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Positional (or map-based) cloning techniques are widely used to identify the protein products of genes defined by mutation.
In Arabidopsis the information generated by the Genome Initiative is giving this approach a decisive boost. A wealth of
sequence polymorphisms and molecular markers is now available and can be exploited for fine mapping with technically
simple and robust polymerase chain reaction-based methods. As a result it has become possible to complete positional
cloning projects in a short time and with relatively little effort.

Over the past decade the use of Arabidopsis genetics has become increasingly popular for the study of
plant biochemistry, physiology, pathology, and developmental biology (for review, see Meinke et al.,
1998). Much information can be gathered from analysis of genetic variation without knowing anything
about the underlying molecular causes. However,
most researchers would ultimately like to know
which genes have been altered to produce a given
phenotype. If a mutation is caused by the insertion of
a T-DNA or transposon, the inserted sequence provides a tag pointing directly to the gene. Most genetic
variability, however, is not of this kind. Chemical
agents and radiation are widely used to induce mutations for a number of good reasons. Ethyl methanesulfonate, for example, is easy to use, more effective
than many other mutagens, and since it typically
causes single basepair exchanges, more likely to create mutations with special properties such as weak,
dominant, or conditional alleles. Apart from induced
mutations there is a wealth of naturally occurring
genetic variability in traits like resistance to pathogens, flowering-time, seed size, and many others.
This variability is likely to reflect rather subtle
changes in the DNA sequence. In all of these cases
there is little alternative but to isolate the genes involved based on their map position—a process that
until recently has been considered time-consuming
and expensive. With public accessibility of the complete and annotated sequence of the Arabidopsis genome anticipated in only a few months, this situation
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has radically changed. Chromosome walks, formerly
the most tedious and technically problematic steps in
the process, are a thing of the past. Molecular mapping can be vastly enhanced by systematically exploiting the available sequence information. As a
consequence it now takes just a few rather basic
molecular biology routines and as little as a few
months to isolate (almost) any mutation that can be
mapped.
In this paper we discuss how to approach a positional cloning project in Arabidopsis with an emphasis on techniques that have been found to be reliable,
simple, and inexpensive. Protocols for many of the
procedures mentioned have been deposited on an
accompanying Web page (Table I). Our hope is to
convince researchers who have little or no experience
in positional cloning that now is a good time to
capitalize on the achievements of the Arabidopsis
Genome Initiative and find out what your favorite
mutant is all about.
MAPPING RESOLUTION

In contrast to gene tagging, positional (or mapbased) cloning is an essentially indirect approach:
mapping will narrow down the genetic interval containing a mutation by successively excluding all
other parts of the genome. Once an interval is defined, other criteria have to be employed to find out
which of the genes within the interval is mutated.
Naturally, this is easier if the interval is small or the
mapping resolution is high. For the purpose of this
paper we will refer to the mapping resolution as the
average distance between two recombination breakpoints in a given mapping population. In Arabidopsis a genetic distance of 1% recombination corresponds, on average, to a physical distance of about
250 kb. However, the ratio between genetic and physical distance is by no means constant and it varies
with respect to position on the chromosome as well
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Table I. Internet resources
Web Site

Supplemental material for this paper
Nottingham Stock Centre (U.K.)
Recombinant Inbred map
Ohio Stock Center (U.S.A.)
TAIR databasea, homepage
Recombinant Inbred map (mirror site)
CAPS markers
Sequence table
SNP collection
CEREON collection of polymorphisms
SSLP markers
TIGR, genome annotations
Database of Ler sequences
Kasuza DNA Research Institute, genome annotations
MIPS genome annotations
SINS database of transposon insertions

Internet Address

http://carnegiedpb.stanford.edu/methods/ppsuppl.html
http://nasc.nott.ac.uk/
http://nasc.nott.ac.uk/new_ri_map.html
http://aims.cps.msu.edu/aims/
http://www.arabidopsis.org
http://www.arabidopsis.org/cgi-bin/maps/Riintromap
http://www.arabidopsis.org/aboutcaps.html
http://www.arabidopsis.org/cgi-bin/maps/Seqtable.pl
http://www.arabidopsis.org/SNPs.html
http://www.arabidopsis.org/cereon
http://genome.bio.upenn.edu/SSLP_info/SSLP.html
http://www.tigr.org/tdb/athl/htmls/index.html
http://www.tigr.org/tdb/atgenome/Ler.html
http://www.kazusa.or.jp/kaos/
http://websvr.mips.biochem.mpg.de/proj/thal/
http://www.jic.bbsrc.ac.uk/sainsbury-lab/jonathan-jones/jjhome.htm

a
The Arabidopsis Information Resource (TAIR) monitors a large variety of information relevant for researchers working with Arabidopsis and
provides links to most of the web-sites listed here. TAIR plans to incorporate all available information about polymorphic sequences and
molecular markers at one central location in the future.

as with respect to different mapping populations. For
example, a substantial difference was observed in
two mapping populations involving different alleles
of the KNOLLE gene: although the relative distances
of genetic markers were similar, the overall recombination frequency varied 2-fold (Lukowitz et al.,
1996). Thus, the resolution of a given mapping population has to be established for each individual
experiment.
Mapping resolution is mainly determined by the
size of a mapping population. As shown in Table II,
resolutions in the range of 10 to 40 kb can routinely
be obtained in mapping populations of about 1,000
plants (or 2,000 chromosomes). Typically, a DNA
fragment of this length contains between two and 10
genes. This level of resolution might seem like more
than is required, especially in cases where a prediction about the gene product can be made. However,
even well grounded predictions will occasionally be
misleading, and often it is difficult to make any prediction at all. Once an effective way of fine mapping
a mutation has been set up, on the other hand, it
requires only a little more effort to analyze 1,000 or
more plants instead of a few hundred.
The best way to identify a mutated gene within a
genetically defined interval is much dependent on
circumstances, and it is a worthwhile exercise to
spend some time (and imagination) to re-assess this
problem in each individual case (see Table II and refs.
therein for some of the more common approaches). If
the interval is small enough, the annotations to the
DNA sequence (Table I) will in most cases provide
enough information to choose a candidate gene and
determine the DNA sequence of mutant allele(s).
Alternatively, the mutated gene can be identified by
molecular complementation, that is, by transforming
overlapping pieces of wild-type DNA into the mutant to determine which sequences are capable of
796

restoring the mutant trait to wild type. While molecular complementation of recessive mutants is typically straightforward, gain-of-function mutants with
a dominant or semidominant inheritance can be
problematic. In these cases, however, it might be
possible to transfer a dominant mutant allele into
wild-type plants to copy the mutant phenotype (for
example, see Leung et al., 1994; Meyer et al., 1994).
Often a gene can be identified by virtue of RFLPs
associated with mutant alleles. This approach is most
successful when radiation-induced (commonly x-ray
or fast neutron) alleles are available, but it has also
been taken with ethyl methanesulfonate-induced alleles (for example, see Li and Chory, 1997). It is also
possible to scan the complete DNA sequence of the
genetic interval for changes that have caused the
mutation by any of several methods, such as enzymatic or chemical cleavage of mismatched bases (for
review, see Taylor, 1999), analysis of single-strand
conformational polymorphisms (for review, see Nataraj et al., 1999), heteroduplex analysis (Hauser et al.,
1998), or denaturing HPLC (O’Donovan et al., 1998).
Although at present at least some of these methods
seem technically challenging, it is likely that they will
provide powerful and robust tools in the future.
RESOURCES AND TOOLS FOR
MOLECULAR MAPPING

Mapping with a high resolution requires a high
density of genetic markers. Several Arabidopsis accessions, or ecotypes, are sufficiently divergent to
support the design of molecular markers at this high
density. Wassilewskija (Ws), the genetic background
of a large collection of T-DNA lines (Feldmann,
1991), and Niederzenz, according to early reports, a
highly diverged strain (Chang et al., 1988), have both
successfully been used in positional cloning projects.
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Table II. Recent examples of positional cloning projects in chronological order
Gene

Size of Mapping
Population

Estimated
Mapping
Resolution

plants

Smallest Genetic
Interval Containing
the Geneb

Markers Used

Gene Identified By

Reference

kb

SUP

2,513

⬍10

KN

1,348

30

100 [4]

GN

529

50a

100 [3]

BRI1

⬃1,000

50

150 [3]

NIM1

1,138

30a

70 [2]

WUS

1,575

⬍10a

40 [7]

MP

898

20a

45 [3]

ZLL

1,250

20a

100 [6]

IFL1

652

30a

65 [2]

CYT1

2,842

⬍10

10 [2]

Visible,
RFLPs associated with EMS alleles,
CAPS, RFLP
sequencing of EMS alleles, molecular complementation
CAPS, RFLP
RFLPs associated with x-ray alleles,
sequencing of EMS alleles
CAPS, RFLP
RFLP associated with x-ray allele, sequencing of EMS alleles
CAPS, SSLP
RFLPs associated with EMS alleles,
sequencing of EMS alleles
SSLP, AFLPc
Molecular complementation,
sequencing of EMS alleles
CAPS, RFLP
Molecular complementation,
sequencing of EMS alleles
CAPS, RFLP
RFLPs associated with x-ray alleles,
sequencing of EMS alleles
Visible, RFLP, Sequencing of EMS alleles
CAPS
CAPS, RFLP
Molecular complementation,
sequencing of EMS alleles
Visible, SSLP Sequencing of EMS alleles

IXR1

1,056

10

50 [6]

SSLP, CAPS

Sequencing of EMS alleles, molecular
complementation

KNF

468

20

160 [8]

SSLP

RFLPs associated with fast neutron
and x-ray alleles, sequencing of
EMS alleles

a

⬍10 [8]

Sakai et al. (1995)

Lukowitz et al. (1996)
Busch et al. (1996)
Li and Chory (1997)
Ryals et al. (1997)
Mayer et al. (1998)
Hardtke and Berleth
(1998)
Moussian et al. (1998)
Zhong and Ye (1999)
W. Lukowitz and C.R.
Somerville (unpublished data)
W.-R. Scheible and C.R.
Somerville (unpublished data)
C.S. Gillmor and C.R.
Somerville (unpublished data)

a
b
Estimated mapping resolutions were calculated from the published data.
Nos. in brackets indicate the no. of remaining recombinants
c
within the smallest genetically defined interval containing the gene.
Amplified fragment length polymorphism (Vos et al., 1995).

The most commonly used combination for mapping
purposes, however, is Landsberg erecta X Columbia
(Ler X Col). These two accessions have been estimated to differ in four to 11 positions every 1,000 bp
(Chang et al., 1988; Konieczny and Ausubel, 1993;
Hardtke et al., 1996). Many valuable resources have
been accumulated that facilitate mapping Ler X Col
populations. The sequence of the Columbia accession
(with a few exceptions) is being determined by the
Arabidopsis Genome Initiative. Various libraries
made from wild-type plants of this accession have
been deposited at the Arabidopsis stock centers (Table I, nos. 2 and 3), including genomic and cDNA
phage-libraries, and libraries of yeast- and bacterial
artificial chromosomes and of transformationcompetent artificial chromosomes, which may be
used for molecular complementation (Liu et al.,
1999). Extensive sequence information is available for
the Landsberg erecta accession facilitating the design
of new molecular markers. Most existing mutations,
including mutations causing visible phenotypes that
can be employed as genetic markers, have been induced either in a Columbia or a Landsberg erecta
background. Recombinant-inbred lines from a Ler X
Col cross have been generated (Lister and Dean,

1993) and used to create a genetic map that currently
features about 1,200 molecular markers, more than 80
of which are PCR-based (Table I, nos. 2 and 4). All
these resources make Ler X Col the combination of
choice.
The molecular markers most widely used in mapping experiments at present are simple sequence
length polymorphisms (SSLPs), cleaved amplified
polymorphic sequences (CAPS) and derived CAPS
(dCAPS). As illustrated in Figure 1, they share two
important properties. (a) They are codominant,
which means that both chromosomes of a plant may
be genotyped and this allows the maximum amount
of information to be gathered from a mapping population. (b) They are PCR-based and can be analyzed
on agarose gels, which makes them easy to use and
inexpensive. Several methods have been described
for the extraction of plant DNA for PCR purposes
from small tissue samples (see refs. in Table II). Two
of them are routinely used in our lab with good
success, a simplified CTAB-extraction procedure
(Lukowitz et al., 1996) and a variation of an alkalinelysis procedure (Klimyuk et al., 1993; see Table I,
Supplemental material). The first method yields comparatively high quality DNA, but includes a chloro-
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Figure 2. Procedure of a typical fine mapping experiment. The time
that should be calculated to complete each of the steps, assuming no
complications are encountered, is shown to the right.

Figure 1. Molecular markers commonly used for mapping. SSLP
(Bell and Ecker, 1994), SSLP markers exploit the variability of short
repetitive sequences for mapping purposes. A primer pair (arrows) is
used to amplify a fragment containing a short repetitive element,
such as the (AT)-dinucleotide repeat shown in the example. The
length of this repeat differs between the two accessions. In the
example Columbia (Col) has an (AT)20 repeat whereas Landsberg
erecta (Ler) has an (AT)15 repeat. Consequently, the PCR products
from Ler and Col DNA also differ in length. In the example, the Col
product is 150 bp and the Ler product is 140 bp long. This size
difference can be visualized by agarose gel-electrophoresis (GE) with
a standard (Std) as comparison. If a plant is heterozygous for the
marker (Het), both products are amplified resulting in two bands.
Typically the size difference created by short repetitive sequences is
small. To facilitate their detection, SSLP primers usually amplify short
fragments (80 to 250 bp), and the PCR products are resolved on
high-percentage gels often made with special agarose blends. CAPS
(Konieczny and Ausubel, 1993), CAPS marker exploits polymorphic
restriction sites for mapping purposes. PCR primers (arrows) are used
to amplify a genomic sequence that contains a restriction site in one
of the accessions, but not in the other. In the example the fragment
is 600 bp long; the Col fragment contains an EcoRI site, but the Ler
fragment does not. The PCR products are then digested with the
respective enzyme (EcoRI) and the products analyzed on an agarose
gel. In the example two bands (400 and 200 bp) are seen in Col,
whereas a single band (600 bp) is detected in Ler. A heterozygous
plant (Het) gives all three bands. dCAPS (Michaels and Amasino,
1998; Neff et al., 1998), dCAPS markers can exploit almost all single
798

form extraction step and is thus somewhat difficult to
adapt to a microtiter plate format. The second
method yields a rather crude extract, which occasionally causes problems when large DNA fragments
need to be amplified. However, everything is done in
a single tube making this method ideally suited for
high throughput applications in a microtiter plate
format.
OUTLINE OF A FINE-MAPPING EXPERIMENT

A typical fine-mapping experiment proceeds in a
number of successive steps (Fig. 2). To begin, a munucleotide changes for mapping purposes. To achieve this a mismatched PCR primer is designed next to the polymorphic position
such that an artificial restriction site is created with the sequence
variant of one accession, but not with the other. In the example the
mismatch is in the forward primer, which has a C instead of G eight
nucleotides away from its 3⬘ end. Consequently, at this position the
sequence of all PCR products is changed with respect to the genomic
sequence. As a result the Ler PCR product, but not the Col product,
contains a BslI site (CCNNNNNNNGG). Restriction sites with interrupted palindromes are frequently used in the design of dCAPS
markers because they allow to position the mismatched nucleotide at
a distance from the 3⬘ end of the oligonucleotide where it is less
likely to interfere with the priming of Taq polymerase. The size
difference after digestion is rather small (20 bp in the example) and
essentially determined by the length of the mismatched primer. To
facilitate detection, the PCR products are usually designed to be short
(180 bp in the example).
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tation is crossed to one or several diverged accessions
to create a mapping population. It is advisable to
prepare more than one mapping cross for the rare
cases that complications, perhaps due to second-site
modifiers, may be encountered with the first population (see below for discussion). Once the F2 generation of a mapping cross is available, the mutation is
assigned a rough position on the genetic map by
identifying linked genetic markers. Next, two markers are found that are about 5% recombination apart
and define a genetic interval containing the mutation.
Utilizing these flanking markers, a large mapping
population is screened for recombinants in the vicinity of the mutation. Finally, the genetic interval containing the mutation is narrowed down as much as
possible by creating and analyzing new markers in
the region—ideally, markers that are only one recombinant apart from the mutation are identified.
Each of these steps has its own, well-defined goal
and, as a consequence, poses different experimental
problems. Below, we will discuss these problems and
how to approach them separately. Figure 2 also gives
an estimate on how much time should be calculated
for the completion of each step, provided that no
complications are encountered. The most common
type of such complications is inconsistencies in the
mapping data. In our experience these inconsistencies are usually due to mix-ups or errors in scoring
the mutant phenotype—for example, many phenotypes are not fully penetrant or strongly affected by
growth conditions. In these cases, the genotypes of
the relevant F2 plants have to be re-examined in the
F3 or F4 generation—an additional and relatively
time-consuming step.
DETECTING LINKAGE BY BULKED
SEGREGANT ANALYSIS

An effective way to identify markers that are genetically linked to a mutation is by bulked segregant
analysis (Michelmore et al., 1991). In this method
pools of DNA are examined rather than many indi-

Figure 3. Bulked segregant analysis of a seedling mutation. Top,
Schematic representation of SSLP marker positions used in the genetic mapping experiment. Markers with the prefix nga, as well as
CTR1 and PHYC, were obtained from the Arabidopsis Genome Center
(AtGC) Web page at the University of Pennsylvania (Table I;

Bell and Ecker, 1994), and ciw markers were created by C.S.G.
Markers are placed on the chromosomes to scale as determined by
their position on the RI map (AtGC markers) or as estimated from the
physical map (ciw markers). Centromeres are represented by open
circles, and nucleolar organizing regions by shaded boxes. The
length of each chromosome according to the recombinant inbred
map (in centimorgans, cM) is listed below the chromosome. Bottom,
Gel electrophoresis of PCR products for each SSLP marker. In each
panel the heterozygous control sample (named A in the text) is shown
on the left, and the pooled F2 mutant sample (named B in the text) on
the right. The Ler specific bands are marked with an asterisk. The
mutation (created in the Ler accession) is linked to the markers, ciw1
and nga 280, as judged by the clear bias toward amplification of the
Ler band from the genomic DNA of F2 mutants. At all other loci the
ratio of Col to Ler amplification is approximately the same between
the heterozygous control and the F2 mutants, indicating the mutation
is unlinked to these loci. See Table I, supplemental material, for
experimental details.
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vidual samples. This substantially reduces the number of PCR reactions required to establish linkage.
Figure 3 shows the result of a bulked segregant analysis applied to a recessive seedling mutation. The
mutation was induced in a Landsberg erecta background and crossed to Columbia to generate a mapping population. Two DNA samples were prepared
from the following tissues. Sample A was from leaves
of the F1 plant used to generate the F2 mapping
population, and sample B was from a pool of about
100 mutant F2 seedlings. Sample A is heterozygous
for all genetic loci and serves as a control—any other
DNA sample that is heterozygous for all loci can be
used in its place. Sample B, which was made from
mutant seedlings, is homozygous Landsberg erecta at
the mutation and therefore mostly Landsberg erecta
in the vicinity of the mutation, but essentially heterozygous for unlinked markers. Both samples were
examined with a collection of 22 SSLP markers
spaced evenly over the entire genome in intervals of
10% to 40% recombination. The molecular markers
ciw1 and nga280 show a clear bias toward the Landsberg erecta-specific band in the mutant pool as compared to the heterozygous control. This indicates that
the mutation maps to the lower arm of chromosome I.
Instead of using DNA prepared from a pool of
mutant tissue it is often advantageous to first prepare
DNA from individual mutants and then pool aliquots of it for the analysis. This way the individual
DNA samples can later be used for three-point mapping (see below). A bulked segregant analysis can
also be performed in cases where it is impossible or
inconvenient to prepare DNA from mutants, for example, because the mutants arrest early during embryogenesis. In this case a pool of DNA from homozygous wild-type individuals can be used to map
the wild-type allele instead of the mutant allele.
The SSLP markers used in the above example were
specifically compiled with the aim to optimize bulk
segregant analysis of Ler X Col populations. Some of
them were taken from a published collection (Table I;
Bell and Ecker, 1994). The majority, however, were
newly designed for the purpose. Detailed information about the primer sequences, the PCR conditions,
as well as the sizes of the PCR fragments generated
from the Columbia, Landsberg erecta, and Ws accessions can be accessed online (Table I, no. 1; the
primer sequences have also been deposited at The
Arabidopsis Information Resource (TAIR). Since the
same PCR profile can be used to amplify all markers
and the same gel to separate the products, it is possible to complete a bulked segregant analysis within
a few hours.
As an alternative way to establish linkage with a
minimal number of PCR reactions, a protocol has been
described that allows the analysis of individual F2
plants with 21 SSLP markers simultaneously (Ponce et
al., 1999). This protocol involves PCR reactions with
800

fluorescently labeled primers and separation/detection of the products with an automated sequencer.

COLLECTING RECOMBINANTS IN THE VICINITY
OF THE MUTATION

Searching a large mapping population for chromosomes with a recombination in the vicinity of the
mutation can be done effectively if two markers are
known that are closely linked and that flank the
mutation on both sides. In a large F2 population the
majority of plants will have the same genotype at
both flanking markers. If the two markers, for example, are 5% recombination apart, about 900 of 1,000
plants (or 1,800 of 2,000 chromosomes) can be expected to show the same genotype at both markers.
These plants are either not recombinant in the interval between the two markers or, in very rare cases,
carry two recombination events. For the most part
they are not informative for mapping the mutation
and can be discarded without further analysis. Thus,
the bulk of the mapping population (90% in the
example) is only analyzed with two flanking markers
and not considered further. A minority of the F2
plants will show different genotypes for the two
flanking markers. Obviously, these plants carry a
chromosome with a recombination close to the mutation and are informative for further mapping.
If the mutation is recessive, viable, and fertile, it is
possible to utilize only plants that show the mutant
phenotype for fine mapping. Since all these plants
should be homozygous mutant for the gene of interest, no further analysis of the F3 generation is required. Alternatively, all F2 plants can be included in
the mapping population. In this case the genotype
with respect to the mutation must be determined for
all plants that have been found to carry a recombination event in the vicinity of the gene. Obviously,
this often requires analysis of the F3 generation.
Although a bulked segregant analysis is a very
effective way to detect linkage, it usually does not
allow determination of the order of closely linked loci
on the chromosome. This can only be done by analyzing three-point mapping data. To find flanking
markers that can be used to select recombinant chromosomes as described above, it is therefore necessary
to examine individual F2 plants with markers from
the region. A small mapping population of about 50
to 100 F2 plants, giving a mapping resolution of
roughly 1% recombination, is usually sufficient for
the purpose. It is advantageous if this small mapping
population is not subjected to any selection because
in this case, it can also serve as a control, addressing
some basic genetic issues: Is the mutation segregating
in a Mendelian fashion or is the segregation distorted? How is the mutant phenotype affected in the
hybrid genetic background? For the efficient selection of recombinant chromosomes, two markers
should be identified that are technically robust, less
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than 10% recombination apart, and define a genetic
interval containing the mutation. There is a fair
chance of finding appropriate markers in the existing
SSLP- and CAPS-collections (Table I). However, if
the existing markers prove to be less than ideal, for
example because PCR amplification is unreliable, restriction digest with an expensive enzyme is required, or if the polymorphisms are difficult to score,
adequate new markers should be created (see below
for how to approach this problem).
Analyzing 1,000 or more plants with two flanking
PCR markers involves some amount of repetitive
work. The effort can be substantially reduced if a
microtiter plate format is adopted. Using commercially available inserts, 96 plants can be grown individually in a single tray, largely eliminating the need
for labeling. Tissue samples of young rosette leaves
can be collected in 96-well microtiter plates establishing a one-to-one correspondence between plants and
DNA samples. If this is done while the plants are
young, preliminary mapping can be finished before
the plants bolt. The alkaline-lysis protocol for DNA
extraction allows a single individual to process several plates, or several hundred samples, per day
(Klimyuk et al., 1993; Table I, Supplemental material). It thus becomes fairly easy to complete the analysis of a large mapping population in about a month.
To avoid problems due to cross-contamination or
sampling mistakes, the genotype of all recombinant
plants retained for further analysis should be confirmed using a second DNA preparation. Similarly,
seed samples of all relevant plants should be saved.

MAKING USE OF VISIBLE AND
SELECTABLE MARKERS

In the above scheme a large mapping population is
analyzed only with molecular markers. Often, however, there are convenient visible markers that allow
selection of recombinant chromosomes with more
ease. A number of mapping strains that contain multiple visible markers on the same chromosome are
available from the stock centers (Table I). Using such
marker strains, mutations in the CYT1 gene have
been mapped between the visible markers as and
cer8, an interval of about 10% recombination on chromosome II. Since the cyt1 mutation is in a Ws background, whereas the as cer8 marker chromosome is a
mixture of Landsberg erecta and Columbia, it was
possible to assay molecular markers and visible
markers in the same mapping population. By selecting plants that were mutant for as but wild-type
looking for cer, more than 500 chromosomes with a
recombination event close to the cyt1 mutation were
collected. Subsequent analysis of molecular markers
mapped the cyt1 mutation to a DNA fragment of less
than 10 kb (W. Lukowitz and C. Somerville, unpublished results). In the case of the CONSTANS gene,
chromosomes were created carrying visible markers

and the constans mutation in cis. These chromosomes
were then crossed to the Niederzenz accession to
generate a mapping population where visible and
where molecular markers could be examined (Putterill et al., 1993). Whether or not the use of visible
markers is advantageous depends very much on circumstances, however, there are several possible pitfalls. The genetic background of marker strains is
often difficult to reconstruct; typically it is Landsberg
erecta or a mixture of Landsberg erecta and Columbia.
In most cases visible and molecular markers have
been mapped using different mapping populations.
Consequently, the map position of visible markers
with respect to molecular markers is often not exactly
known and needs to be confirmed or determined
from first principles before they can be used in a fine
mapping experiment. Finally, generating a second
mapping population is time consuming, especially if
appropriately marked chromosomes have to be constructed first (as in the case of the CONSTANS gene).
In most cases these drawbacks will not outweigh the
potential benefits.
Dominant selectable markers, such as resistance
genes present in T-DNAs and transposons, have also
been used in fine mapping experiments. To find recombinations in the vicinity of the AGR1 gene, for
example, the mutant (Ws accession) was crossed to a
transgenic line (Nossen accession) in which a stable
Dissociation element conferring hygromycin resistance was inserted close to the AGR1 locus (Chen et
al., 1998). In the F2, AGR1 mutants were selected that
were also resistant to hygromycin and thus recombinant between the AGR1 gene and the flanking Dissociation element. At present, large databases containing sequenced insertion sites of T-DNAs and
transposons are being generated as a tool for reverse
genetics (Parinov et al., 1999; Speulman et al., 1999;
Tissier et al., 1999; Table I, no. 9). This information
will also make a large number of dominant selectable
genes spread throughout the genome available, most
of which are stable and could be used for mapping.

CREATING NEW MOLECULAR MARKERS

To take full advantage of recombinant chromosomes for fine mapping, it is necessary to create new
molecular markers closer and closer to the mutation.
There are two ways of approaching the problem:
either guessing or comparing the DNA sequence of
the two accessions involved. Since simple repetitive
elements are hypervariable (Tautz, 1989), guessing
works surprisingly well in the case of SSLP markers.
Single-, di-, or trinucleotide repeats of 20 or more bp
in length are on average found every 10 or 20 kb and
provide good targets for new SSLP markers. As
shown in Table III, there is a likelihood of about 40%
that such fragments will be polymorphic between
different accessions when analyzed on highresolution agarose gels. Most groups of the Arabi-
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Table III. Variability of short repetitive sequences between the
Columbia and the Landsberg erecta accessionsa
Type of Repeat

Length of Repeat

nucleotides

(A)n or (T)n
(AT)n
(GA)n or (CT)n
(GT)n or (CA)n
Othersb

⬍20
ⱖ20
⬍20
ⱖ20
⬍20
ⱖ20
⬍20
ⱖ20
⬍20
ⱖ20

Polymorphic
Loci

Loci Tested

no.

9
41
7
91
6
10
2
2
3
7

2
11
6
50
1
4
0
2
0
4

a
b
Data generated by the authors.
Trinucleotide repeats, ATor purine-rich stretches ⬎30 nucleotides.

dopsis Genome Initiative are identifying these sequences in their annotations, and TAIR displays all
simple-sequence repeats that are longer than 30 nucleotides as part of the sequence tables (Table I; the
repeats are listed with 200 bp of flanking DNA to
facilitate the design of PCR primers). In most cases
the flanking DNA is complex enough to allow PCRamplification of a short fragment that includes the
repeat.
An even larger source of polymorphisms is provided by nucleotide exchanges. For the Ler X Col
combination, sequence information deposited in various databases can be utilized to search for such
polymorphisms. The sequence of the Columbia accession is, of course, determined by the Arabidopsis
Genome Initiative. The Stanford DNA Sequence and
Technology Center (Stanford, CA) has deposited a
collection of 412 simple nucleotide polymorphisms
(SNPs) between Landsberg erecta and Columbia at
TAIR (Table I). All of these polymorphisms have
been confirmed and many of them have been used
for mapping (Cho et al., 1999). The Institute for
Genomic Research (Rockville, MD) has assembled a
collection of about 15,000 random sequences of approximately 500 bp from the Landsberg erecta accession that can be searched with a BLAST tool (Table I,
no. 6). However, most of these sequences are singlepass and the polymorphisms have not been further
confirmed (indeed, we have had mixed experiences
when using these data). Cereon Genomics (Cambridge, MA) has made an effort to sequence the
Landsberg erecta accession in a whole-genome shotgun approach (Rounsley et al., 1999). The average
coverage was about 3-fold, suggesting that the sequence information is near complete. This data has
been used to identify approximately 40,000 SNPs
between Landsberg erecta and Columbia, including
single basepair changes and small insertion/deletion
events. This truly extensive collection of molecular
polymorphisms has been made accessible for the academic and non-profit sector through TAIR and will
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be updated as the sequence of the Columbia accession is being completed (Table I).
For all other accessions, there is very little existing
sequence information, so that it becomes necessary to
amplify introns or stretches of intragenic regions by
PCR and determine their sequence to find polymorphisms. In many cases the polymorphisms will be in
a restriction site creating a target for a CAPS marker;
about 30% of the SNPs present in the TAIR database,
for example, affect a restriction site (Table I). Most
other point mutations can be exploited for mapping
by designing dCAPS markers. This technique makes
use of partly mismatched PCR primers to artificially
create a restriction site at a polymorphic position
(Fig. 1), which then can be analyzed in the same way
as in the case of CAPS markers. Detailed descriptions
of how to create dCAPS markers have been published (Michaels and Amasino, 1998; Neff et al.,
1998), and a computer program that finds appropriate enzymes is also available (requests should be
addressed to M. Neff, Washington University, St.
Louis, MO 63130; e-mail mneff@biology.wustl.edu).

COMPLICATIONS AND TROUBLESHOOTING

The complication most likely to be encountered in
the analysis of naturally occurring variations is that a
given trait is influenced by more than one locus.
Resistance to powdery mildew in a cross between the
Kashmir-1 (resistant) and Columbia (susceptible) accessions, for instance, was found to involve at least
three genetic loci acting in an additive fashion (I.
Wilson, C. Schiff, and S. Somerville, personal communication). Fine mapping any one of these resistance genes requires reduction of the genetic complexity of the mapping population, for example, by
creating recombinant-inbred lines in which only one
of the loci remains polymorphic. A large variety of
traits are influenced by one or more genetic loci in
crosses between Arabidopsis accessions, including
flowering time, seed size, dormancy, circadian
rhythms, secondary metabolism, and trichome density (for review, see Alonso-Blanco and Koornneef,
2000). Whenever natural or induced mutations affecting these traits are mapped, second site modifiers
might interfere with the analysis.
Epigenetic mutations, a term describing heritable
changes in the expression and function of a gene that
are not due to changes in the DNA sequence (for
review, see Wolffe and Matzke, 1999), are another
potential complication for positional cloning projects.
Well-documented examples are the epigenetic clark
kent alleles of the flower development gene SUPERMAN (Jacobson and Meyerowitz, 1997). These alleles
are heritable but unstable and revert with a low
frequency. All of them show similar patterns of cytosine methylation within the DNA sequence of the
SUPERMAN gene and possibly as a consequence,
exhibit reduced expression of SUPERMAN tran-
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scripts. None of them is associated with a change in
the SUPERMAN DNA sequence; however, they can
be complemented by a transgene carrying a copy of
the SUPERMAN gene. At present, not much is
known about how such epigenetic mutations arise
and with what frequency they can be expected.
The ratio between physical and genetic distance
varies with respect to the location on the chromosome. In general these variations are small and have
relatively little impact on mapping resolution
(Copenhaver et al., 1998). However, there is evidence
that some chromosomal regions are exceptional. For
example, positional cloning of the GURKE gene,
which maps close to the centromere of chromosome
I, has proven very difficult; recombination was severely suppressed in the vicinity of the centromere,
making fine mapping efforts extremely ineffective.
Furthermore, the prevalence of repetitive DNA elements in this region made identification of interspersed single-copy sequences that can be used to
generate genetic markers problematic (R. TorresRuiz, personal communication). This observation is
confirmed by a systematic analysis of the ratio between genetic and physical distance on chromosome
II (Lin et al., 1999). For almost the entire sequence of
the chromosome, a genetic distance of 1% recombination corresponds to a physical distance of 100 to
400 kb, with an average of 250 kb. A striking exception, however, is the centromere region, where 1%
recombination appears to correspond to 1,000 to
2,500 kb. It seems noteworthy to point out that none
of the five Arabidopsis centromeres is fully covered
in the existing physical maps. A recent analysis of the
centromere regions indicates that they contain
mostly repetitive DNA and very few expressed genes
(Copenhaver et al., 1999). Thus, there should be few
Arabidopsis genes that are not amenable to a positional cloning strategy because of their proximity to
the centromere.
Apart from the centromere, there is a second short
segment on chromosome II where a genetic distance
of 1% recombination appears to correspond to 1,000
kb or more. It has been speculated that the observed
low recombination rates might be due to rearrangements in the DNA sequence of the accessions used
for the mapping analysis (Lin et al., 1999; Mayer et
al., 1999). A comparison of the DNA sequences of
chromosome II and IV has revealed several stretches
that are duplicated between the two chromosomes
(one of them is 4.6 Mbp in size), as well as a recent
transfer of DNA from the mitochondrial genome to
chromosome II (Lin et al., 1999). These findings
clearly demonstrate that the structure of the Arabidopsis genome is subject to continual changes. Accordingly, the genetic variability between the accessions might very well extend beyond point mutations
and include DNA rearrangements, a potential cause
of severe problems for positional cloning projects. If,
for example, a sequence of about 500 kb was inverted

between two accessions used to create a mapping
population, all recombination events within the inversion would create non-viable meiotic products.
Consequently, it would be impossible to map mutations within the inverted sequence. No such DNA
rearrangements between the commonly used accessions have been reported at present, but this may
well be because they are difficult to detect. In a
mapping experiment their presence would most
likely go unnoticed until the last steps.
Occasionally, T-DNA insertions and irradiation
have also been observed to cause DNA rearrangements (Shirley et al., 1992; Nacry et al., 1998; Laufs et
al., 1999; Ogas et al., 1999). Thus, similar difficulties
might occur when mutations are mapped that were
generated by these methods. In such cases, however,
there is at least a fair probability that the mutations
are associated with one or both breakpoints of the
rearrangement.
PERSPECTIVE

We hope it has become clear that positional cloning
in Arabidopsis is no longer for a few dedicated (and
enduring) specialists, but rather for everybody. Over
the past years many inexpensive but powerful tools
have been developed and a vast amount of information has been assembled in freely accessible databases. Utilizing these resources, most positional
cloning projects should now be predictable, straightforward, and simple. The situation will further improve, as our growing knowledge about the structure
and flux of the Arabidopsis genome will help to
eliminate some of the remaining complications mentioned above, or at least make them more manageable. We are now in a position where genes defined
by naturally occurring variations or induced point
mutations can be cloned effectively and fast, but this,
of course, is only the beginning of the story.
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