
Linkage disequilibrium (LD), the nonrandom occurrence of
alleles in haplotypes, has long been of interest to population
geneticists. Recently, the rapidly increasing availability of
genomic polymorphism data has fueled interest in LD as a
tool for fine-scale mapping, in particular for human disease
loci1. The chromosomal extent of LD is crucial in this context,
because it determines how dense a map must be for associa-
tions to be detected and, conversely, limits how finely loci
may be mapped2. Arabidopsis thaliana is expected to harbor
unusually extensive LD because of its high degree of selfing3.
Several polymorphism studies have found very strong LD
within individual loci, but also evidence of some recombina-
tion4–6. Here we investigate the pattern of LD on a genomic
scale and show that in global samples, LD decays within
approximately 1 cM, or 250 kb. We also show that LD in local
populations may be much stronger than that of global popu-
lations, presumably as a result of founder events. The combi-
nation of a relatively high level of polymorphism and
extensive haplotype structure bodes well for developing a
genome-wide LD map in A. thaliana.

Population genetics theory tells us that we should expect LD to
vary greatly over the genome simply because of random history.
Nevertheless, some general patterns are expected. Most notably,
LD will tend to decay with distance, because historical recombi-
nation events will have made alleles at linked loci occur indepen-
dently of each other. The average rate of decay will depend on the
demographic history of the population as well as several other
parameters. A high degree of inbreeding, such as results from
selfing, can have a particularly strong effect. This is most easily
seen by considering the extreme case of a completely selfing
species in which recombination still occurs but no longer has any
effect on LD. In partial-selfers, LD still decays with distance,
although much slower than in comparable outcrossing species3.

A. thaliana is believed to be at least 99% selfing7–8. In addi-
tion, it is characterized by a patchy distribution of highly inbred
populations7–9. LD should therefore be extensive in this species.
Indeed, attempts have been made to estimate the ‘phylogeny’ of
the various accessions (ecotypes) of A. thaliana10,11, the notion
of which presumes little or no recombination between these
accessions. As would be expected, however, given that polymor-
phism studies show that individual loci have experienced at
least some recombination4–6, it is now clear that no such phy-
logeny exists12. What is not clear is the genomic scale over
which recombination causes LD to decay.

To study the decay of LD, we sequenced 13 short segments
from a 250-kb region surrounding the flowering time locus FRI
in a global sample of 20 accessions. We found (Fig. 1) that LD
decays strongly with distance in this region, which corresponds
to roughly 1 cM (see Methods).

To investigate whether the rapid decay of LD observed in this
region was representative of the genome, we analyzed 163 genome-
wide single-nucleotide polymorphisms (SNPs)13 typed in a global
sample of 76 accessions. There is a very weak relationship between
LD and distance in these data: the genome-wide markers are evi-
dently sufficiently far apart for recombination to have broken up
most associations (Fig. 2). This is in agreement with the data shown
in Fig. 1, because only very few pairs of the SNP markers are as
closely spaced as maximum spacing in the FRI region. The one
exception is a region on chromosome 4 with an unusually dense
marker distribution, but LD in this region seems to decay even
more quickly than in the FRI region, perhaps within 50 kb (Fig. 2,
bottom right plot). The difference between these regions could be
due to many factors: chance (random history), different samples,
differences in the local recombination rate, and selection. The
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Fig. 1 LD as a function of distance. Plot shows LD in an approximately 250-kb
(∼ 1 cM) region on chromosome 4. The data consist of 83 polymorphic sites
(from 20 individuals) in 13 widely separated segments of 0.5–1 kb; thus, the
distribution of distances between pairs of markers is highly nonuniform.
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influence of selection is supported by the observation that whereas
FRI may be involved in local adaptation14, the other region contains
the disease-resistance locus RPP5, which may be subject to fre-
quency-dependent selection15. Local adaptation is expected to
decrease the effective heterozygosity at a locus and thus increase
LD; frequency-dependent selection is expected to have the opposite
effect16. A potentially important difference between the samples
concerns ascertainment: whereas the data shown in Fig. 1 include
all polymorphic sites in the sample, the data in Fig. 2 include only
polymorphisms that distinguish two particular accessions (Ler and
Col)13. This could bias the results. However, analysis of subsamples
of the data in Fig. 1 suggests that this difference between the sam-
ples does not explain the difference in the
decay of LD (data not shown).

Notably, LD is highly dependent on
the ages of the alleles involved. Even if LD
in general decays within 250 kb, there
will still be young alleles surrounded by
much more extensive LD. Our results
concern only the rate at which LD
decays; there is little evidence for long-
range LD in the present data. Indeed, the
distribution of LD values for pairs of
markers located more than 250 kb apart
is similar to that for pairs of markers

located on different chromosomes (Fig. 3). The distribution for
closely linked pairs is completely different. The absence of
genome-wide LD suggests that no ‘phylogeny’ of accessions exists:
as expected, trees built from these data are almost completely star-
like, and there is little evidence of global population structure.
There is a bias, however, towards rare alleles in the SNP data (data
not shown). This is consistent with other studies and may reflect a
population expansion12,17.

How does the pattern of LD reported here differ from that
observed in other organisms? The rate of decay of LD in A. thaliana
seems to be 1/50 of that in Drosophila melanogaster, where LD typi-
cally decays within 1 kb (ref. 18). Maize seems to be similar to 

Fig. 3 P values under Fisher’s exact test for the
genome-wide SNP markers. In the absence of LD,
we would expect 10% of all comparisons to show
association at the 0.1 level, 1% at the 0.01 level,
and so on. The histogram shows these expectations
along with the observed frequencies for compar-
isons between closely linked SNPs, distantly linked
SNPs and SNPs on different chromosomes.
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Fig. 2 LD as a function of distance for 163 genome-wide SNP markers13. Markers were typed in 76 accessions. The number of pairs of markers separated by less
than 250 kb (the maximum distance in Fig. 1) is 5, 11, 11, 179 and 2 for chromosomes 1–5, respectively. Chromosome 4 stands out because it contains a 500-kb
region (not overlapping the FRI region) with 25 markers: the pattern of LD in this region is shown in the bottom right plot. Note that LD should reflect genetic
rather than physical distance. Genetic positions are available for most of these markers, but because the estimates are highly unreliable for the short distances
within which LD is strong, we show physical distances instead. Plots of LD against genetic distance look qualitatively very similar (data not shown).
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D. melanogaster in this respect19,20. The extent of LD in humans is
highly controversial21–23. Depending on the region studied, LD
seems to decay over a scale of a few kilobases to several hundred
kilobases, overlapping the range observed here. Note, however,
that even if the extents of LD in humans and A. thaliana are com-
parable, the overall patterns of polymorphism are very different,
because A. thaliana harbors ten times more polymorphism than
Homo sapiens. In other words, there are many more polymorphic
sites per recombination event in the A. thaliana genome, which
leads to extensive haplotype structure. These differences are to some
extent in accordance with theoretical predictions (see Methods).

A topic of much debate in human genetics is whether LD is
more extensive in small, isolated populations than in larger
ones21,22,24,25. This would be expected if the populations had
been founded by very small numbers of people. It seems clear
that such founder effects must be especially dramatic in 
A. thaliana, which is capable of founding a population with a
single seed. To investigate this, we analyzed the pattern of LD
in several local populations from Michigan, using markers sur-
rounding the disease resistance locus RPM1. As shown in 
Fig. 4, there is extensive LD in these populations, with LD
decaying on a genome-wide scale, over 50–100 cM. Indeed, as
A. thaliana may have been recently introduced to North Amer-
ica, it is possible that the decay of LD observed in these popula-
tions is mainly due to outcrossing and recombination events
that have taken place in the last 200 years. With respect to
RPP5, it is possible that frequency-dependent selection on
RPM1 may have influenced the pattern26.

We have shown that LD in A. thaliana is extensive, but not too
extensive to be useful for mapping. It is clear that a genome-wide
map would require many markers per cM that is, thousands for
the entire genome. Compare this with maize and D. melanogaster,
where markers every 100 bp seem to be needed (but mapping at a

very fine scale is, on the other hand, possible)18-20. It is also clear
that the several hundred markers on the existing A. thaliana SNP
chip13 will not usually suffice. For example, hypocotyl elongation
in response to light was measured for the accessions used in the
SNP survey, but no significant associations with any marker were
found (J.O.B., unpublished data). This is not unexpected, given
the observed rate of decay of LD. Relevant data (flowering time)
are also available for the accessions in the FRI study27. The density
of markers in this region is clearly sufficient, but the sample size
turns out to be too small, given the considerable genetic hetero-
geneity of the trait14, for any association to be found (M.N.,
unpublished data). Avoiding genetic heterogeneity may prove to
be the main advantage of local population samples in
humans1,25,28,29. As we have shown, however, local populations of
A. thaliana may also have much more extensive LD, raising the
possibility that it may be possible to ‘zoom in’ on loci by using
appropriate population samples. Population structure increases
the risk of false positives in LD mapping, but statistical methods
to circumvent this problem are being developed19.

The advantages of selfing for LD mapping should be empha-
sized. First, inbreeding increases LD without greatly decreasing
polymorphism3. Second, haplotype data can be obtained without
extra effort, avoiding a major problem in human genetics. Both
factors suggest that modern LD mapping methods based on hap-
lotype sharing could be very powerful in this model species and
perhaps also in other selfers, such as rice and barley.

Methods
Sequencing survey in FRI region. We sequenced 13 segments of 0.5–1 kb in a
250-kb region surrounding the flowering-time locus FRI in a sample of 20
previously described27 accessions: Kent, Condara, Rsch-4, Algutsrum,
Tamm-46, Pu-2-3, Shakhdara, Lisse, Lund, Köln, Got-32, Tsu-0, Ler, NC-6,
Mt-0, Vimmerby, Kz-9, Pu-2-8, Dem-4 and Col. Each segment was amplified
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Fig. 4 LD as a function of genetic distance in local Michigan populations. LD is much more extensive than in global samples. The plots show the decay of LD
in four populations (samples of 71, 91, 117 and 80 individuals, respectively) as well as in the pooled sample of 359 individuals. The data consist of 39 segre-
gating sites from seven loci, six of which are on chromosome 3, linked to the disease resistance locus RPM1. The bottom right plot shows a small subset of
these markers typed in a global sample of accessions (samples of 12–28 individuals, depending on the marker). Consistent with the results presented in  
Figs 1 and 2, LD does not decay with distance in this plot.
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from genomic DNA using primers constructed from the A. thaliana genome
sequence and then sequenced in both directions. We resolved almost all dis-
crepancies by repeated sequencing; however, it should be noted that for our
analyses only polymorphisms present in more than one individual were used.
Details will be reported elsewhere (J.H. and M.N., manuscript submitted).

SNP data. We genotyped 76 accessions from a world-wide sample using the
Arabidopsis AT412 SNP chip and used Intermap1 software13 to evaluate raw
values from hybridization intensities. We used 12 replicates of Ler and 5 repli-
cates of Col to develop a predictive model for calling the genotypes of 163
reproducible markers (MNPs excluded). The model used logistical regression
as implemented in the R statistical software. Using the coefficients from this
model and the raw values from the accessions, we determined the probability
of the Col genotype for each marker for each accession: P>0.8 was assigned
‘Col’ and P<0.2 was assigned ‘Ler’; otherwise the genotype was not called.
These cut-offs were found to have an error rate of 8/2403<0.005.

Sequencing survey in Rpm1 region. We typed A. thaliana populations in
the Chicago area at Rpm1 (chromosome 3, 13 cM) using allele-specific
PCR26. Four polymorphic populations were sampled: Rmx and NP in
Berrien County, Michigan; RM in LaPorte County, Indiana; and Kno in
Starke County, Indiana. We either designed marker loci from genomic
clone sequences near markers placed on both genetic and physical maps
(F4P13, chr 3/5 cM; MGH6, 3/18; F4P13, 3/52; F4F15, 3/72), or chose
them from known genetic markers (Ap3, 3/84; Cal, 1/46). We ascertained
polymorphisms by first sequencing both strands in accessions previously
studied at Rpm1 (ref. 26) and then genotyped population samples using
single-pass sequencing; new polymorphisms detected in the population
samples were confirmed with additional sequencing. Details are reported
elsewhere (E.A. Stahl et al., manuscript submitted).

LD analyses. We plot LD as r2, the squared correlation coefficient. We
removed singleton polymorphisms in all data, as they contribute little
information about LD and are often due to typing errors. For each pair of
loci, we calculated LD using the maximum number of haplotypes that is,
individuals for which some data were missing were not removed.

Theoretical predictions. According to population genetics theory, the rate
of decay of LD is mainly determined by the compound parameter 4Nr
(1–F), in which N is a scaling factor (the effective population size), r is the
recombination probability per generation per bp, and F is the inbreeding
coefficient3. In outcrossers, F=0, whereas in a 99% selfer, F=0.98. Thus,
99% selfing should decelerate the rate of decay of LD—the rate of decay
being approximately 2% of that predicted were no selfing to occur.

Direct estimates of the compound parameter Nr are unreliable. An
alternative procedure is to obtain a rough estimate of r by comparing
genetic and physical distances. For example, 1 cM corresponds, on average,
to 1 Mb in humans, so r must be, on average, 10–8. In D. melanogaster and
A. thaliana, r seems to be, on average, four times greater.

The effective population size, N, can be estimated through the level of
nucleotide diversity, which according to standard population genetics the-
ory is proportional to Nu, where u is the probability of a neutral mutation
per base pair per generation. This parameter can be estimated using phylo-
genetic methods and is generally found to be 10–9–10–8. The effective pop-
ulation sizes of D. melanogaster and A. thaliana seem to be comparable;
that of humans seems at least an order of magnitude smaller.

These kinds of rough calculations suggest that LD in A. thaliana should
decay no more than 2% as quickly than in D. melanogaster, and that
humans should have more extensive LD than D. melanogaster but less poly-
morphism. Note that these predictions ignore population structure.

URLs. For SNP data: R statistical software, http://www.R-project.org;
list of accessions, marker data and the R analysis script, http://www.ara-
bidopsis.org.
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