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caused by epistatic interaction of two loci
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Abstract A new large set of reciprocal recombinant
inbred lines (RILs) was created between the Arabidop-
sis accessions Col-0 and C24 for quantitative trait map-
ping approaches, consisting of 209 Col-0 x C24 and
214 C24 x Col-0 F; RI lines. Genotyping was per-
formed using 110 evenly distributed framework single
nucleotide polymorphism markers, yielding a genetic
map of 425.70 cM, with an average interval of 3.87 cM.
Segregation distortion (SD) was observed in several
genomic regions during the construction of the genetic
map. Linkage disequilibrium analysis revealed an asso-
ciation between a distorted region at the bottom of
chromosome V and a non-distorted region on chromo-
some IV. A detailed analysis of the RILs for these two
regions showed that an SD occurred when homozygous
Col-0 alleles on chromosome IV coincided with homo-
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zygous C24 alleles at the bottom of chromosome V.
Using nearly isogenic lines segregating for the dis-
torted region we confirmed that this genotypic compo-
sition leads to reduced fertility and fitness.

Introduction

Recombinant inbred lines (RILs) are an important
resource for investigation and genetic mapping of
quantitative and qualitative traits in many plant spe-
cies. Based on the high degree of homozygosity they
represent a permanent so-called “immortal” segregat-
ing population allowing the inherent environmental
error to be reduced by replication and providing an
efficient system for quantitative trait locus (QTL) anal-
ysis (Koornneef et al. 1997; Borevitz et al. 2002). Key
factors for such mapping studies are the number of
identified recombination events, the marker density
and the trait complexity. In this context RILs are first
of all an excellent source for mapping of QTL to broad
genomic regions (Peleman et al. 2005; Darvasi 1998).
An important advantage of the RILs is that after geno-
typing, the same population can be used for the map-
ping of any number traits for which the parents differ
(Koornneef et al. 2004), thus reducing the costs and the
effort required to identify QTL positions. In Arabidop-
sis several well-characterised RIL populations exist,
which allowed the mapping and identification of many
QTL. For an extensive review about the currently
available RILs developed for different accessions see
Koornneef et al. (2004), El-Lithy et al. (2006). Once
QTL have been identified, the confirmation and fine-
mapping can be facilitated by using nearly-isogenic
lines (NILs) (Koornneef et al. 1997; Zamir 2001).
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In recent years, segregation distortion (SD) has
been reported in a variety of taxa. SD leads to a devia-
tion of the observed genotypic frequencies from the
expected Mendelian ratios. Several mechanisms lead-
ing to SD have been described for Drosophila (Lyttle
1993), mouse (Silver 1993) and Silene (Taylor and Ing-
varsson 2003). A summary of studies on SDs found in
plants during 1986-1995 has been reported by Xu et al.
(1997). Referencing only few later examples here, SD
has been observed in maize (Lu et al. 2002), Populus
(Yin et al. 2004), rice (Wang et al. 2005) and mungbean
(Lambrides et al. 2004). The molecular background of
this phenomenon is poorly understood, but it is known
that SD can be caused by a variety of environmental,
physiological and genetic factors. It can affect either
the male or female germ line, or it is a result of post-
zygotic selection (Lyttle 1991; Hormaza and Herrero
1992). SD is often attributed to pollen-pistil incompati-
bilities (Lord and Russell 2002), gametic competition
(Lu et al. 2002), negative epistatic interactions (Li et al.
1997) or gamete abortion (Sano 1990). SD observed in
RIL populations derived via single-seed descent repre-
sents an effect of both genetic and environmental fac-
tors cumulated in multiple generations. In the present
work, we report on a new large set of reciprocal RILs
created between the Arabidopsis accessions Col-0 and
C24. We show that an SD region in the Arabidopsis
genome is associated with reduced fertility and is pre-
dominantly caused by an epistatic interaction of two
loci residing on chromosomes [V and V.

Materials and methods
Creation of RILs

Two reciprocal sets of RILs were developed from a
cross between the two A. thaliana accessions C24
(originated from J.P. Hernalsteens, Vrije Universiteit
Brussels) and Col-0 (from G. Rédei; Univ. Missouri-
Columbia, USA). F, plants were propagated by self-
pollination using the single-seed descent method to the
F, generation, where genotyping and bulk amplifica-
tion was performed. The final population consisted of
209 Col-0 x C24 F, and 214 C24 x Col-0 F; individu-
als, which we refer to as the Col-0 x C24 RILs and
C24 x Col-0 RILs, respectively.

DNA-isolation and genotyping
Genomic DNA was extracted from 50 mg leaf tissue of

one F; plant according to the modified protocol of
Benito et al. (1993), Torjék et al. (2002) converted to a
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96-well format. The leaf tissue collected in Collection
Microtubes (Qiagen, Hilden, Germany) was frozen in
liquid N, and powdered using a Retsch MM301 extrac-
tor (Retsch GmbH, Haan, Germany) at 20 Hz for
2 x 1 min. The fine powder was mixed with 300 pl of
Extraction Buffer (100 mM Tris—=HCI pH 8.0, 50 mM
EDTA pH 8.0, 500 mM NaCl) and 75 pl of 10% SDS
and then incubated at 60°C for 20 min. After adding
200 pl of 3 M Potassium-acetate, pH 4.8 followed by
incubation at 0°C for 10 min, the samples were centri-
fuged (5,600-6,000 x g, 10 min) and the DNA was pre-
cipitated from the supernatant by adding 1/10 volume
of Na-acetate (pH 5.2) and two volumes of 96% etha-
nol for 5 min at room-temperature. Afterwards DNA
was collected (5,600-6,000 x g, 10 min), solved in
150 pl TE1 (10 mM Tris-HCI pH 8,1 mM EDTA) and
treated with RN Ase (1 pl/sample, 10 mg/ml). After two
washing steps (70% ethanol) the DNA was eluted in
150 ul TE1 buffer.

The collected DNA samples were genotyped with a
set of 110 framework markers (Table 1) established for
MALDI-ToF analysis (performed by GAG-Bioscience
GmbH, Bremen, Germany) as described in Torjék
et al. (2003) and Schmid et al. (2006). Missing MALDI-
ToF genotypes (2%) were substituted using SNaPshot
assays developed for the same framework marker
set. More details about the markers can be obtained
from the website: http://www.mpimp-golm.mpg.de/
arab-diversity/.

Map construction, analysis of LD

The linkage analysis was carried out using the Joinmap
software version 3.0 (Van Ooijen and Voorrips 2001),
which implements a weighted least-squares method
adding the markers sequentially into the map. Marker
order was permutated after each marker was added.
Linkage between two markers was declared significant
in two-point analyses when the LOD score (log 10 of
likelihood odds ratio) exceeded a threshold of 3.5.
After determination of the linkage groups and linear
alignment of marker loci along them, recombination
frequencies between marker loci were estimated by
multi-point analyses and transformed into centiMor-
gans (cM) by using Haldane’s (1919) mapping func-
tion. The map was constructed with all 110 scored
single nucleotide polymorphism (SNP) markers
(Table 1) including both reciprocal RIL populations
together.

Estimation of pairwise linkage disequilibrium (LD)
between SNP markers was carried out using the soft-
ware PowerMarker v3.25 (Liu and Muse 2005, http://
www.powermarker.net/). D’ values were calculated by


http://www.mpimp-golm.mpg.de/arab-diversity/
http://www.mpimp-golm.mpg.de/arab-diversity/
http://www.mpimp-golm.mpg.de/arab-diversity/
http://www.powermarker.net/
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expectation maximization algorithm, as implemented
in the software package. Tests for significant pairwise
LD were conducted with x> statistic and sequential
Bonferroni correction of P values (Sokal and Rohlf
1995).

Results

RIL populations, genetic and physical map and allele
frequencies

The whole set of 209 Col-0 x C24 and 214 C24 x Col-0
RI lines developed by a single seed descent (SSD)
method was genotyped. Allele and genotype frequen-
cies were estimated for both subpopulations sepa-
rately. Global statistical analysis showed no difference
in the overall allele frequencies between the two sub-
populations. For the Col-0 x C24 RILs we calculated.
50.6% Col-0 alleles, 47.2% C24 alleles, 2.1% heterozy-
gous, 0.1% missing genotypes, and for C24 x Col-0
RILs: 50.2% Col-0 alleles, 47.2% C24 alleles, 2.5%
heterozygous, 0.1 % missing genotypes.

The genetic map constructed based on the complete
set of 409 RILs has a length of 425.7 cM. One hundred
and five loci were separated with an average distance
of 3.87cM (Table 1, Figs.1, 2). No recombination
events were found on chromosome II between markers
MASC05962, MASCO05803 and MASC05957, on chro-
mosome III between MASC07090 and MASCO01171,
on chromosome IV between MASC05042 and
MASC09225 as well as on chromosome V between
MASC03952 and MASCO01174 (these groups of mark-
ers were thus assigned to single loci). The largest
genetic distances were found on chromosome IV
between markers MASC02668 and MASC09213 as
well as between MASC04685 and MASC02668 (12.96
and 10.99 cM, respectively). Similarly large distances
occurred on chromosome II between three non-
separated markers (MASC05962, MASC05803 and

Fig.1 Genetic map obtained e AN
from the reciprocal Col-0 x 45
C24/C24 x Col-0 RIL 124
population. The SNP markers b
are listed in Table 1 e
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MASCOUI0E
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MASCO05857) and MASC05657 (10.79 cM) as well as
on chromosome III between two non-separated mark-
ers (MASC07090 and MASC01171) and MASC09224
(10.60 cM).

For all linkage groups all markers could be mapped
according to their physical order except marker
MASC05360 on chromosome II (physical position at
5.33 Mb), which was genetically mapped to position
13.49cM on top of MASC05962, MASCO05803,
MASCO05857 genetically mapped (without separation)
to position 13.9 cM but which occupy more upstream
physical positions: 2.99, 3.53 and 4.40 Mb, respectively.

Evidence of segregation distortion

The expected segregation ratio in RILs is 1:1 for each
parental allele at each marker locus. Significant devia-
tions (at P < 0.05) were observed for several genomic
regions (Fig. 3) leading to a SD of up to 2.5:1 (Col-0:C24)
at the marker loci MASCO07090 and MASC01171 on
chromosome III (present in both reciprocal RIL popu-
lations). Substantial SD was observed for chromosome
IV for the markers MASCO05042 and MASC09225,
2.34:1 (C24:Col-0), only in the Col-0 x C24 lines.
Further markers with significant SD were: Chr. I—
MASC03684, MASC03930, MASC03765, MASC09206
with the Col-0 allele overrepresented in Col-0 x C24;
Chr. III——MASCO03898, MASC03001 with the C24
allele overrepresented C24 x Col-0; MASC02648,
MASC04262, MASCO05045, MASC04819, MASC
09224, MASC03218, MASC02788, MASC09218,
MASC04925, MASC09219 with the Col-0 allele over-
represented in Col-0 x C24; MASC02648, MASC
04262, MASCO05045, MASC04819, MASC09224 with
the Col-0 allele overrepresented in C24 x Col-0; Chr.
IV—MASC04123, MASC04725, MASC04685,
MASCO02668 with the C24 allele overrepresented in
Col-0 x C24; Chr. V—MASC09211, MASC04350 with
the Col-0 allele overrepresented in both Col-0 x C24
and C24 x Col-0 RILs.
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To test if pair wise interactions (associations)
between some of the distorted regions exist, we per-
formed LD analyses with the obtained genotype data
using the PowerMarker program. As shown in Fig. 4
high LD values (D’ > 0.2, P < 0.05) exist for all linked
neighbouring marker positions. These high values are
due to the close proximity of the markers (rarely sepa-
rated by recombination events in RILs). High LD
values have also been observed between unlinked
genomic regions. The strongest was detected between
the markers MASC09215 (chromosome IV) and
MASC04350 (chromosome V) (D =0.60, P =0.01).
Detailed analysis of these two markers showed that
lines carrying the Col-0 allele at marker MASC09215
had for the unlinked marker position MASC04350 a
highly significant deviation from the expected (49.22%
homozygous Col-0:1.56% heterozygous:49.22% homo-
zygous C24) segregation ratio: 93 Col-0 x C24 RILs
segregated 77 Col-0 (82.8%):6 heterozygous (6.45%):
10 C24 (10.75%) and 102 C24 x Col-0 RILs segregated
90 Col-0 (88.24%):6 heterozygous (5.88%):6 C24

o 5000 10000 15000 20000 25000 30000 35000

(5.88%) (Fig. 5a, b). This extreme MASC04350 segre-
gation deviance was not detected in the subset of RILs
bearing C24 genotypes at the MASC09215 locus. On
the other hand, the deviance for the MASC09215
marker alleles was less drastic as RIL subsets having
either Col-0 and C24 MASC04350 alleles have been
formed (data not shown). Due to this observation, we
suppose that the SD is caused by the Col-0 allele at the
locus MASC09215 and that plants homozygous Col-0
at MASCO09215/1V  and homozygous C24 at
MASC04350/1V have low fitness (Fig. 5c).

To confirm this hypothesis, we created segregating
plants by selfing a nearly isogenic line (NIL, N70-BC;F,)
with Col-0 homozygous background, which was hetero-
zygous only for the bottom of the chromosome V encom-
passing also the position MASC04350. Analysing 218
descendants returned 49 plants with strongly reduced
fertility and a phenotypic segregation of 1 (reduced fertil-
ity):3.45 (normal fertility) supporting the hypothesis
above. Marker analysis using the markers MASC01519
and K919/43-44 (Table 2) confirmed that the reduced

@ Springer
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Fig. 3 Segregation between
Col-0 and C24 alleles along
the five chromosomes in
Col-0 x C24 (black line) and
C24 x Col (red line) RIL sub-
populations. The percentage
of the Col-0 allele is repre-
sented along the y-axis. Dis-
torted regions deviating from
the expected 1:1 ratio

(P < 0.05) are indicated with
yellow (if Col-0 alleles are
overrepresented) or green

(if C24 alleles are overrepre-
sented) shading

Fig. 4 Intergenomic interac-
tions in RILs along the five
chromosomes. The arrow
indicates the highest non-
linked intergenomic D' value
found between the markers
MASC09215 (chromosome 4)
and MASC04350 (chromo-
some 5) D' = 0.60

fertility phenotype occurs in plants with homozygous C24
genotypes at the bottom of the chromosome V. This sub-
set of plants produced smaller and shorter siliques with
fewer or no seeds (Fig. 6b, d) compared to the plants,

@ Springer
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which were either heterozygous or homozygous Col-0 for
the same region (Fig. 6a, c).

To investigate if the reduced fertility affected male
or female function, flowers collected from plants with



Theor Appl Genet (2006) 113:1551-1561

1557

Fig. 5 Graphical genotypes
0f209 Col-0 x C24F7 (a),214
C24 x Col-0 F7 (b) RI lines
sorted based on the genotype
at marker MASC09215. Seg-
regation distortion in RILs is
caused by Col-0 allele at the
marker MASC09215 (¢). Leg-
end for genotypes: yellow Col-
0, green C24, red heterozygous

—

Mazooe) ] | Il

The subset of 93 lines with Col-0 genotypes at the marker
MASC09215 segregated as follows for the marker MASC04350:

77 Col-0 (82.8 %) : 6 heterozygous (6.45 %) : 10 C24 (10.75 %)

aacwi IAER T A | |
L -
The subset of 102 lines with Col-0 genotypes at the marker
MASC09215 segregated as follows for the marker MASC04350:
90 Col-0 (88.24 %) : 6 heterozygous (5.88 %) : 6 C24 (5.88 %)

C MASC09215 (4.chr) ——> MASCMM350 (5.chr)

Distorted —»
allelic interaction

Fig. 6 Phenotype of plants
with reduced fertility (dis-
torted allelic interaction)
compared to the lines with
normal fertility. a Line with
normal fertility—all siliques
are filled with seeds; b line
with reduced fertility (most of
the siliques are short and emp-
ty); e silique of a line with nor-
mal fertility having the full
seed set; d empty silique of a
line with reduced fertility;

e capacity of pollen production
in the lines with reduced fertil-
ity (category 0 correspond to
no pollen, 5 to pollen amount
typical for normal flowers);

f capacity of pollen production
in plants with normal fertility;
g Flower with normal floral
organs and pollen grains;

h Flower of a reduced fertility
plant without pollen grains

normal and with reduced fertility have been examined
microscopically. In contrast to the normal plants that
produced abundant amounts of pollen, the flowers of
the reduced fertility plants in general developed much
fewer pollen (Fig. 6g, h) and 42% of them (39 of 93
flowers collected from 31 plants) completely lacked
pollen. No morphological abnormalities in other floral
organs were observed. To test whether the seeds in the
few siliques of those plants with reduced fertility are
not a result of crosspollination, the seeds from these
plants (12 siliques/12 plants) were genotyped for the
markers MASCO01519 and K919/43-44 flanking the
region of interest on both sides (Table2). They all

I
]

showed the homozygous C24 genotype and occasional
crosspollination can therefore be excluded to be the
cause of this seed formation (data not shown). Further-
more, when pollen of four independent plants with
reduced fertility was used to pollinate Col-0 or C24
flowers, normal amounts of viable seeds were pro-
duced. Reciprocal crosses using plants with reduced
fertility as females also produced seeds without visible
differences for distinct combinations.

Twenty-one plants from the BC;F, progeny (218
descendants of the NIL N70) were identified as recom-
binant for the region between MASC01519 and K919/
43-44. Using five additional markers between these two

@ Springer



1558

Theor Appl Genet (2006) 113:1551-1561

Table 2 New markers used for mapping on the bottom of the chromosome 5

Marker name Chromosome Primer (5'-3") Polymorphism
position (base) (C24/Col)
MASCO01619 25889628 F-AGAGATGAGCGCGACGGAGC C/IT
R-CATGAACGTCGCGGACTTCG
S-TTTTTTTTTTTGACGGAAACTACGCTCTCACCTG
MASCO01519 26096352 F-ATCCGATAGAAGACGCATGAGC T/G
R-TTGTCACAGACCCGAAAAGACG
S-TTTTTTTTTTTTTTTGCGGCGGAGACGGCGAAGCAGAG
MASC06738 26193193 F-TTGTGTTTGGTCAGTGTCATCA G/T
R-CGAGGAAAAGAGACTGCCATC
S-TTTTTTTTTTTTTTTTTTAGAAAG GAAACA
MASCO07101 26381972 F-CGTCGTTGGGCAAGTACAAT T/A
R-TTCCGAGATTTCAAGGTTCA
S-TTTTTTTTTTTTTTTAACACCGTCTTTAACCGCCG
MASC01090 26469329 F-GTGCTCTGTATGCAGGTGCACG G/A
R-TTCTGATCAACCATGGCTGCTG
S-TTTTTTTTTTTTTTTTTTGGGGATA CAGAGGAGATTTTGGTG
K1F13/52-53 Between F-TGCAGTCCACATGGGCTTCC 7171722
26580794 R-AGCTGATCTTCACCATGCTTGG
26581516
MDD7 26895915 F-GATTAAAGGTAAGTGGAGCAGA GC 155/152
R-CACGAGAGAATGCGTGCAAGG
K919/43-44 26980554 F-CAGACTGTCACCCAGTTCTG A/T

R- GTACCGGACCTACTGATTGTA
S-TTTTTTTTTTACTATAGTTTATCCAGT

MASC01619. MASC01519. MASC06738. MASCO07101. MASC01090. K919/43-44 have been detected using SNaPshot reactions. For
detection of length-polymorphisms (K1F13/52-53 and MDD7) the amplicons were labelled with Cy5.5 dCTP (Amerham Biosciences)

and subsequently analysed on LI-COR 4300 DNA Analyser
F forward primer, R reverse primer, S extension primer

positions the locus causing the reduced fertility could
be mapped to a 112-kb region (data not shown) flanked
by the markers MASC01090 and K1F13/52-53.

Discussion

In this study, we present two new large reciprocal sub-
sets of RILs that were developed for the purpose of
QTL mapping. The genotyping of the developed 209
Col-0 x C24 and 214 C24 x Col-0 F; RI lines was per-
formed in 110 evenly distributed framework positions
(average physical distance 1.15Mb) applying the
Maldi-ToF and SNaPshot methodology, which have an
error rate of less than 1% (previously shown by T6rjék
et al. 2003; Schmid et al. 2006). Due to the similar over-
all recombination rates and allele-frequencies in both
subpopulations, a single integrated genetic map was
created yielding a total length of 425.7 cM. All markers
could be mapped according to their physical order
except for the marker MASC05360 and the marker
group MASC05962/MASC05803/MASC05857, which
were placed in reverse order. A possible explanation
for this are genomic rearrangements, which are typical
for the pericentromeric part of the chromosome II (Lin

@ Springer

et al. 1999). The authors reported mitochondrial DNA-
insertion in this genomic region (the four markers
above cover the chromosome positions from 2995450
to 5328235bp) showing sequence polymorphisms
between the accessions Col-0 and C24. In addition, the
pericentric region is also characterised by the presence
of a large number of transposable elements (Lin et al.
1999).

The constructed genetic map contains 105 genetic
positions in contrast to the physical map with 110 sites.
This is due to the missing recombination events among
a group of three adjacent markers and among further
three pairs of adjacent markers. The average genetic
distance between two adjacent markers was 3.87 cM
with a maximum value of 12.96cM for the
MASC02668-MASC09213 marker pair on chromo-
some IV. Except for the regions with high and low
recombination rates the markers (Table 1, Fig. 1) are
evenly distributed throughout the genetic map. Varia-
tion of recombination frequencies across the genome
has also been noted in other RIL populations. The
recombination frequency deduced from the Col/Ler
RILs (Mayer etal. 1999) varied between 50 and
200 kb cM~! on the chromosome arms and decreased
to 1,000 kb cM~! through the centromeric region of



Theor Appl Genet (2006) 113:1551-1561

1559

chromosome IV. In our RILs we have an average
recombination frequency of 274.23 kb cM~! (Fig.2)
and the regions of low recombination frequency coin-
cided with the centromers as expected. Taking the top
of the chromosome IV, we observed for example a
high recombination frequency of 134.55kbcM™!
between the first two markers (MASC04123/300135 bp
and MASC04725/1091297 bp) while no recombination
events were detected in the next region between the
third and fourth markers adjacent to the centromere
(MASC05042/2187167 bp and MASC09225/2905965
bp). The comparison between our genetic map and
other maps is not easy since different marker sets were
used in different studies. Nevertheless the profiles of
genetic/physical distances along the five chromosomes
have similarities in different RIL populations, such as
in Bay-0 x Shahdara (38 markers) (Loudet et al. 2002)
or in the Ler x An-1 (65 markers) Ler x Kas-2 (78
markers) marker and Ler x Kond (75 markers) RILs
(El-Lithy et al. 2006). Using a higher marker density
the contrasts between the genomic regions with low
and high recombination frequencies become more visi-
ble such as in our case.

In the two subsets of F,; RILs a total number of 1910
(Col-0 x C24) and 2017 (C24 x Col-0) detected
recombinations have been fixed, which corresponds to
an average of 9.28 recombinations (1.86/chromosome)
in individual RI lines with an average segment size of
32.06 cM. Counting each breakpoint as one recombina-
tion, an average of 37.76 fixed recombinations per
interval can be observed over the whole set of RILs.
Taking this relatively high number of recombinations
represented in the RILs and the comparatively high
number of evenly distributed genetic markers with a
maximal marker distance of 12.96 cM, we think that
our RIL population provides an excellent resource for
QTL mapping. In addition, the construction of two
reciprocal subpopulations genotyped with the same
marker set is a versatile feature of this RIL population
which opens the opportunity to investigate cytoplas-
matic effects on QTL. The complete set of RILs and
their genotype data will be available upon publication.

SD has been frequently found during the construc-
tion of genetic linkage maps in many different plant
species. In the family Brassicaceae it was observed in
different inter- (Boivin et al. 2004) and intraspecific
(Bechsgaard et al. 2004; Kuittinen et al. 2004) crosses.
SD has commonly been detected in different Arabidop-
sis RIL populations, where the expected segregation
would be 1:1 for each parental allele. Alonso-Blanco
etal. (1998) described SD in Ler x Cvi Fg RILs on
chromosomes I, III and V with a largest magnitude of
distortion (1:2.3—an excess of Ler-alleles) on the top

of the chromosome V. In Ler x Col Fg RILs (Lister
and Dean 1993) the bottom of the chromosome I and
the top of the chromosome V showed aberrant segre-
gation. The Bay-0 x Shahdara F RILs developed by
Loudet et al. (2002) contained regions with significant
overrepresentation of one or the other parental allele
on the lower part of chromosome II, on the top and the
lower part of chromosome IV and on the bottom of
chromosome V. El-Lithy et al. (2006) found markers
clustered in certain genomic regions with SD ratios
ranging from 1.4:1 to 2.1:1 in the three different Fy RIL
populations Ler x An-1, Ler x Kas-2 and Ler x Kond.
In the population of 96 Nd x Col RILs (Werner et al.
2005) SD was detected at the bottom of chromosome I,
on the top of chromosome II and IV and at the lower
part of chromosome V. In the sets of F; RILs described
in this paper we found aberrant segregation ratios at
the bottom of chromosomes I and V, at the top of chro-
mosomes III and IV and in the lower region of chro-
mosome III. A complete and accurate comparison of
the SD regions identified in different RILs is not easy
since the marker sets used for genotyping differed, but
it seems that some of the SD regions overlap such as
for example the SD at the bottom of the chromosome I
(Ler x Col, Nd x Col, Ler x Cvi and Col x C24
RILs), at the top of chromosome IV (Bay-0 x Shahd-
ara, Nd x Col, Ler x An-1 and Col x C24) or at the
bottom of chromosome V (Bay-0 x Shahdara, Ler x
Kas-2, Ler x Kond, Col x C24 and C24 x Col). But
there are also genomic regions with SD unique to spe-
cific RIL populations.

A significantly high LD of 0.6 (P < 0.01) was found
between the distorted region at the bottom of chromo-
some V and the middle of chromosome IV, where the
marker-allele frequencies were not skewed (Fig. 4). By
means of RILs focusing on the two involved loci at the
markers MASC09215 and MASC04350, we showed
that the segregation distortion occurs when a homozy-
gous Col-0 allele on chromosome IV coincided with
homozygous C24 alleles at the bottom of chromosome
V (Fig. 5). Forming subsets of RILs containing differ-
ent alleles at both loci, we found that the highest dis-
tortion could be observed if the subset is homozygous
Col-0 at the marker locus MASC09215.

The effects of the unfavourable allele interactions
were tested using a BC;F; NIL, the progeny of which
segregated for the bottom of the chromosome V and
was homozygous Col-0 for the remaining part of the
genome. Among the offspring the plants having homo-
zygous C24 genotypes showed a highly reduced fertil-
ity, which causes the SD observed in the RILs. The
phenotype has a recessive character causing a reduced
amount of pollen or no pollen production by flowers
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having the unfavourable allele-combination. The pene-
trance of the phenotype is not complete. When pollen
of low fertility plants was used to pollinate plants with
different allelic compositions (Col-0 accession, C24
accession, Col-0 background with heterozygous seg-
ment on the bottom of chromosome V, Col-0 back-
ground with C24 segment on the bottom of
chromosome V) all combinations produced seeds. Sim-
ilarly pollination of the low fertility plants with pollen
collected from different genotypes (Col-0 accession,
C24 accession, Col-0 background with heterozygous
segment on the bottom of chromosome V, Col-0 back-
ground with C24 segment on the bottom of chromo-
some V) leaded to well-developed seeds. According to
these observations it is most likely that the major effect
causing the low fertility is on male gametogenesis. The
exact developmental stage that is affected, however,
remains to be determined.

The region harbouring the responsible gene(s) on
chomosome 5 has been confined to a 112 kb region
flanked with the markers MASC01090 and K1F13/52-
53. We are now poised to begin fine-scale mapping and
subsequently map-based cloning of the gene(s) causing
reduced fertility at the bottom of chromosome V. This
work is facilitated by the existence of a NIL, which seg-
regates only for the bottom of chromosome V.

The mode of interaction between the alleles of the
gene(s) in the region at the bottom of chromosome V
and the responsible gene(s) on chromosome IV
remains to be further investigated and will require the
isolation of the latter. A C24 NIL heterozygous only
for the respective chromosome IV region is available
and will be used to fine-map this locus. Isolation of the
affected genes and elucidation of the underlying mech-
anism in Arabidopsis could yield important informa-
tion for the causes of similar phenomena in crops and
may be useful to engineer male sterility systems appli-
cable to hybrid breeding.
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