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ABSTRACT 

The  chromosomes of Arabidopsis  thaliana and Brassica oleracea have  been  extensively rearranged 
since  the  divergence  of  these  species;  however,  conserved  regions  are  evident.  Eleven  regions of conserved 

organization  were detected,  ranging  from 3.7 to 49.6 cM in A.  thaliana, spanning 158.2 cM (24.6%) of 

the A.  thaliana genome,  and 245 cM (29.9%) of  the B. oleracea genome. At least 17 translocations  and 
9 inversions  distinguish  the  genomes of A.  thaliana and B. oleracea. In one  case B. oleracea homoeologs 

show a common  marker order, which is distinguished from the A.  thaliana order by a rearrangement, 
indicating  that  the  lineages  of A.  thaliana and B. oleracea diverged  prior to chromosomal  duplication 

in the  Brassica  lineage (for at least  this  chromosome).  Some  chromosomal  segments  in B. oleracea appear 

to  be triplicated,  indicating  the  need  for  reevaluation of a classical  model  for  Brassica  chromosome 

evolution by duplication.  The  distribution of duplicated loci mapped  for  about 13% of the DNA probes 

studied  in A.  thaliana suggests that  ancient  duplications may  also  have  occurred in Arabidopsis.  The 
degree of chromosomal  divergence  between A.  thaliana and B. oleracea appears  greater  than  that  found 

in other confamilial  species  for  which  comparative  maps are  available. 

T HE family Cruciferae comprises 360 genera, orga- 

nized into 13 tribes (SHULTZ 1936; ROLLINS 1942; 

AI.-SHEHBAZ 1973). Basic diploid cytodeme numbers 

range  from n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7 (Diplotaxis  acris) to n = 13 (Diplo- 
taxis harra), a cytodeme being  defined as a  group of 

taxa sharing  a  common  chromosome  complement 

(HARBERD 1976). A number of allotetraploid cytodemes 

also exist, e.g., Brassica  carinata (2n = 34), Brassica 
j uncea  (2n = 36), Brassica  napus (2n = 38) (U 1935). 

Nuclear DNA content ranges from 145 million base- 

pairs (Mbp)  per  haploid  complement  (c) in Arabidopsis 
thaliana to 1235 Mbp/c in B. napus (ARUMUGANATHAN 

and EARLE 1991). 

In  the Cruciferae, numerous challenges complicate 

accurate botanical classification. Traditional classifica- 

tion based on morphology, although voluminous, has 

been difficult (HEDGE 1976).  In some cases tribal and 

generic classifications may not accurately reflect true 

evolutionary relationships (WARWCK and BLACK 1991; 

HEDGE 1976). Only the classification  of the tribes Bras- 

siceae and Lepidieae can confidently be viewed  as natu- 

ral, i. e., with  clearly defined morphological boundaries 

which are easily recognized. The remaining 11 tribes 

have  varying degrees of artificial classification, e.g., the 

tribe Euclidideae, wherein the members seem to have 

little in common phylogenetically, being recognized by 

only negligible morphological features of the  fruit  pods 

(HEDGE 1976). 

A .  thaliana, n = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (tribe Sisymbrieae), an extensively 

utilized model system in plant biochemistry, physiology, 

Genetics 138: 499-510 (October, 1994) 

and classical and molecular genetics (MEYEROWITZ 1989), 

is often referred  to as a close relative of plants within the 

genus Brassica (tribe Brassiceae). This relationship is 

further suggested by extensive conservation of coding 

sequences between Brassica and Arabidopsis (LYDIATE 
et al. 1993). However, the  degree  of chromosomal di- 

vergence between these two genera has not previously 

been  determined. 

Genetic linkage maps have been constructed  for A. 
thaliana (KOORNNEEF et al. 1983; CHANG et al. 1988; NAM 

et al. 1989; REITER et al. 1992; HAUGE et al. 1993; LISTER 
and DEAN 1993; MCGRATH et al. 1993), Brassica oleracea 
(SLOCUM et al. 1990; KIANIAN and QUIROS 1992; -DRY 

et al. 1992; KENNARD et al. 1994),  and Brassica  rapa 
(CHM et al. 1992). The high  degree of molecular poly- 

morphism found  among  the Brassica has facilitated 

restriction fragment  length polymorphism (RFLP) map- 

ping within this genus (FIGDORE et al. 1988). Compara- 

tive mapping of gene  order  on  the chromosomes of both 

closely and distantly related species within the Crucif- 

erae  could  help  to clarify the  degree of  similarity  be- 

tween these various genomes,  shed light on macroevo- 

lutionary events associated with divergence of these 

species, and facilitate cross-utilization  of genetic re- 

sources and molecular tools. Although some compara- 

tive analyses between species within the  genus Brassica 
are available ( B .  oleracea and Brassica  campestris, now 

known  as B.  rapa; SLOCUM 1989;  MCGRATH and QUIROS 

1991), global comparisons of genomic structure and or- 

ganization between more distantly related crucifers, i. e., 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

Total number of DNA probes  surveyed/mapped in two populations of A. thaliana 

WS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX HM population WS X M13 population 

Loci  cDNA PstI “M” Total cDNA Ps 11 “M” Total 

No data 0 14 0 14 0 14 0 14 
0 loci 30 134 38 201 26 133 24 183 
1 locus 13 25 17 57 15 23 30 68 
2 loci’ 1 1 0 1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 1 7 
3 loci 0 0 0 0 1 0 0 1 
Total 44 174 55  273 44 174 55 273 

Probe designations are: “cDNA,” A .  thaliana cDNA, i .e . ,  “AC” (25 AC clones have been mapped. The map locations of 12 are presented in 
Figure 1. The remainder will be presented elsewhere.); “PstI” Brassica genomic clones “EW,” ‘WG and ‘W (SLOCUM et al. 1990); “M,” 
A .  thaliana genomic clones previously mapped (CHANG et al. 1988); see MATERIAIS AND METHODS section for additional information. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a In three cases (AC71,  AC155 and AC184) ,  a marker mapped to a single  locus in each population, however the respective  loci differed. This 
yielded three addilonal duplicated loci (see Figure 1, Tabld 6). 

Brassica and Arabidopsis, have not previously been 

done. 

By applying previously mapped B. oleracea DNA 
probes (SLOCUM et al. 1990) to A.  thal iana populations, 

we have  analyzed the relative organization of the chro- 

mosomes of B. oleracea and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. thaliana. Extensive 

rearrangement distinguishes the chromosomes of 

B. oleracea and A.  thal iana, although  numerous regions 

of locally conserved linkage and/or homoeology 

were  also apparent. To a lesser extent  than B. oleracea 
(SLOCUM et al. 1990), A.  thal iana shows evidence of 
sequence  duplication. Our results, together with other 

results previously published (MCGRATH et al. 1993) sug- 

gest that this may have  involved ancient duplication of 

chromosomes or chromosome segments, in an ancestor 

of A. thaliana. 

MATERIALS  AND  METHODS 

Population  development: Two F, mapping populations of 
A. thaliana were  used in this study:  Wassilewskija (WS) X 
Hannover/Munden (HM), comprised of 118 individuals, and 
Wassilewskija  (WS) X mutant stock M13 (biological  ecotype 
Landsberg, carrying an, leaf/silique phenotype, disl, 
trichome phenotype, and er, inflorescence phenotype), com- 
prised of 111 individuals (KRANZ and KIRCHHEIM 1987). Indi- 
vidual  plants of the indicated ecotypes  were  hybridized by 
hand-crossing,  hybridity of the F, verified by  RFLP  analysis, and 
the F, selfed  to generate F, seed. F, and F, generations were 
grown  in a l&hr photoperiod and 22”, in a growth chamber. 

Molecular  markers: DNA markers  used were derived from 
four sources;  prefixes are defined as  follows,  AC: anonymous 
newly mapped Arabidopsis cDNAs;  BC: an anonymous newly 
mapped DNA probe kindly  provided by J. BRAAM (Rice  Uni- 
versity); M genomic clones previously mapped ( C W G  et al. 
1988) generously  provided by E. MEMROWITZ; EW, WG, WR: 
Brassica PstI genomic DNA clones, 138 of  which  have been 
previously mapped (SLOCUM et al. 1990), generously  provided 
by Pioneer Hi-Bred Production Ltd. A total of 44 AC, 174 Bras 
sica Pstl genomic DNA, and 55 M DNA clones were  surveyed 
for polymorphisms (Table 1) among the three parents 
(WS, M13 and HM)  used  to generate the two F, mapping 
populations. 

Genetic mapping: DNA extraction, electrophoresis, blot- 
ting, probe labeling and autoradiography were  as described 
previously (KOWALSKI et al. 1994). 

Stringency washes for Brassica PstI genomic DNA clones 
applied to A. thaliana genomic DNA  (survey hybridizations) 
were  initially at 1 X SSC, 65”, with 11 1 of the clones treated in 
this manner. However,  this tended to  result  in  high  back- 

ground, so stringency was subsequently increased to 0.5 X SSC 
for the remaining 63 Brassica PstI genomic DNA clones. 

Clones washed at 1 X SSC hybridized  to an average of 4.83 
(20.40) genomic fragments, while  clones washed at 0.5 X SSC 
hybridized  to an average of 4.33 (20.47) genomic fragments, 
a nonsignificant difference. Consequently, DNA probes 
treated by these  slightly different procedures were pooled in 
our analyses  of the degree of  low  copy sequence duplication 
(Table 2). 

Eighteen of the 63 Brassica PstI genomic DNA clones 
washed to a stringency of 0.5 X SSC, and 30 of the 111 of 
Brassica PstI genomic DNA clones washed to a stringency 
of 1 X SSC were  subsequently  placed on the Arabidopsis  map. 
All other hybridizations (survey and mapping) were  washed 
to 0.5 X SSC. 

Data analysis: Determination of recombination fractions 
utilized MapMaker (LANDER et al. 1987, provided by S. TINGEY, 
DuPont) , on a Macintosh  Quadra 700. Since  some of the DNA 
markers  provided  informative  polymorphisms  in  only one of 
the two populations (HM X WS or M13 X WS; Table l ) ,  it was 

necessary to assemble a composite map of the Arabidopsis  ge- 
nome from their respective F, maps, as described elsewhere 
(BEAVIS and GRANT 1991). Specifically, “anchor loci” segregat- 
ing in both populations are used  to infer the relative order of 
loci  segregating  in  only one of the two populations. 

The extent of conservation  between the genomes of A.  
thaliana and B.  oleracea was estimated by  previously published 
methods (NADEAU and TAYLOR 1984). These methods assume 
that (1) synteny of two or more markers is evidence of linkage, 
(2) chromosomal rearrangements fixed during evolution are 
randomly distributed throughout the genome, (3) crossovers 
are randomly distributed and (4) the distribution of homolo- 
gous  markers is random and independent. In performing the 
calculation two adjustments are necessary.  Markers  generally 
do not occur at the boundaries of chromosomal  segments, so 
the apparent length of conserved  segments on the genetic map 
(see Figure 1) is an underestimate. Therefore, a statistical cor- 
rection is done; the expected range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(i. e . ,  the expected length 
of a conserved segment) of a random sample  taken from a 
uniform distribution (i.e., the observed  markers  in a con- 
served segment) is determined. The second adjustment ac- 
counts for the bias  toward longer conserved  segments,  since 
segments identified by one marker, or unidentified segments, 
are omitted. Therefore, a correction is made  using a truncated 
Poisson distribution, which determines the probability that a 
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TABLE 2 

Hybridization of homologous  and  heterologous DNA probes  to 
EcoRIdigested  genomic DNA from A. thaliana and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB. oleracea 

Fragments Fragments Total no. 

strongly weakly  of probes 

hybridizing” hybridizing tested 

Brassica PstI genomic DNA clones 
B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoleracea 130  120 86 
A.  thaliana 165  202 174 

A .  thaliana 58 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA49 44 

a “Strongly” and “weakly” hybridizing fragments are defined in 

Arabidopsis cDNA clones 

RESULTS. 

segment  contains two or more markers,  and  should  thus be 

included. 

RESULTS 

DNA sequence  organization in B. oleracea and A. 
thaliana: Low copy DNA sequence  repertoire was 

largely conserved between A.  thaliana and B. oleracea. 
A subset of 80  PstI-digested  Brassica genomic DNA clones 

(which had been previously mapped; SLOCUM et al. 1990) 

were examined for hybridization to EcoRIdigested 

genomic DNA from both A. thulianu (WS ecotype) and B. 
oleracea (rapid cycling,  self-compatible).  Of  these, 71 (89%) 

hybridized to A. thaliana, of  which 22 (28%) were  placed 

on the Arabidopsis  composite map. Many additional 

clones  were screened only on Arabidopsis,  providing  26 

additional mapped markers  (Figure 1). 

Brassica PstI genomic DNA clones and Arabidopsis 

cDNAs hybridized to similar numbers of Arabidopsis 

genomic restriction fragments. Forty-four random 

cDNAs (isolated from an A. thaliana cDNA library) hy- 

bridized to an average of 2.43 EcoRI genomic  fragments 

in Arabidopsis, not significantly different  from  the 2.11 

fragments which hybridized to the Brassica PstI genomic 

DNA clones (Table 2). This reemphasizes the  extent of 

DNA sequence conservation between Arabidopsis and 

Brassica, at least in hypomethylated regions of the ge- 

nome, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi. e., the regions in  which cDNAs and PstI 
genomic clones occur. 

The  degree of low copy DNA sequence duplication in 

the  genomes of A. thaliana and B. oleracea was assessed 

by counting  the  number of EcoRI genomic  fragments 

hybridizing to each Brassica PstI genomic DNA clone, 

for WS ( A .  thal iana) and for a plant derived from sev- 

eral  generations of selling of a self-compatible popula- 

tion of B. oleracea. Brassica PstI genomic DNA clones 

hybridized to  an average of  2.91 genomic DNA frag- 

ments in B. oleracea, and 2.11 fragments in A. thaliana 
(Table 2). EcoRI genomic  fragments were designated as 
“weakly” or “strongly” hybridizing, with  “weakly hybrid- 

izing” fragments  representing less than  10% of signal in 

a lane  (based on visual assessment). On average, 52%  of 

the 250  Brassica genomic  fragments were “strongly hy- 

bridizing” (approximately 1.51 fragments  per probe), 

and 45% of the 367 Arabidopsis genomic fragments 

were strongly hybridizing (approximately 0.95 

fragments  per  probe) (Table 2). 

An additional measure of the  extent of  DNA sequence 

duplication was provided by estimating the  number  of 

undoubtedly “single-copy” DNA clones in each genome. 

Clones were designated single copy when each of the five 

restriction enzyme  digests tested showed  only one 

genomic  fragment which hybridized to  the clone. In B. 
oleracea, only two (2.5%) of the 80 Brassica PstI genomic 

DNA clones tested were deemed single copy, by this cri- 

terion. One of these (EW7G06) detected an RFLP, and 

was mapped  to  chromosome 2 of A. thaliana (Figure 1). 

In A. thaliana, 24 (14%) of 174 Brassica PstI genomic 

DNA clones tested were deemed single copy.  Six  of 

these detected RFLPs, four  mapping  to  chromosome I 
(EW7E08,  EW7D03,  EW8E09,  EW9A05), one to  chro- 

mosome 3 (EW6G12), and  one to chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
(EW5H06) of A. thaliana (Figure 1). Six (14%) of 44 

cDNAs tested were deemed “single  copy”. One of these 

(AC97)  detected  an RFLP which mapped  to chromo- 

some 2 of A. thaliana (Figure 1). We acknowledge that 

this underestimates the frequency of singlecopy clones 

in each genome, as the  occurrence of restriction sites 

within the genomic region  spanned by the  probe will, in 

some cases, generate two restriction fragments from a 

single locus. 

Genetic  maps of A. thaliana and B. oleracea: The 

composite RFLP linkage map of A. thaliana is presented 

in Figure 1. The  map spans 187.5 cM on chromosome 

1,92.2 cM on chromosome 2,91.6 cM on chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3, 118.8 cM on chromosome 4 and 151.4 cM on chro- 

mosome 5, for a total recombinational length of  641.5 

cM,  with an average spacing of  6.1 cM between loci. The 

map is slightly longer  than some previously reported 

Arabidopsis maps [501  cM, CHANG et al. (1988); 493  cM, 

NAM et al. (1989)],  although  not significantly different 

from  the longest r630.4  cM, REITER et al. (1992)l. We 

note  that WS  was a common  parent in the  present  map 

and that of &ITER et al. (1992), suggesting that WS  may 

be more  recombinogenic  than  the  more commonly 

used Landsberg and Columbia ecotypes. The aggregate 

length of intervals between anchor loci in the composite 

map was 331.1  cM, approximately intermediate between 

the two component maps, 402.1 cM  (WS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX M13) and 

296.3 cM  (WS X HM). 

A total of 110 loci (including 11 duplicated loci and 

one triplicated locus) corresponding to 97 DNA probes 

were mapped (Figure 1): 22 loci are  “anchors”  (mapped 

in both  populations); 28  loci  were mapped in the 

HM X WS F, population only;  60  loci were mapped in 

the M13 X WS  F, population only. The map shows the 

linkage arrangement of  49 loci detected by 44  previously 

mapped Brassica PstI genomic DNA clones (SLOCUM 

et al. 1990). Also, four Brassica PstI genomic DNA 
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FIGURE l.-Composite RFLP linkage  map  of A.  thaliana HM X WS and M13 X WS F, populations.  The  map was generated  using 
MAPMAKER (LANDER et al. 1987),  and  the  composite  map  assembled as described  in MATERIALS AND METHODS. Map  distances  are 
in  centiMorgans,  utilizing  the KOSAMBI (1944)  mapping  function.  Markers  in  boxes  are  anchor  loci,  common to both  populations. 
Markers  mapped  in  the HM X WS F, population  are  indicated by an  asterisk (*). Remaining  markers  were  mapped  in  the  M13 
X WS F, population only. Corresponding  chromosome (s) and  loci  in B. oleracea (SLOCUM et al. 1990)  are  indicated  next  to  markers. 
Regions of conserved  chromosomal  organization  between  the  genomes of A .  thaliana and B. oleracea are  indicated by lines,  with 
a first  level  of  organization  indicating  regions of linkage  conservation and/or homoeology,  and  subsequent  levels  of  organization 
indicating  possible  inversions  (involving  progressively  fewer markers).  Groups of  loci  which retain  common order in A. thaliana 
and B. oleracea are  indicated by vertical  lines  adjacent  to  locus  names.  Groups of loci  syntenic, i . e . ,  on  common  chromosomes, 
in A.  thaliana and B. oleracea but  separated by markers  on  different  chromosomes,  are  connected by brackets,  and  are  inferred 
to  have  become separated by inversions  (as  described  in  text  and  Table 4). Putative  synteny (and inversions)  supported by 
progressively  smaller numbers of loci,  are  drawn  progressively further  from  the  chromosome. 

clones not previously mapped  are  presented  (“un- 

known” designation, Figure 1). 

Three criteria were employed in assessing conserva- 

tion of chromosome  organization between A. thaliana 
and B. oleracea, and in developing a model  (Figure 1, 

Tables 3-5) which attempts  to  account  for  rearrange- 

ments which distinguish the two species: 

Criterion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Linkage: Linkage is defined as  two or 

more markers which are  linked  in A. thaliana and also 

linked  in B. oleracea and  are  uninterrupted by markers 

mapping  to  other B. oleracea chromosomes. 

Criterion 2. Homoeology: Homoeology is defined as 

two or  more markers  linked  in A. thaliana, which fall 

on homoeologous regions of B. oleracea, and  are  un- 

interrupted by markers mapping to non-homoeologous 

regions of B. oleracea chromosomes. Within a region 

showing evidence of homoeology (e.g., upper  end of 

A.  thaliana chromosome 3, with B. oleracea C 3  and 

C8), some probes  mapped  to only one of the homoe- 

ologous regions. We infer that such cases are explained 

by lack of an RFLP at  the corresponding  homoeologous 

locus (rather  than lack of a corresponding  locus). 

Criterion 3. Synteny: Synteny  is defined as  two or 

more  markers  from a particular B. oleracea chromo- 

some mapping  to a common A. thaliana chromosome. 

Syntenic markers  in Arabidopsis were often  separated by 

intervening  markers  from other B. oleracea chromo- 

somes or linkage groups. It was inferred  that a single 

inversion, rather  than two translocations, was more 

likely to  be  the  means by which syntenic markers became 

separated.  This assumption is based on  the general 

observation that closely related taxa more  frequently dif- 

fer by inversions than by translocations [Lycopersicon 
esculentum and Solanum  tuberosum (BONIERBALE et al. 
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1988; TANKSLEY et al. 1992); B. oleracea subspecies 

(KIANIAN and QUIROS 1992) ; homoeologous  chromo- 

somes of Gossypium (REINISCH et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1994) and  our ob- 
servation that Brassica probes which are syntenic in A .  
thaliana tend to be closely linked in B. oleracea (Table 

5),  also see below]. In cases where A.  thaliana chro- 

mosomes were associated with two or more putatively 

non-homoeologous regions of the B. oleracea chromo- 

somes, stronger conservation was assumed to  be with the 

B. oleracea chromosome (or homoeologous  group) 

showing a greater  number of syntenic loci. The model 

for  proposed  rearrangements reflects this conservation, 

in that lines indicating progressivelyweaker  levels of con- 

servation are drawn  progressively further from the chro 

mosome  (Figure 1). In cases  involving duplicated loci at 

distal  sites on a linkage group (all  relevant  duplications 

were on Brassica chromosomes), we inferred conservation 

(or synteny)  to be over the shortest possible  distance. 

Using these three criteria, we have proposed a model 

which minimizes the  number of rearrangements neces- 
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TABLE 3 

Conserved  chromosomal  segments  between  the  genomes 
of A. thaliana and B. oleracea 

A.  thaliana zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB. oleraceaa 
A. thaliana length B. oleracea" length 
Chr.:loci (cM) Chr.:loci ( C M )  

I:EW7E08-EW9A06 11.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3: 926-3,91 5 
5:92a-118 6 

I:EW2C08-WG2C07a 4.2 615-1476 23 
I:EW3FOIa-EW6C09a 49.6 I :  61 a- 70a 8 

6616-706 45 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1: WG3F04-EW8E09 7.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9: 101-1 72a 14 
2: WG2C076-WG2G02 5.6 61476-154 34 
3EWID09-EW4H05 22.8 3: 66a- 776 15 

824a-386 12 
3EW2E07-EWBEI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 6.4 5446-211a 9 
4EW7CIO-EW2BIO 9.7 635-   85  21 
4EW7E12-EW4A05a 24.0 1:216-936 3 

5 E  W4DO4-E W5HO6 14.0 4 I 06-4  7 40 
5EW5Dl2-EW6C096 3.7 645a-61 b 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" Data for B. oleracea are  from SLOCUM et al. (1990). 
bFor  both A.  thaliana and B. oleracea, loci demarcate  the  chrw 

mosomal  segments  conserved. 

sary to  account  for differences in marker  order in the 

respective chromosomes of A. thaliana and B. oleracea. 
In  the  model, we have assumed that inversion occurs 

more readily than translocation (as described above). 

When two alternate  marker  orders were  equally  likely for 

A .  thaliana, the  marker order most parsimonious with 

that in B. oleracea was used. 

Figures 1 and 2 illustrate, and Tables 3 and 4 sum- 

marize, the  degree of conservation  between the link- 

age  maps of A. thaliana and B. oleracea. Note that C 1-C9 

designate B. olerucea linkage  groups  (chromosomes) 

as per SLOCUM et al. (1990). The  organization of 

individual  chromosomes of A. thaliana relative to 

B. oleracea is described below. Chromosome  numbers 

separated by a slash are  deemed  homoeologous in the 

relevant  regions  (based on mapping of duplicated 

loci), e.g., C3/8refers  to  a  homoeologous  region of  C? 

and C8. 

Chromosome 1 of A. thaliana shows association with 

parts of C1/6, C3/5,  C4  and C9of B. oleracea, implying 

that  a minimum of three translocations differentiate the 

A. thaliana and B. oleracea chromosomes. 

A region  spanning  the five markers EW7E08, 

EW8F11, EW2BO1, EW7D03 and EW9A06, corre- 

sponds  to  a region of C3 and  C5 of  B. oleracea. Con- 

servation in this region is inferred based on both linkage 

and homoeology (criteria 1 and 2). 
Linkage (criterion 1) is observed between markers 

EW2C08 and WG2CO7a (C6 in B. oleracea), between 

markersEW3FOlaandEW6C09a (C1/6in B. oleracea), 
and tentatively between markers WG3FO4 and EW8E09 

(C9 in B. olerucea), although this region may be  inter- 

rupted by a  marker (WG4EO7)  which maps to C3 of  B. 

oleracea. An alternate order placing WG3FO4 adjacent 

to EW8E09 was less  likely, but could not  be  ruled  out  at 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

S u m m a r y  statistics for  conserved  chromosomal  regions of 
A. thaliana and B. oleracea 

A. thaliana Chr: 

1 2 3 4 5 Total 

Translocations 3 3 3 3 5  17 
Inversions 3 2 2 1 1 9 
cM in A .  thaliana 72.0 5.6 29.2 33.7  17.7 158.2 
cM in B. oleracea 101 34 36 24  50 245 

Conserved  regions are  defined as either regions of linkage or 
homoeology (see RESULTS). 

TABLE 5 

Comparison of recombinational  distances  between  syntenic 
markers in A. thaliana and B. oleracea 

A. thaliana B. olerucea" 
A. thaliana length B. oleracea" length 
Chr.:loci (CM) Chr.:locib 2 (cM) 

I:EW7E08-WG4E07 166.2 3: 926-1 93 18 
l:EW2CO8-EW6C09a 146.9 6616-1476 71 
I:WG2CIO-EW8EO9 106.6 9: 131a-I 72a 24 
2EW7G06-EW8AII 46.2 5:5-94-97a 6 

4EW8CII-EW4A05a 111.8 I:216-105 51 
5WG3D1lI-EW5H06 110.0 4:47-149 62 

ZEWIF08-EW4D12 23.4 2: 7-72a 56 

a Data for B. oleracea are  from SLOCUM et al. (1990). 
Distances are those  between  most distal loci in relevant  regions. 

a statistically significant level. Since the order shown is 

preferred by  LOD 1.08 we have  tentatively accounted  for 

this event with an inversion. 

Three inversions are  proposed, involving regions 

corresponding to C3/5, C6 and C9 of  B. oleraceu 
(Figure 1). 

Chromosome 2 of A. thaliana shows association with 

parts of C2, C5, C6  and C  7 of  B. oleracea, implying that 

a  minimum of three translocations differentiate the 

A.  thaliana and B. oleracea chromosomes. 

Linkage was detected  (criterion 1) between markers 

WG2CO7 and WG2G02, corresponding to C6 of B. ol- 
eracea. Although WG2CO7 also maps to  C 7 of  B. olera- 
cea, conservation was assumed to be with the  more nu- 

merous B. oleracea C6 markers (criterion 3).  
Two inversions are  proposed, involving regions cor- 

responding to C2 and  C5 of B. oleracea, as illustrated 

(Figure 1 ) . 
Chromosome 3 of A. thaliana shows  association  with 

parts of C2, C3/8, C5  and  C9 of B. oleracea, implying 

that  a  minimum of three translocations differentiate the 

A.  thaliana and B. oleracea chromosomes. 

Linkage (criterion 1) was detected between mark- 

ers EW2E07,  EW5H02 and EW8EI 1, but differing  from 

their  order in B. oleracea by an inversion  between 

EW2E07 and EW5H02 (Figure 2) .  For each  of  the 

three  markers involved, an  additional locus was 

mapped in B. oleracea but  to  three  different regions, 
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possibly representing  independent  duplications 

(criterion 3). 
Both linkage and homoeology  (criteria 1 and 2) were 

detected  for  markers EWlD09,  EW6G12,  EW2C06, 
EW5F05, EW8FO3, BW2D02 and EW4H05, which map 

to homoeologous regions of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB. olerncen C3  and C8. The 

order of these  markers  along  both R. olerncen homoe- 

ologs is conserved, but differs in A.  thnlinn,n in that 

EWW03 ( R .  olerncen loci 200 n,r)  and EW6G12 ( R .  
olerncea loci 66n,b) co-segregate in R. o[eracea (on  both 

homoeologs),  but  are  separated by an interval of 5.7 cM, 

which includes  markers EW2COfi and EW5F05, in A. 
thalinnn. Thus,  marker  order in these  regions is 

conserved  between R. olerncen homoeologs, but 

different  between R. oleracen and A. thalinnn (Figure 

2). All relevant  markers in this  region were mapped in 

a common  population (WS X HM), and  alternate  orders 

placing EW8F03 ( R .  olerncen loci 200 a,c) adjacent to 

some 3 (open bar) and R. olpm- 

- e bars), and A. tirnlinnn chromo- 
some I (open bar) and R .  olrm- 
CPO C3 and C5 (speckled bars). 
Distances are in cM. Loci con- 
nected by a line are detected by 
the  same DNA marker. 

- rea C I ,  C3 and C 8  (speckled - 

- m  
- 118 

- 1256 - - 

3- 

EW6G12 ( R .  olerncea loci 66a,b) were  rejected by a 

LOD of 7.44 or greater.  For  four  of  the  markers in this 

region (EWlD09, EW8F03,  EW2D03,  EW4H05), addi- 

tional loci were mapped in R. olerueen, but to four dif- 

ferent regions, possibly representing  independent  du- 

plications  (criterion 3). 
The two cases described  above were the only inver- 

sions  detected. 

Chromosome 4 of A.  lhalinnn appears to differ 

between HM and WS by a  reciprocal  translocation 

(KOWAWKI et nl. 1994), therefore  the  map of chromo- 

some 4 is not a composite  but  from  the M13 X WS F, 

population  (Figure 1). Chromosome 4 shows  associa- 

tion with parts ofCI,  C6and  C7of B. olerncen, implying 

that a minimum of three translocations  differentiate the 

A.  thnlinna and B. oleracen chromosomes. 

Linkage (criterion 1) was detected between markers 

EW7CIO and I ~ W R I O ,  corresponding to C6 of B. ohncm, 
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TABLE 6 

Distribution of duplicated loci among the  chromosomes of A. thaliana 

Chr. 

Chr. 2 3 4  5 

1  ACI20b-ACI20a  AC184a-AC184b  EW4A05b-EW4A05a  M291  b-M291  a 
WG2C07a-WG2C07b  AC85b-AC85a  AC85b-AC85~ 

AC155b-AC155a  AC71a-AC7lb 

AC79b-AC79a 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 
4 

EW6C09a-EW6C09b 

EW3B04a-EW3B04b 

EW8Cl lb -EW8Cl la  

and between  markers EWE12  and EW4A05u, correspond- 

ing to C 1 of B. obacea Although EW7E12 also maps  to C 7 
of B. obacea, conservation was assumed  to be with the more 

prevalent B. obacea C l  markers (criterion 3). In addition, 

conservation was assumed to be with  locus  21b  of B. oba-  
ma, based on the proximity of loci (21b93a spans 32  cM, 

21 b93b spans 3 cM, criterion 3). 
One inversion is proposed,  corresponding  to  C1 of B. 

oleracea (Figure 1). 

Chromosome 5 of A. thaliana shows association with 

parts of Cl ,  C2, C4, C5, C6  and C 7 of B. oleracea, im- 

plying that a minimum of  five translocations differen- 

tiate the A .  thaliana and B. oleracea chromosomes. 

Linkage (criterion 1) was detected between markers 

EW5Dl2  and EW6C09b, corresponding  to C6 of B. ol- 
eracea. Although EW5D12 and EW6C09b  also map  to 

C5  and C l  (respectively) of B. oleracea, conservation was 

assumed to be with the more prevalent B. oZeracea C6 

markers (criterion 3). A second region of linkage was also 

detected, between EW4D04 and EW5HO6, corresponding 

to C4 of B. obacea. Although EW4D04 also  maps  to C1 of 
B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoZeraceu, conservation was assumed  to be with the more 

prevalent B. obacea C4 markers (criterion 3). 

One inversion is proposed,  corresponding  to  C4 of 
B. oleracea (Figure 1). 

The total recombinational  length of conserved re- 

gions between the genomes of A. thaliana and B. ol- 
eracea are 158.2 and 245  cM,  respectively (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). This 

represents 24.6%  of the  genome of A.  thaliana (based 

on  our  map length of  641.5  cM) and 29.9% of the ge- 

nome of B. oleracea [based on the published length of 

820 cM; SLOCUM et al. (1990)l. 

Chromosomal  inversions  appear  to  account  for syn- 
teny of unlinked markers:  We have inferred (see above) 

that synteny, where two or more markers mapping  to 

different regions of a particular A. thaliana chromo- 

some also map to a common B. oleracea chromosome, 

does not occur simply by chance. Rather, we have pro- 

posed that inversion is the most likely means by which 

such markers have become separated (or  joined). Pre- 

vious studies have  also suggested this (BONIERBALE et al. 
1988; TANKSLEY et al. 1992; -IAN and QUIROS 1992; 

REINISCH et al. 1994). If markers syntenic in A. thaliana 
were conserved with regions of B. oleracea chromo- 

somes, one would expect such  markers to  be  close to- 

gether in B. ohacea. Syntenic  markers on distal  regions  of 

A. thaliana chromosomes  were much closer together on B. 
o b a ~ e a ,  as measured by recombination (Figure 1, Table 5 ) .  
This further supports the inference that such  markers  re- 

flect  localized  regions of conservation  between A. thaliana 
and B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAole race^ and that these  regions are distinguished by 

inversions. 

Mapping of  multiple  genetic  loci in A. thaliana: Of 

the  97 DNA probes, 12 (12.5%)  mapped to more  than 

one locus in A. thaliana: 11 to two loci and  one to three 

loci (Table 6). Three DNA probes  detect genetically 

linked duplicated sites on regions spanning  69.3 cM of 

chromosome 1 and 68.5 cM  of chromosome 5 (respec- 

tively), and differing in order by an inversion (Figure 3).  

DISCUSSION 

Chromosomal  organization  of A. thaliana and B. ol- 
eracea: Although extensive chromosomal rearrange- 

ments have occurred since the divergence of B. oleracea 
and A. thaliana, islands of conserved organization are 

discernible. At least one conserved region was detected 

on each of the five chromosomes (Figure 1, Table 3). In 

total, we have identified 11 regions spanning 24.6% of 

the A. thaliana genetic mapwhich  are closely conserved 

with  29.9% of the B. oleracea genetic map. 

Using previously published methods (NADEAU and 

TAYLOR 1984), we estimate that chromosomal segments 

with an average length of  21.3 cM in A. thaliana are 

uninterrupted by rearrangements distinguishing them 

from their order in B. oleracea. This calculation predicts 

that approximately 25 chromosomal rearrangements 

have occurred since divergence of these two species, at 

a rate of 2.5 rearrangements  per million years. This es- 

timate is in close agreement with our proposed model 

(26 rearrangements: 17 translocations and  nine inver- 

sions; Figure 1, Table 4). We conservatively  assume that 

the divergence of A. thaliana and B. oleracea occurred 

10 million years ago [paleopalynological evidence indi- 

cates that  the  plant  order Capparales, including the 

families Capparaceae, Resedaceae and Cruciferae, first 

appeared  during  the  upper Miocene, approximately 10 

million years ago (MULLER 1981, 1984)l. By the same 
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in A .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthaliana. Distances are in centiMorgans. Loci connected 
by a line are detected by the same DNA marker. 

method,  although with a much lower density of genetic 

markers, NADEAU and TAYLOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1984) estimated that 

chromosomal segments with an average length of 8 cM 

had  been conserved between the mouse and  human ge- 

nomes, and that 180 rearrangements  had  occurred since 

divergence of the  human  and mouse genomes  (approxi- 

mately 70 million years ago). 

Despite concordance between the  number of rear- 

rangements observed herein  and  the  number  predicted 

by the  method of NADEAU and TAYLOR (1984), it is  likely 

that  mapping of additional DNA probes will define a few 

more  rearrangements. The relationship between the 

number of homologous markers mapped  and  the  num- 

ber of conserved segments identified approximately fol- 

lows an asymptotic regression [W = A - B(e-" ) ]  
( NADEAU 1989; SNEDECOR and COCHRAN 1989). With con- 

tinued  mapping of homologous markers between A.  
thaliana and B. oleracea, it should  be possible to clearly 

determine  the actual number of rearrangements which 

distinguish the chromosomes of these organisms. 

Relative to other plant species for which equivalent 

comparisons can be  made,  the chromosomes of B. 01- 
eracea and A .  thaliana appear  to have diverged rela- 

tively rapidly. The genomes of rice and maize, which 

diverged approximately 50 million years ago (BENNETZEN 

and FREELING 1993) have 32 conserved linkage segments 

along  their 12 and 10 chromosomes (respectively), com- 

prising 70% of the rice genome (AHN and TANKSLEY 

1993), based on genetic  mapping at moderately higher 

density of common markers than  that  reported  here 

(markers averaging 8.5 cM apart, us. 14.6 cM in our 

study). The A and D genomes of cotton, which diverged 

approximately 6-11 million years ago (WENDEL 1989) 
are distinguished by one translocation and six inversions 

along 11 (of  an  expected 13) homoeologous chromo- 

some pairs for which sufficient data is available (REINISCH 

et al. 1994). The genomes of  maize and sorghum, which 

diverged approximately 20 million years ago (BENNETZEN 

and FREELINC 1993) are distinguished by at least nine 

inversions along  the 10 chromosomes, although analysis 

of several chromosomes is incomplete (WHITKUS et al. 
1992). The minimum number of 26 rearrangements 

which we estimate to distinguish the five chromosomes 

of A .  thaliana from the  nine chromosomes of B. olera- 
cea suggests a level  of rearrangement paralleled only by 

the rice-maize comparison, although rice and maize 

diverged at least 40 million years (5X) earlier. 

Ancestral  duplication of Arabidopsis  chromosome 
segments: Based on  the  degree of gene  and sequence 

duplication, as well  as evidence for duplication of chro- 

mosomal segments, A .  thaliana appears to have under- 

gone  ancient  duplication of chromosomes or chromo- 

some segments. Considerable duplication of individual 

sequences in A .  thaliana is revealed by both Brassica 

PstI genomic DNA clones, and Arabidopsis cDNAs,  with 

each showing an average of  two EcoRI fragments (Table 

2). A minimum estimate of the frequency of  DNA se- 

quence duplication in A .  thaliana can  be  obtained  from 

the frequency of  DNA probes  detecting RFLPs at two (or 

more)  unlinked loci, which account  for  about 12.4% of 

the DNA probes we mapped. MCGRATH et al. (1993) pre- 

viously reported "that more  than 15% of the  genes in the 

A .  thaliana genome may be encoded by multiple loci." 

However, such estimates are  confounded with  levels  of 

DNA polymorphism in particular mapping populations. 

If the likelihood of detecting  an RFLP at one locus is x, 
the likelihood of detecting RFLPs at  each of  two un- 

linked loci is 2. At  low  levels  of x, 2 will approach zero, 

and it will rarely be possible to map  duplicated loci 

(CHITTENDEN et al. 1994) (Table 1). A maximum esti- 

mate for  the frequency of duplicated loci can be o b  

tained from  the frequency of DNA probes which detect 

only one genomic fragment in digests with  several  dif- 

ferent restriction enzymes-we estimate this frequency at 

14% (see RESULTS). In our study, mapped duplicate loci 

are  found  on  each  chromosome, with no cases  of proxi- 

mal duplication  found (Figure 1, Table 6). 
Although modest levels  of  DNA polymorphism among 

Arabidopsis  ecotypes (KING et al. 1993) make it di&cult to 

study  possible  chromosomal duplications, we did find 

some  evidence supporting at least one such  event.  Despite 

the suggestion that many  DNA probes may be duplicated 

in A. thaliana, only a small  fraction could be mapped to two 

loci (Table 1). Nevertheless, we identified one region of 

chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 which  may be homoeologous with a region 

of chromosome 5 (Figure 3). 
Close inspection of  previously published results pro- 

vides independent corroboration of an ancestral chro- 

mosome (or segment) duplication in Arabidopsis. 

MCGRATH et al. (1993) report  that  three DNA probes 

detect RFLP loci duplicated on Arabidopsis chromo- 

some 1 (515A,  559B,  71 IA,  spanning 9.7 cM),  and 

chromosome 5 (559A,  515B,  711B, spanning 108.9 
cM). Each  of the  duplicated regions are close to the 

respective homoeologous regions on  our map, based on 

anchor loci common to chromosome I ( M 2 3 5 ,   M 2 1 3 ) ,  
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and tightly linked reference loci [separated by 1.5 cM on 

the CHANG et al. (1988) map, on chromosome 5 (M331 

on  the MCGRATH et al. map;  M268 on  our  map)].  In the 

MCGRATH et al. (1993) map, putative homoeologous re- 

gions of the  genome may also be  present between re- 

gions on chromosomes 2 (579B, 415E, 574B, 173A, 

415A; spanning 31.3  cM) and 3 (574A, 173B, 415C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 79C; spanning 53.1  cM) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, and between regions on chro- 

mosomes 3 (415C,  579C, 713C; spanning 58.4  cM) and 

4 (713B, 579A, 415F, 7130, 415B spanning 52.8 cM). 

It must be  noted  that duplicate loci  which contradict 

both our evidence and  that of  MCGRATH et al. (1993) 

have  also been  reported, with duplications between 

chromosomes 1 (m281a, g2488b; spanning 18.7 cm) 

and 3 [g2488a, m281a; spanning 48.5  cM; HAUGE et al. 
(1993) 1. However, the bulk of the evidence suggests that 

chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 contains a segment having undergone 

duplication, possibly including sequences which  have 

been  rearranged, or duplicated by other mechanisms 

such as replicative transposition (VOYTAS and AUSUBEL 

1988). The proposal that A. thaliana is a “paleopolyploid” 

is consistent  with  like  proposals for several other species 

which  show strict  bivalent pairing at meiosis  [maize 

(HELENTJARIS et al. 1988), sorghum ( C H ~ N D E N  et al. 1994) 

and diploid cotton (REMSCH et aL 1994)l. 

Based on analysis  of  fossil guard cells, MASTERSON 

(1994) has proposed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn = 7-9 as the primitive chromo- 

somal complement of angiosperms. STEBBINS (1966) sug- 

gested (based on cytological evidence) that  the earliest 

angiosperms possessed a fundamental  chromosome 

number of x = 6 or x = 7. He  further speculated that 

chromosomal evolution proceeded in both ascending 

and  descending progressions of  basic chromosome 

numbers, e.g., from 6 to 5 to 4, etc., and from 7 to 8,  etc. 

However, our proposal that A. thaliana has undergone 

at least one segmental duplication suggests an original 

chromosome  number less than  5, e.g., x = 3 or 4 with 

subsequent  duplication events required  to  account for 

the contemporary A. thaliana genome. An alternative, 

however convoluted, explanation for the evolution of 

the A. thaliana genome would be a reduction  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 

6 or 7 to a lower chromosome  number, followed by (at 

least) segmental duplication. 

Consequences of ancestral  duplication of Arabidopsis 
chromatin for physical  mapping  and  chromosome walk- 
ing: Beyond its evolutionary consequences, duplication 

in the A. thaliana genome has ramifications for mo- 

lecular manipulations of large DNA. Duplication of 

large genomic regions could dramatically complicate 

long  range restriction mapping and physical mapping in 

these regions, as  is the case in polyploids (REINISCH et al. 
1994). Some cases of apparently chimeric YACs, i.e., a 

YAC with distal ends mapping  to  unlinked regions of the 

genome, may really be a result of genomic duplication. 

Based on estimates that 15% (MCGRATH et al. 1993) to 

12.5% (herein)  ofkabidopsis low copy DNA  may occur 

at two or more sites  with discernible homology, a like 

fraction of corresponding YAC ends would be  expected 

to detect RFLPs at  different (putatively homoeologous) 

sites.  While it is  well established that megabase DNA 

cloning is subject to chimeras, estimates of chimera fre- 

quency based upon RFLP mapping may be inflated as a 

result of ancestral duplication of  Arabidopsis chromatin. 

As (putative) regions of ancestral duplication in Arabi- 

dopsis are  better  delineated by additional  mapping,  it 

will be easier to distinguish “truly chimeric” Y4Cs from 

artifacts resulting from ancient duplications. 

Chromosomal  divergence  among  the  Cruciferae: 
Arabidopsis and Brassica diverged from a common an- 

cestor with  less chromosomal duplication than B. olera- 

cea. The relative orders of  DNA markers along homoe- 

ologous chromosomal regions permit us to infer 

whether specific chromosomal rearrangements  predate, 

or postdate, duplication of  Brassica chromosomes. The 

segment of chromosome 3 of A. thaliana  spanning 

markers E WlD09, E W6G12, E W2C06, E W5F05, 

EW8FO3, E W2D03 and EW4H05 displays nearly com- 

plete linkage conservation with homoeologous regions 

on  C8  and  C3 of  B. oleracea,  with the  exception of 

EW6G12 (66a,b)  and EW8FO3 ( 2 0 0 ~ ~ ) .  Although 

these markers co-segregate on both C8  and  C3 of B. 
oleracea (C8: 66b/200a; C3 66a/200c), they are sepa- 

rated by a distance of  5.7  cM, and two other markers, in 

A. thaliana.  The simplest explanation for this would be 

that  the prototypical B.  oleracea and A. thaliana chro- 

mosomes differed by a rearrangement in this region, 

and that chromosomal duplications then  propagated 

this region in B. oleracea,  i.e., the  rearrangement pre- 

dates duplication of the Brassica chromosomes. SAD 
OWSKI et al. (1994) reported a complex of three tightly 

linked genes in A. thaliana,  mapping to a single locus. 

Each of these probes map to duplicated loci  in B. ohacea, 
co-segregating on  one homoeolog, but with duplicated 

sites  dispersed  over three chromosomes. The simplest  ex- 

planation for this  would be that the prototypical B. ohacea 

and A. thaliuna chromosomes showed  close  linkage of 

these  markers, and that one B. ohacea homoeolog has 

been rearranged subsequent to duplication. 

Based on cytological evidence, the  fundamental num- 

ber of chromosomes in  the  genus Brassica has been sug- 

gested to  be n = 6 (PRAKASH and HINATA 1980). Cyto- 

logical (ROBBELEN 1960), and  more recently molecular 

evidence (SONG et al. 1990), suggests that  the evolution 

of Brassica and closely related genera has proceeded in 

ascending order of chromosome  number, from the n 
6 ancestor to n = 7 (Diplotaxis erucoides), to n = 8 

(hypothetical “bridge”  species), to n = 9 (B. oleracea). 

This model proposes that B. oleracea  is a secondary 

polyploid, with a basic chromosomal complement of 

AABBCCDEF or ABBCCDEEF (HAGA 1938; ROBBELEN 

1960). Linkage mapping of  B.  oleracea has supported 

evidence for  the existence of duplicated chromosomal 
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segments, with nearly half  of the DNA probes  mapping 

to two or more loci, many of the  duplicated loci being 

clustered on specific pairs of linkage groups. However, 

homoeology spanning  entire pairs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof linkage blocks was 

not  found, indicating  the  occurrence of translocations 

during  the evolution of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB. oleracea (SLOCUM et al.  1990). 

Comparative mapping of the  genomes of B. oleracea 
( n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 9)  and B.  campestris  (rapa;  n = 10) revealed pre- 

dominant conservation of gene  order along  the chro- 

mosomes (SLOCUM 1989), suggesting that most rear- 

rangements  differentiating Arabidopsis from Brassica 
occurred before these Brassicas diverged. 

Our results, in  conjunction with  previously published 

results (SLOCUM et al.  1990), suggest that some regions 

of the B. oleracea genome have been triplicated. Chro- 

mosome 3 of A.  thal iana (in  the region spanning mark- 

ers EWlDU9,  EW6G12, EW2CU6,  EW5FU5,  EW8FO3, 

EW2DU3, EW4HU5)  is  clearly homoeologous  to  both 

C8  and  C3 of B. oleracea; however, C3  and C l  of B. 
oleracea also appear  to  be  homoeologous in the same 

region [Figure 2,  also SLOCUM et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaZ. (1990)l. If chro- 

mosomal segments of Cl,  C3  and  C8 are  homoeologous 

(e.g., triplicated),  the  model which postulates B. olera- 
cea as a secondary polyploid, with a basic chromosomal 

complement of  AABBCCDEF or ABBCCDEEF (HAGA 

1938; ROBBELEN 1960) becomes inadequate  to explain 

the evolution of B. oleracea chromosomes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn alternate 

hypothesis to triplication would  invoke paleopolyploidy, 

suggesting that the close association between Brassica 

C3  and  C8 is the result of a recent  duplication, and the 

association between Brassica C1  and  C3 is ancient. Nei- 

ther of these hypotheses satisfactorily explain why no 

loci  were found with duplicated RFLPs on  Cl  and C8, 

however this could  occurjust by chance failure to detect 

the  appropriate RFLPs. 
KIANIAN and QUIROS (1992) proposed  that  the  high 

level  of duplications and chromosomal rearrangements 

in the  genome of  Brassica might  impart  enhanced “flex- 

ibility to  change  and evolve.” Our suggestion, that Ara- 
bidopsis and Brassica appear  to have diverged at the 

chromosomal level  relatively rapidly, support this pro- 

posal. We note  that  the Cruciferae has a center  of di- 

versity in the  temperate  zone of the  northern hemi- 

sphere, with the main radiation  center  proposed to have 

been  from  the  eastern  portion of the Irano-Turanian 

phytogeographical region  (HEDGE  1976). The appear- 

ance of the Cruciferae is coincident with the advent of 

glaciation and major cooling, approximately 10 million 

years ago (TRAVERSE 1988).  Therefore, this family 

evolved in an  environment characterized by rapid cli- 

matic changes, with alternating glacial-interglacial 

cycles. It is tantalizing to speculate that  the  apparent 

plasticity  of the Cruciferae genome  (numerous dupli- 

cations and rearrangements) may  have conferred a se- 

lective advantage in taxa subjected to  dramatic  (at least, 

on  an evolutionary time scale) changes in climate 

(MCCLINTOCK 1984). Alternately, physical  subdivision  of 

populations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a result of glaciation may simply 

have facilitated fixation of rare chromosomal rearrange- 

ments in small  local populations. 

Utility of a  comparative  map of the  Cruciferae: Com- 

parative maps of A.  thal iana and B. oleracea permit 

cross-utilization  of tools and resources which  have been 

developed for  each, a particular boon to the Brassica 

research community. Map-based cloning of orthologous 

genes may be  much easier in A.  thaliana than in Bras- 
sica spp., due to  the small genome size and low  level  of 

repetitive DNA present in its genome (MEYEROWITZ 

1989). One case in which a Brassica  cDNA  was used to 

complement  an Arabidopsis mutation is already pub- 

lished (ARONDEL et al.  1992). More detailed fine-scale 

comparative mapping of these related crucifers may fa- 

cilitate use of A .  thaZiana YAC islands (SCHMIDT et al. 
1992) for positional cloning in Brassica. Finally, addi- 

tional mapping of heterologous markers between A .  
thaliana and B. oleracea will provide much new  basic 

information,  helping us to understand  the process of 

evolution in greater detail. 

Contemporary molecular tools now permit detailed 

studies of “chromosomal archaeology.” STEBBINS (1966) 

had foreseen  these  advances  nearly three decades ago, 
when he suggested that ‘The opportunities for profitable 

investigations  of  this sort are by no means at an end,  and 

new techniques may extend them to degrees of  clarity and 

certainty  which at present can  hardly be imagined.” 
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