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A yeast artificial chromosome (YAC) physical map of chromosome 2 of Arabidopsis thaliana has been
constructed by hybridization of 69 DNA markers and 61 YAC end probes to gridded arrays of YAC clones.
Thirty-four YACs in four contigs define the chromosome. Complete closure of the map was not attained
because some regions of the chromosome were repetitive or were not represented in the YAC library. Based
on the sizes of the YACs and their coverage of the chromosome, the length of chromosome 2 is estimated to
be at least 18 Mb. These data provide the means for immediately identifying the YACs containing a genetic

locus mapped on Arabidopsis chromosome 2.

The small flowering plant Arabidopsis thaliana is
an excellent model system for metabolic, genetic,
and developmental studies in plants. Its haploid
nuclear genome is small (~100 Mb), consisting of
five chromosomes with a low frequency of repet-
itive DNA (Meyerowitz 1994). A classic genetic
map (Koornneef et al. 1983) and maps based on
restriction fragment length polymorphisms
(RFLPs) (Chang et al. 1988; Nam et al. 1989;
Hauge et al. 1993; Lister and Dean 1993) have
been published. A cosmid-based physical map
containing ~750 contigs obtained by DNA fin-
gerprinting (Hauge and Goodman 1992,
AAtDB@http://probe.nalusda.gov:8300/) is avail-
able, and ~30% of the genome was covered by
anchoring the then available yeast artificial chro-
mosomes (YACs) to DNA-based genetic markers
(Ward and Jen 1990; Grill and Somerville 1991;
Hwang et al. 1991).

A more complete physical map of the Arabi-
dopsis genome would be highly advantageous for
cloning genetic loci of interest, studying chromo-
some structure, and sequencing the genome. Of
the five A. thaliana chromosomes, chromosome 2
is one of the smallest (16%-17% of the genome)
and contains one of the two genomic rDNA clus-
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ters (Maluszynska and Heslop-Harrison 1991; Al-
bini 1994; Copenhaver et al. 1995). We present
here a YAC contig physical map of chromosome
2 of A. thaliana. 1t is aligned to the genetic map
(Lister and Dean 1993) and consists of four sets of
overlapping YAC clones covering 90% of the
chromosome.

RESULTS AND DISCUSSION

The physical map of chromosome 2 of A. thaliana
shown in Figure 1 was obtained by the hybrid-
ization of 130 DNA probes to the CIC YAC library
(Creusot et al. 1995). The entire CIC library (1152
clones) was grown in duplicate in a densely
packed grid pattern on a single nylon filter the
size of a microtiter plate. Dot colony hybridiza-
tion of radioactively labeled probes made from
chromosome 2 markers to the grids allowed the
initial anchoring of YACs to chromosome 2.
Many of the probes were RFLP-mapped genomic
cosmid clones from the fingerprinted cosmid
contig map. Supporting data were obtained by
probing grids with additional cosmids from the
contig that contained the original RFLP-mapped
clone. Other molecular markers were obtained
from members of the Arabidopsis community.
Positively hybridizing YAC clones identified
on the grids were confirmed by hybridization of
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Figure 1 (Continued; see page 22 for legend.)
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the probe to Southern blots of restriction en-
zyme-digested yeast DNA preparations contain-
ing the YAC. Comparison of the hybridization
patterns of the YACs to Arabidopsis genomic DNA
verified that the colony hybridization signal re-
sulted from homology of the probe to unique
Arabidopsis genomic restriction fragments and
not cross-hybridizing yeast sequences.

Complete YAC coverage of the chromosome
was not achieved by anchoring YACs to the chro-
mosome 2 markers. Therefore, a modification of
the inverse polymerase chain reaction (IPCR) was
used to generate end probes from the ends of the
anchored YACs. Radioactively labeled end probes
were hybridized to the grids, and positively hy-
bridizing YAC colonies were confirmed by South-
ern blot analysis. End probes generated from the
YACs enabled one or more steps to be taken to
extend the anchored YAC contigs and close gaps
between contigs. Fewer than four steps were
needed to reach the next anchored YAC or YAC
contig. We attribute this to the large insert size

(480-kb mean) and low incidence of chimeric
clones in the CIC library (Creusot et al. 1995), as
well as to the high number and broad distribu-
tion of markers on chromosome 2.

Five regions of the map could not be closed.
As depicted in Figure 1, a gap exists to the right of
the last YAC clone (CIC6C3) and the telomere at
the end of the long arm of the chromosome. On
the short arm of the chromosome, the gap be-
tween the telomere at the left end and clone
CIC7C11 contains a cluster of TDNA genes.
CIC7C11 may actually be part of this cluster as it
contains rDNA (Creusot et al. 1995). Shown as
broken line boxes in Figure 1, three internal gaps
exist between mi310 and mi421 (gap 1), 17288
and R-CIC12GS5 (gap 2), and L-CIC11C8 and
R-CIC2ES (gap 3). These gaps could not be closed
due to the absence of YACs containing these se-
quences in the library or the repetitive nature of
some of the end probes (Fig. 1). The instability of
cloned repetitive sequences in yeast makes it dif-
ficult to physically map such regions (Schmidt et

Figure 1 A physical map of chromosome 2 of A. thaliana. One hundred and thirty DNA probes, hybridized to
the CIC YAC library, are ordered along the abscissa. Fifty-eight probes, mapped to chromosome 2 by RFLP
analysis, serve as contact points between the genetic and physical maps. The position of markers mapped to the
recombinant inbred lines (Lister and Dean 1993) are indicated in ¢M above the marker names. When a set of
probes hybridized to the same YACs, their order was listed by their positions in the genetic map (Lister and Dean
1993). If no genetic or auxilliary data (e.g., cosmid contig; Hauge and Goodman 1992) were available, the exact
probe order was indeterminate and was assigned arbitrarily. A line drawn above a marker indicates a difference
in marker order between the physical and genetic maps. Markers designated RI have been mapped by us to the
recombinant inbred populations and are in correct relative position (with one exception, 15414, marked RI-?) to
the markers on either side (no number is indicated as adding markers, and using a different mapping program
generates different absolute positions; Hauge et al. 1993); F2 indicates a marker mapped on other mapping
populations (Chang et al. 1988; Nam et al. 1989; Hauge et al. 1993) but not the Rl lines. Similar types of probes
(see Methods) are indicated in the same color: lilac, bacteriophage A clones (m###); rose, EST sequences
(ve012-ve019); peach, genomic clones in pUCT19 (mi###); turquoise, cosmid clones (### #); all others are
white. Sixty-one probes generated from the ends of anchored YACs are prefixed by L or R to indicate the left
(lime) or right (yellow) end of the Arabidopsis insert of the YAC. YACs that hybridized to a probe are aligned along
the ordinate starting with CIC7C11 (at the top) near the telomere of the short chromosomal arm. The minimal
set of 34 YACS are indicated by a < symbol next to the YAC size (bold; in kb indicated adjacent to the YAC). The
strings of boxes along the abscissa do not represent the size of the YACs or the exact overlap between YACs but
do show the number of probes that hybridized to the YAC. Box color indicates the nature of the hybridization
and is the same as the corresponding probe color with the following exceptions: (1) Hybridization of a right end
probe to its cognate YAC is indicated by a red sloping pattern on yellow, and a dark-blue sloping pattern on lime
for a left end probe, and (2) repetitive sequences—brown, rDNA, green and red, repetitive and/or YAC-specific
band patterns. YACs CIC9D11 (Creusot et al. 1995) and CIC6G3 (Creusot et al. 1995; E. Zachgo and M.L. Wang,
unpubl.) contain the 180-bp repeat (Martinez-Zapater et al. 1986). Because the ends of two or more YACS may
hybridize to the same YAC clone, the diagram may show one of the YAC ends as internal to the rest of the blocks
representing the YAC (checkerboard pattern). Broken-line vertical columns indicate the three internal gaps in the
map; the double column at Gap 1 represents the uncertainty in the centromeric region. The format of the map
requires that a portion of the data for one of the YACs (CIC8H12) and two of the markers (6842 and 19960)
be represented in both panels (dark vertical lines on the turquoise background). The entire data set is not
depicted here because of space limitations; however, a data supplement may be accessed at http://
weeds.mgh.harvard.edu/goodman/html on the World-Wide Web.
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al. 1994; Creusot et al. 1995). It is likely that gap
1 represents the centromere (Maluszynska and
Heslop-Harrison 1991; Copenhaver et al. 1995)
because several YACs in this region contain the
180-bp and 5S repeats (Creusot et al. 1995) and
other repetitive sequences (Fig. 1; Creusot et al.
1995).

The minimum size of chromosome 2 can be
approximated as the sum of the estimated sizes of
the four YAC contigs, the gaps, and the telom-
eres. The data in Figure 1 were used to estimate
YAC contig sizes in two ways: (1) Total size (TS) in
the four YAC contigs = TYS/AR = 12.8 Mb, where
TYS = total YAC size = 36,351 kb and
AR = average redundancy = 2.846 (average num-
ber of hits per probe); and (2) TS =X [YAC
size x (1 — fractional overlap with the previous
YAC)] = 13.3 Mb. The fractional overlap with the
previous YAC was estimated as the number of
markers in common divided by the number of
markers associated with the YAC. The sizes of the
gaps are unknown. However, using the genetic
distance between the markers bordering the in-
ternal gaps, and a conversion factor of 200 kb/cM
(Koornneef et al. 1983; Meyerowitz 1994), the
gap sizes are estimated to be 120-1000 kb, 340
kb, and 720 kb for gaps 1, 2, and 3, respectively.
The total size in YAC contigs (~13 Mb), an rDNA
cluster of 3.5 Mb (Maluszynska and Heslop-
Harrison 1991; Albini 1994; Copenhaver et al.
1995), gaps, and telomeres suggest a minimum
size of 18 Mb for chromosome 2.

Virtually complete coverage of chromosome
2 is achieved with a minimal tiling path of 34
YAC:s (Fig. 1). Contact points between the genetic
and physical maps are provided by 58 probes
mapped to chromosome 2 by RFLP analysis. The
order of the DNA probes in this physical map is
generally consistent with the genetic map (Lister
and Dean 1993; Fig. 1). Given the low incidence
of chimeric clones in the CIC library (Creusot et
al. 1995), the map is reliable despite five linkages
that exhibit <0.25 units of fractional overlap with
an adjacent YAC. Chromosome 2 as described in
this study is ~18 Mb in length, 13-15 Mb of
which is low-copy DNA and 3.5-4 Mb is rDNA
(Maluszynska and Heslop-Harrison 1991; Albini
1994; Copenhaver et al. 1995). Chromosome 2
could therefore encode 2500-3000 genes (5 kb/
gene; Meyerowitz 1994).

The YAC physical map of A. thaliana chro-
mosome 2 presented here will aid in the isolation
and characterization of genetically mapped
genes. The map will also provide a framework for

A. THALIANA CHROMOSOME 2 YAC PHYSICAL MAP

the study of plant chromosome structure and
large-scale DNA sequencing of a plant genome.

METHODS
Preparation of High-density YAC Grids

Five-by-five grids of the CIC YAC library were generated
using the high-density replicating tool of the BIOMEK
1000 Workstation (Beckman Instruments) to spot the
yeast clones containing YACs from the 12 plates of the CIC
library onto GeneScreen filters. Gridded colonies were out-
grown at 30°C (~16 hr) and, after spheroplasting (Matal-
lana et al. 1992), were lysed by autoclaving for 5 min on
fast exhaust. Filters were then baked for 2 hr at 80°C and
UV cross-linked.

Preparation of DNA

Standard protocols were used to isolate cloned DNA (Ausu-
bel et al. 1987; Sambrook et al. 1989). Total Arabidopsis
genomic DNA was isolated from ecotype Columbia by
standard methods (Watson and Thompson 1986).

Preparation of Probes and Hybridizations

Purified DNA of markers without homology to the pYAC4
vector were random primer labeled, whereas those with
homology were either labeled by PCR using universal
primers complementary to the vector or the insert was
purified and random labeled. DNAs were digested with
HindIll and labeled with 32P (Feinberg and Vogelstein
1983) for 1.5 hr at 37°C. End probes were labeled for 16 hr
at room temperature followed by 1.5 hr at 37°C after the
addition of another S units of Klenow. Hybridizations and
washes were carried out in glass canisters in a Hybaid oven
(National Labnet, Woodbridge, NJ) essentially as described
(Hauge and Goodman 1992). Filters were exposed to Re-
flection film (DuPont NEN) with one Reflection intensify-
ing screen at —-80°C for 2-48 hr.

Sources of Probes

The references and/or sources of the various probes used in
this study are as follows: cosmid clones (Nam et al. 1989;
Hauge and Goodman 1992); bacteriophage A clones
(Chang et al. 1988); EST sequences (D. Bouchez and C.
Camilleri, unpubl.); genomic clones in pUC119 (R. Whit-
tier, Mitsui Plant Biotechnology Research Institute,
Tsukuba, Japan); AGL3 (Ma et al. 1991); Athb7 (Soderman
et al. 1994); B68 (E. Wisman, Max-Planck-Institut fir
Zuechtungsforschung, Cologne, Germany); GPA1 (Ma et
al. 1990); 05841 and O802F (C. Lister, The John Innes
Centre, Norwich, UK); pCIT4241 and pCITd100 (ABRC,
Ohio State University, Columbus, OH); ABL3 (Long et al.
1993); PR1 (Ulknes et al. 1992); TEnS (formerly PR21)
(Aarts et al. 1995); pTHY-1 (Lazar et al. 1993); pSKF109 (J.
Polacco, University of Missouri, Columbia); spl3 (G. Car-
don and P. Huijser, Max-Planck-Institut fiir Zuechtungs-
forschung, Cologne, Germany); pATC4 (Nairn et al. 1988);
AGL20 (formerly SG35) (S. Gold and M. Yanofsky, unpubl.);
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cCA1 (E. Tobin and L. Sun; University of California, Los
Angeles and Massachusetts General Hospital, Boston, re-
spectively).

IPCR

IPCR to isolate YAC-end DNA was adapted from Ochman
et al. (1988). Reactions were performed using a Perkin-
Elmer thermocycler. Primers were designed to generate
DNA from both ends of the YAC after digestion with Hin-
dIII or Clal, from the left end only using EcoRV, and from
the right end only after digestion with Pstl or Dral. The
sequences of these primers are primer 1, 5’-gccaagttg-
gtttaaggcge-3'; primer 3, 5-'gcccgatctcaagattacg-3’; primer
4, 5’-ggaagaacgaaggaaggagc-3'; primer 5, 5-’aaactcaacgagc-
tggacge-3’; primer 6, 5'-catagtgactggcgatgctg-3’; primer 7,
S’-tcatacacggtgcctgactg-3'; primer 8, 5’-gactagctagcttagt-
catt-3’; and primer 9, 5’-cgtttcttggagctgggac-3'. Primer
pairs used to amplify HindlIlI or Clal left ends are primers 7
and 1; EcoRV left ends, primers 1 and 6; HindllII right ends,
primers S and 3; Dral right ends, primers 3 and 8; Pst] right
ends, primers 4 and 3; Clal right ends, primers 9 and 3.
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