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ABSTRACT
Comparative genome studies are important contributors to our understanding of genome evolution.

Most comparative genome studies in plants have been based on genetic mapping of homologous DNA
loci in different genomes. Large-scale comparative physical mapping has been hindered by the lack of
efficient and affordable techniques. We report here the adaptation of fluorescence in situ hybridization
(FISH) techniques for comparative physical mapping between Arabidopsis thaliana and Brassica rapa. A set
of six bacterial artificial chromosomes (BACs) representing a 431-kb contiguous region of chromosome
2 of A. thaliana was mapped on both chromosomes and DNA fibers of B. rapa. This DNA fragment has
a single location in the A. thaliana genome, but hybridized to four to six B. rapa chromosomes, indicating
multiple duplications in the B. rapa genome. The sizes of the fiber-FISH signals from the same BACs were
not longer in B. rapa than those in A. thaliana, suggesting that this genomic region is duplicated but not
expanded in the B. rapa genome. The comparative fiber-FISH mapping results support that chromosomal
duplications, rather than regional expansion due to accumulation of repetitive sequences in the intergenic
regions, played the major role in the evolution of the B. rapa genome.

COMPARATIVE genetic mapping by cross-hybrid- DNA from related species and to compare the sequence
ization of restriction fragment length polymor- data (Chen et al. 1997, 1998). Although this is the most

phism (RFLP) probes in different species has proven definitive analysis, it is expensive and not affordable
to be a valuable tool to examine genome architecture to most laboratories. Pulsed field gel electrophoresis
and trans-specific genome relationships. In many plant (PFGE) followed by gel blotting and probe hybrid-
families, it has been demonstrated that there is consider- ization is another method to physically compare the
able collinearity of genetic loci between related species same genomic regions between different species. This
(Bonierbale et al. 1988; Tanksley et al. 1988; Hulbert method can be used to find the smallest DNA fragments
et al. 1990; Ahn and Tanksley 1993; Kowalski et al. that hybridize to the same set of probes in related species
1994). The genetic location of a gene or a DNA marker (Sadowski et al. 1996). A weakness of this method is
in one species can be predicted on the basis of its trans- that its resolution can be limited significantly by the
specific synteny in another species. It should be possible unknown physical distances between the probes and the
to map a gene in a large-genome species and clone it proximity of recognition sites for rare-cutting restriction
from a related small-genome model organism on the enzymes. The third method is fluorescence in situ hy-
basis of collinearity, although such attempts have not bridization (FISH) mapping in related species using the
been successful so far (Gale and Devos 1998). Genomic same DNA probes. This method has proven to be a very
conservation has also given biologists new tools and powerful technique to study chromosomal evolution in
perspectives on genome and crop evolution (White mammalian species. DNA derived from a single chromo-
and Doebley 1998). Despite all of the advances in com- some from one mammalian species can be labeled to
parative genetic mapping relatively little has been done paint chromosomes from another species. The re-
to compare the physical properties of plant genomes. arrangement and modification of a particular chromo-

There are three basic strategies for comparative physi- some among related mammalian species can be deter-
cal mapping. One is to sequence orthologous regions of mined efficiently (Wienberg et al. 1990; Scherthan et

al. 1994). In plants, large genomic DNA clones from
one species were mapped by FISH on chromosomes
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Genomic DNA fibers were prepared following Fransz et al.may not be resolved on condensed metaphase chromo-
(1996). BAC DNA was isolated from 200-ml cultures grownsomes.
overnight using an alkaline lysis method (Sambrook et al.Two of the model plant species, Arabidopsis thaliana 1989). The DNA was labeled with either digoxigenin-11-UTP

and rice (Oryza sativa), are ideal candidates for compara- (Boehringer Mannheim, Indianapolis) or biotin-16-UTP
(Boehringer Mannheim) using standard nick translation pro-tive physical mapping because both genomes will be
tocols. Preparation of probe for FISH followed Jiang et al.completely sequenced. For A. thaliana, there is already
(1996) with only minor modifications. We applied 30% for-a plethora of information about its genome in the form
mamide, rather than 50%, in the hybridization mixture whenof sequence data and sequencing-ready bacterial artifi- probing Arabidopsis BACs on B. rapa DNA fibers. Each FISH

cial chromosome (BAC) contigs (Lin et al. 1999; Marra experiment was internally replicated on two different slides
and each experiment was replicated twice to ensure the relia-et al. 1999; Mayer et al. 1999; Mozo et al. 1999). Brassica
bility of the data. The experiment was replicated again ifis the genus most closely related to A. thaliana that has
further data collection was necessary.economic value. Three diploid Brassica species (Brassica

Images were captured digitally using a Photometrics (Tuc-nigra, 2n ! 16; B. oleracea, 2n ! 18; and B. rapa, 2n ! son, AZ) SenSys charge coupled device (CCD) camera
20) and three polyploids, which are derived from the attached to an Olympus (Lake Success, NY) BX60 epifluores-

cence microscope using a 60" PlanApo objective. The CCDthree diploids, are important vegetable crops. All of the
camera was controlled using IPLab spectrum v3.1 software ongenetic mapping studies indicate that the three diploid
a Macintosh computer. Gray scale images were captured forBrassica species are actually ancient polyploids, with
each color channel and then merged. Measurements werenearly one-half of the RFLP loci being present in more made on the digital images within IPLab spectrum software

than one copy (Quiros et al. 1994). Because of the and final image adjustments were done with Adobe Photoshop
v5.1. Numerical data were analyzed in Microsoft Excel (98)genomic complexity, polyploidy, and both partial and
using the data analysis package.complete duplications, the Brassica species are difficult

targets for genome studies. Most of the previous compar-
ative studies between Arabidopsis and the Brassica ge-

RESULTSnomes were genetic comparisons of segregating RFLP
markers (Kowalski et al. 1994; Lagercrantz et al. 1996; The six BAC clones were combined and labeled as a

single probe to hybridize to the metaphase chromo-Osborn et al. 1997; Lagercrantz 1998), although lim-
ited comparative physical mapping results using PFGE somes of A. thaliana and B. rapa. FISH signals were

detected only on the distal region on the long arm ofanalysis are also available (Sadowski et al. 1996; Sadow-
ski and Quiros 1998). A. thaliana chromosome 2 (Figure 1A, a), confirming a

single location of this DNA fragment in the A. thalianaWe report here the physical comparison of a 431-kb
BAC contig from A. thaliana chromosome 2 on both genome. This probe, however, generated FISH signals

on four to six B. rapa chromosomes in different meta-chromosomes and DNA fibers of B. rapa. We demon-
strate that the comparative fiber-FISH mapping strategy phase cells (Figure 1A, b). Most of the signal foci were

distally located on metaphase chromosomes, which isis an efficient technique for large-scale comparative
physical mapping studies. We also show that duplica- consistent with the chromosomal locations of these

clones in Arabidopsis. The FISH analysis revealed multi-tions played a major role in the expansion of the B.
rapa genome relative to the Arabidopsis genome. ple copies of this DNA fragment in the B. rapa genome,

although the exact number of duplications cannot be
determined because of the lack of consistency of the

MATERIALS AND METHODS number of unambiguous FISH signals in different cells.
Relatively faint and small FISH signals were often ob-We used a 431-kb Arabidopsis BAC contig consisting of six

BAC clones (T07M07, T04M15, T02P04, T07D17, T20B05, served on many other chromosomes. Such signals may
and T03K09) for comparative physical mapping. This contig represent partial duplications or be derived from repeti-
is derived from the 79-cM region of chromosome 2 and is tive DNA elements.
located on the long arm !2 Mb from the telomere and 14 Mb We previously demonstrated that the insert sizes offrom the centromere (Wang et al. 1997, http://www.tigr.org/

BAC clones can be determined by converting the lengthtdb/at/atgenome/chr.II.status.html). All of these BACs, ex-
cept T04M15, have been sequenced (Lin et al. 1999). BAC (micrometers) of fiber-FISH signals into kilobases
T03G21 was sequenced instead of BAC T04M15 as part of this (Jackson et al. 1998, 1999) (kilobases (Jackson et al.
contig. Insert sizes and sequence information on these BAC 1998, 1999). The six BACs were measured on A. thaliana
clones are summarized in Table 1. DNA fibers and the standard deviations of the measure-Ecotype “Columbia” of A. thaliana and line R500 (TO980) of

ments were collected (Table 1). When the six BACsB. rapa (provided by Dr. T. C. Osborn, University of Wisconsin-
Madison) were used for chromosome and DNA fiber prepara- were labeled alternately with red or green colors and
tions. Seeds were germinated on moist filter paper and allowed hybridized to the A. thaliana DNA fibers, the sizes and
to grow at room temperature until !2 cm in length. Root tips overlapping of the red/green alternate signals closely
were excised and fixed in 3:1 ethanol to glacial acetic acid for matched the sequencing data (Figure 1B).a few days before being stained in acetocarmine and squashed.

To determine the corresponding sizes of the Arabi-Preparations with good chromosome morphology were imme-
diately placed in a #80$ freezer until used for FISH. dopsis BACs in the B. rapa genome, we hybridized the
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Figure 1.—Comparative
FISH mapping of a 431-kb
A. thaliana BAC contig in B.
rapa. (A) FISH analysis of
the entire contig on the
metaphase chromosomes of
(a) A. thaliana (ecotype “Co-
lumbia”) and (b) B. rapa
(line TO980). FISH signals
were detected on a single
pair of A. thaliana chromo-
somes. Major FISH signals
were observed from four to
six B. rapa chromosomes.
Bars, 5 %m. (B) Fiber-FISH
of the six-BAC contig in A.
thaliana and a diagram illus-
trating the sequencing and
BAC fingerprinting data of
the same BAC clones. The
six BACs were detected with
alternating green-red colors
in fiber-FISH. Yellow fluo-
rescence spots resulted from
the overlapping of green
and red signals. The yellow
bars in the diagram repre-
sent the overlapping re-
gions of adjacent BACs. (C)
Fiber-FISH mapping of four
BAC clones in B. rapa. (a)
BAC T04M15 (red) flanked
by T07M07 and T02P04; (b)
BAC T02P04 (green) flanked
by T04M15 and T07D17; (c)
BAC T07D17 (red) flanked
by T02P04 and T20B05; (d)
BAC T20B05 (green) flanked
by T07D17 and T03K09.
Bars, 20 %m.

BAC clones on DNA fibers prepared from B. rapa. The ages of the measurements from the other three BACs
(T04M15, T07D17, and T20B05) were shorter than thefollowing strategy was used to avoid collecting signals

derived from broken fibers: three adjacent BACs labeled actual sizes of the BAC inserts (Table 1). The measure-
ments from T04M15 also had a large SD (91.8 & 39.3red/green/red or green/red/green were hybridized to

B. rapa fibers. Only the signals derived from the middle kb). The SD of T20B05 was similar to that in A. thaliana,
indicating that the duplicated loci corresponding to thisBAC, which was flanked on both sides with differently

colored signals, were collected and analyzed. We did BAC may have relatively similar physical sizes in B. rapa.
The t -tests of the means of the sizes of fiber-FISH datanot collect data from the flanking BACs as it was impossi-

ble to determine if they were fragmented. Data were collected from B. rapa and A. thaliana showed that all
of the BAC sizes in B. rapa were significantly shortercollected for the four internal BACs (T04M15, T02P04,

T07D17, and T20B05) from this contig using this than they were in A. thaliana, except for T02P04, which
was significantly longer (Table 1).method.

The measurements of fiber-FISH signals from B. rapa The overlapping of fiber-FISH signals between adja-
cent BACs on DNA fibers of B. rapa was in accordanceshowed that only BAC T02P04 was longer in size

(104.2 & 36.2 kb) than the actual BAC insert size (85 with sequencing data from A. thaliana. BACs T07D17
and T20B05 have little overlap with adjacent BACs basedkb) (Table 1 and Figure 1C, b). The average standard

deviation (SD) of a 100-kb BAC on A. thaliana DNA on sequencing data and fiber-FISH of these two BACs
in B. rapa showed similar results (Figure 1C, c and C,fibers is !&10 (Table 1). The SD of this BAC in B. rapa

was substantially larger than that in A. thaliana. Thus, d). BAC T04M15 has 20–30-kb overlap with both
T07M07 and T02P04 based on fiber-FISH in A. thalianathe collected signals may represent different loci in the

B. rapa genome having different physical sizes. The aver- (Figure 1B) and BAC fingerprinting data (M. L. Wang
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TABLE 1

Sequencing data of the 431-kb Arabidopsis BAC contig and fiber-FISH
data from A. thaliana and B. rapa

Sequencing dataa Fiber-FISH data

Genes A. thaliana B. rapa
Insert Overlap

BAC (kb) (kb) Known Predicted Size (kb) SDb n Size (kb) SDb n t-testc

T07M07 95.7 32d 5 20
T04M15 100d 25d — 9 111.2e 7.0 16 91.8e 39.3 30 *
T02P04 84.7 3.6 1 21 82.5 11.1 15 104.2 36.2 64 **
T07D17 75.2 4.6 — 19 80.8 11.1 30 64.4 17.8 32 **
T20B05 72.7 8.8 1 16 78.6 8.0 18 54.2 7.9 30 **
T03K09 91.5 1 27

a Data from the Institute for Genome Research (http://www.tigr.org/tdb/at/atgenome/chr.II.status.html).
b Standard deviation.
c Size comparison of the fiber-FISH signals derived from A. thaliana and B. rapa. *, significant at the 5%

level; **, significant at the 1% level.
d Based on BAC fingerprinting data (M. L. Wang and H. M. Goodman, unpublished data).
e The physical size (kb) was calculated based on the average of the fiber-FISH signal measurements using a

conversion of 2.87 kb/%m ( Jackson et al. 1998) in both A. thaliana and B. rapa.

and H. M. Goodman, unpublished data). In B. rapa, tion/triplication of collinear regions within the diploid
Brassica species.however, T04M15 overlapped completely with the

flanking BACs (Figure 1C, a), indicating that deletions There are two major hypotheses regarding the evolu-
tion of the Brassica genomes based on previously re-may occur in this region after the divergence between
ported comparative genetic/physical mapping results.B. rapa and A. thaliana. The amount of overlap of
The first hypothesis is that the diploid Brassica speciesT02P04 with its flanking BACs was inconsistent in B.
were derived from hexaploids (“triplication hypothesis”;rapa, ranging from little in some signals to complete
Lagercrantz and Lydiate 1996; Lagercrantz 1998).overlap in others (Figure 1C, b). This result suggests
Since the sizes of the diploid Brassica genomes are ap-that the duplicated loci corresponding to T02P04 are
proximately three times the size of the 145-Mb A. thali-heterogeneous in the B. rapa genome, probably also
ana genome (Arumuganathan and Earle 1991), thisresulting in the large SD of the fiber-FISH measure-
hypothesis suggests that the gene spacing between Ara-ments.
bidopsis and the Brassicas should be relatively similar.
The triplication hypothesis is supported by several fine-
mapping experiments. Genetic mapping using a highlyDISCUSSION
polymorphic B. nigra population revealed that the B.

Most of the previous comparative mapping studies nigra genome contains eight distinct sets of chromo-
between A. thaliana and the Brassica species have been somal segments, each present in three copies, covering
based on genetic analysis of polymorphic DNA markers. virtually the entire genome (Lagercrantz and Lydi-
The genetic mapping comparisons between Arabidopsis ate 1996). Comparative mapping of a 1.5-Mb contig
and various Brassica species have shown collinearity in from A. thaliana chromosome 5 detected three segments
defined regions with duplications of these regions in in the B. nigra genome: two intact chromosomal seg-
several diploid Brassica species (B. nigra, Lagercrantz ments, each equivalent to the entire Arabidopsis contig,
et al. 1996; Lagercrantz 1998; Sadowski and Quiros and the other disrupted by a single inversion (Lager-
1998; B. oleracea, Kowalski et al. 1994; B. rapa, Osborn crantz et al. 1996). Cavell et al. (1998) demonstrated
et al. 1997) and the amphidiploids derived from these that the B. napus genome contains six duplicated re-
diploid species (B. napus, Osborn et al. 1997; Scheffler gions, each equivalent to a 30-cM (7.5 Mb) region of
et al. 1997; Cavell et al. 1998). The first comparison, A. thaliana chromosome 4, and each !20–30 cM in B.
with B. oleracea, showed 11 regions of conserved organi- napus. In a similar study, Scheffler et al. (1997) re-
zation (Kowalski et al. 1994). These regions, ranging ported that a 30-cM segment of A. thaliana chromosome
from 3.7 to 49.6 cM in A. thaliana, span 25% of the A. 3 showed collinearity with six regions of the B. napus
thaliana genome and 30% of the B. oleracea genome. genome.
This study also suggested triplication of at least part of The second hypothesis is that the diploid Brassica
the B. oleracea genome. All other similar comparative species were derived from amphidiploids with part of
genetic mapping revealed both extensive collinearity the genome duplicated again after the amphidiploid-

ization (“amphidiploidy hypothesis”; Sadowski andbetween A. thaliana and Brassica species and duplica-
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Quiros 1998). The partial duplication after amphidip- nomes. In maize it is well documented that accumula-
tion of retroelements played a significant role in ge-loidization resulted in the regional “triplication” re-

vealed by the comparative Arabidopsis/Brassica RFLP nome expansion (SanMiguel et al. 1996; Chen et al.
1997, 1998; SanMiguel and Bennetzen 1998). Themapping studies. Since the sizes of the diploid Brassica

genomes are larger than what can be explained by the sh2 and a1 genes are separated by !20 kb in rice and
sorghum. However, the physical distance between theseamphidiploidy hypothesis, one would assume that at

least part of the genome size increase is due to the two genes in maize is !140 kb, largely due to accumula-
tion of retroelements in this region. In the present study,accumulation of intergenic DNA, similar to what has

been observed in the sh2-a1 region of grass species we demonstrated that an A. thaliana BAC contig, includ-
ing four BAC clones and !300 kb DNA, showed similar(Chen et al. 1997, 1998). This hypothesis is supported

by the fact that only duplication, not triplication, was sizes on DNA fibers from A. thaliana and B. rapa. The
possibility of different condensation of the DNA fibersdetected for certain loci in the Brassica genomes, al-

though this could also be explained by the failure of from the two species can be eliminated because DNA
fibers prepared from nuclei of various eukaryotic spe-detection of triplication because of the lack of polymor-

phism of the DNA probes analyzed. Physical mapping cies, including humans, have a similar extension degree
that ranged from 2.8 to 3.3 kb per micrometer (reviewedof a 15-kb region on chromosome 3 of A. thaliana in

diploid Brassica species by PFGE suggested that at least by Jackson et al. 1998). The comparative fiber-FISH
results show that this region is not expanded in the B.some of the corresponding chromosomal segments in

the Brassica genomes seem to be substantially larger rapa genome as compared to the A. thaliana genome.
Substantial expansion of the diploid Brassica genomesthan 15 kb (Sadowski et al. 1996). A similar PFGE study

of a 30-kb region of A. thaliana chromosome 4 also as compared to the A. thaliana genome was suggested
on the basis of PFGE analyses (Sadowski et al. 1996;suggested a significant expansion of the corresponding

region in the B. nigra genome (Sadowski and Quiros Sadowski and Quiros 1998). The different conclusions
based on the PFGE data and the fiber-FISH results may1998).

We used an Arabidopsis BAC contig covering 431 kb be a reflection of the evolution of different parts of
the Brassica genomes. Additional comparative physicalof DNA for comparative FISH mapping. Based on gene

prediction software, there are 8 genes of known function mapping using clones from different parts of the A.
thaliana genome will solve this puzzle. It would be partic-and identity and 112 predicted or hypothesized genes

in this contig (TIGR, http://www.tigr.org/tdb/at/at- ularly interesting to know if certain regions of the Bras-
sica genomes, such as the centromeric regions or othergenome/chr.II.status.html). Thus this region is rich in

genes with an average density of 1 every 3.6 kb of DNA. heterochromatic regions, have been significantly ex-
panded in size due to accumulation of repetitive DNAThe sequencing data suggested that this region is

unique and not duplicated in the Arabidopsis genome sequences.
Comparative physical mapping in phylogenetically re-(Lin et al. 1999). FISH analysis confirmed that the six

BAC clones hybridized to a single location in A. thaliana. lated species is an important approach for genome anal-
ysis. We have demonstrated that fiber-FISH analysis ofHowever, we observed FISH signals of the same BAC

clones on four to six B. rapa chromosomes, indicating the same sets of large genomic DNA clones provides a
fast and affordable method to compare the physicalthat this DNA fragment has multiple duplications in the

B. rapa genome. One or some of the multiplied loci sizes of specific genomic regions in related species. Mea-
surements of FISH signals from B. rapa DNA fibers usingmay have undergone significant rearrangements after

the original duplication, resulting in the inconsistent four contiguous A. thaliana BAC clones, covering 300
kb DNA, showed that the corresponding genomic re-number of signal foci in different cells. Fiber-FISH analy-

sis showed that three out of the four A. thaliana BAC gions in B. rapa are not significantly expanded as com-
pared to the same region in A. thaliana. The data re-clones detected shorter DNA fragments in B. rapa as

compared to A. thaliana. The fiber-FISH measurements ported here support the hypothesis that the increase in
genome size in B. rapa relative to A. thaliana is a resultsuggest that this particular chromosomal region is not

significantly expanded in B. rapa as compared to A. of chromosomal duplications and not an accumulation
of intergenic DNA sequences.thaliana. The FISH signals on B. rapa DNA fibers resem-

bled the typical “beads-on-a-string” fiber-FISH pattern, This research is supported by funds 135-0528 and 135-0505 from
similar to those generated on A. thaliana DNA fibers. the Graduate School of the University of Wisconsin-Madison to J.J.
If a large amount of intergenic DNA sequences had
accumulated in this region of the B. rapa genome, we
would expect large gaps within the fiber-FISH signals, LITERATURE CITED
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