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Physical Map and Organization of 
Arabidopsis thaliana Chromosome 4 

Renate Schmidt," Joanne West, Karina Love, Zoe Lenehan, 
Clare Lister, Helen Thompson, David Bouchez, Caroline Dean? 

A physical map of Arabidopsis thaliana chromosome 4 was constructed in yeast 
artificial chromosome clones and used to analyze the organization of the chromosome. 
Mapping of the nucleolar organizing region and the centromere integrated the physical 
and cytogenetic maps. Detailed comparison of physical with genetic distances showed 
that the frequency of recombination varied substantially, with relative hot and cold 
spots occurring along the whole chromosome. Eight repeated DNA sequence families 
were found in a complex arrangement across the centromeric region and nowhere else 
on the chromosome. 

Arabidopsis timliana has been adopted as a 
nlodel organism for the analysis of complex 
plant processes by means of molecular genet- 
IC teclhniilues ( 1  ). T h e  increase in map-base~l 
cloning experiments makes the generation of 
a colnplete physical map of the Arabidopsis 
genome a high priority. In aildition, the 
availahility of such a map would enable the 
organ~zation of the clhromosome to be stud- 
ied in more detail. Little is known about the 
organization of plant chromosotnes, but the 
general ~ i c t u r e  is that of chronlosolnes car- - 
rying large numbers of ~lispersed [often ret- 
rotransposons ( 2 ) ]  and tandelnly repeated 
D N A  sequences (3). T h e  relatively slnall 
(100 blb) Arabidops~s genome has a much 
slnaller number of repeated D N A  sequences 
than do most other plant species; its f i \~e  
clhromosomes contaln -10% highly repeti- 
tive and -10% moderatelv re~et l t ive  D N A  , L 

(4). T h e  dispersion of most of tlhese sequenc- 
es among the low-copy D N A  is unknown. 

W e  iliscuss here a physical map, ~vhich we 
have presented on the World Wide Web 
(LVLVLV) at URL: http://1lasc.nott.ac.uk/J1C- 
co~ltigs/JIC-contigs.htm1, of Arabidopsis clhro- 
mosome 4, one of the two chrolnosornes car- 
rying nucleolus organizing regions. T h e  con- 
struction of this map alloweil us to analyze the 
frequency of recolnhination along the whole 
chromosome, the integration of the physical 
with the cytogenetic map, the interspersion 

R. Schmdt, J. West K. Love, Z. Lenehan C L~ster H. 
Thompson. C. Dean, Depaltment of Molecular Genetcs, 
Botechnoogy and B~olog~cal Scences Research Coun- 
c John nnes Centre, Coney Nomvvch NR4 7UH. UK. 
D Bouchez. Laborato~re de B~olog~e Ceula~re, lnst~tut 
Natonal de a Recherche Agronomque. 78026Versa1es 
Cedex. France. 

pattern of repeateil and lolv-copy DNA se- 
auences over the whole chromosome, and the 
arrangelnent of repeated DNA sequences over 
the centrollleric region. 

YJe generated the physical map hy hy- 
bridizing prohes to four yeast artificial chro- 
lnosome (YAC) libraries (j), ,,sing colony 
hybridization experilnents (6). T h e  prohes 
consisted of 11 2 markers genetically lxappeil 
to chromosome 4, 20 unmappeil 
genes, random genomic fragtnents and se- 
quences flanking transposable elements, and 
the 180-base pair (bp) repetitive elenlent 
carried in pAL1 (7). Southern (DNA)  blot 
analvsis of YAC clones confirlned the colony 
hybriiiization results and revealed common 
restriction fragnlents in the different YAC 
clones lhybri~lizing to a gi \~en marker. This 
demonstrated overlap between the Inserts of 
the  Y A C  clones. On the basis of tlhese 
results, the  Y A C  clones c o u l ~ l  he placed 
into 14 YAC contigs lvith a high degree of 
redunilant Y A C  cover, ensuring a n  accu- 
rate lnap despite the  presence of c h i m e r ~ c  
clones in the  Y A C  libraries. 

W e  generated YAC end fragments, using 
either inr~erse polylnerase chain reactlon 
(IPCR) or plasln~d rescue (8), from YAC 
clones lying near the ends of each of the 14 
contigs. The  fragments were hybr~dized to 
Southern blots of YAC clones from adjacent 
contigs. In addition, YACs, as \yell as some of 
the end fragments generated by IPCR, were 
used to ~ d e n t l f ~  clones from a cosnnid library of 
the Columbia ecotype (9).  The  cosrnids were 
then used as new lnarkers on the YAC librar- 
ies. These experilnents reduced the number of 
colntigs to four. In all hut t ~ v o  instances, the . - . . .  . 
end fragments revealed that the contlgs were 

'Present address Max-Debrueck Laboratory Car-von- 
~ n n e - W e a  10. D50829. Cooane. Gerrnanv. already overlapping. Experilnents aimed at 
;.To v'!ho; correspondence siould be a d d k e d .  closing the last three gaps have been attempt- 
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ed but so far have been unsuccessful. Two of 
the gaps map to the centromeric region, 
where repetitive sequences severely limit 
walking experiments. Sparse YAC coverage 
as well as chimeric YAC clones have made 
the walking experiments in the area be- 
tween contigs 111 and IV particularly diffi- 
cult. Neither the generation of end frag- 
ments nor the hybridization of YAC clones 
to cosmid libraries has detected an overlap 
or extended the contigs. The physical map 
of 374 YAC clones is represented in a for- 

mat in which each marker hybridized to the 
YAC libraries is shown a unit length away 
from the next; thus, the sizes of the YAC 
clones only reflect their marker content, not 
their physical size. Multiple YAC coverage 
has been achieved for the majority of the 
chromosome. Only 12 of the 148 links are 
spanned by one YAC clone. 

We determined the physical distance be- 
tween 77 markers by integrating several 
types of data: the size of the YAC inserts, 
the minimum size of a YAC clone spanning 

Fig. 1. The alignment of the cytogenetic, YAC contig, and RFLP maps of chromosome 4. The schematic 
drawing of the cytogenetic map [adapted from (26)] approximately reflects the actual physical sizes of the 
various chromosomal regions. The RFLP map shows positions for 80 loci. These loci were mapped on up 
to 100 recombinant inbred lines derived from a cross between the ecotypes Landsberg erecta and 
Columbia (1 1). The most likely marker order as determined empirically with the MAPMAKER program 
(version 3.0) (27) differed in four places from the order as derived from the physical map. These intervals 
and the log of the likelihood ratio of the most likely order predicted by MAPMAKER to the order as 
determined by physical mapping are as follows: ngal2 to mi87 (0.57); m226 to 93845 (4.23); ag to 93883 
(0.21); and agp66 to mi232 (0.73). Because the physical ordering of these markers was unambiguous, 
map distances were calculated [with the use of the Kosambi mapping function (2811 by MAPMAKER on 
the basis of the order determined from the physical map. The relative positions of all loci on the YAC 
contig and genetic map are indicated by lines across the chromosomes. Only markers that cosegregate 
with adjacent markers on the RFLP map are shown next to the YAC contig map. The four YAC contigs 
are shown as gray boxes. Contig I I  and the gaps between the contigs are not drawn to scale. 

two markers, and whether each YAC clone 
ended within or spanned a complete marker 
(10). Because of the redundancy of YAC 
clones covering each interval and the in- 
clusion of small as well as large insert YAC 
clones, we estimate the error for these dis- 
tances to be only +lo%. The total size of 
the four YAC contigs is approximately 17 
Mb, and they cover a minimum of 82.5 
centimorgans (cM), or 90% of the chromo- 
some 4 genetic map (Fig. 1). 

A comparison of genetic with physical dis- 
tance over 75 intervals spanning the whole 
chromosome is shown in Fig. 1. The genetic 
distances were derived from up to 100 lines of 
a single recombinant inbred mapping popula- 
tion ( I  I) and so can be compared directly. 
The ratio of physical to genetic distance be- 
tween markers varied significantly along the 
length of the chromosome, with the average 
value for the four contigs being 185 kb/cM. 
Relative cold spots (>550 kb/cM) were dis- 
tributed throughout the chromosome, in in- 
tervals close to the centromere (mi233 to 
g2616 to m506), but also in intervals in other 
chromosomal locations (g3883 to JGB9 and 
06455 to g3088) (Fig. 1). Relative hot spots 
(30 to 50 kb/cM) (mi51 to mi204, m518 to 
BI0216, mi128 to g6837, and m214 to ap2) 
were also distributed throughout the chromo- 
some (Fig. 2). There was no distinct associa- 
tion of higher recombination frequencies with 
certain chromosomal regions. This is different 
from the situation reported for yeast chromo- 
some 3 (12), in which recombination was 
lowest close to the centromere and highest 
midway down each arm. It also contrasts with 
the picture emerging for tomato and wheat 
chromosomes (1 3), in which recombination is 
strongly suppressed over large intervals at the 
centromere, with maximum recombination 
occurring in the proximal regions. 

In order to integrate the physical and cy- 
togenetic maps, it was necessary to place the 
centromere and the nucleolar organizing re- 
gion (NOR) that maps to chromosome 4 (14, 
15) on the physical map. An end fragment 
from YAC clone CIC5C11 (CIC5CllLE) 
was found to contain ribosomal DNA 
(rDNA) sequences. The YAC also hybridized 
to markers BI0217 and mi5 1. Southern blot 
analysis of two additional YAC clones 
(yUP2A9 and yUP7C3) hybridizing to these 
markers showed that they also contained 
rDNA sequences. These results positioned the 
NOR locus distal to marker BI0217 and all 
known chromosome 4 markers (Fig. 1). We 
did not attempt to obtain YAC clones cover- 
ing the NOR locus because of the complica- 
tion of the instability of YAC clones carrying 
rDNA sequences (1 6). NOR 4 has recently 
been genetically mapped as the most terminal 
marker on chromosome 4; it is in close phys- 
ical proximity to the telomere (1 7). Thus, the 
NOR locus defines one end of the physical 
map of chromosome 4. 
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persed repeat sequences 
are indicated by plus signs; tandemly repeated sequences are indicated by dispersed repeats, and the number of hybridizing restriction fragments was 
triangles. The bottom panel shows the cumulative copy number of the six determined for each of the repeated sequences. The presence of tandemly 
dispersed repeated sequence families (indicated by plus signs in the middle repeated sequences is indicated as gray boxes. Double-headed arrow indi- 
panel) in each interval. To determine the copy number, we hybridized South- cates that the orientation of contig I I  has not been determined. 
ern blots carrying YAC clone DNA-digested by Eco RI-Bam HI to the various 

Due to the lack of suitable genetic stocks, 
the centromere had not been mapped relative 
to phenotypic or restriction fragment length 
polymorphism (RFLP) markers. The centro- 
meric region of chromosome 4 could be posi- 
tioned by identification of YAC clones that 
hybridized to the tandemly repeated 180-bp 
sequence contained in plasmid pALl (18). 
This family of tandemly repeated DNA se- 
quences is present in arrays of >50 kb, makes 
up 1 to 1.6% of the Arabidopsis genome, and 
has been shown to co-localize with the het- 
erochromatin surrounding the centromeres of 
all five Arabidopsis chromosomes (1 4, 18, 19). 
CIC YAC clones hybridizing to pALl as well 
as to two markers (mi87 and ngal2) mapping 
to chromosome 4 were identified. Southern 
blot analysis of DNA from these YAC clones 
digested with several restriction enzymes re- 
vealed the presence of two different hybrid- 
ization patterns corresponding to two 180-bp 
repeat loci (each carrying a large number of 
tandemly repeated copies) flanking mi87 
(Fig. 3). Maluszynska and Heslop-Harrison 
(14) found in in situ hybridization experi- 
ments that the 180-bp tandemly repeated 
sequence hybridized equally to both sides of 
the centromeres on all five chromosome 
pairs. Taken together, one could conclude 

that the YAC contig shown in Fig. 3 covers at 
least the core of the centromere. 

The mapping of NOR 4 and the centro- 
mere allowed the integration of the physical 
and cytogenetic maps (Fig. 1). YAC contig 
I covers the short arm of chromosome 4, 
with most of the genetic map residing on 
the long arm and being contained in YAC 
contigs 11, 111, and IV. 

The availability of YAC clones covering 
most of chromosome 4 enabled the distribu- 
tion of low- and high-copy sequences to be 
examined. Pruitt and Meyerowitz (20) ana- 
lyzed a random set of lambda clones for the 
presence of repetitive DNA. They showed 
that the average single-copy sequence length 
would be 125 kb if the repeated DNA se- 
quences were randomly distributed. Thus, the 
sequence interspersion pattern of Arabidopsis 
is extremely long relative to that of other 
plant genomes. Southern blots carrying a rep- 
resentative set of YAC clones covering the 
chromosome 4 contigs were hybridized with 
nine different repeated DNA 'sequences. As 
described above, rDNA sequences were local- 
ized on YAC clones at the top of the map and 
the 180-bp repeated sequence was localized 
on YAC clones at the bottom of contig I (Fig. 
2). They were not detected elsewhere on the 

chromosome. 5s-rDNA sequences (21) hy- 
bridized to a number of YAC clones that 
contained the 180-bp repeated sequence as 
well as marker mi87. Thus, one of the 5s- 
rDNA loci in Arabidopsis (21) maps to the 
centromeric region of chromosome 4 (Figs. 2 
and 3). 

At least six other repeated DNA sequenc- 
es were identified during the course of this 
work. Two RFLP markers, m456 and mi167, 
were found to hybridize at high stringency to 
- 50 to 100 fragments in Arabhpsis DNA. In 
addition, two cosmid clones carrying Colum- 
bia DNA, CC106 and CC164, were identified 
that hybridized strongly to total Arabidopsis 
DNA but did not cross-hybridize with any 
previously characterized repetitive sequence. 
They hybridized to - 300 and 150 Arabidopsis 
fragments, respectively. Sequence analysis of 
mi167 and subclones from CC106 and 
CC164 revealed no significant homology to 
sequences in all available databases (22). We 
have not yet established how many different 
families of repeated DNA sequences are car- 
ried on m456, mi167, CC106, and CC164. 
Two other repeated DNA sequence families 
were identified as end fragments from YAC 
clones CIC5C6LE and CIC6D7RE. 

The six clones were hybridized to the 
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Fig. 3. Contig covering 
the centromeric region, 
showing the YAC clones 
covering this part of the 
chromosome. The sizes 
of all the YAC inserts are 
drawn to scale. The ar- 
rangement of the YAC I CIC3C8 clones shown is consis- 
tent with data on hybrid- _ I 
ization to the markers UP3E4 

shown at the top and to 
the dispersed repetitive 

F ,  CIC3F1 

elements shown in Fig. - 
2, as well as with data 

CIC7C3 e 100kb from a limited number of 
chromosome walking 
experiments (29). The sizes shown for the 180-bp repeat (pAL1) and 5s-rDNA are not drawn to scale. 
Noncontiguous sequences in known chimeric clones are shown as black boxes. Slashes at left indicate 
that only part of these clones is shown. Instability was observed in some of the YAC clones containing the 
tandemly repeated 180-bp Hind I l l  (pAL1) sequence (76). 

Southern blots containing the representa- 
tive set of YAC clones covering the chro- 
mosome 4 contigs. They all hybridized to 
multiple fragments on YAC clones map- 
ping to the bottom of contig I and to 
contig I1 (Fig. 2). The copy number of all 
the repeated sequences was largest in the 
YAC clones closest to the 180-bp repeated 
sequence loci. Unlike the 180-bp repeated 
sequences and 5s-rDNA sequences, these 
dispersed repeats were also found in sev- 
eral positions up to 1.5 Mb from the cen- 
tromere in contig I and in YAC contig I1 

pression being detected around the cen- 
tromere, in the region carrying most of the 
repeated DNA sequences (Fig. 2). Howev- 
er; other chromosomal regions showing 
equally low recombination frequencies 
were not associated with these particular 
repeated sequence families (Fig. 2). The 
extreme localization of the repetitive 
DNA distinguishes the organization of the 
Arabidopsis chromosomes from that so far 
described for other plant chromosomes. 
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