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Abstract Diversity Arrays Technology (DArT) is a
microarray-based DNA marker technique for genome-
wide discovery and genotyping of genetic variation.
DArT allows simultaneous scoring of hundreds of
restriction site based polymorphisms between genotypes
and does not require DNA sequence information or site-
specific oligonucleotides. This paper demonstrates the
potential of DArT for genetic mapping by validating
the quality and molecular basis of the markers, using the
model plant Arabidopsis thaliana. Restriction fragments
from a genomic representation of the ecotype Landsberg
erecta (Ler) were amplified by PCR, individualized by
cloning and spotted onto glass slides. The arrays were
then hybridized with labeled genomic representations of
the ecotypes Columbia (Col) and Ler and of individuals
from an F2 population obtained from a Col · Ler cross.
The scoring of markers with specialized software was
highly reproducible and 107 markers could unambigu-
ously be ordered on a genetic linkage map. The marker
order on the genetic linkage map coincided with the

order on the DNA sequence map. Sequencing of the Ler
markers and alignment with the available Col genome
sequence confirmed that the polymorphism in DArT
markers is largely a result of restriction site polymor-
phisms.
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Introduction

The availability of reliable molecular markers is of great
importance for plant breeding. The ideal molecular
marker technique should generate hundreds of molecu-
lar markers that cover the entire genome in a single,
simple and reliable experiment (Luikart et al. 2003).
Genome-wide molecular markers are used for germ-
plasm characterization, assessment of genetic diversity,
to accelerate introgression or backcrossing programs,
and for the mapping of complex traits.

Comparison of DNA sequences from closely related
organisms has revealed SingleNucleotide Polymorphisms
(SNPs) as the most common feature underlying genetic
variation within species (The Arabidopsis Genome Ini-
tiative 2000; Sachidanandam et al. 2001). This type of
genetic variation can be screened by means of a wide
variety of technologies, usually based on primer extension
or on ligation of oligonucleotide ends (Kwok 2000; Jan-
der et al. 2002; Jenkins and Gibson 2002; Peters et al.
2003). The development of these SNP scoring technolo-
gies has led to an impressive increase in throughput
capacity. A general prerequisite for these technologies is
DNA sequence information. Therefore most SNP assays
have been developed for the human genome (Chee et al.
1996;Wang et al. 1998) and for somemodel organisms for
which large amounts of DNA sequence information are
available (Borevitz et al. 2003;Winzeler et al. 2003; Törjék
et al. 2003; Van Eijk et al. 2003).
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However, for the majority of organisms, including
agriculturally important crops, information on SNPs is
still scarce and difficult to obtain, due to limited re-
sources or to the complex nature of polyploid genomes.
For marker-assisted breeding in such crops it is rarely
cost-effective to perform SNP discovery since large
numbers of markers scattered throughout the genome
are needed for the identification of markers that are
closely linked to major genes or Quantitative Trait Loci
(QTL). Furthermore, in backcrossing programs gen-
ome-wide markers are used to select the progeny with
the maximum genetic contribution from the recurrent
parent. For such purposes marker technologies that do
not require SNP discovery based on sequence informa-
tion may be preferred. The Amplified Fragment Length
Polymorphism (AFLP)TM technology (Vos et al. 1995)
has proven its value in this context. However, AFLP
relies on electrophoretic separation of PCR products on
gel. This is also true for Simple Sequence repeats (SSRs),
another kind of widely used marker. This constrains the
throughput capacity, although capillary based apparatus
provides significant improvement. The microarray plat-
form is better suited for high-throughput analysis of
thousands of genetic markers for 100 of individuals
(Syvanen 1999). Several microarray-based marker
methods have been developed, but most of these still
require sequence information (Pastinen et al. 2000;
Cutler et al. 2001; Flavell et al. 2003; Borevitz et al. 2003;
Winzeler 2003; Li et al. 2004; Ji et al. 2004).

Recently, a method called Diversity Arrays Tech-
nology (DArT)TM has been developed (Jaccoud et al.
2001; Wenzl et al. 2004). This technology does not
require sequence information and can be deployed on a
microarray platform. DArT uses an array of individu-
alized clones from a genomic representation prepared
from amplified restriction fragments. Labeled genomic
representations of individuals to be genotyped, such as
the progeny of a segregating population, are then
hybridized to the arrays. The polymorphisms scored are
the presence versus absence of hybridization to indi-
vidual array elements. The platform allows high-
throughput screening of hundreds of molecular markers
in parallel, and is especially suited for the generation of
genome-wide markers for e.g. genetic linkage mapping.
The initial proof-of-concept was provided for a species
with a relatively simple genome i.e. rice (Jaccoud et al.
2001), and later for a species with a more complex
genome, i.e. barley (Wenzl et al. 2004). We used Ara-
bidopsis thaliana as a model species (Meinke et al. 1998)
to validate the quality and molecular basis of the DArT
markers. The published whole-genome sequence of A.
thaliana (Lukowitz et al. 2000; The Arabidopsis Genome
initiative 2000) provided us with the opportunity to
compare the order of the DArT markers on the genetic
linkage map with the order of the same markers on the
DNA sequence map. In addition, the genome sequence
enabled us to validate whether the DArT markers were
indeed based on SNPs and InDels in the restriction sites
recognized by the endonucleases used.

Our approach in A. thaliana deviates in two aspects
from the DArT methods applied in rice and barley.
First, we generated genomic representations according
to a modified procedure. Instead of using a single
restriction enzyme and one adapter, with (Wenzl et al.
2004) or without (Jaccoud et al. 2001) the use of a co-
digesting enzyme, we used two enzymes with two dif-
ferent adapters and a co-digesting enzyme. No adapters
were ligated to the sites created by the third restriction
enzyme. A similar approach has successfully been used
in another fingerprinting technique called three-endo-
nuclease (TE)-AFLP (Van der Wurff et al. 2000). In
addition, the number of amplifiable fragments was fur-
ther reduced by ligating an asymmetric adapter with an
amino group at the 3¢ end of the short strand to one of
the restriction sites. The use and effectiveness of such an
adapter in combination with suppression PCR has al-
ready been demonstrated (Siebert et al. 1995; Broude
et al. 2000; Van der Linden et al. 2004).

A second difference relative to the previously de-
scribed use of DArT is that the adapter sequences of the
printed fragments were different from the adapter se-
quences of the fragments that were hybridized to the
slides. This prevented hybridization of complementary
adapter strands, common to all clones on the array.

Using these modifications, we generated DArT
markers and scored them in the F2 progeny of a cross
between the A. thaliana ecotypes Columbia (Col) and
Landsberg erecta (Ler). This allowed us to construct a
genetic linkage map of Ler. The results described in this
paper focus on the quality and suitability of DArT for
mapping and marker-assisted breeding. For that pur-
pose we evaluated (1) the reproducibility of DArT
scores; (2) the consistency of detected genetic differences
between parents and their Mendelian segregation in the
progeny; (3) the robustness of the genetic linkage map;
(4) the colinearity of the genetic map with the genome
sequence map; (5) the molecular basis of the DArT
markers by direct sequence comparison of the two
parents.

Materials and methods

In silico predictions

A number of genomic representations were simulated;
using an algorithm designed in-house which models
restriction enzyme digestion and amplification of frag-
ments within a user-defined window of fragment sizes
and enzyme combinations. For this purpose a locally
installed version of the Col genome sequence (The
Arabidopsis Genome Initiative 2000) was used. Differ-
ent combinations of three restriction enzymes were tes-
ted. Adapters would be ligated to the ends of the
fragments produced by two of these enzymes. The pro-
gram predicted which restriction fragments would be
amplified by taking into account the effect of a long
asymmetrical adapter with a 3¢ amino group at the end
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of the short strand, but it disregarded possible methyl-
ation of the restriction sites.

Based on the outcomes of these in silico predictions,
the enzyme combination PstI-EcoRI was chosen, with
TaqI as co-digesting enzyme. The program predicted the
generation of 5237 unique PstI-EcoRI, and PstI-PstI
fragments that lack a recognition site for the co-digest-
ing enzyme TaqI and fall within the size range of 50–
1000 bp.

Generation of microarrays bearing a genomic
representation of Ler

Plant material and DNA isolation

Genomic DNA from Ler was isolated, according to
Pereira and Aarts (1998), from flower buds of adult
plants grown in the greenhouse plants, after dry grinding
with tungsten carbide beads using a Mixer Mill MM300
(Retsch).

Restriction and ligation of Ler DNA

The genomic DNA from Ler was cleaved to completion
with the restriction endonucleases PstI, EcoRI, and
TaqI. To the PstI ends of the restriction fragments a
standard adapter was ligated, but to the EcoRI ends a
long asymmetric adapter with a 3¢-amino (NH2) group
on the short strand was ligated (Table 1). The amino
group, combined with PCR suppression (Siebert et al.
1995; Broude et al. 2000; Van der Linden et al. 2004),
should prevent amplification of EcoRI- EcoRI frag-
ments. Only PstI-EcoRI, and PstI- PstI fragments will
be amplified. We used the modified EcoRI-adapter to
reduce the complexity of the genomic representation, i.e.
the number of unique amplified restriction fragments in
the PCR mixture. To further reduce the complexity of
the genomic representation, a third endonuclease was
used, i.e. TaqI. No adapters were ligated to the TaqI

sites. Consequently, all fragments that were digested by
TaqI could not be amplified.

Restriction and ligation were performed simulta-
neously to prevent fragment-to-fragment ligation. To
about 500 ng of genomic DNA, 50 ll of restriction-
ligation mixture was added and the solution was
incubated for 2 h at 37�C and 2 h at 65�C. The restric-
tion-ligation mixture contained 5 U each of PstI, EcoRI,
and TaqI (New England Biolabs, Beverly, MA), 10 ll of
5 times restriction-ligation buffer (10 mM Tris-acetate
10 mM magnesium acetate, 50 mM potassium acetate,
5 mM DTT, 50 ng/ll BSA, pH 7.5), 10 mM ATP, 2 U
of T4 DNA ligase (Invitrogen, UK), and 5 pmol of each
adapter (Table 1).

Amplification of the restriction-ligation mixture

The restriction-ligation mixture was diluted 20-fold with
distilled water. From this diluted mix 12.5 ll was used as
a template in a 50-ll PCR with 1.5 U of Taq polymerase
(Promega, Madison, WI, USA) and 15 pmol each of the
two cloning primers listed in Table 1. The PCR was
carried out on a thermal cycler (PTC-200, MJ Research)
using a touchdown PCR program. The amplification
mixture was incubated for 2 min at 94�C, followed by
eight cycles of 94�C for 10 s, 65�C (�1�C each cycle) for
30 s, and 72�C for 2 min, and 29 cycles of 94�C for 10 s,
56�C annealing temperature for 30 s, and 72�C for
2 min. The final extension was at 60�C for 30 min. The
PCR mixture was purified, using the QIAquick PCR
purification kit (Qiagen, Crawley, UK).

Cloning of restriction fragments from Ler and colony
PCR

In order to individualize amplified restriction fragments
from Ler, amplicons were ligated into a T-vector using
the pGEM-T Easy Vector System (Promega, Madison,
WI, USA). The vectors were transformed into compe-

Table 1 The adapter and primer oligonucleotide sequences used for generation of the genomic representation for printing on the
microarrays (cloning) and hybridization to the microarrays (genotyping)

Endonuclease and
recognition site

Use Adapter sequencesa Primer sequences (5¢ to 3¢)

EcoRI
5¢-GflAATTC-3¢ Cloning 5¢-ACTCGTATCTCAACCCGA AAGTATAGACTCCA-3¢ ACTCGTATCTCAACCCGA
3¢-CTTAA›G-5¢ 3¢-NH2- TTCATATCTGAGGTTTAA-5¢

Genotyping 5¢-AGTGCTATGTGAAGGGCA AACTATACAGTGGA-3¢ AGTGCTATGTGAAGGGCA
3¢-NH2- TTGATATGTCACCTTTAA-5¢

PstI
5¢-CTGCAflG-3¢ Cloning 5¢-CTC GTAGACTGCGTACATGCA-3¢ GACTGCGTACATGCAG
3¢-G›ACGTC-5¢ 3¢-CATCTGACGCATGT-5¢

Genotyping 5¢-GTG CTACAGTCGCTAGATGCA-3¢ CAGTCGCTAGATGCAG
3¢-GATGTCAGCGATCT-5¢

TaqI Co-digestion
5¢-TflCGA-3¢
3¢-AGC›T-5¢

a Adapter sequences were formed by annealing the strands whose sequences are listed. Complementary sequences are underlined
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tent XL-Blue (Stratagene, La Jolla, CA) bacteria, and
the cells were plated on LB plates (Sambrook et al. 1989)
containing ampicillin (100 lg/ml), IPTG (0.5 mM) and
X-gal (80 lg/ml) for blue–white color screening. After
overnight growth at 37�C, 2592 white colonies were
picked, and individually grown in 70-ll aliquots of ‘‘LB-
freeze’’ medium [LB medium supplemented with 100 lg/
ml ampicillin, 36 mM K2HPO4, 13.2 nM KH2PO4,
1.7 mM trisodium citrate, 0.4 mM MgSO4. 7H2O,
6.8 mM (NH4)2SO4, and 4.4% (v/v) glycerol]. A 2-ll
aliquot of each individual culture was then subjected to
PCR using the M13 Forward and Reverse universal
primers. Amplification was performed under the fol-
lowing conditions: initial denaturation at 94�C for
6 min, followed by 34 cycles of denaturation (94�C for
30 s), annealing (55�C for 1 min), and extension (72�C
for 2 min). A final extension at 72�C for 3 min was in-
cluded. This yielded a library of 2592 amplified restric-
tion fragments from Ler. Each restriction fragment was
flanked by adapter sequences and small portions of the
pGEM-T Easy Vector.

Printing and processing of microarrays

The unpurified PCRs were dried, dissolved in 35 ll of
VSMR print buffer A (Vanderbilt University, South
Nashville, Tenn.) and spotted in triplicate on SuperChip
poly-L-lysine slides (Erie Microarray) using a MicroGrid
II arrayer (Biorobotics, UK). After printing, the slides
were processed according to the Erie protocol for poly-
L-lysine slides (http://www.eriemicroarray.com/support/
tech.aspx).

Genotyping using the microarrays

Plant material and DNA isolation. The homozygous A.
thaliana ecotypes Ler and Col were crossed, and the F1

progeny were self-fertilized. This resulted in a segregat-
ing F2 population, of which 80 individuals were used for
the construction of a genetic linkage map. The DNA
from Col and the segregating F2 population were iso-
lated using the method described for isolation of Ler
genomic DNA.

Generation of genomic representations

From the DNA samples obtained from the parents and
the 80 F2 plants genomic representations were made by
means of restriction enzyme digestion, adapter ligation
and amplification. These genomic representations were
labeled with Cy5 and hybridized to the microarrays. The
images were analyzed for detection of clones that re-
vealed polymorphism between the parents and segrega-
tion in the progeny. Details are given below.

For Ler and Col two different DNA samples per
genotype were used to prepare the genomic representa-

tions. This DNA was used to prepare the labeled
genomic representations that were hybridized in dupli-
cate to the microarrays. From the 80 F2 plants, 40
genomic representations were hybridized once and the
remaining 40 in duplicate. The preparation of genomic
representations from a genotype started from a single
batch of DNA, but from the endonuclease digestion
onward the replicates were treated separately.

For the generation of the genomic representations for
hybridization, the same complexity reduction method as
described above (see ‘Restriction and ligation of Ler
DNA’) was used. However, the adapter and primer se-
quences of the genomic representation deviated from the
adapter sequences used for construction of the genomic
representation printed on the slides (Table 1). This was
done to prevent hybridization of the adapter sequences
from the genomic representation used for hybridization
to the adapter sequences of the printed fragments. From
earlier experiments (data not shown) we concluded that
application of different adapter sequences increased the
signal to noise ratio considerably.

As a reference signal for all spots, we used a Cy3
labeled vector sequence that flanked all printed restric-
tion fragments of Ler. This 275-bp vector sequence was
obtained by amplification of the poly-linker sequence of
the pGEM-T Easy Vector using M13 Forward and
Reverse amplification primers with the empty vector as
template.

Fluorescent labeling of the genomic representations

The genomic representations and reference DNA were
purified using the QIAquick PCR purification kit (Qia-
gen, Crawley, UK). For each sample, approximately
750 ng of DNA was labeled with Cy5-dUTP and Cy3-
dUTP (Amersham, NJ, USA), respectively, using the
Fermentas DecaLabel DNA labeling kit. The genomic
representations were labeled according to the manufac-
turer’s instructions, except that the reaction volume was
reduced to 5 ll, the incubation time increased to 2 h,
and 0.3 ll of 1 mM Cy5-dUTP or Cy3-dUTP was used
instead of [32 P]dATP. The labeled genomic representa-
tions, referred to as targets, were not purified prior to
hybridization.

Hybridization, washing and scanning

To each target, 5 ll of a 20-fold dilution of Cy3-labeled
reference DNA was added and mixed with 50 ll of a
40:5 mixture of ExpressHyb buffer (Clontech, Heidel-
berg, Germany) and herring sperm DNA (10 g/l). After
denaturating for 2 min at 95�C, these hybridization
mixtures were hybridized to the microarrays overnight
at 65�C. The slides were then washed according to Jac-
coud et al. (2001) and scanned with an Affymetrix 428
scanner.
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Image analysis and scoring for polymorphism

The software package DARTSOFT, Version 7.2.9
(Cayla et al., in preparation) was used to analyze each
batch of scanned microarray images automatically. We
analyzed three batches of images, i.e. from the parents
(2·4), from 40 F2 plants hybridized once and from 40 F2

plants hybridized in duplicate. DARTSOFT localized
the spots, rejected those with weak reference signals,
computed and normalized the relative hybridization
intensities, and identified clones that revealed genetic
differences according to dominant scoring. These poly-
morphic clones were detected by means of a combina-
tion of ANOVA and fuzzy C-means clustering (Wenzl
et al. 2004). A clone was considered to be polymorphic if
the normalized hybridization signals from the different
plants could be grouped into two distinct clusters, i.e. a
cluster of low hybridization signals and a cluster of high
signals, for which the between-cluster variance was at
least 80% of the total variance. A polymorphic clone
was incorporated into a 0/1 dominant scoring table if the
probability of belonging to one of the two classes was
above 0.95 averaged across all slides of the batch of
images, and if it was scored with P > 0.95 in at least
90% of all these slides. Markers that showed conflicting
scores between the replicates or could not be scored in
either of the replicates were scored as unknown.

Construction of genetic linkage map

The automatically generated scoring table from
DARTSOFT was converted into a format suitable for
the software package JoinMap Version 3.0 (http://
www.kyazma.nl) for construction of a genetic linkage
map. Markers that showed an identical scoring pattern
were removed from the scoring table, leaving one mar-
ker per unique segregation pattern. For the markers that
showed an identical scoring pattern, we did not know
whether the underlying clones had identical sequences or
co-segregated because of close linkage. In the first step,
the markers were assigned to linkage groups, based on
the logarithm of the odds (LOD) ratio for each possible
marker pair. The LOD value indicates the likelihood of
linkage by comparing the probabilities of random
association of markers in the progeny to association
caused by linkage. We used LOD values in the range of
3.0–5.0, whereas the final assembly of linkage groups
was completed using a LOD value of 3.0. In the second
step, the calculation of a linear order of markers within a
linkage group was calculated in JoinMap 3.0 using the
default settings of the mapping parameters. In addition,
we varied the settings of the most critical mapping
parameters to validate the robustness of the map. We
changed the threshold of linkage for marker pairs that
should be included to calculate the map from a LOD
value of 1 (default) to LOD values of 0.05 and 2. We
also changed the v2 threshold for the removal of loci
with respect to jumps in the goodness-of-fit from 5

(default) to 0 (minimum). The genetic linkage maps
generated with all these different mapping parameter
settings were then compared.

Sequence analysis of the polymorphic clones from Ler

Sequencing procedure

The polymorphic Ler clones were sequenced using the
ABI PRISM BigDye Terminator Cycle Sequencing
Ready reaction kit (Perkin-Elmer, Wellesley, MA) and
analyzed on an ABI 3700 sequencer. For the majority
of the clones a full-length sequence could be obtained
using the M13 Forward primer. For a few large frag-
ments it was necessary to use the M13 Reverse
sequencing primer to obtain the full-length sequence of
the fragment.

Analysis of the sequences

The sequences were analyzed using the Lasergene soft-
ware program Seqman (DNAstar Inc., Madison, WI).
The vector and adapter sequences were removed and the
original restriction sites restored.

Sequence alignments to the Col genome (Version 5.0,
2004) were performed using the Basic Local Alignment
Search Tool (BLAST, Version 2.2.8) at the NCBI
database (Altschul et al. 1997). The BAC clone with the
highest sequence similarity was selected and used to
obtain the position (in bp) on one of the five chromo-
somes. This was performed with the SeqViewer program
(Version Feb 2004; Rhee et al. 2003) from The Arabid-
opsis Information Resource (TAIR; http://www.arabid-
opsis.org/servlets/sv). To scale the sequence map
positions from Col (kb) to the genetic map positions
(cM) of Ler, the two most distal markers on each
chromosome were fixed. The program MapChart Ver-
sion 2.11 (Voorrips 2002) was used to display the posi-
tions of the DArT markers on both the genetic linkage
map of Ler and on the sequence map of Col.

Furthermore, the homologous Col sequences were
checked for the presence of intact PstI or EcoRI
restriction recognition sites at the same locations as in
the Ler sequences. We also checked whether a TaqI site
was present in the homologous Col sequence. The pur-
pose of this analysis was to verify that the segregation of
the DArT markers could be explained on the basis of
SNPs or InDels in the sites recognized by the restriction
enzymes used. This was an additional check on the
quality of the DArT markers.

Sequences that showed no or very low similarity
to the Col genome were aligned to the Ler sequence
data from the Cereon Arabidopsis Landsberg
Sequence Database (http://www.arabidopsis.org/Cereon/
index.jsp) and the random Ler sequence database from
The Institute for Genomic Research (http://www.
tigr.org/tdb/e2k1/ath1/atgenome/Ler.shtml).
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Results and discussion

The high-throughput fingerprinting technique DArT can
detect DNA polymorphisms by scoring the presence or
absence of specific DNA sequences in a defined genomic
representation (i.e., a representative subset of genomic
fragments) through hybridization to microarrays (Jac-
coud et al. 2001; Wenzl et al. 2004). Although DArT has
been applied in rice to detect polymorphisms, its use-
fulness for constructing genetic linkage maps has only
recently been demonstrated (Wenzl et al. 2004) in barley.
By taking advantage of the availability of the whole-
genome sequence of A. thaliana, we were able to validate
the quality and suitability of DArT for mapping. The
quality of the data obtained was evaluated on the basis
of the following criteria.

Reproducibility

The DArT marker scores for 40 F2 genotypes were
generated on two series of slides. The marker scores
from the first series of slides were compared with the
marker scores from the second series. Two images gen-
erated for one F2 genotype hybridized to the array are
available as Electronic Supplementary Material (Fig.
S1). The two replicates started from the same DNA
samples of the 40 F2 genotypes and one restriction-
ligation event per genotype, but were based on separate
amplifications and subsequent steps. The data were
evaluated for the 190 clones that revealed segregation in
the F2 population, which resulted in 7600 pairs of scores
(40 · 190). In nine out of these 7600 scoring pairs con-
flicting scores were found. This corresponds to a
reproducibility of 99.88%, similar to the value reported
for DArT in barley (Wenzl et al. 2004).

Consistency of genetic differences between the parents,
and Mendelian segregation in the F2 population

The Cy5-labeled genomic representations from Ler and
Col were hybridized to the microarrays in four repli-
cates, starting from two different DNA isolations per
parent, as described in Materials and methods. The Cy5
hybridization signals were corrected for the amount of
DNA spotted by calculating the Cy5/Cy3 ratios per
spot, using the software DARTSOFT. The Cy5/Cy3
ratios per spot were averaged per clone among the three
spots per slide, normalized per slide, and averaged
among the four slides that were hybridized with a la-
beled PCR mixture from Col.

For the majority of the printed Ler clones, the
normalized hybridization signal from Ler was approx-
imately as high as the normalized signal from Col.
These clones are located around the diagonal in Fig. 1,
and do not reveal genetic differences between Ler and
Col.

Clones located below the diagonal hybridized with
fragments that were amplified in Ler, but not in Col and
therefore can be regarded as genetic markers. Apart
from clones that yielded low-intensity signals, all of
these markers could be scored as reliable segregating
markers in the progeny. We found no segregating
markers that showed a higher Col signal than Ler signal.
The reason for this is that only clones from Ler were
printed.

Segregating markers were not always characterized
by a strict presence versus absence pattern. Consistent
differences in the intensity of the hybridization signal
were sufficient to identify restriction fragments that
segregated as reliable markers.

Robustness of the genetic linkage map

Based on the hybridization images for the 80 F2 plants,
we generated a dominant scoring table for 190 segre-
gating clones, using DARTSOFT. This F2 scoring table
was formatted as an input file for JoinMap. The 190
markers showed 74 (�40%) unique segregation patterns.
Using a LOD threshold value of 5.0, all 74 markers
showed linkage to at least three other markers, allowing
reliable mapping by three-point analysis. This LOD
value resulted in six linkage groups with 18, 16, 14, 13, 9,
and 4 markers, respectively. As A. thaliana has five
chromosomes we lowered the LOD value to 3.0; at
this value five linkage groups were obtained. Lowering
the LOD value did not change the assignment of the
remaining markers to the linkage groups, nor did it

Fig. 1 Hybridization signals from a Cy5 labeled Ler representa-
tion and from a Cy5 labeled Col representation. Cloned
fragments from Ler were printed on the slides. Clones that did
not show significant segregation in the F2 population (blue
triangles) generally appeared to have a similar Col and Ler signal
and therefore fall on the diagonal. For clones that showed
Mendelian segregation in the F2 population (red triangles), the
Ler signal was clearly higher than the Col signal, and these can be
regarded as Ler specific
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affect the order of the markers. The two joined groups
indeed belonged to one chromosome, as was confirmed
by alignment of the genetic and sequence maps (see
below).

For most datasets JoinMap needs three rounds to
determine the linear order of the markers (J. W. van
Ooijen, personal communication). In the first round all
markers are included that can be positioned well within
a linkage group according to the v2 tests. In the second
and third rounds the markers are included that cause
tension in the map (above the v2 threshold). The amount
of tension in the map is indicative for the quality of the
data set. Initially we used a v2 threshold of five (stan-
dard), beyond which markers were not positioned on the
map. With this setting all markers could be positioned in
a single round. However, the v2 threshold could easily be
lowered to zero (minimum), and all markers were still
included in the first round, making a second and third
round unnecessary. Although the number of markers is
relatively low, inclusion of all markers during the first
round is exceptional and indicates a high quality of the
marker data. Overall the map was extremely robust,
since all parameter settings used resulted in the same
genetic linkage map.

As only clones derived from Ler were printed on the
slides, the genetic linkage map obtained is a map for Ler

(Fig. 2). The average spacing between the 74 loci is
5.4 cM, and there is no obvious clustering of the
markers.

Microsoft Excel was used to display the DArT scores
according to the order of the markers on the linkage
groups (Supplementary Table S1) and to visualize the
recombination events in all progeny. This allowed us to
detect singletons. Singletons are often the result of
scoring errors, and thus can be regarded as indicators
for data quality. Errors may result in extra, apparent but
nonexistent, crossovers, altering marker order, map
length or both (Buetow 1991; Lincoln and Lander 1992).
Some scoring errors can be resolved by thorough
checking of data, but apparent ‘‘false errors’’ arising
from, for example, double crossovers (DCOs) or DNA
methylation events are not data-scoring errors (Knox
and Ellis 2001).

In our dataset we identified eight singletons in the 74
unique segregation patterns. Six out of these eight were
assayed more than once because of redundancy of
printed clones. In all cases these redundant clones had
identical scores, which indicates that these singletons
were not a result of scoring errors. In two other cases
replicates were not available. Most markers responsible
for a singleton mapped far (>5.4 cM) from their
flanking markers, making it more likely that a true
double recombinant event had occurred.

Colinearity of the genetic linkage map
and the sequence map

The 190 Ler clones used for the construction of the ge-
netic linkage map were sequenced and compared to the
whole-genome sequence of Col. This enabled us to po-
sition the DArT markers on the Col sequence map and
evaluate the colinearity of markers on the two maps
(Fig. 2) The sequence analysis resulted in 107 unique
sequences, of which 97 (90.7%) could be located on the

Fig. 2 Colinearity between DArT markers on the genetic linkage
map of Ler (left) and the same markers on the Col sequence map
(right). The genetic linkage map of Ler is based on 190 DArT
markers that segregated in an F2 population of 80 individuals
obtained from a Col · Ler cross. For clarity only non-redundant
markers are displayed. Approximate centromere locations are
shown as ellipses. Ler markers for which no homologous sequence
could be found in the Col genome are highlighted in green. Markers
that showed high homology to (retro-) transposons are highlighted
in red. For marker 4D04 (bold) on chromosome 1, the position on
the Ler genetic map was not in agreement with the position on the
Col sequence map
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sequence map of Col. The order of all, except one (dis-
cussed later), of these markers on the genetic map
coincided with the order on the sequence map.

The remaining 10 (9.3%) Ler sequences could not be
positioned on the sequence map of Col. For seven out
of these 10 sequences little or no homology to the Col
genome sequence could be found. These sequences were
aligned to Ler sequences in the NCBI Arabidopsis
database, the Cereon Ler database, and the TIGR Ler
database. All seven sequences matched sequences in
one of the Ler databases. Although there is a possibility
that some of these markers do not match the Col
genome sequence because these regions were missed in
the BAC-based sequencing approach, they are more
likely to be part of large insertions in the Ler genome
or deletions in the Col genome. Two of these sequences
showed high homology to previously identified trans-
posons unique for the Ler accession. One of these was
the Tag1 element (5N02) and the other was Ta1-2
(5L08) (Bhatt et al. 1998; Voytas et al. 1990). Accord-
ing to our results the Tag1 element maps on the lower-
arm of chromosome 1 (see clone 5N02 in Fig. 2). This
is in agreement with the position shown by Bhatt et al.
(1998).

Three sequences (4C21, 2N13, and 3M21) showed
high homology to retrotransposons. As copies of these
retrotransposons are present at multiple positions in
the genome, it was not possible to determine a single
location on the Col genome. Because multiple copies
were present in the Col genome, we were surprised
that segregation of these sequences in the F2 popula-
tion could be followed reliably. However, we then
found that all copies that showed high homology to
these elements had a polymorphism in one of the
restriction sites in Col, preventing amplification of any
of these fragments from Col. In addition only a single
copy, containing the restriction sites necessary for
amplification, could be found in the Ler sequence
databases.

The position of clone 4D04 on the sequence map did
not correspond to that on the genetic map (Fig. 2). On
the sequence map of Col this marker was positioned
more than half a chromosome away from the position
on the genetic map of Ler. A small distance would be
consistent with some scoring errors. However, the large
distance actually observed may point to a translocation
of a part of the Ler genome relative to the Col genome.

The colinearity of the markers on the genetic map of
Ler with these markers on the sequence map of Col is
an additional proof of the high quality of the genetic
map, and therefore of the high quality of the DArT
markers.

Molecular basis of DArT polymorphisms

The inserts were generated using the restriction enzymes
PstI, EcoRI, and TaqI. Both PstI and EcoRI recognize a
6-bp sequence, whereas TaqI recognizes a 4-bp motif. A

standard adapter was ligated to the PstI sites, and a long
asymmetric adapter with a 3¢ amino group was ligated to
the EcoRI sites (Table 1). This should result in the
amplification of PstI-EcoRI fragments and some PstI-
PstI fragments. Among the 107 clones sequenced, we
found 106 PstI-EcoRI fragments and one PstI-PstI
fragment. The efficiency of the modified EcoRI adapter
is illustrated by the fact that no EcoRI-EcoRI fragments
were found.

Comparison of the 107 sequences of the Ler clones
with the Col genome sequence allowed us to analyze the
molecular basis for the polymorphic behavior of the
DArT markers (Fig. 3). The segregation of 33 markers
(30.8%) could be explained on the basis of the presence
of an EcoRI site in Ler that is absent in the homologous
Col sequence. Sequence differences in PstI sites could
explain 24 markers (22.4%). The co-digesting enzyme
TaqI explained 28 markers (26.2%). A total of six
markers (5.6%) revealed polymorphisms in more than
one restriction site. For seven markers (6.5%) no
homologous Col sequence could be found. By align-
ments to the available Ler sequences, we were able to
confirm that these sequences were based on Ler specific
insertions ranging in size from 200 to 680 bp. For the
remaining nine markers (8.4%) we could not explain the
segregation by sequence differences between Ler and
Col. As PstI is a methylation sensitive enzyme, a pos-
sible explanation for the segregation of these markers is
that the PstI sites were not methylated in Ler, but may

Fig. 3 The molecular basis of DArT markers was generally
polymorphism between Ler and Col in the restriction sites of the
endonucleases used. In cases where no SNP or InDel could be
detected in any of the restriction sites, the differential behavior was
probably based on the presence of methylation in the PstI site in
Col, but not in Ler
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have been methylated in Col. Mendelian inheritance of
such methylation-based polymorphisms has been shown
in a number of organisms (Messeguer et al. 1991; Cer-
vera et al. 2002).

The above findings clearly show that DArT can
effectively detect SNPs and InDels in restriction sites. An
additional advantage is that DArT clones can readily be
sequenced and thus provide information for conversion
into PCR-based markers.

Degree of polymorphism and redundancy

Out of 2592 clones picked, 190 (7.3%) appeared to re-
veal polymorphism between Col and Ler. Based on high-
quality DNA sequence data, Schmid et al. (2003) found
1241 SNPs and InDels between Col and Ler in
216,760 bp, equivalent to a polymorphism score of
0.57%. For the creation of the genomic representations
we used three enzymes that recognized 6+6+4 =
16 bp. A rough estimate of the frequency of polymor-
phic DArT markers based on the sequence data from
Schmid et al. (2003) would then be 16 · 0.57% = 9.1%.
The degree of polymorphism we found (7.3%) is in
reasonable agreement with this calculation.

From the 190 segregating clones 107 appeared to be
unique. This implies a degree of redundancy of �1.78
fold. The whole-genome sequence of Col allowed us to
estimate the number of PstI-EcoRI and PstI-PstI frag-
ments without TaqI sites in between. If methylation of
PstI sites is ignored the number of fragments in the size
range 50–1000 bp is 5237. We picked 2592 clones. If
each of the 5237 fragments had an equal probability of
being cloned and picked, the expected number of cloned
fragments is 2045, resulting in an expected redundancy
of 1.27. However, the observed redundancy is higher
(1.78). We presume that this is caused by three phe-
nomena. (1) Methylation will decrease the number of
accessible PstI sites, and consequently the number of
amplicons. (2) Differences in the efficiency of PCR
among fragments may have resulted in unequal ampli-
fication of fragments. (3) Differences in cloning effi-
ciency among amplicons may also have resulted in some
sampling bias.

The redundancy lowered the number of markers, but
it also provided us with the opportunity to check whe-
ther redundant clones showed identical segregation in
the F2. Redundant clones appeared to be positioned
always at exactly the same position on the genetic map
of Ler. This again underlines the reproducibility of the
DArT scores.

Although the total number of markers generated in
this study is still limited, we could have doubled the
number of markers if, in addition to the Ler fragments,
fragments from Col had also been spotted. Further-
more, an enzyme combination that resulted in a more
complex genomic representation would also have al-
lowed us to generate more markers and reduce the
redundancy.

Conclusion

We have successfully applied DArT with several mod-
ifications to the model plant A. thaliana. Using the
available genome sequence, we were able to validate the
quality of DArT and the molecular basis for poly-
morphism of the DArT markers. These results indicate
that DArT provides high quality markers that can be
used to construct medium-density genetic linkage maps.
DArT can be fine-tuned to detect polymorphism in
species with various genome sizes. This fine-tuning can
be achieved by using the appropriate complexity
reduction method or by making use of enrichment
techniques prior to cloning. Therefore we argue that
DArT is a good alternative to currently used techniques
for whole-genome fingerprinting. Among the advanta-
ges of DArT are: (1) it provides high-quality markers,
(2) it is not reliant on DNA sequence information, (3) it
is non-gel based, (4) it is amenable to full automation,
(5) is cost-effective, especially for highly multiplexed
assays (>100 markers); and (6) integration of DArT
maps is straightforward.
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