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Single-nucleotide polymorphisms, as well as small insertions
and deletions (here referred to collectively as simple nucleotide
polymorphisms, or SNPs), comprise the largest set of sequence
variants in most organisms1,2. Positional cloning based on SNPs
may accelerate the identification of human disease traits and a
range of biologically informative mutations3–6. The recent
application of high-density oligonucleotide arrays to allele
identification has made it feasible to genotype thousands of
biallelic SNPs in a single experiment3,7. It has yet to be estab-
lished, however, whether SNP detection using oligonucleotide
arrays can be used to accelerate the mapping of traits in diploid
genomes. The cruciferous weed Arabidopsis thaliana is an
attractive model system for the construction and use of biallelic
SNP maps. Although important biological processes ranging
from fertilization and cell fate determination8–11 to disease
resistance12,13 have been modelled in A. thaliana, identifying
mutations in this organism has been impeded by the lack of a
high-density genetic map consisting of easily genotyped DNA
markers14. We report here the construction of a biallelic genetic

map in A. thaliana with a resolution of 3.5 cM and its use in
mapping Eds16, a gene involved in the defence response to the
fungal pathogen Erysiphe orontii. Mapping of this trait
involved the high-throughput generation of meiotic maps of F2
individuals using high-density oligonucleotide probe array-
based genotyping. We developed a software package called
InterMap and used it to automatically delimit Eds16 to a 7-cM
interval on chromosome 1. These results are the first demon-
stration of biallelic mapping in diploid genomes and establish
means for generalizing SNP-based maps to virtually any
genetic organism.
Recently, a genome-wide biallelic linkage map of Saccharomyces
cerevisiae has been constructed based on the direct hybridization
of whole genomic DNA from two polymorphic strains to high-
density oligonucleotide arrays sampling every known yeast ORF
(ref. 4). In organisms with larger genomes, however, including
A. thaliana, the signal intensity from hybridization of whole
genomic DNA decreases, making the direct application of this
approach more challenging (M.M. and E. Winzeler, unpublished

Table 1 • Characterization of SNPs identified in A. thaliana

Nature of SNP markers % of AT412 SNPs Total number

identified by DHPLC/dideoxysequencing 487

formatted on AT412 oligonucleotide array 412

successful PCR amplification 95 390

high hybridization signal following singleplex amplification 85 351

high hybridization signal following multiplex amplification 81 332

discrimination between Columbia and Landsberg erecta homozygotes 64 262

discrimination between homozygotes and heterozygotes 57 235

discrimination between homozygotes and mapping to unique chromosomal position 58 237

Successive tests used to select SNPs for final biallelic map. Each selection was only performed on markers passing the previous selection, unless otherwise noted.
All 412 SNPs chosen for incorporation into an oligonucleotide array were PCR amplified individually from genomic DNA and examined on an agarose gel to
ensure generation of a single product. We successfully amplified 390 loci, or 95% of the markers: 22 of the loci failed to amplify under these conditions, the pri-
mary cause being an inability to design optimal PCR primers within limitations on the maximum amplicon size. Of 390 markers, 351 were found to pass both the
intensity and discrimination tests. From the 351 markers that passed these tests when amplified separately, 332 were found to pass the same test when amplified
in multiplex PCR reactions. Based on results from array hybridization, 48 of these markers failed to show any discrimination between the Columbia and Lands-
berg erecta ecotypes. Resequencing of these markers indicated that the polymorphism had been identified correctly in 94% of cases. An additional 22 markers
displayed weak discrimination between the two ecotypes, leaving 262 markers amenable for genetic mapping. From the 262 SNPs that discriminated homozy-
gotes, 237 markers distinguished heterozygous genotypes from the two parental homozygotes genotypes. These markers were mapped unambiguously to the A.
thaliana genome using MAPMAKER software20 and used to generate a biallelic map.
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data). Therefore, to generate high-density biallelic maps in most
eukaryotic genomes, we investigated an alternative method for
identifying and assaying a large set of well-distributed SNPs.

On the basis of DNA sequence information obtained from
the A. thaliana EST database and random shotgun sequencing,
we amplified more than 1,800 PCR products, averaging 280 bp,
from both the Columbia and Landsberg erecta ecotypes, natu-
rally occurring polymorphic strains of A. thaliana that have
been widely used for genetic mapping14,15. We assayed these
sequences for the presence of variation by formation of
Columbia-Landsberg PCR product heteroduplexes, which
were then subjected to denaturing HPLC (DHPLC) analy-
sis16,17. PCR products identified by DHPLC as containing a
potential variation were sequenced on both strands to deter-
mine the nature of the polymorphism. Using this method, we
identified 487 loci containing SNPs between the Columbia and
Landsberg erecta ecotypes. We screened more than 500,000 kb
of total DNA sequence for SNPs, representing nearly 0.5% of
the A. thaliana genome.

To generate an oligonucleotide array specifically designed to
genotype the identified A. thaliana SNPs, we initially screened
the 487 polymorphic sequences for optimal melting tempera-
tures and the absence of AT-rich regions in the vicinity of the
polymorphic base. On the basis of this information, we format-
ted 412 polymorphisms into detection blocks on a high-density
oligonucleotide probe array, named AT412, using the variant
detector array (VDA) approach3,5. The AT412 array contains
1,648 VDAs, each consisting of forty-four 25-mer probes inter-
rogating each of the two alleles and the sequence adjacent to the
polymorphic site. A subset of these SNP markers can also be
genotyped using co-dominant allele-specific PCR amplification
and conventional gel-electrophoretic methods (E.D., M.M. and
F.M.A., unpublished data). Sequence information and further
details concerning these polymorphisms are available (http://
genome-www.stanford.edu/Arabidopsis/maps/SNP.html).

To determine the ability of the AT412 array to genotype SNP
markers, all 412 corresponding polymorphic loci were amplified
from Columbia and Landsberg genomic DNA, PCR-labelled with

Fig. 1 Genetic positions of the 237
SNP markers used to define a biallelic
SNP map for A. thaliana. A number of
conventional markers are also shown
to provide orientation on each chro-
mosome. The name, the exact posi-
tion of each SNP marker and the
sequence surrounding the polymor-
phism are available (http://nasc.
nott.ac.uk/new_ri_map.html). We id-
entified 34 SNP markers for high-reso-
lution recombination studies in a
150-kb region on chromosome 4,
between 52 cM and 53 cM.
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biotin, hybridized to arrays and stained with a phycoerythrin-
streptavidin conjugate. We quantitated the resulting fluorescence
intensities from each array using a confocal laser scanning instru-
ment. To facilitate SNP-based mapping using data derived from
hybridization to oligonucleotide arrays, we developed a set of
computer programs collectively named InterMap. The InterMap
package uses an AWK script to call alleles at individual VDAs
based on fluorescence intensities, assigns genotypes based on
comparison with known homozygote fluorescence intensities,
and determines genetic linkage by calculating the probability of
observing a segregation pattern by chance at each marker. This
software is freely available for download (http://genome-www.
stanford.edu/Arabidopsis/maps/SNP.html).

Based on analysis using InterMap, 262 of 412 (64%) markers
displayed clear discrimination between Columbia and Lands-
berg homozygous plants, and 235 (58%) markers discriminated
against the heterozygote (Table 1). Sequences that did not result
in successful discrimination on the array were dideoxyse-
quenced a second time from both Columbia and Landsberg eco-
types. Of 48 markers that did not display discrimination, 45
(94%) were shown to have been sequenced correctly, confirming
that failure of markers is attributable to lack of discrimination
by the array. It has been shown that more extensive optimization
of conditions and array design will increase the percentage of
functional markers; however, sufficient markers displayed dis-
crimination for the purposes of this study18.

We constructed a linkage map of the SNP markers that dis-
criminate between Columbia and Landsberg (Fig. 1) by obtain-
ing segregation data for all the available markers in 68
recombinant inbred (RI) lines derived from a cross between
Columbia and Landsberg erecta19. Specifically, the 262 markers

displaying discrimination between homozygotes were
amplified from each strain and hybridized to AT412
arrays. The resulting fluorescence data was processed
using InterMap and then analysed with MAPMAKER
software20 to construct a biallelic map. We localized 237
of these SNP markers to unique chromosomal positions
and integrated them into the existing A. thaliana RI link-
age map19,20. Of these 237 markers, 226 also displayed
reliable discrimination against the heterozygote. This
integrated map is available (http://nasc.nott.ac.uk/
new_ri_map.html). The average resolution of the linkage
map obtained from these SNP markers is greater than 3.5
cM, and the largest gap between markers is approximately
15 cM.

To assess the feasibility of whole-genome mapping
using biallelic markers, we localized the A. thaliana muta-
tion Eds16-1, which causes enhanced susceptibility to the
fungal pathogen Erysiphe orontii. Eds16-1 was shown to
segregate as a single recessive mendelian trait by back-
crossing to the wild-type Columbia parent. For mapping
purposes, Eds16-1 was crossed to Landsberg erecta, and
28 F2 plants were collected that displayed the susceptibil-
ity phenotype. For each of the 28 F2 plants, all 412 SNP
loci were amplified in multiplexed PCR reactions,
labelled, hybridized to an AT412 array and stained. Fluo-
rescence readings from these arrays were analysed using

the InterMap mapping function, which automatically localized
Eds16 to a 7-cM interval on the bottom of chromosome 1
between markers SNP 177 and SNP 231 (Fig. 2). Eds16 was inde-
pendently mapped to approximately the same location using a
different mapping procedure based on cleaved amplified poly-
morphic sequences21 (CAPS).

Whole-genome biallelic mapping in the A. thaliana genome
required less than two days following harvest of F2 individuals.
Currently, too few PCR-based markers exist in A. thaliana for
whole-genome mapping using conventional methods, and the
use of RFLPs to achieve comparable results would take several
months. These results demonstrate that whole-genome map-
ping using array-based genotyping of SNPs can accelerate the
process of positional cloning. The generation of denser biallelic
maps should allow high-throughput identification of both
monogenic and polygenic traits, effectively removing the rate-
limiting nature of high-resolution mapping from the study of
biological processes.

Methods
DHPLC variation scanning. We isolated genomic A. thaliana DNA from
nuclei preparations through cesium chloride gradient purification as
described22. Amplimers derived from shotgun sequence and the EST data-
base were used to amplify loci from both Columbia and Landsberg erecta
DNA. Standard PCR reactions were performed in a volume (20 µl) con-
taining A. thaliana DNA (20 ng), primers (0.15 µM each; Gibco-BRL),
AmpliTaq Gold DNA polymerase (1 U; Perkin-Elmer), dNTPs (250 µM;
New England Biolabs), Tris-HCl (10 mM, pH 8.3; Gibco-BRL), KCl (50
mM) and MgCl2 (2.5 mM; Sigma). Thermocycling was performed with
initial denaturation/activation at 95 °C for 10 min, followed by 30 cycles of
95 °C for 30 s, 52 °C for 45 s and 72 °C for 1 min. To generate heteroduplex-
es for DHPLC scanning, we combined corresponding PCR products from

Fig. 2 Calculated probability of random segregation in the A. thaliana
genome using 28 F2 plants from the Eds16-1×Landsberg erecta cross
that display a susceptibility phenotype to the fungal pathogen
pathogen Erysiphe orontii. The x axis represents genetic position,
whereas the y axis (log base 10) indicates the probability of random
segregation. The approximate position of Eds16, as determined by
biallelic mapping, is indicated by a filled bar.
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each ecotype at roughly equimolar ratios based on agarose gel elec-
trophoresis of the amplicons, denatured at 95 °C for 3 min and slowly rean-
nealed by decreasing the temperature from 95 °C to 65 °C over 30 min,
with final cooling to 6 °C. Each heteroduplex was run on an automated
DHPLC instrument (Transgenomic) at 50 °C, 56 °C and 62 °C, respective-
ly. DHPLC profiles were visually examined for the presence of two or more
peaks, indicative of SNPs. With dye terminator sequencing, more than 95%
of the sequences identified by DHPLC scanning were confirmed to carry
mutations between the two strains.

Design and construction of the AT412 array. We synthesized high-density
oligonucleotide arrays using parallel light-directed oligonucleotide synthe-
sis as described23,24 (Affymetrix). The AT412 genotyping array contains a
detection block for each of the 412 biallelic markers. Each detection block
array consists of four variant detector arrays (VDAs) corresponding to the
alternative alleles: two for the forward strand sequence and two for the
reverse strand sequence. For each of 11 interrogated positions on either
strand (–5 to +5 relative to the polymorphic base), the VDA for each allele
has a set of four 25-mer oligonucleotide probes, complementary to the
SNP sequence, that are called a ‘miniblock’. These four probes only differ at
the central, interrogated position, which is substituted by each of the four
nucleotides. Hybridization of DNA from a perfectly matching allele results
in a strong signal at the corresponding probe site in the VDA.

To determine whether the chip could reliably identify each locus, we
defined threshold tests based on specificity (signal strength) and sensitivity
(discrimination) as described in the InterMap sections below.

Amplification of biallelic marker loci. For genotyping, we extracted genom-
ic A. thaliana DNA from one or two leaves of plant material as described22.
For each of the 412 loci, we chose PCR primers with similar calculated melt-
ing temperatures to amplify a fragment as close as possible to the polymor-
phic base, but not to exceed 120 bp. T7 sequence was incorporated at the 5´
end of forward primers (5´–TAATACGACTCACTATAGGGAGA...genomic
seq–3´), whereas T3 sequence was incorporated at the 5´ end of reverse
primers (5´–AATTAACCCTCACTAAAGGGAGA...genomic seq–3´). In this
way, these ‘tailed’ PCR products were labelled in a secondary reaction using
5´-biotinylated T7 and T3 primers. Singleplex PCR reactions were per-
formed in a volume (30 µl) containing A. thaliana DNA (30 ng), primers
(0.005–0.01 µM each), AmpliTaq Gold DNA polymerase (1 U), dNTPs (250
µM), Tris-HCl (10 mM, pH 8.3), KCl (50 mM) and MgCl2 (7.5 mM). Ther-
mocycling was performed in a Perkin Elmer GeneAmp PCR System 9600,
with initial denaturation/activation at 95 °C for 10 min, followed by a cycle
of denaturation at 95 °C for 30 s, annealing at 63 °C for 1 min and primer
extension at 72 °C for 1 min. We performed 16 additional cycles identical to
the first, except the primer annealing temperature was decreased 0.5 °C in
each consecutive cycle. We then performed 30 additional cycles at 95 °C for
30 s, 56 °C for 45 s and 72 °C for 1 min. A final extension reaction was per-
formed at 72 °C for 10 min. This initial reaction was secondarily amplified
using 5´-biotinylated T7 and T3 primers. The secondary PCR reaction was
performed in a total volume (30 µl), with the multiplex reaction (0.6 µl),
biotinylated primers (0.15 µM each), AmpliTaq Gold DNA polymerase (1
U), dNTPs (250 µM), Tris-HCl (10 mM, pH 8.3), KCl (50 mM) and MgCl2
(25 mM). Thermocyling was performed with initial denaturation/activa-
tion at 95 °C for 10 min, followed by 30 cycles at 95 °C for 30 s, 52 °C for 45
s and 72 °C for 1 min. We carried out a final extension reaction at 72 °C for
10 min. We successfully amplified 390 loci, representing 95% of the biallelic
markers chosen for VDA development, in singleplex reactions. Of 412 loci,
22 failed to amplify under these conditions: for most of these loci, sequence
characteristics precluded the generation of optimal PCR primers within the
given size limitations.

We designed a multiplex PCR strategy to reduce time and labour in
amplification of polymorphic loci. Multiplex reactions were identical to
the singleplex reactions described above, except that on average, each mul-
tiplex reaction contained 45 discrete primer pairs. The ten multiplex reac-
tions (30 µl) for each individual were then pooled, and this sample (76 µl)
was used for array hybridization. This multiplex strategy was shown to
maintain discrimination for more than 95% of markers that distinguished
well between homozygotes in singleplex assay, comparable to results from
the human genotyping array3. Critical multiplexing parameters included
the identification of loci with similar amplification efficiencies (as observed
with agarose gel electrophoresis), minimization of the concentration of

each primer and the use of a higher magnesium concentration (7.5 mM) to
match increased nucleic acid in the initial reaction.

Hybridization to arrays. The probe array was pre-wetted with 6×SSPET
(0.9 M NaCl, 60 mM NaH2PO4, 6 mM EDTA, pH 7.4, 0.005% Triton X-100
(Sigma)) at 25 °C for 10 min, and washed once with tetramethylammoni-
um-chloride (3 M; Sigma) for 5 min. The biotinylated sample was dena-
tured at 95 °C for 5 min, immediately cooled on ice and brought to a 200 µl
final volume with addition of hybridization cocktail (3 M tetramethylam-
monium chloride, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.01% Triton
X-100, 0.1 mg/ml herring sperm DNA (Promega) and 200 pM control
oligomer). The 200 µl final volume was applied to the array at 42 °C for
12–15 h on a rotisserie at ∼ 60 rpm.

Washing and staining of arrays. The probe array was washed on a fluidics
station (FS400, Affymetrix) 10 times with 6×SSPET at 22 °C, then 3 times
with 1×SSPET, followed by staining at RT with staining solution (2 mg/ml
streptavidin R-phycoerythrin (Molecular Probes) and 0.5 mg/ml acetylated
BSA (Sigma) in 6×SSPET). After staining, the probe array was washed 5
times again with 6×SSPET at 22 °C.

Array scanning and data analysis. We scanned the probe array on the Gen-
eArray scanner (HP G2500A, Affymetrix) at ∼ 40 to 80 pixels per probe fea-
ture with a 570 nm filter. Affymetrix GeneChip software was used to gener-
ate a digitized intensity table for each of the features on the chip. This signal
data and positional information was then processed sequentially by soft-
ware in the InterMap analysis package.

InterMap1 (AWK script for calling A. thaliana marker polymorphism).
The InterMap software package provides three distinct SNP-based map-
ping applications (InterMap1, InterMap2 and InterMap3), described here
in detail. As described above, for each miniblock, there is one perfectly
matching probe (PM) and three mismatch probes (MM) at the central base
of the 25-mer. The usefulness of a miniblock is determined both by signal
intensity and by discrimination. Regardless of the genotype, we expect at
least one VDA (in the case of the homozygotes) or both VDAs (in the case
of a heterozygote) will have high signal and high discrimination. Therefore,
a miniblock is declared ‘valid’ if both PM-MM for allele A or PM-MM for
allele B is greater than some signal threshold value, and PM/MM for allele
A or PM/MM for allele B is greater than some discrimination threshold
value (in both these ‘equations’, MM is taken to be the maximum of the
three available MM values in the relevant miniblock). The two thresholds
are determined from the background noise for a given chip, which in turn
is determined from the mean intensities and standard deviation of the 2%
faintest intensity features on the chip. To call a genotype with confidence, a
minimum fraction of miniblocks between the VDAs must be declared
valid. If such a quorum exists, then we determine a 

^
P(A) value for each

valid miniblock.  
^
P is the probability of A-allelic character of the genotype:

for AA homozygotes, a perfect approaches 1; for BB homozygotes, the val-
ue approaches 0; for heterozygotes, the value is near 0.5.  

^
P(A) is deter-

mined as max [0, PMA–MMA]/(max [0.001, PMA–MMA] + max [0.001,
PMB–MMB], where the max function is the larger of the two values in the
square brackets (in this way, negative and non-positive values of PM-MM
are avoided). The mean is calculated for all the valid miniblocks, along with
the standard deviation of that mean. This experimental value is compared
with the range of known values determined for the three genotypes from
reference samples. This statistical analysis has been used effectively in the
genotyping of thousands of human SNPs (ref. 3). In these experiments,
more than 90% of the 237 markers were called unambiguously for all of the
96 samples tested.

InterMap2. The 
^
P(A)s of the homozygous RI lines for each marker were

binned based on their median after discarding up to two outliers. The
mean and variance of the 

^
P(A)s in each bin was computed, and mutants

were scored as heterozygous if their 
^
P(A) was further than three standard

deviations away from the expected signal response of both homozygous
genotypes. Markers which could not score heterozygotes were excluded
from the analysis.
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InterMap3. The probability of observing a segregation pattern by chance at
each marker was computed by:

where n is the total number of F2 mutant genotypes, a is the number that are
heterozygous and b is the number of homozygous Landsberg genotypes.

The segregation by chance analysis for trait localization was chosen
because in most model organism systems, F1 parents are essentially genet-
ically identical. Traditional linkage analysis usually used for linking
human traits to markers is based on the number of meiotic crossovers
between the disease gene and the closest marker in large pedigrees.
Although traditional linkage analysis could be used here, it would compli-
cate the mapping by inclusion of the F2 progeny known to be wild type
(and not scored on the chip).

Construction of the SNP map. We calculated the maps using Mapmaker
Version 3 software20. The 237 SNP markers were placed onto the canonical
Lister and Dean RI map. The map was calculated using a framework of
markers for each of the linkage groups (chromosomes). We calculated two-
point data for the entire collection of markers and used the results of this
calculation to assign markers to chromosomes based on their linkage to the
framework markers. Once the markers were linked to a specific chromo-

some, markers were assigned their most probable position based on three-
point data. Maps were calculated using the Kosambi mapping function.

Mutagenesis and generation of Eds plants. The Eds16-1 mutant (L. Reuber,
J.D. and F.M.A., unpublished data) was isolated in a screen for A. thaliana
mutants with enhanced susceptibility to the fungal pathogen E. orontii.
Briefly, the screen was carried out by inoculating M2 plants from either fast
neutron or EMS mutagenized seed pools (Lehle Seeds) with E. orontii coni-
dia using a settling tower procedure25. Putative eds mutants that were more
heavily infected than wild-type controls were rescored in the M3 genera-
tion. Eds16-1 was among several mutants identified that exhibited
enhanced susceptibility. Genetic analysis showed that Eds16-1 segregated
as a single recessive mendelian trait, was not allelic to described Eds
mutants26 and mapped to the bottom of chromosome 1 (L. Reuber, J.D.
and F.M.A., unpublished data).
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