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Summary

We have increased the density of genetic markers on the Arabidopsis lyrata chromosomes AL6
and AL7 corresponding to the A. thaliana chromosome IV, in order to determine chromosome
rearrangements between these two species, and to compare recombination fractions across the same
intervals. We confirm the two rearrangements previously inferred (a reciprocal translocation and a
large inversion, which we infer to be pericentric). By including markers around the centromere
regions of A. thaliana chromosomes IV and V, we localize the AL6 centromere, and can localize the
breakpoints of these chromosome rearrangements more precisely than previously. One translocation
breakpoint was close to the centromere, and the other coincided with one end of the inversion,
suggesting that a single event caused both rearrangements. At the resolution of our mapping, apart
from these rearrangements, all other markers are in the same order in A. lyrata and A. thaliana.
We could thus compare recombination rates in the two species. We found slightly higher values
in A. thaliana, and a minimum estimate for regions not close to a centromere in A. lyrata is
4–5 centimorgans per megabase. The mapped region of AL7 includes the self-incompatibility
loci (S-loci), and this region has been predicted to have lower recombination than elsewhere in
the genome. We mapped 17 markers in a region of 1.23 Mb surrounding these loci, and compared
the approximately 600 kb closest to the S-loci with the surrounding region of approximately the
same size. There were significantly fewer recombination events in the closer than the more distant
region, supporting the above prediction, but showing that the low recombination region is very
limited in size.

1. Introduction

The chromosomes of A. thaliana differ by several re-
arrangements from those of closely related plants
(reviewed by Koch & Kiefer, 2005; Yogeeswaran
et al., 2005). Chromosome structure is highly con-
served in other Arabidopsis relatives (Lysak et al.,
2003), even between Capsella rubella and A. lyrata,
which diverged much longer ago than A. lyrata and

A. thaliana, and comparative genetic mapping con-
firms this (Kuittinen et al., 2004; Boivin et al., 2004),
implying that most of these changes evolved within
the A. thaliana lineage, rather than in the other species
(reviewed by Koch & Kiefer, 2005; Yogeeswaran
et al., 2005).

One purpose of this study was to compare map
distances across the same intervals in two plant
species, A. thaliana and A. lyrata. If large rearrange-
ments are not too numerous, and there are few com-
plex rearrangements, it should be possible to compare
map distances across the same intervals in different
species, and make progress towards comparing re-
combination rates per base pair in A. thaliana (an
inbreeder, with a mean of about 200 kb per centi-
morgan; see Copenhaver et al., 1998) and A. lyrata
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(a self-incompatible species whose total DNA content
is about 60%higher). Such data are of interest because
it is predicted that inbreeders should have higher re-
combination rates than outcrossers (Charlesworth
et al., 1977, 1979;Hedrick et al., 1978). The evidence to
date is purely from chiasma frequencies per chromo-
some arm in a number of plant genera (Charlesworth
et al., 1977), and no genetic tests have so far been
published, but the genus Arabidopsis should be suit-
able for such a test. A comparison of the two
chromosomes corresponding to A. thaliana chromo-
some I shows that one A. lyrata chromosome, AL1,
has very similar map intervals to those in A. thaliana,
while intervals in AL2, which has undergone an in-
version in the A. thaliana lineage (inversion 1 of Koch
&Kiefer, 2005), are less similar (Hansson et al., 2006).
Overall, the results are consistent with the prediction
that the more inbreeding A. thaliana should have
more crossovers per base pair than A. lyrata.

As discussed in our previous paper (Hansson et al.,
2006), the genome sizes of A. thaliana and A. lyrata
differ considerably. Their map distances may never-
theless be similar if recombination occurs largely
within coding sequences, and if gene content is similar
in homologous intervals in both species. Restriction
of crossovers to the genes has previously been inferred
from the similarity of genetic map lengths between
other species with differing DNA amounts (Thuriaux,
1977), and in maize most recombination indeed seems
to occur within genes (Schnable et al., 1998; Xu et al.,
1995; Dooner & Martinez-Férez, 1997).

In studying these questions in the genus
Arabidopsis, it is important to compare another
chromosome, to test whether the results from chromo-
some I are general. Chromosome IV (one of two small
A. thaliana chromosomes) is of special interest, be-
cause in A. thaliana it carries a nucleolar organizer
region (NOR) at the tip. A. thaliana chromosomes
carrying nucleolar organizers have less recombination
than other chromosomes (Copenhaver et al., 1998),
although the region closest to the NOR appears
to be a recombination hotspot (Drouaud et al., 2005).
A. thaliana chromosome IV also carries a 5S rDNA
locus (Murata et al., 1997; Fransz et al., 1998), and its
short arm also has a large heterochromatic knob with
a large transposable element content, located in the
region between the knob and the pericentromeric
heterochromatin (Fransz et al., 2000; Arabidopsis
Genome Initiative, 2000).

Before one can compare genetic maps between
two species, it is, however, essential to understand the
arrangement of their genes. It should also be possible,
using a combination of genetic mapping and molecu-
lar cytogenetics, to understand in detail the re-
arrangements that have led to the evolution of the
present A. thaliana chromosomes from the arrange-
ment in its relatives. Among the interesting questions

is the location of the centromeres that were not lost in
the formation of the A. thaliana chromosomes. Like
A. thaliana chromosome I, chromosome IV evolved
from two A. lyrata chromosomes, but, rather than a
fusion, there was a reciprocal translocation between
AL6 and AL7, with the loss of an NOR probably
present on A. lyrata chromosome 7 (Lysak et al.,
2003). It seems likely that the centromere of chromo-
some IV is descended from the AL6 centromere, be-
cause, in the A. lyrata map, markers from both arms
of A. thaliana chromosome IV are on AL6, while AL7
markers form a separate block (Kuittinen et al.,
2004). There was also an inversion in the AL6-derived
region in the A. thaliana lineage (inversion 2 of Koch
& Kiefer, 2005). To localize the breakpoints of these
chromosome rearrangements more precisely, and es-
tablish the position of the AL6 centromere, more de-
tailed mapping is needed. A second goal of this study
was therefore to add new A. thaliana chromosome IV
markers to map chromosomes AL6 and AL7 in the
same A. lyrata ssp. petraea family used previously
(Kuittinen et al., 2004).

This chromosome is also interesting in relation to
the evolution of recombination rates, because it carries
the self-incompatibility locus (S-locus) region. This is
located in the AL7-derived region in the A. thaliana
genetic map (Yogeeswaran et al., 2005). It has been
suggested that low recombination may have evolved
in the S-locus region in order to keep incompatible
combinations of alleles at the pistil and pollen loci
(SRK and SCR) together in functional haplotypes
(e.g. Casselman et al., 2000). This hypothesis predicts
that recombination rates per base pair will be lower in
and around the S-loci than in other genome regions.
Estimates of recombination frequencies for RFLP
markers in genes flanking the B. oleracea S-locus,
covering an estimated 24 kb, detected 4 recombinants
in a family of 509 plants segregating for the highly
diverged alleles BoS8 and BoS1f2, and estimated the
physical length per centimorgan (cM) to be 410 kb
(Casselman et al., 2000). This estimate is not markedly
different from the estimates for nearby regions, and is
about half the rate estimated for A. thaliana non-
centromeric regions (Copenhaver et al., 1998), i.e. it
does not suggest strongly suppressed recombination.
However, results from other haplotypes might differ
(Casselman et al., 2000), since different Brassica
S-haplotypes differ in the physical distances between
genes (Fobis-Loisy et al., 2004).

In A. lyrata, indirect estimates, based on fitting a
model of self-incompatibility in which many alleles
are maintained (Takebayashi et al., 2004), suggest low
recombination in this region, consistent with findings
of unusually high diversity at nearby loci, and linkage
disequilibrium between SRK alleles and alleles at
the flanking loci (Kamau & Charlesworth, 2005). To
test this further, genetic map data are needed, in
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combination with information on physical distances
between loci. Physical distances in the immediate
S-locus region are, however, currently known for only
two A. lyrata haplotypes, whose SRK–SCR distances
differ considerably (Kusaba et al., 2001), and dis-
tances in other haplotypes may also be different. The
distances to the closest flanking genes are also known
for these haplotypes. These distances are larger than
those for the homologous A. thaliana region, and,
unlike the distances between SRK and SCR, they
differ little between the two haplotypes studied
(Kusaba et al., 2001). Despite the difficulty of detect-
ing recombination across small physical distances,
comparing recombination frequencies for the region
with those for other parts of the chromosome, along
with their physical sizes, may help test whether
recombination is or is not reduced near the S-loci.

2. Materials and methods

(i) Plants

The genetic map used the same segregating ‘mapping
population’ of A. lyrata ssp. petraea as was used by
Kuittinen et al. (2004). Following that paper, we refer
to this as the mapping family. It included 99 plants
from an F2 made by a cross between two populations,
from Karhumäki (Russia) and Mjällom (Sweden),
forming an F1 sibship, followed by reciprocal crossing
between two of the F1 plants.

(ii) Markers studied

In total, 40 genes, in three categories, were analysed in
this study (Supplemental Table 1). Eighteen genes are
from the two A. thaliana chromosome IV arms, 17 of
them at intervals of about 1 Mbp, plus one gene from
the region studied by Hagenblad & Nordborg (2002) ;
two of these, At4g20410 and At4g22720, are located
near the S-locus. To determine chromosome re-
arrangements near the centromere region on the short
arm, we added genes close to the centromere, two on
each arm, plus three genes in the region between the
heterochromatin knob and the centromere, at inter-
vals of about 300–600 kb. Finally, to determine
crossing over rates around the S-locus, 11 further
genes expected to be located close to the S-locus were
sampled at intervals of about 80–150 kb. These were
mapped, along with the SRK gene itself, and three
other genes previously shown by physical mapping
of two S-haplotypes to be located very close to the
S-locus (Kusaba et al., 2001).

(iii) Genotyping and data analysis

Primers were designed from coding regions of
A. thaliana genomic sequences. PCR products from
one parent F1 plant and between three and seven F2

progeny plants were directly sequenced using the
DYEnamic sequencing kit (Amersham). Except for
the At4g00030 gene, at least one polymorphic site
was found in the mapping family in every gene. To
obtain a marker for At4g00030, primers were de-
signed for the intergenic region between At4g00030
and At4g00040, and polymorphic sites were then ob-
tained. We used four different genotyping methods
(Hansson & Kawabe, 2005; Hansson et al., 2006).
Some variants were scored using large indel variants
distinguishable by agarose gel electrophoresis, and
some using PCR-RFLP. Small indel variants were
detected using labelled primers and running the frag-
ments on an ABI3730 sequencer. Finally, some were
scored by allele-specific primer-induced fragment
length polymorphism (Hansson & Kawabe, 2005)
using an ABI3730 sequencer.

Recombination rates were estimated as averages
for male and female meioses, because only 99 progeny
were available in our mapping family, from both re-
ciprocal crosses (see above). Mapping was done using
JoinMap software 3.0 (van Ooijen & Voorrips, 2001).
The map presented in Fig. 1 is the most parsimonious
map constructed with the JoinMap procedure and, as
in all mapping studies, the centimorgan distances are
estimates with some degree of error. However, our
analyses are directed towards comparing the maps in
two species, over numerous intervals, mostly with
large genetic map distances, and our inferences should
be little affected by these minor errors in individual
distances. To compare map intervals between the two
species, we need to map the same intervals in both.
We used the same loci as far as possible, but most of
the loci we mapped have not been genetically mapped
inA. thaliana ; in such cases, we followed the approach
of Hansson et al. (2006) and used data on the physi-
cally closest mapped A. thaliana loci to homologues
of our genetically mapped loci. Only 32 genes could
be compared between the two species (see Table 1).
A. thaliana recombinant inbred mapping data and
physical positions of markers were obtained from The
Arabidopsis Information Resource (TAIR) database
(http://www.arabidopsis.org/, version published on
1 September 2005).

3. Results

(i) Linkage of markers, and chromosome
rearrangements

Fig. 1 shows the genetic map and karyotype changes
in A. thaliana IV relative to A. lyrata chromosomes
AL6 and AL7, which, as explained above, are prob-
ably similar in arrangement to the ancestral chromo-
somes. With a few exceptions, the markers are in the
same order in A. lyrata and A. thaliana ; the eight
markers with locations differing slightly from those
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expected are indicated with dotted lines in Fig. 2. Two
rearrangements are known to have occurred in the
formation ofA. thaliana chromosome IV: a reciprocal
translocation that exchanged parts of the two linkage
groups corresponding to A. lyrata AL6 and AL7, and
a large inversion in the part of A. thaliana chromo-
some IV corresponding to A. lyrata AL6 (see Koch &
Kiefer, 2005).

Previous comparativemaps for the same two species
had low marker density in the region where the two
rearrangements occurred. Our additional markers, es-
pecially around the centromere regions of A. thaliana
chromosomes IV and V, localize them more precisely.
In A. thaliana chromosome V, the break can be in-
ferred to be close to the centromere of the ancestral
chromosome, between the AL6 centromere markers
At5g30510 (Fig. 1) and At5g32440 (now located in
A. lyrataAL7), on the opposite sides of theA. thaliana
centromere. The junction with theA. thaliana chromo-
some IVmarkers regions is locatedbetweenAt4g12030
(at the bottom of the AL6-derived region in Fig. 1)
and At4g14210 (at the top of the AL7-derived region
in Fig. 1). The second rearrangement detected in
the map is a large pericentric inversion in the part
of A. thaliana chromosome IV corresponding to

A. lyrata AL6. One end of this inversion is between
At4g12030 and At4g14210, the same region as the
junction between the AL6-derived and AL7-derived
regions in A. thaliana chromosome IV, while the other
end lies between At4g06534 and At4g05420, a region
of high transposable element density in A. thaliana
close to the CEN4 region (Arabidopsis Genome
Initiative, 2000). Because one end of the inversion
shares the same breakpoint with the translocation,
both rearrangements may have occurred in one com-
plex event, rather than as two independent events
(discussed in detail in Kawabe et al., 2006) ; thus the
order of the events in Fig. 1 does not indicate a
temporal succession, but is merely intended to make
the breakpoints of the rearrangements clear.

(ii) Transposition of the FRI gene

We also investigated more closely the rearrangement
involved in the unexpected map position of the FRI
locus (At4g00650) in A. lyrata. Kuittinen et al. (2004)
found that this A. thaliana chromosome IV locus
mapped, unexpectedly, to AL8 (as far as is known, the
rest of this linkage group carries exclusively genes
found on A. thaliana chromosome V). In A. thaliana,

Pericentric
inversion

At4g00030
At4g00660
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At4g04350
At4g04890
At4g05420
At4g12030
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At4g06534
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AL7 (centromere
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Fig. 1. Map of AL6 and AL7. Regions derived from the A. thaliana chromosome IV are shown as black lines, and the
centromere is shown as a black disc (unbroken lines represent AL6 loci and broken lines, AL7 loci), and chromosome V
regions are grey lines and its centromere is a white disc with a black dot in the centre (unbroken and broken lines again
indicate AL6 and AL7). The centromeric regions are indicated by boxes. For markers near the S-locus, due to lack of
space, the figure indicates the region and lists the genes; details of these genes are given in Supplemental Table 1.
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FRI maps at the end of the euchromatic region of the
chromosome IV short arm, and should thus map to
AL6 (see Fig. 1). The difference between the two
species suggests a transposition in the history of A.
thaliana of the tip of the chromosome corresponding
to AL6 (a large NOR array, also on the short arm of
A. thaliana chromosome IV, is also not found on
AL6, and must have come from another location via
a separate transposition event). To test the transpo-
sition hypothesis for FRI, we included in our map an
adjacent gene in A. thaliana (Hagenblad & Nordborg,
2002), and an even more distal gene (At4g00030),T
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Fig. 2. (A) Comparison between physical distances (Mb)
and genetic map distances (in cM) of A. thaliana
chromosome IV, and those for the homologues in A. lyrata
AL6 and AL7. Black dots indicate positions of markers
mapped in A. thaliana, and triangles indicate A. lyrata
map positions (open triangles for AL6, and filled triangles
for AL7 markers). The positions of the AL6 centromere
and of the S locus region are indicated. (B) The
relationship between the A. thaliana physical map and the
A. lyrata genetic map. Markers used by Kuittinen et al.
(2004) are indicated as vertical bars under the horizontal
bar representing the A. thaliana chromosome, and markers
mapped in our study are shown as vertical bars crossing
the bar representing the A. thaliana chromosome. Single
markers with unexpected map positions (apart from the
inversion) are indicated by dotted lines.
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both located near the tip of the A. thaliana chromo-
some IV (these two genes are indicated in bold at the
top of chromosome IV in Fig. 1). Both are strongly
linked to AL6 genes. Thus, either FRI transposed to
AL8 without transposition of its flanking regions, or
else it was present as duplicate copies in the ancestor,
and one copy was lost in each of the A. thaliana and
A. lyrata lineages. Silent site divergence for FRI be-
tween the two species is about average (LeCorre et al.,
2002), which makes the second possibility unlikely.

(iii) Duplications and losses of genes

We here describe our findings about copy number
differences for the mapped genes. These have im-
portance for two reasons. First, comparative mapping
requires that the same genes should be in the same
order, in both species, as do our inferences about re-
combination rates per megabase for the large non-
rearranged chromosome arm regions (see below).
Second, given the expectation that the fusions were
involved in the evolution of the five A. thaliana chro-
mosomes from the ancestral number of eight chro-
mosomes, genes near the rearrangement breakpoints
may have been lost in the A. thaliana lineage. These
genes will be absent from the A. thaliana genome,
which is the sole source of markers for our mapping.
Thus, to assess the possibility of gene loss in the fusion
events, we cannot use mapping of A. thaliana genes
(though any missing genes might be detected as gaps
by in situ hybridization experiments), but might be
detected as different gene copy numbers.

We found no examples of gene losses that could be
attributed to the fusions, so the details are presented
in Supplementary Fig. 1 and are here outlined briefly.
Including our new results presented here, four genes
show copy number differences, in all cases having two
or more copies in A. lyrata, but only one in A. thaliana
(and also in A. glabra ; however, we cannot exclude
the possibility of further copies in A. glabra, with
other copies failing to amplify with our primers, due
to divergence).

Among the non-centromeric region genes studied,
25 onA. thaliana chromosome I (Hansson et al., 2006)
and the 10 AL6 and 26 AL7 loci mapped in the pres-
ent study, we found two copy number differences. In
both cases, single-copy genes in A. thaliana are pres-
ent as two unlinked copies in A. lyrata. The gene tree
based on At1g01370 (orHTR12) sequences, including
an outgroup, A. glabra, is consistent with the species’
relationships (Supplementary Fig. 1), suggesting
duplication in A. lyrata. For the other non-
centromeric gene copy number difference, At4g21150,
A. lyrata, one copy is linked to the SRK gene, like the
single A. thaliana locus, while the other copy maps at
the tip of chromosome AL7, in a region homologous
with A. thaliana chromosome V; in A. lyrata, this

region has anNOR (Lysak et al., 2003). The sequences
suggest a duplication before the divergence ofA. glabra
from the two Arabidopsis species (Supplementary
Fig. 1), suggesting that the locus at the tip of AL7 is
not a recent duplication in A. lyrata but may be a case
of gene loss in A. thaliana (Supplementary Fig. 1).

Of the 24 genes studied from regions nearA. thaliana
centromeres, we again found two copy number dif-
ferences. Both are cases of closely linked gene dupli-
cates in A. lyrata that are single-copy genes in A.
thaliana. We previously found multiple sequences in
A. lyrata of one gene, At1g43980, from the A. thaliana
centromere region of chromosome I (Hansson et al.,
2006). Both copies are completely linked in A. lyrata,
indicating a probable tandem duplication within the
region of infrequent recombination near the centro-
mere, and their sequences are considerably more
similar to each other than to the A. thaliana sequence.
The gene tree, including A. glabra, is consistent with
the species’ relationships (Supplementary Fig. 1), thus
a recent duplication is likely in the A. lyrata lineage.

The marker amplified with primers for the
centromere III region gene At3g42050 is apparently
triplicated in A. lyrata, and gave puzzling results.
From the sequence analyses, the copy labelled B in
Supplementary Fig. 1 is closest to those of A. thaliana
and A. glabra, suggesting that this is orthologous to
the A. thaliana copy. The two other copies, ‘A1’ and
‘A2’ in the figure, appear to be paralogues pre-dating
the species ’ divergence; they are probably tandem
duplicated, but not very recently, as their divergence
is high (Ksilent=0.111). Supplementary Fig. 2 gives the
expectations for divergence (see Supplementary Fig. 2
for the simplest expectation, and see Notebaar et al.,
2005). Unexpectedly, the A copies, and not B, are in
the location homologous with that in A. thaliana, and
we observed no recombinants in A. lyrata, consistent
with a centromere location. In contrast, the B copy
maps near markers from the long arm of A. thaliana
chromosome IV, in a region where gene order is other-
wise conserved between A. thaliana and A. lyrata.
At3g42050 is also absent from the pericentromeric
location where it is found in A. thaliana, in three re-
lated species (Hall et al., 2006). Several gene duplica-
tions and losses seem necessary to explain these
results.

(iv) Comparison of A. thaliana and A. lyrata
map distances

Despite the chromosome rearrangements detailed
above, most of the AL7 markers (in the interval
between At4g14210 and At4g40080) show synteny
between A. thaliana and A. lyrata in our map, sug-
gesting that there are no other large rearrangements
in this chromosome arm, consistent with the coarse
maps of Kuittinen et al. (2004) and Yogeeswaran et al.
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(2005). This allows us to compare map distances
directly between A. thaliana and A. lyrata. The
regression slopes of the linear regressions of A. lyrata
map positions versus those in A. thaliana are highly
significantly different from zero (Table 1). The maps
are thus similar in the two species. For the AL7-
derived portion of chromosome IV, the slope is sig-
nificantly less than 1 (the 95% confidence interval
is 0.650 to 0.866). The AL6-derived part includes a
few markers in each of the two segments (the segment
that is inverted in A. thaliana, and the non-inverted
segment; see Table 1), so the confidence intervals are
wide. Nevertheless, the non-inverted region has a
slope significantly less than 1 (the 95% confidence
interval is 0.317 to 0.851), whereas the inverted region
shows no significant difference between theA. thaliana
and A. lyratamaps (slope=x0.967, with a 95% con-
fidence interval of x0.608 to x1.326). Map intervals
are thus somewhat lower in A. lyrata, which is sur-
prising if the species have the same recombination
rate per physical distance, given that larger physical
distances are expected in A. lyrata.

Physical distances are not currently known in A.
lyrata. However, we can use the A. thaliana physical
distances to obtain minimum values of the recombi-
nation rate per megabase, assuming that physical
distances are not lower than in A. thaliana. For the
AL7 markers, the overall values are then at most 4.86
in A. lyrata, versus 5.73 cM/Mb in A. thaliana
(Table 1). The inverted region yields the same values
in both species (2.79 cM/Mb in A. thaliana, and 2.78
in A. lyrata), whereas the rest of the AL6-derived re-
gion again yields a lower value in A. lyrata (6.60 cM/
Mb versus the A. thaliana value of 10.58; see Table 1).
The overall results thus suggest greater recombination
per megabase in A. thaliana, in agreement with the
prediction outline in Section 1.

However, paired comparisons of individual inter-
vals, using Wilcoxon signed rank tests (for all loci,
or separately for AL6 and AL7 markers), are not
statistically significant, as intervals differ in opposite
directions between the species. Across all 29 intervals
(five in the non-inverted AL6-derived region, four in
the inverted region and 20 corresponding to AL7
markers), excluding the interval that cannot be com-
pared because of the inversion, about half the inter-
vals have higher map distances in A. thaliana than in
A. lyrata, and half differ in the opposite direction.

(v) The self-incompatibility locus region

In the mapping family, the S-locus was mapped to
AL7, as was previously found using A. lyrata ssp.
lyrata (Yogeeswaran et al., 2005). No crossovers were
detected among the markers closest to the S-loci
(Table 2). To compare recombination in the region
immediately surrounding the S-locus with that in the

neighbouring regions, we considered meioses of both
parents separately. No progeny derived from recom-
bination in the KM 6-5 parent were found in the re-
gion between At4g20360 and At4g21580 (486 kb in
A. thaliana). In the KM 4-2 parent no recombination
events were detected between At4g20360 and
At4g21960 (A. thaliana distance 656 kb).

On both sides of this region, however, we did detect
recombination events in both parents. One event was
in the KM 6-5 parent, between At4g19680 and
At4g20360 (in the 287 kb region before the region
surrounding to the S-locus), and this parent also
yielded two events between At4g21580 and
At4g22360 (in the 332 kb on the other side of the
S-locus) ; the total from this parent is thus three events
in 619 kb (versus none in the 486 kb surrounding the
S-locus). In the KM 4-2 parent, we detected three
events between At4g19680 and At4g20360 (in 287 kb
on one side of the S-locus) and one between
At4g21960 and At4g22720 (in 291 kb on the other
side of the S-locus) ; this totals four events in 578 kb,
versus none in the 656 kb surrounding the S-locus.
From the average genetic map distance per megabase
for AL7, i.e. 4.86 cM/Mb (based on the summed
physical distances in A. thaliana of the map locations
against physical distances ; see Table 1), and assuming
this value for both parents, the 486 kb region sur-
rounding the S-locus in which the KM 6-5 parent
yielded no recombinants should correspond to
2.36 cM. For the KM 4-2 parent, the expected genetic
distance is 3.19 cM (based on 656 kb). Pooling both
parents, a total of 5.5 recombination events are thus
expected in this region, whereas none was observed.
In many intervals, 98 meioses were scored from both
the parents (Table 2), and, overall, no crossover
events were detected in a region of 1142 kb closest to
the S-locus, but seven events were detected in the
more distant flanking regions, which total an only
slightly larger size (1197 kb in A. thaliana). The num-
bers of recombination events differ significantly
between these two regions (7/1197 versus 0/1142;
P=0.016 by a two-tailed Fisher’s exact test).

4. Discussion

(i) Recombination rates in the two species

Our map confirms that no large chromosome re-
arrangements have occurred apart from those already
known (Koch & Kiefer, 2005), which we have now
mapped to definite small intervals. This allowed us
to compare the map distances directly between
A. thaliana and A. lyrata for the many intervals not
involved in rearrangements, for which it is reasonable
to infer that they largely carry the same genes in the
same order (though with the caveat that some copy
number differences were detected among the genes we
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mapped; see Section 3). Our overall results for these
regions suggest a greater recombination frequency
per megabase in A. thaliana. This is consistent with
the prediction outlined above: that inbreeding species
tend to have greater numbers of chiasmata per
chromosome arm than related outbreeders. However,
different regions differ between the species in different
ways, and many individual intervals differ in recom-
bination between the two species (not always statisti-
cally significantly). For the large non-rearranged arm
corresponding to AL7, our estimate suggests that,
across the same intervals, the A. thaliana recombi-
nation rate is about 18% higher than that in A. lyrata.

This is a much greater difference than estimated for
A. lyrata chromosome 1, for which recombination
rates are almost identical in the two species. The in-
verted region of AL6 yields very similar genetic map
intervals for the two species (assuming the same
physical sizes, 2.79 cM/Mb in A. thaliana, and 2.78
in A. lyrata). The other region suggests much higher
recombination in A. thaliana (10.58 cM/Mb versus
6.60 in A. lyrata). In this region, it is possible that
physical distances could be smaller in A. lyrata, be-
cause A. thaliana has a heterochromatic knob (whose
presence is not yet clear in the A. lyrata karyotype).
If this knob evolved in A. thaliana, after the split from

Table 2. Numbers of recombinants between markers around the S-locus region (total length 1234 kb). The first
three columns show the marker names and positions and (in bold) the informative markers in each parent of the
mapping family. The other columns show the numbers of recombinants between all adjacent pairs of informative
markers. Brackets indicate intervals where recombination was detected (98 meioses were scored for each
informative marker in each parent). Intervals where recombination events cannot be localised to a particular
interval, or where one parent was not informative, are indicated by brackets

Genes and genotypes Interval physical sizes and genetic results

Gene
Position in
A. thaliana (Mb)

Phase of markers in
parents KM4-2 and
KM6-5

Physical size
of the interval
in A. thaliana (kb)

Numbers of recombinants
in the interval

In parent
KM4-2

In parent
KM6-5

At4g19680 10.70 abrab
175.54 2

)
1At4g20130 10.88 abraa

111.05 1
At4g20360 10.99 abrab

24.00 0 0
At4g20410 11.01 abrab

115.07 0 0
At4g20760 11.13 abrab

82.93 0

zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{

0

At4g20960 11.21 abrbb
66.48 0

At4g21150 11.28 abraa
74.56 0

At4g21340 11.35 abrbb
3.16

)
0At4g21350 11.36 bbrab

27.40 0
At4g21366 11.38 abrac

24.29
)
0

0
At4g21430 11.41 bbrab

67.89 0
At4g21580 11.48 abrab

97.07 0

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{ 1
At4g21800 11.57 abrbb

73.38 0
At4g21960 11.65 abraa

100.34

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{ 1
At4g22200 11.75 bbrab

61.15 1
At4g22360 11.81 aarab

129.35
At4g22720 11.94 abraa
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A. lyrata, A. lyrata could have smaller inter-marker
distances.

As mentioned above, the physical distances corre-
sponding to a centimorgan are not yet known for any
region in A. lyrata. It is very difficult to determine
such distances, other than by complete genome se-
quencing (which does not provide information about
differences between different genotypes) or methods
such as relating distances between genetically mapped
loci to genetic distances inferred from density of re-
combination nodules in regions whose physical dis-
tances can be estimated (Anderson et al., 2005).
Population genetic estimates, based on linkage dis-
equilibrium (LD) between polymorphisms in gene
sequences, can also be made. So far, the only such
estimate for A. lyrata suggested that the distance
corresponding to 1 cM may be considerably larger
than the average of about 200 kb estimated for non-
centromeric regions in A. thaliana (Copenhaver et al.,
1997; Drouaud et al., 2005), perhaps as large as one to
two megabases (Wright et al., 2003) ; this is, however,
an overestimate, because the analysis was based on
alleles sampled from a single population, which will
overestimate LD (Wakeley & Lessard, 2003). It is also
not likely to be accurate, as it is based on data from
only a few loci. Here, our direct estimate using one
arm of AL7, which is not rearranged, and therefore
offers good comparisons across multiple intervals,
indeed yields a considerably higher recombination
rate: 4.86 cM/Mb (or 205 kb/cM), assuming the same
physical size as in A. thaliana. This is very similar to
theA. thaliana average, but does not take into account
the probable larger DNA amount in this genome
region of A. lyrata.

This conclusion is quite consistent with infor-
mation from our previous genetic mapping results for
A. lyrata chromosomes 1 and 2, which yielded map
lengths of 83 and 73 cM, respectively (Hansson et al.,
2006). These chromosomes were fused to form the
A. thaliana chromosome I, which is about 30 Mb, and
is also not rearranged. Again assuming the same
physical size as in A. thaliana, the length per centi-
morgan for A. lyrata chromosome 1 is about 250 kb,
based on 32 non-centromere region markers with a
mean distance apart of 0.72 Mb, very similar to the
A. thaliana value.

For chromosome AL2 (15 markers at a mean dis-
tance apart of 0.47 Mb, but with an inversion and
possibly other rearrangements), we obtain the very
low estimate per centimorgan of about 100 kb
(Hansson et al., 2006). In A. lyrata, this chromosome
has two arms, both shorter than the rearranged
homologous arm of the A. thaliana chromosome I
(Lysak et al., 2006). This may account for the high
recombination per megabase in A. lyrata, since plant
species generally have at least one crossover per arm
(Nilsson et al., 1993) ; thus in A. lyrata these genes ’

location across two short chromosome arms corre-
sponds to a situation which is often associated with
high recombination per physical distance (Perry et al.,
2001), while the same genes are on just one longer arm
in A. thaliana. The non-inverted region of chromo-
some AL6 may be affected similarly. The pericentric
inversion has shortened the arm of A. thaliana
chromosome IV, compared with the arm carrying the
corresponding genes in A. lyrata, and the estimated
cM/Mb value is higher.

Even if we assume that the DNA content of each
of these chromosome arms is 50% larger than the
A. thaliana value, i.e. the same ratio as estimated
for the entire genome, these values would increase to
only about 400 and 150 kb/cM, respectively, and the
AL7 value would become about 300. These values
are probably too high, because part of the reason for
the genome size difference between A. thaliana and
A. lyrata could be loss of a few large genome regions
during the chromosome rearrangements that formed
the A. thaliana chromosomes. Even this probably in-
flated value of the physical distance corresponding to a
centimorgan still suggests rather more recombination
than the estimate based on LD.

(ii) The self-incompatibility locus region

The S-locus region itself is larger in the two A. lyrata
haplotypes that have been studied, compared with the
orthologous A. thaliana region (Kusaba et al., 2001).
Our comparison of genetic distance per kilobase be-
tween the S-locus and other regions, using A. thaliana
physical distances is therefore conservative (i.e. biased
against finding lower recombination in the A. lyrata
S-locus region than elsewhere in the genome). Even
so, we detect a significantly lower recombination rate
in this region. In the future, other marker pairs with
similar physical distances (in A. thaliana, or, ideally,
in A. lyrata itself) should be mapped, to test whether
they consistently have higher map distances than the
genes in the S-locus region.

The conclusion of low recombination in this region
is of interest in relation to whether S-haplotype-
specific genetic load is expected. If the region recom-
bines very rarely, loci within the region affected may
experience deleterious mutations that will not be
effectively removed by natural selection, both because
only their heterozygous effects will be expressed (since
the S-locus region will generally be heterozygous),
and also because the efficacy of natural selection is
weakened in non-recombining regions, due to the
occurrence of hitch-hiking processes (spread of
advantageous alleles, causing selective sweeps, and
reduction of effective population size due to selection
against linked deleterious mutations). These processes
have been well studied in the context of sex chromo-
somes (Charlesworth & Charlesworth, 2000), and
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may also act in plant S-locus regions (Kurian &
Richards, 1997; Stone, 2004). However, the low
recombination in A. lyrata is limited to only about
600 kb immediately surrounding the S-loci, which
suggests that this region is unlikely to accumulate
haplotype-specific genetic load (the heterostyled dis-
tylous systems may be different in this respect, as it is
possible that they may have larger non-recombining
regions than homomorphic incompatibility systems
(Kurian & Richards, 1997). The magnitude of any
such effect depends on the deleterious mutation rate
for the non-recombining region as a whole, which
depends on the number of genes in the region. From
the A. thaliana genome sequence, we estimate the total
number of genes in the putatively non-recombining
S-locus region to be about 121, plus about 41 genes
in the adjacent region where recombination may have
occurred but cannot be definitively localized. These
counts include some possible duplicate loci, but ex-
clude the two self-incompatibility loci, both of which
are pseudogenes, plus one other pseudogene. The
total mutation rate for this small region should thus
be about 200 times smaller than that of the entire
A. thaliana genome.

The whole-genome deleterious mutation rate for
A. thaliana has been estimated to be as high as 0.5 per
generation, based on inbreeding depression values
(Charlesworth et al., 1990), but much lower values
have been estimated in mutation accumulation ex-
periments, with the plausible range lying between 0.1
and 0.6 (Schultz et al., 1999; Shaw et al., 2000). With
a high value of 0.5, the deleterious mutation rate,
m, for the S-locus region might thus be as high as
0.0025. To ask whether it is likely that haplotypes
for this region will commonly carry mutations with
effects large enough to be detected from departures
from Mendelian segregation in families, one can use
this value to predict the expected equilibrium fre-
quency of haplotypes carrying deleterious mutations
(from the standard equation for mutation–selection
balance for mutations with selection coefficient s, and
dominance coefficients h above zero: q=m/hs). This
theory, for mutations with effects in the diploid stage,
predicts values of only a few per cent, for hs>0.1,
making it unlikely that any effect would be detected.
Mutations affecting the haploid stages would be pre-
dicted to have even lower frequencies, particularly
if they strongly affect performance of male or
female gametophytes. It is therefore surprising that
Bechsgaard et al. (2004) detected effects in gameto-
phytes. Possibly, recombination suppression has
lasted for enough time, and effective sizes have been
small enough, that haplotypes have fixed highly
deleterious mutations. More theoretical work should
be done to investigate this possibility.

Another region in which recombination is in-
frequent is found in the part of A. lyrata AL6 that

is not inverted in A. thaliana. In A. thaliana, this re-
gion (between genes At4g04350, At4g04890 and
At4g05420) lies between the heterochromatic knob
and the centromere. There is no evident reason why
these genes should not recombine in A. lyrata, and
more markers in this region should probably be
tested, and its physical size estimated in A. lyrata, in
order to understand what the reason may be. Possibly
this region has evolved a high transposon density in
A. thaliana, since in this species (due to the inversion),
but not in A. lyrata, it is close to the centromere re-
gion (Arabidopsis Genome Initiative, 2000), which
may have led to accumulation of transposon and
other non-coding junk DNA, increasing the DNA
content. However, this might not lead to increased
recombination, because, in other plant species, pres-
ence of transposable elements is associated with low
recombination (Dooner & Martinez-Férez, 1997).
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