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Summary

A set of mapping markers have been designed for
Arabidopsis thaliana that correspond to DNA fragments
amplifed by the polymerase chain reaction (PCR). The
ecotype of origin of these amplified fragments can be
determined by cleavage with a restriction endo-
nuclease. Specifically, 18 sets of PCR primers were
synthesized, each of which amplifies a single mapped
DNA sequence from the Columbia and Landsberg
erecta ecotypes. Also identifed was at least one
restriction endonuclease for each of these PCR
products that generates ecotype-specific digestion
patterns. Using these co-dominant cleaved amplified
polymorphic sequences (CAPS), an Arabidopsis gene
can be unambiguously mapped to one of the 10 Arabi-
dopsis chromosome arms in a single cross using a
limited number of F, progeny.

Introduction

Genetic maps consisting primarily of restriction fragment
length polymorphic (RFLP) markers are being constructed
for a variety of plants including maize (Burr and Burr, 1991;
Helentjaris, 1987), barley (Tragoonrung et al., 1992), wheat
(Kam-Morgan and Gill, 1989), rice (McCouch et al., 1988),
tomato (Bernatsky and Tanksley, 1986), lettuce (Landry et
al., 1987), Brassica oleraceae (Slocum et al., 1990) and
Arabidopsis thaliana (Chang et al., 1988; Nam et al., 1989).
RFLP maps are well-suited to mapping newly cloned DNA
sequences. However, most plant genes are first identified
by mutation. Mapping such a mutation on to a pre-existing
RFLP map is a lengthy procedure requiring the isolation
of DNA from individual F, plants or F3 families, and per-
forming DNA blot analysis using each of the RFLP markers
as a hybridization probe.
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Recently, techniques based on the polymerase chain
reaction (PCR) (Mullis and Faloona, 1987) have been used
in addition to or in place of traditional RFLP markers in
genetic analysis (Cox and Lehrach, 1991). In contrast to
traditional RFLP markers, PCR-generated markers can be
scored using a small sample of DNA without the use of
radioactivity and without the time-consuming DNA blotting
procedure. One widely used PCR-based approach involves
the use of single short PCR primers of arbitrary sequence
{called RAPD primers for random amplified polymorphic
DNA; Reiter et al., 1992; Williams et al., 1990). . A major
advantage of RAPDs is that they provide large numbers of
markers. On the other hand, because the amplification of
a specific sequence or sequences using a RAPD primer is
frequently sensitive to PCR conditions, including template
concentration, it can be difficult to correlate results
obtained by different research groups (Devos and Gale,
1992). A second limitation of the RAPD method is that it
usually cannot distinguish heterozygotes from one of the
two homozygous genotypes (Williams et al., 1990). Finally,
RAPD primers frequently amplify more than one sequence,
which can complicate the analysis (Riedy et al., 1992). In
this report we describe a simple PCR-based strategy to
map a gene to one of the 10 Arabidopsis chromosome
arms which is not subject to the limitations of the RAPD
method.

Results

Polymorphisms in amplified sequences revealed by
restriction endonuclease digestion

As illustrated in Figure 1(a), the PCR-based strategy that
we used to map Arabidopsis genes is based on a method
used previously to detect RFLPs in cereals (Tragoonrung
et al., 1992; Weining and Langridge, 1991; Williams et al.,
1991). The method utilizes amplified DNA fragments that
are digested with a restriction endonuclease to display an
RFLP. To facilitate the development of a set of PCR
markers that could be used to map a mutation to one of
the 10 Arabidopsis chromosome arms, we first identified
a set of Arabidopsis genes that had already been mapped
and sequenced and then used these mapped sequences
to design PCR primers.

As of 4 March, 1992, 26 of the 254 Arabidopsis genomic
or cDNA sequences in GenBank had assigned map
positions in AAtDB (an Arabidopsis thaliana database;
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Figure 1. Generation and visualization of Arabidopsis ecotype-specific
CAPS markers.

(a) Unique sequence primers are used to amplify a mapped DNA sequence
from two different inbred ecotypes, A/A and B/B and from the heterozygote
A/B. The ampilified fragments from ecotypes A/A and B/B contain two and
three recognition sites, respectively, for restriction endonuclease R. In the
case of the heterozygote A/B, two different PCR products will be obtained,
one which is cleaved three times by R and one which is cleaved twice.
When fractionated by agarose or acrylamide gel electrophoresis, the PCR
products digested by R from individual plants will give readily distinguishable
patterns as seen in the lower portion of part (a). The asterisks indicate
bands that will appear as doublets.

(b) Segregation of the PG11 locus in F3 progeny from a Col rps2-101C x
Landsberg erecta cross. DNA from pooled F; plants (lanes 1-18) was
amplified using PG77 primers. PCR products were digested with Bfal,
electrophoresed on a 2.5% agarose gel, and stained with ethidium bromide.
The two left-most lanes correspond to Ler (L) and Col (C) parents. DNA
size markers (510, 390, 344, and 298 bp) are shown in lane M. In general,
the doublet bands are readily apparent in the heterozygous plants (lanes
1,3, 5, 7, 8, 14, 16-18) serving to verify the heterozygous restriction
pattern. On the other hand, the observed stiochiometry of the two inter-
mediate sized bands for some of the presumptive Col/Col homozygous
plants (lanes 9,10,11) was unexpected. Although we have no simple
explanation for this result, it is likely due to an artifact of Bfal digestion since
unexpected stiochiometries were not observed with other restriction
endonuclease digests.

Cherry et al., 1992). Among these 26, the following were
chosen for further analysis because they were widely
dispersed in the Arabidopsis genome (Table 1): GAPB
(Shih et al., 1991), ADH (Chang and Meyerowitz, 1986),
GPAT (Ma et al.,, 1990), GAPC (Shih et al., 1991), GAPA
(Shih et al., 1991), GL1 (Oppenheimer et al., 1991), BGL1
(Dong et al., 1991), GAT (Sun et al., 1992), AG (Yanofsky
et al., 1990), DHS1 (Keith et al., 1991), ASAT (Niyogi and
Fink, 1992), DFR (Shirley et al., 1992), and LFY3 (Weigel
et al., 1992). Four additional sequences were obtained
from other laboratories: PVYV4 (Van der Straeten et al.,
1992), NCCT1 (Crawford, personal communication), m246
{(Ma, personal communication), and PG77 (Galant and
Goodman, personal communication). A final DNA sequence,
corresponding to RFLP marker m429 (Chang et al., 1988)
was obtained by sequencing 316 bp of an end probe from
a 110 kb YAC on chromosome Il identified during a walk
to the DET2 gene (Nagpal and Chory, unpublished data;
see Experimental procedures for details). These 18 mapped
DNA sequences are distributed along all five Arabidopsis
chromosomes: four on chromosome |, three on chromo-
some Il, four on chromosome lll, four on chromosome 1V,
and three on chromosome V (Table 1).

A pair of oligonucleotide primers (shown in Table 1) was
synthesized for each of the DNA sequences listed in Table
1. When possible, primers were chosen such that the PCR
products would include introns, to maximize the possibility
of finding polymorphisms. When these primers were used
to amplify DNA fragments from Columbia (Col) and
Landsberg erecta (Ler) DNA, each pair of primers amplified
a single major PCR product and the size of each PCR
product was as predicted from the nucleotide sequence
(Table 2), with the single exception of GAPA, in which case
the Ler product was approximately 10 bp larger than the
Col product.

To identify RFLPs between the amplified Ler and Col
sequences, the primary PCR products were subjected to
digestion with a panel of restriction endonucleases.
Enzymes were chosen based on the DNA sequence of the
amplified product which, in most cases, was known for at
least one of the two ecotypes. Typically, each PCR product
was digested with 25 restriction enzymes, which cut at
least twice within the sequence. If none of the enzymes
detected a polymorphism, a second series of digestions
was performed with 25 different enzymes until a poly-
morphism was found or no more enzymes (out of a panel
of 83) were available. The results are shown in Table 2. We
named these DNA markers ‘CAPS’ for cleaved amplified
polymorphic sequences.

Figure 1(b) shows the segregation of the CAPS marker
PG11 in the progeny from a Col X Ler cross. In the
experiment shown in Figure 1(b), the template DNA for
PCR analysis was isolated from pooled F; plants derived
by selfing individual F, plants. However, we also found
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Table 2. Restriction enzymes that detect polymorphisms in Landsberg erecta (Ler) and Columbia
(Col) CAPS amplification products

Gene, Size of PCR
Chr. marker product (bp) Enzyme Restriction fragments in base pairs®
| PWVV4 1064 BsaAl Ler: 706; 311, 47
Col: 753; 311
NCC1 970° Rsal Ler: 920°; 50°
Col: 870°; 50°
GAPB 1481 Bfal Ler: 850°; 360°; 212; 58
Col: 1211; 212; 58
Ddel Ler: 350%; 284; 255°; 225; 174
Col: 605; 284; 225; 174
ADH 1291 Xbal Ler: 1097; 262
Col: 1291
Bfal Ler: 849P; 250°; 127; 65
Col: 1099; 127; 65
Il m246 1354 Maelll Ler: 1122; 232
Col: 1354
GPA1 1594 Afflll Ler: 1385; 209
Col: 705°; 680; 209
m429 316 ScrF| Ler: 216°; 100°
Col: 316
il GapC 1148 EcoRV Ler: 713; 300°; 340°
Col: 735; 713
GAPA 761/771° Ddel Ler: 240°; 190°; 178; 100; 33; 19; 10
Col: 420; 178; 100; 33; 19; 10
GL1 519 Taql Ler: 372; 100; 47
Col: 298°; 100; 74°; 47
BGL1 1269 Rsal Ler: 785; 485
Col: 785; 340°; 105°
Sau3A Ler: 1269
Col: 875; 395
Afllll Ler: 494, 434; 258; 84
Col: 494; 344; 258; 150; 84
v GAT 1196 BsaBlI Ler: 1196
Col: 707; 527
AG 1366 Xbal Ler: 1073; 293
Col: 1366
PG11 1293 Bfal Ler: 644; 353; 296
Col: 644; 296; 263°; 90°
DHS1 1668 Ddel Ler: 1620; 48
Col: 1491; 129; 48
BsaAl Ler: 1668
Col: 1188; 480
Mboll Ler: 520; 480; 173; 141; 84°; 81
Col: 1084; 173; 141; 81
\ ASAT 1728 Bcll Ler: 686; 553°; 489°
Col: 1042; 686
DFR 1143 BsaAl Ler: 609; 318; 216
Col: 609; 534
LFY3 1330 Rsal Ler: 855; 236; 126; 78; 35

Col: 708; 236; 147; 126; 78; 35

20nly those fragments that are large enough to be readily visible are listed.
PDenotes approximate size of the fragment.
°The Ler product is approximately 10 bp larger than the Col product.



that the DNA isolation procedure described by Dellaporta
et al. (1983) could be used to isolate DNA from a single
Arabidopsis leaf that was of sufficient quality to perform
the CAPS mapping procedure. We generally obtained
1-5 pg of DNA from a single leaf which is enough DNA
for at least 50 PCR reactions. We have successfully
amplified the desired PCR products using as little as 5 ng
of DNA obtained from this mini-preparation procedure
(Glazebrook and Ausubel, unpublished data).

We used the experimental protoco! described in detail
in the Experimental procedures in developing the CAPS
mapping procedure. However, a variety of modifications
can be made in the protocol. For example, we have
successfully used 40 ng of each PCR primer instead of
200 ng (Glazebrook and Ausubel, unpublished data) and
it is possible that even less primer could be used. In
addition, instead of using 15 units of each of the restriction
endonucleases to digest the PCR products, some of the
endonucleases have been used successfully at lower
concentrations (10 units of EcoRV, Xbal, Rsal; 8 units of
Sau3A; 4 units of Ddel; 3 units of Taql; Glazebrook and
Ausubel, unpublished data). On the other hand, we found
that at least 15 units of Bfal were required to digest the
PG11 PCR product to completion.

Frequency of CAPS polymorphisms

We detected 20 polymorphic changes in approximately
5227 nucleotides that comprised the recognition sites
surveyed for polymorphisms in this study. This suggests
that on average, Ler and Col genes differ once in every 261
(6227/20) bp. This is an oversimplification, however,
because polymorphisms are not randomly distributed in
the Arabidopsis genome. For example, the ADH locus
contains 10 bp changes between Ler and Col concentrated
in a 220 bp region, but only 13 total changes within a total
of 2900 bp that have been sequenced in both ecotypes
(Hanfstingl and Ausubel, unpublished data). Most of the
polymorphisms (19 out of 20) that we detected were
probably due to single base pair changes. One insertion/
deletion of approximately 10 nucleotides was found in the
GAPA gene.

Large insertion/deletion markers and microsatellite-based
PCR markers

In addition to CAPS, we aiso identified PCR-based
mapping markers that correspond to relatively large
deletions and insertions such as the 5 kb internal region
of the retrotransposon Ta7-7 which is present in single
copy on chromosome IV of Landsberg erecta, but which
is absent from Columbia (Voytas et al., 1990). PCR primers
corresponding to Ta7-1 (ACAGCATCCTGAAGACCTCG
and TCGTTGATCGACTTAGTATC) amplified a 435 bp
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sequence from Ler DNA but failed to amplify any sequence
from Col DNA (data not shown). We decided not to pursue
this type of PCR marker further because it is not possible
to distinguish plants that are homozygous from those that
are heterozygous for the amplified sequence.

A third class of PCR markers that we identified was
based on PCR amplification across tandem repeats of
dinucleotide sequences called microsatellites (Hearne et
al., 1992). Microsatellites occur frequently and randomly
in most eukaryotic DNAs and display polymorphisms due
to variations in the number of repeat units. Screening the
Arabidopsis sequences deposited in GenBank for different
combinations of dinucleotide repeats revealed the presence
of at least 10 repeats with a total length of 20 bp or more.
We synthesized PCR primers that amplified 150-200 bp
fragments that contained the following four microsatellite
sequences: a (GA)10 repeat in GBF3 (Schindler et al.,
1992); a (AC)sAG(AC), repeat in the non-coding region of
a myb-homologous gene (Oppenheimer et al., 1991); a
(AT)14 repeat in the intron of the gene encoding a basic
chitinase (Samac et al., 1990); and a (AT)3AA(AT)10 repeat
in the ATS1A gene (Krebbers et al., 1988). PCR products
were resolved on 8% acrylamide gel. Among these four,
only the ATS1A repeat was found to be polymorphic
between Col and Ler (data not shown). Although we did
not pursue the use of microsatellites further, we think that
they may serve as highly informative markers in the future
once more of them have been identified and mapped
(Ecker, personal communication).

Discussion

The 18 sets of PCR-based CAPS primers described in this
paper can be used to rapidly assign map positions to
newly identified Arabidopsis genes. Given the limited
number of CAPS markers currently available, however,
subsequent analysis using traditional RFLP markers is
needed to determine a map position accurate enough to
initiate a chromosomal walk. There are several potential
sources of new CAPS markers, which would allow the use
of CAPS for the generation of high resolution maps. Sources
of new CAPS markers include newly identified (and mapped)
genes, DNA sequences around mapped RFLPs (where a
polymorphic site is already known to exist), or DNA
sequences at the ends of YAC clones (e.g. m429 marker
on chromosome ll). We anticipate that the results presented
in this paper will lead others to generate and use additional
CAPS. We also anticipate that ‘second generation’ CAPS
markers may eventually supplant some of the original
ones. For examples, the PG11 CAPS marker requires the
use of Bfal, an expensive and not particularly robust
restriction endonuclease. In the future, PG717 could be
replaced by another CAPS marker that maps nearby.
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AAIDB (An Arabidopsis thaliana Database, Cherry, et al.,
1992) at the Department of Molecular Biology, Massa-
chusetts General Hospital and the Arabidopsis Stock
Centers at Ohio State University and at The University of
Nottingham could serve as clearing houses for the distri-
bution of CAPS-related information.

The maximum distance between any two of the 18
CAPS markers described in this paper is 46.2 cM (DFR
and ASAT). Although it is not possible to determine with
certainty the distance between a particular marker and the
end of the chromosome on which it resides, the relatively
high density of the Arabidopsis RFLLP map makes it unlikely
that any of the flanking CAPS markers on any of the five
chromosomes are significantly more than 25.2 cM (in the
case of PVV4) from an end. Therefore, the farthest away
a gene of interest could be from one of the 18 CAPS
markers is 25.2 cM.

To carry out the CAPS mapping procedure in the most
efficient manner, it is helpful to calculate the minimum
number of F, progeny from a Col x Ler cross that must
be screened for segregation of the CAPS markers to
establish linkage to one of them. Based on the binomial
distribution, we calculate that a minimum of only 28 F»
plants are required to establish linkage to one of the 18
CAPS markers at the 95% confidence limit. Because the
CAPS markers are co-dominant, analysis of 28 F, plants
is equivalent to analyzing 56 chromosomes.

To develop a CAPS marker from a known sequence, we
routinely designed primers that amplified 1.5-2.5 kb
sequences. In some cases, once a polymorphism was
identified by testing a panel of restriction enzymes, the
primers were redesigned (based on the sequence) to
better visualize the polymorphism. For example, the original
set of GAPA primers preferentially amplified DNA sequences
from the Ler ecotype, making it difficult to unambiguously
identify heterozygous plants. An additional problem with
the original GAPA primers was that the polymorphic bands
were too close in size to distinguish Ler and Col amplified
products with a high degree of confidence. The GAPA
primers listed in Table 1 eliminated both of these problems.

A major advantage of CAPS is that they are co-dominant
genetic markers; that is, different digestion patterns are
obtained for plants that are homozygous or heterozygous
for the parental alleles. However, as illustrated with the
original GAPA primers that we designed (see above), a
particular set of primers may preferentially amplify only
one of the two parental sequences when both are present
in a heterozygous plant. Therefore, it is critical, to use an
equal mixture of the two homozygous parental DNAs or
DNA isolated from a known heterozygous plant as a
control.

The CAPS primers described in this paper were specifi-
cally designed for the Arabidopsis Columbia and Landsberg
erecta ecotypes. However, six of the PCR markers reported

here were tested using the Landsberg erecta and
Niederzenz ecotypes and three of them detected poly-
morphisms (Chory, personal communication).

To date, the CAPS method has been used to map
several genes including APS2 (resistance to Pseudomonas
syringae; Yu et al. 1993), pad1, pad2 and pad3 (phytoalexin
deficient mutants; Glazebrook and Ausubel, unpublished
data) and frp4 (a tryptophan biosynthetic pathway mutant;
Keith, personal communication).

Experimental procedures

Plant material

Arabidopsis plants used in this study were the Columbia and
Landsberg erecta ecotypes. For the cross described in Figure
1(b), Ler was used as the female parent and the Columbia rps2-
701C mutant (Yu et al., 1993) was used as the pollen donor.

DNA isolation

For large scale PCR reactions, DNA was isolated from whole
plants using the procedure described in Ausubel et al. (1993). A
slightly modified version of the method described by Dellaporta
et al. (1983) was used to isolate DNA from one to three Arabidopsis
leaves for CAPS mapping. Briefly, leaves were frozen in liquid
nitrogen, ground to a powder in a mortar and pestle, and trans-
ferred to 1.5 ml microcentrifuge tubes. Extraction buffer (500 wl)
containing 100 mh* Tris pH 8, 50 mM EDTA pH 8, 500 mM NaCl
and 10 mM mercaptoethanol was added followed by 35 pl of 20%
SDS. The samples were incubated at 65°C for 10 min and 130 p!
of 5 M potassium acetate was added. After 5 min incubation at
0°C, the precipitate was pelleted for 10 min at 15000 g, the
supernatant was transferred to a 2 mi tube containing 640 ul
isopropy! alcohol, and 60 ul 3 M sodium acetate, mixed, and
incubated at —20°C for 10 min. The precipitated DNA was centri-
fuged at 15 000 g for 15 min and redissoived in 200 w! of 50 mM
Tris pH 8.0, 10 mM EDTA. This solution was centrifuged at 15 000
g or 5 min to remove insoluble material, and the supernatant was
transferred to a tube containing 20 pl 3 M sodium acetate and
440 pl ethanol. After incubation at —20°C for 10 min, DNA was
pelleted by centrifugation at 15 000 g for 5 min, and washed with
70% ethanol. Pellets were dried and dissolved in 50 wl water.

PCR ampilification of Arabidopsis genomic DNA

PCR primers were designed using the computer program PRIMER,
(Version 0.5, May 1991, by Stephen E. Lincoln, Mark J. Daly and
Eric S. Lander, Whitehead Institute for Biomedical Research).
Large scale PCR reactions were performed using reagents from
Boehringer (10x buffer), Pharmacia (deoxynucleotides), and
Promega (Taq polymerase). The reactions were carried out in 100
wl that contained 0.125 mM of each deoxynucieotide, 0.5 pg of
each primer, 2.5 U of Taq polymerase in 2.5 pl, and 50-100 ng of
Arabidopsis genomic DNA. Conditions for the ampilification were
as foliows: 30 sec at 95°C; annealing for 30 sec at 56°C; poly-
merization for 3 min at 72°C. The cycle was repeated 50 times.
For mapping purposes, the reaction was scaled down to 10 pl
final volume, which contained 0.125 mM each of four deoxy-
nucleotides, 0.2 ug of both primers, 0.25 U of Taq polymerase
and approximately 50 ng of Arabidopsis DNA (1 i of the 50 pl
obtained from a miniprep). Usually a premix containing deoxy-



nucleotides, Taq polymerase buffer, primers and Tag polymerase
was prepared for 30 reactions and transferred to 0.5 ml micro-
centrifuge tubes to which various DNAs were added. Other PCR
conditions were the same as for the large scale reaction.

Restriction enzyme digestions and analysis of PCR
products

To identify restriction endonucleases that would generate a
polymorphism, reactions were carried out in 10 pl final volume
containing 3.5 pl of PCR product, 1 pl of 10x concentrated
restriction enzyme buffer, and 1-3 units of the appropriate restric-
tion endonuclease. The digestion products were analyzed on
1.5 % agarose gels for all markers except m429, PG11 and
LFY3, which were run on 2.5% gels. Ler and Col products were
run in adjacent lanes to visualize polymorphisms. For mapping,
restriction endonuclease digestion was carried out in the same
tube as the PCR reaction. Restriction enzyme mix (10 ul) contain-
ing 2 pl of restriction enzyme buffer and 15 U of enzyme was
added to each tube and incubated for 2 h at the temperature
optimal for the particular enzyme activity. Four microliters of 6x
loading dye (Ausubel et al., 1993) was added to each tube prior
to electrophoresis.

DNA sequencing

Partial DNA sequence of an end probe from a 110 kb YAC clone
(mapped to chromosome 1} was obtained by sequencing of an
inverse PCR product provided by J. Chory and P. Nagpal (Salk
Institute, La Jolla) using the fmo/ DNA Sequencing system
(Promega) according to the manufacturer’s instructions.
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