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Abstract Mechanisms of genome evolution are poorly
understood although recent genome sequencing is pro-
viding the tools to begin to illuminate such mechanisms.
Using high-resolution molecular cytogenetic tools, we
examined the structural evolution of 790 kb surrounding
the evolutionarily important FLC locus of Arabidopsis
thaliana in three of its relatives, Arabidopsis halleri,
Arabidopsis neglecta and Arabidopsis arenosa. Sequenced
BACs from A. thaliana were used as heterologous
probes across these species and genome expansion was
found in all three species relative to A. thaliana, ranging
from 16 to 27%. Expansion was seen along the length of
the entire region but molecular analyses revealed no
characteristic pattern of either intra- or intergenic
expansion among these species. Mapping of BACs on
DNA fibers from A. thaliana revealed one possible error,
!14 kb missing from the reported sequence, indicating
that for comparative studies it is important to confirm
the reference sequence to which comparison will be
made.

Keywords Arabidopsis Æ Comparative genomics Æ
FISH Æ Physical mapping Æ Cytogenetics

Introduction

Plant genomes are highly variable in DNA content due
to increases in chromosome number and/or accumula-
tion of repetitive DNA (Leitch et al. 1998). Despite
differences in DNA content, many plant genomes
maintain remarkable genetic synteny and colinearity of
genes along their chromosomes (Ahn and Tanksley

1993). Thus a paradox, how can evolutionarily divergent
genomes that differ in DNA content and chromosome
number have conserved gene synteny and order? Com-
parative genome sequencing is the most direct way to
address this question but due to prohibitive costs it is
unlikely that many plant genomes will be sequenced in
the near future. Moreover, those that will be sequenced
may not be chosen to address these particular questions.
Using a combination of high-resolution, low cost cyto-
genetic tools, we compared the physical structure and
evolution of a 789 kb region surrounding the FLC locus,
a repressor of flowering (Michaels and Amasino 1999),
amongst four species in the genus Arabidopsis.

Arabidopsis thaliana was the first plant to have a se-
quenced genome (The Arabidopsis Genome Initiative
2000). Despite its prominence as a genetic model, rela-
tively little is known about the evolutionary history of
genomes within the genus Arabidopsis; however, the
phylogenetic position of these species to each other and
within the Brassicaceae is becoming more defined (Koch
et al. 2000; Al-Shebaz and O’Kane 2002). Comparative
genetic mapping using RFLP probes from one species as
markers in another has shown that there is extensive
genetic colinearity between A. thaliana and various cul-
tivated Brassica species (Kowalski et al. 1994; Lagerc-
rantz et al. 1995; Cavel et al. 1998; Lagercrantz 1998).
These studies are complicated due to the duplicated and
even triplicated nature of the Brassica genomes (Quiros
et al. 1994), the evolutionary distance traversed (15–
20 MY) and do not result in high-resolution structural
comparisons.

Using a set of species from the same genus as A.
thaliana, we sought to determine, across the 789-kb
FLC-containing genomic region in A. thaliana, the ex-
tent of structural conservation of sequences and genomic
reorganization, expansion and/or contraction around
this gene. FLC is involved in the vernalization process,
whereby flowering occurs only after exposure to cold
(winter), an important evolutionary trait/adaptation in
many plants. FLC acts as a negative repressor of flow-
ering and FLC activity is repressed during and after cold
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by an epigenetic process involving polycomb group
proteins and targeted histone modifications (Bastow
et al. 2004). In some accessions of A. thaliana, weak
alleles of FLC have a transposon inserted in the first
intron (Gazzani et al. 2003).

Fiber-FISH, fluorescence in situ hybridization on
extended genomic DNA fibers, of BACs (bacterial arti-
ficial chromosomes) from A. thaliana spanning the FLC
locus was used to structurally compare, at the resolution
of the Watson–Crick double helix, the orthologous re-
gions from three other Arabidopsis species (Arabidopsis
halleri, Arabidopsis arenosa and Arabidopsis neglecta).
All of these species have more genomic DNA and a
greater chromosome number than A. thaliana [(A. thali-
ana n=5, c-value=0.34 pg) (A. arenosa n=8 or 14–16, c-
value=0.87 pg) (A. halleri n=8 or 16, c-value=0.56 pg)
(A. neglecta n=16, c-value=0.87 pg) Al-Shehbaz and
O’Kane 2002; W.A. Peer and A. Murphy, personal
communication] indicating the possibility of structural
evolution amongst these species. Unlike observations
between A. thaliana and Brassica rapa where there was
little difference in size of an orthologous region (Jackson
et al. 2000), expansion was seen in this region among
these Arabidopsis species ranging from 16% in A. neg-
lecta to 26% in A. arenosa and 27% in A. halleri. Further
analysis showed relatively even distribution of expansion
along this 789 kb, although molecular analysis did not
reveal any characteristic increase in size of either intra- or
intergenic regions. The BACs from A. thaliana were also
mapped back to A. thaliana revealing an instance of
incongruity between the physical mapping data and the
reference genome sequence.

Materials and methods

A 789-kb BAC contig from A. thaliana ecotype Col,
consisting of eight BAC and two PAC clones (T5E8,
F17I14, MYH9, T31P16, F18D22, F12B17, MAJ23,
T30N20, T5K6 and F2I11) was chosen from the TAIR
website (http://www.arabidopsis.org) for comparative
physical mapping (Fig. 1). This region, which spans the
FLC locus, is located on the short arm of chromosome
5, !2.9 Mb from the telomere and !8.1 Mb from the
centromere. We were unable to obtain the PAC clones
for this study. The BAC clones were obtained from the
Arabidopsis Biological Resource Center (ARBC). BAC
DNA was extracted using Qiagen large construct kits
(Qiagen Corp. Hilden, Germany). Following extraction,
1 lg of DNA was labeled with either digoxigenin-11-
dUTP or biotin-16-dUTP (Roche Diagnostics, Basel,
Switzerland) using standard nick translation protocols.

Nuclei were extracted from leaf tissue of A. arenosa,
A. neglecta, A. halleri spp. halleri (provided by Dr.
Wendy Ann Peer, Purdue University, West Lafayette,
IN) and A. thaliana ecotype Columbia according to the
method of Liu and Whittier (1994). Genomic DNA fi-
bers were prepared following Fransz et al. (1996) and

Jackson et al. (1998). Probe preparation for fiber-FISH
followed the methods described in Jiang et al. (1996),
using modifications described by Jackson et al. (2000).
Each experiment consisted of two duplicate slides, and
each experiment was repeated twice to ensure reliability
of the data.

Images were captured digitally using a Hamamatsu
Photonics (Japan) charge coupled device (CCD) camera
attached to an Olympus BX60 epifluorescence micro-
scope using 60 or 100· objectives. The camera was
controlled via Metamorph v 6.0r3 (Universal Imaging
Corp., Downington, PA, USA) on a PC. Images for red
(TXRED), green (FITC) and blue (DAPI) channels were
captured as gray scale images and then merged to pro-
duce color images. Brightness and contrast of the images
were adjusted using Adobe Photoshop v 8.0. Measure-
ments were made on the merged images using Meta-
morph software and the data was analyzed in Microsoft
Excel (2000) using the data analysis package.

Polymerase chain reaction (PCR), using primers
described in Table 2, was done using the BD Advan-
tage" 2 PCR enzyme system (BD Biosciences, San Jose,
CA, USA). A 50 ll PCR reaction consisted of 1· BD
Advantage 2 PCR buffer, 1 ll of each primer, 0.2 mM
dNTP mix, 1· BD Advantage 2 polymerase mix and
distilled water. The reaction conditions were 95#C for
3 min, 30 cycles of 94#C for 40 s, 60#C for 1 min 30 s,
72 C for 3–5 min (depending on expected size of PCR
product and taking 1 kb/min rate of extension), and
final extension at 72#C for 8 min.

Results

Ploidy and copy number of the FLC region
in each species

The terminal BACs of this contig (T5K8 and F2I11)
were used as FISH probes to pachytene chromosomes
and interphase nuclei to determine the ploidy of the
species and, where possible, the copy number of this
region in the event of segmental duplications. Either of
these instances can confound subsequent fiber-FISH
analysis if there are structural differences between par-
alogous regions.

FISH using the two flanking BACs to A. arenosa
revealed loci on two separate pairs of homologues con-
firming that this accession is tetraploid with n=16
chromosomes (Fig. 2a; W.A. Peer, personal communi-
cation). FISH to meiotic mid-prophase chromosomes of
A. halleri revealed only one set of loci on one pair of
homologues indicating that this accession is diploid
(Fig. 2b). We were unable to obtain chromosomes from
A. neglecta but FISH to interphase nuclei showed two
distinct signals for each BAC resulting from the un-
paired homologues (Fig. 2c), thus, this accession of A.
neglecta is also diploid.
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Fig. 1 Schematic of the FLC-containing BAC contig from Chro-
mosome V of Arabidopsis thaliana employed in comparative
studies. a The FLC contig using the data from http://
www.mips.gsf.de/proj/thal/db/index.html. BACs/PACs are shown
as gray or black bars with their names and reported lengths.
Overlap between clones is shown as lightly colored bars. b Expected
BAC/PAC contig after making adjustments because of unavail-

ability of the PAC clones and sequence that was added to several
BAC ends to facility sequence assembly (see Tables 1, 2). BACs are
colored green or red and overlaps yellow to reflect the fiber-FISH
data. PACs are shown in black as they will appear as gaps in fiber-
FISH data. c Schematic of the fiber-FISH data from A. thaliana
reported in text

Fig. 2 FISH and fiber-FISH of the FLC region across four species
ofArabidopsis. a-c FISH of terminal BACs, T5E8 (green) and F2I11
(red), to (a)A. arenosa, (b)A. halleri and (c)A. neglecta showing that
A. arenosa is tetraploid with two copies (arrows) of this locus and A.
halleri and A. neglecta are both diploid with one copy of this locus.
Size bars=5 lm. d Fiber-FISH analysis of eight A. thaliana BACs
mapped across the four Arabidopsis species as adjacent pairs of
BACs. BACs are shown across top of figure with color indicating

the fluorophore used for FISH detection. Size bars=20 lm. Species
relationships are shown on left. A phylogenetic tree was constructed
using PHYLIP and a CLUSTAL alignment of 5.8S rRNA genes,
including ITS1 and ITS2, of the four species (GenBank accession
numbers: A. halleri gi|6686530, A. arenosa gi|1244732, A. neglecta
gi|1245680 and A. thaliana gi|16131). Bootstrap values are shown in
nodes
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Physical size of the FLC region

In our first attempts to integrate the fiber-FISH data
with the A. thaliana sequence data we uncovered mul-
tiple instances of incongruity that could, for the most
part, be explained by the way sequences in this region
were assembled. On further analysis of the sequence data
it was found that four BACs had sequences from other
BACs or PCR products added to their ends. These
changes are noted in Table 2 (expected column) and
shown in Fig. 1 and as follows based on data from
MATDB and Dr. Klaus Mayer (personal communica-
tion). The results of this analysis led to an expected
contig size of 813 kb, to which A. thaliana’s fiber-FISH
comparisons were made.

Gap 1

The PAC clone MYH9 was unavailable, thus a gap
between BACs T31P16 and F17I14 was expected.
MYH9 has a reported insert size of 82.39 kb and has
overlaps with F17I14 and T31P16 of 1,484 bp and
440 bp, respectively. Therefore the expected gap size is
80.9 but T31P16 has additional sequence added to it (see
below) making the expected gap size 87.47 kb.

T31P16

The first 6,563 bp were added from an overlapping
clone, T22D10. After subtraction of this value, BAC
T31P16 is 79.64 kb.

F18D22

The last 4,376 bp of this clone were derived from over-
lapping clone T32A5, thus the size of F18D22 is
52.80 kb.

Overlap 3

The overlap of 578 bp between F18D22 and F12B17
occurred because of the addition to F18D22 (above);
therefore, a gap of 3,797 bp is expected between F18D22
and F12B17.

GAP 2 (MAJ23)

The PAC clone MAJ23 was also unavailable for our
studies. Hence a gap is expected between clones F12B17
and T30N20. When the overlap with F12B17 (4,862 bp)
and T30N20 (10,319 bp) are subtracted from the re-
ported size of MAJ23, the expected gap size is 27.51 kb.

Overlap 4

After conferring with Dr. Klaus Mayer at MIPS, we
have used the value of 23.24 kb as reported by The

Arabidopsis thaliana Information Resource (TAIR) to
be the expected value of this overlap not the MIPS value
of 41.98 kb.

T5K6

A Blast of the SP6 BAC end sequence of T5K6 to itself
maps to position 88,688–89,006. Since additional se-
quence was added to this BAC, the expected size is
89 kb.

Overlap 5

The SP6 BAC end sequence of T5K6 also maps to po-
sition 309–627 on BAC F2I11. The first 2,885 bp of
F2I11 were added from another clone (F22L2), so BACs
T5K6 and F2I11 do no physically overlap but have a
gap of !7 kb that may have been bridged by a PCR
fragment. This is uncertain as the sequencing lab did
detail how this gap was bridged (Dr. Klaus Mayer,
personal communication).

F2I11

The initial 2,885 bp of F2I11 belong to clone F22L2, so
the actual size of F2I11 is 108.10 kb.

Comparative mapping using fiber-FISH

Fiber-FISH is essentially mapping at the Watson–Crick
resolution on extended DNA fibers released from iso-
lated plant nuclei (Fransz et al. 1996; Jackson et al.
1998) where every micrometer of physical distance is
equivalent to !2.9 kb of DNA (Jackson et al. 1998). A
789-kb BAC contig spanning the FLC locus of A. tha-
liana was chosen to examine the physical structure of
this region in the related species A. halleri, A. neglecta
and A. arenosa. Two PACs (P1-derived artificial chro-
mosomes, MYH9 and MAJ23), part of this sequencing
contig, were unavailable for these experiments; thus, two
gaps, gaps 1 and 2, respectively, reflect the missing
PACs. Adjacent BACs were mapped in pairs to fibers
from all four Arabidopsis species and measurement data
was quantitatively analyzed to determine the size of the
orthologous regions.

Mapping in Arabidopsis thaliana

The data derived from measurements of these BACs in
A. thaliana closely matched the publicly available gen-
ome sequence for this region (Fig. 1, Tables 1, 2). Chi-
squared tests were made between the fiber-FISH mea-
surements and the expected values in Tables 1, 2. None
of the fiber-FISH data deviated significantly from the
expected sizes except for gap 1 (PAC MYH9) that was
larger by !14 kb than the expected value (Tables 1, 2).
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Comparative mapping in A. neglecta, A. halleri and A.
arenosa

Arabidopsis thaliana BACs were hybridized to genomic
fibers isolated from the three related Arabidopsis species

(Fig. 2d) and compared to the measurements from A.
thaliana (Table 1). A minimum of 15 measurements were
made for any individual segment but ranged up to 75
independent measurements. Comparisons were made to
the A. thaliana fiber-FISH data using two-tailed

Table 2 PCR primers used to amplify around the FLC locus in four species of Arabidopsis

Position Intra/intergenic BAC/PAC Primer Sequence Expected PCR size

From To

a 3095320 3097844 Inter/intra MYH9 MYH9_RP2_F ggaagaagcagaaaggcgta 2101
MYH9_RP2_R agagaagcacggaagaagca

b 3172273 3175274 Intragenic T31P16 T31P16_FLC_1F gtcgctcttctcgtcgtctc 3996
T31P16_FLC_1R ccagttgaacaagagcatcg

c 3189975 3193621 Intergenic T31P16 T31P16_I3P_F tcacgttcggagattcaacc 3403
T31P16_I3P_R aatggcttggaggacagaga

d 3238082 3240725 Inter/intra F18D22 F18D22_HYASE_F aagccatagccatcttctgc 2513
F18D22_HYASE_R cgccatcgatctcgtagact

e 3282110 3286262 Inter/intra F12B17 F12B17_CYCD4_F aacgatctcttcgctctcca 3940
F12B17_CYCD4_R ctcgttacaggcgctactcc

f 3297040 3301105 Inter/intra F12B17 F12B17_PAS2_F gccagtaatcaaagcggtct 3540
F12B17_PAS2_R cactcacctcccagttccat

g 3360761 3365688 Intragenic MAJ23 MAJ23_EF1_F tgttcttcgtcatcctgtcg 4713
MAJ23_EF1_R aaaccggttccatctctctg

h 3382328 3387540 Intergenic MAJ23 MAJ23_AHK5_F agcaatccctgtgcgtttac 4812
MAJ23_AHK5_R acctgcggaacaaatcactc

i 3405169 3408551 Intergenic T30N20 T30N20_ChlDBP_F tccgaccagtacccatcact 3207
T30N20_ChlDBP_R tgagctccatcgttacaacc

j 3418298 3421452 Inter/intra T30N20 T30N20_EnRP_F tcgggataccagattccttg 2940
T30N20_EnRP_R ggtgttttcttccagggtga

k 3500388 3503636 Inter/intra T5K6 T5K6_MYB_F gctgcaagaagcaagacact 3139
T5K6_MYB_R tcgctagtggagttagcttgg

l 3547626 3550865 Intergenic F2I11 F2I11_SYNAP_F tggctatcgctatcgtttcc 3130
F2I11_SYNAP_R caaccctaatggctgctgat

m 3591345 3595686 Inter/intra F2I11 F2I11_BZIP_F aggaccgatggattctcctc 4000
F2I11_BZIP_R ggaagcgagttttgaagtgg
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Fig. 3 Change in fiber-FISH-derived size measurements across the
FLC-containing region relative to A. thaliana. Fiber-FISH mea-
surement data was converted to fold difference relative to the

corresponding A. thaliana measurement and graphed linearly.
Gap1 and Gap 2 correspond to the PAC clones, MYH9 and
MAJ23, respectively, that were unavailable
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t-tests and significance at the 5 and 1% levels are re-
ported. A phylogenetic tree of these three species was
constructed using ITS 1 and 2 (internal transcribed se-
quence) of the 5.8S rRNA gene to show the putative
relationship of these species (Fig. 2d).

Arabidopsis neglecta is reported to have a diploid
chromosome complement of 2n=16 and a 0.87 pg
haploid genome, !2.6 times bigger than A. thaliana. Of
the 15 comparisons made between the BACs, gaps and
overlaps, 11 were significantly different at either the 1 or
5% levels (Table 1). Nine of the 11 differences were
larger while BAC T30N20 and the gap at overlap 3 were
smaller (Table 1 and Fig. 2d).

Arabidopsis arenosa is reported to have chromosome
numbers of either 2n=2x=16 or 2n=4x=32 (Al-She-
baz and O’Kane 2002) and a genome size of 0.87 pg per
haploid genome. Cytogenetic analysis revealed that this
accession is tetraploid. On DNA fibers, 12 out of the 15
measurements from A. arenosa (Table 1) were signifi-
cantly larger than those from A. thaliana while overlap 1
was smaller. Similarly for A. halleri, previously known
as Cardaminopsis halleri (L.) Hayek, 10 of the 15 mea-
surements in this region were significantly larger than
those from A. thaliana. The overall fiber-FISH size in-
creased from 846.3 kb in A. thaliana to 978.1 kb in A.
neglecta, to 1063.4 kb in A. arenosa and to 1076.8 kb in
A. halleri.

The expansion, relative to A. thaliana, appears to be
similar in distribution along the segment among these
species (Fig. 3), although, the overall expansion varies
among these three relatives of A. thaliana.

Analysis of structural variation in intergenic/intronic
regions

To establish the source of structural variation across
these species, primer pairs for 15 regions that spanned
either introns (intragenic) or genes (intergenic) were used
to PCR-amplify across all the species (Table 2). This was
done to determine if there was any characteristic in-
crease in size and if it was due primarily to intra- and/or

intergenic expansion. There were a few clear instances of
PCR products that increased in size such as product ‘‘g’’
in A. neglecta, ‘‘h’’ in A. halleri, and products ‘‘l’’ in A.
neglecta and A. halleri but there were also instances of
smaller PCR products (Fig. 4). No clear pattern of
increasing PCR product size concomitant with increas-
ing genome size was seen nor were there any discernable
differences between inter- and intragenic amplicons
across these species. Two primer pairs for GNAT on
BAC F2I11 and calcineurin on BAC T30N20 were ex-
cluded as they did not amplify across all the species. The
lack of amplification could be due to loss of primers
site(s) or a large insertion between the primer sites that
could have contributed to the expansion seen in this
region.

Discussion

The genus Arabidopsis is uniquely poised for compara-
tive studies as the complete genome sequence of A.
thaliana is available and the genome sizes of these species
are relatively small. Previously, we have shown that A.
thaliana BACs can be used as heterologous probes to
chromosomes and DNA fibers from B. rapa (Jackson
et al. 2000). This was exploited in the current study to
examine the structure of the FLC region in a more
closely related group of species. FLC is a key component
in vernalization, a trait in plant adaptation, and some
accessions of A. thaliana with weak alleles of FLC, i.e.,
Landsberg erecta (Ler), have a 1.2-kb Mutator-like
transposon inserted in the first intron (Gazzani et al.
2003).

One observation from these data is that the fiber-
FISH results from A. thaliana closely match the expected
values with only one instance of incongruity. Gap 1, a
missing PAC clone, was 14 kb larger than the expected
size. This could be due to incorrect assembly of
sequences within this clone or genomic variation in the
Columbia ecotype of A. thaliana. Such structural dif-
ferences have been observed between inbreds of maize
(Fu and Dooner 2002). It is unlikely that variation in the

Fig. 4 PCR analysis of intra- and intergenic regions across the four
Arabidopsis species. A portion of the 789-kb FLC region
(3,095,320 bp–3,648,233 bp) is shown across top of the figure.
Genes (taken from genome annotation at TAIR) are shown across
top in green and red, green indicates that all or part of that gene is
included in the PCR product shown across bottom in blue. PCR

products are shown in bottom of figure and Lanes 1, 2, 3 and 4 are
A. thaliana, A. arenosa, A. neglecta and A. halleri, respectively.
Letters across the top refer to PCR primer pairs and positions
indicated in Table 2 and red arrows indicate expected PCR product
in A. thaliana. Molecular weights (1 kb Plus ladder, Invitrogen) are
shown in first and last lane of each panel
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fiber-FISH technique (Nishio et al. 1996) contributed to
this as we did not see other deviations from the expected
values in the rest of the contig. However, it would also
be fallacious to conclude that the sequence is in error
(missing 14 kb) without resequencing of this region in A.
thaliana.

When the gap 1 discrepancy is subtracted from the
fiber-FISH data, the overall length is !832 kb—only
1.02% larger than the expected value of 813 kb and well
below the variation inherent to fiber-FISH. This high-
lights the importance of verifying the reference genome
when doing comparative studies with related genomes as
structural rearrangements could be wrongly inferred.

No other major gross rearrangements were observed,
i.e., translocations or transpositions, at either the chro-
mosomal or DNA fiber level. This does not preclude the
possible rearrangement of elements below the resolution
of these mapping techniques. For instance, duplication or
deletion of small segments or genes within the region
would not be detectable at the chromosomal level, but
may be quantitatively detectable at the level of fibers. This
would result in increases or decreases in sizes of the BACs
across the species. This is complicated by the possibility of
invading transposable elements that could lead to in-
creased measurements, e.g., 1.2 kb insertion in FLC in
some Arabidopsis accessions (Gazzani et al. 2003).

Retroelement invasion is a major mechanism for
genomic expansion among eukaryotes (reviewed in
Kidwell 2002) including the grass family (SanMiguel and
Bennetzen 1998). Analysis of fiber-FISH data from our
study suggests that invasion of large (5–15 kb) retroel-
ements did not lead to the observed genomic expansion
as there were not consistent gaps of that size range. This
does not preclude contribution of smaller retroelements
undetectable by the fiber-FISH method or the removal
of retroelements by either homologous or illegitimate
recombination (Devos et al. 2002; Ma et al. 2004). A 1.2-
kb Mutator-like element is present in some Arabidopsis
accessions (Gazzani et al. 2003), an element this small
would likely be missed using fiber-FISH as 1.2 kb is less
than one micrometer of physical distance.

In order to look at intra- vs intergenic contribution to
the expansion of this region we PCR-amplified several
regions to see if the PCR fragments from the three other
species were uniformly larger than those of A. thaliana.
The majority of the fragments were similar in size, only a
few increased in size in one or all of the species relative
to A. thaliana. A few primer pairs produced fragments in
the relatives smaller than those of A. thaliana. A recent
report from rice shows that amplification of LTR-ret-
rotransposons has been a primary contributor to in-
creased genome size of Oryza sativa cv japonica and O.
sativa cv indica relative to their progenitor, although this
has been counteracted by small deletions (Ma and
Bennetzen 2004). Without targeted sequencing of the
orthologous regions from A. arenosa, A. halleri and A.
neglecta, it is impossible to tell what contribution these
mechanisms may have had to the expansion of this re-
gion or the entire genomes.

The expansion of this region by 27% in A. halleri and
16% in A. neglecta is not concordant with the total
genome size expansion relative to A. thaliana of 64 and
156%, respectively. Only in the case of A. arenosa is the
local expansion (26%) similar to the whole genome
expansion of !28% if, since this accession is tetraploid,
we reduce the c-value by one-half. In allopolyploid
cotton it was proposed that genome expansion of one
genome was regional rather than global (Grover et al.
2004) and in rice there are conflicting reports. Ma and
Bennetzen (2004) provide compelling evidence for global
expansion counteracted in part by small deletions, but
expansion of specific tandem repeats was shown to
correlate with increased genome size (Ohmido et al.
2000). It is likely that both expansion of intergenic/non-
genic islands (centromeres and other repeat-rich clusters)
and the ‘‘global’’ proliferation of transposons contribute
to genome ‘‘obesity’’.

Comparative genetic analyses have primarily pro-
ceeded down two paths: genetic mapping of conserved
sequences between related species (Devos and Gale
2000) or sequencing of orthologous regions between
related species as has been done for barley, rice, sor-
ghum and wheat (Ramakrishna et al. 2002) and among
mammalian genomes (Thomas et al. 2003). Both ap-
proaches yield valuable information but have limita-
tions. Genetic mapping can be laborious and it may be
difficult to establish orthology whereas comparative
sequencing is expensive and dependent on the ability to
identify contigs spanning orthologous regions between
related species. If the species are close enough, an
intermediate level of information can be generated from
cytogenetic approaches similar to those described here,
and for a limited investment of money and time. Care
should be taken, however, to verify or confirm the ref-
erence sequence for the region of interest.
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