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Natural populations of diploid Arabidopsis lyrata exhibit the
sporophytic type of self-incompatibility system characteristic
of Brassicaceae, in which complicated dominance interac-
tions among alleles in the diploid parent determine self-
recognition phenotypes of both pollen and stigma. The
purpose of this study was to investigate how polyploidy
affects this already complex system. One tetraploid popula-
tion (Arabidopsis lyrata ssp kawasakiana from Japan)
showed complete self-compatibility and produced viable
selfed progeny for at least three generations subsequent to
field collection. In contrast, individuals from a second
tetraploid population (A. lyrata ssp petraea from Austria)
were strongly self-incompatible (SI). Segregation of SI
genotypes in this population followed Mendelian patterns
based on a tetrasomic model of inheritance, with two to four

alleles per individual, independent segregation of alleles, and
little evidence of dosage effects of alleles found in multiple
copies. Similar to results from diploids, anomalous compat-
ibility patterns involving particular combinations of individuals
occurred at a low frequency in the tetraploids, suggesting
altered dominance in certain genetic backgrounds that could
be due to the influence of a modifier locus. Overall,
dominance relationships among S-alleles in self-incompati-
ble tetraploid families were remarkably similar to those in
related diploids, suggesting that this very important and
complicated locus has not undergone extensive modification
subsequent to polyploidization.
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Introduction

Genetically controlled self-incompatibility (SI) systems in
flowering plants promote outcrossing by preventing self-
pollination, or cross-pollination among individuals shar-
ing expressed alleles. Such systems have attracted the
attention of both molecular biologists interested in the
biochemistry of cell–cell recognition signaling pathways
and population geneticists interested in the dynamics of
multiallelic systems maintained by the forces of balan-
cing selection (eg Charlesworth et al, 2000). These tend to
be highly complex systems, with individual male and
female recognition components physically linked in
multi-gene regions characterized by low recombination,
which allows maintenance of the same specificity in male
and female genes. These regions are often referred to as
S-loci, with variants referred to as S-alleles or S-haplo-
types. In one of the best-characterized systems, gameto-
phytic SI (GSI: where the recognition phenotype of the
pollen is determined by its own haploid genotype),
polyploidization has been reported to disrupt the
process, via competition among alleles in diploid pollen
(eg, Lewis, 1947; Chawla et al, 1997; Stone, 2002). This is
apparently a genotype-dependent effect in at least some
species (reviewed in Mable, 2004b), but there are a
relatively large number of tetraploid GSI species with

increased potential for self-compatibility compared to
their diploid relatives (Miller and Venable, 2000). Recent
evidence from tetraploid sour cherries suggests that
there may be more flexibility in such systems than has
previously been assumed, with segregation for self-
compatible and self-incompatible individuals in some
cultivars resulting from the presence of both functional
and nonfunctional S-alleles that may be due to altera-
tions in either male or female genes (Hauck et al, 2002;
Yamane et al, 2003).

Sporophytic self-incompatibility (SSI) is even more
complex: the self-recognition phenotype of both pollen
and stigmas is determined by the diploid genotype of the
parent, so that dominance interactions among alleles in
both male and female components (the genes SCR and
SRK, respectively) determine recognition phenotypes (eg
reviewed by Nasrallah, 2002; Hiscock and Tabah, 2003).
In diploids, SI alleles show very complex dominance
relationships, with nonlinear dominance hierarchies,
partial expression of SI, differential dominance in pollen
and stigmas, genotype-dependent deviations from ex-
pected compatibility patterns, and distinctive classes of
alleles showing particular dominance patterns (Bateman,
1952; Thompson and Taylor, 1966, 1971; Sampson, 1967;
Stevens and Kay, 1989; Kowyama et al, 1994; Mehlenba-
cher, 1997; Hatakeyama et al, 1998; Schierup, 1998;
Brennan et al, 2002; Mable et al, 2003). It seems unlikely
that competition among S-alleles in tetraploids with SSI
would result in the breakdown observed in some species
with GSI. In fact, a loss of SI is not seen as frequently
with SSI (reviewed in Mable, 2004b), with some tetra-
ploids showing no such breakdown (eg Ranunculus
repens, Ranunculaceae: Lundqvist, 1998; Rutidosis leptor-
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rhynchoides, Asteraceae: Young et al, 2000) and others
showing variation in outcrossing rates by accession or
variant (Senecio vulgaris, Asteraceae: Abbott et al, 1998;
Brassica napus, Brassicaceae: Brugière et al, 2000).
However, the population genetics and molecular control
of SSI have recently been characterized for diploids of
Arabidopsis lyrata in the family Brassicaceae (Charles-
worth et al, 2000, 2003a, b; Kusaba et al, 2001, 2002;
Schierup et al, 2001; Nasrallah et al, 2002; Mable et al,
2003). Dominance interactions among S-alleles (i.e.
variants in male and female genes) in this species are
known to be complex, but have been resolved suffi-
ciently to allow predictions about interactions among
alleles falling into different classes (Nasrallah et al, 2000;
Kusaba et al, 2001, 2002; Charlesworth et al, 2003a; Mable
et al, 2003; Bechsgaard et al, 2004). The species has been
promoted as a model because it has been thought to be a
diploid and obligately outcrossing relative of the model
species Arabidopsis thaliana (eg Nasrallah, 2000; Mitchell-
Olds, 2001), but this is an oversimplification. Polyploidy
has been described in populations from three of the four
geographically recognized subspecies (Al-Shehbaz et al,
1999; Koch et al, 1999): A. lyrata petraea from Europe
(Polatschek, 1966),A. lyrata kawasakiana fromAsia (Miyashita
et al, 1998), and A. lyrata kamchatica from Asia and
Western North America (Rollins, 1993). Preliminary data
suggest variation in the strength of SI among populations
of tetraploids from two different regions (Europe and
Japan), but also among populations of diploids from
North America (Mable, 2004a). This species group there-
fore makes an excellent model to study how polyploidy
influences the expression of SI, and factors that con-
tribute to a loss of SI in both diploids and tetraploids.

Study of the breakdown of SI can provide valuable
insights into the mechanisms controlling functional SI
systems, as has been described for self-compatible
Brassica napus (Goring et al, 1993; Robert et al, 1994; Yu
et al, 1996; Ciu et al, 1999), and may provide clues to how
SI evolved in these groups. Study of dominance interac-
tions among alleles in tetraploids with functional SI
systems has the added benefit of combining multiple
allelic classes in the same individual to test hypotheses
about intransitiveness (ie nonlinearity) of allelic interac-
tions. Whereas previous studies have described the
inheritance of SI in tetraploids with sporophytic control
(Lundqvist, 1998; Young et al, 2000), there has been no
detailed study of dominance interactions among alleles
in natural populations, which is necessary before the
number and frequency of alleles in tetraploid popula-
tions can be studied and compared to those in diploid
populations.

The purpose of this study was to ask: (1) How does
polyploidy affect the strength of SI in tetraploids derived
from diploids with sporophytic control of SI? and (2)
How does polyploidy affect segregation and dominance
interactions among alleles at the locus controlling SI?

Materials and methods

Samples
Data are presented for two populations of tetraploids: (1)
a self-compatible population from Japan (A. lyrata ssp
kawasakiana: collected from Lake Biwa by N Miyashita)
and (2) a self-incompatible population from Austria (A.

lyrata ssp petraea: collected from Mödling and Aggsbach
by S Ansell). For both populations, multiple open-
pollinated fruits were collected from each maternal plant
(seven from Japan and seven from Austria); field-
collected seed sets thus include a mixture of full-sib
and half-sib families. Segregation analyses were per-
formed on progeny from crosses between plants from
different maternal seed sets. To test the inheritance of SI
in the Austrian population, crosses were performed
between plants that were strongly SI and those that
showed higher levels of self-compatible. Plants were
grown in the greenhouse for a minimum of 12 h
(normally 16) with a preferred temperature of 181C day
and 171C nights, although higher temperatures were
reached in summer months. Seeds were germinated
without vernalization by sowing directly into a 3:1
mixture of soil:clay (Promix: Turface).

DNA content
Ploidy level of all plants was assessed using flow
cytometry, and confirmed by chromosome counts as
described in detail in Dart et al (2004). Flow cytometry
was performed according to a protocol modified from
Bino et al (1992), and Arumuganathan and Earle (1991)
on a BD Biosciences FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA), using three to five
young leaves per plant (approx. 15–20mm in length,
resulting in approximately 70mg of tissue) stained with
propidium iodide. Data were acquired and analyzed
using CellQuest and CellQuestPro software (Becton
Dickinson and Co., 1996). The lowest peak in each
sample was used to estimate DNA content, as these
plants have the high degree of endopolyploidy common
to other Brassicaceae (Barow and Meister, 2003). To
confirm chromosome numbers, staining of both meiotic
and mitotic tissue from whole buds (described in Dart
et al, 2004) was carried out following a modified protocol
by Ross et al (1996), based on a previous protocol by
Henderson and Lu (1968).

Pollinations
For both tetraploid populations, progeny from seeds
raised from field-collected fruits were selfed by rubbing
stigmas with anthers from the same plant (six replicates
per plant) to assess strength of SI. Outcross pollinations
(ie between individuals from different maternal seed
sets) were performed opportunistically as plants flow-
ered to ensure fertility. Cross-pollinations were per-
formed by the following method. As plants began to
flower, open flowers were removed, and the plants were
placed under bridal veil covers for a minimum of 3 days
prior to pollination. Pollinations were performed by
rubbing anthers on stigmas of emasculated flowers. Each
combination of parents was pollinated reciprocally, using
three replicate flowers whenever possible. Compatibility
was scored by fruit set 7–10 days after pollination
according to the criteria described in Mable et al (2003).
Rather than scoring pollinations by fluorescent staining
of pollen tube growth, fruit set was monitored in order to
produce second-generation progeny to test dominance
relationships. Progeny from first-generation crosses were
raised to flowering and used for segregation analyses
based on a complete diallele pollination design within
each family tested. Each individual was also selfed to
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assess the strength of SI. Progeny were sorted into
incompatibility groups based on fruit set as described, in
Mable et al (2003) to infer phenotype segregation of
alleles at the S-locus.

S-allele genotyping
Genotypes at the SRK locus (referred to as Aly13 in
previous papers: Schierup et al, 2001; Charlesworth et al,
2003a, b) were determined according to Mable et al
(2003). In brief, two approaches were used to determine
SRK genotypes: (1) screening with a set of allele-specific
primers previously designed for diploid populations,
and (2) cloning and screening PCR products amplified
using general primers (situated in the extracellular or S-
domain) designed to amplify a large number of SRK
alleles in A. lyrata. The full set of primers used for
screening are described previously (Schierup et al, 2001;
Charlesworth et al, 2003a; Mable et al, 2003); primers that
were used to amplify alleles described in this study are
listed in Table 1. Clones were screened using the
restriction endonucleases AluI and RsaI; at least three
clones of each variant detected were sequenced using Big
Dye (Applied Biosystems, Foster City, CA, USA) on an
ABI 377 automated sequencer. Products from allele-
specific primers were sequenced directly from gel bands
purified using QiaQuick extraction kits (Qiagen Inc,
Mississauga, ON, USA). Consensus sequences from three
clones per sequence type and sequences from direct PCR
products were aligned to previously characterized alleles
(Charlesworth et al, 2003b) manually using Se-Al, version
1.0 (Rambaut, 1996) and MacClade, version 4.0 (Maddi-
son and Maddison, 2000). When sequences were ampli-
fied in tetraploids that did not appear in the diploid
populations, new allele-specific forward primers were
designed (Table 1) and linkage of these putative alleles to
the S-phenotype was tested in the families used for
segregation analyses.

Segregation analyses
For diploid populations, segregation analyses of S-
phenotypes (from pollination studies) and S-genotypes
were initially performed separately to look for congru-
ence without bias (Schierup et al, 2001; Mable et al, 2003).
In tetraploids, however, due to the more complex nature
of segregation possible with four gene copies per
individual, segregation of S-genotypes could be per-
formed independently, but grouping of phenotypes
could not be completely assessed without considering

genotype information. Multiple complex models of
allelic segregation in tetraploids are possible (eg Jackson
and Hauber, 1982; Wu et al, 2001), but for simplicity only
the two most extreme models were considered here: (1)
tetrasomic inheritance, which results when there is com-
pletely independent segregation of each allele (expected
to be more common in autotetraploids); and (2) disomic
inheritance, which results when parental alleles tend to
segregate together so that inheritance is effectively
diploid (expected to be more common in allotetraploids).
Fit of these models to the expected genotype and pheno-
type classes was evaluated using w2 with degrees of
freedom equal to n�1, where n is the number of expected
genotype classes. Copy number of each allele in parents
was inferred based on segregation of alleles in offspring.

Phylogenetic analysis
The combined alignment of new tetraploid alleles with
previously published diploid alleles (Charlesworth et al,
2003a; Popset alignment accession: gi:27545451) was
used to estimate a hypothesis of phylogenetic relation-
ships, using PAUP* 4.0b10. (Swofford, 2000). Previous
data have shown that relationships among alleles at this
locus are not well resolved because of their high
divergence from one another, but that alleles fall into
two broad groups (Charlesworth et al, 2003a). A
maximum likelihood tree was constructed using an
HKY85 model of evolution (ie estimating transition/
transversion ratio and base frequencies: Hasegawa et al,
1985) to determine which of these groups the new
tetraploid alleles fell into. A neighbor-joining (Saitou and
Nei, 1987) bootstrap (1000 replicates) was performed to
determine relative support for these relationships. Three
paralogous genes from A. lyrata (Aly 10.1, Aly 10.2, and
Aly 8) and their respective orthologues in A. thaliana (Ark
1, Ark 2, Ark 3) were used to root the tree (see Popset
Alignment gi:27545451).

Results

Japanese tetraploids
Strength of SI: Polyploidy was first suspected in the
Japanese population, due to the very large plant size
compared to diploid populations. In addition, all
progeny raised from field-collected seed sets from
seven maternal plants produced autogamous fruits in
the same greenhouse where self-incompatible diploids
showed little or no fruit development without hand

Table 1 Primers used to amplify S-domain fragments for alleles present in populations of A. lyrata collected from Austria (A) and Japan (J)

Primera Sequence Allele amplified (with SLGR) Population Fragment sizeb (bp)

13-1F1 tttcaacaacaactcacaagaa 13-1 A, J 839
13-7F1 gtgacttcccaagaaaatttg 13-7 A, J 478
13-22F1 acacgttcttaatgaccaacaag 13-22 J 444
13-28F1 ccgattgtaatatttacatgggg 13-28 A 396
13-29F1 caaacatccgtaaatgattgtgaa 13-29 A 409
13-30F1 aaatacgaggatcggattctgtc 13-30 A 668
13-33F3 ggagccgtggattacatgg 13-33 A 904
13F1 ccgacggtaaccttgtcatcctc General A, J B1000
13FBM gtgagatctccggtggtggcag General A, J B950
SLGR atctgacataaagatcttgacc All types A, J

aPrimers designed for this study are indicated in bold type.
bExpected size when products amplified using SLGR as the reverse primer.
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pollinations. Complete self-compatibility was
maintained through two selfed generations (Figure 1)
and chromosome counts and flow cytometry on these
later generations confirmed that the plants were
tetraploid (4x¼ 32: Dart et al, 2004).

Segregation of S-alleles
Only three SRK alleles were found in four first-genera-
tion individuals screened from Japan, with one of the
alleles (Aly 13-1) found in a single individual and the
other two (Aly 13-22 and 13-7) found in all individuals
screened (Figure 1; Table 1). The first two of these alleles
have been demonstrated to be linked to the S-locus in
diploids (Aly 13-1 and 13-22: Schierup et al, 2001), while
the third (13-7) is thought to be a paralogous gene that is
not linked to the S-locus (Charlesworth et al, 2003a). Both

the 13-1 and 13-22 sequences were identical to those
found in diploid populations, but the unlinked allele had
a reading-frame-altering single-base pair deletion in all
individuals examined. Segregation analyses of alleles in
the S2 generation indicated that at least one other linked
allele must be present at the SRK locus because only 12/
27 individuals (44%) showed positive amplification of
the 13-22 allele found in the parent plant.

Austrian tetraploids
Strength of SI: All progeny raised from field-collected
seeds from the seven maternal Austrian plants (first
generation: J2000 seed set; Table 2) were confirmed to be
tetraploid (4x¼ 32: Dart et al, 2004), as originally inferred
from allozyme data (S Ansell, personal communication).
All individuals tested in subsequent generations (Table 3)
were also tetraploid. Although most first-generation
individuals were highly self-incompatible, progeny
from two maternal plants (J2000/1 and J2000/7
families) showed evidence of partial self-compatibility
(Table 2). This was not, however, found in the next
generation. Crosses and selfings among plants within
families between an apparently self-compatible plant
(J2000 1/8, which produced 4/4 fruits on selfing) and a
strongly self-incompatible plant (J2000 4/2, which
produced 0/6 fruits on selfing) indicated that while
plants within this second generation (C7 family; Table 4)
were capable of setting seed when crossed to individuals
with different SRK alleles, they were strongly self-
incompatible. Similar results were found in the third
generation, with all individuals tested showing strong SI
(E5 family: Table 5).

Segregation and dominance of S-alleles
Screening for S-alleles at the SRK locus (Aly13) for first-
generation plants (J2000) revealed four new alleles in the
Austrian tetraploids (13-28, 13-29, 13-30, 13-33) that had
not been found in previous surveys of diploid popula-
tions and one allele, 13-1, that has been found in all
populations tested so far (Mable et al, 2003). Two of these
new alleles (13-28 and 13-29) were originally found
by sequencing PCR products amplified using an allele-
specific primer for an allele found in a diploid popula-

Figure 1 Phenogram showing relationships among alleles at the Aly
13 (SRK) locus of A. lyrata. The tree is rooted with paralogous genes
from A. lyrata (Aly 10.1, Aly 10.2, and Aly 8) and their respective
orthologues in A. thaliana (Ark 1, Ark 2, Ark 3). The tree was
reconstructed using maximum likelihood under an HKY85 model
of evolution and relative bootstrap support was estimated using
neighbor-joining. The extensive divergence and possible gene
conversion among alleles at this locus do not allow definitive
estimation of relationships among individual alleles, but they can be
broadly separated into two groups, one of which includes unlinked
alleles 13-2 and 13-7 in a strongly supported clade (group B). Alleles
found in tetraploid populations are underlined. The Austrian
tetraploid alleles 13-28 and 13-29 fell into group B and were
recessive to the alleles 13-30 and 13-33, which fell into group A. The
Japanese tetraploids had the group A allele 13-22. The 13-1 allele
was found in both populations.

Table 2 Number of fruits/number of replicates for self and outcross
pollinations for tetraploid plants raised from field-collected seeds
from Austria, indicating the number of individuals tested within
each of seven seed sets

Maternal seed set No. of individuals Self Outcross

J2000/1 6 9/26a 16/16
J2000/2 3 0/20 18/19
J2000/3 2 0/19 18/19
J2000/4 4 1/21 8/10
J2000/5 5 0/31 7/7
J2000/6 3 0/17 22/25
J2000/7 3 7/15b 1/1b

aIn this family, two individuals were self-incompatible; the rest
showed varying degrees of self-compatibility, with number of
fruits produced/total self-pollinations conducted ¼ 2/6, 1/4, 4/4
and 2/2.
bIn this family, one individual was self-incompatible, the others
showed 2/3 and 5/6 fruits on selfing; individuals in this family did
not flower sufficiently for outcross pollinations to be performed.
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tion from Iceland (Aly 13-18). The alleles 13-30 and 13-33
were found by cloning and screening with the general
primers 13F1 and 13FBM. The parents used to initiate
subsequent generations (J2000 1/8 and 4/2) had the
genotypes 1/28/33 and 1/29/30, respectively, at the Aly
13 (SRK) locus (Table 3). Assuming that each individual
carries four alleles per locus, it was inferred that the 13-1
allele was present in two copies in both plants, since
putative homozygotes for 13-1 appeared in the progeny;
assignment of progeny genotypes was based on this
assumption. It is possible that an unidentified recessive
allele was present in the J2000 4/2 parent, but this does
not substantially affect interpretation of results (it would
have to be an allele that is recessive to all others). The
unlinked allele, 13-7, was also present in some indivi-
duals but did not have the 1-bp deletion found in the
Japanese population.

Diallele crosses for two third-generation families were
made among progeny from seeds raised from crosses
within the C7 seed family (E3 and E5 families; Table 3),
but only the results for E5 are presented in detail here
(Table 6). Concordance was high between the six SI
phenotypes and 11 SI genotypes for the E5 family,
allowing prediction of the following dominance relation-
ships among parental alleles:

(1) Alleles 13-30 and 13-33 are codominant in both
pollen and stigma (ie both are expressed when found
together), but are dominant to 13-28, 13-29, and 13-1,

as indicated by reciprocal incompatibility of SI
phenotype groups I and V (which share allele 13-
30), and groups I and IV (which share allele 13-33)
compared with compatibility of groups sharing the
other alleles.

(2) Alleles 13-28 and 13-29 are coexpressed in both
pollen and stigma when they occur together, as
indicated by reciprocal incompatibility of groups II
and III (which share allele 13-29) and groups III and
VI (which share allele 13-28). However, relative
expression may differ in pollen and stigma in some
individuals (see footnotes in Table 5 and details
below).

(3) Allele 13-1 is recessive to 13-30 and 13-33 and
probably recessive to 13-28 and 13-29 (even when
present in three copies), based on reciprocal crosses
among groups II, III, and VI.

Close examination of compatibility results (Table 6)
indicated that some individuals appeared to show
deviations from the above scheme in combination with
certain other genotypes. For example, when used as
pollen donors, two individuals with the genotype 1/1/
28/29 showed different compatibilities when crossed to
plants with the genotypes: (1) 1/1/1/29 (A4 produced
13/13 fruits; B6 produced 0/9 fruits), (2) 1/28/30/33 (A4
produced 2/3 fruits; B6 produced 0/3 fruits), and (3) 1/
1/28/33 (A4 produced 6/12 fruits; B6 produced 2/12
fruits). The corresponding reciprocal crosses did not

Table 3 Crosses used for segregation analyses indicating genotypes at the Aly 13 (SRK) locus (in parentheses) and results of goodness of fit
tests to a tetrasomic model of inheritance

Familya Maternal plant (Genotype)b Paternal plant (Genotype) Nc Model fitd

2: C7 J2000 1/8 (1/1/28/33) J2000 4/2 (1/1/29/30) 5 NT
2: D1 J2000 4/2 (1/1/29/30) J2000 1/8 (1/1/28/33) 41 0.10
3: E1 C7/7 (1/1/30/33) C7/3 (1/1/1/29) 27 0.003e

3: E2 C7/3 (1/1/1/29) C7/7 (1/1/30/33) 20 0.46
3: E3 C7/3 (1/1/30/33) C7/4 (1/1/1/28) 22 0.47
3: E5 C7/3 (1/1/30/33) C7/2 (1/1/28/29) 30 0.12

aGeneration: family designation; bold indicates families where pollination-based assessment of SI phenotype was performed; too few
individuals survived to test segregation in family C7 but crosses within this family were used to produce the E families.
bDosage of alleles inferred for parental genotypes was based on segregation in progeny; except for C7/3, it is possible that some individuals
had an unidentified allele that was recessive to all others rather than multiple copies of 13–1 which would alter interpretation of dosage
effects but not dominance relationships among other alleles.
cNumber of individuals in family.
dProbability of fit to a tetrasomic model of inheritance using a w2 goodness of fit test; NT¼not tested due to small sample size.
eSignificant deviation from a tetrasomic model in family E1 was not seen in the reciprocal cross involving the same parents (E2).

Table 4 Self-pollinations (shaded, on diagonal) and crosses among individuals (ND indicates crosses that were not done) in the C family
resulting from a cross between a partially self-compatible individual (J2000 1/8) and a self-incompatible individual (J2000 4/2)
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Table 5 Segregation of SI phenotypes (SI group, indicated by roman numerals) and genotypes (alleles at the Aly 13 locus) in the E5 Family (1/1/30/33� 1/1/28/29), indicating the number of
individuals in each class and whether crosses were incompatible (I) or compatible (C) based on three replicate pollinations (ND indicates crosses that were not performed)
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show such discrepancies. These results can be explained
as follows: (1) 13-29 is coexpressed with 13-28 in both
pollen and stigmas as predicted by the dominance
scheme above in individual B6, whereas 13-28 is
dominant to 13-29 in pollen and codominant in stigmas
in individual A4; (2) 13-28 (and/or 13-1) is expressed
with the dominant alleles 13-30 and 13-33 in stigmas (but
not in pollen) of the individual that B6 was crossed to as
pollen donor (A4 and B6 were crossed to two different
individuals because flowering stopped before the full
diallele could be completed); and (3) 13-28 (and/or 13-1)
is at least partially expressed in stigmas (but not in
pollen) with 13-33 for all four individuals with the
genotype 1/1/28/33. It cannot be determined from these
results whether it is 13-28 or 13-1 (or both) that has
altered expression but the anomaly described in footnote
b (Table 5) suggests that 13-1 is expressed with 13-33 in
the pollen of individual A12 and with 13-30 in stigmas of
individual A11, but that 13-1 is not expressed in both in
the reciprocal combination. Footnote c suggests that 13-1
is also expressed in the pollen of individual A11, but that
only one out of three individuals with the genotype 1/1/
1/33 expresses 13-1 in its stigma. In addition, the fact
that pollen from A11 is incompatible with stigmas of
individuals with the genotype 1/1/1/28 but compatible
with those with the genotype 1/1/1/29 suggests that 13-
29 is dominant to 13-1 in these individuals and/or that
13-1 and 13-28 are coexpressed in pollen. Unfortunately,
crossing information with individuals with the genotype
1/1/1/28 was incomplete because one individual
showed reduced fertility and the rest did not flower
long enough to be crossed to all other individuals.
Similar individual variation in allele expression was seen
in family E3, which segregated for alleles 13-1, 28, 30, and
33. In this family, a cross between a homozygous
individual with genotype 1/1/1/1 and an individual
with genotype 1/1/1/33 confirmed that 13-1 is ex-
pressed with 13-33 in stigmas, but not in pollen.

However, when the cross was repeated with another
1/1/1/33 individual, the cross was fully compatible,
suggesting that 13-1 was not expressed in stigmas in this
plant.

The proposed dominance model is consistent with the
observed segregation of phenotypes and genotypes in
family E5 (Table 6), based on a tetrasomic model of
inheritance (P¼ 0.29 and 0.12, respectively). A disomic
model of inheritance would predict a maximum of only
four genotypes, but 16 were seen here. The genotypes
28/29/30/33, 1/28/29/30, 1/1/1/30, and 1/1/1/1 were
missing, but this is not unexpected given the large
number of expected classes. To increase the sample size
and evaluate the possibility that some genotypes might
be at a disadvantage, a larger family (D1 family n¼ 41;
Table 3) sharing the same five alleles was studied. All
expected genotypes were found; the only genotype that
was consistently under-represented in both families was
1/1/1/30 and segregation was consistent with a tetra-
somic model of inheritance (P¼ 0.10). Additional fa-
milies screened for segregation of SRK alleles but not
used in pollinations also supported a tetrasomic model
of inheritance at this locus (Table 3). Deviation from
expected patterns in family E1 appeared to be due to
excess of genotypes 1/1/1/29, 1/1/1/33, and 1/1/30/33
and deficiency of 1/1/1/30, 1/29/30/33, and 1/1/29/
33, but this was not seen in the reciprocal cross (family
E2) involving the same parents.

Phylogenetic analysis
The new tetraploid alleles from the Austrian population
fell into the same distinctive classes of alleles previously
found for diploid populations: group B alleles form a
strongly supported (based on bootstrap analysis) cluster
that are closely related to a group of unlinked alleles
(including the 13-7 allele discussed above), whereas
group A alleles do not form a tight cluster but are
distinguishable from group B sequences based on DNA
sequences and conserved protein motifs (Charlesworth
et al, 2003a). The tetraploid alleles in group B (13-28 and
13-29) appeared to be most closely related to diploid
alleles 13-3 (found in North American populations) and
13-18 (found in Icelandic populations), respectively.
Relationships among group A sequences were not
resolved by phylogenetic analyses because of their
extensive divergence from one another, but 13-33
appeared to be most closely related to diploid alleles
13-4 and 13-10 (found in Scottish populations). The
Japanese tetraploid allele 13-22 was identical in sequence
to an allele (found in Icelandic diploids) previously
demonstrated to be dominant to the group B allele 13-3,
and to the group A alleles 13-1 and 13-13 (Schierup et al,
2001).

Discussion

Polyploidy and SI
Our results suggest that, as for other species with
sporophytic control of SI (eg Lundqvist, 1998; Young
et al, 2000), polyploidy per se probably does not cause
breakdown of SI in A. lyrata. Although tetraploids from
Japan were completely self-compatible, those from a
population in Austria showed strong SI, with dominance
of SI alleles apparently operating similar to that in

Table 6 Segregation of alleles at the Aly 13 (SRK) locus tested
against a tetrasomic model of inheritance for family E5 using a w2
goodness of fit test, according to the following model of dominance
for alleles at the Aly 13 (SRK) locus: 30¼ 33428¼ 2941

Genotype Phenotypea Observed Expected w2

1/29/30/33 I 4 1.7 2.017
1/28/30/33 I 2 1.7 0.017
1/1/30/33 I 1 0.8 0.133
28/29/30/33 I 0 0.8 2.133
1/1/1/29 II 4 1.7 2.017
1/1/28/29 III 2 0.8 0.533
1/1/1/33 IV 3 1.7 0.417
1/1/33/28 IV 4 3.3 0.008
1/1/33/29 IV 1 3.3 2.408
1/33/28/29 IV 0 1.7 2.817
1/28/29/30 V 2 1.7 0.017
1/1/28/30 V 1 3.3 2.408
1/1/29/30 V 2 3.3 1.008
1/1/1/30 V 0 1.7 2.817
1/1/1/28 VI 4 1.7 2.017
1/1/1/1 VII 0 0.8 2.133
Total 30 30 22.9*

aNote that four expected genotypes indicated by bold type were not
seen in this family; phenotype classes (SI groups) are also indicated.
*P¼ 0.12.
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related diploid populations. Our results also suggest
that, contrary to recent findings of dramatic changes in
gene expression and rearrangements in polyploids
(reviewed by Osborn et al, 2003), inheritance and
dominance of a very complicated genetic system appears
to function remarkably similarly to that in related diploid
populations. In contrast to a disomic inheritance pattern
of S-alleles (but without considering dominance relation-
ships) suggested in tetraploid Raphanus repens (Lundq-
vist, 1998), our results suggest independent segregation
of all four alleles at the S-locus in self-incompatible
tetraploids (ie tetrasomic inheritance). These data pro-
vide the potential for a more detailed study of the
population genetics of genes under balancing selection in
tetraploids. The fate of duplicated genes in polyploids
has been investigated for the most widely studied
vertebrate cell–cell recognition system (the major histo-
compatibility locus or MHC: Sammut et al, 2002), but
similar studies have not been conducted previously on a
plant system.

In the diploid selfing species A. thaliana, a functional SI
response is produced when SRK/SCR genes are intro-
duced from self-incompatible A. lyrata (Nasrallah et al,
2002), suggesting that loss of SI is not due to loss of the
downstream machinery but is associated with particular
haplotypes at the S-locus. Complete genotypes were not
obtained for the self-compatible Japanese tetraploids
(segregation analyses indicated that one additional SRK
allele is present in the families examined). However, all
individuals screened had a 13-22 allele that was identical
in sequence to that from diploid populations from
Iceland, but also shared a 13-7 allele with a 1-bp deletion
that would change the reading frame and presumably
make the protein nonfunctional. In diploids, this latter
allele is not linked to the SI recognition phenotype
(Charlesworth et al, 2003a), and it is tempting to
speculate that it could represent a locus involved in
complete expression of SI or one which interacts with
functional alleles through gene conversion, such as
occurs among genes in the MHC complex of vertebrates
(Charlesworth et al, 2003a). It is not known where this
gene resides in relation to the S-locus. For RNase-based
gametophytic SI systems, modifier loci have been
suggested to influence the expression of SI (Lewis,
1943) and result in weakened SI (pseudocompatibility:
Levin, 1993), such as seen in some crosses involving the
Austrian population (Table 6). Similar genotype-depen-
dent variation in SSI phenotypic responses in diploid
Senecio squalidus have been explained on the basis of
influences from a cryptic gametophytic system (Brennan
et al, 2002), as suggested by Lewis (1994) for Brassica.
Insufficient data exist to determine whether the locus
represented by allele 13-7 or some other unidentified
locus influences the expression of dominance, but the
pattern is intriguing.

The apparent partial self-compatibility of some of the
individuals raised from field-collected seeds from Aus-
tria may be attributable to altered interactions among
alleles in some genetic contexts, as described for their
progeny (and grand-progeny). Individual J2000 1/8
produced 4/4 full-sized fruits on selfing (15% of these
seeds were viable) and was used as a parent for the C7
family (Tables 2 and 3). The genotype of this individual
was 1/1/28/33, which was suggested as one of the
genotypes that showed different dominance of alleles 13-

28 and/or 13-1 in pollen and stigma relative to allele 13-
33 (and 13-30) in some individuals in the E5 family. Two
out of four individuals with this genotype in family E3
also produced full-sized fruits on selfing and several
crosses between individuals with this genotype were
unexpectedly compatible. Several individuals with the
genotype 1/1/28/30 also showed partial self-compat-
ibility in this family. One explanation is that dominance
relationships among alleles differ in pollen and stigma,
with 13-33 (or 13-30) expressed in one and 13-28 (or 13-1)
in the other. Theoretically, linkage to modifiers has been
implicated in the evolution of dominance (Ewens, 1966),
suggesting that it is possible that altered dominance in
pollen and stigma in some individuals could be due to
the influence of such a locus. The possible involvement
of the locus including 13-7 in such expression changes is
currently being investigated in these families (two
slightly different sequences are segregating) and in
individuals from diploid populations of A. lyrata that
show similar genotype-dependent changes in the ex-
pression of SI. Crosses between the Japanese and
Austrian tetraploids have produced only inviable seeds
and triploid individuals resulting from crosses between
the Japanese tetraploids and SI diploids are sterile, so it
has not been possible to examine inheritance of the loss
of SI between these populations, but it may be possible to
conduct more extensive comparisons within the Austrian
populations.

Polyploidy and dominance of SI alleles
In diploid Brassica, there are two recognizably distinct
dominance classes of S-alleles, with class I alleles
dominant to class II alleles in pollen but codominant in
stigma. However, nonlinear dominance hierarchies,
partial expression of SI, and different dominance in
pollen and stigma have also been described (Thompson
and Taylor, 1966, 1971; Hatakeyama et al, 1998; Shiba et al,
2002; Kakizaki et al, 2003). In diploid A. lyrata, there may
be at least four dominance classes, but relationships
within and among these classes are still under study (N
Prigoda and BK Mable, unpublished; Bechsgaard et al,
2004). One class appears to be dominant to all others
(including allele 13-22 found in the Japanese population),
but there appear to be three recessive classes, the most
recessive being represented only by allele 13-1. Geneo-
logical relationships among diploid alleles indicate that
one well-supported group of alleles that includes the 13-
7 locus (Group B: Figure 2, Charlesworth et al, 2003a) are
recessive in both pollen and stigma (N Prigoda and BK
Mable, unpublished) to alleles in the second major
group, which includes a putative orthologous pseudo-
gene from A. thaliana (Group A: Figure 2, Charlesworth
et al, 2003a). Dominance relationships among the group
A alleles are more complex, with some alleles showing
intermediate patterns of dominance and evidence of
partial SI (Mable et al, 2003), as has been described for
Brassica Type I alleles (eg Ripley and Beversdorf, 2003).
Given these potential complexities, it is rather remark-
able that tetraploid alleles fall so cleanly into the same
classes predicted for diploids (Tables 3 and 6). The
tetraploid group B alleles (13-28 and 13-29) are recessive
(in both pollen and stigma) to those in group A (13-30
and 13-33), and alleles generally appear to be codomi-
nant within classes (Figure 1).
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The apparent presence of 13-1 in multiple copies in
individuals from field-collected seeds supports evidence
from diploids that the recessive 13-1 allele is present at
much higher frequency than other alleles in the popula-
tion (Mable et al, 2003), and the results presented here
suggest that dosage effects do not alter its dominance
relationships in most crosses. More detailed crossing
experiments are required to assess whether the anoma-
lies described for some individuals involve relative
expression of 13-1 or 13-28 in some contexts, and to
investigate dosage effects in detail. However, overall, 13-
1 appears to remain recessive in combination with all
other alleles. In the E5 family, it is theoretically possible
that a fourth, unidentified allele was present in one of
the parents (the other parent had to have two copies of
13-1 to explain segregation results in the progeny), but
this would have to be recessive to all other alleles,
including 13-1.

In both diploid A. lyrata and diploid Brassica,
dominance has been found to depend on the relative
expression of the male (SCR) rather than the female
(SRK) component of SI (Hatakeyama et al, 1998; Kusaba
et al, 2002; Kakizaki et al, 2003), but only S-alleles within
group A were included in these studies. It would be
interesting to see if all four alleles for both male and
female genes are expressed in tetraploids, and to
determine if this relates to observed dominance relation-
ships in all four dominance classes.

An added benefit of examining segregation in tetra-
ploids is that it may be possible to look at the
intransitiveness of dominance by combining four differ-
ent alleles within individuals and examining the effects
of dosage of particular allelic combinations. The progeny
from the crosses described here could be used for this
purpose, as they should include individuals with multi-
ple copies of alleles other than 13-1. The genotype-
dependent anomalies in dominance relationships noted
here in particular deserve more detailed study.

Conclusions

It does not appear that polyploidy necessarily disrupts
the functioning of SI alleles in the sporophytic system
described here. Since nothing is known about the history
of these tetraploids (ie whether they are autopolyploids
or allopolyploids, the age of the polyploidization event,
or parental origins), it is unclear whether the current
mating systems remained the same with polyploidiza-
tion or whether these systems have evolved subsequent
to the genome duplication event. The best test of this
would be to examine the strength of SI and dominance
relationships among alleles in neopolyploids generated
from diploids with alleles with known dominance
relationships. Colchicine itself has been found to affect
the strength of SI (Pandey, 1968), so it would be
necessary to induce polyploids through natural means
for this purpose. It is also not known whether indepen-
dent segregation (ie tetrasomic inheritance) is found
across the genome or whether it is only found at some
loci, including the S-locus. Segregation analyses of
microsatellite loci are currently underway to assess this.
Comparing all possible combinations of compatibility
types (SC and SI) and ploidy levels (2n and 4n) in one
species would provide the opportunity to better our
understanding of the evolution and genetic implications

of sporophytic SI. With populations such as these, one
could examine in detail the factors that control cell–cell
recognition in this species and what factors might lead to
a breakdown in the process. Finally, understanding
dominance interactions in tetraploids will help to
elucidate how interactions among duplicated gene
copies may influence traits in new and old tetraploids.
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Charlesworth D, Bartolomê-Husson C, Schierup MH, Mable BK
(2003a). Haplotype structure of the stigmatic self-incompat-
ibility gene in natural populations of Arabidopsis lyrata. Mol
Biol Evol 20: 1741–1753.

Charlesworth D, Mable BK, Schierup MH, Bartolomê-Husson
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