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Abstract

We have constructed a physical map of Arabidopsis thaliana chromosome 3 by ordering the clones from

CIC YAC, PI, TAC and BAC libraries using the sequences of a variety of genetic and EST markers and

terminal sequences of clones. The markers used were 112 DNA markers, 145 YAC end sequences, and 156

end sequences of PI, TAC and BAC clones. The entire genome of chromosome 3, except for the centromeric

and telomeric regions, was covered by two large contigs, 13.6 Mb and 9.2 Mb long. This physical map will

facilitate map-based cloning experiments as well as genome sequencing of chromosome 3. The map and

end sequence information are available on the KAOS (Kazusa Arabidopsis data Opening Site) web site at

http://www.kazusa.or.jp/arabi/.
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1. Introduction

Arabidopsis thaliana is an excellent model organism for

the analysis of complex processes in plants using molecu-

lar genetic techniques.1 Many laboratories are currently

making intensive efforts to isolate Arabidopsis genes of bi-

ological importance using a map-based cloning strategy.

This plant has also been chosen as a target for sequencing

of the entire genome, because the estimated genome size,

130 Mb, is the smallest among known higher plants and

the content of repetitive sequences is assumed to be low.
3

Under these circumstances, a complete physical map of

the Arabidopsis genome should be greatly advantageous

for cloning the genetic loci of interest as well as sequenc-

ing the entire genome. With this view, yeast artificial

chromosome (YAC)-based physical maps of chromosome

2,4 4,5 and 56 of A. thaliana have been constructed. We

also constructed a fine physical map of the entire chro-

mosome 5 by ordering YAC, PI , TAC and BAC clones7

to support the initial phase of our sequencing project,

and based on the map constructed, sequence analysis of

chromosome 5 is in progress.8"12 In the second phase of
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the project, we focused on chromosome 3 according to

the international agreement of the Arabidopsis Genome

Initiative. As to the physical map of chromosome 3, a

YAC contig map was recently reported [http://genome-

www.stanford.edu/Arabidopsis/Chr3-INRA/],
13 althou-

gh the map consists of nine contigs. Construction of a

complete physical map which covers the entire chromo-

some is essential to proceed with the sequencing project.

We present here a physical map of the entire chromo-

some 3 which was constructed by ordering the clones from

YAC, PI , TAC and BAC libraries using the information

on the sequences of various DNA markers and the termi-

nal sequences of the clones.

2. Materials and Methods

2.1. Libraries

Five kinds of libraries made from the genome

of A. thaliana ecotype Columbia were used for

the construction of the map: CIC YAC library14

from Arabidopsis Biological Resource Center at Ohio

State University, IGF BAC (Mozo, T. unpublished,

http://194.94.225.l/private_workgroups/pg_101/igf_bac_

lib.html) and TAMU BAC15 libraries from Dr. Ian Ban-

croft at John Innes Center, PI 1 6 and TAC (Liu, Y.-G.,
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Table 1. DNA markers used in this work.

Categoly Markers Resources
RFLP markers m302, m262, m243, m228, m317, mlO5, m255,

m433, m249, m457, m460, m339, m424,
g4523, g4119, g4547, KG17, g4711, g2534
g4014, g4125, AP3, g2778, pCIT1210, 560B1

Arabidopsis Biological Resource
Centor (Columbus, Ohaio)

miT234, mi74, mil99, mi355, mi403, mi357, mi467,
mi207, miT131, mi289, mi339, mil42, mi268, mi386
mi225, mil78, mi413, miT149, mi456, miT136, miT220

Mitsui Plant Biotechnology
Research Institute (Tsukuba, Japan)23

CAPS markers CA1, S6, C6, B4, 32C9, CDC2B, PUR5, BGL1,
FUS6, TSA1

http://genome-www.stanford.edu
/Arabidopsis/maps/CAPS.Chr3.htmI
Bell and Ecker19SSLP markers nga32, ngal72, ngal26, ATHCHIB, ngal62, nga6,

nga!12
EST markers T04473, T22943, Z33694, T04196, T23365, Z37281,

T04109, T20956, T43984, T13951, T45148, T44784,
R30025, Z30817, pkl

http://genome-www.stanford.edu
/Arabidopsis/EST2CIC.html

Cloned genes CGS(U83500), GASA5(U53221), ILR1(U23794),
AtGST(U70672), GAPC(M64119), RPM1(X87851),
apxlB(X80036), SPINDLY(U62135), FAD2(L26296),
MS2(X73652), AtMSH2(AF003005), DWFl(U12400),
MAP2K.a(Y07694), prcgb(Y13692), AtDMCl(U76670),
SUP(U38964), TMKL1(X72863), ABI3(AJ002473),
GAPA(M64117), prcfb(Y13174), GL1(L22786),
AIG2(U40857), atpox(X97075), NIT1(S45384),
ASN1(L29O83), AtCSRl(X51514), Ul snRNP(U52909),
AtEml(AF049236), AFC1(U16176), tai224(Z26409),
AT103(U38232), AGL13(U20183), ACS1(U26542)

DDBJ/EMBL/GenBank DNA databases

manuscript in preparation) libraries from Mitsui Plant

Biotechnology Research Institute.

2.2. DNA markers

Restriction fragment length polymorphism (RFLP)

markers, cleaved amplified polymorphic sequence

(CAPS) markers, simple sequence length polymorphism

(SSLP) markers, expression sequence tags (EST) mark-

ers and cloned genes used for designation of PCR primers

and their sources are listed in Table 1.

2.3. Screening and clone analysis

For physical map construction, clones harboring DNA

markers were selected from PI, TAC and BAC libraries

by PCR using DNA pools produced from each library as

templates. The method of end sequence analysis of se-

lected clones was described in the previous paper.7 The

sizes of CIC YAC clones, for which multiple size informa-

tion was described14 or whose size information was incon-

sistent with their allocation in the physical map, were

confirmed by PFG electrophoresis (CHEF Mapper sys-

tem; Bio-Rad), followed by Southern hybridization with

PCR products which were amplified using the sequence

information of the DNA markers on the clones.

3. Resul ts and Discussion

3.1. Construction of physical map

Using the PCR primers designed from the sequences of

98 genetically mapped markers, 14 EST markers and 145

YAC end sequences, we isolated 115 CIC YAC clones. By

ordering the clones on the basis of overlap analysis of the

end sequences of each clone, a physical map which con-

sists of 11 contigs and covers 20 Mb was first constructed.

To close the remaining gaps, chromosome walking by us-

ing PI , TAC and BAC clones was carried out. A total

of 128 PI, TAC and BAC clones were anchored on the

regions encompassing the gaps by the use of 10 molecular

markers, 20 YAC end sequences and 156 PI, TAC and

BAC end sequences. Nine out of 10 gaps were closed by

arrangement of the clones identified. Consequently, chro-

mosome 3 could be covered by two contigs of 13.6 Mb

(contig 1) and 9.2 Mb (contig 2) leaving a single gap in

the middle. The sizes of two contigs were estimated by

using the size information of individual clones which were

placed on the mid-point of its allocated position. By com-

parison of the sizes of PI , TAC and BAC clones allocated

to the overlapped regions of YAC clones, we assume the

estimation error for the contig size to be less than 10%.

A minimum tiling path of chromosome 3 composed of 55

CIC YAC and 37 PI , TAC and BAC clones is shown in

Fig. 1. As discussed in section 3.3, we tentatively postu-

lated the size between two contigs to be 0.7 Mb, and the

physical scale of the chromosome was indicated by the

number in Mb from the end of contig 1 containing the

top marker. Forty-five chromosome-specific RI markers,

whose genetic distances have been derived from up to 100

lines of a recombinant inbred mapping population,17 were

positioned on the physical map as summarized in Fig. 2:

32 markers from CGS (0.0 cM) to atpox (46.75 cM) fell

in contig 1, and 13 markers from T04109 (53.72 cM) to
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size (cM) Kb/cM

Figure 2. The alignment of the physical and RI maps of chro-
mosome 3 and the ratio of the physical (Kb) and genetic (cM)
scales along the RI map. Forty-five markers which have been
mapped on the RI map were assigned on the physical map ac-
cording to Fig. 1. The gray boxes separated by an open box
at the left represent the two contigs. The size of the physical
map (Mb) is shown on the left side. The shaded box at the
middle indicates the RI map with the size (cM) on the right.
The ratio of the physical scale (Kb) to the genetic scale (cM)
was calculated from the physical and genetic distances, and the
average ratios are shown by vertical broken lines.

tai224 (97.68 cM) fell in contig 2.

3.2. Comparison of genetic and physical maps

A comparison of genetic and physical maps is shown

in Fig. 2. The order of genetic markers in the contig 1

region well coincides with that of the physical map ex-

cept for the markers mi357 and mi467 that are located

in close proximity. In the region of contig 2, however,

the positions of markers TSAl
18

 and tai224 were signif-

icantly inconsistent. In the RI map, tai224 and TSAl

have been assigned as the bottom markers of chromo-

some 3, but these markers were mapped to the 20-Mb

position of the physical map. To verify the position of

tai224 and TSA1, we constructed a detailed contig map

of PI and TAC clones in the region between YAC end

markers CIC6F4R (19.4 Mb) and CIC11G5R (20.1 Mb).

According to the fine contig map constructed, tai224 was

mapped to the 19.9 Mb position closely linked to RFLP

marker AP3, and TSAl was mapped to 100-150 kb below

tai224 which is linked to YAC end marker CIC8H7R. In

addition, all the PI and TAC clones isolated by screen-

ing with 3 sets of primers designed from the sequence in-

formation of tai224 and TSAl were integrated into that

contig (data not shown). Thus, it is unlikely that some

other sequences identical or similar to tai224 and TSAl

were located in the bottom region of chromosome 3. The

order of markers m424, nga6 and ngall2 was also dif-

ferent between the physical and RI maps. The order of

these markers on the physical map rather corresponds to

the original genetic map of nga markers.
19

The ratio of the physical to genetic distance between

markers varied significantly along the chromosome (Fig.

2). Within the range of this resolution, relatively cold

spots of recombination are seen in the middle region of

each contig (mi403 to mi289 and m457 to BGL1) in ad-

dition to the region flanking the gap between the two

contigs. This pattern seems to resemble those of chro-

mosomes 4
20 and 57 of A. thaliana.

3.3. Comparison of cytogenetic and physical maps

Due to the lack of suitable probes, the centromere was

not mapped on the physical map in the present study. It

seems most likely that the centromeric region of chro-

mosome 3 is positioned in the gap between contigs 1

and 2, because the gap position also roughly coincides

with the prediction by genetic recombination analysis.
21

In addition, several YAC clones allocated in this region

contained the 180-bp repeats
14

'
22

 and other repetitive

sequences (unpublished observation). The genetic dis-

tance between atpox and T04109 containing the gap is

5.16 cM. Using a conversion factor of 0.37 Mb/cM esti-

mated from the neighboring T04109-m249 region, we es-

timated the physical distance between atpox and T04109

to be 1.9 Mb. Since 1.2 Mb of the 1.9-Mb region has al-

ready been occupied by the assigned clones, we assume

that the gap size is 0.7 Mb, unless recombination has

strongly been suppressed in this region. The physical

distances of the telomeres to the end of each contig have

not been estimated.

The physical map of A. thaliana chromosome 3 pre-

sented here will facilitate the isolation and characteri-

zation of genetically mapped genes. The map will also

support the genome sequencing project.
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