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Natural variation in expression of self-incompatibility
in Arabidopsis thaliana: Implications for the evolution
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The switch from an out-crossing to a self-fertilizing mating system
is one of the most prevalent evolutionary trends in plant repro-
duction and is thought to have occurred repeatedly in flowering
plants. However, little is known about the evolution of self-fertility
and the genetic architecture of selfing. Here, we establish Arabi-
dopsis thaliana as a model for genetic analysis of the switch to
self-fertility in the crucifer family, where the ancestral out-crossing
mode of mating is determined by self-incompatibility (SI), a genetic
system controlled by the S locus. We show that A. thaliana
ecotypes exhibit S-locus polymorphisms and differ in their ability
to express the Sl trait upon transformation with S-locus genes
derived from the obligate out-crosser Arabidopsis lyrata. Remark-
ably, at least one ecotype was reverted to a stable, self-incompat-
ible phenotype identical to that of naturally self-incompatible
species. These ecotype differences are heritable and reflect the
fixation in different A. thaliana populations of independent mu-
tations that caused or enforced the switch to self-fertility. Their
continued analysis promises to identify the loci that were the
targets of natural selection for selfing and to contribute to a
mechanistic understanding of the Sl response.

he mating system adopted by a plant species determines the

patterns of genetic variation in and between populations and
thus has profound consequences for the rate and mode of
evolutionary change (reviewed in ref. 1). Out-crossing has
several well known advantages, and, accordingly, flowering
plants have evolved several effective mechanisms that promote
cross-fertilization. However, the selfing mode of reproduction is
very common in flowering plants, and, apparently, it has evolved
repeatedly in some taxa (2-5). Several explanations have been
proposed to explain the evolution of self-fertilizing (autoga-
mous) from out-crossing (allogamous) mating systems (3); these
explanations include reproductive assurance when mating part-
ners or pollinators are scarce (6, 7) and the transmission
advantage of selfing (8). However, this issue has rarely been
addressed empirically in genetically tractable systems, and the
genetic events that underlie evolutionary switches to self-fertility
are largely unknown.

The model plant Arabidopsis thaliana is a highly self-fertile
species (9), with no reports of obligate out-crossing in any of its
hundreds of accessions collected from various geographical
locations. Nevertheless, an out-crossing mode of mating is
thought to be the ancestral condition in the genus Arabidopsis
and, more generally, in the crucifer (Brassicaceae) family. In this
family, out-crossing is determined by a genetic self-incompati-
bility (SI) system controlled by haplotypes of the S locus
(reviewed in ref. 10). In self-incompatible crucifers, the recog-
nition and subsequent inhibition of self-related pollen by the
stigma epidermis is effected through allele-specific interactions
(11, 12) between two highly polymorphic S-locus-encoded pro-
teins: the S-locus receptor kinase (SRK), a transmembrane
protein displayed at the stigma epidermal surface, and the
S-locus cysteine-rich protein (SCR), a small protein that is
localized in the pollen coat. In self-pollination, SRK-SCR
interaction leads to activation of the receptor and triggers a
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poorly understood signal transduction cascade within the stigma
epidermal cell that results in inhibition of pollen hydration,
germination, and tube growth (10).

Previous studies have supported the hypothesis that 4. thali-
ana, which is thought to have diverged from its closest out-
crossing relative, Arabidopsis lyrata, ~5 million years ago (13,
14), was propelled into an autogamous mode of reproduction as
a result of mutations that disrupt the SI system. Indeed, the A4.
thaliana accession Col-0 contains a nonfunctional S locus with
inactive alleles of the SRK and SCR genes (15). Furthermore,
transformation of A. thaliana Col-0 plants with just two trans-
genes, the SRKb and SCRD genes isolated from the Sb haplotype
of A. lyrata, imparted a self-incompatible phenotype during a
narrow window of floral development (16), namely, in very
young flowers and in mature floral buds that are about to enter
into anthesis (flower stages 13 and early stage 14, according to
ref. 17). The SI phenotype of Col-0 transformants harboring the
two transgenes was transient, however, and the ensuing break-
down of SI that accompanied floral maturation allowed self-
pollination and resulted in ample seed set (16).

How self-fertility evolved in A. thaliana is a question of great
interest. Recent studies have uncovered significant natural vari-
ation among A. thaliana geographical accessions (ecotypes) for
many traits, including flowering time, circadian rhythm, response
to light, seed size, and response to pathogens (18-20). However,
little is known about the differentiation of ecotypes with respect
to reproductive processes in general and pollination in particu-
lar. Because extant natural variation for a particular trait often
reflects the evolutionary history of that trait, we initiated a
survey of different A. thaliana ecotypes to assess the degree of
polymorphism in genes required for SI and to determine whether
some natural isolates of the species have retained the potential
to sustain a stable SI response when transformed with functional
SI recognition genes.

Materials and Methods

Plant Growth and Transformation. Plants of the A. thaliana
ecotypes listed in Table 1 were grown in a growth chamber under
standard conditions, with cold treatments to induce seed ger-
mination and flowering as required for each ecotype.

The previously described plant transformation vector, a pBIN-
PLUS derivative containing the SRKb gene (16), was modified
by insertion of a 1.1-kb fragment containing the SCRb gene. This
fragment was amplified from a bacterial artificial chromosome
derived from the Sb haplotype of A. lyrata (15) by using the
primers 5'-GGGGTACCGACAGATTTGATTGGTTAGTT-3'
and 5'-GGGGTACCCCAGGCCTACATAGAACATGT-3',
which included terminal KpnlI sites to facilitate cloning. The result-
ing SRKb—-SCRb plasmid was used for Agrobacterium-mediated

Abbreviations: SCR, S-locus cysteine-rich protein; S, self-incompatibility; SRK, S-locus re-
ceptor kinase.
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Table 1. The Sl response in plants of seven A. thaliana ecotypes transformed with A. lyrata SRKb and SCRb genes

Transformed ecotype (Arabidopsis

Biological Resource Center No. of transgenic

Intensity of Sl in

Self-pollination in Open-pollinated

stock no.) plants stage-13 buds* mature flowers seed set
Col-0 (CS1092) 15 High Compatible +
Mt-0 (CS1380) 10 Low Compatible +
Nd-0 (Cs1390) 10 Low Compatible +
No (CS1394) 12 Low Compatible +
RLD (CS913) 12 High Compatible +
Ws-0 (CS915) 10 High Compatible +
C24 (CS906) 20 High Incompatible -

*High, 0-10 pollen tubes per self-pollinated stigma; Low, variable number of pollen tubes per self-pollinated stigma, ranging from <50

on some stigmas to >100 on others.

transformation of A. thaliana ecotypes by the floral dip method (21)
or by the root explant method (22). Transformants were identified
by selection on kanamycin.

Molecular Genetic Analysis of Transgenic Plants. The presence of the
transgenes in primary transformants and their kanamycin-
resistant progenies, the independent derivation of transgenic
families, and the identification of transgenic plants in which the
SRKb-SCRb transgenes were integrated at a single chromosomal
locus were accomplished by DNA gel blot analysis as described
in ref. 16. For plants expressing a developmentally stable SI
response, homozygotes were generated and maintained over
several generations by manual pollination of the self-compatible
stigmas of immature floral buds. Plants homozygous for a
transgene locus were identified as those plants that, upon selfing,
produced only kanamycin-resistant progenies in ~100 seedlings
tested.

Expression of SRKb and SCRb was analyzed by gel blot
analysis of pistil and anther poly(A)* RNA, respectively, as
described in ref. 15. Blotted RNA was hybridized first with an
SRKb or SCRb probe and then with an actin probe. After
normalization by using the actin hybridization signal, the relative
amounts of SRKb and SCRb transcripts in SRKb—SCRb trans-
formants and A. lyrata SaSb plants were quantitated with IM-
AGEQUANT software (Molecular Dynamics).

Pollination Assays. Developing floral buds were staged as de-
scribed by Smyth et al. (17). For developmental studies of SI in
SRKb-SCRb plants, pollination assays were performed by using
stigmas from floral buds at various stages of maturation, from
stage 12 through floral maturity. Stigmas were examined for
absence of contaminating pollen under a stereoscope, and
appropriate pollen was manually applied to their surface. Two
hours after pollination, flowers were fixed for 30 min in a 3:1
mixture of ethanol and acetic acid, softened for 30 min in 1 M
NaOH at 65°C, washed for 30 min in water, stained in decolo-
rized aniline blue, and mounted on slides for examination by
epifluorescence microscopy (23). Under these conditions, an
incompatible response is typically manifested by the total or
near-total absence of pollen grains on the stigma surface,
because pollen grains that are not anchored by a pollen tube are
dislodged during fixation, softening, and washing treatments. All
pollination assays were performed by using three stigmas per
replicate and were repeated on three different dates.

S-Locus Polymorphisms. Genomic DNA was isolated as described
by Murray and Thompson (24) from leaf tissue of plants
belonging to different ecotypes. Samples were screened by PCR
using the following four pairs of primers derived from the Col-0
WSRK and WSCR sequences: (i) 5'-GGTTTCTTCAGAATC-
CTTGGG-3" and 5'-CAATGTGTCTTGCACTTCTC-3’, (i)
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5'-ATAGGTGCTGCGGTTGCTCTTGCT-3' and 5'-ATA-
ATCTTAAACCTTGAATCTT-3', (iii) 5'-TGGGTCGGGAT-
CACAAAAGAG-3' and 5'-AAAACCCCGAAGCTGAAAA-
CATC-3’, and (iv) 5'-TATTCCCCTTTTCGCTACC-3" and 5'-
ATAGGTGCTGCGGTTGCTCTTGCT-3'".

The products produced in successful amplifications were
subjected to automated sequencing at the Cornell University
BioResource Center. DNA gel blot analysis was performed by
using a probe corresponding to the first exon of Col-0 WSRK
(At4g21370) and a probe corresponding to the Col-0 WSCR
sequence (15). To increase the chance of detecting polymor-
phisms, the DNA was digested with Hincll, resulting in several
restriction fragments that hybridize with the WSRK probe in
Col-0 DNA. After electrophoresis and transfer to nylon mem-
branes, the DNA was hybridized at 65°C in 10% (wt/vol) dextran
sulfate/330 mM sodium phosphate, pH 7.0/10 mM EDTA/5%
(wt/vol) SDS. Washes were performed in a solution containing
0.2Xx SSC (1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH
7) and 0.1% (wt/vol) SDS at 65°C.

Results

Ecotype Differences in Expression of the SI Trait. The transgenic
plants we had previously generated were produced by trans-
forming plants of the Col-0 ecotype separately with the SRKb
and SCRb genes and subsequently crossing individual SRKb and
SCRb transformants to generate double transformants (16). To
facilitate the production and analysis of transformants express-
ing SRKD and SCRb, we constructed a transformation vector that
carried both genes in tandem along with a kanamycin-resistance
selectable marker. This SRKb—SCRb construct was introduced
into Col-0 and six other accessions, C24, Mt-0, Nd-0, No, RLD,
and Ws-0, by Agrobacterium-mediated transformation (see Ma-
terials and Methods). Independent transgenic plants generated in
these ecotypes, which varied from 10 to 20 transformants per
ecotype (Table 1), were analyzed for the presence of the
transgenes by DNA gel blot analysis or DNA amplification using
PCR and for the SI phenotype by pollination assays and seed-set
monitoring (see Materials and Methods).

Within an ecotype, independent transformants that expressed
the SI trait were uniform with respect to the strength and
developmental regulation of SI. Among ecotypes, no differences
in expression of SI in pollen were observed, and the pollen of all
transformants was inhibited on stigmas of SRKb plants but not
on those of untransformed control plants (data not shown).
However, significant differences were observed among ecotypes
in the stigma, relative to both the strength of SI and the
persistence of this response through floral maturation (Table 1).
Transformants of three ecotypes (Col-0, RLD, and WS-0)
exhibited a robust SI phenotype in stage-13 stigmas, with sub-
sequent breakdown of SI in mature flower stigmas as described
in ref. 16 for Col-0. Transformants of three other ecotypes (Mt-0,
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Fig. 1. Slin C24 SRKb-SCRb transformants. (A-D) Developmental regulation
of the Sl response. Self-pollination results in ample pollen tube growth in
immature stage-12 stigmas (A) but not in stage-13 stigmas (B). Mature flower
stigmas are self-incompatible (C) but are compatible with pollen from wild-
type untransformed plants (D). (E) Inflorescences of transformants and wild-
type untransformed plants. On the left is an inflorescence of a nontrans-
formed plant with elongated, seed-filled siliques. Shown in the center is an
inflorescence of a transformed plant with undeveloped, empty siliques. On
the right is an inflorescence of a transformed plant in which manual self-
pollination at stage 12 of floral development resulted in seed set (arrows).

Nd-0, and No) exhibited weak SI in stage-13 stigmas and
reversion to self-fertility in mature flower stigmas (Table 1).
Only transformants of the C24 ecotype exhibited a robust and
stable SI response that was identical to that of the A. lyrata donor
in its developmental regulation (Table 1 and Fig. 1). In these plants,
as in transformants of all other ecotypes, immature stage-12 stigmas
were self-compatible (Fig. 14), and the SIresponse was first evident
in stage-13 stigmas (Fig. 1B). However, this SI response persisted
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Fig.2. Expression of the SRKb and SCRb transgenes in SRKb-SCRb transfor-
mants. The RNA gel blots show SRKb transcripts in the pistils (Left) and SCRb
transcriptsin the anthers (Right) of A. lyrata SaSbh (A.l.) and A. thaliana C24 and
Col-0 SRKb-SCRb transformants. In the SRK panel, the arrow indicates the
full-length 3.0-kb SRKb transcript, and the * indicates the alternative 1.6-kb
transcript that corresponds to the first exon of SRKb (16). Hybridization with
an actin probe served as a loading control.

in mature transgenic C24 flower stigmas, and these stigmas inhib-
ited self-pollen tube development (Fig. 1C) but allowed the devel-
opment of non-self-pollen tubes (Fig. 1D). This stable SI phenotype
resulted in self-sterile plants (Fig. 1E) that produced few seeds and,
consequently, exhibited delayed senescence relative to untrans-
formed controls. Importantly, differences in the stability of the SI
phenotype among A. thaliana accessions were not due to differ-
ences in the stability or accumulation of SRKb transcripts. As shown
in Fig. 2, the steady-state levels of SRKD transcripts in C24 SRKb—
SCRb transformants were no different from those of the Col-0
SRKb-SCRb transformants, and in both sets of transformants,
SRKb transcript levels were only ~40% of the levels observed in the
stigmas of A. lyrata SaSb heterozygotes. Similarly, the levels of SCRb
transcripts in anthers of Col-0 and C24 transformants were equiv-
alent but lower than those in A. lyrata anthers (Fig. 2). The robust
SI phenotype of C24 transformants indicates that these reduced
transcript levels are above the threshold required for conferring SI
in stigma and pollen.

Genetic Analysis of Ecotype Differences. To initiate a study of the
genetic basis of ecotype differences in expression of SI, we
identified two independent transformants carrying single trans-
gene integrations for each of Col-0, RLD, and C24. From these
primary transformants, transgenic homozygous SRKb-SCRbD
lines were generated and propagated, by forced self-pollination
in the immature bud stage in the case of the C24 transformants
(see Materials and Methods). After determining that the SI
phenotypes expressed by the various ecotypes were maintained
over the four generations analyzed, a C24 SRKb—SCRb homozy-
gote was crossed to untransformed plants belonging to the Col-0,
Mt-0, Nd-0, No, RLD, and WS-0 accessions. In all crosses, F;
plants exhibited stable SI, demonstrating the recessive nature of
the unstable SI phenotype. In F, populations, kanamycin resis-
tance segregated in a 3:1 ratio as expected, and the kanamycin-
resistant progenies all expressed SI in stage-13 stigmas, albeit at
different levels, but they segregated for stability of SI in mature
flower stigmas. In all crosses except the cross to RLD, the ratios
of plants exhibiting stable and unstable SI were consistent with
segregation at two or more loci required for stable SI. Only in
the C24 SRKb—SCRb X RLD cross did kanamycin-resistant F
progenies exhibit a 3:1 (231:76) ratio of stable-SI and unstable-SI
plants, indicative of the segregation of a recessive RLD-derived
allele at a single locus. We conclude that the C24 ecotype carries
dominant functional alleles at several “SI-modifier” loci re-
quired for the stable SI phenotype, whereas the other ecotypes
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Fig.3. S-haplotype polymorphismsin A. thaliana. Gel blots of genomic DNA
from various ecotypes digested with Hincll and hybridized with WSRK (Upper)
and WSCR (Lower) probes derived from the Col-0 S locus. Note that C24 and
Mt-0 exhibit a WSRK hybridization pattern that differs from that of the other
ecotypes and that they do not hybridize with the Col-0 WSCR probe.

analyzed carry different combinations of loss-of-function alleles
of these genes.

S-Locus Polymorphisms in A. thaliana. The ecotypes used for
transformation with the SRKb—SCRb genes were also found to
be polymorphic at the S locus, but these polymorphisms bore
no correlation to the SI phenotypes exhibited by SRKb—SCRb
transformants or the geographical origin of the ecotypes.
Amplification with Col-0-derived primers and sequence anal-
ysis of amplified products (see Materials and Methods; data not
shown), as well as hybridization with Col-0 WSRK and WSCR
probes (Fig. 3), indicated that Col-0, Nd-0, No, Ws-0, and RLD
share the same § haplotype. In contrast, C24 and Mt-0 are
inferred to share a different S haplotype on the basis of similar
hybridization patterns (Fig. 3) and failure of amplification with
Col-0-derived primers. Interestingly, the species as a whole
appears to harbor several distinct S haplotypes, and hybrid-
ization of 20 other ecotypes with Col-0 WSRK identified at
least eight additional hybridization patterns (Table 2 and Fig.
4, which are published as supporting information on the PNAS
web site).

Discussion

Our results demonstrate that although all known A. thaliana
accessions are self-fertile with no distinguishing feature of their
pollination biology, these natural populations exhibit polymor-

1. Charlesworth, D. & Wright, S. I. (2001) Curr. Opin. Genet. Dev. 11, 685-690.
2. Stebbins, G. L. (1957) Am. Nat. 91, 337-354.

3. Jain, S. K. (1976) Annu. Rev. Ecol. Syst. 7, 469-495.

4. Lloyd, D. G. (1992) Int. J. Plant Sci. 153, 370-380.

5. Barrett, S. C. H. (2002) Nat. Rev. Genet. 3, 274-284.

Nasrallah et al.

phisms in genes required for the out-crossing mode of mating. In
addition to S-locus polymorphisms, they harbor hidden variation for
expression of the SI trait, which can be uncovered only after transfer
of S-locus recognition genes from self-incompatible 4. lyrata. All
ecotypes that were transformed with SRKb—-SCRb must carry
nonfunctional S haplotypes because they show no evidence of SI at
any stage of stigma development in the absence of the SRKb and
SCRb transgenes. The full reversion of the C24 ecotype to the
ancestral out-crossing mode of mating demonstrates that inactiva-
tion of the § locus was the single mutational event that caused
self-fertility in this ecotype. In contrast, other ecotypes have expe-
rienced additional loss-of-function mutations at one or more SI-
modifier genes that cause SI to break down in mature flowers and,
in some cases, to become attenuated in stage-13 floral buds. The SI
response, like other receptor-mediated signaling systems, involves
the formation of complexes between receptor, ligand, and possibly
other proteins and also requires the activity of largely unknown
elements of a downstream signaling cascade (10). Thus, selection
for mutations that promote self-fertility in natural populations is
expected to act not only on the S-locus recognition genes but also
on various components of the signaling complex and response
pathway, some of which might be encoded by the SI-modifier loci
identified in this study.

The fixation of independent mutations in genes required for
SIin different natural populations and the existence of at least
one ecotype that still retains functional alleles for all genes
required for the expression of a robust and stable SI response
suggest that the conversion of A. thaliana to self-fertility is of
relatively recent origin. Although the spread of self-fertility
alleles in a largely self-incompatible population requires that
the benefits of selfing outweigh the costs associated with
increased homozygosity and inbreeding depression, alleles that
promote selfing can have a selective advantage under appro-
priate ecological and genetic conditions (25, 26). Thus, sto-
chastic mutations that cause or enforce self-fertility might have
arisen in distinct small populations of A. thaliana. Once a
mutation causes loss of SI in a particular population, there
would be no selective advantage for maintenance of functional
alleles at genes with SI-specific functions, allowing the occur-
rence of secondary mutations in these genes. The primary
mutation might inactivate either the S locus or an SI-modifier
gene, and the nature, number, and timing of secondary
mutations would differ in different populations. Thus, it is
possible that some ecotypes carry mutations at one or more
SI-modifier genes while retaining a functional S locus, and
such an § haplotype might be uncovered in a specieswide
survey of SRK and SCR alleles. In any case, continued analysis
of A. thaliana ecotypes for S-locus polymorphisms and natural
variation in expression of the SI trait conferred by the SRKb-
SCRb transgenes presents us with a unique opportunity to
investigate the genetics of inbreeding in a genetically tractable
species. This analysis, coupled with future isolation of the
SI-modifier genes, should provide insight into the molecular
events that underlie the evolutionary switch to autogamy in the
A. thaliana lineage and also help elucidate the mechanism of
self-recognition in the SI response of crucifers.
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