
Chapter 5
Chasing Ghosts: Comparative
Mapping in the Brassicaceae

Isobel Parkin

Abstract The study of plant genome organization has benefited greatly from the
application of comparative genetic mapping, which allows both the elucidation of
chromosomal rearrangements resulting from speciation and the ability to transfer
information and resources between species. A significant focus of comparative map-
ping in the Brassicaceae has been within the agronomically important species of
the Brassica genera and between the Brassica crops and their well-characterized
relative Arabidopsis thaliana. These studies have demonstrated the ghostly rem-
nants of an hexaploid ancestor in the evolutionary past of the Brassica diploids
that explain the observed levels of gene duplication within the genomes. Further,
comparative mapping with A. thaliana has uncovered a segmental architecture of
conserved ancestral blocks which can be replicated and rearranged to reflect the
current genomes of all members of the Brassicaceae studied to date. The correspon-
dence between the A. thaliana and Brassica genomic regions is being exploited to
fine map, identify, and clone genes for economically valuable traits.
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5.1 Introduction

Early efforts to understand plant genome organization and evolution relied upon
coarse imaging of whole chromosome structures through microscopy. By inter-
preting the pairing structures formed during meiosis it was possible to infer how
closely related chromosomes, and hence, genomes and species were. The advent of
molecular markers and in particular in the 1980s the ability to visualize restriction
fragment length polymorphisms (RFLP) as a tool in genetic linkage analysis enabled
more comprehensive plant genome analysis and heralded the dawn of comparative
mapping (reviewed in Gale and Devos (1998)).

The premise was simple: that common sets of markers could be used to identify
related segments of DNA between not only species of the same tribe but also across
wide taxonomic distances. Such analyses could even transcend the millions of years
represented by the monocot–dicot species divide (Paterson et al. 2004, Tang et al.
2008). These data showed extensive conservation of gene content between species
of the same tribe and it was demonstrated that taxonomically disparate species could
in some instances be separated by a remarkably limited number of major or large
effect chromosomal rearrangements. For example, in the Solanaceae, the tomato and
potato genomes were differentiated by a mere five inversion events (Tanksley et al.
1992). The most comprehensive analysis of a single family has been completed for
the Poaceae (reviewed in Devos and Gale (2000)), where the concept of ancestral
blocks was first proposed (Moore et al. 1995).

With a relatively limited number of markers it was shown that the genome of the
monocot model rice could be broken down into 19 conserved blocks of collinearity
which upon rearrangement formed the genomes of a diversity of cereal species,
despite a wide range in base chromosome number, genomic DNA content, and
estimated divergence times of up to 60 million years. The addition of further mark-
ers and comparisons between additional species have more accurately defined the
ancestral blocks, increasing the number to 30 and culminating in the “circle of cere-
als,” an unified comparative map of the grasses, where the rice genetic linkage
map is drawn at the origin of a set of concentric circles, each circle representing
an additional cereal genome. This novel representation allows the relatively simple
identification of related genome segments across species (Devos 2005).

In the Brassicaceae a number of genetic linkage maps have been generated over
the past 20 years, largely focusing on the agronomically important members of U’s
triangle and utilizing different sets of markers that prevented cross-species compar-
ison (Slocum et al. 1990, Landry et al. 1991, Kianian and Quiros 1992, Ferreira
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Table 5.1 Description of selected published genetic linkage maps which have contributed to our
understanding of genome evolution and organization within the Brassica genus of lineage II

Target species
Genomes under
comparisona References

Number of
conserved loci
(markers)b

Length of genetic
map for target
species (cM)

B. rapa (A) A–ABna Suwabe et al. (2008) (44) 743
B. oleracea (C) C–CBna Bohuon et al. (1996) 129 875
B. oleracea (C) C–At Lan and Paterson

(2000)
186 863.6

B. oleracea (C) C–At Lukens et al. (2003) (131) 875c

B. nigra (B) B–ABna–CBna Lagercrantz and
Lydiate (1996)

(158) 778

B. nigra (B) B–At Lagercrantz (1998) 284–160 751
B. napus (AC) ABna–CBna Parkin et al. (2003) (162) 1,698.5
B. napus (AC) ABna–CBna–At Parkin et al. (2005) 1,232–550 (368) 1,968
B. juncea (AB) ABj–BBj–ABna–

BBni–CBna–At
Panjabi et al. (2008) 533 1,992.2

aThe constituent genomes are indicated: A, B, or C for the diploids B. rapa, B. oleracea, and
B. nigra, respectively; superscript Bna, Bj, or Bni indicate the respective diploid genome within
the allopolyploid nucleus of B. napus, B. juncea, or the diploid B. nigra.
bThe number of markers used to detect comparative loci is indicated in brackets. However, due to
duplication within the genomes this will not necessarily reflect the number of conserved loci used
in the comparison, which where available is preferentially indicated.
cThe B. oleracea map used in Lukens et al. (2003) was taken from Bohuon et al. (1996).

et al. 1994, Uzunova et al. 1995, Piquemal et al. 2005). However, in the late 1990s
the application of a common set of markers across the three diploid species and
the amphidiploid genome derivatives allowed comparisons to be made within the
Brassica genus of lineage II of the Brassicaceae (Table 5.1). More recently the
sequencing of previously mapped RFLP probes and the use of sequence-based
markers have identified related genomic regions of the dicot model Arabidopsis
thaliana (lineage I) and defined a set of ancestral blocks which allow similar com-
parisons as those previously made in the Poaceae (Parkin et al. 2005, Panjabi
et al. 2008). The knowledge gained from these comparative mapping studies in
the Brassicaceae will be described, focusing largely on the Brassica genus, and
more recent and future developments relevant to interpreting Brassica genome
organization will be introduced.

5.2 Common Terms Used in Comparative Mapping Studies

The wide adoption of comparative mapping as a tool to study plant evolution has
inevitably led to the creation of a new vocabulary to describe common themes.
In some instances established genetics nomenclature has been appropriated and
imbued with subtle differences of meaning, which can lead to confusion in the
literature. The definition of some of the more commonly used terms is provided
below.
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Synteny: This describes the physical co-localization of genetic loci on the same
chromosome within an individual or species and is often erroneously used
in place of collinearity; syntenous loci although always physically linked are
not necessarily genetically linked or arranged in a predictable pattern.

Collinearity: Strictly speaking this refers to multiple points found in a linear
order; in comparative mapping “conserved linkage” or collinearity refers to
regions of conserved marker content and order on two (or more) separate
linkage groups (or chromosomes).

Homology: In the context of comparative mapping it is generally used to refer
to chromosomal regions but sometimes individual genetic loci and indicates
the shared ancestry of these homologous elements.

Homoeology: Refers to chromosomes, regions, or loci inherited from divergent
but homologous genomes within an allopolyploid nucleus.

Polyploidy: Mode of evolution which involves the doubling of genome comple-
ments either through whole genome duplication (autopolyploidy) or through
hybridization of two or more related but distinct genomes (allopolyploidy).

Orthologues and paralogues: The identification of orthologues, those
sequences related by speciation, and paralogues, those sequences which
originate through segmental or gene duplication, is contentious due to the
dynamic nature of genome evolution. For example, the paralogue maybe
favored and the “true” orthologue of a gene is lost over time due to adap-
tive pressures. To limit such confusion the more general term of homology
will be largely used throughout the text.

5.3 The Basics of Comparative Mapping

Comparative mapping is a powerful tool which not only allows the study of genome
evolution but also can be exploited to transfer knowledge and resources from model
plant species to improve traits in related crops. Much of the comparative mapping
work to date has utilized RFLP markers. Restriction fragment length polymor-
phism (RFLP) loci are revealed as differences in genomic fragment lengths resulting
from sequence variation at enzyme restriction sites; RFLP probes are derived from
labeled cDNA or genomic DNA and through hybridization identify homologous
sequences within genomes, thus allowing the length polymorphisms to be visu-
alized while simultaneously identifying conserved sequences across species. The
relationship between genetic linkage maps is identified through the use of com-
mon sets of RFLP markers and the similarity of the species is assessed through the
extent of conservation of marker content and order or collinearity (Fig. 5.1). The
level of collinearity varies with the rates and modes of evolution which is unique
to each plant lineage, ranging from almost complete alignment of linkage groups to
the identification of many small blocks of similarity between genomes (Fig. 5.1).
The breaks in the collinearity are indicative of chromosomal rearrangements, such
as duplications, translocations, inversions, or transpositions, and detail the evolu-
tionary history of each species. In any comparative mapping study, caution should
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Fig. 5.1 Utilizing molecular markers to identify collinearity and uncover genome rearrangements.
Comparing closely related species will identify limited rearrangements and greater stretches of
conserved marker content and order, in (a) the B. napus A genome linkage groups A1 and A2 and
their C genome homoeologues C1 and C2 are shown, these groups are collinear along their entire
mapped lengths. However, when considering more distantly related species, for example, in (b) the
B genome linkage group B2 (G5) is compared to the same B. napus linkage groups as in (a), the
impacts of both genome duplication, B2 (G5) is collinear with segments of both A1 and C1, and
chromosomal rearrangements such as translocations, chromosome fissions/fusions, and inversions
are observed

be exercised due to the limitations imposed by genetic linkage analysis, in that
only polymorphic regions of the genome can be observed and physical restriction
of chromosome pairing can create clusters of coincident markers impeding the
elucidation of marker order and hence collinearity.

Some of these limitations have been assuaged with the availability of fully
sequenced genomes as points of reference in comparative mapping studies. For
example, in the Brassicaceae, probes used for genetic mapping can be physically
positioned on the A. thaliana genomic sequence based on conservation at the DNA
sequence level. However, the question becomes what level of identity between
two sequences indicates an evolutionary determined relationship and what is the
impact of genome duplication, how similar are orthologues and paralogues found
within the same genome to the ancestral homologue? By comparing the sequences
of marker probes previously mapped in B. oleracea with genomic sequence from
the crucifer model A. thaliana, Lukens et al. (2003) was able to define crite-
ria by which to accept or reject the identification of orthologues (or the primary
homologue) between the two species. These criteria were based on the observed
distribution of sequence similarity scores (BLASTN) and the a priori knowledge
of the expected nucleotide differences between paralogous (secondary homologues)
sequences within the model genome itself (Lynch and Conery 2000), defining a
significance of sequence similarity cut-off above which conserved sequences are
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expected to represent orthologues. This assumes that a query sequence from one
genome is orthologous only to the other genome’s sequence to which it is most
similar and although not infallible, since strongly conserved motifs from replicated
gene families can confound such analyses, such criteria provide a foundation for
delineating conserved regions between genomes.

5.4 The Contribution of Polyploidy (Inter-specific
Hybridization) to Brassica Genome Evolution

Polyploidy has played a significant role in the evolution of the Brassicaceae as it has
done in many plant lineages. In the 1930s the eponymous U’s triangle, as described
in Chapter 1, was determined from cytological analyses of forced inter-specific
hybrids (U 1935). Genetic linkage analysis has since confirmed the relationship
between the six domesticated Brassica species, demonstrating at the molecular level
that the three diploid species, B. rapa (A genome), B. oleracea (C), and B. nigra
(B), had formed the three amphidiploid species, B. napus (AC), B. juncea (AB), and
B. carinata (BC), through each possible pair-wise combination (Parkin et al. 1995,
Bohuon et al. 1996, Panjabi et al. 2008, Suwabe et al. 2008).

The generation of new polyploids requires rapid diploidization within the nucleus
to ensure stable pairing and inheritance; this can be achieved through significant
chromosome rearrangement accentuated by sequence elimination or through genetic
suppression of pairing between non-homologous chromosomes (or homoeologues)
(Jenczewski and Alix 2004). Genetic linkage maps have been generated for B. napus
and B. juncea as a result of normal diploid pairing between chromosomes of estab-
lished allopolyploid lines and their modern day diploid relatives (Parkin et al. 1995,
Axelsson et al. 2000). This has allowed the two diploid genomes to be identified
within the allopolyploid nucleus and indicated that no major chromosomal rear-
rangements have occurred since the fusion of the Brassica A genome with either the
B or the C genomes. This suggests that similar to wheat the Brassica allopolyploids
thrived through the evolution of a heritable mechanism that suppresses illegitimate
recombination events. However, although this is thought to be true for B. napus,
where relatively high levels of homoeologous (or non-homologous) pairing have
been observed in newly resynthesized lines, no such pairing was observed for resyn-
thesized B. juncea. It appears that the divergence of the B genome from that of the A
and C through both chromosomal rearrangements (see below) and genetic drift has
been sufficient to limit pairing across these species, although it cannot be ruled out
that the B genome retains a strong suppressor of illegitimate pairing. The linkage
maps of the allopolyploids and those of the modern progenitor species represented
the first comparative mapping data for the Brassicaceae.

To enable comparative mapping between species which have evolved through
genome duplication ideally it is necessary to compare only homologous regions
but with increased levels of duplication this becomes progressively more difficult.
The first attempts to compare the genome of B. oleracea with B. napus led to the
erroneous conclusion that there had been significant rearrangement of the C genome
within the B. napus nucleus upon fusion with the A genome progenitor (Cheung
et al. 1997). This confusion was the result of comparing the diploid genome with
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both the A and the C genomes within the allopolyploid species and thus identifying
rearrangements which separated the two diploids. Such errors can be limited either
through marker saturation or by inferring evolutionary relationships from evidence
of pairing between similar chromosomes.

The homoeologous pairing events observed between the more closely related A
and C genomes, identified through the utilization of a newly resynthesized B. napus
line in mapping studies, have been exploited to identify the regions of primary
homology between the two genomes (Parkin et al. 2003). These data were corrob-
orated by the presence of extensive collinearity which determined that a minimum
number of 16 chromosomal rearrangements were necessary to differentiate the A
and C genomes (Fig. 5.2). The Brassica B genome has been shown to be phyloge-
netically distinct from the A and C diploids, which is reflected at both the sequence
level (Sabhyata et al. 1996, Sharpe and Parkin, unpublished data) and in the absence
of homoeologous pairing between the A and the B genomes (Axelsson et al. 2000).
In contrast, although there remains some ambiguity in identifying the homologous
regions across the three Brassica diploid genomes (A, B and C), comparative map-
ping has suggested a similar number of chromosomal rearrangements separate all
three species (Fig. 5.2) (Lagercrantz and Lydiate 1996, Parkin et al. 2003, Panjabi
et al. 2008). Also apparent from these initial studies of species from U’s triangle
was the high level of intra- and inter-chromosomal duplication observed within the
Brassica diploid genomes suggesting the lineage had evolved from an ancient poly-
ploid. This theory was cemented by subsequent comparisons to the genome of the
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Fig. 5.2 Comparative mapping across the Brassica A (green), B (blue) and C (purple) diploid
genomes. A schematic representation of the conserved genomic regions across the three genomes,
the collinear segments are indicated by the grey shaded regions between linkage groups. The ori-
entation of the linkage groups is indicated by the arrows (pointing to top) and is according to the
published maps of Parkin et al. (2005) and Lagercrantz and Lydiate (1995). The B genome linkage
groups are named according to the recent work of Panjabi et al. (2008)
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plant model A. thaliana, a member of the Brassicaceae believed to have diverged
from the Brassica species 14–24 million years ago (see Section 5.6 below) (Koch
et al. 2000).

5.5 The Ghost of an Ancestral Hexaploid Genome

The use of RFLP markers to generate the first Brassica linkage maps was instrumen-
tal in uncovering evidence of whole genome duplication events within the diploid
genomes. Up to 73% of RFLP probes have been shown to identify two or more loci
within the diploid Brassica genomes (Lagercrantz and Lydiate 1996, Parkin et al.
2003). Further the duplicate loci were not randomly distributed across the genome
but were found in collinear blocks of genetically linked loci. A recurring pattern
was beginning to emerge with significant numbers of these conserved blocks being
observed three times within the different genomes (Fig. 5.3). It should be noted that
not all RFLP probes will reveal three loci in each diploid genome. Detection of
all homologous regions is limited by not only the available polymorphism but also
the on-going evolution of each conserved segment. Town et al. (2006) sequenced
the three homologous regions from each of the triplicated copies of B. oleracea
equivalent to two regions of the A. thaliana genome. This analysis provided the
first comprehensive molecular study uncovering the impact of evolution upon the
duplicated regions in Brassica genomes. It was demonstrated that each copy will
be under local adaptive pressures that lead to sequence divergence and in some
instances complete or partial loss of genomic sequences

Although the cumulative evidence from the Brassica diploids was highly sugges-
tive, it was not until the first comparisons with the genome of the A. thaliana model
plant were made that a hexaploid ancestor was proposed as the progenitor of the
Brassica lineage (Lagercrantz 1998), an hypothesis which is now widely accepted.

5.6 A. thaliana, a Model Genome for the Brassicaceae

The benefactor of many decades of research, A. thaliana, emerged as the de facto
model for plant species, which resulted in the development of extensive genetic and
genomics resources including the first fully sequenced plant genome (Arabidopsis
Genome Initiative 2000). Fortuitously for Brassica researchers, A. thaliana is
closely related at the sequence level (∼86% within coding regions) to modern day
brassicas (Parkin et al. 2005); by sequencing RFLP probes previously mapped in
Brassica species it was possible to identify through in silico analysis the most sim-
ilar sequence(s) within the A. thaliana genome. Lukens et al. (2003) was the first
study to use this approach and identified 34 regions of the A. thaliana genome
with significant collinearity to almost 30% of the genetic map of B. oleracea.
The increased density of markers, or possible points of comparison, developed for
B. napus identified 21 blocks of genetically linked markers in the A and C genome of
B. napus that were also found to be physically linked on the genome of A. thaliana
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Fig. 5.3 How the ancestral blocks are arranged to construct the linkage groups of the A, B, and
C genomes of Brassica species. The original designation of the blocks based on their collinearity
with A. thaliana is shown to the left of the linkage groups (Parkin et al. 2005); the suggested block
nomenclature according to collinearity with the lineage I ancestral karyotype is shown to the right
(Schranz et al. 2006). The colors indicate collinearity with different A. thaliana chromosomes: light
blue – chromosome 1; orange – chromosome 2; dark blue – chromosome 3; green – chromosome
4; and red – chromosome 5. The patterned blocks indicate the tentative positions of centromeres.
The A and C linkage groups are based on the maps of Parkin et al. (2005) and the B genome is a
derived composite based on information presented in Largercrantz and Lydiate (1995) and Panjabi
et al. (2008), inverted linkage groups compared to these maps are indicated by an asterisk
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Fig. 5.3 (continued)

(Fig. 5.3) (Parkin et al. 2005). These conserved genomic units or ancestral blocks
defined a framework that could be replicated and rearranged to represent over 80%
of the B. napus genome. The mapping also corroborated the underlying triplicated
nature of the Brassica genomes, with over 85% of the B. napus linkage map found
in six copies. The fact that each region of the A. thaliana genome was found in
six copies within B. napus indicated that the ancient duplication events which have
taken place in the evolution of the A. thaliana genome (Blanc et al. 2003, Bowers
et al. 2003, Henry et al. 2006) predate the triplication that has occurred in the
Brassica lineage.

5.6.1 Across the A, B, and C Genomes

The comparison between the A and the C genomes has since been extended to the
B genome to uncover a similar segmental arrangement of blocks (Panjabi et al.
2008). These data not only add to a previous study comparing A. thaliana with the B
genome (Lagercrantz 1998) but also suggest the earlier work was flawed by the use
of markers which later proved to be duplicated in the A. thaliana genome. There are
still gaps in each of the diploid genomes where the relationship with A. thaliana is
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tenuous due to a dearth of markers; however, the use of the block-based architecture
across all three genomes presents an opportunity to uncover conserved arrangements
of blocks common to the Brassica lineage, which may provide insights into the orga-
nization of the Brassica progenitor. For example, the inversion of block 5E (W) to
lie next to block 5A (R) (present on A2/C2, A3/C3, C9/A10, and B3/B8: Fig. 5.3)
is common to all three genomes. Interestingly this arrangement is also conserved
in a number of x = 7 taxa from lineage I but is not present in the x = 8 taxa,
the chromosomal organization of which had been proposed as an ancestral kary-
otype for both lineage I and II species (Mandakova and Lysak 2008). By comparing
the macrostructure across the three genomes the closer phylogenetic relationship of
the A and C genomes is apparent with a number of linkage groups being homolo-
gous along almost their entire lengths (A1/C1, A2/C2, A3/C3) (Fig. 5.2). In contrast
there is only one B genome linkage group which appears to be conserved with the
A genome but not the C genome (B5/A5), although there is limiting data to sug-
gest that B4 may be aligned completely with A4 and the lower half of C4. These
comparisons have suggested direct mechanisms for the reduction of chromosome
numbers between the genomes, for example, it appears that A7 and A8 have fused
to form B7. When homoeologous regions between the A and the C had been defined
previously there was one region of the A genome, the top of A10, which showed no
homoeology with the C genome. However, it appears that the organization of A10 is
completely conserved on linkage group B8 (Figs. 5.3 and 5.4); it remains ambiguous
as to whether the region in question is missing from the C genome.
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Fig. 5.4 Conservation of ancestral blocks across lineage II species. Presence of block 4B/U in
a number of lineage II species which span the divergence of the A and C genomes from the B
genome species
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5.6.2 Conserved Chromosome Landmarks

Cytological studies in Brassica species have been notoriously difficult due to
the small size of the chromosomes and it has only been with recent improve-
ments in labeling and imaging technologies that the individual chromosomes can
be differentiated in the nucleus (Howell et al. 2008). This has meant that align-
ment of the linkage maps with the chromosomal karyotype has remained elusive.
Comparative mapping has allowed the tentative positions of centromeres to be
inferred in the three diploid genomes based on the mapping of markers flanking
the A. thaliana centromeric regions to conserved collinear regions of the Brassica
genome (Fig. 5.3). In three instances these regions have been confirmed (C1, C2,
and C4) by the genetic mapping of telocentric chromosomes in AAC triploid lines
(Kelly and Lydiate, unpublished). These data imply that a significant number of the
macro-rearrangements which differentiate the three diploid genomes are the result
of chromosome fission and fusion at centromeric and telomeric sites.

5.6.3 Rearrangement Hotspots

Due to the extensive restructuring and the unknown architecture of the progen-
itor genome it is difficult to accurately determine the number of chromosomal
rearrangements which led to the present organization of the Brassica diploids.
However, careful study of the conserved blocks across the three genomes allows
a number of observations. Some linkage groups appeared less susceptible to fur-
ther rearrangement upon formation and certain block relationships were more
stably inherited. The conserved blocks ranged dramatically in size both genetically
(Brassica species) and physically (A. thaliana) with the largest region representing
almost half the mapped length of each of three linkage groups (A1, C1, and B2)
and equivalent to ∼9 Mbp of A. thaliana chromosome 4 sequence (almost 50%
of the physical length) (Fig. 5.3). In contrast some linkage groups, for example,
A9, were a virtual mosaic of blocks, suggesting numerous events in its history. As
mentioned above, some rearrangements were observed to be common to all three
genomes. The stability of such rearrangements and the relatively conserved chro-
mosome organization of certain linkage groups (e.g., A1/C1, A5/B5/C5) implies an
adaptive advantage to the observed structure or a genetic or physical impediment
to further restructuring. A number of linkage groups showed clusters of collinear
regions that were defined by small genetic regions in B. napus but large physical
regions in A. thaliana, in a number of instances, these regions were co-localized
with putative centromeric regions (Fig. 5.3). It has been suggested that regions
flanking centromeres are fragile sites in the genome predisposed to rearrangements
(Moore et al. 1997, Qi et al. 2006). Sequence-level comparisons across lineage
I species provide compelling evidence that the pericentromeric regions although
found in apparently conserved regions are prone to dynamic divergence with expan-
sion through insertion of genes, pseudogenes, and repetitive mobile elements (Hall
et al. 2006). The fluid nature of these regions and the presence of repetitive elements
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could lead to a propensity for chromosomal rearrangements which would be consis-
tent with the alignment of centromeric regions with the endpoints of the ancestral
blocks (Schranz et al. 2006).

5.7 Exploiting Comparative Mapping for Trait Analysis

Before the absolute extent of genome conservation between A. thaliana and its
Brassica relatives was determined it had been observed that these oilseeds shared
common phenotypes. The simple genome, short generation time, and the availability
of significant genetics and genomics resources for A. thaliana allowed genes con-
trolling such phenotypes to be identified with relative ease. By identifying allelic
variants or manipulating homologues of these genes in B. napus it was possible
to affect similar traits in the crop as determined in the weed. An early example
of this was the association of variant alleles for the FATTY ACID ELONGASE
(FAE1) gene in B. napus with reduction in erucic acid in the seed, comparatively the
FAE1 A. thaliana mutant had reduced levels of long chain fatty acids (Roscoe et al.
2001). The conservation of gene function between species suggested that A. thaliana
could be a valuable source of candidate genes for traits of agronomic importance in
Brassica crop species.

With the advent of the comparative mapping data it was possible to associate
genomic regions in Brassica species underlying advantageous traits with conserved
regions in A. thaliana. These comparisons allow exploitation of the A. thaliana
genomic sequence for both the development of targeted markers and the identifi-
cation of potential candidates controlling the expression of traits of interest (Qiu
et al. 2006). Such analyses can be of particular value for the analyses of quantita-
tive trait loci (QTL), where the control of the phenotype is complex being conferred
by the presence of a number of loci of varying effect. As well as facilitating the
identification of additional markers to saturate the QTL region for fine mapping,
the comparative mapping data can indicate where the number of loci controlling
a phenotype could be a reflection of the high level of duplication present within
the Brassica genomes. For example, accumulation of aliphatic glucosinolates in the
seed is controlled by at least three QTL loci in B. napus (Howell et al. 2003) which
are localized to homologous regions of the genome (block C5E/W), suggesting that
a duplicate gene family, rather than three unrelated genes, could be manipulated to
impact a change.

Based on conserved map positions a number of candidate genes, previously char-
acterized in A. thaliana, have now been correlated with QTL loci in B. napus,
B.oleracea, and B. juncea, particularly for flowering time, inflorescence morphol-
ogy, and seed glucosinolate biosynthesis (Osborn et al. 1997, Lan and Paterson
2000, Long et al. 2007, Bisht et al. 2009). The use of comparative mapping was
also instrumental in cloning the gene responsible for a dwarf phenotype observed
and genetically mapped in B. rapa (Muangprom and Osborn 2004). The phenotype
was located in the conserved C2A/K block where a DELLA protein involved in gib-
berellic acid biosynthesis (RGA1) was identified. Furthermore, a mutant allele of the
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B. rapa homologue was confirmed to reproduce the dwarf phenotype (Muangprom
et al. 2005).

However, the use of comparative mapping data can be misleading in regions
where the underlying α duplication, or the most recent duplication event in
the history of the A. thaliana genome, and the subsequent triplication in the
Brassica genomes causes difficulties in differentiating between conserved regions
(Mayerhofer et al. 2005). In addition, as a consequence of random gene loss in
the duplicate regions in both species, the generation of targeted markers can be
unpredictable (Town et al. 2006).

5.8 Extending the Comparisons to Related Species

Comparative mapping between A. thaliana and its close relatives of lineage I has
suggested that the widely studied model genome with its low chromosome number
is actually an anomaly among its peers, evolved from a progenitor with a chromo-
some complement of seven or eight. Alignment of the A. thaliana genome with
that of Capsella rubella (Boivin et al. 2004) and A. lyrata (Kuittinen et al. 2004)
indicated the reduction in chromosome number was largely the result of chromo-
some fusions rather than elimination of genomic DNA. In addition, such alignments
have shown that while A. lyrata and C. rubella demonstrate strong collinearity, at
least seven major rearrangements, including inversion, chromosomal fusion, and
translocation events, are specific to the A. thaliana genome (Yogeeswaran et al.
2005). The elucidation of the ancestral collinear blocks in B. napus (Parkin et al.
2005) and the painting of those blocks on n = 7 and n = 8 Brassicaceae species
have contributed greatly to our understanding of evolutionary steps in the forma-
tion of important Brassica species (Schranz et al. 2006, Mandakova and Lysak
2008).

The Brassica genus is incredibly diverse in genome content, chromosome num-
ber, and morphological form and contains a relatively large number of agronomi-
cally important species. Despite this collected wealth of diversity, there is interest
in capturing and exploiting traits and allelic variation found among related genera,
one such example that has been validated for hybrid development in B. napus is
the use of the ogura cytoplasmic male sterility system identified in Raphanus sativa
(Primard-Brisset et al. 2005). To facilitate such applications genetic linkage stud-
ies using the core set of RFLP probes sequenced in Parkin et al. (2005) have been
initiated in R. sativa (Bett and Lydiate 2003), Sinapis alba (Nelson and Lydiate
2006), and Moricandia arvense (Beschorner and Lydiate, unpublished). Perhaps
not surprisingly, preliminary analyses of these data corroborate the existence of
an ancestral hexaploid and indicate that the ancestral blocks are conserved across
the genera (Fig. 5.4). These and additional studies in species of lineage II, from
which the Brassica crops evolve, will be necessary to identify conserved block
arrangements and elucidate the ancestral karyotype for this lineage (Mandakova
and Lysak 2008).
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5.9 The Promise of Sequenced Genomes

The genomic sequence of the first Brassica species, B. rapa, will be available shortly
(Yang et al. 2005, Hong et al. 2008). This foundational resource will allow a com-
prehensive analysis of the relationship between a related crop and weed genome,
uncovering at the micro-level the impacts of genome duplication and allowing
precise identification of rearrangement endpoints, which could point to the evo-
lutionary mechanisms driving such changes. With the advent of more efficient and
cost-effective sequencing technologies it is possible to envision all members of U’s
triangle being scrutinized at the sequence level. Such analyses will empower the
improvement of the constituent crops and cross-species comparisons will provide
insights into the evolution of the different crop types.
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