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Comparative genome analyses of Arabidopsis spp.:
Inferring chromosomal rearrangement events
in the evolutionary history of A. thaliana
Krithika Yogeeswaran,1 Amy Frary,4 Thomas L. York,2 Alison Amenta,4,5

Andrew H. Lesser1,6 June B. Nasrallah,1 Steven D. Tanksley,3 and
Mikhail E. Nasrallah1,7

1Department of Plant Biology, 2Department of Biological Statistics and Computational Biology, and 3Department of Plant
Breeding, Cornell University, Ithaca, New York 14853, USA; 4Department of Biological Sciences, Mount Holyoke College,
South Hadley, Massachusetts 01075, USA

Comparative genome analysis is a powerful tool that can facilitate the reconstruction of the evolutionary history of
the genomes of modern-day species. The model plant Arabidopsis thaliana with its n = 5 genome is thought to be
derived from an ancestral n = 8 genome. Pairwise comparative genome analyses of A. thaliana with polyploid and
diploid Brassicaceae species have suggested that rapid genome evolution, manifested by chromosomal rearrangements
and duplications, characterizes the polyploid, but not the diploid, lineages of this family. In this study, we
constructed a low-density genetic linkage map of Arabidopsis lyrata ssp. lyrata (A. l. lyrata; n = 8, diploid), the closest
known relative of A. thaliana (MRCA ∼5 Mya), using A. thaliana-specific markers that resolve into the expected eight
linkage groups. We then performed comparative Bayesian analyses using raw mapping data from this study and from
a Capsella study to infer the number and nature of rearrangements that distinguish the n = 8 genomes of A. l. lyrata
and Capsella from the n = 5 genome of A. thaliana. We conclude that there is strong statistical support in favor of the
parsimony scenarios of 10 major chromosomal rearrangements separating these n = 8 genomes from A. thaliana. These
chromosomal rearrangement events contribute to a rate of chromosomal evolution higher than previously reported
in this lineage. We infer that at least seven of these events, common to both sets of data, are responsible for the
change in karyotype and underlie genome reduction in A. thaliana.

[Supplemental material is available online at www.genome.org. The following individuals kindly provided reagents,
samples, or unpublished information as indicated in the paper: C. Langley.]

Comparative genome analysis can be a powerful tool to address
questions pertaining to the evolution of the structure of genomes
(Paterson and Bennetzen 2001). In plant families that include
model taxa, such as the Brassicaceae, the Solanaceae, and the Poa-
ceae, comparative mapping studies allow evolutionary inferences
related to the nature and number of rearrangements that distin-
guish the genomes of the model species from those of their less
well-studied relatives (Bonierbale et al. 1988; Ahn and Tanksley
1993; Prince et al. 1993; Chittendan et al. 1994; Kurata et al.
1994; Periera et al. 1994; Lagercrantz and Lydiate 1996; Gale and
Devos 1998; Lagercrantz 1998; Doganlar et al. 2002). Not only do
such inferences facilitate the transfer of knowledge from model
taxa to their relatives, but they also provide insight into the pro-
cess of genome restructuring that can lead to reproductive isola-
tion and ultimately speciation (Rieseberg 2001; Hall et al. 2002).
The larger the number of taxa analyzed within a family, the more
comprehensive the information is for inferring the nature of an-
cestral genomes and the evolutionary history that led to the spe-
ciation of the members of that family.

The Brassicaceae (or Cruciferae) is a dicot family divided into
13 tribes with a total of 360 genera (Al-Shehbaz 1973) including
the agronomically important genus Brassica and the model spe-
cies Arabidopsis thaliana. The near-complete annotation of the
genomic sequence of A. thaliana, including detailed information
of physical map position, copy number of genes and intergenic
sequences, and location of duplicated chromosomal segments
(The Arabidopsis Genome Initiative 2000; Blanc et al. 2000; Vi-
sion et al. 2000; Bowers et al. 2003; Ermolaeva et al. 2003; Raes et
al. 2003) provides a solid foundation for comparative mapping
studies within this family. A. thaliana, prized for its small ge-
nome, is actually an anomaly within the tribe Sisymbrieae of the
Brassicaceae. A base chromosome number of 8 is inferred to be
the ancestral state in the tribe (Koch et al. 1999), and reduction
in chromosome number to n = 5–7 is assumed to be a derived
state (Koch et al. 1999, 2000). A. thaliana, with its five chromo-
somes, is the single most extreme example of this genome reduc-
tion in the tribe.

The nature and rate of occurrence of the chromosomal
events that generated the reduced A. thaliana genome from the
ancestral n = 8 genome are not well understood. As many as 90
rearrangements are estimated to differentiate Brassica nigra
[n = 8] from A. thaliana (Lagercrantz 1998). Two recent mapping
studies in which the A. thaliana genome was compared with the
Capsella genome (n = 8; Boivin et al. 2004) and with the Arabi-
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dopsis lyrata ssp. petraea genome (A. l. petraea; n = 8; Kuittinen
et al. 2004), suggest that genome reduction was the result of
chromosomal fusion rather than chromosomal elimination.
Whatever the nature of these rearrangements, they must have
occurred ∼5 Mya, the estimated time of divergence (Koch et al.
2000, 2001; Kuittinen and Aguade 2000) between A. thaliana and
its closest known relative A. lyrata (n = 8, genome ∼116%–123%
larger than that of A. thaliana; Dart et al. 2004; Schmuths et al.
2004).

Further insight into the evolutionary history of the A.
thaliana genome is likely to be gained from a three-way compari-
son of the genomes of A. thaliana and its close relatives, A. lyrata
and Capsella spp. In the study reported here, we used the wild,
perennial, outcrossing Arabidopsis lyrata subspecies lyrata (here-
after A. l. lyrata; n = 8, diploid; Dart et al. 2004) which occurs in
North America (in contrast to the A. l. petraea subspecies which
occurs in Europe; Ramos-Onsins et al. 2004), to construct a low-
density genetic map with 104 restriction fragment length poly-
morphism (RFLP) markers distributed on eight linkage groups,
and we compared this map to the A. thaliana genome. We then
performed comparative statistical analyses of rearrangements ob-
served in A. thaliana versus A. l. lyrata and A. thaliana versus
Capsella (based on data from Boivin et al. 2004), using an exten-
sion of the Bayesian method reported by Durrett et al. (2004).
This method assigns probability estimates to the parsimony so-
lutions as well as alternative scenarios, and is therefore more
powerful than parsimony alone to infer the most probable events
that underlie genome evolution. Based on these studies, the
minimum number of major rearrangements that distinguish A.
thaliana from the n = 8 genomes and their rate of occurrence are
inferred.

Results

Genetic mapping of A. l. lyrata using A. thaliana-specific markers

A total of 432 EST markers were screened against our mapping
population of 67 F2 plants (see Methods), of which only 144
showed codominant polymorphisms. For the sake of comparison
with other maps and to increase the utility of our map for the
research community, all EST markers were named based on the
gene locus ID number provided by the Arabidopsis Genome Ini-
tiative (2000) for the A. thaliana gene they represent (e.g., EST
ATTS1092, which corresponds to locus At1g02150, is abbreviated
as marker 1_02150). All mapping data were analyzed with Map-
maker version 3.0 (Lander et al. 1987) using the Kosambi cM
function for genetic linkage analysis. When the LOD score was
set at 3.0, 104 markers resolved into the expected eight linkage
groups, hereafter designated Aly LG 1–8 (Fig. 1; see Supplemental
Table S1 for details of mapped markers). The genetic map covers
a total length of 406.6 cM with complete linkage groups ranging
from 47.3 to 77.3 cM in length. The average spacing between
markers is ∼4 cM, with a range of 0.0–17.4 cM.

Several >20-cM gaps were found during preliminary map-
ping. All gaps were systematically filled, with the exception of a
few regions that were consistently found to be monomorphic.
The most pronounced monomorphic stretch of this nature ex-
tended over parts of Aly LGs 1 and 2, which corresponds to ∼16
Mbp of the pericentric region of A. thaliana Chromosome I (At
Chr I). Within this gap, 98 markers (76 EST-based and 22 RFLP
markers previously used to map the corresponding region in the

Capsella map by Boivin et al. 2004) were found to be monomor-
phic in our A. l. lyrata mapping population.

Due to the homozygosity of all tested coding sequences in
this gap, noncoding sequences were assessed in an effort to iden-
tify polymorphic markers. Previous work had suggested that
many PCR primers designed to amplify simple sequence-length
repeats (SSRs) from A. thaliana could amplify similar regions in A.
l. lyrata as well (van Treuren et al. 1997; Nasrallah et al. 2000).
Based on published reports (Lukowitz et al. 2000; Clauss et al.
2002; http://genome.bio.upenn.edu/SSLP_info/SSLP.html), we
selected 13 SSRs corresponding to the gap on At Chr I, some of
which had been reported to amplify A. lyrata. To bridge the gap
further, we also located five novel SSRs within this region (see
Methods). However, none of the 18 SSRs screened were polymor-
phic in our mapping population, suggesting that both noncod-
ing and coding sequences in this region are monomorphic. Ad-
ditionally, a 25S rDNA-specific probe used to determine the po-
sition of the nucleolar organizing regions (NORs) in A. l. lyrata
was also monomorphic, precluding the mapping of the NORs in
our study. It should be noted that this unexpected lack of poly-
morphism is concordant with a recent multilocus analysis of
variation and speciation among Arabidopsis spp., which indi-
cated that A. l. lyrata has surprisingly low levels of variability for
an outcrossing species, suggesting that a bottleneck occurred dur-
ing its colonization of the New World from Eurasia (Ramos-
Onsins et al. 2004).

The expected genotypic segregation ratio for codominant
markers in an F2 population is 1:2:1 with parental alleles occur-
ring in approximately equal numbers. �2-tests performed for 97
mapped markers with unambiguous scoring data demonstrated
that a total of 20 marker loci (∼21%) showed significant deviation
from expected segregation ratios at a locus-by-locus significance
level of P = 0.05. Deviations were observed in genotypic ratio for
one locus, in overall allelic ratios for seven loci, and in both
genotypic and overall allelic ratios for 12 loci (highlighted in Fig.
1). Ten loci on Aly LG 6 and six loci on Aly LG 3 showed skewing
in genotypic or allelic ratio in favor of alleles from one parent
(P1). Marker 5_34940 on LG 6 also showed skewing favoring P1
that is almost significant at a locus-by-locus significance level of
P = 0.05 (0.052). On Aly LG 7, three loci showed deviation from
expected ratios favoring the other parent (P2), and one locus
demonstrated a significant overrepresentation of heterozygous
individuals (12:33:5) and underrepresentation of the P2 homo-
zygous class. Other mapping populations of A. thaliana relatives
have also been reported to exhibit a large number of loci showing
transmission distortion despite the range of different strategies
used to generate them (Boivin et al. 2004; Kuittinen et al. 2004
and references therein).

Comparison of the genetic linkage map of A. l. lyrata
with the physical map of A. thaliana

The comparative map illustrated in Figure 2 shows the gross
chromosomal organization of A. l. lyrata relative to A. thaliana
and the high degree of synteny between these two genomes.
Barring small-scale rearrangements and duplications defined
by single markers, the mapped markers assign ∼79.2 Mbp
of A. thaliana sequence (corresponding to 325 cM of the Aly
map) to 16 colinear blocks of two or more markers (average
length of a colinear block in A. l. lyrata = 20.3 cM, highlighted in
Fig. 2).
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The simplest scenario for genome reduction from n = 8 to
n = 5 in A. thaliana involves at least three chromosomal fusions
and two reciprocal translocations (Fig. 2). The three fusions in-
clude a fusion (F1) between Aly LGs 1 and 2 to generate At Chr I,
a second fusion (F2) between Aly LGs 3 and 4 to generate At Chr
II, and a third fusion (F3) between Aly LGs 6 and 8 to generate
part of At Chr V. In the first reciprocal translocation (T1), a likely
event was fission at breakpoints towards the middle of Aly LG 4
and the top of Aly LG 5 followed by reciprocal exchange, which
generated At Chr III and part of At Chr II. The second transloca-
tion (T2) probably involved breakage and reciprocal exchange
between Aly LGs 6 and 7 to give rise to At Chr IV and part of At
Chr V (Fig. 2). Additionally, within the limits of our map’s reso-
lution, at least two major inversions (I1: Aly LG 7, 34.6 cM and
I2: Aly LG 8, 25.7 cM) and one minor inversion (i1: Aly LG 3, 5.4
cM) are predicted to have occurred, even at a higher LOD thresh-
old of 5.0. Finally, the Aly LG 4 was found to contain a large gap
(17.5 cM) flanking the breakpoint that gave rise to the upper ends
of At Chr II and III, despite extensive end-to-end marker coverage
of these two regions.

Forty-nine (46.7%) of the mapped markers were found to be
either truly single-copy or to correspond to tandemly duplicated
genes in A. thaliana, and their location on the A. l. lyrata map
were clearly and directly ascertained. An additional 54 markers
corresponded to members of gene families (see Methods) in the
A. thaliana genome for which only single polymorphisms were
detected in A. l. lyrata. Forty-nine of these markers mapped to a
region of an Aly linkage group that was syntenic with an A.
thaliana region containing one paralog. However, markers spe-
cific for paralogs of other gene families in A. thaliana showed
complex hybridization patterns, likely reflecting polymorphisms
at multiple paralogous loci. All but two of these (5_09650 and
3_58450) were considered multicopy and therefore were not used
in map construction as they could not be unambiguously scored.

Statistical analysis of comparative genome mapping data
and estimation of rates of chromosomal evolution

Bayesian analyses of our A. thaliana–A. l. lyrata comparative map-
ping data were performed under three permutations, namely

Figure 1. A. l. lyrata linkage map and segregation ratio distortion. The eight linkage groups of A. l. lyrata as resolved by the mapping of 104 markers
are numbered LG1–8 at LOD 3 (markers in parentheses have LOD scores just below 3.0). Figure drawn to scale with vertical bars representing 5-cM
mapping distance. Marker names signify the gene locus they represent (1_02150 = At1g02150). Italicized markers demonstrate disruption in synteny
due to translocation or duplication followed by deletion. Markers in bold demonstrate transmission ratio distortion. Markers in gray show skewed
segregation in favor of P1 alleles, and those that are underlined in favor of P2 alleles. A, distortion of allelic ratios; G, distortion of genic ratios; H, distortion
ratio overrepresenting heterozygotes and underrepresenting P2 alleles. a, scoring data does not allow clear assessment of segregation ratios; b, allelic
ratio nearly significantly skewed in favor of P1 alleles (0.052).
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marker order (1) without distances, (2) with distances in Mbp on
the A. thaliana genome only, and (3) with distances in cM on the
A. l. lyrata genome only (see Methods). A similar set of analyses
were also performed using the raw mapping data from the A.
thaliana–Capsella comparative mapping study by Boivin et al.
(2004). The 95% credible intervals (CIs) for observable rearrange-
ment events, namely inversions (Li), translocations (Lt), fusions/
fissions (Lf), and total rearrangements (L), from all six analyses
are summarized in Table 1 (see Methods). In all six analyses there
was high probability in favor of only three fusion/fission events
having occurred (Lf = [3]) with < ∼1% probability of observing
more than three fusions/fissions.

Plots of the estimated posterior probability distributions for
the total number of observable rearrangements (L) are shown in

Figure 3 for (A) A. thaliana versus A. l. lyrata and (B) A. thaliana
versus Capsella under the simplest case of marker order without
distance (see Supplemental Fig. S1 for plots from the other four
analyses). There was strong consensus of the 95% CIs for observ-
able rearrangement events, albeit with small deviations, from
these two comparisons considering marker order only. In going
from either A. l. lyrata or Capsella to A. thaliana there are at least
10 major rearrangements. The joint posterior probability, esti-
mated for various combinations of inversions and translocations
for mapping data with marker order but without distances, is
summarized in Table 2. There is high joint posterior probability
in favor of five inversions and two translocations for observable
rearrangements, specifically 71.8% and 78.8% for the At-Aly and
At-Cap comparisons, respectively. Therefore, in both cases, the

Figure 2. Colinearity of A. l. lyrata linkage map with the A. thaliana genome. A. thaliana chromosomes (At Chr I–V) are represented as patterned bars
(drawn to scale, 1 unit = 1 Mbp; gray rectangles, centromeres; gray circles, heterochromatic knobs). A. l. lyrata linkage groups (Aly LG 1–8) are shown
in black (drawn to scale, 1 unit = 5cM). Sixteen colinear blocks are highlighted with the same pattern as the At chromosome to which they correspond.
Markers defining the ends of each colinear block are shown on the map in black lettering. Markers mapping with LOD score less than 3.0 are featured
in parentheses. Italicized markers map to translocated or nonsyntenic regions in A. l. lyrata. Translocations T1 and T2 are highlighted by arrows whose
patterns correspond to the At chromosome where their colinear region lies. Major inversions I1 and I2 and minor inversion i1 are highlighted in light
gray. Three chromosomal fusions are denoted as F1-F3.
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most likely scenario is what we may refer to as the parsimony
scenario, with the minimal numbers of total rearrangements
(10), fusions/fissions (three), translocations (two), and therefore
10 � 3 � 2 = 5 inversions. The Bayesian analysis also suggests
that the next likely scenario, involving four inversions and three
translocations, has only ∼11.5% probability of occurring in both
cases (see Table 2).

Incorporating distances between markers from one or the
other genome in these data sets results in a small but significant
shift in posterior probability mass in favor of alternative sce-
narios (see Supplemental Table S2). Some of these scenarios in-
volve greater than parsimony estimates of inversions and/or
translocations to give > 10 observable rearrangements. Alterna-
tive scenarios observed to gain some support by incorporating
distances, include one involving two translocations and seven
inversions (up to 8.8% in At-Aly and 5.2% in At-Cap) and one
involving three translocations and five inversions (up to 10.7%
in At-Aly). However, in all cases the most likely scenario pre-
dicted by the Bayesian analyses with distances is still the parsi-
mony scenario.

Figure 4 illustrates the rearrangement steps in the parsi-
mony solutions. Seven rearrangement steps (A–G) were found to
be shared by the A. thaliana–A. l. lyrata and A. thaliana–Capsella
spp. genome data, suggesting that a minimum of seven steps
underlie genome reduction in the A. thaliana lineage (n = 5).
These include two reciprocal translocations (B = T1 and D = T2),
three fusion events (A = F1, C = F2, and E = F3), and at least two
inversions F (= I2) and G (= I3).

H–J represent inversions deduced only from the A. thaliana–
A. l. lyrata comparative map, and V–Z represent rearrangements
deduced only from the A. thaliana–Capsella spp. comparative
map. Therefore, both sets of data show the most probable num-
ber of inversions to be five, two in common and three unique to
each set of data. Whether the latter rearrangements are unique to
the Arabidopsis or Capsella lineages cannot be ascertained, since
detailed marker information is lacking for the corresponding re-
gions on one of the maps. I and J represent a case where an inver-
sion within an inversion is required to explain the marker arrange-
ment observed with high LOD score (5.0) on the At-Aly map.

Applying the largest 95% CIs for rearrangement events (L) pre-
dicted by three permutations of the Bayesian analyses, the rates of
chromosomal evolution for At-Aly and At-Cap were estimated to be
∼0.9–1.7 rearrangements/Myr/genome and ∼0.5–0.6 rearrange-
ments/Myr/genome (Table 3), respectively, with the assumption of

divergence times from A. thaliana of 3.8–5.8
Myr for A. lyrata (Kuittinen and Aguade 2000)
and ∼10 Myr for Capsella (Koch et al. 2000,
2001). These estimated rate ranges include
the rates predicted by the parsimony estimate
of the number of rearrangements, namely
0.9–1.3 and 0.5 rearrangements/Myr/genome
for the A. thaliana–A. lyrata and A. thaliana–
Capsella comparisons, respectively.

Discussion

Intraspecific genome comparisons of the
A. l. lyrata and A. l. petraea subspecies

The A. l. lyrata genetic linkage map we gen-
erated is ∼406 cM in length and contains
104 markers, while the A. l. petraea genetic

linkage map generated by Kuittinen et al. (2004) is ∼515 cM in
length and contains 72 markers. The average LG length deter-
mined in the two mapping studies (64.4 cM for A. l. petraea,
Kuittinen et al. 2004; 60.8 cM for A. l. lyrata LGs 3–8, from this
study) are quite similar, and we estimate the A. l. lyrata map, with
full resolution of LGs 1 and 2, to be ∼487 cM long. This difference
in the overall map lengths inferred for the two subspecies falls
well within the range of the 20% variation in map lengths often
produced by analysis of different populations of the same species
(Burr et al. 1988; Beavis and Grant 1991), and thus likely reflects
variation in some of the genetic or environmental factors that are
known to affect recombination frequencies (de Vienne 2003).

Three-way comparisons of the A. l. lyrata, A. l. petraea,
and Capsella maps

While the markers used in our mapping study were, for the most
part, different from those used to map Capsella (Boivin et al.
2004) and A. l. petraea (Kuittinen et al. 2004), the physical posi-
tions of the three sets of markers, with reference to the A. thaliana
genome, jointly reveal overall gross conservation of marker order
and chromosomal structure between these n = 8 genomes, with a
few minor differences (see Fig. 2; refer to the Methods section for
correspondence of LGs between maps). Thus, despite their reso-
lution, these three maps are likely to be collectively useful for
predicting the location of specific loci in n = 8 crucifers. A case in
point relates to the NORs, which we were unable to map in our
study. The NORs, which are found at subtelomeric positions on

Table 1. 95% Credible intervals for observable rearrangement events

Genomes/95% CI
for rearrangements

Marker order
(no distances)

Marker order
with At

distances in Mbp

Marker order with
Aly or Cap

distances in cM

A. thaliana vs. A. lyrata
L = Total rearrangements [10, 11] [10, 13] [10, 12]
Li = Inversions [4, 7] [4, 7] [4, 7]
Lt = Translocations [2, 3] [2, 4] [2, 4]
Lf = Fusions/fissions [3] [3] [3]
A. thaliana vs. Capsella spp.
L = Total rearrangements [10, 11] [10, 12] [10, 12]
Li = Inversions [4, 6] [4, 7] [4, 7]
Lt = Translocations [2, 3] [2, 3] [2, 3]
Lf = Fusions/fissions [3] [3] [3]

Note: 95% of the posterior probability mass falls within the intervals defined above (i.e., L = [10,
11] denotes a 95% posterior probability of 10–11 total rearrangements having occurred).

Figure 3. Posterior probability plots of A. thaliana–A. l. lyrata and A.
thaliana–Capsella mapping data considering marker order only. Posterior
probability plots generated from Bayesian analyses of mapping data ac-
counting for marker orders without distances. (A) A. thaliana–A. l. lyrata
comparison. (B) A. thaliana–Capsella comparison. x-axis: L = estimate of
the total number of observable rearrangements; y-axis: Posterior prob-
ability estimate for the number of observable rearrangements.
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the short arms of At Chr II and IV of A. thaliana (Copenhaver and
Pikaard 1996), were localized on the Capsella map to the center of
linkage group B (=Aly LG2) and one end of linkage group G (=Aly
LG6), and it is likely that they are located in the corresponding
regions of the A. lyrata genome as well.

Importantly, three-way comparisons of these maps allow
substantiation of putative chromosomal rearrangements defined
by one or two markers in one map based on the occurrence of
similar rearrangements in one or more of the other maps. They
can also compensate for the deficiencies of any one of these
low-density genetic maps and identify chromosomal rearrange-
ments that escaped detection on a particular map, and they can
clarify the time of occurrence of these rearrangements, at least in
some cases. Several pertinent inferences of these three-way com-
parisons are discussed in the following sections.

Major inversions

Two large inversions relative to the A. thaliana map appear con-
sistently on the Capsella and at least one of the A. lyrata maps.
One inversion (I1) on Aly LG 7 was detected on our A. l. lyrata
map as well as in the Capsella and A. l. petraea maps, though the
extent of this inversion is best defined on our map (∼34.6
cM = ∼2.08 Mbp on A. thaliana). A second large inversion (I2) on
Aly LG 8 was observed on the Capsella map and our map, but
escaped detection on the A. l. petraea map, likely due to the map-
ping of only one marker within the inverted region. Conserva-
tion of marker order in these regions of A. lyrata and Capsella
suggests that they represent the ancestral state, and that inver-
sions occurred in the A. thaliana lineage after its divergence from
A. lyrata to give rise to the marker order observed in the A.
thaliana genome.

In contrast, comparison of the Capsella and A. lyrata maps
offered no insight on whether the large inversion observed at the
upper end of LG B in the Capsella map (=Aly LG2) was specific to
the Capsella lineage, and therefore postdated the divergence of
Capsella and Arabidopsis. This inversion was observed neither on
our A. l. lyrata map, where it falls within the region of missing
information, nor in the A. l. petraea map on which this region
was defined by only one mapped marker.

Reciprocal translocations

All three maps identified two major translocations in Capsella
and A. lyrata relative to A. thaliana. One translocation, T1 (Fig. 2),
involved the transfer of a small chromosomal segment from the
top of Aly LG 5 to the top of At Chr II. A second major translo-
cation, T2, from the bottom of Aly LG 6 to the center of At Chr
V, is resolved in better detail on the Capsella and A. l. petraea
maps than on the A. l. lyrata map, largely because most markers
screened in this region were monomorphic in our mapping
population, with only one marker, 5_34940, defining this region
at LOD 3 and 5. Marker 5_40950 was also found to map to the
end of Aly LG 6 as part of this translocation, but its position
remains tentative (indicated by parentheses on the comparative
map in Fig. 2) because the distance between 5_34940 and
5_40950 was very long (19.5 cM) and the LOD score below 3.0.
On closer inspection of the data, we found that unlike the other
11 markers on LG 6, this marker did not show skewed segregation
in favor of P1 alleles, possibly exaggerating its apparent genetic
distance from other linked markers. Based on our mapping data,
the translocated fragment includes, at the very least, the 3.2-Mbp
region of At Chr V between genes 5_34940 and 5_40950 (all
markers on the corresponding regions of the other maps fall
within these boundaries).

Small-scale rearrangements

While several small-scale genome rearrangements are likely to
have been missed in all three mapping studies, a few small-scale
rearrangements were observed in only one or the other of the
three maps, as expected for low-density maps generated with
different markers. For example, a small inversion on the bottom
end of Capsella LG H (=Aly LG 8) involving 0.11 Mbp containing
the orthologs of At5g66960-At5g67260 was not detected on our
A. l. lyrata map, since the most terminal marker we mapped,
5_64740, lies just before this region. A small inversion (i1) on Aly
LG 3 (from 2_27530 to 2_28870) is not observed on Capsella LG
D, where neither these nor other intervening markers are
mapped. In such cases we cannot ascertain whether the rear-
rangements are specific to Capsella or A. lyrata, and therefore
cannot infer the approximate time of occurrence for these ar-
rangements.

Another interesting observation pertains to the major inver-
sion I1 on Aly LG 7. Our data suggest that within this primary
inversion (Aly: 4_08150, 4_09030, 4_10070, 4_10360, 4_12070),
there might have been a small-scale secondary inversion (Aly:
4_09030, 4_08150, 4_10070, 4_10360, 4_12070) that restored the
marker order (with reference to A. thaliana) to part of the region.
However, this possibility must be confirmed by more detailed
mapping in this region, since marker 4_09030 was mapped with
an LOD score just below 3, and both the Capsella and A. l. petraea
maps are poorly resolved in this region.

The A. l. petraea mapping data (Kuittinen et al. 2004) suggest
the presence of three minor inversions relative to A. thaliana on

Table 2. Joint posterior probabilities for inversions and
translocations (marker order only)

(A) A. thaliana–A. l. lyrata
Li/Lt 1 2 3 4 5 6
1 — — — — — —
2 — — — — 0.3 —
3 — — — 1.8 0.1 —
4 — — 11.6 0.8 0.1 —
5 — 71.8 3.6 0.5 — —
6 — 5.0 0.6 — — —
7 — 3.2 0.1 — — —
8 — 0.2 — — — —
9 — 0.1 — — — —

10 — — — — — —

(B) A. thaliana–Capsella spp.
Li/Lt 1 2 3 4 5 6
1 — — — — — —
2 — — — — 0.1 —
3 — — — 1.2 0.1 —
4 — — 11.5 0.5 0.1 —
5 — 78.8 2.1 0.3 — —
6 — 2.7 0.3 — — —
7 — 2.1 0.1 — — —
8 — 0.1 — — — —
9 — — — — — —

Percentage joint posterior probabilities (unit: %) for various combinations
of observable inversions and translocations generated from Bayesian
analyses of (A) A. thaliana–A. lyrata and (B) A. thaliana–Capsella spp. map-
ping data, considering marker orders only. Combinations with joint pos-
terior probability of <0.1% are denoted with “—”. The percentage pos-
terior probability for the combinations of inversions (Li) and transloca-
tions (Lt) within their respective 95% CIs are shown in bold, and the most
likely scenario for these rearrangements is italicized in each data set.

Yogeeswaran et al.

510 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


A. l. petraea LG 1. Two of these regions are unresolved on the two
other maps. The third region is unresolved in Capsella, but is
defined by markers 1_05510, 1_08150, and 1_09530 on A. l. ly-
rata LG 1 where no inversion is observed. However, this discrep-
ancy between these A. lyrata species-specific maps is unlikely to
reflect a rearrangement that distinguishes these subspecies, since
the marker order in these three regions of A. l. petraea is not
certain (Kuittinen et al. 2004).

Gene families and duplications

The mapping of markers that correspond to members of gene
families can often provide information on the evolution of these
gene families. For example, in the Capsella mapping study

(Boivin et al. 2004) multiple (two or more)
scorable polymorphisms were detected for
such markers, allowing the simultaneous
mapping of several paralogs to various lo-
cations in the Capsella genome. In some
cases, deletion following duplication
could be inferred due to absence of a cor-
responding copy in syntenic regions of ei-
ther Capsella or A. thaliana (Boivin et al.
2004). In contrast, in our mapping study,
markers specific for individual members
of a gene family were often observed to
identify only one polymorphism that cor-
responded to the expected location of one
of the paralogs of that particular gene.
Only two of the markers screened,
5_09650 and 3_58450, could clearly be
scored for two polymorphisms, but only a
single paralog was successfully mapped in
each case. At5g09650 is a single-copy gene
in A. thaliana, and an A. lyrata homolog
was mapped to Aly LG 1 in our study, sug-
gesting that it may correspond to a copy
lost in A. thaliana but still present in A.
lyrata. Marker 3_58450 corresponds to
two A. thaliana genes, At3g58450 and
At3g11930, but the position of neither of
these genes in A. thaliana explains its
placement in A. lyrata LG 4, suggesting a
case of duplication followed by deletion
of different paralogs in the two genomes.

Chromosomal evolution in the
A. thaliana lineage

Three-way comparisons of the A.
thaliana genome with A. lyrata and
Capsella spp. can begin to address the

question of how reduction in chromosome number occurred in
the A. thaliana lineage. Figure 5 illustrates a simplified phylogeny
relating the three taxa A. thaliana, A. lyrata, and Capsella species.
The most parsimonious explanation for the synteny observed
between modern day A. lyrata and Capsella spp. is that genome
arrangement has, to a large extent, been conserved since the last
common ancestor of these taxa (Fig. 5A). Most importantly, the
extent of colinearity demonstrated by the maps of these two taxa
strongly suggests that major chromosomal rearrangement
events, namely chromosomal fusions, reciprocal translocations,
and some inversions, must have occurred in the evolutionary
history of A. thaliana since its divergence from A. lyrata ∼5 Mya
(Fig. 5B). The presence of a few large gaps on the A. l. lyrata map
despite extensive marker coverage of the contributing regions,

Table 3. Estimated rates of chromosomal evolution

Genomes under
comparison

Estimated # of rearrangements
(largest 95%CI)

Estimated divergence
time (Myr)

Rate of chromosomal evolution
(rearrangements/Myr/genome)

A. thaliana vs. A. lyrata [10, 13] 3.8–5.8a ∼0.9–1.7
A. thaliana vs. Capsella spp. [10, 12] ∼10b ∼0.5–0.6

For calculation see Methods.
Within the Bayesian 95% CI estimate of the # of rearrangements, parsimony estimates are denoted in bold numbering.
aAfter Kuittinen and Aguade (2000).
bAfter Koch et al. (2000, 2001).

Figure 4. Genome reduction in A. thaliana: Parsimony solution of observable chromosomal rear-
rangement steps. Linkage groups 1–8 of A. l. lyrata, represented as patterned blocks, are shown across
the top of the figure; A. thaliana chromosomes I–V at the bottom. A–G: Seven steps that are found to
be in common between A. thaliana–A. l. lyrata and A. thaliana–Capsella spp. genome data; namely B
and D, reciprocal translocations; A,C,E, fusion events; F and G, inversions. These seven steps could have
occurred in any sequence during genome reduction in A. thaliana’s evolutionary history. (H–J) Inver-
sions seen only in the A. thaliana–A. l. lyrata comparative map. (V–Z) Rearrangements seen only in the
A. thaliana–Capsella spp. comparative map, namely X,Y, Z, inversions and V and W, translocations of
NORs (V and W not included in statistical analysis).
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such as the gaps on Aly LG 3 and Aly LG 4 (Fig. 2), supports the
notion that chromosomal loss may have been a player during
genome reduction in the A. thaliana lineage, and suggests poten-
tial sites for chromosomal loss in this lineage. Such chromosomal
loss would have presumably been tolerated due to genome-wide
and partial duplications that predated the origin of the family
Brassicaceae (The Arabidopsis Genome Initiative 2000; Blanc et al.
2000; Vision et al. 2000; Bowers et al. 2003; Ermolaeva et al.
2003; Raes et al. 2003).

The Bayesian analyses of the A. thaliana-A. l. lyrata (At-Aly)
and A. thaliana-Capsella (At-Cap) mapping data allow us to infer
the most likely numbers of rearrangements that distinguish these
genomes and to deduce rates of chromosomal evolution. High
posterior probabilities in favor of the most parsimonious sce-
narios of 10 observable rearrangement events, namely five inver-
sions, two translocations, and three fusion/fissions separating
these genomes (Fig. 3, Table 2) were estimated. Within the reso-
lution of the mapping data, at least three alternative scenarios for
observable rearrangement events were also predicted at low prob-
ability (�13%), but overall, there is strong evidence to suggest
that the parsimony solution is a good approximation of what
occurred during evolution. Thus, this statistical approach affords
an opportunity to determine how likely the parsimony estimate
is, to offer alternative probable scenarios, and therefore to arrive
at a comprehensive view of the probable rearrangements that
distinguish genomes. It should be noted, however, that this ap-
proach, though powerful, is constrained by the resolution of the
mapping data, and additional comparative data will be required
to infer which rearrangement events predated others during ge-
nome reduction in A. thaliana and when in the last ∼5–10 Myr
they occurred.

A detailed look at the paths with the highest posterior prob-
ability of occurring revealed the observable rearrangements that
most likely occurred during evolution, as summarized in Figure
4. In these cases, the most likely sets of rearrangements are also
parsimonious. A parsimonious view of the high degree of ge-
nome colinearity observed between A. l. lyrata and Capsella also
implies that at least seven of the rearrangements (A–G) occurred
in the A. thaliana lineage since the last common ancestor (n = 8)
of A. thaliana and A. lyrata ∼5 Mya. An additional three inversion
events (H–J) are also predicted to have occurred sometime in the
last 5 Myr, but these changes cannot be inferred to be specific to
the A. lyrata or the A. thaliana lineage, because the affected re-
gions are unresolved on the Capsella map. Similarly, events X–Z,
which are observed only on the Capsella map, cannot be assumed

to be specific to the Capsella lineage, because they are unresolved
on the A. lyrata map. It must be noted that two additional trans-
locations involved in the repositioning of the NORs are likely to
have occurred, based on the Capsella map (Boivin et al. 2004) and
evidence from FISH-based studies in A. thaliana relatives (Lysak et
al. 2003). However, these translocations were not accounted for
in the Bayesian analyses, because raw position and distance data
were not available (see Methods), but they are included in the
scenario for karyotype evolution in Figure 4 (events V and W).

Clearly, a large number of rearrangements have occurred
since the divergence of A. thaliana from its closest relative A.
lyrata, based on our mapping data. According to the Bayesian
estimates of the most likely number of rearrangement events, we
infer a frequency of ∼0.5–0.6 rearrangements/Myr/genome from
the Capsella–A. thaliana comparison and a higher rate of ∼0.9–1.7
rearrangements/Myr/genome from the A. l. lyrata–A. thaliana
comparison (Table 3). These estimates suggest that the rate of
chromosomal evolution almost doubled during the last ∼5 Myr
of A. thaliana’s evolutionary history. Although direct compari-
sons of these estimates to those derived from other comparative
mapping studies cannot be made, the estimate of ∼0.9–1.7 rear-
rangements/Myr/genome is comparable to the rate of chromo-
some evolution inferred from a comparison of the B. nigra and A.
thaliana genomes. In a comparative mapping study performed
prior to the release of the full A. thaliana genome sequence, La-
gercrantz (1998) inferred that 90 chromosomal rearrangements
differentiate the A. thaliana and B. nigra genomes, which trans-
lates to an estimate of 1.9–3.2 rearrangements/Myr/genome
(Kuittinen et al. 2004) based on a divergence time between the
two taxa of ∼14–24 Myr (Yang et al. 1999; Koch et al. 2000, 2001).
This large number of chromosomal rearrangements has sug-
gested a more rapid rate of chromosomal evolution in the Bras-
sicaceae than in other plant family genomes for which maps of
comparable resolution are available (Lagercrantz 1998).

While any measure of the rate of chromosomal evolution is
dependent on the density of the maps analyzed, the degree to
which deviations from colinearity can be verified, and the accu-
racy of divergence time estimates, our results support the hy-
pothesis of rapid chromosomal evolution in the Brassicaceae (La-
gercrantz 1998). In contrast, Kuittinen et al. (2004) recognized
only six major rearrangements in A. l. petraea relative to A.
thaliana, and they inferred a relatively slow rate of 0.6 rearrange-
ments/Myr/genome. A Bayesian analysis of the A. l. petraea map-
ping data of Kuittinen et al. (2004) resolves this discrepancy and
predicts a rate of 0.8–1.3 rearrangements/Myr/genome (using the
3.8–5.8 Myr divergence estimate), which is comparable to A. l.
lyrata despite the lack of resolution in some regions of major
chromosomal rearrangement (data not shown).

The relatively rapid rates of chromosomal evolution inferred
from our Bayesian analyses of two independent A. lyrata–A.
thaliana comparative mapping studies support the hypothesis
that rapid chromosomal evolution is a characteristic of lineages
that differ by major changes in chromosome number and is not
restricted to the polyploid lineages of Brassica spp. as previously
suggested (Koch 2003; Kuittinen et al. 2004). This hypothesis is
consistent with the high degree of colinearity observed by
Lukens et al. (2003) between B. oleracea and the Capsella linkage
group 4 (Acarkan et al. 2000), which counters the notion that
extensive genome rearrangements occurred exclusively in the
Brassica lineage. Indeed, Lukens et al. (2003) suggested that the
last common ancestor of Arabidopsis, Capsella, and Brassica might
have had a Brassica-like genome structure.

Figure 5. Phylogenetic relationship between Arabidopsis spp. and
Capsella spp. The phylogenetic relationship between A. thaliana, A. lyrata,
and Capsella spp. is illustrated in this simple cartoon (modified from Koch
et al. 1999). Extensive colinearity of mapping data suggests (A) conser-
vation of genome arrangement since the ancestor of the tribe Sisym-
brieae (n = 8) until these modern-day taxa with haploid complement of
n = 8, and (B) the occurrence of most major genome rearrangement
events in the last 5 Myr of A. thaliana’s evolutionary history.
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Genomic plasticity in the Brassicaceae, manifested by high
levels of duplications and chromosomal rearrangements, has
been suggested to have enhanced the ability of crucifer species to
cope and adapt to change during alternating cycles of glacial and
interglacial migrations through Eurasia in the last 10 Myr (Mc-
Clintock 1984; Kianian and Quiros 1992; Kowalski et al. 1994).
Glaciations may have facilitated the fixation of certain chromo-
somal rearrangements in Brassica spp. in small refugial popula-
tions while others died out, leading to modern day karyotypic
diversity (Kowalski et al. 1994). A. thaliana is thought to have
colonized Europe during the last glaciation (Pleistocene: 1.8 Myr
to 11,000 years ago; Sharbel et al. 2000), and genome reduction
may have resulted from such a major cataclysmic event. Fixation
of perturbations in chromosomal structure may have been re-
sponsible for the speciation of A. thaliana as well as several Arabis
spp. (n = 6–7; Koch et al. 1999) that demonstrate karyotypic
changes from the ancestral state of n = 8. Clearly, there is a need
for further comparative mapping between members of the Bras-
sicaceae, to identify larger colinear blocks, better predict the struc-
ture of the ancestral genomes, and help define the number and
sequence of rearrangement events specific to the various lin-
eages. Application of the statistical approaches described here, in
conjunction with other recently developed methods such as
chromosome painting of whole chromosomes with BAC-specific
probes (Lysak et al. 2003), should allow a more rational and de-
tailed reconstruction of karyotype evolution in the Brassicaceae.

Methods

Plant material and mapping population
The accession 97.19 of the self-incompatible Arabidopsis lyrata
ssp. lyrata (A. l. lyrata) used in this study was collected from
Northern Michigan (USA) and kindly provided by C. Langley
(U.C. Davis). A single plant of this accession was considered an
“F1” plant (hereafter 97.19 in the text will refer to this F1 plant)
with sufficient heterozygosity to generate a mapping population,
because of the outcrossing nature of A. l. lyrata. Thus 97.19 was
selfed to generate an F2 population of 67 individuals for mapping.

RFLP markers
EST markers spanning the BAC-tiling path of A. thaliana were
used in BLASTN searches (Altschul et al. 1990) of the A. thaliana
genome sequence to determine copy number. Clones of ESTs
that appeared to be single copy (or tandem duplicates) were pref-
erentially selected to minimize scoring ambiguities, and these
clones were obtained from the Arabidopsis Biological Resource
Center (ABRC) at Ohio State University. It must be noted that the
earliest marker screen of ∼150 markers (of which ∼70 anchor
markers were placed on the map) was done prior to the release of
the full-genome sequence of A. thaliana. As a result, this marker
set contained several markers belonging to gene families that had
slipped through our screen for single-copy markers, and some of
these markers were informative. Clones were grown overnight in
Luria-Broth supplemented with appropriate antibiotics, and the
cultures were used as a source of template for colony amplifica-
tion using the polymerase chain reaction (PCR) under the fol-
lowing conditions: 99°C for 10 min to lyse cells, followed by 35
cycles, each of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 1
min and 30 sec. Amplified PCR products were used as probes to
detect restriction fragment length polymorphisms by DNA gel
blot analysis as described below. In addition, several RFLP mark-
ers used to map the Capsella genome as described in Boivin et al.
(2004) and a 28S rDNA-specific clone were also used.

DNA gel blot analysis
Genomic DNA was isolated from leaf and inflorescence tissue
collected from plant 97.19 and individual plants in the mapping
population using the CTAB protocol (Fulton et al. 1995). The
DNA was digested with EcoRI, EcoRV, DraI, and ScaI, and the
digests were subjected to electrophoresis on 0.8% (w/v) agarose
gels followed by capillary transfer to Hybond N+ membranes
under alkaline conditions (0.25N HCl depurination, 10 min,
0.4N NaOH for 15 min, and transfer in 0.4N NaOH). Probes were
generated from PCR products using the Random Primed DNA
labeling kit from Roche Applied Science and 32P-�-dATP. The
blots were hybridized at 65°C overnight, washed twice at low-
stringency conditions (2% SSC / 0.1% SDS, 65°C, 20 min), and
exposed to autoradiography film or phosphor screens.

Restriction fragment length polymorphisms were identified
first by screening survey blots containing DNA digests from a few
members of the F2 population. Each of the probes that identified
scorable polymorphisms was then used to genotype 50–67 F2

plants. Several markers were discarded either because they were
monomorphic and thus uninformative, or because they were
multicopy and would likely lead to scoring errors.

SSR markers for Chromosome 1
Previously reported polymorphic simple sequence-length repeats
(SSRs) from A. thaliana Chromosome I were used to screen the A.
l. lyrata mapping population. These SSRs included the dinucleo-
tide repeats AtSRP54A, nF19G10, AtZFPG, T27K12, ciw1, nga280,
AthGENEA, nF19K23, nF5I14, AthATPase, nga692, and
NYUP8H12 (Bell and Ecker 1994) and the trinucleotide repeat
ATTS0392 (Clauss et al. 2002). For regions within the gap on
chromosome I of A. thaliana that contained no previously de-
scribed SSR markers, the SSRIT (simple sequence repeat identifi-
cation tool: http://www.gramene.org/db/searches/ssrtool; Tem-
nykh et al. 2001) was used to locate SSRs. PCR-based primers were
designed to 100-base pair regions flanking identified SSRs in A.
thaliana using the PrimerSelect program in the DNAstar software
package and synthesized by Integrated DNA Technologies. These
were tested to determine their ability to amplify A. l. lyrata, and
then used to screen the mapping population. PCR and gel electro-
phoresis conditions were as described by Lukowitz et al. (2000).

Genetic linkage analysis
In the absence of information regarding parental genotypes, each
polymorphic marker was scored twice taking into account both
parental possibilities, and both sets of data were pooled and ana-
lyzed using Mapmaker 3.0 for linkage group construction, with
the LOD score (minimum logarithm of the odds ratio) set at 3.0.
Positional information regarding the 104 mapped markers is pro-
vided in Supplemental Table S1.

Sequencing
Eight markers (two single copy, one tandem duplicate, and five
gene family members) were found to map to regions in A. l. lyrata
that were not colinear with the corresponding regions of A.
thaliana, such that their locations could not be explained within
the context of the inferred large-scale genome rearrangements. In
these cases of interrupted synteny, the EST clones obtained from
ABRC were sequenced to verify their identity. DNA sequencing
was performed using the Applied Biosystems automated 3730xl
DNA analyzer, big dye terminator chemistry, and AmpliTaq-FS
DNA polymerase by the BioResource Center at Cornell Univer-
sity. Sequence identity was verified using a BLASTN query of the
A. thaliana whole-genome sequence. In one case, sequence analy-
sis revealed that the EST clone was mislabeled: It did not corre-
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spond to the expected At3g18310 locus, but instead it matched
the gene locus At5g42440 whose position in A. thaliana did cor-
respond to a colinear block with A. lyrata. The correct identity of
this marker is indicated on the map.

Segregation ratios
Genotypic data for plants in the mapping population were used
to calculate segregation ratios for each of 97 markers with clear
scoring data. �2-tests were performed to determine which mark-
ers segregated according to the expected 1:2:1 ratio among geno-
types and the expected 1:1 ratio between parental alleles, and
which markers exhibited significant deviations from these ratios
at a locus-by-locus P-value of 0.05.

Comparisons with maps of other species
For comparisons with maps of other related species, the corre-
spondence of various linkage groups is as follows:

A. l. lyrata A. l. petraea Capsella spp.
1 1 A
2 2 B
3 4 D

Linkage Groups 4 3 C
5 5 E
6 7 G
7 6 F
8 8 H

Mapping file preparation and statistical analysis
Mapping files were generated which list marker order (with locus
ID names) per chromosome in both genomes (1) without dis-
tances, (2) with distance in Mbp on the A. thaliana genome only,
and (3) with distance in cM on the A. l. lyrata genome only. To
prevent spurious inflation of the Bayesian estimates of 95% cred-
ible intervals (CIs) for rearrangements, eight of the 104 mapped
markers were disregarded because they exhibited either lower-
than-threshold LOD scores or mapping positions more consis-
tent with duplication followed by deletion than with genome-
level rearrangements. Eighteen loci on the Aly map were defined
by two or more cosegregating markers. In these cases, only one
marker was retained to define the locus on the mapping files, as
the local order of cosegregating markers could not be ascertained
on the Aly map.

Mapping file data for the remaining 78 markers were sub-
jected to Bayesian analyses using Markov chain Monte Carlo
(MCMC) code, based on theory and methodology described by
Durrett et al. (2004). Briefly, in this method, one makes a rea-
sonable assumption about the prior probability of occurrence of
each possible path (sequence of marker arrangements); this is
multiplied by the probability of the data given the path (in this
case either 1 or 0) to give the relative posterior probability. These
probabilities are used in constructing a Markov chain which,
when run for sufficiently long, provides samples from the poste-
rior distribution. These samples are then analyzed to yield, for
instance, the posterior distribution of the number of inversions,
and the joint posterior distribution of inversions and transloca-
tions. The original published form of the code uses information
about marker order only. The capability of using distance infor-
mation from one of the genomes (but not both) has recently
been added to this code (T.L. York, pers. comm., in prep.) and the
program was used in this capacity to perform the analyses. The
analysis provides 95% CIs that define the most likely range of
possible rearrangements that best fit the data. These intervals are

denoted in square brackets and collectively correspond to 95% of
the posterior probability (i.e., L = [3, 4] denotes a 95% posterior
probability of 3–4 events having occurred). The analyses pro-
vided individual 95% CIs for the numbers of observable rear-
rangements, namely, inversions (Li, defined by at least two mark-
ers), translocations (Lt), fusions/fissions (Lf), as well as the total
number of rearrangements (L) that are required to convert one
genome into another.

A similar comparative statistical analysis of A. thaliana and
Capsella genome data was also performed with mapping files gen-
erated from the supplemental data of Boivin et al. (2004). A
BLASTN search with six gene-specific markers used in that study
against the A. thaliana genome revealed the paralogs whose po-
sitions in A. thaliana are syntenic with their mapped location in
the Capsella genome [illustrated in Fig. 2 of Boivin et al. 2004 but
not documented in their supplemental data). These paralogous
loci (specifically, E71b = At1g50010, E13 = At1g57820,
E71a = At1g64740, mi320 = At1g66530, E26 = At3g53870,
CA6 = At5g66450) were included in the raw mapping file. Of the
117 markers on the Capsella map, 95 markers defining distinct
loci (i.e. allowing only one marker to define each locus where
cosegregating markers mapped) were used to generate the map-
ping file for statistical analyses. Raw position and distance data
for the rDNA marker used to locate the NORs was not provided in
the supplemental data of Boivin et al. (2004), and hence could
not be included in the mapping file. Only two markers were
found to be mapped on both Capsella and A. l. lyrata; all others
were unique to each map.

Estimation of rates of chromosomal evolution
The equation used by Kuittinen et al. (2004) to calculate the
number of rearrangements/Myr/genome was used to estimate
the rate of chromosomal evolution (Table 3), taking the smallest
lower bound and the largest upper bound of the 95% CIs, as
defined by three permutations of the Bayesian analysis, to be the
number of rearrangement events for each data set (i.e., [10, 13]
for At-Aly, see Table 1). In cases where the divergence time was
defined by a range (i.e., 3.8–5.8 Myr for At-Aly), four values were
obtained, and the smallest and largest of these values were used
to define the estimate of the rate of chromosomal evolution (i.e.,
the values 1.3, 0.9, 1.7 and 1.1 for At-Aly give an estimate of
0.9–1.7).
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