/N11 At4g24210 Ol12-F11_242 0.393 14.89 0.008
N1T/N11 Ol12-F11_251 0.508 35.10 0.004
OI13-D02A 7 N14 OI13-D02A_292 0.745 39.36 0.011
Ra2-E11 11 N13 Ra2-E11_192 0.812 32.98 0.001*
N13 Ra2-E11 222 0.178 5.32 0.006
Ra3-E05 8 N1T/N11/N16 At3g06270 Ra3-E05_231 0.472 28.72 0.001*

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

thaliana

b SSR markers dispersed throughout the B. hapus 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 till showed significant association after rescaling (rescaled P < 0.05)
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—_ _ 0.00~_
000 000 156] |/ CYP79A2
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7.81 -1 Gi2g
8.56 7| [~ CA72
1524~ |- Gi30
15.28 —t CYP83B1
15.28 Giat
16.63 7] [\ pw1s7
18.59 —
1 2374~ |- o112-p05
il 2451~ ATR1
24.90 = Gi12
24917\ pWia1
25267/ ] [\ 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 a. 1995; Howell
et al. 2003). Markers with the prefix Gi are new SSR sequencesidenti-
fied by synteny studiesin 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
MAM1/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 |
error isunlikely.

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, Ol11-G11 amplifies a marker
alele with significant association to glucosinolate content,
although this SSR maps to two loci on B. napus NO3 and
N13 (Basunanda et a. 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 1Q-DOMAIN 1 (IQD1:
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 1QD1 is nevertheless a further interesting candidate
genefor thistrait 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
genetically diverse B. napus
genebank accessionsfor 51 SSR
marker alleles with significant
association (P < 0.05) to gluco-
sinolate content. Boxescover 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
sguares)
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Table4 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 (umol/g) Allele P value
marker alele(s) amplified bands marker alele in 46 winter rapeseed lines frequency

Gi3l 2 Gi31_387 18.59 0.696 0.013*
Nal2-G0o4 Nal2-G04_165 15.08 0.413 0.036*
0110-D02 9 0l10-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 datais available in Supple-
mentary Table 2. In all casesthe P values still showed significant association after rescaling (rescaled P < 0.05)

of numerous glucosinolate pathway genes. Gain-of-function
and loss-of-function 1QD1 dleles in A. thaliana are corre-
lated with increased and decreased total glucosinolate accu-
mulation, respectively (Levy et al. 2005).

Knowledge about homoeol ogous 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-
aly 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
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presumably allelic SSR markers (Gi28_442 and Gi28_444,
respectively) derived from sequences near the duplicated
MAM1/MAML locusin A. thaliana. Since all of these mark-
ers are known to have loci on B. napus chromosome N17
(see Table3), 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. Thisis not unexpected,
since homoeologous SSR loci in B. napus often exhibit
homoplasic aleles. The consequence isthat it is apparently
inconclusive to use this method to infer map positions,
sinceit 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_C01-282 on N14, Nal0-D03_176 on N13, OI9-
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
CYP83BL1, 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|ocated
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 thiswork 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 regionsin
A. thaliana. This enabled usto identify four promising can-
didate genes with putative physical linkage to homoeolo-
gous Brassica genome regions involved in seed
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correlation r2, while the cells below the diagonal represent the signifi-
cance level of the LD determined by Fisher’'s exact test

glucosinolate biosynthesis. Through in silico screening of
neighbouring Brassica genomic and EST sequences a num-
ber of new Brassica SSR sequences with putative close
physica 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. Thisindicates that we may have
identified novel dlelic variation for this important trait,
which should be of considerable interest for breeding pur-
poses. The orthologous sequencesin A. thaliana for two of
the genome-wide SSR markers are closely physicaly
linked to a further promising candidate gene for glucosino-
late biosynthesis, IQD1. 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-
parisonsto 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
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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-scal e 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
CYP83B1 (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 a. 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 ATR1 encodes a transcription factor which acti-
vates the expression of tryptophan synthesis genes as well
as the tryptophan-metabolizing genes CYP79B2, CYP79B3,
and CYP83B1; ATR1 therefore plays a centra 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 MAM1 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 a. 2004). At present it is
not known if different homoeologous methylthioalkamate
synthase loci in B. napus aso carry the gene duplication
seenin A. thaliana.
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All but afew of the the glucosinolate-associated markers
we identified in the 94 B. napus gene bank accessions were
found at only very low frequenciesin the set of winter rape-
seed genotypes. This appears to indicate that the glucosino-
late-associated alleles we identified represent novel alelic
diversity for thistrait 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 aleles 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 aiphatic, aromatic and indole
glucosinolatesin B. napus seeds. By identifying gene-linked
SSR markers with significant associationsto 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 allelesin 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
aleles 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 al major loci. Ultimately this could open the
way for the development of new, genetically diverse heter-
otic poolsfor hybrid breeding.
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4 Interspecific hybridisation for oilseed rape resistance breeding

The two articles that comprise this chapter give important practical examples for the
generation of interspecies hybrids via tissue culture techniques. This helps to broaden the
B. napus gene pool for resistance to major diseases of oilseed rape. The first paper
describes resynthesised B. napus genotypes, produced by embryo rescue-assisted
interspecific hybridisation of B. rapa and B. oleracea, that exhibit novel resistance against
the soil-borne fungal pathogen Verticillium longisporum. Verticillium wilt caused by this
pathogen is today emerging as a significant new threat to oilseed rape production in
Europe, because fungicide treatment cannot control the disease and current varieties
possess only limited resistance. The second article describes oilseed rape lines containing
novel resistance genes against blackleg disease caused by Leptosphaeria maculans, the
most important disease of rapeseed on a worldwide scale. In this case the blackleg
resistance was introduced from the closely related mustard species Sinapis arvensis by
recurrent backcrossing of interspecific hybrids that were generated by protoplast fusion
with B. napus. The value of the new germplasm for resistance breeding is discussed.
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4.1 Broadening the genetic basis of Verticillium longisporum resistance in
Brassica napus by interspecific hybridisation

Rygulla W., R.J. Snowdon, C. Eynck, A. von Tiedemann, W. Luhs & W. Friedt, 2007a:
Phytopathology 97: 1391-1396
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ABSTRACT

Ryaulla, W., Snowdon, R. J., Eynck, C., Koopmann, B., von Tiedemann,
A., Lihs, W., and Friedt, W. 2007. Broadening the genetic basis of
Verticillium longisporum resistance in Brassica napus by interspecific
hybridization. Phytopathology 97:1391-1396.

Verticillium wilt caused by the vascular fungal pathogen Verticillium
longisporum is one of the most important pathogens of oilseed rape
(Brassica napus sp. oleifera) in northern Europe. Because production of
this major oilseed crop is expanding rapidly and no approved fungicides
are available for V. longisporum, long-term control of the disease can only
be achieved with cultivars carrying effective quantitative resistance.
However, very little resistance to V. longisporum is available within the
gene pool of oilseed rape, meaning that interspecific gene transfer from
related species is the only possibility for broadening levels of resistance
in current varieties. The amphidiploid species B. napus can be resyn-

thesized by crossing the two progenitor species Brassica oleracea and
Brassica rapa, hence resistant accessions of these two diploid species can
be used as resistance donors. In this study a total of 43 potential B. rapa
and B. oleracea resistance donors were tested with regard to their reaction
to a mixture of two aggressive V. longisporum isolates, and resistances
from diverse lines were combined by embryo rescue-assisted interspecific
hybridization in resynthesized rapeseed lines. Progenies from crosses of
the two B. rapa gene bank accessions 13444 and 56515 to the B. oleracea
gene bank accessions BRA1008, CGN14044, 8207, BRA1398, and 7518
showed a broad spectrum of resistance in pathogenicity tests. Of 45
tested resynthesized lines, 41 lines exhibited a significantly higher level
of resistance than the moderately V. longisporum-tolerant oilseed rape
cultivar Express. These lines represent a promising basis for the com-
bination of different resistance resources in new varieties.

Verticillium wilt caused by the fungal pathogen Verticillium
longisporum (13) is one of the most important pathogens of
oilseed rape (Brassica napus sp. oleifera) in northern Europe. The
disease is especially prominent in northern Germany and Sweden,
but it has also been reported to occur in Poland, France, southern
Russia, and Ukraine (12). The fungus infects oilseed rape by
colonizing the xylem vessels. Due to the production of fungal
material and host reaction products the vascular system becomes
blocked, meaning that heavily infected plants die due to water
stress. At the same time microsclerotia are produced in the plant,
causing symptomatic blackening of leaf veins or stems. With the
decomposition of dead plant material the microsclerotia are
released to the soil, where the fungus can survive for many years
in this dormant form (19).

Oilseed rape is the most important oilseed crop in Europe and
the production area is continuing to rise dramatically due to the
high demand for oilseed rape oil, both as a healthy vegetable oil,
and a renewable resource for the oleochemical industry. Because
no approved fungicides are available for V. longisporum, long-
term control of the disease can only be sustained with cultivars
carrying effective quantitative resistance. Up to 70% yield loss
due to disease-induced premature ripening has been observed in
individual plants (9), and yield losses in the field can aso be
severe. Currently available commercial varieties are generally
susceptible or exhibit only slight tolerance to V. longisporum.
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Intensive screening of available B. napus germplasm failed to
identify resistance resources within the primary gene pool (11).
On the other hand, because B. napus (genome AACC, 2n = 38) is
an amphidiploid species that is derived from interspecific
hybridizations between turnip rape (Brassica rapa L., syn.
campestris; AA, 2n = 20) and cabbage (Brassica oleracea L.; CC,
2n = 18), the diverse gene pools of these two progenitor species
can aso be used as potentia gene donors to broaden the
resistance spectrum of the amphidiploid species. Nothing is
known about the inheritance of Verticillium resistance in the
diploid progenitor species. Due to the self-incompatibility system,
self-fertilization is prevented and homozygous lines cannot be
produced for inheritance studies.

With the help of embryo rescue techniques it is possible to
generate novel, resynthesized (RS) oilseed rape lines comprising
the intact genomes of the respective B. rapa and B. oleracea
donor lines. Such RS B. napus represents an important source of
novel genetic variation for specific traits in oilseed rape. In
previous investigations this strategy has been adopted for intro-
duction of resistance genes into B. napus against Turnip yellows
virus (TuYV) (8), Turnip mosaic virus (TMV) (22), and aso
important fungal pathogens including Phoma lingam (3) and
Plasmodiophora brassicae (5). A similar strategy has great
promise for V. longisporum-resistance breeding, since numerous
B. oleracea gene bank accessions are known with a high level of
resistance to this pathogen, and their transfer to B. napus was
found to improve the resistance of some of the resulting RS
oilseed rape lines (11).

Widespread use of specific resistances from single donor
sources induces a strong selection pressure on the pathogen that
can result in the resistance being rapidly overcome. This has been
shown previously for some of the above mentioned resistances
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derived only from B. rapa or B. oleracea sources (10,20). It is
therefore desirable to combine different resistance resources with
potentially different mechanisms to generate long-term resistance,
and to avoid the formation of new pathotypes with enhanced
aggressiveness. The aim of the present study was to identify new
resistance sources against V. longisporum among B. rapa gene
bank material, and to combine these with known B. oleracea re-
sistance sources in novel RS B. napus lines via sexua inter-
specific hybridization with the help of embryo rescue. The
material that was developed is discussed regarding the potential
for resistance breeding in oilseed rape and further investigations
inVerticillium research.

MATERIALSAND METHODS

Plant materials. Twenty-nine B. oleracea and 12 B. rapa gene
bank accessions (Table 1) obtained from eight different gene
banks and a commercial seed supplier, were screened for their
resistance response to V. longisporum in order to identify resistant
genotypes for combination of potentially different resistances in
RS B. napus. Paralel to the resistance screening of the diploid
progenitors, a set of potentialy resistant RS B. napus genotypes
were generated by interspecific hybridizations. The parents of
these crosses were different plants belonging to two B. rapa
accessions that were chosen based on prior observations which
indicated that these accessions could contain potentia resistance
to V. longisporum, and five B. oleracea gene bank accessions that
were reported by Happstadius et al. (11) to have a high level of
resistance to V. longisporum. The origins of the diploid accessions

used for the interspecific crosses along with the pedigrees of the
resulting RS lines are shown in Table 2.

The B. rapa genotypes were emasculated and hand-pollinated
2 days later with pollen from the respective B. oleracea parent,
except in one case where the B. oleracea accession was used as
the maternal parent and pollinated by B. rapa. To enhance the
efficiency of the interspecific crossing, the embryo rescue tech-
nique was used to regenerate haploid plants in vitro. Immature
pods were harvested 2 weeks after pollination and surface
sterilized with NaOCI (3%) for 10 min and washed with sterile
water. Ovules were dissected and cultivated on Murashige and
Skoog (MS) media with sucrose (10 g/liter) (15) in a growth
chamber a 20°C, 75% humidity and a day length of approxi-
mately 16 h. Ovules that did not germinate after 6 weeks were
transferred to new media, while germinated ovules that had
already developed into a small plant were transferred to MS
media containing saccharose (30 g/liter). Regenerated, vigorous
plants were transferred to soil, and cuttings from the haploid
hybrids were treated with colchicine (0.05% colchicine, 0.15%
dimethyl sulfoxide) for 12 h in the dark in order to obtain
amphidiploid B. napus plants. All resulting RS plants were self-
pollinated for seed multiplication by bagging with super-micro
perforated Crispac bags (Baumann Saatzuchtbedarf, Waldenburg,
Germany) before the onset of flowering. A total of 45 RS plants
derived from 8 different B. rapa x B. oleracea cross combinations
produced sufficient seeds (>50) for the resistance screening.

Resistance screening. Resistance tests were performed using
the V. longisporum isolates VL 43 and VL 40, which originate
from B. napus grown in northern Germany (23). Long-term

TABLE 1. Accession numbers and sources of Brassica rapa and B. oleracea gene bank accessions that were phenotyped for identification of potential resistance to

\erticillium longisporum

Species Accession names Source?

B. rapa 13444, 56429, 56515 BAZ
G454 (Chinese cabbage ‘ Granat’), G684 (* Runde wei 3e rotkopfige Herbstriben’) Cultivars
Y S Pb-24 (Yellow Sarson cultivar) HAU
Q3F, ‘Reward’, SWSP, 00 B. rapa NPZ
03-510001 (‘ Salut’), 03-510002 (* Credit’) SwW

B. oleracea 2398, 2808, 3775, 4250, 4622, 4707, 5085, 5394, 6206, 6704, 7518, 7799, 8207, 10590, 10618 HRI
BRAS504, BRA544, BRA723, BRA809, BRA1008, BRA1355, BRA1398, BRA1427 IPK
CGNO07069, CGNO7089, CGN14044 CGN
1227 Li et a. 2001 (14)
1428, 2070 NIV

a BAZ: Gene bank of the Federal Centre for Breeding Research on Cultivated Plants, Braunschweig, Germany; CGN: Centre for Genetic Resources, Wageningen,
Netherlands; HAU: Haryana Agricultural University, Hisar, India; HRI: Horticulture Research International Genetic Resources Unit, Warwick, UK; IPK:
Ingtitute of Plant Genetics and Crop Plant Research, Gatersleben, Germany; NIV: Gene bank of the NI Vavilov Ingtitute of Plant Industry (VIR), St. Petersburg,
Russia; NPZ: Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Hohenlieth, Germany; SW: Sval 6f Weibull AB, Sval6f, Sweden.

TABLE 2. Origin of resynthesized oilseed rape lines and progenitor species with resistance to \erticillium longisporum

Parental species accession designations

Botanical names

13444 B. rapa sp. pekinensis

56515 B. rapa sp. chinensis

8207 B. oleracea convar. acephala

BRA1398 B. oleracea sp. oleracea convar. botrytis var. botrytis

BRA1008 B. oleracea convar. acephala var. sabellica

7518 B. oleracea sp. oleracea convar. botrytis var.alboglabra

CGN14044 B. oleracea sp. oleracea convar. botrytis var. italica
Resynthesized oilseed rape lines Qx3

K160.1.1, K160.1.2, K160.6.1, K160.6.2, S160.7.1, K160.7.2, S160.5.1 13444 x 8207

K242.2.1,K242.2.2, S175.5.1, S175.5.2, S237.20.1, S237.23.1
K147.34.1, K239.42.2, K241.20.2
K162.2.2

K195.1.2, K208.1.2, K208.4.1, K208.4.2, K228.5.1, K228.9.2, K233.2.1, K233.2.2,

13444 x BRA1398
13444 x BRA1008
13444 x 7518
56515 x 8207

K233.4.1, K233.4.2, S189.3.1, S219.3.2, S228.8.1, S228.9.1, S228.10.2, S233.1.2,

S228.13.1, S228.13.2, S228.21.2, S233.1.1, S233.5.1
K199.8.2, K199.16.1, K199.16.2

K138.1.1

K142.2.2, S194.6.1

56515 x BRA1398
BRA1008 x 56515
56515 x CGN14044
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storage was performed as conidial suspensions in a concentration
of 1 to 3 x 10° conidia/ml in Czapek-Dox medium (4,7)
supplemented with 25% glycerol. Inoculum was produced by
adding 500 W of spore stock solutions to 250 ml of potato
dextrose broth. The cultures were subsequently incubated for
7 days at 23°C on a rotary shaker (100 RPM). The resulting
suspension was filtered through sterile gauze. Spore concentration
was determined with a hemacytometer and diluted to give 1 x
10° spores ml 2,

The winter oilseed rape cultivars, ‘Express (moderately toler-
ant) and ‘Falcon’ (highly susceptible), were used as controlsin al
experiments. Seeds of the control and test plants were surface-
sterilized by immersion in 70% ethanol for 15 min. Subsequently,
the seeds were washed in sterilized tap water before being sown
in double-autoclaved silica sand. Seedlings appeared after 3 to

TABLE 3. Assessment key for scoring disease severity of Verticillium longi-
sporumin Brassica species using the root dip inocul ation method

Score

Symptom devel opment

No symptoms

Symptoms (yellowing, black veins) on the youngest leaves
Symptoms on the next older leaves

<50% of leaves show symptoms

>50% of |leaves show symptoms

<50% of leaves are dead

Only shoot meristem still aive

Plant is dead

O~NO O~ WNE

7 days, and 7 days later the roots were carefully washed out of the
sand. Inoculations were performed by cutting 2 cm off the root
apex and submerging the capped roots for 30 min in a mixed
conidial suspension (10°ml~) of both V. longisporum isolates VL
43 and VL 40. Roots of control plants were also cut and sub-
merged in tap water for the same length of time. A total of 24
inoculated seedlings and 24 control plants of each accession were
transferred into a mixture of sand, peat, and compost (1:1:2) in
pots containing two plants each. Plants were grown at 23°C in a
greenhouse with a lighting regime of 14/10 h (light/dark). Plants
were not fertilized during the investigations. Each plant was
scored weekly for disease symptoms over a 4-week time period
using an assessment key (Table 3) dightly modified from Zeise
(24).

Statistical analysis of data. For each accession tested, the area
under the disease progress curve (AUDPC) was calculated from
the disease severity values according to the following formula
from Campbell and Madden (1): AUDPC = X(y; + Vi11/2) X (tis1 —
t), wherey; is the disease severity value for observation number i,
t; is the number of days after inoculation at the time point of
observation number i, and n is the number of observations. To
compensate for a fluctuating infection level between the trids a
correction of the AUDPC value for each accession was made
based on the reaction of the internal controls. The corrected value
(AUDPC,,) was calculated as follows:

AUDPC
(AU DPCexpress+ AUDPCral con) /12

AUDPCeorr =

Fig. 1. Typica Verticillium longisporum disease symptoms on A, B, and C, young leaves, D, roots, and E, stem of Brassica napus plants.

17
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Phenotype data of RS lines was statisticaly analyzed with the
software package SAS 9.1 (SAS Institute, Cary, NC). A generd
linear model procedure was used to identify RS lines with a
significantly lower AUDPC,,,, value than cultivar Express, which
in comparison to other currently available European winter
oilseed rape cultivars shows a relatively high tolerance to
V. longisporum (11).

RESULTS

Resistance screening. A broad range of resistance was ob-
served among the tested materials. Examples of disease symp-
toms in susceptible oilseed rape plants are shown in Figure 1.
Resistance responses of the tested B. rapa and B. oleracea
genotypes, along with the oilseed rape controls, ‘Express and
‘Falcon’, measured by AUDPC,,, vaue, are shown in Figure 2.
The tested plants of the B. oleracea accessions showed predomi-
nantly good resistance. With the exception of five accessions, the
resistance phenotype was verified in all of the B. oleracea lines
that were reported as V. longisporum-resistant by Happstadius et
al. (11). In addition, two new resistant B. oleracea genotypes were
identified, namely accession 1428 (white cabbage ‘Kashirka
202') and accession 2070 (white cabbage ‘Ladozhskaya'). The
tested plants of both of these accessions showed consistently good
resistance, with mean AUDPC,,, values comparable to the most
resistant cabbage accessions identified by Happstadius et al. (11).

In comparison to the relatively high level of resistance among
the B. oleracea accessions, the B. rapa accessions exhibited a pre-
dominantly susceptible or only moderately resistant phenotype.
The highest level of susceptibility was observed in the Indian
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4250 EE—
10590 [
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BRA544 [N —
4622
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Yellow Sarson cv. YS Pb-24. On the other hand, the accessions
13444 and G454 ‘Granat’ showed moderate resistance pheno-
types. However, of these two potentially promising B. rapa
resistance donors, only the accession 13444 gave rise to RS plants
that produced sufficient seed for resistance screening. A total of
18 RS lines with sufficient seed were produced from B. rapa
accession 13444, crossed with various resistant B. oleracea acces-
sions. The remaining 27 RS lines that produced sufficient seed for
pathogenicity testing all derived from the moderately susceptible
B. rapa accession 56515, suggesting that the other B. rapa
accessions that were used may have a negative effect on fertility
or fecundity of the resulting RS genotypes.

The 45 RS lines that were tested in the pathogenicity screening
showed a large variation in their response to V. longisporum
infection (Fig. 3). This reflects the heterozygous nature of the B.
rapa and B. oleracea gene bank accessions, which were in most
cases self-incompatible. Statistical data analysis of AUDPCy
values of al RS lines in relation to the control cultivar Express,
confirmed that 37 RS lines (82%) showed significantly lower
symptom scores (P < 0.0194) than the moderately tolerant con-
trol. Unexpectedly, the RS lines derived from the moderately
susceptible B. rapa accession 56515 showed significantly higher
resistance (P = 0.001) than RS lines derived from crosses with the
more resistant B. rapa accession 13444, irrespective of the
B. oleracea resistance donor. This implies that the resistance
factors from the respective B. oleracea donors are more effective
in combination with resistance from the B. rapa accession 56515.
The seven most resistant RS lines were derived from crosses
between plants of B. rapa accession 56515 and B. oleracea
accession 8207. Interestingly, none of the RS lines derived from
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Fig. 2. Verticillium longisporum resistance responses measured by area under the disease progress curve (AUDPC,,,) for Brassica rapa (gray) and B. oleracea
(black) accessions compared to the reference oilseed rape cultivars Express and Falcon (white). Columns and bars represent mean values and standard errors,
respectively, from 20 infected plants of each accession. Arrows show accessions from which resistant resynthesized B. napus lines were successfully regenerated via

embryo rescue-assisted interspecific hybridization.
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the cross B. rapa 13444 x B. oleracea 8207 showed a high level
of resistance, suggesting a possible antagonism between the
respective resistance mechanisms of these two donors. On the
other hand, the high resistance of the RS lines from B. rapa
56515 x B. oleracea 8207 in comparison to the lines from B. rapa
13444 x B. oleracea 8207 appears to confirm that we have
succeeded in effectively combining two different B. oleracea and
B. rapa resistance sources in RS oilseed rape genotypes with a
high level of quantitative resistance.

DISCUSSION

Broadening the narrow genetic basis of B. napus through
interspecific or intergeneric hybridization is an important strategy
for resistance breeding. The Brassica B-genome species B. juncea,
B. carinata, and B. nigra have been used in many studies to
transfer resistance against Leptosphaeria maculans to oilseed rape
(2,6,17,18,21), however the development of new oilseed rape
cultivars with B-genome resistance has proved difficult in many
cases. On the other hand the use of B. rapa and B. oleracea
genotypes as resistance donors can circumvent this problem be-
cause these are the ancestral parents of B. napus and their chro-
mosomes have remained more or less intact in the amphidiploid
genome (16). Crouch et al. (3) and Diederichsen and Sacristan (5)
successfully transferred resistance against L. maculans and Plas-
modiophora brassicae, respectively, from B. rapa to B. napus.
These two studies led to the development of new winter oilseed
rape cultivars carrying resistance to blackleg and clubroot disease,
respectively. However, in both cases the resistance was overcome
in arelatively short time by virulent pathogen races. On the other
hand, the identification of genetically diverse resistance sourcesin
different B. rapa and B. oleracea accessions opens the possibility
for direct combination of different resistance genes. Combination
or pyramiding of resistance sources can potentialy provide a
more durable and sustainable resistance.
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In the present study two previously unknown B. oleracea
sources of \erticillium resistance (accessions 1428 and 2070)
were identified and the resistance phenotypes of other cabbage
accessions were verified. Moreover, a resistance screening of
B. rapa accessions led to the discovery of two lines (accessions
13444 and G545) with moderate resistance to V. longisporum.
The combination of different B. oleracea and B. rapa resistance
in RS B. napus resulted in a high level of resistance that in some
cases surpassed the expectation based on the resistance levels
observed in the respective parental lines. The best-performing
interspecific hybrids showed considerably higher resistance than
the variety Express, one of the most V. longisporum-tolerant
cultivars available in Germany. Particularly high resistance was
achieved in RS lines derived from combination of B. rapa
accession 56515 and B. oleracea 8207, athough other B. rapa
parents showed higher levels of resistance

Standard errors of the means were clearly higher in the resis-
tance experiment of the B. rapa and B. oleracea lines, which can
be explained by the heterogeneous condition of the material.
Diploid Brassica species possess a sporophytic homomorphic
self-incompatibility system that prevents self-fertilization and
promotes outbreeding. For this reason it can be assumed that
many of the donor plants that were used for the interspecific
hybridizations may have been heterozygous at the relevant
resistance gene loci. This suggestion is supported by the large
variation of resistance response among the RS lines derived from
the same resistant accessions. By crossing these heterozygous
plants, many different combinations of resistance sources are pos-
sible in the progenies. The most resistant RS phenotypes can be
expected to represent an accumulation of the most effective genes
in a single homozygous B. napus genotype. The sporophytic self-
incompatibility common in the diploid Brassica species is
generally suppressed in the amphidiploid B. napus. However, we
observed a great variation among the RS plants in their self-
fertility and fecundity. The resistant lines described here, how-
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Fig. 3. \erticillium longisporum resistance responses of 45 resynthesized oilseed rape lines, along with the reference oilseed rape cultivars Express and Falcon,
measured by normalized areas under the disease progress curve (AUDPC.,,). The light and dark bars represent results from two independent resistance
experiments (test 1 and 2) along with the respective controls from each of the two tests. Columns and bars represent mean values and standard errors, respectively,
from 20 infected plants of each accession. The dashed horizontal lines show the significance levels (P = 0.05) in each of the two tests for significantly lower

AUDPC,,, than Express in the respective resistance tests.
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ever, showed a good self-fertility and high seed-set, hence they
are useful candidates for backcross breeding towards intro-
gression of the resistances into elite oilseed rape lines.

Simultaneous introgression of numerous different resistance
loci can be difficult, particularly in the case of quantitative resis-
tance. To ensure that resistant genotypes have as many contribut-
ing resistance loci as possible, the development of molecular
markers for pyramiding of different A- and C-genome resistances
(with potentially complementary resistance mechanisms) is
desirable. For this purpose the different RS B. napus lines identi-
fied in the current study are presently being crossed to susceptible
lines for the generation of segregating mapping populations. By
testing such material both in greenhouse tests and under field
conditions this should alow us to (i) study and compare the
genetic basis of the different resistances, (ii) map quantitative trait
loci for identification of selection markers closely linked to major
resistance loci, and (iii) to select promising resistant oilseed rape
lines for the development of new cultivars with resistance to V.
longisporum.
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Abstract Blackleg caused by Leptosphaeria maculansis
one of the most important diseases affecting oilseed rape
worldwide. Snapis arvensisis valuable for the transfer of
blackleg resistance to oilseed rape (Brassica napus) be-
cause this species contains high resistance against various
aggressive isolates of the blackleg fungus. These include
at least one Australian isolate which has been found to
overcome resistance originating from species with the
Brassica B genome, until now the major source for inter-
specific transfer of blackleg resistance. Backcross off-
spring from intergeneric crosses between Brassica napus
and S arvensis were subjected to phytopathological stud-
ies and molecular cytogenetic analysis with genomic in
situ hybridisation (GISH). The BC5S progenies included
fertile plants exhibiting high seedling (cotyledon) and
adult plant resistance associated with the presence of an
acrocentric addition chromosome from S arvensis. In ad-
dition, some individuals with adult plant resistance but
cotyledon susceptibility were observed to have a normal
B. napus karyotype with no visible GISH signals, indicat-
ing possible resistant introgression lines. Phytopathol ogi-
cal analysis of selfing progenies from 3 different highly
resistant BC; plants showed that seedling and adult plant
resistance are probably conferred by different loci.
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Introduction

Leptosphaeria maculans (Desm.) Ces. et De Not. [an-
amorph Phoma lingam (Tode ex Fr.) Desm.], the causal
agent of blackleg, induces severe damage worldwide to
basal parts (stem canker) of oilseed rape (Brassica napus
L., genome AACC, 2n=38) and other susceptible plants
of the family Brassicaceae. Moreover, it can also pro-
voke lesions and necroses on leaves, pods and seeds.
The genetic basis of blackleg resistance in B. napus in
Europe is narrow and originates for the most part from
the French cultivar Jet Neuf, which possesses a partial,
polygenically controlled adult plant resistance not ex-
pressed at the seedling stage (Cargeeg and Thurling
1980). In contrast, all Brassica species containing the B
genome exhibit an absolute and stable resistance to most
of the aggressive pathogen isolates studied to date. B-ge-
nome resistance is mono- or oligogenically controlled
(see Rimmer and van den Berg 1992; Dixelius 1999) and
efficient from the seedling stage onwards. Thus, B-ge-
nome donors like B. nigra (L.) Koch (BB, 2n=16) and
B. juncea (L.) Czern (BBCC, 2n=36) are often used as a
genetic pool for the development of resistant oilseed
rape (Roy 1978; Sacristdn and Gerdemann 1986; Sjddin
and Glimelius 1989; Chevre et a. 1996a; Struss et al.
1996; Plieske et al. 1998; Dixelius 1999).

Some aggressive isolates of the pathogen have recently
been shown to overcome the resistance of B. juncea
(Purwantara et al. 1998; Winter et al. 1999). L. maculans
exhibits a broad variation in virulence, giving it the po-
tential to adapt quickly to a given resistance (Kuswinanti
et a. 1999). The generation of a durable resistance there-
fore necessitates the application of a broad spectrum of
resistance sources in oilseed rape breeding. For this reason,
interspecific and intergeneric transfer of blackleg resis-
tance from wild crucifers like Snapis arvensis L. (wild
mustard, genome SarSar, 2n=18) is becoming increasingly
important. S. arvensis possesses resistance in all develop-
mental stages to various L. maculans isolates (PlUmper
1995), including one from Australia that overcomes the
resistance of B. juncea (see Winter et al. 1999).
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Table 1 Scales for evaluation

of blackleg symptoms on Score  Symptoms Class?
cotyledons and adult plants Cotyledon
1 Punctiform necrosis at inoculation site Rc
2 Minor chlorotic lesion (< 2 mm diameter) Re
3 Moderate chlorotic lesion (2-5 mm) Sch
4 Major chlorotic lesion (> 5 mm), usually with pycnidiaformation at |ater stages ~ Sg
Adult plant
1 Limited necrosis around inocul ation site Ra
a . 2 Minor damage to the basal parts of the stem (< 25% girdling) Ra
Classes: R = resistant, 3 Moderate damage on the basal parts of the stem (>25% and <50% girdling) Sa
S= susceptible, C = cotyledon, 4 Major damage on the basal parts of the stem (>50% and <100% girdling) Sa
Az adult plant. _ 5 Severe damage on the basal parts of the stem (100% girdling) Sa
Classified asR. when lesion 4 Plant collapse Sa

develops only at late stage

Sexual hybridisation between S. arvensis and B.
napus has been reported by various authors (Kerlan et
al. 1993; Plimper 1995; Bing et al. 1996; Chevre et al.
1996b; Lefol et al. 1996). Although such hybrids be-
tween Brassica species and their close relatives are gen-
erally easy to produce, until now they have been used in
only a few cases for the breeding of new rapeseed vari-
eties with traits of agronomical importance (see Friedt
and Lihs 1998). The generation of new lines containing
the character of interest in the desired genetic back-
ground is accelerated considerably when the transfer of
donor chromatin can be effectively monitored (Jiang
and Gill 1996). Classical cytogenetic investigations are
difficult in Brassica, however, due to alack of cytologi-
cal markers for a reliable identification of chromo-
somes. Molecular cytogenetic techniques like genomic
in situ hybridisation (GISH), on the other hand, provide
an effective aternative for identifying chromosome
additions and introgressions in hybrid offspring without
the need for time-consuming and expensive molecular
genetic investigations. The suitablility of GISH for the
characterisation of intergeneric Brassica hybrids has
been demonstrated (Fahleson et al. 1997; Sharzhinskaya
et al. 1998; Snowdon et al. 1998). Despite this, genetic
investigations of hybrids carrying introduced blackleg
resistance have until now been mainly limited to molec-
ular marker or classical cytogenetic analyses in interspe-
cific crosses between Brassica species (Chévre et al.
19964, 1997; Plieske et al. 1998; Dixelius 1999).

In the study reported here, selfing progenies (BC;S)
of resistant BC; plants from hybrids between B. napus
and S. arvensis were characterised with respect to their
resistance behaviour, at different developmental stages,
to the aggressive L. maculans isolate W4. Molecular cyto-
genetic analysis using GISH was applied to investigate
the genomic composition of resistant and susceptible in-
dividuals. Preliminary results have been reported by
Snowdon et al. (1999) and Winter et al. (1999).
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Materials and methods

Plant material

Offspring from intergeneric crosses between B. napus cv. Madora
(winter oilseed rape) and S arvensis (origin: Biologische Bundes-
anstalt Braunschweig, gene bank accession No. 22529) were back-
crossed three times with winter oilseed rape cv. Ceres. Following
blackleg resistance tests (see below) of backcross offspring, BC,
plants exhibiting both cotyledon and adult plant resistance were
selfed to generate BC,S progenies. Plants were grown in a green-
house at a minimum temperature of 18°C, with additional illumi-
nation during the months October-April. The material was vernali-
sed for 6-8 weeks at 4°C.

Crosses, ovule and ovary cultures (embryo rescue), along with
classical mitotic chromosome analyses of the original hybrids and
plants of the backcross generations, have been described by Plimper
(1995), who used methods modified from Sacristan and Gerdemann
(1986). In some cases, 3- to 6-mm-long styles from young flower
buds were used instead of root tips for chromosome counts, as
suggested by Wu et a. (1997).

In addition to the resistance tests on different BC; and BC;S
progenies, susceptible control genotypes (B. napus cvs Madora,
Ceres and Lesira) and plants of the resistance donor S arvensis
were also included as positive and negative infection controls, re-
spectively. Lesira was integrated in the tests because it is one of
the most susceptible oilseed rape cultivars.

Resistance tests

Plants were inoculated with a pycnidiospore suspension of the ag-
gressive German L. maculans isolate W4 (Tox*, Hassan et a. 1991)
obtained from cultures grown on V8-agar medium (Sacristan
1982). Cotyledon and adult plant resistance tests with double inoc-
ulation were carried out in the greenhouse as follows. Cotyledons
of 5- to 9-day-old plants were punctured centrally and inoculated
with 5 pl of a standard spore suspension (107 spores/ml). Plants
were incubated for 3 days in a transparent tent under high-humidity
conditions. Maximum lesion sizes were scored at 2-day intervals
between the 14th and 24th day after inoculation using a scale (see
Table 1) modified from Sacristan (1982). Plants with scores 1, 2 and
only late occurrence of 3 were classified as cotyledon resistant (Ry);
the remaining cases were classified as cotyledon-susceptible (Sg).
At the age of 4-5 weeks the same plants were inocul ated a sec-
ond time. A cellulose pad, soaked with 100 pl of the standard
spore suspension, was applied with a strip of parafilm to a wound
at least 1 cm long and 1-2 mm deep that had been inflicted with a
lancet across the border between the hypocotyl and epicotyl. The
pads were removed after 10 days. External blackleg symptoms on
adult plants (see Table 1) were evaluated 67 weeks after stem in-
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Table 2 Chromosome counts and blackleg resistance response frequencies in hybrid plants and negative (-) and positive (+) infection
controls. Sinapis arvensis was the resistance donor, while Ceres, Madora and Lesira are blackleg susceptible B. napus cultivars

Genotype Chromosome Plants Resistancea response frequencies
number (2n) tested
Re Sc Ra Sa Reia Sc/Ra RSy Sc

BC;9.10 38, 39 BC;S offspring 19 6 13 11 8 4 7 2 6
BC; 13.6 37,39, 41 19 4 15 12 7 4 8 0 7
BC;16.3 40-43b 25 6 19 17 8 5 12 1 7
BC;31.2 36, 38 19 0 19 0 19 0 0 0 19
S arvensis(-) 18 Control genotypes 25 25 0 25 0 25 0 0 0
Ceres (+) 38 21 0 21 3 18 0 3 0 18
Madora (+) 38 17 0 17 2 15 0 2 0 15
Lesira(+) 38 19 0 19 0 19 0 0 0 19

aResistance classes are described in Table 1; C/A = combined cotyledon and adult plant resistance or susceptibility, respectively

b Exact determination of BC,; chromosome number was not possible

Fig. 1 Boxplot (SPSS) showing adult plant blackleg symptom
scores of resistant (R,) and susceptible (S,) plantsin 4 BC;S prog-
enies from the interspecific cross B. napus x S, arvensis, along
with control genotypes. Boxes cover the interquartile range, with
median scores shown by the thick vertical lines. Whiskers cover
the remaining variation, with the exception of 5 resistant B. napus
individuals that are represented by stars

oculation. Selected plants with no or only small externa lesions
were chosen as candidates for resistance. These plants were ver-
nalised and evaluated once more during seed ripening to give a
post-vernalisation score. Plants with a maximum external score of
2 or less were classed as adult plant resistant (R,); others were
grouped as adult plant susceptible (S,). Distributions of adult
plant blackleg symptom scores in different BC;S progenies and
control genotypes were compared with a boxplot generated by the
software spss.

For the mgjority of the plants, internal lesions were scored si-
multaneously, by cross-sectioning of the basal stem parts, using a
scale based on that of Hammond and Lewis (1987). Because the
internal lesion scores usually reflected the external symptoms, this
datais omitted here.

Genomic in situ hybridisation

Genome composition in resistant and susceptible backcross off-
spring was analysed by GISH following methods described previ-
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ously (Snowdon et al. 1997). Chromosome spreads were produced
from protoplast suspensions from root tips of young plants or cut-
tings, then fixed with formaldehyde and denatured using standard
techniques. For the GISH probe, genomic DNA from S arvensis
was directly labelled with the fluorochrome Cy3 by nick transla-
tion and resuspended in hybridisation solution with a 50-fold ex-
cess of unlabelled, sheared B. napus competitor DNA. The probe
was pre-annealed for 20 min at 37°C prior to hybridisation. Fol-
lowing overnight in situ hybridisation (see Schwarzacher et al.
1994) and a stringent wash for 10 minin 0.2~ SSC at 42°C, chro-
mosomes were counter-stained in DAPI and examined using a
Leica DM 3 fluorescence microscope. At least ten metaphases were
examined for each hybridisation.

Results

Out of 222 tested BC; plants, with chromosome numbers
from 2n=38-43, 15 exhibited both cotyledon and adult
plant resistance; 98 were classed as susceptible on both
levels. Results of phytopathological tests on BC;S proge-
nies derived from 3 double resistant BC; plants (9.10, 13.6
and 16.3) and 1 double susceptible BC; individual (31.2),
respectively, along with positive and negative control ge-
notypes, are outlined in Table 2 and Figs. 1 and 2. Tested
offspring from the BC5S individua 31.2 were &l double
susceptible, and plant collapse occurred in some instances,
although the average adult plant susceptibility was not as
high as for the very susceptible control B. napus cv. Lesira
(Figs. 1, 2a, 2e). BC;S progenies derived from the BC,
plants 9.10, 13.6 and 16.3 exhibited cotyledon and/or adult
plant resistance (Figs. 2a, 2d, 2€). The majority of BC;S
offspring from these 3 individuals were adult plant resis-
tant but cotyledon susceptible. Only a smal number of
plants showed the reciprocal resistance behaviour.

Two out of seventeen tested plants from the original
cross B. napus parent Madora and 3 out of 21 plants
from the backcross parent B. napus cv. Ceres were scored
as adult plant resistant (see Discussion), while most of
the others were only moderately adult plant susceptible,
similar to the majority of adult plant susceptible BC;S
progeny (Figs. 1, 2c, 2e left). All S. arvensis individuals
showed a clear cotyledon (Fig. 2a) and adult plant resis-
tance phenotype (Figs. 1, 2b).



Fig. 2a—h Phytopathological and molecular cytogenetic charac-
terisation of hybrid plant material. a Cotyledon resistance (above)
and susceptibility (below) phenotypes in BC;S progeny. The
above-left phenotype is typica for S. arvensis, while the below-
right symptoms are typical for the B. napus cultivars Ceres, Mado-
raand Lesira. b Adult plant resistance of S arvensis. ¢ Moderate
adult plant susceptibility of B. napus cv. Ceres. d Adult plant re-
sistance phenotypes in BC;S progeny. e Adult plant susceptibility
phenotypes in BC;S progeny. The phenotype on the left is repre-
sentative for the majority of adult plant susceptible BC5S off-
spring, while the stem on the right shows plant collapse, typical
for B. napus cv. Lesira. f-h Genomic in situ hybridisation results
in three BC,S offspring plants. S arvensis chromosomes are labelled
red with Cy3, while B. napus chromosomes show no hybridisation
signals and are stained blue with DAPI. f, g Individuals showing
both cotyledon and adult plant resistance and corresponding respec-
tively to the left and right plantsin d, with f a monosomic, acro-
centric addition, and g one acrocentric and a second, metacentric
S arvensis addition chromosome. h An adult plant sensitive indi-
vidua with a monosomic, metacentric addition chromosome, corre-
sponding to the right-hand plant in e
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Results from GISH with selected BC,S offspring are
given in Table 3, while Fig. 2 (f—h) shows examples of
GISH images from resistant and susceptible BC;S plants
with monosomic or double addition chromosomes. Two
individuals showed adult plant resistance but cotyledon
susceptibility and a stable chromosome number of 2n=38
with no visible GISH signals, indicating the possible
presence of small introgressions carrying the resistance
gene(s). A further plant with the same resistance behaviour
and no GISH signals had variable chromosome numbers
(2n=36-38). The BC; parents studied also showed so-
matic variations in mitotic chromosome number (Table 2),
however chromosome counts in the BC;S offspring were
generally more uniform than in the BC,. All remaining
adult plant resistant individuals tested contained an acro-
centric addition chromosome, and in 3 plants that were
also cotyledon resistant this addition was monosomic
(Fig. 2f). One adult plant resistant individual and 2
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Table 3 Karyotpyes of BC;S plants investigated by GISH detection of S. arvensis chromatin, grouped according to their respective re-

sistance response (see Table 1)

Chromosome number (2n)

36-37 38 38 39 39 40
GISH karyotype: No GISH No GISH Monosomic Monosomic Monosomic Metacentric
signal signal metacentric metacentric acrocentric plus
substitution addition addition acrocentric
chromosome chromosome chromosome  addition
Resistanceresponse R, 1a 3 1 1
Rein 3 2
5 1 1

/A

aVariable chromosome number within one plant

plants also exhibiting cotyledon resistance had both an
acrocentric and a metacentric addition (Fig. 2g). Plants
that possessed only a metacentric addition (Fig. 2h), or
in one case a metacentric substitution chromosome, were
fully susceptible. All other susceptible plants tested had
38 chromosomes and no visible GISH signals.

Discussion

This study describes the characterisation of blackleg re-
sistant backcross offspring from a cross between B.
napus and S. arvensis. The use of the GISH method pro-
vides what is to the best our knowledge the first clear ev-
idence of monosomic and double addition chromosomes
in crosses between species of the genera Brassica and
Snapis. Moreover, the results presented here indicate the
possible occurrence of intergenomic recombination, re-
sulting in plants with a norma B. napus karyotype
(2n=38; no S. arvensis chromatin detected by GISH) ex-
hibiting resistance introgressed from the donor genome.

In intergeneric hybrids between S. arvensis and the
three diploid Brassica species containing the A, B and C
genomes, respectively, Mizushima (1950) reported three
allosyndetic bivalentsin ASar and CSar hybrids and seven
in BSar hybrids. Thisisin agreement with data published
by Kerlan et al. (1993) and Chevre et a. (1996b) who
found few paired chromosomes in ACSar hybrids. Inves-
tigations using chemotaxonomic markers (Tsukamoto et al.
1993) and on the DNA level (Song et al. 1988; Warwick
and Black 1991; Kapila et a. 1996) also showed the rel-
atively close relationship of S arvensis to Brassica spe-
cies containing the B genome.

S arvensisis particularly interesting for oilseed rape
breeding because of its high level of blackleg resistance
to various L. maculans isolates. Furthermore, its resis-
tance response differs largely from that of Brassica
species with the B genome with respect to the timing of
phytoalexin induction after inoculation with the patho-
gen (Storck and Sacristan 1995), making it a potentially
useful complementation to existing resistance sources.
This study confirms the suitability of S. arvensis as a
donor plant for blackleg resistance transfer into oilseed
rape and reinforces the value of GISH for the investiga-

87

tion of intergeneric hybrids between B. napus and its
close relatives.

Blackleg resistance tests like those used in this study,
involving a double inoculation with the same isolate, are
the method of choice for accurate comparative resistance
evaluation at both the seedling (cotyledon) and adult
plant stages. Because double inoculation induces a very
severe phytopathological response, it widely prevents es-
capes and levels differences in the reaction within one
genotype. It is possible with this test, however, to over-
look specific resistances; for example in the lamina of
the cotyledons or leaves, or in the petioles (Hammond
and Lewis 1987; Pang and Halloran 1996). Nevertheless,
in comparison with tests of adult plants inoculated only
on cotyledons or basal parts of the stem, enhanced ef-
fects were observed in tests with double inoculation (data
not shown), especially in susceptible or only moderately
resistant genotypes. This indicates that systemic acquired
resistance, as described by Mahuku et al. (1996) for co-
infection of weakly and highly virulent L. maculans iso-
lates, does not occur in this system.

The oilseed rape cultivars Madora and Ceres, used as
the respective cross and backcross parents in the present
study, showed a certain degree of adult plant resistance
in comparison to the other positive control, B. napus cv.
Lesira (Fig. 1). The resistance behaviour of these geno-
types, which both derive from the cultivar Jet Neuf,
demonstrates that adult plant tests with double inocula-
tion are preferable to clearly differentiate a significant
resistance response. Moreover, the results presented here
confirm previous reports on oilseed rape, which showed
that the cotyledon response is not a suitable indicator for
adult plant resistance behaviour (Cargeeg and Thurling
1979; Sacristédn 1982; Pang and Halloran 1996).

The segregation pattern in selfing progenies derived
from 3 different, highly resistant BC; individuals suggests
that adult plant resistance is inherited more readily than
cotyledon resistance. Probably, more gene loci conferring
adult plant resistance are present in the S. arvensis genome
than genes for cotyledon resistance. Alternatively, it is aso
possible that the genes for adult plant and cotyledon resis-
tance in the hybrid material might be carried on addition
chromosomes with variable transmission rates. It is, how-
ever, impossible to draw firm conclusions regarding the



number of resistance genes or their inheritance because
aneuploids do not show Mendelian segregation.

The addition chromosomes of the different BC;S
plants could not be reliably compared due to the small
size of the chromosomes and the lack of cytogenetic
markers in these species. Nevertheless, chromosome mor-
phology provides strong evidence that some or all of the
genes for adult plant resistance are found on a single, ac-
rocentric S. arvensis chromosome. With the exception of
plants containing 38 chromosomes or less, al BC;S indi-
viduals with adult plant resistance were found to possess
asimilar acrocentric S. arvensis addition chromosome. A
second, metacentric addition chromosome was sometimes
also present, however plants with only a metacentric ad-
dition showed no resistance. Of course it cannot be ruled
out that the resistance might in each case be carried on
one or more translocations, independent of the addition
chromosome(s), that cannot be detected by GISH.

The BC; plants used in this study, along with 1 BC;S
individual, showed indications of mitotic instability |ead-
ing to somatic variations in chromosome number. This
phenomenon, probably caused by different parental cell
cycles influencing the respective B. napus and S. arvensis
chromosomes, can result in incongruous chromosome
count results, particularly in earlier backcross offspring
with more alien chromosomes where more mitotic dis-
turbances might be expected. This could make a cytoge-
netic selection of resistant individuals with a minimal
number of donor chromosomes difficult. The BC; plant
from which all the BC; plants in the present study origi-
nated were originally scored, using classical cytogenetic
techniques, as having chromosome numbers from
2n=37-39 (Plimper 1995). The higher chromosome
counts in some later backcross offspring could be ex-
plained by the mixoploid nature of the BC, plant.

While GISH has been shown, both in this study and
previously (e.g. Fahleson et al. 1997; Sharzhinskaya et al.
1998; Snowdon et al. 1998), to be very effective for the
detection of addition chromosomes in intergeneric hybrids
between Brassica species and close relatives, its utility
for localising small translocations in such hybrids is per-
haps questionable. Chromosome arms in Brassica and
species of related genera contain unusualy low copy
numbers of dispersed repeat sequences (Heslop-Harrison
and Schwarzacher 1996). Because such dispersed repeats
generally form the basis of chromosome **painting” and
GISH signals, GISH in Brassica is therefore normally
characterised by strong signals at centromeric hetero-
chromatin and only very weak hybridisation on chromo-
some arms (cf. Fig. 2f-h). A translocation in a backcross
individual from a B. napus-Raphanus sativus hybrid has
been successfully detected by GISH (Snowdon et al.
1999), however translocations in non-heterochromatic
regions may be beyond the resolution limits of this tech-
niquein Brassica.

Because of the two phenomena described above, it
cannot be stated with absolute certainty that the indi-
viduals observed in this study with adult plant resis-
tance, but no visible GISH signals, indeed contain intr-

88

1013

ogressed blackleg resistance genes. Alternatively, the
resistance might be carried on one or more addition
chromosomes that were not seen due to mitotic instabil-
ity. This appears unlikely, however, because for the
plants in question a large number of metaphases and in-
terphases were scored with no variation in the GISH re-
sults. Conclusive evidence and characterisation of the
chromosome introgressions, where present, will be ob-
tained by detailed molecular genetic analysis of the
plant material.
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5 Genetic mapping and quantitative trait analysis

The following two articles present examples for genetic mapping and the analysis of
guantitative trait loci (QTL) in oilseed rape. Both papers present new B. napus genetic
maps including numerous previously unmapped simple sequence repeat (SSR) markers. The
first article describes the first successful localisation of QTL for resistance against
Verticillium wilt caused by Verticillium longosiporum. Due to the difficulties of accurate
resistance screening in this complex host-pathogen system, the availability of effective
markers is vital for breeding efforts. This paper therefore represents an important step
towards marker-assisted introgression and combination of new resistances. This will help
combat the growing threat of V. longisporum to sustainable, large-scale oilseed rape
cultivation. The second paper was the first publication to describe co-localising QTL for
seed colour and seed coat fibre compounds in oilseed rape. Yellow seed colour is
associated with a considerable reduction in antinutritive phenolic compounds in the seed
meal, however breeding and selection are difficult due to complex genotype-environment
interactions. This paper represents a major step in the development of molecular markers
for breeding and towards the map-based gene cloning of key genes involved in seed meal
quality traits.
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5.1 Identification of quantitative trait loci for resistance against Verticillium
longisporum in oilseed rape (Brassica napus L.)

Rygulla W., R.J. Snowdon, W. Friedt, |. Happstadius, W. Cheung & D. Chen, 2008.
Phytopathology 98: 215-221
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ABSTRACT

Rygulla, W., Showdon, R. J., Friedt, W., Happstadius, |., Cheung, W. Y.,
and Chen, D. 2008. Identification of quantitative trait loci for resistance
against \erticillium longisporum in oilseed rape (Brassica napus).
Phytopathology 98:215-221.

Verticillium longisporum is one of the major pathogens of oilseed rape
(Brassica napus; genome AACC, 2n = 38) in Europe. Current European
cultivars possess only a low level of resistance against V. longisporum,
meaning that heavy infection can cause major yield losses. The aim of
this study was to identify quantitative trait loci (QTL) for resistance
against V. longisporum as a starting point for marker-assisted breeding of
resistant cultivars. Resistance QTL were localized in a segregating oilseed
rape population of 163 doubled haploid (DH) lines derived by microspore
culture from the F; of a cross between two B. napus breeding lines, one of
which exhibited V. longisporum resistance derived by pedigree selection
from a resynthesized B. napus genotype. A genetic map was constructed
comprising 165 restriction fragment length polymorphism, 94 amplified
fragment length polymorphism and 45 simple sequence repeats (SSR)

markers covering a total of 1,739 cM on 19 linkage groups. Seedlings of
the DH lines and parents were inoculated with V. longisporum isolates in
four greenhouse experiments performed in Sweden during autumn 1999.
In three of the experiments the DH lines were inoculated with a mixture
of five isolates, while in the fourth experiment only one of the isolates
was used. The intention was to simulate four different environments with
variable disease pressure, while still maintaining uniform conditions in
each environment to enable reliable disease scoring. The disease index
(DI) was calculated by scoring symptoms on a total of 21 inoculated
plants per line in comparison to 21 noninoculated plants per line. Using
the composite interval mapping procedure a total of four different
chromosome regions could be identified that showed significant QTL for
resistance in more than one environment. Two major QTL regions were
identified on the C-genome linkage groups N14 and N15, respectively;
each of these QTL consistently exhibited significant effects on resistance
in multiple environments. The presence of flanking markers for the
respective QTL was associated with a significant reduction in DI in the
inoculated DH lines.

Verticillium wilt caused by \erticillium longisporum (ex.
Verticillium dahliae var. longisporum Stark) is one of the major
diseases of oilseed rape (2n = 38, genome AACC) in Europe.
Current European cultivars possess only a low level of resistance
against V. longisporum, meaning that heavy infection can cause
major yield losses (9,34). Because long-term crop rotation is not
always possible and no efficient chemical control is available, the
disease is becoming a serious problem in some areas of Germany,
France, Sweden, and other major European rapeseed-producing
countries (14). The fungus infects the plant via the roots by pene-
trating the root epidermis in the root hair zone, and establishes
itself in the xylem (10,35). Once it has reached the xylem vessels
it forms conidiospores, which spread inside the xylem throughout
the vegetative parts of the plant. Symptoms usually appear late in
the growing season on mature plants, when diseased plants wilt
and often die. The fungus produces microsclerotiain plant debris
that can survive in the soil for long periods of time.

Brassica napus is a young species that originated through
spontaneous interspecific hybridizations between B. rapa L. (syn.
campestris, genome AA, 2n = 20) and B. oleracea L. (CC, 2n =
18) (26). After intensive breeding for oil and seed qudlity traits,
the spring and winter oilseed forms of B. napus now represent one
of the most important sources of vegetable oil worldwide. Due to
an extremely strong bottleneck selection for zero seed erucic acid
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and low seed glucosinolate content, current oilseed rape cultivars
have a comparably narrow genetic basis (12); in particular, the
availability of novel germplasm for resistance breeding is often
extremely limited. On the other hand, sources of \erticillium
resistance that can potentialy be used in rapeseed breeding have
been identified in B. oleracea and B. rapa (6,11,24,25). For ex-
ample, Happstadius et a. (11) selected the most resistant B. olera-
cea accessions identified in a greenhouse screening and demon-
strated that their resistance was effective against V. longisporum
when introduced into resynthesized (RS) B. napus breeding lines
by interspecific hybridization. We have produced further RS rape-
seed breeding lines with high levels of resistance from cabbage
accessions combined with oilseed turnip rape (24,25), while
Debode et a. (6) identified resistance in cauliflower cultivars and
were able to show that resistant cultivars can prevent the pathogen
from spreading systemically inside the plant. The genetic basis of
these resistance sources is not known, however, and molecular
markers linked to resistance loci and therefore exploitable for
marker-assisted selection have not previously been described for
this disease. The aim of this study was to identify quantitative
trait loci (QTL) for resistance against V. longisporum in order to
gain information on the genetics of new, resistant B. napus breed-
ing lines. The study represents a first step towards marker-assisted
breeding of resistant oilseed rape cultivars and, in the long term,
towards the map-based cloning of the responsible resistance genes.

MATERIALSAND METHODS

Resistance donor and mapping population. The original
resistance donor for the mapping population used in the QTL
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analysis was a tetraploid white cabbage (B. oleracea convar.
capitata; genome CCCC, 2n = 4x = 36), which was crossed with
a tetraploid, low erucic acid winter turnip rapeseed (B. rapa ssp.
olerifera; genome AAAA, 2n = 4x = 40) to generate a synthetic
B. napus. This breeding line was produced in Sweden in 1975 to
1976 with the aim of increasing the genetic variability in B. napus
germplasm, and the resistance was subsequently transferred to
oilseed rape breeding lines by pedigree selection. The parents of
the mapping population were homozygous doubled haploid (DH)
breeding lines that were identified by greenhouse screenings of
two DH populations for resistance to V. longisporum. The
parental line 307-406-1 was found to be susceptible to Verticil-
lium wilt, while the parental line 307-230-2 was considered to be
resistant/tolerant to the disease. Three F; donor plants were used
for microspore cultivation as described in Zhou et al. (36). A tota
of 3,453 in vitro embryos were induced, 478 shoots were
regenerated, and 398 plants were transplanted to soil. At the
three- to four-leaf stage the ploidy number of each plant was
analyzed by flow cytometry using standard methods (33). In 40%
of the plantlets, the genome had doubled spontaneously, 6% were
polyploids, and 54% were still haploid and consequently treated
with colchicine to induce diploidization. After vernalization, 329
plants were transferred to the greenhouse and selfed by bagging.
One hundred and sixty-three randomly chosen DH lines were
used for the QTL mapping study.

Resistance screening. Seedlings of the DH lines and parents
were inoculated with V. longisporum isolates in four separate
greenhouse experiments during autumn 1999 at Sval6f Weibull
AB, Sweden. The intention was to simulate four different envi-
ronments with variable disease pressure, while still maintaining
uniform conditions in each environment to enable reliable disease
scoring. Since the resistance was expected to be quantitative in
nature, this strategy was used to enable more reliable identi-
fication of QTL that were stable over different environments.

In three of the experiments a mixture of the Swedish V. longi-
sporum isolates Vdl, Vd4, Vdll, Vdi2, and Vd13 in equad
densities was used for the inoculation. The characteristics of these
five isolates, which show a similar virulence spectrum and
moderate to high aggressiveness, have been described in detail
previously (27,28). In the fourth experiment, the inoculation was
performed with the single-spore isolate Vd13, in order to
determine if any identified QTL might be explained by a race-
specific resistance. Vd13 shows consistent, moderate disease
symptoms, disease severity, and DI with different inoculation
technigques in susceptible B. napus cultivars (28). The same over-
all inoculum density (2 x 10° spores/ml + mycelium fragments)
was used for the inoculations with the isolate mixture and for the
single-sporeisolate.

Each experiment included a total of 21 inoculated and 21
noninoculated plants for each of the DH lines, along with 10
repetitions of 21 inoculated and 21 noninoculated plants of each
of the parental lines. Furthermore, 21 inoculated and 21 non-
inoculated plants of the susceptible B. napus ‘Libraska were
included in each experiment as an infection control, making a
total of 3,654 inoculated and 3,654 noninoculated plants in each
of the four experiments. The plants were grown in individual pots
with the genotypes arranged in a completely random design. The
inoculations were carried out using a root-dip inoculation method
that was shown in a comparison of different Verticillium inocu-
lation techniques to give the most consistent results (15): Bottom-
broken peat pots containing 14-day-old seedlings were dipped
into 40 ml of inoculum. The pots were left in the inoculum
suspension for 30 min and then replaced at the original position in
a planting tray. The remaining inoculum was recovered with
rinsing water and poured into the container with the inoculated
seedlings. The seedlings were then grown at 20°C in a greenhouse
with a light regime of 16 h day/8 h night; the relative humidity
was not controlled in order to alow environmental variation
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between the four experiments in the interests of the QTL analysis.
Disease scoring was carried out between 8 to 10 weeks after
inoculation, when 80 to 90% of the inoculated plants from
B. napus Libraska showed wilting symptoms.

Disease severity scores (0 to 5) for each inoculated plant
followed a scale (28) based on the percentage of leaves showing
wilting and chlorosis, along with the degree of stunted growth
(height in mm) in comparison to the mean of the noninocul ated
plants of the same genotype: 0 = no symptoms, 1 = wilting and/or
stunting <25%, 2 = wilting and/or stunting 25 to 50%, 3 = wilting
and/or stunting 51 to 90%, 4 = wilting and stunting >91%, and
5 = dead plant. From the number of plants in each class, DI was
calculated as follows for each of the DH lines and parents, as
described by Happstadius et a. (11):

_ (0x No) + (1x N1) +(2x N2) + (3x Na) + (4x N4) + (5x Ns)
- (No+ N1+ N2+ N3+ Na+ Ns)

DI

(DI n, control ~ DI total, control)

where N, is the number of plants in the respective class, DIy, control
represents the mean symptom score of the noninoculated control
plantsin the nth trial, and Dlyya, control 1S the mean symptom score
of the noninoculated controls over al trials.

Stetistical analyses of the data were performed using the
software package SAS 9.1. Analysis of variance (ANOVA) was
performed using the general linear model procedure in order to
estimate differences within the population and among the four
different experiments (environments). ANOVA was aso used to
analyze genotype-environment interactions of the two parental
lines, for which 10 DI values (each calculated from 21 inocul ated
and 21 noninoculated plants) per line per experiment were
available. Variation in DI within and among the four experiments
was further quantified by calculation of least significant differ-
ences among the means of the parents and the DH lines, along
with Pearson’s correlation coefficients for the individual geno-
typesin the four different environments.

Restriction fragment length polymorphism (RFLP) probes
and Southern analysis. Plant genomic DNA was extracted for
RFLP analysis as described by Cheung et al. (4). Three restriction
enzymes (EcoRlI, EcoRV, and Hindlll) were applied to digest the
genomic DNA. The DNA digests were separated in 0.8% agarose
gels and transferred to nylon membranes (H-bond N+). Six sets of
DNA membranes for each enzyme digest were prepared for
Southern analysis. DNA probes coded DLM2 to DLM372 corre-
spond to anonymous clones from a seedling cDNA library of B.
napus. Procedures for Southern analysis were described by
Cheung et a. (4). Duplicated loci detected by a single clone were
designated by the same name followed by a different lowercase
letter, as described by Landry et a. (17).

Amplified fragment length polymorphism (AFLP) and
simple sequence repeats (SSR) analysis. Marker saturation of
the genetic map was achieved using AFLP markers, while previ-
ously mapped loci from publicly-available SSR primer combina
tions were also included in the map to enable identification of
linkage groups. For the polymerase chain reaction (PCR) marker
analyses new genomic DNA samples were isolated from dry frozen
leaf material according to Doyle and Doyle (8). AFLP amplifi-
cation products were generated using the EcoRI-Msel-based
AFLP kit of Invitrogen (AFLP Core Reagent Kit, Invitrogen Life
Technologies Inc., Carlsbad, CA) according to the manufacturer’s
instructions. EcoRI primers were fluorescently labeled with
IRD700 or IRD800. DNA from DH lines and their parents were
amplified with a set of 10 AFLP primer combinations known
either from the literature (18) or from previous mapping studies
(1,2) to reveal ahigh polymorphism rate in oilseed rape.

A total of 127 SSR primer combinations for which genetic map
positions of one or more loci in B. napus are known (2,19,23),
were screened for polymorphism among the mapping parents. Of



these primer combinations 65 (51.2%) amplified at least one
polymorphic locus and were screened in the DH lines. For al
SSR analyses the M13-tailing procedure described by Berg and
Olaisen (3) was used. In this method the fluorescently labeled
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-TTTCCCAGTCACGACGTT-
3'. After the first cycle of amplification the PCR fragments are
subsequently amplified by the labelled universal primer. All AFLP
and SSR amplification products were separated using a LI-COR
4200 DNA Anayzer (LI-COR Biosciences, Lincoln, NE) and
scored visually.

Segregation analysis and map construction. A genetic map
was constructed using the program JoinMap 3.0 (31). The fit of
allelic segregation to the expected 1:1 segregation ratio was tested
for each marker by a chi-square test, and map construction was
performed in three steps based on the suggestions of Cloutier et
al. (5) for B. napus mapping. (i) Selection of loci whose segre-
gation fit the expected ratio (P < 0.01) to identify linkage groups
with high confidence; these markers were anchored as “fixed
orders’. (i) Addition of markers with segregation other than the
expected 1:1 ratio (P > 0.01) using a minimum logarithm of odds
(LOD) threshold of 2.0. These markers were only added when
they did not influence the grouping of the fixed-order markers and
did not form noticeable clusters with other skewed markers. (iii)
Identification of linkage groups based on SSR markers from
consensus maps (1,2,23). Map distances measured in cM between
markers were derived from the Kosambi function (16).

Composite interval mapping of resistance QTL. QTL
conferring resistance to V. longisporum in the DH lines were
localized by composite interval mapping with cofactors, using the
computer software PLABQTL (30) Version 1.2. All markers pro-
posed by the default option SELECT were used as cofactors.
Phenotype data from each of the four experiments were first
analyzed separately, then the data from the three experiments with
the isolate mixture were averaged to compare the locations of
QTL detected over different environments under the same
infection conditions. Initially, all putative QTL for resistance were
identified using an LOD threshold of 3.0. From these putative
QTL, the ones exhibiting a significant likelihood ratio that a QTL
is present versus absent were identified based on the multiple
regression of the final simultaneous fit function of PLABQTL.
After a further regression analysis based on the phenotypic vari-
ance, only QTL that showed a significant LOD score in combi-
nation with a significant phenotypic effect (6 = 0.02) were
selected, and we considered these to be trait-relevant QTL only
when the confidence intervals overlapped in two or more of the
four experiments.

RESULTSAND DISCUSSION

Phenotypic evaluation of the mapping population. Figure 1
shows the distribution of DI values for the DH lines in the four
experiments. In all cases, a continuous distribution was observed,
with the majority of DH lines having an intermediate DI between
the two parents; this indicates a quantitative resistance for both
the isolate mixture and the single-spore isolate. For both the
single-spore isolate and the isolate mixture, a number of DH lines
showed a lower DI than the resistant parent, or a higher sus-
ceptibility than the susceptible parent, suggesting a transgressive
segregation with some resistance alleles aso being contributed by
the susceptible parent. In the experiment with the single-spore
isolate, the DI values in the DH population showed a more or less
normal distribution, with the majority of the DH lines showing an
intermediate resistance phenotype and few lines being highly
susceptible or highly resistant. On the other hand, in the three
experiments with the isolate mixture, both the distribution and the
mean DI values of the two parents were strongly skewed towards
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greater susceptibility. This indicates that the isolate mixture raises
the disease pressure and may overcome part of the resistance
against the single-spore isolate.

Considerable variation was sometimes observed among the
symptom scores of individual plants within the same DH line,
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Fig. 1. Distributions of \erticillium longisporum disease index (DI) valuesin a
population of 163 doubled-haploid Brassica napus lines derived from a single
F; individua from the population 307-230-2 (resistant)/307-406-1 (suscepti-
ble). The disease index was calculated from symptom scores on 21 plants per
line after root-dip inoculation, compared to 21 noninoculated plants per line,
in four greenhouse experiments in autumn 1999. In experiments 1 to 3, an
isolate mixture was used, while experiment 4 was performed by inoculation
with a single spore isolate. The left and right arrows show the mean DI values
of the resistant and susceptible parents, respectively; parental means were
calculated from 10 repetitions of 21 inoculated and 21 noninoculated plantsin
each of the four experiments. Exp.: experiment; IM: isolate mixture; SSI:
single-spore isolate.
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possibly indicating that variable amounts of inoculum may be
taken up during the disease screening. Despite this variation at a
single-plant level, statistical analysis of the DI data showed that a
reliable and reproducible quantitative estimate of the disease
score was still obtained by calculating the DI from 21 inoculated
plants, compared to 21 noninoculated plants in each experiment.
Since the mean DI values of the parents and the DH lines showed
high reproducibility over the three different experiments with the
isolate mixture, we decided to also include the DI values from the
inoculation with the single-spore isolate in the QTL analysis, even
though only one experimental repetition was available in this
case. In the ANOVA, the DI vaues of the parents and the DH
lines were significantly lower (P < 0.01) after inoculation with the
single-spore isolate than after the inoculations with the isolate
mixture; this difference can be clearly seen in the distributions
shown in Figure 1 and was confirmed by the results of the least
significant difference (LSD) test (Table 1). Despite this difference
in overall symptom level, however, the mean DI values of the
individual genotypes infected with the single-spore isolate were
till significantly correlated (P < 0.01) to the mean DI values after
the inoculations with the isolate mixture (Table 2). This is
presumably because a large number of DH lines were resistant
against both the single-spore isolate and the isolate mixture. The
ANOVA aso reveded that there was no significant genotype x
environment interaction (P = 0.96) over the four experiments.
Linkage map. A total of 96 polymorphic SSR markers, 247
polymorphic AFLP markers, and 346 polymorphic RFLP markers
were scored in the DH population 307-230-2/307-406-1. Due to
the alopolyploid nature of the B. napus genome a large pro-
portion of duplicated loci are expected, which can distort the
marker segregation and lead to mapping errors (5); these can be
recognized because the marker segregation ratios deviate
significantly from the expected 1:1 ratio in a DH population. In
order to obtain the best possible map, we therefore performed a
stringent selection for markers with correct or only moderately
skewed segregation, and to facilitate the composite interva
mapping of QTL we further removed mapped markers with less
than 1 cM intervals. Overal these measures resulted in the
exclusion of 53.1% of the available SSR markers, 61.1% of the
AFLP markers, and 52.3% of the RFLP markers from the
mapping. The resulting genetic map comprised 165 RFLP, 94
AFLP, and 45 SSR markers on 19 linkage groups (LG) covering
1,739 cM, with an average marker distance of 5.7 cM (Fig. 2). A
total of 68 markers (22%) with moderately skewed distribution
(P < 0.01) were included in the map, but only when they did not

TABLE 1. Comparison of mean least significant differences in Verticillium
longisporum disease index values in a population of 163 doubled haploid
Brassica napus lines, and their parents 307-230-1 (susceptible) and 307-230-2
(resistant), after root-dip inoculation in four experiments performed in the
greenhouse in autumn 1999

Mean disease index"

LSD*
Experiment DH%lines  307-230-1  307-406-2 (o = 0.05)
Exp. 1: IMY 3.452 2.47° 4.49° 0.63
Exp. 2; IMY 3.508 2.77¢ 4.69¢ 0.64
Exp. 3: IMY 353 2.76° 473 0.63
Exp. 4: SSI2 3.00° 2.174 4.21f 0.66
LSD* (¢ =005  0.30 0.37 0.25

form noticeable clusters. Based on comparisons to other maps, all
linkage groups could be associated to defined B. napus chromo-
somes based on the accepted N1-N19 nomenclature for B. napus
(22). The size of the groups varied between 46.3 and 158.1 cM,
while the number of molecular markers per group ranged from
3 to 35. A maximum of seven SSR markers were identified for
each linkage group.

QTL for V. longisporum resistance. Four chromosome regions
were identified that contained significant QTL for resistance to
V. longisporum (defined as significant LOD scores after multiple
regression combined with significant phenotypic effects at a
threshold of 8 = 0.02) in at least two of the four experiments (Fig.
2). In al cases the resistance alleles at the detected QTL were
derived from the resistant parent 307-230-2. The relative degree
of differentiation in disease response within this mapping popu-
lation was comparatively low, however together the four signifi-
cant QTL explained a total of 45.7% (sum of partiad R?) of the
phenotypic variance in the V. longisporum DI. To our knowledge
this is the first report of QTL for resistance to V. longisporum in
B. napus, hence these results represent an important first step in
the investigation of the genetic basis of currently available
resistance sources.

On N15, a QTL region with overlapping confidence intervals
was detected in two of the three experiments with the isolate
mixture, and also with the mean data for the three experiments
with the isolate mixture (Table 3). A QTL whose confidence
interval was adjacent to this region was detected in the other
experiment with the isolate mixture. No significant QTL was
detected at this position in the experiment with the single spore
isolate, however the marker BRMS030 flanking the QTL had
significant effects (t test, P < 0.05) on the mean DI for the single-
spore isolate. The power of QTL detection may have been lower
in the experiment with the single-spore isolate, since the majority
of the DH lines showed an intermediate resistance response; this
could explain why no significant QTL was detected in this case.

On N14 another QTL region was found with overlapping QTL
confidence intervals for one of the three experiments with the
isolate mixture, the mean data over al environments with the
isolate mixture, and for the experiment with the single-spore
isolate. Although no significant QTL were detected at this posi-
tion in the other two experiments with the isolate mixture, the
flanking markers (DLM138b and CB10079) still both had signifi-
cant effects on the mean DI in these replications (t test, P < 0.01),
suggesting that this region aso contains one or more genes with a
significant effect on the resistance reaction. The QTL for the
experiment with the single-spore isolate was at a dlightly different
position to the QTL from the experiments with the isolate mix-
ture, which might indicate a race-specific resistance gene that was
no longer effective against the isolate mixture.

In the mean data from the three experiments with the isolate
mixture, the two QTL on N14 and N15 accounted for 9.9 and
12.5% of the phenotypic variation (partial R?), respectively. Be-
cause these two QTL had consistently significant effects on the

TABLE 2. Pearson’s correlation coefficient for comparisons among \erticil-
lium longisporum disease index values of 163 doubled haploid Brassica napus
lines and their population parents tested by root-dip inoculation in three
greenhouse experiments performed in autumn 1999 with an isolate mixture
and in one experiment with a single-spore isolate*

V' The disease index for each doubled haploid line in each experiment was
calculated from the symptom scores of 21 inoculated and 21 noninocul ated
plants per genotype, while the mean disease index of the parenta lines was
calculated from 10 repetitions of 21 inoculated and 21 noninoculated plants
in each experiment. Different mean values that show nonsignificant differ-
ences are assigned the same superscript | etter.

WDoubled-haploid.

* Least significant difference.

Y | solate mixture.

Zz Single spore isolate.
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Exp. 1-3:
Experiment Exp. 2: IMY  Exp. 3: IMY Mean Exp. 4: SSIZ
Exp. 1: IMY 0.64 0.68 0.87 0.64
Exp. 2: IMY 0.76 0.90 0.57
Exp. 3: IMY 0.91 0.57
Exp. 1-3: Mean 0.66

* All correlations were significant with P < 0.01.
Y |solate mixture.
Z Single spore isolate.
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Fig. 2. Genetic linkage map (1,739 cM) for an oilseed rape mapping population (163 doubled haploid lines) derived from the population 307-230-2/307-406-1.
The shaded boxes show quantitative trait loci for Verticillium longisporum disease index measured in the greenhouse in autumn 1999 after three root-dip
inoculation experiments with a V. longisporum isolate mixture and one experiment with the single-spore isolate VD13. The map contains 165 restriction fragment
length polymorphism, 94 amplified fragment length polymorphism and 45 simple sequence repeat markers. Genetic distances are given in centimorgans.
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resistance phenotype in multiple experiments with controlled but
not identical inoculation and environmental conditions, we con-
sidered these to be environmentally stable QTL with potential for
utilization in breeding. The B. napus chromosomes N14 and N15
are both derived from the Brassica C-genome (22), which is
consistent with the origin of the resistance from a B. oleracea
donor.

On the other hand, linkage groups N6 and N18 each contained
one QTL region that showed significant phenotypic effects on
resistance in a single experiment with the isolate mixture.
Although the genetic effects of these QTL are apparently lower
than for the QTL on N14 and N15, they nevertheless represent
chromosomal regions of interest for future studies of V. longi-
sporum resistance in oilseed rape. The QTL on N6, which
accounted for 12.4% of the phenotypic variation (partial R?) in the
resistance reaction in the three experiments with the isolate
mixture, is of particular interest because chromosome N6 in B.
napus is derived from the A genome of B. rapa (21) rather than
the C-genome of the original B. oleracea resistance donor. This
could be due to a homoeologous or nonhomoeol ogous transloca-
tion between A and C genome chromosomes, which are known to
occur commonly in newly synthesised B. napus (29), or ater-
natively it could indicate a further resistance locus contributed by
the B. rapa parent of the original RS B. napus resistance donor.

Expanding the genetic basis for resistance breeding in
oilseed rape. The addition of new sources of resistance against V.
longisporum to the germplasm of B. napus is vital for the sus-
tainable production of oilseed rape in Europe, since there is only
limited resistant germplasm currently available for breeding and
Verticillium wilt is becoming increasingly important in some
rapeseed production areas. Introgression of germplasm from B.
rapa and B. oleracea via RS rapeseed is a breeding strategy that
has been successfully used in the past to generate new genetic
variation for resistance against important diseases of oilseed rape.
For example, protoplast fusion has been successfully used to
transfer resistance to clubroot disease (Plasmodiophora brassicae
Wor.) from B. rapa to B. napus (7). Through advanced back-
crossing a race-specific resistance was subsequently transferred
from RS rapeseed to elite winter oilseed rape germplasm, and the
winter oilseed rape cultivars Mendel and Tosca derived from this
material were released in the early 2000s to specifically combat
this disease in affected areas of Britain and Germany. Synthetic
lines of B. napus carrying resistance to blackleg derived from
B. rapa were generated via embryo culture (20). The resistance

was subsequently introgressed into spring canola, resulting in the
release of ‘ Surpass' in the late 1990s.

The introgression of novel resistance genes normally requires
extensive backcrossing accompanied by effective resistance
screening. However, selection for V. longisporum resistance in the
field can be difficult due to a high environmental influence on the
symptom development, and symptom scoring is further com-
plicated by the frequent co-occurrence of blackleg disease caused
by Leptosphaeria maculans (Desm) Ces. & de Not. [anamorph
Phoma lingam (Tode ex Fr.) Desm.] on plants showing V. longi-
sporum symptoms (I. Happstadius, personal observation, 2007).
As shown in Table 4, the combination of V. longisporum resis-
tance alleles from different QTL in the present study was associ-
ated with increased resistance in the DH lines. This underlines the
potential for a marker-assisted pyramiding strategy to assist the
effective transfer of polygenic V. longisporum resistance from RS
rapeseed donorsinto elite breeding lines.

TABLE 4. Numbers and mean Verticillium longisporum disease index values
of doubled haploid Brassica napus lines containing zero, one, two, three, or
four resistance aleles at the four quantitative trait loci (QTL) on B. napus
chromosomes N6, N14, N15, and N18, compared with the disease index
values of the susceptible 307-230-1 and the resistant 307-230-2"

Number of
resistance alleles Number of Mean DIY

Genotypes present DHY linest value
(307-230-2/ 307-230-1) 0 1 4.62

1 58 3.69

2 47 3.39

3 15 2.74

4 4 2.36
307-230-1 0 _ 4.647
307-230-2 4 - 2.667

vV The disease index values were calculated from the symptom scores of 21
inoculated and 21 noninoculated plants per genotype. Data is from three
root-dip inoculation experiments with an isolate mixture. Thirty-eight double
haploid lines contained aleles from both parents at the QTL-flanking
markers and were not counted.

WDoubled haploid.

* Lines were counted as containing a resistance allele when the alleles for both
markers flanking the QTL were derived from 307-230-2. The resistance
dlele was counted as absent when the aleles for both markers flanking a
QTL were derived from 307-406-1.

Y Disease index.

Z Mean DI values for the parental lines were calculated from 10 repetitions of
21 inoculated and 21 noninoculated plants in each experiment.

TABLE 3. Details of significant quantitative trait loci for resistance against Verticillium longisporum estimated from mean disease index data in a population of
163 doubled-haploid lines from the Brassica napus population 307-230-2/307-406-1

Linkage Peak position LODY at Confidence Partial R? Additive
Experiment! group (cM)u QTLY position interval (cM)Y Flanking markers® (%) effects
Exp. 1: IMY N6 50 6.32 46-56 Nal2D08 (41.8) — E32M47_162 (51.2) 9.5 0.29
N15 22 4.98 18-24 BRMS030 (21.4) — E32M48_307 (26.6) 6.6 0.24
Exp. 2: IMY N15 2 3.08 0-8 E32M59-159 (0) — E32M62_257 (11.8) 7.6 0.30
Exp. 3: IMY N14 128 6.64 120-128 DLM138b (114.3) — CB10079 (128.5) 8.6 0.24
N15 22 6.68 18-24 BRMS030 (21.4) — E32M48_307 (26.6) 9.7 0.27
N18 130 3.30 126-136 DLM315e (124.3) — DLM324b (131.5) 7.3 0.23
Exp. 1-3: Mean N6 50 4.87 46-56 Nal12D08 (41.8) — E32M47_162 (51.2) 124 0.27
N14 124 8.46 118-128 DLM138b (114.3) — CB10079 (128.5) 9.9 0.24
N15 22 10.06 20-24 BRMS030 (21.4) — E32M48_307 (26.6) 125 0.27
N18 130 4.20 124-134 DLM315e (124.3) — DLM324b (131.5) 10.9 0.24
Exp. 4: SSI2 N14 112 6.50 104-122 DLM97 (102.5) — DLM138b (112.9) 7.1 0.25

t The population was evaluated in four experiments representing different environments. Disease index of each genotype in each experiment was calculated by
comparing disease symptoms of 21 plants inoculated by a root-dip procedure with 21 noninoculated plants. Only resistance loci with significant logarithm of
odds scores after regression analysis in combination with significant phenotypic effects in more than one experiment are shown.

U Centimorgan.
Vv Logarithm of odds.
WQuantitative trait loci.

* |n all cases, the marker alleles associated with increased resistance were derived from the resistant parent 307-230-2.

Y |solate mixture.
Zz Single spore isolate.
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Colocalization of a partially dominant gene for
yellow seed colour with a major QTL influencing
acid detergent fibre (ADF) content in different
crosses of oilseed rape (Brassica napus)

Ana Gloria Badani, Rod J. Snowdon, Benjamin Wittkop, Florin D. Lipsa,
Roland Baetzel, Renate Horn, Antonio De Haro, Rafael Font, Wilfred Liihs, and
Wolfgang Friedt

Abstract: Quantitative trait loci (QTLS) contributing to yellow seed colour and acid detergent fibre (ADF) were localized
and compared in 3 mapping populations developed from 2 crosses (designated ‘YE1' and ‘YEZ2') between 2 distinct sour-
ces of true-breeding yellow-seeded oilseed rape (Brassica napus) and 2 different black-seeded genotypes. A clear correla-
tion was observed between seed colour and ADF content in both crosses. In all 3 populations, a major QTL, with alarge
effect on both seed colour and ADF in multiple environments, was detected at the same position on chromosome N18. In
YE1, a second minor QTL, with a small effect on seed colour but not on ADF content, was localized on chromosome N1.
In YE2, no QTL was observed on N1; however, 2 minor seed-colour loci were localized to N15 and N5. A second major
QTL for ADF was localized in YE1 on N13; in YE2, no other QTLs for ADF were detected. Combined QTL and segrega-
tion data for seed colour and ADF content in the different populations suggest that a partially dominant B. napus gene for
seed colour on N18 contributes to a reduction in fibre content in different yellow-seeded B. napus genotypes. The other
QTLs that were identified appear to represent different genes in the 2 yellow-seeded rapeseed sources, which, in each
case, affect only fibre content or seed colour, respectively. Potential candidate genes and implications for marker-assisted
breeding of oilseed rape with reduced seed dietary fibre content are discussed.

Key words: Brassica napus, oilseed rape, seed colour, acid detergent fibre, ADF, QTL mapping.

Résumeé : Les QTL déterminant la couleur jaune des graines et la teneur en fibres (ADF ou résidu de détergent acide) ont
été localisés et comparés chez trois populations de cartographie dérivées de deux croisements (appelés ‘' YEL' et ‘YE2') en-
tre deux sources pures différentes de colza (Brassica napus) a graines jaunes et deux génotypes a graines noires. Une cor-
rélation nette a été observée entre la couleur des graines et la teneur en fibres dans les deux croisements. Chez les trois
populations, un QTL majeur ayant un grand effet tant sur la couleur des graines que sur la teneur en fibre dans plusieurs
environnements a été détecté au méme endroit sur le chromosome N18. Au sein du croisement YE1, un QTL mineur ayant
un effet limité sur la couleur des graines mais pas sur la teneur en fibre a été détecté sur le chromosome N1. Au sein du
croisement YEZ2, aucun QTL n’a été détecté sur le chromosome N1, mais deux QTL mineurs pour la couleur des graines
ont été observes sur N15 et N5. Un second QTL majeur pour la teneur en fibre a été localise sur N13 dans le croisement
YEL, alors qu’ aucun autre QTL pour la teneur en fibre n’a été décelé chez YE2. Ensemble, les données QTL et la segre-
gation pour la couleur des graines et de la teneur en fibre chez les différentes populations suggerent I existence chez le

B. napus d' un géne partiellement dominant déterminant la couleur des graines et situé sur N18. Ce méme gene contribue-
rait a une réduction de la teneur en fibre chez divers génotypes a graines jaunes du B. napus. Les autres QTL qui ont été
identifiés semblent correspondre a différents genes qui, chez les deux sources distinctes de couleur jaune des graines, af-
fectent soit uniquement la teneur en fibre ou la couleur des graines, respectivement. Des génes candidats potentiels et les
implications pour la sélection assistée de colza oléagineux ayant une teneur réduite en fibres alimentaires sont discutés.
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[Traduit par la Rédaction]

Introduction

The combination of genetic and environmental factors
confers a continuous range of seed colour in Brassica spe-
cies, varying from black to yellow. Brown and yellow seeds
are of particular interest to breeders of oilseed rape (Bras-
sica napus ssp. napus, 2n = 38, genome AACC) because of
their association with a thinner seed coat, which results in
reduced dietary fibre content. This considerably improves
the feed quality of rapeseed mea after oil extraction
(Shirzagedan and Robellen 1985, Slominski et al. 1994,
1999). It is thought that light seed colour and low fibre con-
tent coincide because the biochemical pathways leading to
lignin and pigment synthesis have common precursors, such
as p-cumarate (Theander et al. 1977, Whetten et al. 1998).
The reduction in testa thickness in yellow-seeded oilseed
rape is also associated with increased seed oil and (or) pro-
tein content per dry weight (Xiao and Liu 1982; Piotrowska
et a. 2003), because of the proportional increase in the con-
tribution of the embryo to seed volume. Acid detergent fibre
(ADF) is the fraction of ground seed that remains intact
after digestion with acid detergent compounds. Because it
comprises mainly cellulose and lignin, this fraction repre-
sents one of the maor nondigestible components of seed
meal.

Selection for the yellow-seeded phenotype is difficult be-
cause of strong environmental effects, particularly tempera-
ture (cf. Van Deynze et a. 1993) and, to date, effective
genetic markers linked to the genes controlling the trait are
not available for winter oilseed rape. The mutated gene loci
that affect the synthesis and (or) accumulation of dark pig-
ments (proanthocyanidins, or condensed tannins) in the seed
coat of Arabidopsis thaliana, collectively named transparent
testa (tt) loci (Shirley et al. 1995; Haughn and Chaudhury
2005), represent interesting candidate genes for the analo-
gous character of oilseed rape. The seed-specific genes TT1
(Sagasser et al. 2002) and TT16 (Nesi et a. 2002) are in-
volved in the development of the seed endothelium, in
which proanthocyanidins accumulate. Transcription factors
TT2 and TT8 also regulate gene expression in the seed-coat
epidermis, where they are involved in the control of flavo-
noid biosynthetic genes, such as BANYULS (Nes et a.
2000, 2001; Baudry et al. 2004).

Severa other loci (TT3, TT4, TT5, TT6, and TTG) encode
enzymes involved in the accumulation of purple anthocya-
nins in leaves and stems (see Winkel-Shirley 2001); TTG is
aso involved in trichome and root-hair development
(Koornneef 1994). Numerous A. thaliana flavonoid biosyn-
thetic enzymes have been identified and correlated with spe-
cific TT loci, such as chalcone synthase (CHS) with TT4
(Feinbaum and Ausubel 1988), chalcone isomerase (CHI/
CFI) with TT5 (Shirley et a. 1992), dihydroflavonol 4-
reductase (DFR) with TT3 (Shirley et a. 1992), flavanone
3-hydroxylase (F3H) with TT6 (Wisman et al. 1998), and
flavanone 3'-hydroxylase (F3'H) with TT7 (Schoenbohm et
a. 2000). Although these TT genes are present in only a sin-

gle copy in Arabidopsis, multiple copies of their orthologues
have been detected in B. napus with bacterial artificial chro-
mosome (BAC) library screening, using physical functional
markers within 50 kb of the gene sequences (Lotz et a. 2003).

Different mechanisms have been proposed for the inheri-
tance of yellow seed colour in crop brassicas. According to
Shirzagedan (1986), Henderson and Pauls (1992), and Van
Deynze et a. (1995), 3 genes are involved in the genetic
control of testa colour in B. napus, and only lines that are
homozygous for recessive dleles at all 3 loci will breed
true for yellow seed colour. Heneen and Brismar (2001) sug-
gested a combination of maternal and embryona control of
seed colour in the diploid species B. alboglabra (2n = 18),
with loci on 3 different C-genome chromosomes; Lionneton
et al. (2004) identified 2 Mendelian trait loci responsible for
the inheritance of yellow seeds in B. juncea (2n = 36,
AABB). In contrast, Somers et al. (2001) localized a single
major gene, explaining 72% of the variance in seed colour,
in a cross between a yellow-seeded and a black-seeded
B. napus; they suggested that this gene interacts in a domi-
nant manner with 2 additional epistatic loci, each of which
explains around 10% of the variance in seed colour. This
finding was supported by Liu et a. (2005a), whose analyses
of segregation ratios from crosses between black-seeded and
resynthesized yellow-seeded rape showed that a partialy
dominant gene for yellow seed colour exhibits epistatic ef-
fects on 2 dominant genes for black seed colour. However,
neither the responsible genes nor their putative effect are
known to date. Also not known is whether the same gene
loci are involved in the expression of yellow seed colour in
oilseed rape derived from different yellow-seeded material.
In particular, no information has been gathered regarding as-
sociations between the genetic control of B. napus seed col-
our and the dietary fibre content of the seed meal.

The aim of this study was to localize and compare the
quantitative trait loci (QTLs) controlling seed colour and
ADF in mapping populations from 2 distinct sources of
yellow-seeded rapeseed crossed with different black-seeded
winter oilseed rape parents, respectively. The results are dis-
cussed with respect to the putative effects of the responsible
gene loci, potential candidate genes, and the implications for
the breeding of yellow-seeded rapeseed with reduced dietary
fibre content.

Materials and methods

Plant material

Genetic mapping and segregation analyses were per-
formed in 3 segregating populations derived from 2 different
yellow-seeded rapeseed sources. The first source was a B.
napus winter-type inbred line (‘25629-3') with yellow seed
colour introgressed from a Chinese B. rapa ssp. oleifera ac-
cession. The other yellow-seeded line (*1012/98') originates
from a resynthesized B. napus line created at the University
of Gottingen, Germany, by Gland (1982).
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The first population (YE1-DH) comprised 118 doubled
haploid (DH) lines produced by microspore cultivation from
the F; of a cross between the yellow-seeded line ‘ 25629-3'
with double-low (00, canola) quality and the black-seeded
DH line ‘K26-96," possessing high erucic acid and high glu-
cosinolate content (++). A second segregating population
(YE2-F,), comprised of 1210 F, individuals, was derived
from a cross between an inbred line (‘Express 617') of the
black-seeded German winter oilseed rape cultivar ‘Express
and the true-breeding, yellow-seeded line ‘1012/98," both
with 00-seed quality. The same cross was aso used to gen-
erate a population of 458 DH lines (YE2-DH).

The YE1-DH population was grown in 2001 in the green-
house and over the 2001/2002 growing season in a field trial
at 1 location with 2 replicates. The YE2-F, population was
evaluated in the field in the same year; YE2-DH was grown
a 2 locations in 2002/2003 and 2003/2004, respectively.
Seeds were harvested from self-pollinated plants for seed
colour and fibre analysis.

M easurement of seed colour, ADF, and seed quality
parameters

Seed colour was assessed with the digital-optical measure-
ment of seeds from F3 plants or DH lines. The quantitative
seed colour measurements were averaged over replicates
within each population and environment. To get an initial
impression of the correlation between seed-coat fibre and
seed colour in YE1-DH and YE2-F,, a visible near-infrared
spectroscopy (NIRS) calibration for ADF content was devel-
oped, based on a calibration for B. juncea, B. carinata, and
B. napus (Font et a. 2003). Samples used for the new cali-
bration were selected from the full set of DH lines from
YE1 and F; seeds from the YE2 cross, on the basis of ther
spectral features, after principal component analysis. On the
basis of the Mahalanobis distance (H) of each spectrum
from the mean spectrum of the population, 98 samples were
selected as most variable. These samples were analysed for
ADF content, using the method described by Goering and
Van Soest (1970). New NIRS calibrations were then devel-
oped for ADF by regressing reference values against spectra,
using modified partial least squares regression (Font et al.
2005). Finally, NIRS estimations of ADF were obtained for
80 YEL1-DH lines and F3 seeds from 170 Y E2-F, individuals
where sufficient seeds were available for spectroscopic
measurement. The NIRS spectra were also used with stand-
ard calibrations to estimate oil and protein content in the in-
vestigated lines. Statistical analysis of the phenotype data
was performed using the SPSS 6.0 software package (SPSS
Inc., 1998).

Genetic mapping and construction of consensus maps
Genetic maps were generated using 105 randomly chosen
DH lines from YE1-DH, 179 F, individuals from YE2-F,,
and 166 DH lines from YE2-DH. Maps were generated us-
ing 28 amplified fragment length polymorphism (AFLP) pri-
mer combinations, along with a set of simple segquence
repeat (SSR) markers from public and commercial sources.
AFLP analyses were performed using an EcoRI-Msel-based
AFLP kit (Invitrogen, Carlsbad, Cdlif.), in accordance with
the manufacturer’s instructions. EcoRI primers were fluores-
cently labelled with IRD700 or IRD800, and labelled AFLP

1501

bands were detected with electrophoresis, using LI-COR
4200 DNA analysis systems. For SSR analyses, the M13-
tailing procedure described by Berg and Olaisen (1994) was
used. In this method, the fluorescently labelled universa
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 amplifications, the
PCR fragments are subsequently amplified by the labelled
universal primer.

During marker scoring, the parents of the ‘Mansholts
Hamburger Raps x ‘Samourai’ map, from the University of
Gottingen (Ecke et a. 1995; Uzunova et a. 1995), were in-
cluded on al gels to assist in the subsequent map alignment
and the identification of linkage groups. Allelic data and
raw-marker images from the mapping of the Gottingen pop-
ulation with AFLP markers were kindly provided by
Dr. Wolfgang Ecke, University of Gottingen. Genetic link-
age maps were constructed with JoinMap 3.0 linkage soft-
ware (Kyazma, Netherlands), using a logarithm of odds
(LOD) linkage threshold of 7.0 and a maximum likelihood
distance of 40 cM. Kosambi’s mapping function was used
to compute the distances, in centiMorgans, from the recom-
bination fractions. Linkage group designations were con-
firmed by comparing the map positions of publicly
available SSR markers (Lowe et a. 2004; Piquemal et al.
2005). QTL analysis was performed with the PLABQTL,
v. 1.2, software package (H.F. Utz, University of Hohen-
heim, Germany; http://www.uni-hohenheim.de/~ipspwww/
soft.html), using composite interval mapping. Only QTLsS
showing significant effects (6 = 0.02) with the multiple re-
gression of the final simultaneous fit calculation were con-
sidered.

Results

A total of 144 AFLP and 49 SSR markers, covering
923.3 cM, were localized in the genetic map for YE1-DH,
whereas 212 AFLP and 51 SSR markers were mapped over
1186.3 cM in YE2-F,. The YE2-DH map contained 262
AFLP and 85 SSR markers, over a tota map length of
1720.8 cM. The linkage groups were designated using the
standard N1-N18 nomenclature for B. napus. All 19 B. na-
pus chromosomes could be aligned and identified in the 3
maps, either directly using mapped SSR markers or markers
common to the 3 maps, or indirectly on the basis of refer-
ence markers from 3 other maps (Piquemal et al. 2005;
P. Basunanda 2006, personal communication; and W. Ecke
2004, personal communication). In the YE2-F, and YE2-
DH maps, chromosome N18 grouped into 2 separate linkage
groups that could not be joined, even after reducing the link-
age threshold and increasing the maximum likelihood dis-
tance. Because both groups contained a number of markers
localized on N18 in other maps, we designated these 2
groups N18a and N18b, respectively.

Figure 1 and Table 1 show details of all significant QTLs
for seed colour and ADF content that were detected in dif-
ferent environments in the respective populations. A major
QTL for yellow seed colour colocalized with a major locus
for ADF content at the same position on chromosome N18
in al 3 populations investigated, and the same AFLP marker
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was localized within the QTL in all 3 cases. The positive al-
leles for yellow seed colour and low ADF content at this lo-
cus were aways derived from the respective yellow-seeded
parent. In YE2-F, and YE2-DH, a second QTL for seed col-
our was localized on chromosome N15, and a third QTL,
with a small effect on seed colour, was found on chromo-
some N5. In YE1-DH, no QTLs were observed on chromo-
somes N15 or N5; however, a second significant seed colour
locus was localized to chromosome N1. In YE1-DH, a sec-
ond magor QTL for ADF was localized on chromosome
N13, whereas in YE2-F,, no other QTLs for ADF could be
detected. In YE1-DH, the QTL on chromosome N18 was the
major contributing factor to seed colour, with a partial R? of
53.8%; however, its contribution to ADF content (partial
R2 = 24.0%) was matched by the second QTL for ADF on
chromosome N13 (partidl R2 = 20.7). In YE2-DH, the QTL
on chromosome N18 aso had a very strong effect on seed
colour (partial R?2 = 52.7%), and in YE2-F,, this locus had a
very strong effect on both seed colour (partial RZ2 = 51.6%)
and ADF content (partial R2 = 47.5%). Other minor QTLs
were detected that showed significant but low LOD values;
however, these QTLs were not consistently detected in dif-
ferent environments, nor were they detected in the F, and
DH populations of the YE2 cross. After multiple regression
analysis, these minor QTLs were also found to have insig-
nificant effects on seed colour and ADF content; hence,
they were excluded from the further interpretation of the re-
sults.

Histograms illustrating segregation for seed colour in the
3 populations (Fig. 2a) show 2 peaks, 1 for genotypes with
black and and 1 for genotypes with nonblack (brown or yel-
low) seeds. This corresponds to results in crosses between
other yellow- and black-seeded B. napus genotypes (Somers
et al. 2001; Liu et al. 2005a). Because no clear discrimina-
tion between yellow- and brown-seeded phenotype classes
was possible, we followed the example of those authors in
grouping yellow and brown seeds together, and compared
the segregation ratios of black and nonblack phenotypes. A
segmentation procedure, based on maximization of the cor-
responding t value, was used to identify the respective cut-
off points separating black and nonblack phenotype classes
in the different distributions. The same procedure was used
to divide the respective segregations for ADF content
(Fig. 2b) in YE1-DH and YE2-F, into groups representing
the 2 peaks (“high ADF” and “reduced ADF,” respectively)
observed for each of these distributions. Chi-square analyses
were used to test the fit of the seed colour and ADF data
from each population with putative segregation patterns ex-
pected, based on the respective QTLs in the 2 crosses.

Table 2 shows putative genetic explanations for the ob-
served segregations between nonblack- and black-seeded
genotypes in the respective populations, based on compara-
ble findings by Liu et a. (2005a), who obtained similar re-
sults in 2 crosses of a Chinese yellow-seeded line and 2
different black-seeded parents. The segregation pattern for
seed colour in YE1-DH was found to fit most closely to a
3:1 ratio. In this cross, 1 maor QTL and 1 minor QTL
were found to have a significant effect on seed colour.
Hence, the observed segregation ratio can be explained by
inheritance from a mgjor, partially dominant gene for yellow
seed colour (corresponding to the Y gene hypothesized by
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Liu et al. 2005a), with a second epistatic gene causing black
seed colour only when the first locus is recessive. In YE2-
DH, the segregation for seed colour fit closely to a 5:3 ratio.
Based on the detection in YE2-DH of 1 magjor QTL with a
large effect on seed colour, along with 2 minor QTLS, this
can be explained if the partialy dominant yellow-seed Y
gene is influenced, in this case, by 2 epistatic genes (which
we cal B2 and B3) that cause black seed colour when 1 or
both are dominantly expressed and Y is homozygous reces-
sive. This suggested model aso fits the 49:15 segregation
ratio for seed colour observed in YE2-F; (see Table 2). Be-
cause different minor QTLs were detected in the 2 crosses
(YEL and YE2), we concluded that B1, B2, and B3 are dif-
ferent genes, or at least different homoeologous copies of
the same gene or genes.

As expected from the colocalization of the major QTLS,
ADF content was highly correlated with seed colour (YE1-
DH, r = 0.88; YE2-F,, r = 0.74). In both crosses, 2 clearly
distinguishable classes were confirmed by the segmentation
procedure mentioned above and, as was the case for seed
colour, the segregation of “high ADF” vs. “reduced ADF”
in the different populations was tested against the putative
segregation patterns suggested by the respective QTL re-
sults. The segregation for reduced ADF content in YE1-DH
was found to correspond closely (32 = 0.129, p = 0.79, n =
80) to a 3:1 ratio. This is consistent with a dialelic inheri-
tance, assuming that the 2 major QTLs for ADF content rep-
resent 2 major genes with similar effects on the trait. In
Y E2-F,, the observed segregations suggests a more complex
inheritance than is implied by the single detected QTL. This
could indicate that loci not detected by the QTL analysis are
involved in seed fibre accumulation in this cross. Neverthe-
less, the same significant single major locus with a strong
phenotypic effect on ADF content could be localized on
chromosome N18 in both crosses.

Discussion

Previous investigations of seed colour using QTL anayses
in Canadian spring-type B. napus (Somers et al. 2001), and
segregation studies of a yellow-seeded DH rapeseed line of
Chinese origin (Liu et al. 2005a), indicate, in each case, that
a major dominant gene was responsible for the majority of
the genetic variation in seed colour observed in these differ-
ent yellow-seeded B. napus materials. After combining QTL
information with segregation data for 2 independent crosses
derived from 2 other distinct sources of yellow seed colour,
we detected a major QTL that appears to contribute signifi-
cantly to both seed colour and fibre content in both of these
new sets of material, and which presumably corresponds to
the major gene described in the previous studies. We tested
the markers closely linked to the common major QTL for
seed colour in a third, independent cross, and the verifica-
tion of the markers confirmed that the same major locus has
amajor effect on seed colour in al 3 yellow-seeded sources.
In one of the yellow-seeded genotypes we used for our
study, however, not 1 but 2 maor QTLs were identified,
each of which had a more or less equivaent effect on the
content of dietary fibre (ADF) in the seeds. Furthermore,
different minor loci with less significant effects on seed col-
our were also found in the different materials. This suggests
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Table 1. Quantitative trait loci (QTLs) for seed colour and acid detergent fibre (ADF) content in F2
and (or) doubled-haploid (DH) populations of the Brassica napus Y E1 (between the yellow-seeded
parent ‘25929 and the black-seeded parent ‘K26-96") and Y E2 (between the yellow-seeded parent
*1012/98" and the black-seeded parent ‘ Express 617') crosses. For ADF, only a subset of the YE1-DH
and Y E2-F, populations with sufficient seed for near-infrared spectroscopy (NIRS) analysis were

measured.
Partial  Origin of
Trait Population Chromosome LOD  R? (%) R?(%) positive dlele
Seed colour YE1-DH (n = 105) N18 5.53 21.4 53.8 '25629-3'
N1 5.03 19.8 4.8 '25629-3'
YE2-F, (n = 179) N18 3.84 94 51.6 1012/98'
N15 5.98 14.3 13.8 1012/98'
N5 4.06 10.0 7.1 1012/98'
YE2-DH (n = 166) N18 12.10 30.3 52.7 1012/98'
N15 10.40 26.6 194 1012/98'
N5 6.70 181 5.9 1012/98'
ADF content  YE1-DH (n = 80) N18 11.90 425 24.0 '25629-3'
N13 9.72 36.4 20.7 '25629-3'
YE2-F, (n = 170) N18 8.06 19.6 475 1012/98'

Note: LOD, logarithm of odds.

that different yellow-seeded B. napus genotypes have a dif-
ferent genetic background, at least at some of the loci re-
sponsible for seed colour and ADF content.

Although a large number of genes give rise to transparent
testa mutations in Arabidopsis, it appears that, in B. napus,
the same major gene locus plays a central role in different
yellow-seeded sources. The presence of 1 or more dominant
dleles at this locus always results in a nonblack seed pheno-
type; furthermore, this locus also contributes to a reduction
in dietary fibre. This accounts, at least in part, for the strong
correlation between seed colour and ADF content that we
observed. Brown and yellow seeds always exhibit a reduc-
tion in seed testa thickness (Neubert et a. 2003); hence, it
appears that this major gene in some way affects the devel-
opment of the seed coat rather than simply reducing the ex-
pression of condensed tannins. This finding suggests that, in
some cases, true-breeding brown- or yellow-seeded rapeseed
with reduced dietary fibre can be bred by selection with re-
spect to this single dominant gene, provided no segregation
occurs in the accompanying epistatic loci. This corresponds
to the results presented by Liu et al. (2005b), who observed
segregation only at the partially dominant yellow-seed locus
in crosses of the same yellow-seeded line investigated by
Liu et a. (2005a) and 2 different black-seeded parents. In
one of our crosses, however, another major gene contributes
significantly to the reduction of ADF content. For the devel-
opment of true-breeding yellow-seeded varieties with re-
duced fibre content, it would be beneficial to identify the
genes underlying the responsible QTLs. In the meantime,
the markers identified in this study closely linked to seed
colour and ADF content should be valuable tools in breed-
ing for reduced dietary fibre in brown- or yellow-seeded oil-
seed rape.

The seed-specific TT1 gene (At1g34790) encodes a WIP
zinc-finger-containing protein domain involved in the devel-
opment of the seed endothelium, the tissue layer in which
tannin pigments accumul ate (Sagasser et a. 2002). The Ara-
bidopsis B-Sister MADS domain protein encoded by TT16 is
required for normal endothelium development, as well as for

seed pigmentation in the endothelium body (Nes et a.
2002). Because of their association with the endothelium,
these 2 seed-specific regulatory factors represent potential
candidates for the putative major gene controlling ADF fibre
accumulation. The QTLs and segregation data for ADF sug-
gest that inheritance of this trait is different in different
B. napus crosses, but that the same partially dominant gene
plays a mgjor role in the reduction of ADF content in differ-
ent yellow-seeded materials. Genetic mapping of the respec-
tive homoeologous copies of TT1 and TT16 in B. napus
should help establish whether they are associated with the
major QTLs for seed colour and ADF.

In terms of seed colour, the major consequence of a re-
duction in testa thickness is a reduction in spatia accumula-
tion capacity for proanthocyanidins (condensed tannins) in
the endothelium cells. Assuming that one of the above genes
reduces the thickness of the endothelium cell layer, a fluctu-
ation in proanthocyanidin synthesis would likely result in a
noticeable effect on seed colour. The epistatic loci detected
in this study, and by Somers et a. (2001) and Liu et al.
(2005a), might, therefore, be independent genes involved in
the biosynthesis of condensed tannins. Such genes probably
act additively during the accumulation of pigments in the
testa, with the quantity (and hence the degree of pigmenta-
tion) being regulated by the testa (endothelium) thickness
under control of the ADF major gene(s). A strong genotype-—
environment influence on the expression of pigment-
synthesis genes might contribute to the difficulty in differen-
tiating yellow and brown colour classes. This effect is not as
obvious in black-seeded genotypes, probably because a satu-
ration of condensed tannins in the thicker testa masks
smaller variations in pigment quantity.

The most promising candidates to fit the genetic model
presented here are the A. thaliana TT genes that code for
key enzymes in the flavonoid biosynthesis pathway (for de-
tails, see http://www.genome.jp/kegg/pathway/ath/ath00941.
html). Of particular interest are genes involved in the latter
stages of proanthocyanadine biosynthesis. As described by
Baudry et a. (2004), the expression of the seed-coat-specific
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BANYULS gene (GenBank accession No. At1g61720), which
plays a central role in the accumulation of proanthodyani-
dins in the seed coat, is regulated by TTGl (acc.
No. At5g24520), TT2 (acc. No. At5g35550), and TT8 (acc.
No. At4g09820), which makes al of these genes potential
candidates to have a significant effect on seed colour. How-
ever, the flavanone 3-hydroxylase enzymes, encoded by TT6
(acc. No. At3g51240), and flavonoid 3'-monooxygenase, en-
coded by TT7 (acc. No. At5g07990), act in tandem on 2 par-
dlel branches at a central position within the flavonoid
pathway. Together, these 2 enzymes are responsible for the
synthesis of dihydroquercetin. This, in turn, is a dihydrofla-
vanol, the class of substances believed to be converted by
dihydroflavonol 4-reductase (TT3) into flavan-3,4,-diols
(leucoanthocyanidins). Because the latter are the fina pre-
cursors of both anthocyanins and proanthocyanidins (con-
densed tannins), the enzymes involved in their synthesis are
strong candidates to have an effect on seed pigment biosyn-
thesis. Nonexpression of flavanone 3-hydroxylase, flavonoid
3-monooxygenase, or dihydroflavonol 4-reductase would
severely impair condensed tannin production; however, mu-
tants with reduced expression of one or more of these genes
under seed-specific control could result in pigmentation re-
duction in a quantitative manner. Furthermore, the activity
of flavonoid 3'-monooxygenase is dependent on cytochrome
P450 (Schoenbohm et al. 2000) and, hence, affected by UV
irradiation, which presumably accounts, at least in part, for
the environmental variation in the accumulation of testa pig-
ments in B. napus. Seed-specific regulation of the expres-
sion of one or more of these genes by a seed- or tissue-
specific transcription factor could potentialy regulate testa
pigmentation without affecting anthocyanin pigmentation in
the stems and leaves. In B. carinata dihydroflavonol 4-
reductase expression was found to be significantly lower in
yellow-seeded genotypes than in brown-seeded genotypes
(Marles et a. 2003). Other genes directly involved in flavo-
noid biosynthesis have been shown to have at least 4 (chal-
cone isomerase, TT5) or, in the case of chalcone synthase
(TT4), more than 10, homoeologous gene copies in B. napus
(Lotz et al. 2003). In A. thaliana, only a single copy of these
genes are present, and nonfunctional mutants display the
transparent testa phenotype. In the ancestra polyploid
B. napus, however, functional mutations at single loci of
genes with multiple copies are likely compensated for by
the continued expression at homoeologous loci. Interest-
ingly, Van Deynze et a. (1995) located a restriction frag-
ment length polymorphism marker from cDNA derived
from the chalcone synthase gene at a position near a B. na-
pus QTL, which contributed 11.5% of the observed variation
in seed colour in their segregating DH mapping population.
Our hypothesis, that transparent testa genes are involved
in the analogous yellow-seed trait in oilseed rape, is contra-
dicted by the fact that all of the TT genesin A. thaliana are
inherited in a recessive manner. Conversely, in the B. napus
crosses investigated here, and in Somers et al. (2001), Liu et
a. (2005a), and Liu et al. (2005b), inheritance can be ex-
plained, at least in part, by a partially dominant gene for
yellow-seed colour. In contrast, studies of other yellow-
seeded genotypes have indicated a triple-recessive inheri-
tance of yellow-seededness (Shirzagedan 1986; Henderson
and Pauls 1992), and QTL analysis revealed a considerably
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lower effect of these 3 loci on seed colour variation (Van
Deynze et al. 1995). This apparent contradiction can be ex-
plained by a multialelic control of the major gene locus,
with (at least) 2 different B. napus alleles for yellow seed
colour. It might be that 1 allelic form acts in a recessive
manner toward the black-seeded dlele (as it does in A. thali-
ana) and that a different alele acts in a dominant manner
over the black-seeded allele (as described here). However, it
is possible that the different situations result from independ-
ent mutations in different genes that each influence fibre
content and endothelium thickness.

The reduction in testa thickness in light-seed genotypes
increases the relative contribution of the cotyledon to the
overal dry weight of the seed and, hence, the relative
amount of oil and (or) protein. Therefore, yellow-seeded
genotypes should normally show an increase in seed oil and
(or) protein content. In our study, seed colour was correlated
with protein content in YE1-DH (r = —0.378) but not in
YE2-F, (r = —0.0037). Conversely, a correlation was ob-
served between seed colour and oil content in YE2-F, (r =
0.340) but not in YE1-DH (r = —0.004). When protein + oil
content was compared with ADF content, using partia cor-
relation without consideration of the seed colour, a signifi-
cant negative correlation was observed in both crosses
(r =-055in YEL, r = -0.56 in YE2). It should be noted,
however, that the parental lines used for the crosses investi-
gated here were selected on the basis of segregation for seed
colour, independent of their oil or protein content. After in-
troducing alleles for reduced fibre content into elite winter
rapeseed breeding material, it is not surprising that oil and
(or) protein levels are higher. Marker-assisted breeding,
based on the results of this study, should improve the prog-
ress of true-breeding light-seeded oilseed rape varieties with
improved seed meal nutritional quality.
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6 Global transcriptome analysis

This article presents a comprehensive analysis of gene expression during seed development
in B. napus using serial analysis of gene expression (SAGE). This technique uses digital tag
profiling of expressed sequences to quantify global gene expression, giving data similar to
but potentially more powerful and accurate than microarray analysis. We developed
methods and data mining tools to enable the use of EST-tagging for gene expression
profiling in B. napus, despite the absence of a completed genome sequence. This is of
particular interest in the context of novel, next-generation sequencing (NGS) technologies
that enable cheap, ultrafast, massively-parallel sequencing of short nucleotide molecules.
As NGS technologies move into a new generation, in the foreseeable future it is likely that
digital tag expression profiling or ultradeep EST sequencing will supersede microarrays as
the method of choice for global transcriptional profiling.
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Abstract

Background

Serial analysis of gene expression (LongSAGE) was applied for gene expression profiling in
seeds of oilseed rape (Brassica napus ssp. napus). The usefulness of this technique for
detailed expression profiling in a non-model organism was demonstrated for the highly
complex, neither fully sequenced nor annotated genome of B. napus by applying a tag-to-gene
matching strategy based on Brassica ESTs and the annotated proteome of the closely related
model crucifer A. thaliana.

Results

Transcripts from 3,094 genes were detected at two time-points of seed development, 23 days
and 35 days after pollination (DAP). Differential expression showed a shift from gene
expression involved in diverse developmental processes including cell proliferation and seed
coat formation at 23 DAP to more focussed metabolic processes including storage protein
accumulation and lipid deposition at 35 DAP. The most abundant transcripts at 23 DAP were
coding for diverse protease inhibitor proteins and proteases, including cysteine proteases
involved in seed coat formation and a number of lipid transfer proteins involved in embryo
pattern formation. At 35 DAP, transcripts encoding napin, cruciferin and oleosin storage
proteins were most abundant. Over both time-points, 18.6 % of the detected genes were
matched by Brassica ESTs identified by LongSAGE tags in antisense orientation. This
suggests a strong involvement of antisense transcript expression in regulatory processes
during B. napus seed development.

Conclusions

This study underlines the potential of transcript tagging approaches for gene expression
profiling in Brassica crop species via EST matching to annotated A. thaliana genes. Limits of
tag detection for low-abundance transcripts can today be overcome by ultra-high throughput
sequencing approaches, so that tag-based gene expression profiling may soon become the
method of choice for global expression profiling in non-model species.
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Background

Seed developmental processes of plants are complex and follow coordinated gene expression
programs. Some genes are exclusively expressed during seed development [1]. Understanding
the genetics of developmental processes and regulatory networks involved in embryogenesis
and seed development is crucial for improvement of seed quality in crop plants. Gene
expression during seed development has been studied intensively in the model plant
Arabidopsis thaliana using mutagenesis [2, 3] and microarray analyses (e.g., [4, 3]). These
studies revealed major gene expression changes during seed filling and desiccation, along
with distinct expression patterns related to carbohydrate metabolism, lipid biosynthesis and
storage protein accumulation. However, the regulatory mechanisms that ensure the proper
execution of seed development in A. thaliana and other plants remain largely unknown.
Furthermore, generalisation of findings regarding gene regulation from model to crop plants
is difficult because most major crops have considerably more complex genomes.

Oilseed rape (Brassica napus ssp. napus), the closest major crop relative of A. thaliana, is the
world’s second most important oilseed crop. The high-value nutritional oil is also an excellent
substrate for biodiesel production, whereas the protein-rich seed meal remaining after oil
extraction is a valuable livestock feed. Oligonucleotide microarrays constructed for
A. thaliana have been used in the past for expression profiling in B. napus, but have not
provided optimal signal intensity and reproducibility [4, 5, 6, 7]. Recently the total number of
ESTs from Brassica species deposited in public databases has risen dramatically to more than
800,000 entries with about 280,000 from seed developmental stages. 67,000 ESTs from seed
developmental stages have been used to develop a B. napus cDNA microarray for analysis of
seed gene expression patterns [7].

An alternative for accurate, quantitative global expression profiling is serial analysis of gene
expression (SAGE; [8]), which in contrast to microarray hybridization allows the detection of
new transcripts. SAGE is an expression profiling technique that simultaneously measures the
levels of thousands of genes expressed in a given tissue. The method is based on the excision
of short tags from poly A+ RNAs and end-to-end ligation of ditags to form high molecular
weight concatemers. This allows cost-effective high-throughput cloning and sequencing of
concatemers. Matching of tags to genomic sequences is a critical step in SAGE data analysis,
and normally this requires the availability of high quality genome annotation data [9]. SAGE
was first used for quantification of gene expression in human using 13-15 bp tags [8].
Modifications of the original SAGE protocols producing 21 bp tags (LongSAGE; [9]) and 26
bp tags (SuperSAGE; [10]) have been developed to enable more efficient and unambiguous
tag-to-gene assignment in higher organisms with more complex transcriptomes. SAGE is
commonly used in animal genomics, but has been increasingly used in plant species and
tissues [11]. The intention of the present study was to adapt the LongSAGE technique for
analysis of global gene expression in B. napus and other similarly complex polyploid plant
genomes where the complete genome sequence and annotation are not yet available. A data
processing pipeline was adapted by matching B. napus tags via Brassica ESTs to annotated
A. thaliana gene loci, including detection of tags matching in sense and antisense orientation.
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Results
B. napus seed LongSAGE libraries

Two LongSAGE libraries were produced from B. napus seeds harvested at 23 and 35 DAP,
respectively. A total of 3,136 clones from the 23 DAP library yielded 34,984 ditags (22 tags/
clone), while 3,168 sequence traces from the 35 DAP library yielded 15,919 ditags (10 tags/
clone) (Table 1). The relatively low average number of tags per clone resulted from a high
number of cloned empty vector plasmids (28.2 % and 60.3 % of all high-quality reads for the
23 DAP and 35 DAP libraries, respectively). The vector plasmid pZErO (Invitrogen) was
designed to prevent cloning of empty vector by using a LacZa-ccdB fusion cDNA insert that
should destroy bacteria containing only the vector. However, as described by other authors
(e.g. [12]) we found that pZErO could efficiently re-ligate without containing inserts. Thus,
PCR screening of plasmid libraries for clones containing an empty vector might considerably
reduce total Sanger sequencing costs and increase total tag sample sizes in LongSAGE
transcription profiling experiments.

Table 1 summarises the numbers of accepted and rejected tags in the two libraries. In total,
73,697 tags comprising 37,367 unique tags were extracted from both libraries. Valid tags from
23 DAP and 35 DAP were deposited in the Gene Expression Omnibus (GEO) public domain
under accession number GSE14313. The total number of accepted tags from the 23 DAP
library was 48,514 comprising 24,654 unique tags. The total number of accepted tags from
the 35 DAP library was 25,183 tags comprising 12,713 unique tags. 67.0 % and 64.9 % of the
accepted total tags were represented by five or less copies in the 23 DAP and 35 DAP
libraries, respectively.

Matching B. napus tags to the A. thaliana proteome via Brassica ESTs

Table 2 summarises the results from the tag-to-gene maching analysis of the two libraries.
Initially, all ESTs from a redundant database consisting of 834,732 Brassica EST entries
(from the A and C genome brassicas B. napus, B. oleracea, B. rapa) were oriented by blastx
alignment against the A. thaliana TAIR7 proteome (cut-off value 1e-6). Virtual tags were then
extracted from all successfully oriented ESTs and assigned via these ESTs to the annotated
A. thaliana proteins. A total of 3,563,603 virtual 21 bp tags were extracted from all positions
of the ESTs. From the 32,395 different observed tags, 15,955 (49.3 %) were matched under
the applied conditions to Brassica A or C genome ESTs (Table 2). Matching success was
reduced about 30 % for singleton tags compared to tags with counts > 2. For tags with counts
> 2 the matching success amounted to about 80 % (Table 2). This discrepancy might be due to
the reduced numbers of ESTs in the database derived from transcripts expressed at low levels,
compared to transcripts expressed at high levels within B. napus seeds. Broadly different
estimates exist on the proportion of errors within tag sequences caused by experimental
artefacts, ranging from 1.67 % to 15.6 % of LongSAGE tags [13, 14] with at least one
erroneous base-pair introduced by sequencing. However, the singleton tag category might
contain a higher proportion of tags with sequencing artefacts, also contributing to the different
ratio of successfully matched tags in the singleton and > 2 count categories. 12,728 tags from
library 23 DAP were matched to 7,208 of 20,462 Brassica EST-matched A. thaliana proteins.
7,232 tags from library 35 DAP were matched to 4,875 A. thaliana proteins (Table 2).
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Comparison of LongSAGE and Real-time RT-PCR analysis

A good correlation was observed between expression levels estimated by LongSAGE and
Real-time RT-PCR for most of the selected genes (Table 3), although some minor differences
in estimated fold-change were observed (e.g. for CCR1). This could arise from the more
selective specificity of Real-time RT-PCR for transcripts derived from closely-related gene
loci, since specific RT-PCR primers were designed from contigs of B. napus ESTs putatively
derived from different B. napus gene loci. Furthermore, Real-time RT-PCR may be more
sensitive in detecting low abundant transcripts than LongSAGE under the experimental
conditions and sequencing depth applied in the present study.

Transcript diversity

Average tag frequencies for the two analysed seed libraries differed significantly (Table 1).
Whereas tags with medium frequency (2-20) were more abundant in the 23 DAP library, the
35 DAP library was considerably more enriched for high copy-number tags with a frequency
>100. Nine unique tags with >100 counts each represented 3.2 % of the total tag number at 35
DAP, whereas the 8 tags with >100 counts each at 23 DAP comprised only 2.1 % of the total
tags. Accordingly, the relative diversity of tags was greater at 23 DAP than at 35 DAP. We
detected 48 % (7,208 compared to 4,875) more expressed genes at 23 DAP than at 35 DAP
(Table 2), which is consistent with the number of different tags observed in each of the two
libraries.

To validate the LongSAGE method and estimate the diversity of transcripts, LongSAGE tags
derived from selected tags with 2-32 counts in the 35 DAP library were used as primers for
RT-PCR in combination with anchored oligo-dT primers. In 17 out of 17 cases a PCR product
was amplified and sequenced that aligned in blastn analysis with Brassica or A. thaliana ESTs
or cDNAs. A further validation was performed with 9 different LongSAGE tags that had 3 to
325 counts in the 35 DAP library and matched members of the A. thaliana 2S storage gene
family or ESTs/cCDNAs from the Brassica napin gene family. In all cases the PCR
amplification products, ranging from 75 to 457 bp in length, were related to Brassica napin
genes or other protease inhibitor/seed storage/lipid transfer protein (LTP) family protein genes
(56 to 100 % identity). A high diversity of 3’ termini of clones were obtained using the same
napin tag pimer, with up to 14 % divergence, within 200-400 bp of the 3” untranslated region
(UTR), from up to 8 clones per amplicon. Interestingly, diverse 3’-UTR sequences were also
obtained using different napin tag primers, with up to 30 % divergence, within 200 bp of the
3’-UTR, from 16 clones. These observations suggest that a high number of distinct protease
inhibitor/seed storage/lipid transfer protein (LTP) family protein genes or transcript variants
are expressed in B. napus seeds. Also these data support the increasing recognition of the
high complexity and variability of 3> UTR regions in genes from higher organisms [13, 15,
16].

Based on the cDNA library production using polyA+ trapped mRNA, LongSAGE tags are
expected to match at the anchoring enzyme site closest to the 3’ end of full-length ESTs
expressed in sense orientation (canonical position). However, only 95.3 % of the matched tags
in the sense EST dataset were matched in the last canonical position. There are numerous
possible explanations for the high frequency of tags matching a non-canonical position. In
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particular, they could arise from (a) cloning artefacts caused by partial digestion with the
anchoring enzyme Nlalll during SAGE library preparation, (b) alternative transcript variants
with varying length derived from one gene locus, or (c) EST cloning artefacts creating
chimeric EST molecules derived from two or more different genes. Also, due to partial EST
sequences present in the dataset, a non-canonical position might be falsely annotated to the
canonical position. Except in the third case, non-canonical tags are still valid tags for accurate
annotation. We attempted to reduce annotation artefacts (c) by removing putative chimeric
ESTs from analysis (see section ‘Genes matched in sense and antisense orientation’ for
details). This increased the ratio of tags matched to the canonical position of oriented
Brassica ESTs from 95.3 % to 98.3 %. However, even after filtering out putative
experimental artefacts using this approach, only 77 % of all 243,528 ESTs matched by tags in
the canonical position are matched exlusively at this position. Instead, 23 % of these
individual ESTs are additionally matched by tags at other non-canonical positions (up to the
9t before last position), suggesting that the usage of alternative transcripts (e.g. by alternative
polyadenylation) is a common mechanism. In other words, a high diversity exits in the 3’
UTR of many expressed transcripts, as has been described before in humans [13]. No
information exists about transcription start points for polyA+ containing transcripts expressed
in antisense orientation. Therefore different proportions of matched antisense tags might be
expected at canonical and non-canonical positions. In contrast to the tags matched in sense
orientation, only 65.5 % of tags were matched to canonical positions for the tags matched in
antisense orientation.

Comparison of the most abundantly expressed tags and assigned genes

Tag-to-EST matches based on 15,955 tags were assigned to a total of 8,255 A. thaliana gene
loci at both time points (Table 2). About 85 % of the tags (13,641) were assigned exclusively
to a single A. thaliana gene locus. The other 15 % of the tags matched 2 to 45 loci, with some
tags matching more than 10 genes exhibiting a polyA-like homopolymer composition. Due to
the positioning of the anchoring enzyme restriction site close to the polyA tail in some
transcripts, these contained stretches with up to 16 adenosine bases derived from
phylogenetically unrelated genes. Other tags matching more than 2 genes were clearly derived
from groups of phylogenetically related genes. For example, the tag
CATGAACAGTTTCATCAACGA matched to six different members of the histone gene
family (AT2G37470, AT3G53650, AT5G22880, AT5G59910, AT1G07790 and AT5G02570).

On the other hand, some A. thaliana loci were matched by up to 96 different B. napus tags via
the Brassica ESTs. Moreover, some loci were not only matched by different tags, but these
tags also matched at different positions within one particular matched EST molecule. These
multiple matches underline the complex paleopolyploid structure of the B. napus genome in
comparison to A. thaliana [17]. For example, the 4 A. thaliana gene loci of the 2S seed
storage protein family were matched by 47 different tags, including 9 of the 30 most abundant
tags, at 35 DAP. Due to this complexity, a three-step procedure was applied for calculating
average values of the relative abundance of gene expression, based on the tag-to-gene
matching results for each single A. thaliana gene locus. In a first step, the measured counts
were evenly distributed to the matched gene loci if a tag matched more than one gene locus.
In a second step, tag counts were added together if different tags matched the same gene
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locus. In a final step the summed tag counts for each gene locus were normalized to a total tag
count of 1,000,000 for both libraries and the relative abundances were calculated.

Average cumulative counts and frequencies for the 20 most abundantly expressed genes at 23
and 35 DAP are shown in Table 4. The most abundant transcripts at 23 DAP, with 1.59 % of
all matched tag counts, correspond to the A. thaliana senescence-associated cysteine-type
protease SAG12 (AT5G45890), which was also among the 20 most highly-expressed genes at
35 DAP. Two protease inhibitor/seed storage/lipid transfer family proteins (AT5G38195,
AT1G48750) were also among the 20 most highly expressed genes at both time-points. Other
highly expressed transcripts at 23 DAP are a number of catalytic enzymes and other genes
that are involved in diverse biological processes. At 35 DAP, transcripts related to the four
closely-related A. thaliana 2S seed storage protein genes showed the highest counts, with a
cumulative abundance of about 10 %. Other highly expressed transcripts at 35 DAP are
related to other storage proteins (cruciferin, oleosin), protease inhibitor or lipid transfer
proteins and genes involved in fatty acid biosynthesis. For many of the highly expressed
genes several different tags were found (e.g. 44 for AT5G45890 at 23 DAP) matching to a
large number of different ESTs (e.g. 5,452 for AT5G45890 at 23 DAP) that were aligned to a
particular A. thaliana gene at <le-6.

Differentially expressed genes

620 tags showed differential expression at p<0.05 between 23 and 35 DAP. These represent
only 1.7 % of the accepted unique tags, but 21.7 % of all normalized tag counts. 498 of 620
(80.3 %) differentially expressed unique tags were successfully matched to 490 A. thaliana
genes (5.9 % of all 8,255 matched genes, Table 2), and these differentially expressed genes
were matched by 18.2 % and 38.1 % of all matched tags in 23 DAP and 35 DAP libraries,
respectively (see additional file 1: 490 differentially_expressed_genes.xls). This indicates
that, in the 35 DAP library but not in the 23 DAP library, many of the differentially expressed
transcripts are highly abundant. Of these 490 genes, 194 genes were upregulated at 23 DAP
and 296 genes were upregulated at 35 DAP. The 20 most abundant differentially expressed
genes at 23 DAP include 6 genes encoding proteases, 5 genes coding for protease inhibitor/
seed storage/lipid transfer protein (LTP) family proteins and 2 genes coding for defensin-like
family proteins. SAG12 is the most abundant differentially expressed gene at 23 DAP with
1.591 % and is down-regulated about 3-fold at 35 DAP with 0.566 % total abundance. The 20
most abundant differentially expressed genes at 35 DAP cover a narrower range of genes
coding for 2S seed storage proteins, oleosins, cruciferins and protease inhibitor proteins. The
5 most abundant differentially expressed genes are the 2S seed storage proteins 1 to 4 and
cruciferin 3. The 2S seed storage protein 1 is the most abundant differentially expressed gene
with 2.657 % abundance and is up-regulated 374-fold compared to time-point 23 DAP. From
all 490 genes showing a significantly different expression level at the two timepoints, 23 were
exclusively expressed at 23 DAP and 54 at 35 DAP (see additional file 1:
490_differentially_expressed_genes.xlIs). A number of cases were observed where different
matched A. thaliana genes with similar functional annotations were expressed at the two
different time-points, e.g. different A. thaliana genes belonging to the large cysteine protease
and lipid transfer protein families were exclusively expressed at 23 DAP and 35 DAP,
respectively. In contrast to cruciferin A (CRAL) and cruciferin 3 (CRU3), cruciferin 2 (CRU2)
was exclusively expressed at 35 DAP.
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Expression data produced by microarray hybridization for 79 developmental stages of A.
thaliana were downloaded from EBI ArrayExpress (accession number E-AFMX-9, [18]) and
expression profiles were compared with expression profiles obtained by LongSAGE for B.
napus seeds using hierarchical cluster analysis and Spearman’s rank correlations according to
Lu et al. [19]. Both B. napus SAGE data sets showed weak correlations with expression value
estimates from A. thaliana microarray data sets with the highest correlation for the seed
developmental stages ATGE_77 (0.522 for 23 DAP) and ATGE_78 (0.440 for 35 DAP).
Sample ATGE_77 was derived from A. thaliana seed stage 4, early to late heart stage embryos
and sample ATGE_78 from seed stage 5, late heart to mid torpedo embryos. Embryos
dissected from sample 23 DAP were classified to be at the mid torpedo stage and from sample
35 DAP to be at the early curled cotyledon stage. Genes that were differentially expressed
between two different A. thaliana seed stages (ATGE_77 and ATGE_78) were identified at
different stringencies and compared with the 490 genes identified to be differentially
expressed between 23 DAP and 35 DAP in B. napus as described above. From the 490 genes
identified by LongSAGE 76 (15 %) were not represented on the microarray chip. From the
remaining 414 genes a maximum of 29 % (122) overlapping genes were detected that were
mainly highly abundant genes (e.g. 2S seed storage proteins). The percentage of overlapping
genes identified here between the two different crucifer species during morphological similar
seed developmental stages appears to be high when taking into account that the correlation of
microarray hybridization and LongSAGE data analysis has been found to be low (below 0.5)
even when using the same RNA preparations and LongSAGE has been characterized to be
more efficient at identifying differentially expressed tags than microarray technology [19].

Gene ontology enrichment analysis

A total of 7,208 of the 8,255 matched genes were expressed at 23 DAP, while 4,875 genes
were expressed at 35 DAP (Table 2). 3,828 of 8,255 genes (46.4 %) were expressed at both
time points. Figure 1 gives a comparison of GO categories that are statistically over-
represented for the genes expressed at 23 DAP compared to all other A. thaliana genes. From
the 490 genes matched by statistically significant differentially expressed tags between 23 and
35 DAP, 194 were up-regulated at 23 DAP and 296 were up-regulated at 35 DAP. Statistically
enriched GO terms found for the differentially expressed genes either up-regulated at 23 or
up-regulated at 35 DAP were calculated using GOEAST [20] and details of the results are
provided in additional file 2: Enriched_GO_terms_490 differentially_expressed genes.xlIs.
Within the category ‘Biological Process’, the GO terms ‘developmental process’,
‘localization’ and ‘metabolic process’ are enriched at both time-points. Generally, GO terms
that are statistically enriched at the highly general information level 2 are similar for the two
time-points,. Comparison of statistically enriched GO terms for 490 differentially expressed
genes at 23 and 35 DAP reveals their involvement in seed maturation, regulation of meristem
organization and photomorphogenesis, seed coat development, water and fluid transport, cell-
cell signaling, cell wall modification and glycerolipid, neutral lipid, acylglycerol, triglyceride,
and carbohydrate metabolic processes at 23 DAP, and in protein processing, protein targeting,
photosynthesis, fatty acid biosynthesis, lipid localization, storage and lipid metabolic
processes at 35 DAP.
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Genes matched in sense and antisense orientation

In the 23 DAP library, 6 of the 30 most abundant tags matched in sense as well as in antisense
orientation to the Brassica EST dataset, oriented based on the A. thaliana proteome. The same
was true for 10 of the 30 most abundant tags at 35 DAP. In most of these cases 500 to 1,500
ESTs were matched by a single tag in one direction, whereas only 1 to 13 ESTs were matched
by the same tag in the opposite direction. A detailed analysis of these matches revealed that in
all cases the smaller fraction of matched ESTs were chimeric sequences composed of two
regions, derived from different gene loci, that aligned to the A. thaliana proteome or to
B. napus full-length cDNAs in different orientations. These apparently chimeric ESTs may
represent cloning artefacts derived from tail-to-tail or head-to-head ligations during cDNA
preparation for EST library production. In some cases a putative chimeric composition was
also found for individual ESTs, with two different regions derived from different genes being
aligned in sense and antisense orientation to the A. thaliana proteome or to oriented B. napus
full-length cDNAs. To remove these putative chimeric ESTs from our analysis, tag-to-EST-to-
A. thaliana gene locus matches were only accepted if at least 4 tag-matched Brassica ESTs
matching a particular A. thaliana locus were found. In addition, tag-to-EST-to-gene matches
of particular tags matching in sense as well as in antisense orientation were only included in
the analysis if the frequency of ESTs matched in one direction was at least 1 % of the
frequency of ESTs matched in the other direction. After removal of putative chimeric ESTSs,
the number of accepted tags that were successfully matched via Brassica ESTs to A. thaliana
genes was reduced stongly from 8,255 to 5,120 (Table 2), due to the exclusion of many low-
copy ESTs from the analysis. The occurence of chimeric ESTs in databases has been
documented previously. For example, Hillier et al. [21] found chimeric ESTs in a dataset of
280,000 human ESTs at a frequency of up to 1.04 %. The strategy we applied resulted in
removal of all 72 chimeric ESTs that were identified by manual analysis of the 47,446 ESTs
matched by the 30 most abundant tags in the two LongSAGE libraries.

Based on the tag-to-gene matching strategy described above it was found that 24.3 % of all
matched tags matched A. thaliana genes via oriented Brassica ESTs in antisense orientation
(corresponding to 1762 of 5,120, 34.4 % of all matched genes, Table 2). In the 23 and
35 DAP libraries, only 68.3 % and 74.6 % of the respective genes were matched exclusively
by sense tags (Table 2). On the other hand, 6.6 % and 6.8 % of all genes were matched
exclusively by antisense tags at 23 DAP and 35 DAP, respectively, while 25.1 % (23 DAP)
and 18.6 % (35 DAP) of the genes were matched by both sense and antisense tags. Genes
expressed with high abundance in sense orientation, and particularly members of complex
gene families, often also showed coexpression of antisense transcripts at a lower frequency
(Figure 2, 275 differentially expressed genes matched in sense and antisense orientation). A
detailed analysis of tags matching to the four 2S seed storage proteins of A. thaliana
(AT4G27140, ATAG27150, AT4G27160, AT4G27170) was performed by aligning them to
Brassica spp. napin cDNAs and genomic napin sequences. This revealed that some tags
matched in antisense orientation to highly conserved regions of napin transcripts, derived
from multiple B. napus loci, whereas other tags matched in sense orientation to highly diverse
regions of napin transcripts derived from a limited number of B. napus loci.
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Detection of napin-related sense and antisense transcript expression by Real-time RT-
PCR

At 35 DAP, a high number of tags matched in sense orientation to Brassica ESTs that were
similar to A. thaliana proteins containing the AAI_SS domain (NCBI Conserved Domain
Database c¢d00261). This protein domain is found in the alpha-amylase inhibitors (AAls) and
seed storage (SS) protein subfamily including plant lipid transfer proteins, seed storage
proteins and trypsin-alpha amylase inhibitors. At 35 DAP the most abundantly expressed tags
were matched via Brassica ESTs in sense orientation to the four A. thaliana 2S seed storage
proteins 1-4 (napins) AT4G27140, AT4G27250, AT4G27160 and AT4G27170 (37,182 to
41,806 tags per milliion). The four A. thaliana 2S seed storage proteins share 75-91 % amino
acid (aa) sequence identity with each other. The four 2S seed storage protein genes and 7
other protease inhibitor/seed storage/lipid transfer protein (LTP) family protein genes were
also among the genes with the highest tag counts matched in antisense orientation (see
additional file 3: All_matched_tags.xIs).

For comparison of SAGE results with quantitative Real-time RT-PCR detection, two sets of
primers and their antisense reverse-complemented sequences were derived from SAGE
primer amplified napin 3’-termini (see above) and from assembled contigs of 8,977 B. napus
ESTs aligning with an e-value cut-off of 1le-6 to A. thaliana 2S seed storage protein 1
(AT4G27140). One primer set (napin) was designed specifically for the major cluster of B.
napus assembled EST contigs most similar to the A. thaliana 2S seed storage proteins 1-4 (59
% to 70% on the aa level). Another set of primers (napin-related) was designed specifically
for the minor cluster of B. napus assembled EST clusters grouping in-between the four A.
thaliana 2S seed storage proteins and the related protease inhibitor/seed storage/lipid transfer
(LTP) family protein AT5G54740 (about 47 % to 57 % identity on the aa level). AT5G54740
represents the next closely related protease inhibitor/seed storage/lipid transfer protein (LTP)
family protein gene in A. thaliana, which like other more distantly related proteins of this
large family (about 113 members in A. thaliana) exhibits an AAI_SS domain and shares about
53-57 % aa identity with the A. thaliana 2S seed storage proteins 1-4. Fig 3 shows the
expression profile from days 17 to 70 after pollination from seeds for sense and antisense
napin and napin-related transcript expression. The coexpression of sense and antisense
transcripts was confirmed for a minor subgroup of napin-related transcripts by strand-specific
Real-time RT-PCR, but not for the major napin transcript group as indicated by LongSAGE.

Discussion

B. napus and A. thaliana are members of the Brassicaceae family and exhibit around 87 %
conservation of their protein-coding sequences [22]. Based on this close phylogenetic
relationship, the tag-to-gene matching strategy applied in this study for LongSAGE
expression profiling in the non-model plant B. napus uses the information available for the
well-annotated proteome of the model species A. thaliana. Our results show that expression
profiling can be achieved for B. napus seeds using publically available EST resources and the
annotated proteome of A. thaliana for tag-to-gene assignment.

Major factors influencing the accuracy of the first step of the SAGE analysis are the

sequencing error rate, the tag length and the transcriptome complexity. The accuracy of SAGE
depends on the ability to unambiguously match the tags to the genes of origin. Theoretical
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calculations show that >99.8 % of 21 bp LongSAGE tags are expected to occur only once in
large genomes such as the human genome, which is about twice the size of the B. napus
genome, with the remaining tags matching duplicated genes or repeated sequences [9]. In a
polyploid plant genome the proportion of duplicated genes is generally considerably higher,
and our strategy of matching tags via ESTs to a related model plant proteome will not per se
allow differentiation between closely related duplicated genes. However, matching to multiple
members of gene families still allows biological inferences from the LongSAGE data, since
the predicted function in each case is identical. In our case only around 90 % of LongSAGE
tags were assigned to a unique A. thaliana gene. This underlines the highly duplicated nature
of the B. napus and A. thaliana genomes [17] and reflects the well-documented ancient
hexaploidization events in major angiosperm phyla [23]. Despite this we found no example
where a B. napus tag matched multiple A. thaliana genes with apparantly unrelated functions.
This suggests that the matching strategy we applied is specific enough with 21 bp B. napus
tags to draw biological conclusions on the expression levels of functionally related gene
families in B. napus seeds. Raising the blastx e-value stringency to 1e-100 for matching of
Brassica ESTs to the A. thaliana proteome was found to reduce the average number of genes
per gene family to which the observed tags were assigned. However, this also resulted in a
higher number of tags that could no longer be assigned to A. thaliana genes and thus could
not be annotated (data not shown). For LongSAGE analysis from B. napus we found an e-
value of >1e-6 useful; this is also the cut-off value used by NCBI in the UniGene database for
EST-to-protein matching to create clusters of transcript sequences that are expected to come
from the same transcription locus.

The development of oilseeds can be broadly divided into three phases, (1) the pattern
formation/cell proliferation phase, (2) the maturation phase, with lipid and storage protein
accumulation, and (3) the dessication phase. At 23 DAP B. napus seed has reached the end of
phase 1 and is beginning the transition to phase 2, while at 35 DAP the seed is in the middle
of the maturation phase. The most abundantly expressed gene detected at 23 DAP, SAG12, is
a cysteine protease expressed during leaf senescence in A. thaliana [24]. In B. napus SAG12
is encoded by two orthologous copies, BnSAG12-1 and BnSAG12-2, involved in leaf
senescence and seed development, respectively. BnSAG12-2 and BnCysP1, a cysteine
protease with around 91 % identity to BnSAG12-2, are expressed in the early phase of
B. napus seed development within the inner integument of the testa and are predicted to
function in the disposal of proteins in the inner integument cells commited to programmed
cell death [25]. Other genes encoding proteases and protease inhibitor genes are also strongly
represented within the 30 most abundantly expressed genes at 23 DAP and 35 DAP, e.g. a 6-
vascular processing enzyme (6-VPE) at 23 DAP. VPEs are cysteine-type proteases which
were originally discovered to be responsible for maturation of seed storage proteins. In
A. thaliana 6-VPE was found to be involved in developmental cell death during
embryogenesis [26]. In general, proteases are considered to be key regulators of plant
development involved in post-translational modification or activation of proteins and enzymes
of diverse biological processes. Proteases play a role both in general protein turnover and in
highly specific regulation of plant development. Dong et al. [27] also described an elevated
expression of genes coding for subtilisin-like protease and vacuolar processing enzymes
(VPE), consistent with seed endosperm development, along with early expression of lipid
transfer proteins that are required for embryo pattern formation [28, 29]. The high
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transcription levels of genes encoding seed storage proteins are also consistent with the results
of Dong et al. [27] based on cDNA cloning and Northern blot expression profiling. On the
other hand, our LongSAGE analysis revealed that transcripts encoded by the peroxidase gene
AT4G21960 (Protein ID CAA66957) had a high abundance at 23 DAP and a subsequent drop
in expression at 35 DAP, whereas Northern blot analysis appeared to reveal the opposite
expression pattern. Such differences might be due to different specificities and resolutions of
the two techniques, e.g. cross-hybridization of Northern blot probes with other closely related
peroxidase transcripts.

Antisense transcripts and sense-antisense transcript pairs (natural antisense transcripts, NATS)
were found to be prelvalent at both developmental stages investigated. Antisense transcripts
were observed earlier in A. thaliana and rice cDNA/EST databases and confirmed using tag-
based expression profiling approaches like SAGE or Massively Parallel Signature Sequencing
[30], with matching to the sequenced genomes. In some of these studies it was noted that the
sense and antisense transcripts of an overlapping NAT pair (cis-NATSs) tend to be expressed in
different tissues or different conditions. Furthermore, in cases where the sense and antisense
transcripts of a NAT pair were expressed in the same library, one type of transcript was
usually more abundant than the other. One speculation is that cis-antisense transcripts could
be involved in down-regulating the expression levels of their target mMRNA to achieve a low
protein concentration by interfering with the transcription of their sense transcript. Due to the
matching strategy we applied, the sense-antisense pair matches we found to the A. thaliana
proteome might either indicate natural sense-antisense pair expression from one B. napus
gene, or a concurrent expression of sense and antisense transcripts from paralogous B. napus
genes. Either way, the results clearly indicate that a significant number of antisense transcripts
are expressed during B. napus seed development. The coexpression of sense and antisense
transcripts was confirmed for a subgroup of napin-related transcripts coding for proteins from
the large group of protease inhibitor/seed storage/lipid transfer protein (LTP) family by
strand-specific Real-time RT-PCR. Although Real-time RT-PCR confirms the detection of
antisense transcripts that are related to protease inhibitor/seed storage/lipid transfer protein
(LTP) family proteins by LongSAGE, it also indicates that the use of the proteome of A.
thaliana for annotation of tag-matched B. napus transcripts in case of diverse gene families
limits the resolution and the detailed analysis of the genome and transcriptome structure and
availability of more genetic resources for B. napus will help to increase the resolution in the
future. The detection of transcripts for a diverse number of genes in antisense orientation by
LongSAGE at both time-points suggests strong involvement of antisense transcripts in
regulatory processes during B. napus seed development.

The comparison of LongSAGE and Real-time RT-PCR data suggests that the sequencing
depth applied in this experiment limits the LongSAGE detection to transcripts with medium
to high copy numbers in B. napus seeds. On the other hand, recent developments in next-
generation sequencing (NGS) technologies allow ultra-deep transcriptome profiling using
transcript tag-based techniques (e.g. DeepSAGE; [31]) that can realistically achieve
transcriptome saturation and accurate quantification of low-copy transcripts. The data analysis
techniques developed in the present study represent a valuable platform for future NGS-based
transcriptome tagging studies in Brassica species. As suggested by Shendure [32], such
approaches may ultimately replace microarrays as the method of choice for quantitative

125



Obermeier et al., BMC Genomics 2009, in press

global transcriptome profiling as a basis for genetical genomics or systems genetics
approaches. In the present study we have demonstrated that tag-based transcriptome profiling
can also be effectively applied in a non-model, complex polyploid plant species.

Conclusions

This study underlines the potential of transcript tagging approaches for gene expression
profiling in Brassica crop species via EST matching to annotated A. thaliana genes. The data
processing pipeline adapted by matching B. napus tags via Brassica ESTs to annotated
A. thaliana gene loci enabled differential expression profiling of during seed development in
the complex B. napus genome, and furthermore detected an unexpectedly high proportion of
EST tags matching in antisense orientation. This suggests a strong involvement of antisense
transcript expression in regulatory processes during B. napus seed development. Limits of tag
detection for low-abundance transcripts can today be overcome by ultra-high throughput
sequencing approaches, so that tag-based gene expression profiling may soon become the
method of choice for global expression profiling in non-model species.

Methods

Plant materials and RNA isolation

Plants of the homozygous male-sterile winter oilseed rape maternal line “MSL-Express’ were
cultivated under controlled growth chamber conditions (16 hour, 20°C day and 8 hour, 16°C
night, 60% relative humidity) and manually fertilised with pollen from plants of the isogenic
male-fertile line ‘Express 617°. Pods were harvested weekly from the main racemes of
pollinated plants at time points 14 days up to 70 days after pollination (DAP). The pods were
shock-frozen in liquid nitrogen and stored at -80°C, and seeds were collected by splitting the
frozen pods. Total RNA was extracted from seeds using RNA Reagent (Invitrogen) and
purified from DNA residues by incubation with RQ1l RNAse-free DNAse (Promega),
according to the manufacturer’s recommendations.

LongSAGE library production

Total RNA extracted from two seed developmental time points, 23 DAP and 35 DAP, was
processed using the I-SAGELong Kit (Invitrogen) with several modifications to allow more
efficient library production and cloning. Briefly, 50 ng of polyA+ RNA was captured on the
surface of magnetic oligo(dT) beads and double stranded cDNA was synthesized using
SuperScript Il reverse transcriptase. Double stranded cDNA was digested for 2.5 hours with
Nlalll, and adapters containing Mmel recognition sites were ligated overnight in ligation
buffer with 15% polyethylene glycol (PEG) to the 5’ end of the cDNAs. Adaptor-linked tags
were released from the beads by restriction with Mmel overnight, then precipitated and
washed five times with 70% ethanol before being ligated overnight in pairs to form adaptor-
linked ditags. These were amplified by PCR and 200 PCR reactions were pooled.
Subsequently, 130 bp fragments were purified from 20 lanes on 16 % polyacrylamide gels.
Purified adapter-linked ditags were redigested overnight with Nlalll to remove adapters and
34 bp ditags were purified from a 16 % polyacrylamide gel. The ditags were ligated overnight
according to Kenzelmann and Muhlemann [33] to form concatemers, then partially digested
with 2 U of Nlalll for 1 min at 37°C according to Gowda et al. [15] to create linearized
clonable concatemers of suitable sizes. The partially-digested ligation mixture was separated
on a 6% polyacrylamide gel. DNA fragments between 0.8 and 2.5 kb were isolated and 1.6 pug
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concatemers were ligated to 25 ng of linearized pZErO-1 vector digested with Sphl. For each
of the 23 and 35 DAP libraries more than 3,000 plasmid clones were sequenced in one
direction by SeqWright (Houston, TX, USA).

SAGE data processing

Ditags were extracted from sequence traces using the perl script sage-prhed.pl [34]. Due to
the 1% error rate associated with single pass Sanger sequencing [14], Phred sequence trace
quality scores were used to remove all tags of low sequence quality (containing bases with a
Phred score <20). 21 bp monotags were extracted from both ends of all correctly-sized ditags.
Contaminating linker and vector sequences and low-complexity polyA tags were identified
and removed by screening a local tag database using formatdb and blast (valid tags in Table 1;
<0.06 % removed). A total of 819,455 Brassica ESTs were downloaded on Sept, 15" 2007,
from NCBI dbEST (http://www.ncbi.nlm.nih.gov/dbEST/) using the keyword search
(Brassica napus[Organism] OR Brassica oleracea[Organism] OR Brassica rapa[Organism]
AND EST[Keyword]). About 30 % of all Brassica ESTs downloaded from the NCBI dbEST
database were produced from seed developmental stages. The orientation of all Brassica ESTs
was determined by blastx analysis against the TAIR7 A. thaliana proteome accepting only
matches with an e-value of less then le-6. Any Brassica ESTs that did not match the
A. thaliana proteome using these criteria were removed from the dataset. ESTs that did match
the NCBI VecScreen vector database using blastn with pre-set parameters were removed from
the analysis. The remaining 834,732 ESTs from NCBI and PBI were annotated based on the
alignment with the A. thaliana proteome and orientated in sense using ReadSeq [35].
Identitag perl scripts were modified so that virtual tags from all positions were extracted from
the Brassica ESTs, and the modified Identitag perl scripts were used to create a MySQL
database of virtual tags [36]. To differentiate between tags that matched B. napus seed
transcripts in sense and in antisense orientation, the oriented sense EST dataset was used in
combination with an oriented reverse-complemented EST dataset (antisense EST dataset). For
identification of differentially expressed tags the online-tool DiscoverySpace (http://
www.bcgsc.ca/discoveryspace; [37]) was used and significance calculated according to Audic
and Claverie [38]. The online-tools WEGO (http://wego.genomics.org.cn; [39]) and
GOEAST (http://omicslab.genetics.ac.cn/GOEAST; [20]) were used for gene ontology (GO)
enrichment analysis. Hierarchical cluster analysis with average linkage (UPGMA) and
Euclidean distance was performed for GC-RMA processed, normalized data using the
software program HCE 3.0 [40]. Spearman’s rank correlations were used to compare
Affymetrix chip and LongSAGE [19]. Differentially expressed genes were identified using
the software program SAM [41].

Cloning of 3’ends of transcripts using SAGE tag primers

For validation, the last 17 base pairs of observed LongSAGE tags (excluding the CATG
restriction site) were used as primers for RT-PCR amplification together with anchored oligo-
dT primers, as described by Xiao et al. [42], and 2.5 pg total RNA from time point 35 DAP.
cDNA synthesis was performed using ThermoX Reverse Transcriptase (Invitrogen) according
to the manufacturer’s instructions. The PCR used 0.5 U Taqg Polymerase (Eppendorf) and 250
nM of each primer, with 2 min at 95°C followed by 30 cycles of 1 min 95°C, 1 min 50°C, 2
min 72°C and final extension at 72°C for 10 min.
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Strand-specific Real-time RT-PCR

Total RNA was extracted as described above and additionally purified using RNAeasy
columns (Qiagen). DNase digestion was performed using RQ1 RNAse-free DNAse
(Promega) according to manufacter's recommendations. cDNA was synthesized after
denaturation for 10 min at 70°C using 1 ug of total RNA, 100 nM of gene and strand-specific
reverse primer and Omniscript Reverse Transcriptase (Qiagen) according to the
manufacturer’s recommendations in a total volume of 10 u l. After the cDNA synthesis
reaction was finished the enzyme was inactivated for 15 min at 95°C. Real-time PCR was
performed using a 7500 Fast Real-time PCR system (Applied Biosystems) with a total
volume of 10 ul using 1 pl of cDNA (1:10 diluted), 5 ul of Power SYBR Green PCR master
mix (Applied Biosystems) and 100 nM each of the forward and reverse primers.
Amplification was for 2 min at 50°C, 10 min at 95°C followed by 40 cycles of 15 sec at 95°C
and 1 min at 60°C. Controls included PCR amplification reactions using cDNA preparations
without adding the reverse transcriptase enzyme to check for genomic DNA contamination,
and PCR amplification reactions without adding reverse primers during cDNA synthesis to
check for a loss in strand-specificity by RNA self priming leading to primer-independent
cDNA synthesis [43]. Primers were designed by using Brassica ESTs that were matched using
blastx at an e-value cut-off of 1e-6 with selected A. thaliana proteins. All matched Brassica
ESTs were assembled using the software CAP3 [44] and edited manually. Alignments of
coding DNA were contructed from aligned amino acid sequences using the software
RevTrans [45]. Contigs from these assemblies were used for primer design using the software
PrimerExpress (Applied Biosystems). Primer pairs used for sense transcript detection were
Napin_for (5’ ACGAGCTCCACCAGGAAGAG-3’) and Napin_rev (5’-
ACGGCTTTGGATGCTCCTT-3), which amplify position 320 to 383 relative to the coding
region of gene napB [GenBank:X14492], and Napin-related for (5’-
AACAAGCAGCCAAGTCAGTTAGG-3’) and Napin-related_rev (5°-
GATGCGGGTGGACTGGAAT-3’) which amplify position 323 to 384. For antisense
transcript detection the reverse complemented sequences of the primers were used.
Expression fold-changes were calculated relative to the endogeneous reference gene
cyclophilin (GenBank accession M55018) according to the 2-2ACt method using three
replicates [46].
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Figure 1: Statistically enriched Gene Ontology terms level 2 at p<0.05 in B. napus seeds for
LongSAGE tag-matched A. thaliana gene loci at 23 DAP, compared with level 2 GO terms
for all other A. thaliana gene loci. The plot was produced using the online tool WEGO (Ye et
al., 2006).
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Figure 2: Heat map of normalized LongSAGE counts for 375 differentially expressed
A. thaliana genes matched by LongSAGE tags in sense and/or antisense orientation at 23
DAP and 35 DAP. Expression is represented on a logarithmic scale. The descriptions of the 10
most abundantly expressed genes in the respective libraries are highlighted in red for 23 DAP,
in blue for 35 DAP or in black for genes that were among the 10 most abundant at both time-
points. If no expression was detected counts were set to 0.1 (black squares).
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Figure 3: Real-time RT-PCR expression profile during B. napus seed development using
primers specific for the coding (A - sense transcripts) and non-coding strands (B - antisense
transcripts) of a group of napin and napin-related transcripts. Square symbols represent napin
transcripts most similar to 2S seed storage proteins AT4G27140, AT4G27150, AT4G27160,
AT4G27170), while triangular symbols represent napin-related transcripts most similar to
protease inhibitor/seed storage/lipid transfer protein AT5G54740.
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Table 1: Summary of LongSAGE tags sequenced from B. napus seeds at 23 and 35 days after
pollination (DAP).

23 DAP library 35 DAP library Combined data
Unique All Unique All Unique All
Category sequences sequences Sequences Ssequences sequences  sequences
Total extracted ditags - 34,984 - 15,919 - 50,903
Rejected ditags (Phred - 10,685 - 3,306 - 13,991

score < 209)
Accepted ditags (Phred 23,996 24,299 11,846 12,613 35,842 36,912
score > 209)
Total extracted tags 24,655 48,534 12,714 25,198 37,369 73,732

Accepted tags 24,654 48,514 12,713 25,183 37,367 73,697
(excluding polyA tags)
Copy number of accepted tags

1 18,183 18,183 (37.5 9,741 (76.6 9,741 (38.7
(73.8. %) %) %) %)

2-5 5,329 (21.6 14,320 (29.5 2,510 (19.7 6,596 (26.2
%) %) %) %)

6-20 1,016 (4.1 9,450 (19.5 406 (3.2 %) 3,668 (14.6
%) %) %)

21-99 118 (0.5%) 4,437 (9.1 46 (0.4%) 1,997 (7.9
%) %)

>100 8(0.03%) 2,124 (4.4 9(0.07%) 3,181 (12.6
%) %)

@ Using Sage-phred.pl, including duplicated ditags
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Table 2: Summary of LongSAGE tag-to-gene mapping data for two libraries from.B napus
seeds at 23 and 35 days after pollination (DAP).

Analysis including all singleton tags 23 DAP library 35 DAP library  combined data
Number of Brassica ESTs matched to the A. 834,732

thaliana proteome

Number of A. thaliana genes matched by 20,462

Brassica ESTs

Number of tags accepted for processing 24,654 12,713 32,395
Number of Brassica ESTs matched by tags 256,420 214,981 301,180
Total number of accepted tags matched to 12,728 of 24,654 7,232 of 12,713 .5,955 of 32,395
Brassica ESTs (51.6 %) (56.9 %) (49.3 %)
Number of accepted tags not matched to any 11,926 of 24,654 5,481 of 12,713 .6,400 of 32,395
Brassica EST (48.4 %) (43.1 %) (50.6 %)
Number of accepted singleton tags matchedto 7,615 of 18,183 4,819 0f 9,741 11,421 of 26,498
Brassica ESTs (41.9 %) (49.5%) (43.1 %)
Number of accepted tags with >2 counts 55130f 6,471 2,413 0f2,972 6,010 of 7,727
matched to Brassica ESTs (85.2 %) (81.2 %) (77.8 %)
Number of A. thaliana genes matched via 7,208 4,875 8,255
Brassica ESTs and tags

Number of A. thaliana genes matched and 4,478 3,005 5,120

oriented via Brassica ESTs and tags
(putative chimeric ESTs removed)
Number of genes matched in both directions 1,125(25.1 %) 560 (18.6 %) 1,453 (28.4 %)

Number of genes matched in sense 3,057 (68.3 %) 2,242 (74.6 %) 3,358 (69.5 %)
orientation exclusively
Number of genes matched in antisense 296 (6.6 %) 203 (6.8 %) 309 (6.1 %)

orientation exclusively

137



Obermeier et al., BMC Genomics 2009, in press

Table 3: Comparison of fold-changes for selected genes between 23 and 35 DAP in B. napus
seeds measured by LongSAGE and Real-time RT-PCR. Primers for Real-time RT-PCR were
designed using assembled B. napus ESTs matched to A. thaliana proteins using blastx with e-

values greater than 1e-6.

A. thaliana Gene

Cumulated

Fold-change Fold-change B. napus EST

gene locus counts,35:23 35:23 DAP 35:23 DAP  contigs
DAP LongSAGE Real-time  assembled by
LongSAGE (normalized) RT-PCR CAP3
(non-
normalized)

AT2G40890 Coumarate 3- 2:2 1.9 2.0 Contig 1 from 5

hydroxylase (C3H) 4.1 ESTs
Contig 2 from 2
ESTs

AT5G48930 Hydroxycinnamoyl5:3 3.2 2.3 1EST
-Coenzyme A
shikimate/quinate
hydroxycinnamoyl
-transferase (HCT)

AT1G15950 Cinnamoyl-CoA 2.2:1 4.3 0.9 Contig from 4
reductase 1 ESTs
(CCRY)

AT2G23910 Cinnamoyl-CoA 0:0 - 1.2 Contig 1 from 22
reductase-related 1.7 ESTs
(CCR1-related) Contig 2 from 13

ESTs

AT3G19450 Cinnamoyl alcohol 8:9.5 1.6 21 Contig 3 from 4
dehydrogenase ESTs
(CAD1)

AT4G27140 2S seed storage  669.1:3.4 374.1 1224 Contig from

AT4G27150 proteins (napin)  560.1:1.9 564.4 SAGE primer-

AT4G27160 575.3:1.9 579.6 amplified cloned

AT4G27170 636.5:7.9 155.0 3’-terminal napin

gene fragments
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Table 4: Summary of the 20 most abundant genes expressed in B. napus seeds at 23 and 35
days after pollination (DAP) based on LongSAGE data analysis.

TimepointRank A. thaliana No. of No. of Meantag  Frequency of Description of matched A. thaliana gene locus
locus matched  differenttags count per tag counts
Brassica matched to locus (%, normalized)
ESTs at 1e-6 Brassica ESTs
23DAP 1 AT5G45890 4,452 44 772 1.590 SAG12 (SENESCENCE-ASSOCIATED
GENE 12); cysteine-type peptidase
2 AT5G50260 109 15 320 0.660 cysteine proteinase, putative
3 AT3G48350 14 7 299 0.615 cysteine proteinase, putative
4 AT5G38195 1,640 36 263 0.541 protease inhibitor/seed storage/lipid transfer
protein (LTP) family protein
5  AT1G48750 8 4 209 0.430 protease inhibitor/seed storage/lipid transfer
protein (LTP) family protein
6  AT3G20210 630 13 156 0.323 DELTA-VPE (delta vacuolar processing
enzyme); cysteine-type endopeptidasee
7 AT2G12465 160 11 134 0.275 LCR50 (Low-molecular-weight cysteine-rich
50)
8  AT4G32110 852 20 127 0.263 transferase, transferring glycosyl groups
9 AT3G04120 814 30 124 0.256 GAPC (GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE C
SUBUNIT)
10 AT5G37474 35 10 120 0.247 Encodes a defensin-like (DEFL) family protein
11  AT2G14846 191 13 118 0.244 protease inhibitor/seed storage/lipid transfer
protein (LTP) family proteinperoxidise
12 AT4G21960 1,312 16 118 0.243 PRXR1 (peroxidase 42); peroxidase
13 AT5G60390 2,771 30 113 0.233 elongation factor 1-alpha / EF-1-alpha
14  AT4G32105 79 13 109 0.225 galactosyltransferase
15 AT1G58055 23 5 100 0.206 Encodes a defensin-like (DEFL) family protein
16 AT1G04645 502 11 97 0.200 self-incompatibility protein-related
17 AT1G05850 426 11 96 0.198 POMI; chitinase
18 AT1G08830 410 14 95 0.196 CSD1 (copper/zinc superoxide dismutase 1)
19 AT4G12960 351 6 93 0.191 gamma interferon responsive lysosomal thiol
reductase family protein / GILT
20 AT4G21650 53 8 92 0.189 subtilase family protein
35DAP 1  AT4G27140 16,413 96 669 2.657 2S seed storage protein 1/ 2S albumin storage
protein / NWMU1-2S albumin 1
2 AT4G27170 6,691 67 637 2.528 2S seed storage protein 4 / 2S albumin storage
protein / NWMU2-2S albumin 4
3 AT4G27160 2,402 34 575 2.284 2S seed storage protein 3/ 2S albumin storage
protein / NWMU2-2S albumin 3
4 AT4G27150 249 24 560 2.224 2S seed storage protein 2 / 2S albumin storage
protein / NWMU2-2S albumin 2
5 AT4G28520 126 13 195 0.776 CRU3 (CRUCIFERIN 3)
6 AT3G27660 1,226 15 183 0.728 OLEO4 (OLEOSIN4)
7  AT5G38195 1,640 36 161 0.640 protease inhibitor/seed storage/lipid transfer
protein (LTP) family protein
8 AT4G25140 1,119 15 146 0.580 OLEO1 (OLEOSIN1)
9 AT5G44120 1,112 17 143 0.567 CRAL (CRUCIFERINA); nutrient reservoir
10 AT5G45890 4,452 44 143 0.566 SAG12 (SENESCENCE-ASSOCIATED
GENE 12); cysteine-type peptidase
11 AT1G03880 1,791 12 138 0.549 CRU2 (CRUCIFERIN 2); nutrient reservoir
12 AT1G48750 8 4 136 0.538 protease inhibitor/seed storage/lipid transfer
protein (LTP) family protein
13 AT1G79870 5 3 123 0.487 oxidoreductase family protein
14  AT1G12920 1 2 113 0.447 ERF1-2 (EUKARYOTIC RELEASE FACTOR
1-2); translation release factor
15 AT5G35530 401 6 102 0.406 40S ribosomal protein S3 (RPS3C)
16 AT3G12580 31 8 102 0.405 HSP70 (heat shock protein 70); ATP binding
17 AT3G01570 170 6 99 0.393 glycine-rich protein / oleosin
18 AT1G69830 1 2 97 0.385 AMY3/ATAMY3 (ALPHA-AMYLASE-LIKE
3); alpha-amylase
19  AT3G05020 401 14 86 0.340 ACP1 (ACYL CARRIER PROTEIN 1)
20 AT5G09440 31 3 82 0.326 phosphate-responsive protein, putative
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Additional data files

Additional file 1

File name: 490_differentially_expressed_genes.xls

File format: Microsoft Office Excel 2003

Title of data: 490 differentially expressed genes between 23 and 35 DAP

Description of data: Description and normalized counts for 490 loci matched by LongSAGE
that were differentially expressed in B. napus seeds at 23 or 35 days after pollination (DAP)

Additional file 2
File name: Enriched_GO _terms_490 differentially_expressed_genes.xls
File format: Microsoft Office Excel 2003

Title of data: Enriched GO terms for 490 differentially expressed genes between 23 and 35
DAP

Description of data: Statistically enriched Gene Ontology (GO) terms exclusively found for

one of the time-points 23 DAP and 35 DAP of B. napus seed development (p<0.05) for 490
differentially expressed genes calculated using GOEAST (Zheng and Wang, 2008).

Additional file 3
File name: All_matched_genes.xls
File format: Microsoft Office Excel 2003

Title of data: All LongSAGE tags extracted from B. napus seed at 23 and 35 days after
pollination (DAP) and matched via Brassica ESTs to A. thaliana genes.

Description of data: Description and normalized counts for all A. thaliana loci matched by

LongSAGE that were expressed in B. napus seeds at 23 or 35 days after pollination (DAP)
and matched in sense and/or antisense orientation. Genes are sorted by locus name.
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7 Closing discussion

Over the past few decades, molecular genetics and genome analysis techniques have
played an ever-increasing role in the breeding of important agricultural and horticultural
crops. The utilisation of genome mapping techniques was initially restrained by technical
bottlenecks that limited the density of genetic maps and consequently made it difficult to
develop useful molecular selection markers for all but the simplest monogenic traits.
These constraints have been overcome in recent years through the development of high-
throughput SNP marker assays and high-density genetic and physical mapping resources for
many of the major crop species. Furthermore, the availability of the first complete
genome sequences from model plant species enabled unprecedented insights into the
genetic architecture of plants and allowed detailed descriptions of gene functions. In
countless cases, the relationship of important model plants like Arabidopsis and rice to
many of the major arable crop species has made it possible to transfer knowledge on genes
involved in related traits from the model species to crops. In the past decade this has led
to discovery of a large number of genes involved in important traits in crop genomes, and a
vastly improved understanding of the genetics, inheritance and variation for a large
number of traits in all important crops.

On the other hand, the majority of important agronomical traits are characterised by a
complex, quantitative inheritance. The identification and practical utilisation of genes and
markers involved in highly complex traits remains elusive, and there are still only few
examples where marker-assisted selection is applied in breeding programs to improve
selection for complex traits. In most cases these are based on individual major-gene loci
contributing to the respective trait. In this respect, molecular breeding is only just
beginning to contribute significantly to the overall improvement of crop plants. However,
the newest developments in high-throughput genomics and whole-genome selection
procedures could soon also lead to major advances in breeding for complex traits.

The works presented in this compilation describe diverse examples for the development
and application of genome analysis tools for molecular breeding and trait dissection in
oilseed rape. This crop, the source of a highly nutritional vegetable oil and at the same
time a valuable renewable resource for the biofuel industry, is currently the most
important oilseed in Europe, Canada and Asia, and the second most important oilseed crop
worldwide. Due to this high economic importance, the breeding of oilseed rape/canola is
accompanied in all the major producing countries by significant genomic research
activities to develop resources for molecular breeding. All major international seed
companies involved in oilseed rape or canola breeding actively implement biotechnological
and genomic resources in their breeding programs. In Germany, numerous public-private
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research consortia, both on a national level and in international collaborations including
partners in France, Canada, China and the UK, are involved in B. napus trait improvement
using genomics techniques. The strong investment in oilseed rape genome research by
breeding companies underlines the high priority of B. napus genomic studies for
commercial breeding, and therewith the practical relevance of the work presented here
for molecular breeding of oilseed rape.

Of particular importance for practical breeding is the generation of novel genetic variation
for traits where little germplasm is available from current breeding materials. Due to the
time, cost and poor economic return involved, practical plant breeders are often reluctant
to invest in the development of primary germplasm for new or emerging traits (so-called
“pre-breeding”, for example through interspecific hybridisation and marker-assisted
backcrossing). The same is true for screening of unadapted germplasm in genebank
collections or wild relatives of crop species. By taking on these tasks and generating or
identifying new primary germplasm for breeding, the research community plays an
important role in sustaining the progress of breeding success, since useful genetic variation
is the basis of any crop breeding program.

The identification, development and genetic characterisation of novel germplasm for B.
napus breeding is therefore a key part of the work presented in this volume, and in the
additional publications listed in chapter 10. In cooperation with scientists and breeders in
Germany, Australia and China, a broad range of novel B. napus germplasm from
interspecific hybrids was generated. These materials contain agronomically interesting
variation for numerous resistance and quality traits, including nematode resistance
(Snowdon et al. 1998b, Voss et al. 1999, 2000), blackleg resistance (Snowdon et al. 2000a),
fatty acid composition (Wang et al. 2004, 2006), pod shattering and drought tolerance
(Schelfhout et al. 2004, 2006), Verticillium resistance (Rygulla et al. 2007a, 2007b), seed
glucosinolate content (Hasan et al. 2008), seed colour, seed fibre and seed oil content (Li
et al. 2009). In numerous cases this material is now being used in commercial breeding
programs to broaden the genetic basis of breeding lines for important resistance and seed
quality traits.

Molecular cytogenetic techniques are not only useful for chromosomal analysis of
interspecific hybrids or alien introgression lines, but also provide a means for unambiguous
assignment and ordering of genomic sequences to specific chromosomes. The techniques
we developed for chromosome identification and fluorescence in situ hybridisation in the
Brassica A and C genomes (Snowdon et al. 1997a, 1997b, 1998, 2000a) today represent an
important platform within the multinational B. rapa sequencing project. Before
progressing with sequencing, all BAC clones from the sequencing contigs allocated to each
each chromosome are hybridised in pairs to B. rapa pachytene chromosomes to confirm
their chromosomal positions and orders. False assignment or ordering of markers are key
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problems in genetic mapping in the complex polyploid genome of B. napus, therefore our
FISH methods are making an important contribution to the efficiency of the B. rapa
sequencing project.

Particularly when useful traits must be introgressed from less adapted materials into high-
yielding winter oilseed rape varieties, the availability of diagnostic molecular genetic
selection markers is a key to rapid and effective transfer of responsible genes without
excessive linkage drag for non-desired traits. Through generation of genetic linkage maps
and tightly-linked molecular markers, we have provided novel selection tools to
complement phenotypic screening for seed colour and fibre content (Badani et al. 2006a,
2006b), seed glucosinolate content (Basunanda et al. 2007, Hasan et al. 2008), Verticillium
resistance (Rygulla et al. 2008) and turnip yellows mosaic virus resistance (Jurgens et al.
2009). In our current work we are using these genetic maps as a basis for map-based
cloning of genes of interest. In particular, we have identified a 250 kb BAC sequence contig
covering a major QTL contributing to seed colour and fibre content (unpublished results).
Interesting seed-expressed candidate genes that are potentially involved in seed coat cell
wall biosynthesis are currently being investigated by reverse genetics in an attempt to
identify and clone the responsible gene or genes underlying this QTL.

Besides the direct application of germplasm and markers for practical breeding, genetic
mapping and genome analysis also provide a basis for more fundamental research into
complex traits. A good example is heterosis, a complex phenomenon whose control is
genetically only poorly understood but which has important implications for improvement
of seed yield. Today, F1 hybrid varieties with improved yield stability and adaptability have
the largest market share in most major oilseed rape and canola growing areas worldwide.
Despite this market dominance, the yield gain of B. napus hybrids compared to
homozygous open-pollinated varieties is relatively low compared to classical hybrid crops
like sunflower or maize. In official plot trials in Germany, winter oilseed rape hybrids
currently achieve a mean yield advantage of only around 6% compared to open-pollinated
varieties (cumulative data from state variety trials), while in practical winter oilseed rape
production the 10-year mean yield advantage of hybrids is currently only around 11% (data
from Kleffmann Group/Norddeutsche Pflanzenzucht H.G. Lembke KG). Further
improvement of yield performance through more efficient exploitation of heterosis is
therefore an important breeding aim. The genetic basis of heterosis in B. napus is not well
understood, however, and few studies have systematically compared the expression and
control of heterosis in different genetic backgrounds. Our work on comparative mapping of
heterosis-related QTL for seedling and yield traits (Basunanda et al. 2009) was the first
study to investigate genetic relationships between the expression of heterosis in different
developmental stages in B. napus. Interestingly, we revealed a number of QTL clusters
involved in different traits, and at different developmental stages, in two genetically
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divergent test-hybrid mapping populations. A co-localisation of per se QTL with heterosis-
related QTL indicated the presence of regulatory loci that may also contribute to fixed
heterosis in the highly duplicated B. napus genome. Given the key role of epistatic
interactions in the expression of heterosis in oilseed rape, these QTL hotspots might
harbour genes involved in regulation of heterosis (including fixed heterosis) for different
traits throughout the plant lifecycle, including a significant overall influence on heterosis
for seed yield. Based on these observations, the discovery of trans-acting regulatory loci
corresponding to these hotspots by expression QTL (eQTL) analysis or gene network co-
expression studies seems a promising approach towards identification of potential
candidate genes for global regulation of heterosis and yield. Since we could demonstrate
that heterosis is manifested at a very early stage in B. napus seedlings, and that in some
cases the same regulatory loci may be involved in expression of heterosis for seedling and
yield traits, this opens the possibility to use seedlings as a promising controlled system for
eQTL analysis of yield-relevant gene expression in winter oilseed rape. To further target
such genes we have established an international systems genetics consortium to identify
global regulatory genes in B. napus, collaborating with other relevant research groups from
Germany, England and Canada, within the framework of the ERANET Plant Genomics
program (see http://www.erapg.org/everyone/16790/18613/19533/19534).

We also published the first genetic and QTL map for the alternative spring oilseed crop
Camelina sativa (Gehringer et al. 2006). This camelina mapping population and genetic
map data are meanwhile being used in different international projects aimed at
establishing camelina as a new oilseed crop for sustainable biofuel production in low-input
cropping systems. Compared to other oilseed plants, camelina is particularly competitive
in semi-arid regions and in low-fertility or saline soils. Furthermore, it exhibits a high
adaptability to adverse environmental conditions and possesses a high level of resistance
against insect pests and plant pathogens. This means that it can be produced in low-input
cropping systems with reduced N-fertilization and minimal fungicide or pesticide
applications. Moreover, the comparatively short vegetation period of only around 120 days
makes it particularly suitable as an alternative annual crop for renewable resource
production within tight crop rotations. Among the international research activities that
have been initiated, using our C. sativa genetic map and mapping population as a basis, is
a planned collaborative project between US and Canadian scientists aimed at developing
high-throughput genomic tools for camelina breeding.

One area where international B. napus genome research has been somewhat slow in
comparison to other major crop species, for example rice, barley, or maize, is in the
availability of public marker and EST collections and the integration of genetic and
physical maps via standardised nomenclature. To combat this deficit, the so-called
“Multinational Brassica Genome Project” (MBGP) was established by international Brassica
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researchers to coordinate genomics activities and pool resources to achieve common goals
in molecular breeding of Brassica crops. The primary aim of this initiative is the provision
of freely available genetic resources for Brassica genome analysis, including mapping
populations, integrated genetic maps, DNA marker sequences, genomic libraries, genomic
sequences and gene expression data. Some of the genetic mapping data and one of the
mapping populations described in this volume have already been deposited as public
resources with the MBGP, via the internet portal http://www.brassica.info, and recently

we have begun two new research projects that aim to contribute significant quantities of
new genomic and transcriptomic data along with new genotyping tools and germplasm to
this platform. Included in the resources we are developing are a large set of new SNP
markers developed using next-generation sequencing techniques, along with a new high-
density SNP map that will be sequence-annotated to the B. rapa genome sequence and to
an ultradeep-expression map of B. napus seed development. Furthermore we are
generating a substantial collection of over 450 genetically diverse B. napus inbred lines for
association genetic studies. Included in this genotype diversity set are gene-bank core
collections of winter and spring oilseed rape, fodder rape and swede varieties, a
substantial set of genetically diverse, modern 00-quality winter oilseed rape varieties, and
a collection of exotic lines containing rare alleles from Eastern European and Asian oilseed
and vegetable accessions. The diversity set will be genotyped by colleagues at the Max
Planck Institute for Breeding Research in Cologne with a large set of genome-wide
microsatellite markers, and with a new, public, high-density SNP chip that is being
developed by partners at the NRC-Plant Biotechnology Institute in Saskatoon, Canada.
Together, this material and data will represent the most comprehensive public resource for
B. napus association genetics that has been developed to date. As phenotypic,
metabolomic and transcriptomic data for the diversity population is accumulated over the
coming years and decades, it is anticipated that this association genetics platform will play
a key role in the elucidation of important complex traits in B. napus, for example oil
content, seed yield and quality traits along with resistance to biotic and abiotic stress
factors.

In another approach, we are developing new techniques for ultradeep transcriptome
analysis during B. napus seedling and seed development, based on multiplexed next-
generation sequencing of short EST tag sequences. The publication of Obermeier et al.
(2009) was the first to describe serial analysis of gene expression (SAGE) for global
transcriptome analysis in B. napus. In that work, however, we used conventional Sanger
technology to sequence concatenated EST-tags, using a standard LongSAGE procedure. Due
to the restrictive cost of Sanger sequencing, this strongly limited the depth of
transcriptome coverage we were able to achieve. By implementing next-generation
sequencing platforms that are predestined for sequencing of short DNA fragments, like the
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EST sequence tags generated via SAGE, sequencing costs are no longer a limiting factor.
For around the same amount of money with which we obtained a total of only around
100,000 17bp LongSAGE tags in the previous study, we can today sequence more than 500
times as many SuperSAGE tags (24bp in length) using Illumina/Solexa sequencing. In
contrast to conventional microarray analyses, this offers the opportunity to accurately
quantify all expressed genes in a given transcriptome, including very low-copy transcripts
and even unknown genes. We are currently using this method for ultradeep expression
studies of seed development and for eQTL analysis during B. napus seedling development.
The global transcriptome data we are generating will also be made publicly available via
the MBGP in the form of a relational database incorporating SNP-maps, QTL and eQTL data,
SNP marker sequences annotated to the B. rapa and Arabidopsis genome sequences, and
the aforementioned ultradeep seed expression map.

With the breathtaking current developments in high-throughput genomics and sequencing
technologies, it can be expected that the coming decade will see enormous advances in
genome analysis and molecular breeding in oilseed rape. The public consortium that is
currently competing the genome sequencing of B. rapa plans to achieve their target before
2011, however a private initiative led by the Beijing Genomics Institute expects to publish
more or less complete sequences of both B. rapa and B. oleracea before the end of 2009,
using data from high-depth Illumina/Solexa sequencing to fill existing gaps in the public
sequence. The completion of the Brassica A and C genome sequences will immediately
facilitate re-sequencing in B. napus, and it is not inconceivable that third-generation
“single-molecule” sequencing technologies will in just a few years make ‘“genotyping by
sequencing” a reality. Even before this vision is achieved, however, the near future will
without doubt see the development and implementation of ultra-high throughout assays
for whole-genome and whole-transcriptome polymorphism analysis in major crop species.
This is likely to change the focus of genetic research from discovery and analysis of
individual genes underlying traits of interest, to a broader investigation of complete
expression networks underlying complex traits and metabolic expression patterns. The
increasing availability and accessibility of Brassica genomics tools and data, along with the
close relationship between B. napus and the model plant Arabidopsis, mean that oilseed
rape breeding stands to benefit enormously from the newest technological platforms for
DNA sequencing and functional genomics.
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8 Summary

The articles presented in this compilation, and the additional works listed in Chapter 10,
describe numerous examples for the development and application of genome analysis tools
for molecular breeding and trait dissection in Brassica oilseed crops. The main focus is on
molecular breeding of oilseed rape (Brassica napus). This crop, the source of a highly
nutritional vegetable oil and at the same time a valuable renewable resource for the
biofuel industry, is currently the most important oilseed crop in Europe and Asia, and the
second most important oilseed worldwide. Patterns of genetic and phenotypic diversity
were studied in winter-type and spring-type B. napus gene bank collections, including
oilseed, fodder and vegetable rape varieties of diverse geographical origin. Based on these
data a new research initiative has begun to establish, genotype and phenotype a large set
of genetically diverse B. napus germplasm with over 450 accessions for association
mapping studies.

The narrow gene pool available for oilseed rape breeding can be broadened by the
generation of interspecies hybrids via tissue culture techniques. Such strategies are vital
for introduction and maintenance of effective resistance against important pathogens,
since a sustainable production of major crops like oilseed rape is only possible when a
broad range of resistant cultivars are available. We used interspecific hybridisation to
successfully transfer new resistances against Verticillium longisporum and Leptosphaeria
maculans, two of the major diseases of oilseed rape in Europe, into B. napus breeding
lines. Information obtained by molecular genetic and cytogenetic characterisation of the
introgression lines and their progeny are now contributing to the utilisation of these new
resistance sources in commercial breeding programs. Similar strategies were used to
develop and characterise interspecific hybrids for transfer of new seed quality alleles into
oilseed rape from related crucifer species.

Genetic mapping and quantitative trait analysis are important tools for marker
development and potential gene discovery in crop plants. The publications included here
include the first published QTL analyses for V. longisporum resistance, seed colour and
seed fibre traits in oilseed rape, along with comparative QTL analysis for heterosis in
seedling and seed vyield traits. We also generated the first genetic map for the alternative
oilseed crop Camelina sativa, and used this map to analyse QTL for important agronomic
and seed quality traits. These genetic maps and QTL data represent the first step towards
map-based identification and cloning of major genes underlying important quantitative
traits. Work is underway to develop a high-density SNP map and link important QTL regions
from this map via the B. rapa genome sequence to a global gene expression map for seed
development. This approach will incorporate next-generation sequencing technologies for
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gene expression tag profiling, using the methods and database tools we developed to
annotate genes with the help of B. napus ESTs and B. rapa genomic sequence data.

Molecular cytogenetic techniques are not only useful for chromosomal analysis of
interspecific hybrids or alien introgression lines, but also provide a means for unambiguous
assignment and ordering of genomic sequences to specific chromosomes. The techniques
we developed for chromosome identification and fluorescence in situ hybridisation (FISH)
in the Brassica A and C genomes are making an important contribution to the efficiency of
the multinational B. rapa sequencing project. Before progressing with sequencing, all BAC
clones from the sequencing contigs allocated to each chromosome are hybridised in pairs
to B. rapa pachytene chromosomes by FISH to confirm their chromosomal positions and
orders.

As a member of the crucifer family, oilseed rape is closely related to the model plant
Arabidopsis thaliana. Genome analysis in the complex, polyploid B. napus genome can
benefit greatly from this close relationship, since there is a high sequence similarity of
around 80% in gene-coding regions between the two species and a certain degree of
conserved synteny exists between the genomes. Based on this relationship, an innovative
approach was developed for marker identification, using Brassica-Arabidopsis sequence
synteny to find molecular markers with close physical linkage to putative seed
glucosinolate biosynthesis genes. Use of these markers in population structure-based
allele-trait association analyses confirmed the association of the candidate genes with the
trait of interest, providing a basis for sequence-based selection techniques to identify and
use new low-glucosinolate alleles from gene bank resources.

With the astounding current developments in high-throughput genomics and sequencing
technologies, it can be expected that the coming decade will see enormous advances in
genome analysis in all major crop plants. In our own work we are shifting increasingly to
the use of next-generation sequencing for high-throughput genome and transcriptome
analyses. These technologies will have even greater implications for B. napus genome
analysis and breeding when the Brassica A and C genome sequences are completed in the
next few years. Re-sequencing of B. napus genotypes will without doubt play a key role in
polymorphism discovery, whole-genome selection and molecular breeding of oilseed rape
in the foreseeable future.
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9 Zusammenfassung

Die hier zusammengestellten Veroéffentlichungen sowie die in Kapitel 10 aufgefiihrten
Artikel beschreiben zahlreiche Beispiele fiir die Genomanalyse und molekulare Zichtung
von Brassica-Olsaaten. Schwerpunkt dabei stellt die molekulare Ziuchtung von Olraps
(Brassica napus) dar. Der Raps liefert ein erndhrungsphysiologisch hdchst wertvolles
Pflanzendl, das aber auch gleichzeitig in Form von Biodiesel eine wichtige Ressource fir
die Treibstoffindustrie ist. Aufgrund dieser vielseitigen Verwendung ist Raps derzeit die
wichtigste Olsaatpflanze in Europa und Asien, weltweit die Zweitwichtigste nach Soja. In
den vorliegenden Arbeiten wurden u.a. genetische und phéanotypische Variationsmuster in
Winter- und Sommerrapsgenotypen diverser geographischer Herkunft aus
Genbanksammlungen ermittelt, darunter Olraps-, Futterraps- und Gemuserapstypen. Auf
diesen Daten basierend wurde eine neue Forschungsinitiative gegriindet, bei der ein grofies
B. napus-Diversitatsset mit Uber 450 Akzessionen fiir assoziationsgenetische Studien zur
Verfigung gestellt und umfangreich charakterisiert werden soll.

Der enge Genpool fir die Olrapsziichtung wurde desweiteren durch die Erstellung neuer
interspezifischer Hybriden mittels Gewebekurturtechniken erweitert. Solche Strategien
sind zur Einfihrung und Erhaltung effektiver Resistenzen gegeniber wichtigen Pathogenen
unabdingbar. Auf Dauer kann die immer intensiver werdende Rapsproduktion nur durch die
Verflgbarkeit einer breiten Auswahl resistenter Sorten gesichert werden. In den
vorliegenden Arbeiten wurde die interspezifische Hybridisierung erfolgreich genutzt, um
Z.B. neue Resistenzen gegen Verticillium longisporum und Leptosphaeria maculans, zwei
der wichtigsten Krankheiten des Rapses in Europa, in B. napus-Zuchtlinien zu Gbertragen.
Informationen aus den hier dargestellten Arbeiten zur genetischen und zytogenetischen
Charakterisierung von Introgressionslinien und deren Nachkommenschaften werden
wesentlich zur effektiven Nutzung dieser neuen Resistenzquellen in der praktischen
Rapsziichtung fiihren. Ahnliche Strategien wurden verwendet, um neue Allele fir
bestimmte Saatgutqualitatseigenschaften in den Raps zu lbertragen.

Die genetische Kartierung und Analyse von quantitative trait loci (QTL) sind wichtige
Werkzeuge zur Markerentwicklung fir agronomisch wichtige Merkmale sowie fir die
Aufdeckung der beteiligten Gene. Zu den hier aufgefiihrten Publikationen gehéren u.a. die
ersten verdffentlichten QTL-Analysen fiir Verticillium-Resistenz, Samenfarbe sowie
Samenfasergehalt in B. napus sowie vergleichende QTL-Analysen von Heterosis fur
Keimlingsentwicklung sowie Kornertrag und verwandte Merkmale. Dariiber hinaus wurde
die erste genetische Karte der alternativen Olsaatpflanze Camelina sativa veroffentlicht
und fur die QTL-Analyse wichtiger agronomischer Eigenschaften und
Saatgutqualitatsmerkmale verwendet. Diese genetischen Karten und QTL-Studien stellen
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einen ersten Schritt zur Identifizierung und Klonierung von zentralen Genen fir die
Auspragung wichtiger, quantitativer Merkmale dar. In weiterfihrenden Arbeiten wird
derzeit eine hochdichte Karte des Rapsgenoms auf Basis von Single-Nucleotide
Polymorphisms (SNPs) generiert, anhand derer bedeutende QTL-Regionen mit der B. rapa-
Genomsequenz sowie mit einer neuen, globalen Genexpressionskarte fur die
Samenentwicklung geknupft werden konnen. Bei diesen Arbeiten werden die neuesten
Next-Generation Sequenzierungstechnologien fiir Genexpression-Tag-Profiling unter Einsatz

unserer bereits entwickelten Gen-Annotationsmethoden verwendet.

Molekularzytogenetische Methoden sind nicht nur zur Analyse der Chromosomen von
interspezifischen Hybriden oder Introgressionslinien nutzlich, sondern auch zur
Bestimmung der chromosomalen Position und Anordnung von genomischen Sequenzen. Die
von uns beschriebenen Methoden zur Fluoreszenz-in situ-Hybridisierung (FISH) in den A-
und C-Genomen von B. rapa, B. oleracea bzw. B. napus spielen heute eine entscheidende
Rolle beim multinationalen B. rapa-Sequenzierungsprojekt. Vor der Sequenzierung werden
alle BAC-Klone aus den BAC-Contigs der einzelnen Chromosomen paarweise mittles FISH
auf B. rapa-Pachytenchromosomen hybridisiert. Somit konnen ihre chromosomale
Zuordnung sowie ihre Reihenfolge in Bezug zur Sequenzassemblierung bestéatigt werden.

Als Mitglied der Familie Brassicaceae ist B. napus sehr eng mit dem Modellkreuzblitler
Arabidopsis thaliana verwandt. Genomanalyse im komplexen, polyploiden Raps-Genom
kann von dieser Beziehung stark profitieren, da es eine hohe Sequenzéhnlichkeit von ca.
80% zwischen den beiden Arten gibt. Basierend auf dieser Verwandtschaft haben wir einen
innovativen Ansatz zur Markeridentifizierung entwickelt, bei der die Brassica-Arabidopsis
Sequenzidentitat genutzt wird, um PCR-Marker mit enger Kopplung zu Kandidatengenen fir
Samenqualitatsmerkmale zu identifizieren. Durch den Einsatz dieser Marker fir
Assoziationsanalysen konnten wir die Assoziation dieser Kandidatengene mit dem
relevanten Merkmal bestatigen und somit nitzliche Marker fir die markergestitzte
Selektion zur Verfiigung stellen. Mit der stéandig steigenden Menge und Verfiigbarkeit von
Genomsequenzen wird die Rolle solcher Techniken in der Genomanalyse und molekularen
Zuchtung von wichtigen Kulturpflanzen eine immer bedeutendere Rolle spielen.

Die derzeitigen Entwicklungen im Bereich der Hochdurchsatzgenomik und der DNA-
Sequenzierung werden im kommenden Jahrzehnt zu enormen Springen bei der
Genomanalyse aller bedeutenden Kulturpflanzen fiihren. In unseren Arbeiten setzen wir
vermehrt die Next-Generation-Sequenzierung fiur die Markerentwicklung und die
Transkriptomanalyse ein. Diese Technologien werden eine sogar noch wichtigere Rolle
spielen, wenn die Brassica A- und C-Genome in den nachsten Jahren vollstandig
sequenziert sind. In absehbarer Zukunft wird die Resequenzierung von B. napus-Genotypen
ohne Zweifel eine Schlusselrolle bei der Aufdeckung von Polymorphismen, der
genomweiten Selektion sowie der molekularen Ziichtung von Olraps spielen.
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10 Further publications

The following list of additional publications include nine monographs or book chapters
covering molecular and cytogenetic analyses of crop plants, with special emphasis on
breeding, genetic mapping and genome analysis in oilseed Brassica species. A further 29
original articles cover various aspects of molecular breeding in oilseed rape and other
crops, including applied examples from Indian mustard (Brassica juncea), camelina
(Camelina sativa), white mustard (Sinapis alba), faba bean (Vicia faba) and asparagus
(Asparagus officinalis). Two publications describe molecular genetic variation in a
pathogenic fungus (Alternaria solani) and a vertebrate species (rainbow trout,
Onchoryhnchus mykiss), respectively. These “exotic” examples underline the global
applicability of molecular genetic analysis techniques to organisms from all eukaryotic
kingdoms.

8.1 Monographs and book chapters (chronological)

Friedt W. & R. Snowdon, 2009: Oilseed rape. In: Vollmann J. & R. Istvan (eds) Handbook
of Plant Breeding, Vol. 4: Oil crops breeding. Springer Verlag, in press

Ahlemeyer J., R.J. Snowdon, F. Ordon & W. Friedt, 2006: Agro-diversity - Genetic
diversity in crops and cropping systems. In: Benckiser G. & S. Schnell (eds) Biodiversity
in agricultural production systems. CRC Press, Boca Raton, Fl, USA, pp. 21-40

Snowdon R.J., W. Liihs & W. Friedt, 2006a: Brassica oilseeds. In: Singh R. (ed) Genetic
Resources, Chromosome Engineering, and Crop Improvement. Volume 3: Oilseed
Crops. CRC Press, Boca Raton, Fl., USA, pp. 195-230

Snowdon R.J., W. Lihs & W. Friedt, 2006b: Oilseed rape. In: Kole C. (ed) Genome
Mapping and Molecular Breeding, Vol. 2: Oilseeds. Springer Verlag, Heidelberg, New
York/Berlin/Toyko, pp. 55-114

Friedt W., W. Lihs & R. Snowdon, 2003: Raps - eine moderne Kulturpflanze. In: Justus
Liebig (1803-1873): Seine Zeit und unsere Zeit. Chemie - Landwirtschaft - Ernahrung.
Ausstellungskatalog, Universitat Giessen, pp. 244-249

Voss A., W. Lubhs, R.J. Snowdon & W. Friedt, 1999: Development and molecular
characterization of nematode-resistant rapeseed (Brassica napus L.). In: Scarascia-
Mugnozza G.T., E. Porceddu & M.A. Pagnotta (eds) Genetics and Breeding for Crop
Quality and Resistance. Kluwer Academic Publishers, Netherlands, pp. 195-202

Snowdon R.J. & A. Langsdorf, 1998a: An introduction to DNA fingerprinting using RFLP
and RAPD techniques. In: Tietz D. (ed) Nucleic Acid Electrophoresis. Springer, Berlin/
Heidelberg, pp. 99-128
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Snowdon R.J., W. Kéhler, W. Friedt, W. Lihs & A. Koéhler, 1998b: Detecting R-genome
chromatin in nematode-resistant Brassica napus x Raphanus sativus hybrids. In: Lelley,
T (ed): Current topics in plant cytogenetics related to plant improvement. WUV-
Universitatsverlag, Wien, pp 220-226

Snowdon, R.J., 1997: Fluorescence in situ hybridisation techniques for Brassica species:
Methodological development and practical applications. Dissertation, Justus-Liebig-
Universitat GieRen, 1997

8.2 Original scientific publications in peer-reviewed journals (chronological)

Basunanda P., M. Radoev, W. Ecke, W. Friedt, H. Becker & R.J. Snowdon, 2009:
Comparative mapping of quantitative trait loci involved in heterosis for seedling and
yield traits in oilseed rape (Brassica napus L.). Theor. Appl. Genet., in press

Juergens M., I. Kramer, M. Zahn, C. Paetsch, R.J. Snowdon, W. Friedt, F. Rabenstein, J.
Schondelmaier, & F. Ordon, 2009: Genetic analyses and development of molecular
markers for resistance to Turnip Yellows Virus (TuYV) in rapeseed (Brassica napus L.).
Theor. Appl. Genet., in press

Li A.M., C.X. Wei, J.J. Jiang, Y.T. Zhang, R.J. Snowdon & Y. P. Wang, 2009: Phenotypic
variation in progenies from somatic hybrids between Brassica napus and Sinapis alba.
Euphytica, in press
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