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In this review we summarize recent advances in our 
understanding of phylogenetics, polyploidization and 
comparative genomics in the family Brassicaceae. These 
findings pave the way for a unified comparative genomic 
framework. We integrate several of these findings into a 
simple system of 24 conserved chromosomal blocks 
(labeled A-X). The naming, order, orientation and 
color-coding of these blocks are based on their positions 
in a proposed ancestral karyotype (n = 8), rather than by 
their position in the reduced genome of Arabidopsis 
thaliana [n = 5). We show how these crucifer building 
blocks can be rearranged to model the genome struc­
tures of A thaliana, Arabidopsis lyrata, Capsella rubella 
and Brassica rapa. A framework for comparison 
between species is timely because several crucifer ge­
nome-sequencing projects are underway. 

A unified comparative genomic framework for the 
Brassicaceae 
The angiosperm family Brassicaceae (the mustard family) 
contains several important research and agricultural spe­
cies, the foremost being the model species Arabidopsis 
thaliana (Arabidopsis) and the Brassica crops. In addition, 
several related species are the focus of active research 
communities, including Arabidopsis lyrata, Capsella 
rubella, and other genera such as Boechera, Lepidium, 
Thellungiella (also known as Eutrema) and Thlaspi. Com­
parative genomics in the Brassicaceae has largely focused 
on direct comparisons between A. thaliana and the species 
of interest. However, several of the factors that made 
Arabidopsis ideal for genome sequencing, particularly its 
reduced genome size and chromosome number (157 Mb, 
n - 5) [1], reduce its utility as a standard in comparative 
genomics. Arabidopsis shows extensive genome and chro­
mosome reshuffling compared with other Brassicaceae 
species. Several recent studies have tackled these obsta­
cles, providing useful insights into the history and orga­
nization of crucifer genomes. 

Our goal is to discuss these recent findings, focusing on 
advances in our understanding of phylogenetics, polyploi­
dization and comparative genomics, which pave the way 
for a unified comparative genomic framework across the 
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Brassicaceae. We integrate several of these findings into a 
simple system of structural sub-divisions representing 
chromosome blocks that are conserved in the species of 
Brassicaceae characterized to date. These crucifer building 
blocks can be rearranged to model the genome structures of 
A. thaliana, A. lyrata, C. rubella and Brassica rapa. This 
block system can be used to visualize comparative genome 
structure of other crucifer species as additional genetic 
mapping, cytogenetic and genomic data accumulate. A 
framework for comparison between species is particularly 
timely because genome-sequencing projects are currently 
underway for A. lyrata, C. rubella, Thellungiella halophila 
and B. rapa. 

Comparative genomics in plants: the Crop Circle 
'and beyond 
The seminal comparative genetic mapping done in the 
grass family (Poaceae), which includes many important 
domesticated cereal and forage crops, resulted in the 
synthesis of the 'Crop Circle' [2-6]. This approach placed 
the small-genome of rice at the center of the circle and then 
aligned the maps of larger genome grass crops (including 
corn, sorghum, wheat, oat, fox millet and sugar cane). A 
large degree of colinearity was found among genomes 
(however, see Ref. [7]). The rice genome (~400Mb, 
n - 12) can be subdivided into ~30 blocks that can be 
shuffled to represent the other grass genomes, such as 

Glossary 
Acrocentric chromosomes: chromosome arms of significantly unequal length 
with the centromere near to one chromosome end. 
Comparative Chromosome Painting (CCP}: in plant cytogenetics CCP is 
fluorescence in situ hybridization (FISH) of chromosome-specific large-insert 
DNA clones, microdissected or flow-sorted DNA probes of a reference species 
to chromosomes of another species. 
Metacentric chromosomes: both arms are of roughly equal length with the 
centromere in the middle. Submetacentric chromosomes have one arm 
slightly shorter than another. In crucifer cytogenetics, short and long 
chromosome arms are usually described as top and bottom arms, respectively. 
Pericentric inversion: a chromosome rearrangement in which two breakpoints 
occur in a chromosome (one on each arm), the centerpiece including the 
centromere is inverted and rejoined with the rest of the chromosome. 
Chromosome symmetry can be altered as a result of the changed position of 
the centromere (metacentric chromosome converted into an acrocentric 
chromosome). 
Reciprocal translocations: a chromosome rearrangement involving the 
exchange of chromosome segments between two chromosomes. 
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Box 1. Chromosome number reduction via pericentric inversion-reciprocal translocation events 

The relative placement of centromeres and telomeres is crucial to 
understanding the evolution of crucifer genomes and the definition 
of conserved genomic blocks. Most observations of karyotype 
evolution and chromosome number reduction can be explained by 
rearrangements via pericentric inversion fol lowed by reciprocal 
translocation [33]. The basic steps involved in this cycle are as 
fol lows (Figure I): 
(1) A pericentric inversion occurs that moves the centromere of a 

(sub)metacentric chromosome towards the end of the chromo­
some, creating an acrocentric chromosome. 

(2) A reciprocal translocation occurs between the centric end of this 
acrocentric chromosome and a subtelomeric region of another 
chromosome. 

(3) There are two products of the translocation event: a large 'fusion' 
chromosome and a small mini-chromosome made up mostly of 

the centromere of the acrocentric chromosome and of the 
subtelomeric segment of the other. It is hypothesized that the 
mini-chromosomes are free of essential genes and meiotically 
unstable and, hence, are eliminated. If the subtelomeric region of 
the second chromosome involved in the reciprocal translocation 
comprises a nucleolar organizing region (NOR), the NOR is lost 
together with the mini-chromosome. 

Although this mechanism explains how centromeres can be lost and 
chromosome number reduced, evolutionary pathways leading to the 
chromosome number increase are less clear. Chromosome number 
can be increased by a polyploid event and the subsequent loss of 
several chromosome types, or as a result of a meiotic non-disjunction. 
Whether chromosome fission and neocentromere formation can play a 
role in karyotype evolution towards increased chromosome numbers 
needs to be investigated. 
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bread wheat (~17 000 Mb, n = 21). In recent years there 
has been a push to integrate genetic maps and genomics 
across other families, particularly those with several 
domesticated crops, such as the Fabaceae [8,9], Rosaceae 
[10], Solanaceae [11], Asteraceae (The Compositae Ge­
nome Project: http://compgenomics.ucdavis.edu) and Bras­
sicaceae [12-14]. 

Brassicaceae: phytogeny and genome duplications 
An accurate phylogeny is essential for comparative studies 
within the Brassicaceae. Knowledge of natural phyloge-
netic relationships allows estimates of: (i) derived versus 
ancestral states for numerous characters (morphological, 
cytological, biochemical), (ii) evolutionary distances and 
divergence times between groups and (iii) the positioning 
of evolutionary events to particular nodes or clades on the 
phylogenetic tree. Recent studies have classified the 338 
genera and ~3700 species of Brassicaceae into 25 tribes 
[15] based on nuclear- [16] and chloroplast-encoded [15] 
markers. Sixteen of the 25 tribes can be further grouped 
into one of three lineages (referred to as Lineages I—III) 

[15]. Although the system is incomplete with some genera 
having a provisional position and some that are not ana­
lyzed yet, this taxonomie classification [15] provides the 
most up-to-date reference point for comparative studies in 
this family. 

The discernment and appreciation of whole-genome 
duplication (polyploidy) within lineages is also crucial 
for comparative studies within the Brassicaceae [17]. 
Based on the 'traditional' definition of polyploids, it has 
been estimated that ~37% of Brassicaceae species are of 
polyploid origin (defined as n > 14) [18]. However, in recent 
years it has become apparent that ancient polyploidy, or 
paleopolyploidy, events have also played a major role in 
crucifer evolution. Analysis of the A. thalicma genome has 
revealed extensive intra- and inter-chromosomal segmen­
tal duplications that were interpreted as relics of a whole-
genome duplication event [19-22]. Additional analyses 
indicate that Arabidopsis ancestors underwent three 
rounds (1-3R, or y, ß and a, respectively) of whole-genome 
duplications [23-25]. The most recent (3R or a) polyploidy 
event appears to be unique to the Brassicaceae, having 
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occurred ~40 million years ago (mya), after divergence 
from its sister family Cleomaceae [26,27]. 

In addition to the 3R polyploidy event occurring across 
the family, there is also evidence for an additional ancient 
triplication event that is unique to the tribe Brassiceae. 
Several comparative maps between A. thaliana and Bras­
sica suggested that numerous regions homeologous to the 
Arabidopsis genome are triplicated within Brassica gen­
omes because of an ancestral hexaploidy event [28]. 
Recently, additional evidence for the genome triplication 
in Brassica was found by sequencing [29,30], genetic [31], 
and cytogenetic [32,33] methods. These studies support the 
hypothesis of a common hexaploid ancestor in the ancestry 
of Brassica and the tribe Brassiceae. However, there is 
some controversy regarding the ancient hexaploid hypoth­
esis because some genomic regions are present in less or 
more than three copies in Brassica genomes. Other phe­
nomena (such as ancient tetraploidy and/or segmental 
duplication) could also explain the current genomic struc­
ture of Brassica [34,35]. 

Comparative mapping and genomics in the 
Brassicaceae 
The genome sequencing of A. thaliana was a major land­
mark in plant biology and transformed a ra ther unassum­
ing weed into the reference point for most comparative 
studies [20]. The reduced genome size and low chromosome 
number (n = 5) made Arabidopsis ideal for genome sequen­
cing, but complicates its use in comparative studies. It is 
tempting to place Arabidopsis at the center of a Brassica­
ceae genomics circle in the same way rice was placed at the 
center of the Crop Circle [2-6]. However, most of the other 
species in its tribe, the Camelineae, have the base chromo­
some number n = 8, in common with at least 37% of Bras­
sicaceae species [18]. Thus, when comparisons are made 
between an n = 8 taxon and the A. thaliana genome, chro­
mosome rearrangements that are unique to A. thaliana 
must be (re)accounted for. Recent studies suggest that 
comparison with an 'ancestral karyotype' of n = 8 would 
considerably expedite genomic comparisons [33,36]. Intro­
duction of the ancestral n = 8 karyotype would also facil­
i tate comparisons between more distantly related groups 
within the family. 

Comparative genetic maps have recently been con­
structed for two n = 8 Camelineae species, C. rubella 
[37] and A. lyrata [38,39], by examining the positions of 
Arabidopsis genetic markers in their genomes. This map­
ping has shown that both n = 8 genomes are largely 
colinear with the reduced n = 5 genome of A. thaliana, 
and that all three taxa share large conserved genomic 
blocks [37-39]. Furthermore, A. lyrata and C. rubella 
possess almost identical genome structure, presumably 
resembling an ancestral n = 8 karyotype of A. thaliana 
[36]. 

Comparative chromosome painting (CCP) (see Glos­
sary) has been used within a phylogenetic framework to 
examine the chromosome number reduction that occurred 
in A. thaliana [33]. One of the most important conceptual 
shifts of this paper was the use of the n = 8 ancestral 
karyotype (AK), based on A. lyrata and C. rubella maps, 
as the reference point. The CCP analysis used 
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chromosome-specific BAC contig probes of A. thaliana 
arranged and colored according to the colinear segments 
found in genetic maps of A. lyrata and C. rubella [37-39]. 
The CCP study also provided information about the posi­
tions of centromeres in the ancestral karyotype [33], which 
has been corroborated by genetic mapping in A. lyrata 
[40,41]. 

In addition to examining the chromosome reduction of 
A. thaliana, Martin Lysak et al. [33] also examined other 
karyotypes with reduced chromosome number (n = 6 and 7) 
of two taxa from the tribe Camelineae (Neslia, Turritis) 
and one taxon from Descurainieae (Hornungia). The 
results revealed that all species analyzed share conserved 
chromosome segments that can be related to the ancestral 
karyotype [33]. Furthermore, the results suggested a com­
mon mechanism for chromosome number reduction via a 
pericentric inversion followed by reciprocal translocation 
(Box 1). 

Besides Arabidopsis and its closest relatives, compara­
tive analyses are concentrated on economically important 
brassicas and some other species from the tribe Brassiceae. 
Comparing the Arabidopsis genome with those of Brassica 
species has a long and somewhat controversial history. The 
difficulty in establishing syntenic relationships between 
Brassica and A. thaliana is caused by the aforementioned 
derived nature of the A. thaliana genome, relatively large 
phylogenetic distance between the two genera [42], the 
paleopolyploid nature of Brassiceae genomes [28,31,43], 
and the low marker densities of some Brassica genetic 
maps. 

Despite these difficulties, a superb recent study [31] has 
[made a comprehensive comparison that places almost 90% 
of the Brassica napus mapped length into conserved syn­
tenic blocks relative to A. thaliana. Isobel Parkin et al. [31] 
placed 1327 genetic loci on the 19 linkage groups of 

Ancestral karyotype (AK) 
Arabidopsis lyrata and Capsella rubella 
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Figure 1. Genome blocks in the 'ancestral karyotype' {n= 8) based on cytology and 
genetic maps of Arabidopsis lyrata and Capsella rubella. Genome blocks are 
labeled A-X. The order, orientation, and color-coding of each block is based on 
their positions in the ancestral karyotype of Lysak ef al. [33]. Each block is one of 
eight colors, with each color corresponding to one of the chromosomes, beginning 
with block A o n the top of AK1 and ending with block X at the bottom of AK8. Each 
block is considered to be in the upright orientation in the ancestral karyotype. The 
colored circles indicate centromeric positions. Because only the Arabidopsis 
thaliana genome is currently sequenced, the boundaries of the blocks are defined 
by their At locus names (shown in Figure 2). Block boundaries are based mostly on 
the homology of probes used in a genetic mapping study in Brassica napus 
to A thaliana [31]. However, we refined and defined some blocks based on the 
A lyrata genetic mapping and cytogenetic results [33,38,39]. Specifically, we have 
added block K and divided two Brassica blocks into two (N and O, and G and H). 
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Figure 2. Genome blocks and block boundaries mapped onto the reduced karyotype (n = 5) of Arabidopsis thaliana. The genome blocks defined by their position in the 
ancestral karyotype (n = 8) (Figure 1) are reorganized to show the evolution of the reduced karyotype of A thaliana{n = 5). The boundaries of the blocks are defined by their 
At locus names. Most of the chromosome fusions occurred via pericentric inversion-reciprocal translocation events involving (peri)centromeric and (sub)telomeric regions 
(see Box 1). Blocks that have been inverted relative to the ancestral karyotype are represented by black downward-pointing arrows on the left of the block and by the block 
letter being upside-down (blocks D, P and V). Blocks that are in the opposite orientation, but not inverted, relative to the ancestral karyotype are represented by a gray 
downward-pointing arrow on the right of the block and by the block letter being upside-down (blocks R, Q and S). Fusion of blocks from different ancestral chromosomes is 
shown by adjacent blocksof different colors. Of the eight ancestral karyotype centromeres, only three appear to have maintained the same flanking pericentromeric regions 
at both borders in A thaliana (AK1 =CEN1 between blocks B and C, AK3 = CEN2 between blocks G and H, and AK5 = CEN3 between blocks L and M). The other five 
centromeres have been lost or rearranged by pericentric inversion-reciprocal translocation events. Three centromeres present in the ancestral karyotype species have been 
lost: the centromeres of AK2 (between blocks D and E), AK4 (between blocks I and J) and AK8 (between blocks V and W) are no longer present in A thaliana. There is only 
one major non-centromere-associated translocation, namely the reciprocal translocation of blocks K and F between AK3 and AK5 during the evolution of AT2 and AT3. 

allopolyploid B. napus. These 19 linkage groups, which are 
labeled Nl-19, correspond to the ten chromosomes of 
B. rapa (Nl-10) and the nine chromosomes of B. oleracea 
(Nll-19). This analysis identified 21 syntenic blocks 
shared by B. napus and A. thaliana genomes that could 
be duplicated and rearranged to represent 90% of the 
B. napus genome. These conserved blocks (with an average 
size of ~4.8 Mb in A. thaliana) represent colinear regions 
that have been maintained since the divergence of the 
Arabidopsis and Brassica lineages ~20 mya [31,44]. The 
identification of such conserved blocks, along with recent 
comparative mapping in A. lyrata and C. rubella [37-39], 
and the definition of the ancestral karyotype [33] has paved 
the way for genomic comparisons across the Brassicaceae. 

ABC's: the conserve! blocks of crucifer genomes 
An important step toward a unified comparative genomics 
system across the Brassicaceae can be accomplished by 
integrating the colinear regions identified between 
B. napus and A. thaliana [31] with the concept of the 
n - 8 ancestral karyotype shared by A. lyrata and Capsella 
[33]. We propose a set of 24 genomic blocks (A-X) within 
the ancestral karyotype that represent an extension to the 

set of 21 blocks proposed for Brassica by Parkin et dl. [31]. 
These 24 blocks represent the conserved segments that can 
be identified among the ancestral karyotype (Figure 1), 
A. thaliana (Figure 2) and the B. rapa component 
(A genome = N1-N10) ofB. napus (Figure 3). This expanded 
genomic block system reflects our current understanding of 
the conserved nature of crucifer genomes. A summary of 
the blocks and characteristics in the three species is also 
summarized in Table 1. 

The order, orientation, and color-coding of these blocks 
are based on their positions in the ancestral karyotype [33]. 
Because only the A. thaliana genome is currently 
sequenced, the boundaries of the blocks are defined by 
their At locus names (Figure 2, Table 1). Furthermore, 
we refine and define several additional blocks based on 
mapping and cytogenetic comparisons between the ances­
tral karyotype and A. thaliana [33,38,39]. 

Bridging Arabidopsis thaliana and Brassica via the 
ancestral karyotype 
Recognition of the ancestral karyotype and these 
genomic building blocks will facilitate comparisons 
between A. thaliana and Brassica and provide a basis 
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Figure 3. Genome blocks shown for the A genome species Brassica rapa {n= 10). The genome blocks defined by their position in the ancestral karyotype (n = 8) (Figure 1) 
are shown for B. rapa. The position of the genome blocks for the B. rapa genome is based on the comparative mapping that has been done between B. napus (the A genome 
component of B. napus= N1-N10) and Arabidopsis thaliana by Parkin et al. [31]. Blocks that are in the opposite orientation, but not inverted, relative to the ancestral 
karyotype are represented by a gray downward-pointing arrow on the right of the block and by the block letter being upside-down. By comparison to the ancestral 
karyotype, we are able to make several refinements to our understanding of Brassica genome evolution. Several block boundaries that exist in A. thaliana are not seen in 
Brassica, such as the C-D fusion or the H-l fusion. We have included some new blocks, such as the placement of block K next to block L on linkage groups N2 and N6. Also, 
many blocks are found in triplicate as predicted by the hypothesis of an ancient hexaploidy ancestry of the group [28,31,43]. 

for family-wide comparative genomics in the Brassicaceae. 
Although it is well known that A. thaliana and Brassica 
genomes differ by many rearrangements [28,45-47], the 
pattern underlying these changes is less clear. In particu­
lar, the Brassica genome is less rearranged relative to the 
ancestral karyotype compared with that of A. thaliana. 
Several block boundaries that exist in A. thaliana are not 
seen in Brassica. This is because these are derived states 
found in A. thaliana, and not the ancestral karyotype. 
There are several refinements that can be identified by 
comparing Brassica to the ancestral karyotype. For exam­
ple, a conserved region corresponding to block K on N2 and 
N6 (Figure 3) was not incorporated into the analysis of 
B. napus [31], probably because of its derived position on 
the top of At2. Block K is fused with block L in the ancestral 
karyotype (Figure 1), which suggests that block K is adja­
cent to block L in Brassica as well. Indeed, when the 
genetic markers adjoining block K on linkage groups N2 
and N6 in the B. napus map [31] are scrutinized, homology 
to block L can be identified (Figure 3). Further support for 
the placement of block L next to block K comes from a 
separate study reporting a detailed molecular analysis of 
B. rapa [48]. 

Comparison to the ancestral karyotype also highlights 
several potentially conserved centromeric locations 
in Brassica based on colinearity. However, these regions 
are often the sites for rearrangements (Box 1). Parkin et al. 
[31] mapped groups of markers that corresponded to peri-
centromeric genes in A. thaliana. Taking a conservative 

approach we can identify four chromosomes (N3, N4, N5 
and N7) with non-rearranged blocks that flank a centro­
mere in the ancestral karyotype and the block order is the 
same in the Brassica A genome. The potentially conserved 
centromeres on N3 and N4 are only apparent by compar­
ison to the ancestral karyotype. The centromeres on N5 
and N7 are potentially conserved between Brassica, the 
ancestral karyotype and A. thaliana. On N5, one would 
predict a centromere between blocks B and C. On N7, a 
conserved centromere is predicted between blocks G and H. 
Support for this hypothesis comes from the cytological 
observation that B. oleracea linkage group 07 (the hom-
eolog of N7) is acrocentric and homologous to the top of At2 
[49]. 

Finally, presenting the B. rapa genome with the ances­
tral blocks can be used to visualize blocks that are, or are 
not, present in three copies as predicted by the ancient 
polyploidy hypothesis for the tribe (Figure 3, Table 1). 
Several blocks are present in triplicate, and have been 
well characterized in previous studies. For example, block 
R is triplicated (on N2, N3 and NIO) and has been analyzed 
in several studies [30,46,50]. Triplicated blocks U (on Nl, 
N3 and N8) and V (on N2, N6 and N9) and their homeologs 
in B. oleracea have been examined recently [29,51]. Block 
U, which has also been examined using CCP [43], is 
triplicated across most of the tribe Brassiceae. However, 
as noted earlier, there are blocks that seem to occur only 
once, for instance blocks G and H are present only on N7 
(Figure 3, Table 1). 
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Table 1 Block summary 

Block -Interval AILG" Al order" Al orient.0 AtLG d At order* At orient.' Brassica block0 Frequency in Br" 

A 
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At1g01560-At1g19330 1 1 1 1 + C1A 4 A 

B 

C 

At1g19850-At1g36240 1 2 + 1 2 + C1B 5 
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B 

C At1g43590-At1g56145 1 3 + 1 3 + C1C 

^M At1 g63770- At1 g56520 2 4 * 1 4 - C1D 1 

E At1g65040-At1g80420 2 5 + 1 5 + C1E 
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N At3g50950-At3g62790 5 14 + 3 14 + C3D 3 

M At4g00030-At4g04955 6 15 + 4 15 + C4A P 1 
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At4g12070-At4g08690 6 16 + 4 16 - C4A 2 
P 1 
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At5g28897- At5g22800 6 17 + 5 20 - C5B 

P 1 
Q 

R 

At5g22030-At5g01240 6 18 + 5 19 _ C5A 3 

s At5g41900-At5g32621 7 19 + 5 21 C5C 

T At4g12750-At4g16143 7 20 + 4 17 + C4B' 4 

^ | At4g16250-At4g38770 7 21 + A 18 + C4B 

V 

w 
x 

At5g48520-At5g42970 8 22 + 5 22 - C5D 3 V 

w 
x 

At5g49430-At5g60390 8 23 + 5 23 + 

V 

w 
x At5g60550-At5gS7385 8 24 + 5 24 + C5F 2 

aArbidopsis lyrata linkage group (LG). 
bOrder of blocks along A lyrata LG. 
cRelative orientation of blocks along A lyrata LG. 
dArabidopsis thaliana linkage group. 
eOrder of blocks along A thaliana LG. 
fRelative orientation of blocks along A thaliana LG. Blocks that have been inverted relative to the ancestral karyotype (blocks D, P and V) and blocks that are in the opposite 
orientation but not inverted (blocks R, Q and S) are indicated by a minus symbol. 
cor respond ing block identified in Brassica napus by Parkin et ai. [31]. 
hNumber of times the block occurs within the B. rapa (Br) genome. ™ 

Concluding remarks and future directions 
Future research should lead to the refinement of the 
boundaries and definitions of many of the blocks to more 
precisely delineate syntenic relationships. If future studies 
require additional genomic subdivisions we recommend 
the division of the present blocks (A-X) into enumerated 
sub-blocks (e.g. Ai and A2). Also, there are likely to be 
minor species-specific differences in microcolinearity 
within the blocks that will become apparent from fine-
mapping studies or by analyzing DNA sequence. For exam­
ple, it is already known from the genetic mapping results in 
B. napus [31] that there are four inversions within blocks of 
the A genome. Nevertheless, we hope that this set of 
genomic building blocks derived from the comparative 
work between Brassica and A. thaliana [31] that we have 
linked to the n = 8 ancestral karyotype represent a useful 
framework for comparative genomics across the Brassica-
ceae. Cytogenetic and genetic investigations revealed 
these conserved genomic blocks in species from tribes 
Camelineae (Arabidopsis, Capsella, Neslia, Turritis), Des-
curainieae {Hornungia) [33] and Brassiceae [30,31]. A 
crucial goal in the future will be the integration of genetic 
maps and cytogenetic findings from additional species, 
particularly from tribes more distantly related to either 

Camelineae or Brassiceae. Several conserved chromosome 
segments partly colinear to ancestral chromosomes AK6 
and AK7 have been revealed in Arabis alpina {n - 8), 
belonging to Arabideae [52]. Furthermore, the genome 
structure of Boechera striata (n = 7) belonging to Boecher-
eae, as revealed by genetic linkage mapping, can also be 
fully accounted for using our blocks (M.E. Schranz and T. 
Mitchell-Olds, unpublished). Finally, analyzing taxa from 
the tribe Aethionemeae, which is sister to the rest of the 
extant Brassicaceae tribes [18], should cast more light on 
the ancestral structure of crucifer genomes, and should 
facilitate comparisons to its sister family the Cleomaceae 
[26]. 

It will be important to address whether patterns of 
chromosomal repatterning (or diploidization) that 
occurred after the 3R ancient polyploidy event are shared 
across the family [53]. If much of the genome changes 
occurred shortly after the polyploidization, then we would 
expect to find conservation of the genomic blocks across 
many tribes. However, if the diploidization process 
occurred independently within individual lineages, than 
the genomic block system will be less informative. Further­
more, a major objective will be to understand the signifi­
cance of the inversion-translocation mechanism involved 

www.sciencedirect.com 

http://No.11
http://www.sciencedirect.com


TRENDS in Plant Science 

in chromosome fusions and whether chromosome number 
reduction, perhaps associated with genome diploidization, 
is a prevailing evolutionary process within Brassicaceae. 
In conclusion, we hope that the underlying simplicity of the 
presented model will aide in future comparative genomics 
studies in the Brassicaceae, and facilitate the transfer of 
knowledge from model species to crop species. 

Acknowledgements 
We thank Tom Osborn, Isobel Parkin, Chris Pires, Ingo Shubert , Aaron 
Windsor and three anonymous reviewers for helpful comments on the 
manuscript . This work was supported by funding from Duke University 
to M.E.S . a n d T.M-O., a n d t h e Czech M i n i s t r y of E d u c a t i o n 
(MSM0021622415) and a research grant from the Grant Agency of the 
Czech Academy of Science (KJB601630606) awarded to M.A.L. 

References 
1 Johnston, J .S. et al. (2005) Evolution of genome size in Brassicaceae. 

Ann. Bot. (Lond.) 95, 229-235 
2 Devos, K.M. (2005) Updat ing the 'Crop circle'. Curr. Opin. Plant Biol. 8, 

155-162 
3 Devos, K.M. and Gale, M.D. (1997) Comparative genetics in the 

grasses. Plant Mol. Biol. 35, 3-15 
4 Devos, K.M. and Gale, M.D. (2000) Genome relationships: the grass 

model in current research. Plant Cell 12, 637—646 
5 Feuillet, C. and Keller, B. (2002) Comparative genomics in the grass 

family: molecular characterization of grass genome structure and 
evolution. Ann. Bot. (Lond.) 89, 3—10 

6 Moore, G. et al. (1995) Cereal genome evolution — grasses, line up and 
form a circle. Curr. Biol. 5, 737-739 

7 Gaut, B.S. (2002) Evolutionary dynamics of grass genomes. New 
Phytol. 154, 15-28 

8 Zhu, H. et al. (2005) Bridging model and crop legumes through 
comparative genomics. Plant Physiol. 137, 1189—1196 

9 Cronk, Q. et al. (2006) Legume comparative genomics: progress in 
phylogenetics and phylogenomics. Curr. Opin. Plant Biol. 9, 99—103 

10 Dirlewanger, E. et al. (2004) Comparative mapping and m a r M ^ 
assisted selection in Rosaceae fruit crops. Proc. Natl. Acad. Sei. 
U. S. A. 101, 9891-9896 

11 Mueller, L.A. et al. (2005) The SOL Genomics Network. A comparative 
resource for Solanaceae biology and beyond. Plant Physiol. 138, 1310— 
1317 

12 Hall, A.E. et al. (2002) Beyond the Arabidopsis genome: opportunities 
for comparative genomics. Plant Physiol. 129, 1439—1447 

13 Lysak, M. and Lexer, C. (2006) Towards the era of comparative 
evolutionary genomics in Brassicaceae. Plant Syst. Evol. 259, 175— 
198 

14 Mitchell-Olds, T. et al. (2005) Crucifer evolution in the post-genomic 
era. In Plant Diversity and Evolution: Genotypic and Phenotypic 
Variation in Higher Plants (Henry, R.J., ed.), pp. 119—137, CAB 
Internat ional 

15 Beilstein, M.A. et al. (2006) Brassicaceae phylogeny and trichome 
evolution. Am. J. Bot. 93, 607-619 

16 Bailey, C D . et al. (2006) Toward a global phylogeny of 
the Brassicaceae. Mol. Bih^SvW^ DOI: 10.1093/molbev/msl087 
(http://mbe.oxfordjournals.org/) 

17 Marhold, K. and Lihová, J . (2006) Polyploidy, hybridization and 
reticulate evolution: lessons from the Brassicaceae. Plant Systemat. 
Evol. 259, 143-174 

18 Warwick, S.I. and Al-Shehbaz, I.A. (2006) Brassicaceae: chromosome 
number index and database on CD-Rom. Plant Systemat. Evol. 259, 
237-248 

19 Lan, T.H. et al. (2000) An EST-enriched comparative map of 
Brassica oleracea and Arabidopsis thaliana. Genome Res. 10, 
776-788 

20 Arabidopsis Genome Initiative (2000) Analysis of the genome sequence 
of the flowering plant Arabidopsis thaliana. Nature 408, 796—815 

21 Blanc, G. et al. (2000) Extensive duplication and reshuffling in the 
Arabidopsis genome. Plant Cell 12, 1093-1101 

22 Vision, T.J. et al. (2000) The origins of genomic duplications in 
Arabidopsis. Science 290, 2114-2117 

Vol.11 No.11 541 

23 Bowers, J .E. et al. (2003) Unravelling angiosperm genome evolution by 
phylogenetic analysis of chromosomal duplication events. Nature 422, 
4 3 3 ^ 3 8 

24 De Bodt, S. et al. (2005) Genome duplication and the origin of 
angiosperms. Trends Ecol. Evol. 20, 591-597 

25 Simillion, C. et al. (2002) The hidden duplication past of Arabidopsis 
thaliana. Proc. Natl. Acad. Sei. U. S. A. 99, 13627-13632 

26 Schranz, M.E. and Mitchell-Olds, T. (2006) Independent ancient 
polyploidy events in the sister families Brassicaceae and 
Cleomaceae. Plant Cell 18, 1152-1165 

27 Hall, J.C. et al. (2002) Phylogeny of Capparaceae and Brassicaceae 
based on chloroplast sequence data . Am. J. Bot. 89, 1826—1842 

28 Lagercrantz, U. (1998) Comparative mapping between Arabidopsis 
thaliana and Brassica nigra indicates that Brassica genomes have 
evolved through extensive genome replication accompanied by 
chromosome fusions and frequent rearrangements . Genetics 150, 
1217-1228 

29 Town, C D . et al. (2006) Comparative genomics of Brassica oleracea and 
Arabidopsis thaliana reveal gene loss, fragmentation, and dispersal 
after polyploidy. Plant Cell 18, 1^48-1359 

30 Yang, T-J. et al. (2006) Sequence-level analysis of the diploidization 
process in the triplicated FLOWERING LOCUS C region of Brassica 
rapa. Plant Cell 18, 1339-1347 

31 Parkin, I.A.P. et al. (2005) Segmental s t ructure of the Brassica napus 
genome based on comparative analysis with Arabidopsis thaliana. 
Genetics 171, 765-781 

32 Ziolkowski, P.A. et al. (2006) Genome evolution in Arabidopsis/ 
Brassica: conservation and divergence of ancient rearranged 
segments and their breakpoints. Plant J. 47, 63—74 

33 Lysak, M. et al. (2006) Mechanisms of chromosome number reduction 
in Arabidopsis thaliana and related Brassicaceae species. Proc. Natl. 
Acad. Sei. U. S. A. 103, 5224-5229 

34 Truco, M.J. et al. (1996) Inter- and intra-genomic homology of the 
Brassica genomes: Iimplications for their origin and evolution. Theor. 
Appl. Genet. 93, 1225-1233 

35 Lukens, L.N. et al. (2004) Genome redundancy and plasticity within 
ancient and recent Brassica crop species. Biol. J. Linnean Soc. 82, 

• 665-674 
136 Koch, M.A. and Kiefer, M. (2005) Genome evolution among cruciferous 

plants: a lecture from the comparison of the genetic maps of three 
diploid species — Capsella rubella, Arabidopsis lyrata subsp Petraea, 
and A. thaliana. Am. J. Bot. 92, 761-767 

37 Boivin, K. et al. (2004) The Arabidopsis genome sequence as a tool for 
genome analysis in Brassicaceae. A comparison of the Arabidopsis and 
Capsella rubella genomes. Plant Physiol. 135, 735—744 

38 Kuittinen, H. et al. (2004) Comparing the linkage maps of the close 
relatives Arabidopsis lyrata and A. thaliana. Genetics 168, 1575—1584 

39 Yogeeswaran, K. et al. (2005) Comparative genome analyses of 
Arabidopsis spp: inferring chromosomal rearrangement events in 
the evolutionary history of A. thaliana. Genome Res. 15, 505—515 

40 Hansson, B. et al. (2006) Comparative gene mapping in Arabidopsis 
lyrata chromosomes 1 and 2 and the corresponding A. thaliana 
chromosome 1: recombination rates , rear rangements and 
centromere location. Genet. Res. 87, 75—85 

41 Kawabe, A. et al. (2006) Centromere locations and associated 
chromosome rearrangements in Arabidopsis lyrata and A. thaliana. 
Genetics 173, 1613-1619 

42 Al-Shehbaz, I.A. et al. (2006) Systematics and phylogeny of 
the Brassicaceae (Cruciferae): an overview. Plant Syst. Evol. 259, 
89-120 

43 Lysak, M.A. et al. (2005) Chromosome triplication found across the 
tribe Brassiceae. Genome Res. 15, 516—525 

44 Koch, M. et al. (2003) Molecular systematics, evolution, and population 
biology in the mus ta rd family (Brassicaceae). Ann. Mo. Bot. Gard. 90, 
151-171 

45 Lukens, L. et al. (2003) Comparison of a Brassica oleracea genetic 
map with the genome of Arabidopsis thaliana. Genetics 164, 359— 
372 

46 Osborn, T.C. et al. (1997) Comparison of flowering time genes in 
Brassica rapa, B. napus and Arabidopsis thaliana. Genetics 146, 
1123-1129 

47 Parkin, I.A.P. et al. (2003) Pa t te rns of genome duplication within the 
Brassica napus genome. Genome 46, 291—303 

www.sciencedirect.com 

http://mbe.oxfordjournals.org/
http://www.sciencedirect.com


542 TRENDS in Plant Science Vol.11 No.11 

48 Muangprom, A. and Osborn, T.C. (2004) Characterization of a dwarf 51 Rana, D. et al. (2004) Conservation of the microstructure of genome 
gene in Brassica rapa, including the identification of a candidate gene. segments in Brassica napus and its diploid relatives. Plant J. 40, 725— 
Theor. Appl. Genet. 108, 1378-1384 733 

49 Howell, E.C. et al. (2002) Integration of the cytogenetic and genetic 52 Lysak, M.A. et al. (2003) Recent progress in chromosome painting of 
linkage maps of Brassica oleracea. Genetics 161, 1225—1234 Arabidopsis and related species. Chromosome Res. 11, 195—204 

50 Schranz, M.E. et al. (2002) Characterization and effects of the 53 Henry, Y. et al. (2006) History, protohistory and prehistory of the 
replicated flowering time gene FLC in Brassica rapa. Genetics 162, Arabidopsis tnaliana chromosome complement. Trends Plant Sei. 
1457-1468 11, 267-273 

Plant Science Conferences in 2007 

Plant and Animal Genome XV Conference 
13-17 January 2007 

San Diego, California, USA 
http://www.intl-pag.org/pag/ 

Gordon Conference on Plant-Herbivore Interaction 
18-23 February 2007 

Ventura, California, USA 
http://www.grc.org/programs/2007/planthrb.htm 

49th Annual Maize Genetics Conference 
22-25 March 2007, St. Charles, Illinois, USA 

http://www.maizegdb.org/maize_meeting/ 

The 2nd International Conference on Plant Molecular Breeding 
23-27 March 2007 

Sanya, Hainan, China 
http://www.icpmb.org 

Keystone Meeting: Plant Cell Biology 
23-28 March 2007 

Coeur d'Alene, Idaho, USA 
http://www.keystonesymposia.org/MeetingsA/iewMeetings.cfm?MeetinglD=844 

SEB Main Meeting 2007 
31 March-4 April 2007 

Glasgow, UK 
http://www.sebiology.org/Meeti ngs/pageview.asp?S=2&mid=91 

www.sciencedirect.com 

http://No.11
http://www.intl-pag.org/pag/
http://www.grc.org/programs/2007/planthrb.htm
http://www.maizegdb.org/maize_meeting/
http://www.icpmb.org
http://www.keystonesymposia.org/MeetingsA/iewMeetings.cfm?MeetinglD=844
http://www.sebiology.org/Meeti
http://www.sciencedirect.com

