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ABSTRACT
We have constructed a genetic map of Arabidopsis lyrata, a self-incompatible relative of the plant model

species A. thaliana. A. lyrata is a diploid (n � 8) species that diverged from A. thaliana (n � 5) �5 MYA.
Mapping was conducted in a full-sib progeny of two unrelated F1 hybrids between two European populations
of A. lyrata ssp. petraea. We used the least-squares method of the Joinmap program for map construction.
The gross chromosomal differences between the two species were most parsimoniously explained with
three fusions, two reciprocal translocations, and one inversion. The total map length was 515 cM, and
the distances were 12% larger than those between corresponding markers in the linkage map of A. thaliana.
The 72 markers, consisting of microsatellites and gene-based markers, were spaced on average every 8
cM. Transmission ratio distortion was extensive, and most distortions were specific to each reciprocal
cross, suggesting cytoplasmic interactions. We estimate locations and most probable genotype frequencies
of transmission ratio distorting loci (TRDL) with a Bayesian method and discuss the possible reasons for
the observed distortions.

ARABIDOPSIS thaliana has become the plant molec- B. nigra and A. thaliana, the conserved segments were
ular biology model organism partly because of its only �8 cM in length (Lagercrantz 1998). As the diver-

very small genome size. It has also become a focus of gence time between Brassica and A. thaliana is estimated
plant comparative genomics studies (Schmidt 2002). to be �20 MY, this gives rise to a high rate of chromo-
Since the sequencing of the A. thaliana genome (Arabi- somal evolution. The rapid rate of chromosomal evolu-
dopsis Genome Initiative 2000), the genomic organi- tion was assigned to the polyploid Brassica lineage. A
zation of A. thaliana has been compared with that of comparison of A. thaliana and the even closer relative,
many other species. This work has revealed a complex Capsella rubella, has shown extensive microsynteny (Acar-
history of genome-wide duplication and subsequent kan et al. 2000; Rossberg et al. 2001). However, the
gene loss (Lan et al. 2000; Vision et al. 2000; Simillion closest relatives of A. thaliana have not been mapped
et al. 2002). Even in rather remote relatives, such as rice, comparatively at the whole-genome level.
tomato, and potato, syntenic stretches have been found In this article we construct a genetic map of A. lyrata,
(Devos et al. 1999; Ku et al. 2000; Gebhardt et al. 2003). the closest relative of A. thaliana (Koch et al. 1999). This

Comparisons with more closely related species have species is estimated to have diverged from A. thaliana
shown that the rate of chromosomal evolution in the �5 MYA (Koch et al. 2000). The synonymous divergence
Brassicaceae is quite rapid. Kowalski et al. (1994) exam- is 12–15% (e.g., Wright et al. 2003 and references
ined rates of chromosomal evolution between Brassica therein). A. lyrata, like many other close relatives, has
oleracea and A. thaliana and found 26 rearrangements. eight chromosomes (Jones 1963) while A. thaliana has
In a more detailed comparative mapping effort between five. The genome size is known to be about one and a

quarter to twice as large as that of A. thaliana (T. Mitch-
ell-Olds, unpublished results; E. Earle, unpublished
results). The species can be crossed with A. thaliana1Corresponding author: Department of Biology, P.O. Box 3000, Univer-
(Měsı́ček 1967), and the hybrids produce backcrosssity of Oulu, 90401 Oulu, Finland. E-mail: helmi.kuittinen@oulu.fi

2Present address: De Ruiter Seeds, 2661 CZ Bergschenhoek, The progeny, but there seems to be no recombination within
Netherlands. chromosomes in the hybrids (Nasrallah et al. 2000).

3Present address: Department of Medicine, University of Tampere, A. lyrata is self-incompatible (Jonsell et al. 1995) and33520 Tampere, Finland.
outcrossing (Schierup 1998; Kärkkäinen et al. 1999)4Present address: Heidelberg Institute for Plant Science, University

of Heidelberg, 69120 Heidelberg, Germany. and has become a species of interest for population

Genetics 168: 1575–1584 (November 2004)



1576 H. Kuittinen et al.

ers (see supplemental Table 1 at http://www.genetics.org/genetics (van Treuren et al. 1997; Savolainen et al.
supplemental/).2000; Mitchell-Olds 2001; Clauss et al. 2003; Wright

Markers: Altogether 72 different markers were used (Tableet al. 2003). 1). We used microsatellites (Clauss et al. 2002) and gene-based
The markers in the map are largely orthologs of A. markers (Kuittinen et al. 2002) described earlier for various

thaliana flowering time genes. In addition, we have used Brassicaceous species and some A. thaliana microsatellites (Bell
and Ecker 1994). In addition, 47 other gene-based markersother genes and microsatellite loci. The goal of the map
were adopted in this study. For them amplification primers wereis to examine patterns of chromosomal evolution at a
obtained from the Arabidopsis cleaved amplified polymorphiclarge-scale structural level between these closely related
sequence marker database (http://www.arabidopsis.org/), or

species, i.e., to answer questions such as: What kinds of they were designed on the basis of the A. thaliana sequence in
changes have given rise to the difference of chromo- the way described in Kuittinen et al. (2002). The fragment
some numbers of five and eight? Are these whole-arm sizes ranged from 0.5 to 2.4 kb. Amplification was carried

out using standard conditions (MgCl2 1.5–3.3 mm, annealingtranslocations or chromosome fusions, or many smaller
temperature 48�–60�). Polymorphisms in the genes were dis-changes? Are there as many changes per million years
covered either by cutting the PCR products of the F1 parentsbetween A. lyrata and A. thaliana as between A. thaliana and some progeny with a set of 8–20 restriction enzymes or

and Brassica? Recalling that the genome size is larger by sequencing the PCR product of the F1 plants. Either the
than that in A. thaliana, what is the genetic size of the progeny genotypes at a segregating site were scored by cutting

the PCR products with a suitable restriction enzyme and visual-map? Where have the reductions of A. thaliana genome
izing the fragments on agarose gel or, if no suitable enzymesize occurred?
was available, single nucleotide polymorphisms were scoredWe used a three-generation pedigree, as we tried to
with the ABI Prism SNaPshot Multiplex kit (Applied Biosys-avoid the possible effects of inbreeding depression in tems, Foster City, CA). Some indel polymorphisms were scored

this self-incompatible species. As the mapping cross is as length variation on agarose gels. For some genes with indel
between diverged populations of A. lyrata, we also exam- polymorphisms a new primer with fluorescent end label was

used to produce short fragments (�350 bp) that could beined the extent and possible causes of transmission ratio
run on sequencing gels. Sequencing gels were run on the ABIdistortion in the cross. We used an extension of the
Prism 377 sequencer and fragments were detected with theBayesian method of Vogl and Xu (2000) for analyzing
Genescan program and their sizes determined with the Geno-

transmission ratio distortion to an outbred full-sib typer program (Applied Biosystems). Polymorphism for the
family. ADH1 locus was detected by heteroduplex formation. PCR

A further aim of the map is to provide a tool for A. products were heated at 95� for 5 min, then at 65� for 1
hr, and then allowed to cool slowly to room temperature.lyrata genomic work. Once the patterns of the chromo-
Electrophoretic separation was then performed using a 1�somal rearrangements are known, it will be possible
MDE gel (FMC Bioproducts, Rockland, ME) run in 0.6� TBEto examine the changes in more detail. In analyzing for �4.5 hr at 30 W at a constant temperature of 10�. Microsa-

quantitative traits, the locations of quantitative trait loci tellites were separated on 6% polyacrylamide or on 4% Meta-
between species can be efficiently compared. As this is phor gels and they were visualized either with silver staining

or with FMBIO fluorescent gelscanner. Most microsatellitesan outcrossing self-incompatible species, there are no
were run on sequencing gels using a fluorescent end label inrecombinant inbred lines available, but the plants geno-
one of the primers as described above for indel polymorphismstyped for the map have been vegetatively propagated.
in the genes. The polymorphism could be scored in a codomi-

The genotypic data and the vegetative clones are avail- nant fashion at all loci except CRY2 and SLL2, which were
able, so the map can be used as such for QTL mapping scored as dominant markers.

Segregation: In this cross a marker can segregate in onlyor can be expanded for more detailed mapping.
one of the parents (aa � ab, ab � aa) or in both parents (ab �
ab if there are two alleles, ab � ac if there are three alleles,
and ab � cd if there are four alleles). There were 15 fullyMATERIALS AND METHODS
informative loci; i.e., either three or four alleles were segregat-
ing as described above. These included many microsatellitesCross: From each of the A. lyrata ssp. petraea populations,
and some genes in which two polymorphic sites in differentMjällom (Sweden) and Karhumäki (Russia; for more informa-
configurations could be scored. Most of the markers (41)tion on the populations see van Treuren et al. 1997), two
segregated in the ab � ab configuration, and 16 segregatedrandom individuals were chosen to produce two independent
in only one of the F1 parents. Fit of the proportions of differenthybrid plants (K12 � M6: KM4-2 and M3 � K10: KM6-5).
marker genotypes in the F2 progeny to the expected 1:1, 1:2:1,These two F1 plants were crossed with each other to produce
1:1:1:1, or 1:3 ratios was tested with �2 tests separately in bothF2 progeny, using both plants as pollen donor and recipient.
reciprocal crosses with the Joinmap program (Stam 1993).This crossing scheme was chosen to avoid inbreeding depres-
We used a locus-by-locus significance level of � � 0.05.sion in the F2 progeny. In reciprocal 1, KM6-5 was the pollen

The four genotypes in a fully informative cross should berecipient and KM4-2 was the pollen donor. In reciprocal 2,
found in equal numbers. Processes in both gametic and zygoticKM4-2 was the pollen recipient and KM6-5 was the pollen
stages can give rise to deviations from the expected 1:1:1:1donor. The four grandparents, KM4-2, KM6-5, and 76-195 F2
segregation ratio. In the case of a fully informative marker orprogeny in about equal proportions from the two reciprocal
a marker that is segregating in a backcross manner, it is possi-crosses were scored for marker genotypes. Most markers were
ble to dissect which of the alleles present in the F1 parents isscored for �90 individuals and some loci that showed transmis-
in excess or is deficient. If the bias is due to selection againstsion ratio distortion were scored for additional individuals,

leading to varying numbers of missing individuals for the mark- some allele(s) at the gametic stage, the observed genotype



1577Linkage Map of A. lyrata

Figure 1.—The A. lyrata map constructed with the Joinmap method. The homology with the A. thaliana chromosomes is
indicated by color. The positions and the most probable genotype frequencies at the transmission ratio distortion loci are
indicated with pie diagrams (orange for reciprocal 1 and green for reciprocal 2). The order of the different genotypes, clockwise
starting from the upper right, is: K1K2, K1M2, M1K2, and M1M2 from the cross between KM4-2 (K1M1) and KM6-5 (K2M2). K1 and
K2 alleles are from Karhumäki and M1 and M2 alleles are from Mjällom.

frequencies should match expected frequencies that are calcu- After map construction the location and effect of possible
transmission ratio distortion loci (TRDL) in the chromosomeslated from the observed allele frequencies, assuming random

union of gametes from each F1 parent. This is also expected were estimated by applying the Bayesian method of Vogl and
if there is zygotic selection with additive fitness values. If the Xu (2000). We use an extension of the method to outbreed
observed genotype frequencies do not match the expected, full-sib data, such as in Fishman et al. (2001). It allows several
selection on the zygote(s) is indicated. �2 tests were applied multiplicatively interacting TRDL in a chromosome and can
to test for deviations from equal allele frequencies in each F1 use partially informative marker information. As the segrega-
parent, if possible, and to test for deviations from the random tion ratios appeared to differ among the two reciprocals, we
union of gametes, given the observed allele frequencies. performed a TRDL analysis separately in the two reciprocals.

Map construction: We used the Joinmap program (version The maximum number of TRDL was set to four per chromo-
3.0; Stam 1993) that uses a weighted least-squares method some. To obtain the posterior probabilities of the TRDLs,
that adds markers sequentally in the map. The map was con- 10,000 simulations were run for each chromosome. The most
structed with all scored markers, including those with signifi- likely position and the genotype frequencies were obtained.
cant transmission ratio distortion. The linkage groups (LGs)
were determined using a LOD score threshold of 3.5. The
Kosambi mapping function was used for calculation of the

RESULTSpairwise distances. For each LG, a map was constructed using
thresholds of LOD 0.01 and a recombination frequency of Linkage groups: Markers were first assigned to linkage
0.49 for pairs of markers, to use all linkage information. A

groups separately in the two reciprocal data sets. With athreshold of 3 was used for an increase of the total �2 for the
LOD 3 criterion there were no contradictory groupings.difference between observed and calculated map distances

per added degrees of freedom, and a LOD threshold of 12 Linkage groups were, however, fragmented to different
was used for triplet formation. Marker order was permutated degrees in the two reciprocals, due to low sample sizes.
after each marker was added. For most linkage groups all Recombination rates between markers did not differ
markers could be mapped after this. In linkage group AL1

significantly between the reciprocals for the vast major-the marker VIP1, in linkage group AL7 the marker PRHA,
ity of comparisons as judged with the Joinmap program.and in linkage group AL4 the markers CK2a and CON were

mapped after relaxing the thresholds. In the end, the map was constructed with both recipro-
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cals in one data set. The markers were divided into eight the five chromosomes of A. thaliana (TAIR database at
http://www.arabidopsis.org/). Considering the colinearlinkage groups, AL1–8 (Figure 1).

Translocations and fusions: As A. lyrata has a higher parts of the A. thaliana and A. lyrata maps, the Joinmap
procedure resulted in genetic distances that were, onchromosome number than A. thaliana, we expected some

large-scale rearrangements between the two genomes. average, only 12% larger than those in the A. thaliana
map. Since the A. thaliana map was also constructedThree breakages/fusions and two reciprocal transloca-

tions are sufficient to explain most of the differences in with Joinmap, this comparison should be unbiased. The
largest differences in the map distances between thethe maps of the two species (Figure 1). We inferred a

breakage/fusion in the lower arm of chromosome 1, in two species are in AL2 and AL8, which correspond to
the lower arms of A. thaliana chromosomes 1 and 5.the lower arm of chromosome 2, and in the lower arm

of chromosome 5 of A. thaliana. AL3 consists of markers These LGs are about twice as large in A. lyrata as in
the corresponding areas in A. thaliana. AL4 was alsofrom the upper part of A. thaliana chromosome 3 and

of markers from the middle part of A. thaliana chromo- extended to 140% compared to the homologous region
in A. thaliana. The largest reductions in size were ob-some 2. AL5 consists of markers from the upper part

of A. thaliana chromosome 2 and the lower part of served in the lower part of AL6 and in the upper part
of AL7.chromosome 3. This suggests a reciprocal translocation

between A. thaliana chromosomes 2 and 3. AL6 is a Transmission ratio distortion: In reciprocals 1 and 2,
there were 18 (25%) and 25 (35%) distorted markerscombination of the upper arm of A. thaliana chromo-

some 4 and the upper arm of chromosome 5. Similarily, at the locus-by-locus significance level � � 0.05 (Table
1 and supplemental Table 1 at http://www.genetics.org/AL7 consists of markers in the lower part of A. thaliana

chromosome 4, and markers from the middle part of supplemental/). The two reciprocals were distorted at
only seven common loci. Thus, in total, there were 36A. thaliana chromosome 5. Thus a reciprocal transloca-

tion has occurred between these two chromosomes. distorted markers (50%). Significant segregation distor-
tion was found in 25 of the 72 markers tested (35%)Marker order: The marker order of A. lyrata, to a great

extent, was similar to that of the A. thaliana recombi- with the �2 tests at � � 0.05 when the data from both
reciprocals were combined. The tests detected morenant inbred map (Lister and Dean 1993; http://www.

arabidopsis.org/). Compared with A. thaliana, pairs of distortion in separate data sets in spite of smaller sample
sizes, obviously because the distortions were differentclosely linked markers in AL1 were reversed in order

(LHY-ATHACS, PHYA-AXR, GI-F19G10), as were ICE3 in the two reciprocals. Distorted markers were usually
linked to other similarily distorted markers so that cer-and ATPEN1 at the lower arm of AL7. In these cases,

the markers were closely situated and the actual order tain chromosomal areas were distorted in the same di-
rection, indicating a biological reason for the distortioncould well be consistent with the order in A. thaliana.

The five markers in the upper end of AL6 (GA1, LD, instead of a genotyping error. If the genotype of a cer-
tain marker is mistyped frequently, the segregation ratioICE7, AthDET1, CRY1) were clearly in a different order

compared to A. thaliana (LD, GA1, CRY1, AthDET1, of this marker may be different from its neighboring
markers. Hence, the algorithm for TRDL analysis wouldICE7). At least one inversion (CRY1, DET1, ICE7) can

be inferred from the data. There is more uncertainty infer two spurious TRDLs with opposite effects to either
side of a mistyped marker. We did not find evidence ofin the order of the closely linked markers LD and GA1.

In one case a locus was out of its A. thaliana context. closely spaced TRDLs of opposite effect. This indicates
no major problems with genotyping in the data set. IfThe FRI locus, situated in chromosome 4 in A. thali-

ana, was mapped to AL8, which is homologous to the only areas with at least two similarily distorted linked
loci were taken into account, we obtained three dis-lower arm of A. thaliana chromosome 5. It was linked

to the EMF2 gene and microsatellite MFB13. Using a torted areas in reciprocal 1 and seven distorted areas
in reciprocal 2. Only one of the areas (in AL6) wasBLAST search we found in the A. thaliana chromosome

5 close to the EMF2 gene a genomic region with high common to both reciprocals. The results from the Bayes-
ian TRDL analysis were mostly congruent with thosehomology to a part of the FRI gene. A hypothetical

protein was annotated across this sequence. from the simple �2 tests. With a conservative cutoff value
(�50% of the runs of the posterior distribution resultedLength of the maps: The lengths of the linkage groups

varied from 54.4 to 77.8 cM and summed to a total in zero TRDL in a chromosome) there was support
for three TRDL in reciprocal 1 and for five TRDL inlength of 515 cM. There was, on average, one marker

every 8 cM. The total genome length is not likely to reciprocal 2 (Figure 1).
Of the 11 markers in AL6, 8 were distorted in one or theexceed this much because we selected markers at the

ends of the A. thaliana linkage groups, and there are other reciprocal cross (Table 1 and supplemental Table 1
at http://www.genetics.org/supplemental/). The Bayesianonly �13 Mb altogether between the telomeres and the

outermost markers or between the markers flanking the method strongly suggested a TRDL at the top of this
linkage group in both reciprocals (TRLD1-3, TRLD2-3),three inferred chromosomal fusions in A. thaliana. The

markers used in the A. lyrata map cover 483 cM in as the posterior proportion resulting in one TRDL was
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69% in both cases (Figure 1). The distortions were similar is known to contain a centromere in A. thaliana (PHYC-
CLC-d), and the other breakpoint is next to CRY1, whichin the two crosses; in both cases there was an excess of

Karhumäki alleles. Conditional on the number of ob- is close to the centromere. In the other reciprocal trans-
location (AL3/AL5) the breakpoints were also close toserved gametes, the observed and expected genotype

frequencies were similar. In reciprocal 1 (KM6-5 � KM4- the centromere positions in A. thaliana.
In A. thaliana the FRI locus is on chromosome 4 but2) there were three additional distorted areas. The

Bayesian analysis detected a TRDL close to ENR-A in in A. lyrata it was mapped to a linkage group that is
orthologous to A. thaliana chromosome 5. However, A.AL3 with 56% posterior probability (TRDL1-1). ENR-A

was the only significantly distorted marker in the region thaliana has a highly homologous sequence on chromo-
some 5, which lacks parts of the coding region, probablydetected with �2 tests, showing an excess of heterozy-

gotes. In AL4 there was an excess of heterozygotes at being a pseudogene. The nucleotide divergence be-
tween the two A. thaliana sequences was half of thattwo adjacent distorted marker loci (ATEX6 and COP1;

Table 1 and supplement Table 1 at http://www.genetics. between either A. thaliana sequence and the sequence
of A. lyrata. This suggests that the duplication occurredorg/supplemental/). The Bayesian method did not,

however, support a TRDL in this linkage group. In AL5 recently in the A. thaliana lineage. Duplication and dele-
tion of paralogous genes are known to have brokenthere was an excess of Mjällom alleles at four linked

marker loci; 53% of the runs supported a model with colinearity between different taxa and within species
(e.g., Ku et al. 2000; Vision et al. 2000; Fu and Doonerone TRDL (TRDL1-2). The Mjällom allele from KM6-5

was especially favored, while the observed genotype fre- 2002; Li and Gill 2002).
The colinearity of the maps of these closely relatedquencies followed the expected. In reciprocal 2 (KM4-

2 � KM6-5), the Bayesian analysis gave support for one species is apparently very high. High colinearity has also
been found between genomes of A. thaliana and C.TRDL (65.4% posterior proportion) in AL1 (TRDL2-

1). There was an excess of the Karhumäki allele from rubella (Brassicaceae) that have diverged 6.2–9.8 MYA
(Acarkan et al. 2000). More markers could evidentlyKM6-5, and comparison of observed and expected geno-

type frequencies revealed additionally a deficiency of reveal smaller-scale rearrangements, and only sequenc-
ing of long genomic contigs would reveal the detailshomozygotes at markers close to this TRDL. Some mark-

ers at the upper part of the LG were also distorted but of genome evolution. Extensive microcolinearity was
evident between sequences of C. rubella and A. thalianain another direction, and the Bayesian analysis did not

detect a TRDL there. In AL2 there was a deficiency of (Rossberg et al. 2001), but several small-scale chromo-
somal rearrangements were detected between the morehomozygotes at two linked loci, and the one TRDL

model (TRDL2-2) had strong support (51% posterior distant B. oleracea and A. thaliana sequences (Quiros et
al. 2001).proportion). In AL4 there was an excess of Karhumäki

alleles at two linked loci (CON and CK2�) with no differ- The three fusions, two translocations, and one inver-
sion that have occurred during the 5 MY after the lyrata -ence in observed and expected genotype frequencies.

The Bayesian analysis did not support a TRDL in this thaliana divergence (Koch et al. 2000) would give a
rate estimate of 0.6 rearrangement/MY/genome. In thelinkage group. In a group of loci in AL7 there was a

deficiency of Mjällom alleles and evidence for an excess family Brassicaceae the rate of chromosomal evolution
is exceptionally high. Kowalski et al. (1994) found 17of heterozygotes. In another set of linked loci in AL7,

Mjällom alleles from KM4-2 were in excess and the ob- translocations and nine inversions between B. oleracea
and A. thaliana with a map that had a resolution com-served genotype frequencies matched those expected,

given the gametic frequencies. The Bayesian analysis parable to our map (15 cM between markers in A. tha-
liana). With a higher-resolution comparative map,supported two TRDL in these regions with a posterior

proportion of 49% (TRDL2-4 and TRDL2-5). Lagercrantz (1998) inferred that an average colinear
segment is 8 cM and as many as 90 chromosomal re-
arrangements differentiate the genomes of B. nigra and

DISCUSSION
A. thaliana. Lukens et al. (2003) obtained a somewhat
larger estimate for an average colinear segment (11.6Chromosomal evolution: Given that the basic chro-

mosome number among most close relatives of A. thali- cM) in B. oleracea, which corresponds to 3.8 Mbp in A.
thaliana. With a divergence time of 14–24 MY (Yang etana is eight and that lower chromosome numbers in

some species result from reduction of chromosome al. 1999; Koch et al. 2000), 26 rearrangements would
result in a rate of 0.93–0.54 rearrangements/MY/ge-number (Jones 1963; Koch et al. 1999), the differences

in chromosome number between A. thaliana and A. nome and 90 rearrangements in 3.2–1.9 rearrange-
ments/MY/genome. The rate of chromosomal evolu-lyrata are most parsimoniously accounted for by three

fusions in the A. thaliana lineage. Additionally, we in- tion after the lyrata-thaliana divergence is thus lower
than the estimate between Brassica and A. thaliana, ifferred an inversion (CRY1-DET-ICE7) and two reciprocal

translocations. One of the breakpoints of the other re- data with a comparable resolution are considered, and
clearly lower than estimates from high-resolution map-ciprocal translocation (AL6/AL7) is in an interval that
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ping. The rates in comparisons among other plant taxa e.g., in Korbecka et al. 2002 and in Fishman et al. 2001).
Distortion of gametic frequencies can result from mei-such as Lycopersicon-Solanum-Capsicum, Oryza-Zea-

Sorghum, or Gossypium ssp. vary between 0.17 and 0.45 otic drive or meiotic disruptions associated with chro-
mosomal rearrangements. Recombinant gametes mayrearrangements/ MY (see Lagercrantz 1998, Table

3), and the estimate for A. lyrata and A. thaliana (0.6) have differential fitness due to aneuploidy or epistatic
interactions. Gametes may also have differential fertil-is only slightly higher than that. However, the compari-

sons depend on the resolution of the map, on the crite- ization success. Selection may act after fertilization so
that different zygotic genotypes have differential sur-ria used for orthology, and on the estimates of diver-

gence times. vival. Segregating deleterious mutations as well as male
sterility and self-incompatibility alleles are known toIt has been suggested that most of the chromosomal

rearrangements between A. thaliana and Brassica have cause segregation distortions. Much of the distortion in
wide crosses is thought to be due to epistatic interactionsoccurred as a result of polyploidization that took place

after the divergence of Arabidopsis and Brassica (Lager- between loci, i.e., Dobzhansky-Muller incompatibilities
(e.g., Orr and Turelli 2001). With the cross design wecrantz and Lydiate 1996; Lagercrantz 1998; Lukens

et al. 2003). The majority of rearrangements would thus aimed at excluding the influence of inbreeding depres-
sion or self-incompatibility alleles, but many other fac-have occurred in the Brassica lineage. The rather low

number of chromosomal rearrangements in our study tors could have caused the observed distortions.
The extent of transmission ratio distortion was sur-is in line with the hypothesis of a lower rate of genome

evolution in the Arabidopsis lineage. Lagercrantz prisingly high as the cross was within species. In each
reciprocal cross, 25 and 35% of the loci were distorted(1998) suggests that the ephemeral life styles of wild

Brassica species would also favor fixation of chromo- at the 0.05 significance level, and taken together, 50%
of the markers deviated from the Mendelian ratios. Re-somal rearrangements that would be partially deleteri-

ous as heterozygotes. This should actually be true also markably, only one of the distorted regions was common
to both reciprocal crosses and eight of the regions werefor the weedy selfer A. thaliana. In contrast, A. lyrata is

a perennial outcrosser that is likely to maintain more present in only one of the crosses. The high levels of
distortion found here are at the upper range of thosepermanent populations. The location of A. lyrata mark-

ers in Brassica maps is currently not known. When the normally found in crosses within species, and they re-
semble more those detected in crosses between speciesBrassica genome project proceeds, it will hopefully be

possible to compare maps of the Arabidopsis and Bras- (reviewed in Jenczewski et al. 1997; Whitkus 1998;
Fishman et al. 2001). This indicates that the Swedishsica species in detail. This would allow defining whether

the rearrangements have occurred in the lineage lead- Mjällom and the Russian Karhumäki populations are
widely divergent. This is consistent with earlier informa-ing to A. lyrata or to A. thaliana.

The DNA content of A. lyrata, as measured by flow tion from molecular markers. Nei’s standard genetic
distance estimated from allozyme data was 0.39 and Gstcytometry, is 125–185% as much as that in A. thaliana

(T. Mitchell-Olds, unpublished results; E. Earle, un- based on microsatellites was 0.59 between the Karhu-
mäki and Mjällom populations (van Treuren et al.published results). We have regularly obtained only one

sequence that corresponds to the one A. thaliana locus 1997). Markers in a cross between two other European
A. lyrata populations also exhibit a high level of segrega-when developing PCR-based markers. On the basis of

this evidence, gene duplications do not account for the tion distortion (J. Leppälä et al., unpublished results).
Thus strong distortion is not specific to these two popu-higher genome size of A. lyrata compared to A. thaliana.

Instead, this implies changes in noncoding DNA con- lations.
The mapping population was an outbred F2 popula-tent. It has been suggested that intron sizes as well as

intergenic regions may be larger in species with higher tion with a maximum of four segregating alleles. We also
used two reciprocal crosses. This experimental setupDNA content and that genes in large genomes may

reside in gene-rich islands. Centromeric heterochroma- allowed obtaining information on different aspects of
plant life cycle. With single-locus analyses segregationtin-associated sequences have often been shown to con-

tribute to the variation in genome sizes. The reasons distortion could be assigned to the two reciprocals and
to some extent to separate parents, depending on thefor genome-size differences are still not clear. There is

some evidence for shorter introns in A. thaliana than informativeness of the loci. We could also analyze
whether there was evidence for zygotic selection. Thein A. lyrata or Brassica (Wright et al. 2003) and shorter

intergenic spacers in A. thaliana than in B. oleracea Bayesian analysis combined information from all mark-
ers and gave the most probable TRDL genotype fre-(Quiros et al. 2001). Despite the larger genome size, the

length of the genetic map of A. lyrata was only slightly quencies.
In AL6, segregation distortion was similar in the twolarger than that of A. thaliana.

Transmission ratio distortion: Transmission ratio dis- reciprocals. Mjällom alleles were selected against, and
there was no indication of recessivity of the disfavoredtortion can result from many different processes that

can act either before or after fertilization (reviewed, Mjällom allele (conditional on the gametic frequencies,
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genotypic frequencies did not deviate from those ex- (Hackett and Broadfoot 2003) or several multiplica-
tively interacting transmission ratio distortion loci, how-pected). This suggests that the distortion is not due to

segregation of a deleterious recessive allele that was ever, should have little influence on a dense marker
map when multipoint methods are used (C. Vogl andfixed in the Mjällom population. The result is consistent

with gametic selection or zygotic selection with additive S. Xu, unpublished results). As the marker density in the
map was reasonably high, it is unlikely that transmissiongene effects. Because most markers were only partially

informative, we know that the distortion occurred at ratio distortion has had a major effect on the linkage
map. The data contained much missing informationleast in the pollen parent but cannot exclude distortion

in the mother. Differential pollen-tube growth has been because for some markers more individuals were sam-
pled than for others. Missing information can resultsuggested as a reason for much of the segregation distor-

tion observed in, e.g., Mimulus guttatus (Fishman et al. in incorrect marker order especially at small intervals
(Hackett and Broadfoot 2003). Potential nonaddi-2001). This kind of selection could be the reason for

the segregation distortion in AL6, but would need addi- tively interacting linked viability loci and uneven num-
bers of genotyped markers could have an effect on thetional data to be confirmed.

All the other distorted areas were specific for each map construction. However, we have made rather con-
servative inferences on the marker order. The currentreciprocal cross. The difference between reciprocals

could result from interaction between cytoplasmic and A. lyrata map is likely to be quite robust, because in a
cross between two other A. lyrata populations—with anuclear factors, because the cytoplasms of the two F1

plants originated from different populations. It is ex- smaller number of markers, with practically no missing
individuals, and with extensive transmission ratio distor-pected that mitochondrial and nuclear genes originat-

ing from the same population would interact positively. tion at different locations compared to this map—the
same order and similar distances between the commonIn several species mitochondrial genes are known to

cause male sterility while nuclear genes may restore markers were obtained (J. Leppälä and O. Savolainen,
unpublished results).fertility (e.g., Budar and Pelletier 2001). If the impair-

ment of pollen function were induced by the mitochon- Comparative mapping as a tool: The almost complete
colinearity of the A. lyrata map with the map of thedrial genotype of the pollen parent, the Karhumäki

allele should be favored in KM4-2 in reciprocal 1 and model species A. thaliana implies that we can use the
positional information from the Arabidopsis genome.the Mjällom allele in KM6-5 in reciprocal 2. There was

no evidence for this. Cytoplasmic interactions could also For instance, after QTL mapping in A. lyrata, it will be
possible to select candidate genes from the correspond-occur in other stages, as suggested by Tiffin et al. (2001).

The two F1 plants had different nuclear genotypes, and ing region in A. thaliana for further analysis, such as
complementation or association studies. The currentalso polymorphic nuclear factors that influence pollen,

style, or endosperm functions could potentially have cross will be useful for QTL mapping as such. A set of
genotyped F2 plants has been micropropagated and cancaused incompatibility in the cross, resulting in different

distortions in the reciprocals. be used for evaluation of the desired phenotypes. The
markers can also be used in other crosses. Many of theSeveral gametic and zygotic reproductive barriers

were found in a cross between Japonica and Indica rice amplification primers are likely to be applicable in close
species and can be used for comparative mapping. Addi-varieties (Harushima et al. 2001, 2002). In this cross,

deviations were evident not only in gametic ratios but tional markers can easily be added to the current map to
increase the density of the map or to obtain informationalso in many cases from expected zygotic frequencies

(TRDL1-1, TRDL2-1, TRDL2-2, and TRDL2-4), sug- about the location of a specific gene.
gesting selection on the zygote. We are grateful to Bryan Lazzaro for his contribution to the lab

Segregation distortion exhibited different patterns, work and to Patrik Waldmann for comments on the manuscript. This
work was supported by the Finnish Research Council for Biosciencesso not only are many genes responsible, but also they
and Environment.possibly act through different mechanisms. Further

crosses, as well as data on seed and pollen fertility, would
be needed to distinguish between the contribution of
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