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ABSTRACT

Arabidopsis thaliana is a highly selfing plant that nevertheless appears to undergo substantial recombina-
tion. To reconcile its selfing habit with the observations of recombination, we have sampled the genetic
diversity of A. thaliana at 14 loci of ~500 bp each, spread across 170 kb of genomic sequence centered
on a QTL for resistance to herbivory. A total of 170 of the 6321 nucleotides surveyed were polymorphic,
with 169 being biallelic. The mean silent genetic diversity () varied between 0.001 and 0.03. Pairwise
linkage disequilibria between the polymorphisms were negatively correlated with distance, although this
effect vanished when only pairs of polymorphisms with four haplotypes were included in the analysis. The
absence of a consistent negative correlation between distance and linkage disequilibrium indicated that
gene conversion might have played an important role in distributing genetic diversity throughout the
region. We tested this by coalescent simulations and estimate that up to 90% of recombination is due to

gene conversion.

ENOME projects facilitate evolutionary studies,
which in turn help to interpret the information
uncovered by large-scale sequencing (CHARLESWORTH
etal. 2001). As a consequence, interestin the population
genetics of the model plant Arabidopsis thaliana has
grown steadily over the past decade. Three central ob-
servations have emerged from the analyses of the seven
or so loci that have been subjected to comparative se-
quencing in this cruciferous weed (KAWABE et al. 1997;
PURUGGANAN and SuppiTH 1998, 1999; KUITTINEN and
Acuapt 2000; SAVOLAINEN et al. 2000): (i) There is an
excess of rare polymorphisms, (ii) a number of genes
have alleles that fall into two distinct classes (allelic
dimorphism), and (iii) there is more recombination
than might be expected, given that A. thalianais a selfer.
The excess of rare polymorphisms, often indicated by
a negative value of Tajima’s D, is perhaps the least surpris-
ing of these findings. Most structural genes are subject
to purifying selection, leading to an excess of rare fre-
quency segregating sites. The converse, i.e., an excess
of genetic diversity (), is an infrequent but often highly
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significant exception, as seen, for example, at the RpmI
resistance locus of A. thaliana (STAHL et al. 1999).

There is a slight tension between the observation of an
excess of rare polymorphisms and allelic dimorphism.
Extreme cases of the latter correspond to a deficiency
of rare polymorphisms, as observed at the RpmI locus
(STAHL et al. 1999), and may therefore be evidence for
balancing selection. However, the reason for the appar-
ent dimorphism may simply be that in a sample of n
sequences the expected time required for the last two
lineages to coalesce is equal to that taken by the first
n — 2 sequences (KINGMAN 1982a,b). In other words,
even neutral genealogies tend to have deep splits, and
since branch lengths are proportional to the number
of segregating sites, apparent dimorphism might result
from such a neutral process.

The most enigmatic observation concerns recombina-
tion. The outcrossing rate of A. thaliana has been esti-
mated as 0.3% (ABBOT and GoMEs 1989), which is very
low. On the other hand, M1yAsHITA et al. (1999) found
no significant linkage disequilibrium among 472 AFLP
markers scored in 38 ecotypes. This contrasts with the
situation in another well-studied selfing plant species,
wild Barley (Hordeum spontaneum). Its outcrossing rate
has been estimated as 1.6% (BROWN et al. 1978) and in
an extensive allozyme study 20 out of 28 populations
investigated displayed significant genome-wide linkage
disequilibrium (BRoOwN et al. 1980). However, using an
extension of the test for linkage disequilibrium applied
to H. spontaneum (HAUBOLD et al. 1998), SHARBEL et al.
(2000) detected highly significant linkage disequilib-
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Ficure 1.—The effects of reciprocal recombi-
nation (R) and gene conversion (C) on the distri-
bution of genetic material.
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rium among 79 amplified fragment length polymor-
phism (AFLP) loci scored in 142 ecotypes (henceforth
referred to as accessions) of A. thaliana. Nevertheless, the
extent of recombination in A. thaliana has remained
unclear, prompting the present study.

We employed the genomic sequence of the Columbia
accession of A. thaliana to sample the genetic diversity
among 39 accessions at 14 loci of ~500 bp each in a
region spanning 170 kb on chromosome 5. The region
was chosen because a polymorphism for production of
defensive metabolites maps within this interval (Kroy-
MANN et al. 2001).

In this study we examine the mode of recombination
in this region. Depending on the way the Holliday Junc-
tion is resolved, recombination may result either in re-
ciprocal recombination or in gene conversion (Figure 1).
Reciprocal recombination affects a series of homologous
loci downstream of the recombination break point.
Gene conversion, on the other hand, leads to the alter-
ation of single segments only. Therefore, recombination
causes the decay of linkage disequilibrium with distance,
while no such effect results from gene conversion if conver-
sion tracts are short (WIEHE et al. 2000). We have applied
this idea to our data and discovered that a substantial
input from gene conversion is likely.

MATERIALS AND METHODS

Plant material and DNA sequencing: The 39 accessions used
in this study are listed in Figure 3. Primers were designed
using the published sequence of the accession Columbia and
the software PRIMER3 (RozeN and SKALETSKY 1998). Total
DNA was extracted from leaves of single plants, amplified,
and sequenced directly on both strands. All primer pairs are
shown in Table 1.

Data analysis: Alignmeni: DNA sequences were aligned using
PILEUP (GCG Wisconsin Package) and all computations were
carried out after gap removal.

Nucleotide diversity: Most loci in our sample contained coding
as well as noncoding regions (Table 2). To compute the aver-
age number of silent substitutions between pairs of sequences
(m,) we included the third codon positions of the coding
regions as well as the complete noncoding segment and ap-
plied

. n n—1
Msilent = m 2 Emi,
i=1j>i
where n is the sample size, L the number of silent positions
in the alignment, and m; denotes the number of mismatches
between the ith and jth haplotype.
Confidence intervals for m; were estimated using the boot-

strap procedure (EFRON 1979) across taxa: Rows of the aligned
data matrix were resampled with replacement and the average
number of pairwise mismatches per nucleotide was recalcul-
ated 10,000 times. The resulting mismatch values were sorted,
and the 2.5 and 97.5% quantiles were looked up in the sorted
array.

Pairwise linkage disequilibrium: We use the normalized linkage
disequilibrium, D', to quantify pairwise linkage disequilibria
(LEWONTIN 1964). Consider two biallelic loci, ¥ and ¥, and
denote the probability of finding allele “1” at locus & by p,
and at locus Y by ¢. The frequencies of the possible four
haplotypes are denoted Py, Py, Py, and P;;. We define d =
PyPiy — Py Py as the linkage disequilibrium. Then, the desired
disequilibrium measure is

- d s ifd>0
min(p(l = q), (1 = p)g)
d , ifd<0
D= max(—pq, — (1 = p)(1 — q))
0, if d =0 and min(p (1 — @),
1 - [71)(11) #0
1, otherwise.

The correlation between D' and pairwise distance was tested
using Mantel tests as described by MANLY (1994, p. 72ff).

Now consider three loci, ¥, ¥, %, where the distance be-
tween & and %Y is less than or equal to one-tenth of the distance
between ¥ and %. We then define the ratio

o = o8 (Dk)
log (Di)

Its expectation is equal to 1 for gene conversion and <1 for
reciprocal recombination (WIEHE el al. 2000). The distribu-
tion of O = log;y(Q) as determined either from real or simu-
lated data is an indicator of the relative frequency of recombi-
nation and gene conversion. We further consider the sign of
Q as a derived random variable:

+1 if Q>0
0 ifQ=0
-1 ifQ<o0,

sign Q =

and (sign Q) = —Prob(Q < 0) + Prob(Q > 0).

Simulating the distribution of Q: We used a coalescent program
distributed by Hubson (2002) to generate gene samples. This
program implements both reciprocal recombination as well
as the model of gene conversion developed by Wiur and Hein
(2000). The chosen input parameters corresponded to our
data, that is, sample size = 39 and number of sites = 168,037,
which is equal to the distance between the first and the last
nucleotide in our data set. The mutation parameter 6 was
computed by scaling the value observed in our 14 loci, which
cover only a fraction of the surveyed region, resulting in 0 =
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TABLE 1

Primers used to amplify the 14 loci investigated in this study

1271

ID Name Forward primer Reverse primer
1 MRN17.3 TGCTTCTCGTGGTCATAAGG CGCTCAACAGAAACACCAAC
2 MRNI17.9 CGCATACATTAAAAGGGTACGG TCCGAGAAAGATTCGAACAACG
3 MRNI17.11 CAACTCTCCAGGCAACACAA GCAGATAAGAAACCAGCGGA
4 sH TTGAGGGGTTAGGGAGGGAAGGA CAAGAAAACCGAAGAAGAAAACAAAAGACT
5 MRNI17.18 CGCAAATTACGTCAGGAGTG AACCGGTTCACTGTTCTTCTC
6  MRN17.20 TGGTCGGAAAATAATAAGGAGGTT TTGCCGGCGATAATGAAAAAG
7 MRNI17.21 CGGAAAGCCTTAGGAGTTGG CAAAACCCTTTTGGCCTGACG
3  MYJ24.4 CCCCATTGATCAAGGAAGCATAAA GTGAAGTTCTAGTAATCCGACAGG
9 MYJ24.5 GAGGAGATGCAAAGAGAGATAACAG  GCGGCTAAAACAGATAGCTACTTC
10 MYJ24.6 TACTCGCCGAAAGAGAAACC ACCGCAAACGTAATGACTCC
11 MYJ24.7 TGATGAAGAAGGCCGTAGAAG GTGATTTGCCCTCCATATCC
12 MYJ24.8 GGAGATGTTACCACCAGATGTTC CTGCTGCTTCCTCCTCAGTC
13 MYJ24.11 TCCTCCTCCATCTCCATCAC TCCCAATTCTCTCCAGCATC
14 MYJ24.13 CGTCGCTCAGCTTCTTTACC GCCTGTCCACTATATCCTCCTG

1320. The tract length for gene conversion was 300 bp, a
number smaller than the mean conversion tract length of 352
bp found in Drosophila (HILLIKER et al. 1994) and larger than
the estimated tract length of 30 bp at the human leukocyte
antigen (HLA) locus (PARHAM et al. 1995; WIEHE et al. 2000).
From the simulated samples we excluded all mutations outside
of our 14 loci and grouped the remaining polymorphisms
into blocks, which (1) contained at least two polymorphisms
(to exclude point mutations as a potential source of variation),
(2) extended at most as far as the polymorphism pattern across
the aligned haplotypes did not change, and (3) did not extend
beyond locus boundaries.

An example of such a block is provided by positions
136,818-137,110 in our data set (Figure 3), which all belong
to locus 10 and have an identical haplotype structure. Al-
though the adjacent polymorphic position 138,531 also main-
tains the haplotype structure, it is not included in the block
as it belongs to locus 11 (Figure 2). From triplets of such
blocks of polymorphisms we computed Q as outlined above.
Distances were defined as base pairs between block midpoints.

Multilocus disequilibrium: Multilocus disequilibrium was in-
vestigated by treating each distinct sequence at the 14 loci as
an allele and calculating the number of loci at which each
pair of haplotypes differed. The observed variance of this

TABLE 2

Coding parts and annotations of the 14 loci investigated

ID Name Nuc.  Nuc.-gaps Coding Annotation
1 MRNI17.3 409 406 325-409 s.t. Synechocystis sp. PCC6803 s110362
(alanyl-tRNA synthetase; alaS)
2 MRNI17.9 519 519 1-378 s.t. lysosomal pro-x carboxypeptidase
precursor (EC 3.4.16.2)
3 MRNI17.11 324 324 1-324 s.t. A. thaliana histone
H2B-like protein
4 sH 604 580 None None
5 MRN17.18 503 464 1-26; 247-353; 473-464 s.t. Caenorhabditis elegans
cosmid T27F7
6  MRNI17.20 464 452 254-461 Unknown protein
7  MRN17.21 546 414 1-150; 394-425 s.t. serine carboxypeptidase precursor
(EC 3.4.16.0)
8  MYJ24.4 602 594 1-112; 164-271; 406-533  Acetyl-CoA synthetase-like protein
9  MYJ24.5 568 462 1-129 Putative protein
10 MYJ24.6 335 335 1-335 s.t. Dictyostelium discoidewm ThyB
11 MYJ24.7 429 428 206-302; 377-428 s.t. RO7E5.1 protein
12 MYJ24.8 456 429 1-45; 130-296; 391-430 s.t. drl protein homolog
13 MyJ24.11 476 462 1-197; 284464 s.t. hypothetical 37.3-kd protein
in ycf29-psbe intergenic region
14 MYJ24.13 537 451 1-50; 338-451 s.t. ATP-dependent Clp proteinase

(EC 3.4.21.92) chain P homolog

Annotations were taken from the Arabidopsis Information Resource (http:/www.arabidopsis.org); “s.t

denotes “similar to.”

”»
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Nucleotide position (kb)

“mismatch distribution,” V;, was then compared to the vari-
ance expected under linkage equilibrium, V. (BROWN et al.
1980; HAuBOLD et al. 1998). The ratio between these variances
serves as a measure of the strength of multilocus association
in the sample

n=(%o) L
V. I—1

where [is the number of loci and 73 is the standardized index
of association (MAYNARD SMITH et al. 1993; Hupson 1994).
We used the software LIAN to calculate the /3 and to test its
significance (HausoLD and Hubpson 2000).

RESULTS

Sequence data and genetic diversity: A total of 39
accessions were sequenced at 14 loci distributed over a
170-kb region (Figure 2). After gap removal this
amounted to 6321 nucleotides in 39 accessions. Of this
data set, 170 sites distributed among 35 haplotypes were
polymorphic (Figure 3). With the exception of one hy-
pervariable position (46,750; Figure 3), all segregating
sites had only two nucleotide states. In addition, there
were three heterozygous positions in accession Kondara
(37,062, 37,304, and 37,351; Figure 3). The hypervari-
able and heterozygous sites were removed from the com-
putation of pairwise disequilibria.

Most of the loci were located within predicted genes
and contained both protein-coding as well as noncoding
parts (Table 2). However, locus 4 was entirely noncod-
ing, while loci 3 and 10 consisted of coding sequence
only. With the exception of loci 6 and 9, functions had
been assigned to the investigated loci in the context of
the Arabidopsis genome project (ARABIDOPSIS GENOME
InrT1ATIVE 2000). These functions were diverse, ranging
from putative alanyl-tRNA synthetase (locus 1) to his-
tone (locus 3), peptidases (loci 7 and 14), and acetyl-
CoA synthetase (locus 8; Table 2).

The genetic diversity varied by a factor of 30 between
T, = 0.001 at locus 1 and mw, = 0.030 at locus 3 across

T E

FiGure 2.—Silent genetic diversity,
(@), including 95% confidence intervals,
L and Tajima’s D (%) across the 170-kb region
studied. Tajima’s D was significant at locus
6 (P = 0.01), perhaps indicating balancing
0 selection. MRN17, T2007, and MY]24 desig-
nate bacterial P1 clones of genomic A. thali-
ana DNA used in the Arabidopsis genome
4 } -1 sequencing project (ARABIDOPSIS GENOME
} InrTIATIVE 2000); MAMI encodes a methyl-
thioalkylmalate synthase involved in glucosi-
nolate chain elongation (KROYMANN e al.
2001); and MAML encodes a duplication of
MAMI.

*

1314 |,
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the region (Figure 2). To assess whether these diversity
values were compatible with neutral equilibrium expec-
tations, we investigated the frequency spectrum of the
single-nucleotide polymorphisms using Tajima’s D test
statistic (Tajima 1989). This test is based on the assump-
tion that the data have not been subject to recombina-
tion. We explored this assumption by computing the
minimum number of recombination events for each
locus (R,; HupsoN and Kapran 1985). Only locus 7
showed evidence of a recombination event and with
this background information we proceeded to calculate
Tajima’s D.

The only locus with a significant value of Tajima’s D
was locus 6 (D = 2.66, P = 0.01; Figure 2). Unfortu-
nately, its function is unknown. Further, the signs of
the test statistics showed no consistent pattern, with 9
out of the 14 loci having D < 0 and the rest D > 0
(Figure 2).

Multilocus linkage disequilibrium: HANFSTINGL et al.
(1994) hypothesized that recombination in A. thaliana
was frequent enough to erode linkage disequilibrium
between sites just 350 bp apart. Since all the loci investi-
gated in our survey were >350 bp apart (Figure 2), we
assessed the strength of association between these loci
by calculating the standardized index of association,
Iy, which is zero under linkage equilibrium (HubsonN
1994). For our sample I = 0.179, a value significantly
>0 (P<107%).

Phylogeny: Given that there was strong linkage dis-
equilibrium between the surveyed loci, we used the ex-
ploratory tool of statistical geometry to investigate the
phylogeny of the genomic region (EIGEN et al. 1988;
MAYNARD SMITH 1989). Statistical geometry proceeds
by first generating a phylogeny on the basis of the parsi-
mony criterion for each quartet of sequences in the
sample. These phylogenies are averaged to generate the
graph shown in Figure 4. Note that there are three ways
in which this graph can be reduced to a conventional
unrooted tree: Collapse dimensions Xand Y of the cen-
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tral box, collapse dimensions Z and Y, or collapse di-
mensions Yand Z. In other words, a statistical geometry
graph simultaneously represents the three unrooted trees
that can be formed from four taxa. If no recombination
has taken place, only one of these three possible trees
should be supported by the data. High support for all
three possible trees is indicated by a large central box.

For our data the deviation from the ideal tree topol-
ogy was considerable (Figure 4), and we did not attempt
to further reconstruct the phylogenetic history of the
region.

Disequilibrium as a function of distance: Given that
over a stretch of 170 kb the phylogeny of A. thaliana
does not conform to a tree, reciprocal recombination
or gene conversion has probably contributed consider-
ably to the evolution of this species. Under reciprocal
recombination the disequilibria between pairs of poly-
morphic sites are expected to fall off exponentially with
distance. In contrast, gene conversion should generate
no distance effect on disequilibria, if the average tract
length is short.

We started our investigation of the relationship be-
tween distance and disequilibrium by grouping the sin-
gle-nucleotide polymorphisms (SNPs) into 24 “blocks”
as outlined in MATERIALS AND METHODS. Pairwise link-
age disequilibria between these blocks were negatively
correlated with distance (r = —0.11, P = 6 X 1079

Ficure 4.—Statistical geometry phylogeny for
the combined nucleotide data. X, Y, and Z indi-
cate the dimensions of the three-dimensional box
from which the terminal branches (a—d) stick out.
If the data were tree-like, the small Zdimension
as well as the larger Y-dimension would be zero.
The bar indicates the number of substitutions per
polymorphic site.

Figure 5A). However, if only haplotype pairs with four
alleles were included in the analysis, ¢.e., allele pairs
where a recombination event could be detected, the nega-
tive correlation between distance and linkage disequilib-
rium turned positive (r = 0.353, P = 1077 Figure 5B).
There is no neutral mechanism that results in a signifi-
cant positive correlation between distance and disequi-
librium. When we removed the one locus with a signifi-
cant Tajima’s D from the analysis (locus 6), the
correlation between distance and disequilibrium van-
ished altogether (r = 0.07, P > 0.05; Figure 5C). This
indicated that reciprocal recombination may not have
been the primary mechanism for exchanging homolo-
gous DNA in the region.

To quantify the mode of recombination more di-
rectly, we applied a statistical test designed to distinguish
between reciprocal recombination and gene conversion
(WIEHE et al. 2000).

Gene conversion vs. reciprocal recombination: We
carried out coalescent simulations with a recombination
rate of one-tenth the rate of mutation, which appears
to be a reasonable value given estimates in the literature
(KurrTINEN and Acuapk 2000) and the observation
of genome-wide linkage disequilibrium (SHARBEL et al.
2000). In our simulations we distributed this “effective”
rate of recombination between reciprocal recombina-
tion and gene conversion. A graph of the mean value
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of sign Q, the sign of the random variable Q, as a function
of the percentage of gene conversion returned a maxi-
mum-likelihood estimate of 90% conversion (Figure 6).

DISCUSSION

Completely asexual reproduction halves the rate of
adaptation compared to panmixis and is therefore usu-
ally regarded as a rare exception, if it exists at all (FISHER
1930/1999, p. 123). This may appear surprising, given
the large number of selfing plant species and other
asexual organisms, including bacteria. However, in most
selfing plants inbreeding is not complete and even the
existence of purely clonal bacterial populations has
been doubted (FEIL ef al. 2001). Different accessions of
A. thaliana can be crossed in the laboratory, which forms
the basis of the large amount of classical mapping work
carried out using this organism. However, in the wild

1.5e+05

16405 15e+05  pairs of blocks of haplotypes included

in the analysis. (B) Only those pairs
of blocks are included where all four
possible haplotypes were present, i.e.,
where a recombination event cer-
tainly has taken place. (C) Same as
B, except that the nonneutral locus
6 was removed from the analysis.

A. thaliana is a selfer with a very low outcrossing rate of
0.3% (ABBoT and GoMEs 1989). Recent studies of this
plant’s molecular population genetics suggested that in
spite of its selfing habit, it underwent recombination
rather frequently (KurTTiNEN and AGUADE 2000), lead-
ing to a decay of linkage disequilibrium in worldwide
samples over ~250 kb (NORDBORG et al. 2002). In this
study we contribute to the clarification of the apparent
contradiction between selfing and the molecular data.

Nucleotide polymorphism: The genetic diversity in
the MAM region is highly variable (Figure 2). In 13 out
of the 14 cases the polymorphisms do not contradict
neutral expectations. The one exception (locus 6, Fig-
ure 2) is currently annotated as a gene of unknown
function. Every new genome that is sequenced reveals
alarge number of predicted genes to which no function
can be assigned. Given that sequencing is usually easier
than elucidating a gene’s function, comparative se-
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F1GURE 6.—The mean of the test statistic sign Qas a function
of the extent of gene conversion. Plotted are mean values (@)
and 50% confidence intervals (H). All blocks of polymor-
phisms were included in the analysis and the corresponding
maximum-likelihood estimate (MLE) for gene conversion is
~90%. See MATERIALS AND METHODS for details on the test
statistic Q.

quencing combined with tests of neutrality might point
to those genes whose products are most relevant to an
organism’s biology.

Multilocus disequilibrium: If multiple loci have been
investigated, linkage disequilibrium can be assessed ei-
ther by performing pairwise tests or by calculating the
overall linkage disequilibrium. Pairwise tests are difficult
to interpret, as they are not independent from each
other. The test based on the mismatch distribution used
in this study does not suffer from this uncertainty about
its interpretation (HAUBOLD et al. 1998). Moreover, it
leads to the discovery of strong linkage disequilibrium
not only in our data set, but also in a set of genome-
wide AFLP markers (SHARBEL et al. 2000). A lack of
genome-wide linkage disequilibrium as suggested by
MivASHITA et al. (1999) would be hard to reconcile with
the selfing habit of A. thaliana and previous findings in
other selfing plant species (BROWN et al. 1980).

Phylogeny: The average phylogeny differed from an
ideal tree topology, which indicated that there was sub-
stantial recombination in the region (Figure 4). This
difference becomes more pronounced if the genome-
wide AFLP data published by SHARBEL et al. (2000) is
subjected to statistical geometry (Figure 7). This is not
surprising, since disequilibrium decreases exponentially
with distance. However, even in this situation the loci
display significant genome-wide linkage disequilibrium
(SHARBEL et al. 2000). Having rejected the two extreme
hypotheses of no recombination and of linkage equilib-
rium, we were interested in investigating the rate and
mode of recombination.

Disequilibrium as a function of distance: It is clear
that linkage disequilibrium should reflect genetic dis-
tance rather than physical distance. However, genetic
positions are rather unreliable over short distances and
hence we have used physical positions as a substitute
(NORDBORG et al. 2002).

In the MAMregion linkage disequilibrium apparently
decreases with distance (Figure 5A). However, a positive
correlation with distance was observed when we ana-
lyzed only pairs of blocks displaying all four possible
haplotypes (Figure 5B). The puzzle of finding a positive
correlation was resolved when we removed the one locus
with significant evidence for selection from the sample.
The resulting data set showed no correlation between
distance and disequilibrium (Figure 5C). Itis clear that
three haplotypes can be generated by mutation alone,
while four haplotypes between two markers must be the
result of recombination, assuming no recurrent muta-
tion. Hence, Figure 5C shows a sample that has certainly
been shaped by recombination, while in Figure 5A the
pairs of positions may or may not have been affected
by recombination. Nevertheless, under neutrality and
reciprocal recombination the two samples should yield
a similar decay of linkage disequilibrium with distance.
This suggests that gene conversion has shaped the distri-
bution of polymorphisms in this region.

Mode of recombination: Gene conversion has been
at the center of recent empirical and theoretical popula-
tion genetic studies. LANGLEY ef al. (2001) investigated
the extent of linkage disequilibrium in the su(s) and
su(w") loci on the Drosophila melanogaster X chromosome
that are located in a region of reduced crossing over.
In spite of low reciprocal recombination, the authors
observed a similar genomic scale of linkage disequilib-
rium at the su(s) and su(w“) loci as found in regions
with normal rates of crossing over. This suggests that
gene conversion is high in this region (LANGLEY et al.
2001).

Wiur and HEIN (2000) have introduced gene conver-
sion into coalescent models. These authors noted that
there was no statistic available to assess the relative ex-
tent of recombination and gene conversion. Such a
statistic, Q, has been provided by WIEHE et al. (2000)
and we carried out coalescent simulations to explore
the utility of Q when applied to a data set such as ours.

These simulations were based on the assumption of
neutrality, which may not apply throughout the region,
especially at locus 6 (Figure 2). Removal of this locus
from the plot of linkage disequilibrium as a function
of distance resulted in zero correlation between the two
variables (Figure 5C), which would be expected with
high gene conversion rates.

We show that with an effective recombination rate of
one-tenth the rate of mutation (¢/w = %) and a 90%
gene conversion rate the experimental data can be ex-
plained quite adequately (Figure 6). However, this cal-
culation should be treated with caution, as the distribu-
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tion of Q has a large variance and is far from normal.
Nevertheless, this study demonstrates that there is no
need to invoke a high rate of recombination to account
for the experimental data; ¢/ = %, is sufficient. There
is no contradiction between knowing that as a selfer A.
thaliana must have a low rate of recombination and
observing recombination events at the molecular level.
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