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The Basis of Natural and Artificial Postzygotic Hybridization
Barriers in Arabidopsis Species
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The success or failure of interspecific crosses is vital to evolution and to agriculture, but much remains to be learned about
the nature of hybridization barriers. Several mechanisms have been proposed to explain postzygotic barriers, including
negative interactions between diverged sequences, global genome rearrangements, and widespread epigenetic repro-
gramming. Another explanation is imbalance of paternally and maternally imprinted genes in the endosperm. Interspecific
crosses between diploid Arabidopsis thaliana as the seed parent and tetraploid Arabidopsis arenosa as the pollen parent
produced seeds that aborted with the same paternal excess endosperm phenotype seen in crosses between diploid and
hexaploid A. thaliana. Doubling maternal ploidy restored seed viability and normal endosperm morphology. However, sub-
stituting a hypomethylated tetraploid A. thaliana seed parent reestablished the hybridization barrier by causing seed abor-
tion and a lethal paternal excess phenotype. We conclude from these findings that the dominant cause of seed abortion in
the diploid A. thaliana X tetraploid A. arenosa cross is parental genomic imbalance. Our results also demonstrate that ma-
nipulation of DNA methylation can be sufficient to erect hybridization barriers, offering a potential mechanism for specia-

tion and a means of controlling gene flow between species.

INTRODUCTION

A variety of mechanisms have been described that minimize
gene flow between species and contribute to their reproductive
isolation. These may be prezygotic mechanisms, which reduce
the frequency at which gametes combine to form a zygote, or
postzygotic mechanisms, which reduce the viability or repro-
ductive potential of the hybrid. In flowering plants, prezygotic
barriers include different flowering times, attractiveness to dif-
ferent pollinators, failure of the pollen to adhere to the stigma
surface, and abnormal growth of the pollen tube. Postzygotic
barriers take effect after successful fertilization and include
seed abortion and weakness or sterility of F1 hybrids and later
generations (Stebbins, 1958; Coyne and Orr, 1998; Rieseberg
and Carney, 1998; Tiffin et al., 2001).

Several mechanisms have been proposed to explain the op-
eration of postzygotic barriers. One is the Dobzhansky-Muller
model, in which genes from one species interact negatively
with genes from another species, causing inviability or sterility
in the hybrid offspring (reviewed by Coyne and Orr, 1998;
Rieseberg and Carney, 1998). Another is “genome shock,” in
which hybridization elicits restructuring of the genome, such as
through changes to chromosomal organization or mobilization
of repetitive sequences (McClintock, 1984). More recent stud-
ies indicate that genome shock could be associated with epi-
genetic effects such as the gene silencing triggered by ho-
mologous gene—gene interactions (Meyer and Saedler, 1996;
Matzke and Matzke, 1998). In support of this hypothesis, it has
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been found that in allopolyploids the hybridization event is ac-
companied by changes in gene expression patterns, chromatin
structure, and DNA methylation as well as sequence elimina-
tion (Henikoff and Matzke, 1997; Leitch and Bennett, 1997;
Henikoff and Comai, 1998; Rieseberg and Noyes, 1998; Comai
et al., 2000; Pikaard, 2001; Rieseberg, 2001; Madlung et al.,
2002).

Although the success or failure of crosses between related
plant species has been the subject of many studies (Thompson,
1930; Tiffin et al., 2001), the mechanisms that govern the out-
come remain elusive. However, endosperm breakdown is cited
frequently as the cause of seed failure in both interploidy crosses
within a species and interspecific crosses (Watkins, 1932;
Brink and Cooper, 1947; Stebbins, 1958; Haig and Westoby,
1991). The endosperm is the second fertilization product in
flowering plant reproduction and develops after the fusion of
the two polar nuclei (sister nuclei to the egg) with a sperm nu-
cleus. Its role in seed development has long been debated, but
it is generally considered to be involved in nutrition of the em-
bryo (Lopes and Larkins, 1993). In Arabidopsis thaliana, as in
most other dicots, the endosperm does not persist in the ma-
ture seed, and there is evidence that it plays a role in the tran-
sient storage of nutrients before delivery to the embryo (Hirner
et al., 1998).

Whatever the function of the endosperm, its successful de-
velopment appears crucial for the production of viable seeds;
therefore, its failure in some interspecific crosses could repre-
sent a postzygotic hybridization barrier that operates early in
the life cycle. Reproductive isolation caused by endosperm
abortion has been attributed to disruption of the balance be-
tween maternal (m) and paternal (p) genomes (Johnston et al.,
1980; Johnston and Hanneman, 1982). Normal development of
endosperm usually requires a parental genomic ratio of 2m:1p,



and deviations from this ratio, achieved by crossing plants of
the same or related species but different ploidy levels, often are
associated with seed abortion (Lin, 1984; Haig and Westoby,
1991). Maternal excess (a ratio > 2m:1p) generally is correlated
with inhibited proliferation of the endosperm, and paternal
excess generally is correlated with overgrowth (Haig and
Westoby, 1991; Scott et al., 1998).

It is widely believed that the mechanism underlying the re-
quirement for a specific parental genomic ratio in the en-
dosperm is parental imprinting. This term refers to differential
gene expression in offspring depending on the parent of origin,
mediated via epigenetic modifications of a gamete’s genome.
Parental imprinting has been reported mainly in placental mam-
mals (Moore and Haig, 1991; Bartolomei and Tilghman, 1997)
and flowering plants (Kermicle and Alleman, 1990; Haig and
Westoby, 1991; Scott et al., 1998). The major model for its evo-
lution is the parental conflict theory, which presents imprinting
as a struggle between maternally and paternally derived ge-
nomes over resource allocation from mother to offspring (Haig
and Westoby, 1989, 1991). According to this model, there is
selection pressure for growth promoters active during resource
transfer to offspring (i.e., during endosperm development in
flowering plants) to be expressed when they are inherited from
the father but silenced when they are inherited from the mother,
whereas growth inhibitors are selected for maternal expression
and paternal silencing. Therefore, extra doses of maternal ge-
nomes provide extra active copies of growth inhibitors, result-
ing in small endosperm and seeds, whereas extra doses of
paternal genomes provide extra active copies of growth pro-
moters, resulting in an overgrowth phenotype. DNA methylation
is an essential component of the imprinting mechanism in mam-
mals (Tilghman, 1999) and also is involved in imprinting in
maize (Lund et al., 1995; Finnegan et al., 1998). Adams et al.
(2000) showed that reciprocal crosses in A. thaliana, in which
one parent was hypomethylated by a METHYLTRANSFERASE1
(METT) antisense transgene, phenocopy the effects of inter-
ploidy crosses. They concluded that DNA methylation plays an
important role in parental imprinting in A. thaliana.

A. thaliana has been used to investigate the consequences of
interspecific hybridization (Chen et al., 1998; Comai et al.,
2000; Nasrallah et al., 2000; Madlung et al., 2002). Comai et al.
(2000) performed a cross between diploid A. thaliana (2n =
2x = 10) as the seed parent and A. arenosa (also known as
Cardaminopsis arenosa), which is widely regarded as a tetra-
ploid (2n = 4x = 32), as the pollen parent. This cross was found
to be unsuccessful as a result of a postzygotic hybridization
barrier that caused the cessation of seed development when
the embryo reached the globular stage. By contrast, these re-
searchers found that substituting diploid with tetraploid A.
thaliana in the A. thaliana X A. arenosa ([At X Aa]) cross re-
sulted in a small proportion of viable seeds that germinated to
produce a fertile hybrid, synthetic Arabidopsis suecica (SAS)
(Chen et al., 1998), which resembled the natural allotetraploid
A. suecica (2n = 4x = 26). Phenotypic instability and epigenetic
gene silencing were significant features of SAS, with ~0.4% of
the genes in the allopolyploid subject to silencing (Comai et al.,
2000), and changes to methylation patterns also were observed
(Madlung et al., 2002).
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In the work cited above, seed development was not de-
scribed in more detail than noting whether seeds were viable or
inviable and the stage at which embryos arrested. Therefore, it
was not possible to determine whether seed abortion in the hy-
brid is caused by an imprinting-based mechanism or perhaps
by a particular sensitivity of the endosperm to genome shock or
allelic incongruity. Here, we describe the analysis of en-
dosperm development after interspecific crosses between di-
ploid and tetraploid A. thaliana as the seed parent and A.
arenosa as the pollen parent. We found that the [2xAt X 4xAa]
cross (with 2x A. thaliana as the seed parent) generated se-
verely paternalized (overgrown) endosperm that resembled
those produced in [2x X 6x] crosses in A. thaliana (Scott et al.,
1998). By contrast, a [4xAt X 4xAa] cross (with 4x A. thaliana as
the seed parent) restored seed viability and normal endosperm
morphology. We further found that if a hypomethylated tetra-
ploid A. thaliana seed parent was crossed to A. arenosa, exten-
sive endosperm overgrowth and seed abortion were observed,
suggesting that the rescuing effect of increased ploidy on the
ability of A. thaliana to hybridize with A. arenosa was mediated
by parental imprinting. This evidence strongly suggests that the
dominant cause of endosperm failure in the [2xAt X 4xAa]
cross is genomic imbalance rather than the sensitivity of the
endosperm to allelic incongruity or epigenetic gene silencing.
Significantly, given concerns regarding the deployment of ge-
netically modified crop plants, the ability to erect postzygotic
hybridization barriers by manipulating DNA methylation offers a
potential means to control horizontal gene flow.

RESULTS

Parental Ploidy Affects Seed Size and Viability in
A. thaliana X A. arenosa Interspecific Crosses

To investigate the basis of the postzygotic hybridization barrier
between A. thaliana and A. arenosa, we conducted a series of
crosses between diploid (2x) or tetraploid (4x) A. thaliana (C24
ecotype) and 4x A. arenosa, with A. thaliana as the seed parent.
Comai et al. (2000) performed similar crosses using the Lands-
berg erecta (Ler) ecotype of A. thaliana and reported that the
[2xAt X 4xAa] cross produced seeds that invariably aborted at
the globular stage of embryo development. By contrast, they
found that the [4xAt X 4xAa] cross yielded a mixture of seeds,
most of which aborted with embryos at more advanced stages
of development than in the [2xAt X 4xAa] cross and a minority
(5%) of which reached maturity and could be germinated to
yield SAS. The cause of the difference in viability between the
[2xAt X 4xAa) and [4xAt X 4xAa] crosses was not addressed
directly, although the authors suggested that the crosses “can
succeed when the parental genomic ratios are balanced.”

In our control crosses, we found that seeds produced by
self-pollination of 2x A. thaliana, 4x A. thaliana, or 4x A. arenosa
were plump and weighed a mean of 25.1, 38.3, and 65.4 pg,
respectively (Figures 1A to 1C and 1F). The interspecific cross
[2xAt X 4xAa] produced small, shriveled seeds (mean weight of
6.9 p.g) (Figures 1D and 1F), which we later found to be aborted
(see below). However, doubling the ploidy of the seed parent
rescued approximately half of the progeny. Seeds from this
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Figure 1. Seed Weight and Viability after Intraspecific and Interspecific
Crosses between A. thaliana and A. arenosa.

(A) to (E) Mature seeds: [2xAt X 2xAt] (A), [4xAt X 4xAt] (B), [4xAa X
4xAa] (C), [2xAt X 4xAa] (D), and [4xAt X 4xAa] (E). Bar = 1 mm.

(F) Mean weight of desiccated mature seeds from (A) to (E). Seeds from
the [4xAt X 4xAa] cross (E) were separated into two classes, plump and
shriveled, which were weighed separately. Each bar represents the
grand mean of several means each obtained by weighing seeds in
groups of 10 and dividing by 10 (1 = number of groups weighed). From
left to right: 25.1 = 2.8 ug (n = 5),38.3 + 4.4 (n = 4),65.4 = 8.1 (n = 7),
6.9+06((MN=29),441x101(n=7),and 11.3 £ 1.2 (n = 5).

(G) Germination frequencies of seeds from (A) to (E). From left to right:
100% (n = 22), 100% (n = 22), 66% (n = 25), 0% (n = 109), 52% (n =
138), and 0% (n = 45).

cross, [4xAt X 4xAa], fell into two classes: 60% were relatively
large and plump (mean weight of 44.1 pg) and 40% were
smaller and shriveled (mean weight of 11.3 png) (Figures 1E and
1F). Seeds from self-pollinated 2x and 4x A. thaliana germi-
nated at 100% frequency, and seeds from selfed A. arenosa
germinated at 66% frequency (Figure 1G). No [2xAt X 4xAa]
seeds germinated, despite repeated cycles of stratification. By
contrast, 80% of the plump seeds from the [4xAt X 4xAa] cross
germinated to produce vigorous, healthy, and fertile hybrid
plants. The shriveled seeds from this cross completely failed to
germinate (Figure 1G).

The ecotype of the seed parent appears to affect the propor-
tion of viable seeds produced in the [4xAt X 4xAa] cross. We
repeated the cross reported by Comai et al. (2000) to produce
5% viable seeds ([4xLerAt X 4xAa]) and also found lower viabil-
ity (13%, n = 101) compared with when C24 was used as the
seed parent.

Embryo Development in Intraspecific and Interspecific
A. thaliana X A. arenosa Crosses

To investigate the underlying causes of the dramatic difference
in seed viability between [2xAt X 4xAa] and [4xAt X 4xAa]
crosses in the C24 ecotype, we compared embryo develop-
ment in these crosses with that in self-pollinated 2x and 4x A.
thaliana and 4x A. arenosa (Figure 2). Embryogenesis pro-
ceeded at similar rates in self-pollinated 2x and 4x A. thaliana,
and embryos filled the entire volume of the seed cavity by 8
days after pollination (DAP) (Figures 2A and 2B). Embryo devel-
opment in self-pollinated A. arenosa proceeded more slowly:
embryos had reached only the globular stage by 8 DAP (Figure
2C), the heart stage by 13 DAP (Figure 2D), and filled the seeds
at 17 DAP (data not shown).

In [2xAt X 4xAa] seeds, embryos developed more rapidly
than in self-pollinated A. arenosa, reaching the globular stage
by 5 DAP (data not shown), but at 8 DAP, embryos still were at
the globular-heart transition (Figure 2E), and seeds from 10
DAP onward usually were brown and collapsed. [4xAt X
4xAa] seeds fell into two categories: in ~40% of the seeds,
embryos arrested by the globular-heart transition as in
[2xAt X 4xAa] (data not shown), but in the remainder of the
seeds, embryos passed this stage, reaching the torpedo
stage at 8 DAP (Figure 2F) and maximum size by 14 DAP
(data not shown).

A

Figure 2. Embryo Development in Seeds from Intraspecific and Inter-
specific Crosses between A. thaliana and A. arenosa.

(A) [2xAt X 2xAt] at 8 DAP.

(B) [4xAt X 4xAt] at 8 DAP.

(C) [4xAa X 4xAa] at 8 DAP.

(D) [4xAa X 4xAa] at 13 DAP.

(E) [2xAt X 4xAa] at 8 DAP.

(F) [4xAt X 4xAt] at 8 DAP.

Seeds were cleared and photographed using differential interference
contrast optics. Bars = 50 um for (A) and (B) and 50 pm for (C) to (F).
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Figure 3. Embryo and Endosperm Development in Seeds from In-
traspecific and Interspecific Crosses between A. thaliana and A.
arenosa.

(A) Stages of embryogenesis from 2 to 8 DAP. Shaded boxes indicate
that the endosperm is cellularizing. CC, curled cotyledon; D, dermato-
gen; G, globular; H, heart; LC, linear cotyledon; T, torpedo; Z, zygote.
(B) Endosperm proliferation in developing seeds. Central PE nuclei were
counted in serial optical sections through whole-mount Feulgen-stained
seeds using confocal microscopy. The mean number of nuclei (+SE, n =
3 to 7) is plotted for each cross from 2 to 7 or 8 DAP.

(C) to (J) Endosperm development at the chalazal pole. (C) to (F) show
confocal micrographs of Feulgen-stained seeds at 6 DAP. (G) to (J)
show cleared whole-mount seeds at 8 DAP photographed using differ-
ential interference contrast optics. The ChE is marked with arrows in (G)
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Endosperm Development in A. thaliana X A. arenosa
Seeds: The Effect of Increasing Maternal Ploidy

Several studies have suggested that endosperm breakdown is
the major cause of seed failure in interspecific crosses once
successful fertilization has occurred, with embryo death as a
secondary effect (Watkins, 1932; Brink and Cooper, 1947;
Stebbins, 1958; Haig and Westoby, 1991). Therefore, we inves-
tigated endosperm development in seeds from [2xAt X 4xAa]
and [4xAt X 4xAa] pollinations to determine whether it could be
related to the contrasting outcomes of these crosses.

In developing seeds of self-pollinated A. thaliana, the en-
dosperm proliferates as a syncytium until the embryo reaches
the heart stage (~5 DAP) and then begins to cellularize from
the micropylar pole (Mansfield and Briarty, 1990). Several days
before cellularization, three domains of endosperm are evident:
central peripheral endosperm (PE), which is composed of regu-
larly spaced nuclei with associated cytoplasm lining the central
region of the embryo sac; micropylar PE, which consists of nu-
clei embedded in a common cytoplasm surrounding the sus-
pensor; and chalazal endosperm (ChE), a dense multinucleate
tissue at the chalazal pole. After cellularization of the PE, the
embryo grows and gradually consumes the endosperm; only
one or two layers of the endosperm (the aleurone) persist in the
mature seed. Endosperm development is modified after inter-
ploidy crosses, with reciprocal crosses between parents of
different ploidies having opposite effects (Scott et al., 1998). In
seeds generated by the cross [2x X 6x], which produces an en-
dosperm with the genomic ratio of 2m:3p, the endosperm (es-
pecially the ChE) overproliferates and usually fails to cellularize.
[6x X 2x] crosses, which generate 6m:1p endosperm, display
complementary phenotypes (underproliferation and early cellu-
larization). Seeds invariably abort in crosses between 2x and 6x
plants. [2x X 4x] and [4x X 2x] crosses, which generate 2m:2p
and 4m:1p endosperm, respectively, show similar parent-of-
origin effects on endosperm development, but these are less
severe and do not cause seed lethality.

For the present study, developing seeds from control [2xAt X
2xAt] and [4xAt X 4xAt] crosses, and interspecific [2xAt X
4xAa] and [4xAt X 4xAa] crosses, were examined using confo-
cal and light microscopy of whole-mount seeds, with particular
emphasis on endosperm cellularization (Figure 3A) and prolifer-
ation (Figures 3B to 3J). (Self-pollinated A. arenosa was not in-
cluded because the seeds were too large to image using these
techniques.) In self-pollinated 2x and 4x A. thaliana, we ob-
served cellularized endosperm in seeds at 5 DAP containing
heart-stage embryos. In the interspecific [2xAt X 4xAa] cross,
embryos did not pass the globular-heart transition and the en-
dosperm was not observed to cellularize. In the [4xAt X 4xAa]
cross, cellularization was delayed both in absolute time and

and (H) and with dashed lines in (I) and (J). Cn, cotyledon. Bars =
50 pm.

(C) and (G) [2xAt X 2xAt].

(D) and (H) [4xAt X 4xAt].

(E) and (I) [2xAt X 4xAa].

(F) and (J) [4xAt X 4xAa].
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with respect to embryogenesis, occurring at 8 DAP, when the
embryo had reached the torpedo stage (Figure 3A).

Counts of the numbers of PE nuclei at different stages were
made using serial optical sections (Figure 3B). In A. thaliana,
the rate of endosperm proliferation reaches a maximum just
before cellularization (Scott et al., 1998), although the cellular
PE continues to divide as it fills the seed cavity (Brown et al.,
1999). In the present study, the endosperm in seeds from 2x A.
thaliana began to cellularize at 5 DAP (Figure 3A), when the PE
contained 433 = 1.7 (mean = SE) nuclei (Figure 3B). Beyond
this stage, the number of nuclei increased only slightly, to a
maximum of 485 + 15.2 at 7 DAP. Seeds from 4x A. thaliana
followed a similar pattern, with cellularization occurring at the
same time (Figure 3A) and the rate of PE proliferation peaking
slightly later (Figure 3B).

In the interspecific [2xAt X 4xAa] cross, the endosperm was
not observed to cellularize (Figure 3A) and the PE continued to
proliferate steadily after division in the A. thaliana endosperm
had ceased (Figure 3B). At 8 DAP, the last time point at which
nuclei were counted, PE from [2xAt X 4xAa] seeds had reached
a mean of 615 = 2.5 nuclei (Figure 3B). Endosperm prolifera-
tion in the [4xAt X 4xAa] cross was less extreme and more
closely followed the pattern seen in A. thaliana seeds. The en-
dosperm cellularized later (Figure 3A), and the peak rate of mi-
tosis also was delayed (Figure 3B), but the rate decreased at
the time of cellularization. The maximum number of PE nuclei
counted in [4xAt X 4xAa] seeds was 484 + 28.0 at 8 DAP, at
which stage the PE began to cellularize.

Representative images of the ChE at 6 and 8 DAP are shown
in Figures 3C to 3J, and area measurements are given in Table
1. In self-pollinated 2x and 4x A. thaliana, the size of the ChE
decreased between 6 and 8 DAP as the endosperm cellularized
and was consumed by the embryo (Figures 3C, 3D, 3G, and

3H, Table 1). At 6 DAP, the size of the ChE in the [2xAt X 4xAa]
cross did not differ significantly from that in [2xAt X 2xAtf]
seeds (Figure 3E, Table 1). However, as the interspecific seeds
continued to develop, the ChE increased dramatically in vol-
ume (Figure 3I, Table 1). In [4xAt X 4xAa] seeds, the ChE was
slightly smaller than that in [2xAt X 4xAa] seeds at 6 DAP, but
by 8 DAP, [4xAt X 4xAa] ChE showed a much smaller increase
in size than was seen in the [2xAt X 4xAa] cross (Figures 3F
and 3J, Table 1). Unlike the case for embryos, which either ar-
rested at the globular-heart transition or continued to develop,
endosperm in the [4xAt X 4xAa] cross did not fall into two obvi-
ous phenotypic classes.

Hypomethylation of 4x A. thaliana Raises a Hybridization
Barrier in the [4xAt X 4xAa] Cross

The data presented above suggest that the success or failure
of crosses between A. thaliana and A. arenosa may be deter-
mined by the ratio of maternal to paternal genomes in the en-
dosperm. Lethality in the [2xAt X 4xAa] cross appeared to be
attributable to paternal excess causing endosperm overprolif-
eration, which in the [4xAt X 4xAa] cross was ameliorated by
doubling the maternal contribution. The ability to reduce en-
dosperm proliferation by increasing the maternal genomic con-
tribution suggests the operation of parental imprinting (Haig
and Westoby, 1991; Scott et al., 1998). We demonstrated pre-
viously that parental imprinting in A. thaliana involves the activ-
ity of the DNA MET1 gene (Adams et al., 2000). A. thaliana
plants transformed with an antisense MET1 construct (MET1
a/s) have hypomethylated genomes (Finnegan et al., 1996) and
show alterations in the behavior of their gametes in crosses
with wild-type plants. For example, a [2x X 4x] cross in the C24
background normally produces moderate endosperm overpro-

Table 1. Size of the ChE in Intraspecific and Interspecific Crosses between A. thaliana and A. arenosa

ChE, Maximum
Cross-Sectional Area
Cross DAP (M2, mean = SE) Comparison P Value?
2xAt X 2xAt 6 1,251 £ 66 (n = 5)
8 603 = 122 (n = 4)
AxAt X 4xAt 6 2,012 = 55 (n = 8)
8 761 =109 (n = 4)
2xAt X 4xAa 6 1,563 += 167 (n = 10) 2xAt X 2xAt at 6 DAP 0.059
8 13,470 * 658 (n = 6) 2xAt X 2xAt at 8 DAP <0.000°
4xAt X 4xAa 6 1,194 + 138 (n = 9) 4xAt X 4xAt at 6 DAP <0.000°
2xAt X 4xAa at 6 DAP 0.011b
8 3,583 + 246 (n = 16) 4xAt X 4xAt at 8 DAP <0.000°
2xAt X 4xAa at 8 DAP <0.000°
AXMET1a/sAt X 6 2,312 = 62 (n = 8)
4xMET1a/sAt 8 821 =89 (n =4)
4XMET1a/sAt X 6 4,089 + 457 (n = 10) AXMET1a/sAt X 0.002°
4xAa 4XMET1a/sAt at 6 DAP
8 28,100 + 5,549 (n = 5) 4xMET1a/sAt X 0.008P

4xMET1a/sAt at 8 DAP

2 Probability of the null hypothesis (no difference) in a two-tailed t test.
b Significant at the 95% confidence level.




liferation and viable seeds, but substitution of the seed parent
with a C24 2x MET1 a/s plant causes massive endosperm
overproliferation and seed lethality of the type usually associ-
ated with a [2x X 6x] cross (Adams et al., 2000). The phenotype
is consistent with a model in which hypomethylation blocks pa-
rental imprinting during the production of the maternal gametes
(polar nuclei), causing their “paternalization” (Adams et al.,
2000; Spielman et al., 2001). By analogy with the experiment
described above, if parental imprinting is a factor in the out-
come of A. thaliana X A. arenosa crosses, substitution of a nor-
mally methylated seed parent in the cross [4xAt X 4xAa] with a
hypomethylated 4x A. thaliana seed parent should result in a
paternal excess phenotype.

Accordingly, we replaced 4x A. thaliana seed parents with 4x
MET1 a/s A. thaliana and analyzed the resulting seeds for
viability and diagnostic endosperm phenotypes. The control
[4xMET1a/sAt X 4xMET1a/sAt] seeds were plump, with a mean
weight of 26.9 g, and germinated at a frequency of 100% (Fig-
ures 4A to 4C). By contrast, seeds from the [4xXMET7a/sAt X
4xAa] cross were invariably shriveled, with a mean weight of
19.6 ng, and had a germination frequency of only 7% (Figures
4A, 4B, and 4E). The small number of hybrids produced from
this cross either died soon after germination or grew slowly into
small plants that first flowered after 7 months (data not shown).
Embryos in the [4AxMET1a/sAt X 4xMET1a/sAt] cross grew to
fill the seeds (Figure 4D), but the majority of [AXMET1a/sAt X
4xAa] embryos arrested at the globular—heart transition (Figure
4F), the same developmental stage at which embryos ceased
to develop in [2xAt X 4xAa] seeds (Figure 2E).

Endosperm phenotypes in the [4xMET1a/sAt X 4xMETT1-
a/sAt] cross were similar to those seen in self-pollinated 4x A.
thaliana, with the rate of PE mitosis peaking at 6 DAP (Figure
5A) and ChE decreasing in size between 6 and 8 DAP (Figures
5B and 5D, Table 1). In the [4xMET1a/sAt X 4xAa] cross, both
the PE and the ChE overproliferated relative to [4xMET1a/sAt X
4xMET1a/sAt] seeds (Figures 5A, 5C, and 5E, Table 1). How-
ever, unlike the case in the [2xAt X 4xAa] cross, the endosperm
cellularized in approximately half of the seeds by 8 DAP (data
not shown).

Reciprocal Parent-of-Origin Phenotypes in Crosses
with SAS

Although the data presented above are consistent with the hy-
pothesis that parental imprinting is involved in the hybridization
barrier between 2x A. thaliana and 4x A. arenosa, they are de-
rived from crosses in only one direction, with A. thaliana as the
seed parent. Our attempts to perform the reciprocal cross were
unsuccessful. A. arenosa carries a self-incompatibility system
that prevents most self-fertilization (Comai et al., 2000). This
phenomenon often is associated with unilateral incompatibility,
which also prevents successful pollination of self-incompatible
plants by pollen from related species (deNettancourt, 1997).
We found that the majority of A. thaliana pollen failed to germi-
nate on A. arenosa stigmas, and the few pollen grains that did
germinate produced short pollen tubes that did not penetrate
the stigma surface (data not shown). We were unable to over-
come this barrier by bud pollination or pretreatment of stigmas
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Figure 4. Embryo and Seed Development in Crosses Using Hypometh-
ylated 4x A. thaliana.

(A) Mean weight of desiccated mature seeds, calculated as for Figure
1F. From left to right: 26.9 = 0.8 ng (n = 4) and 19.6 = 2.9 pg (n = 9).
(B) Germination rate. From left to right: 100% (n = 28) and 7% (n = 88).
(C) to (F) Comparisons of seed development. (C) and (E) show mature
seeds. Bar = 1 mm. (D) and (F) show embryos at 8 DAP, either ex-
truded (D) or in cleared seeds (F), photographed using differential inter-
ference contrast optics. Bars = 100 pm (D) and 50 pm (F).

(C) and (D) [4xMET1a/sAt X 4xMET1a/sAt].

(E) and (F) [4xMET1a/sAt X 4xAa).

with salt solutions, both of which are known to compromise
self-incompatibility systems (Hiscock and Dickinson, 1993).
Consequently, we abandoned attempts to perform the recipro-
cal of the [2xAt X 4xAa] cross directly and sought an alterna-
tive, albeit indirect, method to test complementary parent-of-
origin effects in crosses involving the two Arabidopsis species.
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The approach we developed used SAS (2n = 4x = 26), which
carries one genome from A. thaliana and one from A. arenosa.
Comai et al. (2000) reported that pollination of A. thaliana or A.
arenosa by SAS produced seeds, as did pollination of SAS by
either parent. In the present study, pollen from SAS plants
(which were generated by our [4xAt X 4xAa] cross) also germi-
nated successfully on stigmas of 2x and 4x A. thaliana and 4x
A. arenosa, and seeds were produced in all crosses. Interest-
ingly, reciprocal crosses between SAS and A. arenosa pro-
duced seeds that were not significantly different in weight
from selfed seeds of the maternal parent (data not shown).

>

900 1

—4--4xMETl1a/sAt X 4xMET1a/sAt
—a— 4XMET1a/sAt X 4xAa

700 1

Number of endosperm nuclei

Figure 5. Endosperm Development in Crosses Using Hypomethylated
4x A. thaliana.

(A) Central PE nuclei, counted as for Figure 3B. The mean number of
nuclei (=Sg, n = 3 to 4) is plotted for each cross from 2 to 7 or 8 DAP.
(B) to (E) Endosperm development at the chalazal pole. (B) and (C)
show confocal micrographs of Feulgen-stained seeds at 6 DAP. (D) and
(E) show cleared whole-mount seeds at 8 DAP photographed using dif-
ferential interference contrast optics. The ChE is marked with an arrow in
(D) and with a dashed line in (E). Cn, cotyledon; R, radicle. Bars = 50 pm.
(B) and (D) [4xMET1a/sAt X 4xMET1a/sAt].

(C) and (E) [4xMET1a/sAt X 4xAal].

This finding suggests that the presence of the A. arenosa ge-
nome in SAS has much the same effect on seed weight as
an A. arenosa parent alone. Therefore, the use of SAS al-
lowed us to cross A. thaliana and A. arenosa genomes in
both directions and produce seeds in which to investigate
parent-of-origin effects on endosperm development after
hybridization.

Seeds from self-pollinated SAS were larger than those from
4x A. thaliana, and more than double the weight (Figures 6A,
6B, and 6E). A comparison of [4xAt X 4xAt] and [4xAt X
4xSAS] seeds showed that substituting an SAS pollen parent
for 4x A. thaliana increased seed size (Figure 6C) and increased
weight by 28% (Figure 6E). In the reciprocal cross, [4xSAS X
4xAt] seeds were smaller and weighed 22% less than [4xSAS X
4xSAS] seeds (Figures 6D and 6E). Endosperm proliferation
and morphology showed the same trends. Counting PE nuclei
in seeds with an SAS parent at later times after pollination
proved not feasible because of their size; therefore, we counted
nuclei at the late globular stage only (Figure 6F). [4xSAS X
4xSAS] endosperm contained 315% more nuclei than [4xAt X
4xAt] endosperm at this stage. [4xAt X 4xSAS] seeds contained
77% more PE nuclei than [4xSAS X 4xAt] seeds (Figures 6F,
6G, and 6l) and a relatively large ChE (Figures 6H and 6J).
[4xAt X 4xSAS] endosperm had 174% more nuclei than
[4xAt X 4xAt] endosperm, whereas [4xXSAS X 4xAt] endosperm
had 63% fewer nuclei than [4xSAS X 4xSAS] endosperm. The
timing of endosperm cellularization also showed parent-of-
origin effects, with PE in [4xSAS X 4xAt] seeds beginning to
cellularize at 7 DAP and those in [4xAt X 4xSAS] seeds begin-
ning to cellularize at 10 DAP (data not shown).

Reciprocal crosses between 2x A. thaliana and SAS might be
expected to show the effects of a greater imbalance between
parental genomes than crosses between 4x A. thaliana and
SAS; indeed, crosses resulted in shriveled nonviable seeds in
both directions (data not shown). Endosperm in [2xAt X 4xSAS]
seeds exhibited a paternalized phenotype (overproliferation
and late cellularization), suggesting that in this case, as in
[2xAt X 4xAa] seeds, the increased parental imbalance had a
lethal outcome. Additionally crosses between SAS and 4x MET1
a/s A. thaliana showed an enhanced parent-of-origin effect on
seed weight compared with crosses with normally methylated 4x
A. thaliana. The [4AxMET1a/sAt X 4xSAS] cross produced seeds
that weighed 40.2 g, an increase of 49% compared with seeds
from self-pollinated 4x MET1 a/s A. thaliana. The reciprocal
cross [4xSAS X 4xMET1a/sAt] produced seeds of 20.4 pg, 76%
lighter than [4xSAS X 4xSAS] seeds.

Together, the evidence presented here suggests that SAS
has a paternalizing influence when used as a pollen parent in
crosses with A. thaliana and a maternalizing influence when
used as a seed parent.

DISCUSSION

Factors in the Hybridization Barrier between A. thaliana
and A. arenosa

Interspecific crosses between A. thaliana as the seed parent
and A. arenosa as the pollen parent failed when A. thaliana was
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Figure 6. Seed and Endosperm Development in Intraspecific and Inter-
specific Crosses between A. thaliana and SAS.

(A) to (D) Mature seeds: [4xAt X 4xAt] (A), [4xSAS X 4xSAS] (B), [4xAt
X 4xSAS] (C), and [4xSAS X 4xAt] (D). Bar = 1 mm.

(E) Mean weight of desiccated mature seeds from (A) to (D), calculated
as for Figure 1F. From left to right: 38.3 = 4.4 ug (n = 4), 84.2 = 6.4 ng
(n=05),49.0 = 1.8 ug (n = 6), and 65.9 = 0.2 ug (n = 3).

(F) Central PE nuclei, counted as for Figure 3B. Each bar represents the
mean number of endosperm nuclei in seeds at the mid-globular stage of
embryogenesis (n = 3). From left to right: 46 = 4.9, 191 * 28, 126 =
9.3,and 71 = 3.5.

(G) to (J) Confocal micrographs of Feulgen-stained seeds at 6 DAP
showing the proliferation of PE ([G] and [I]) and ChE ([H] and [J]). Bar =
50 pm.

(G) and (H) [4xAt X 4xSAS].

(I) and (J) [4xSAS X 4xAt].
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in its natural diploid state, but doubling the maternal contri-
bution produced viable seeds. This outcome was reported
by Comai et al. (2000), but we have extended the analysis and
examined endosperm and seed development in these cros-
ses. The [2xAt X 4xAa] cross yielded small, shriveled seeds
containing embryos that arrested by the globular-heart transi-
tion (Figures 1 and 2). By contrast, 60% of seeds from our
[4xAt X 4xAa] cross were plump and contained full-grown em-
bryos, and of these, 80% germinated (Figure 1). The success of
the [4xAt X 4xAa] cross was expected because the naturally
occurring species A. suecica is thought to have arisen from such
an ancestral hybridization (Kamm et al., 1995; Mummenhoff
and Hurka, 1995; Okane et al., 1996). However, the ecotype of
the seed parent appears to affect the proportion of viable
seeds produced. Using C24, we found ~50% viable seeds in
the [4xAt X 4xAa] cross; by contrast, Comai et al. (2000) found
only 5% viable seeds when using the Ler ecotype as the
seed parent. We also found a lower viability (13%, n = 101)
with Ler than when C24 was used as the seed parent. Inter-
ecotype crosses between Ler and C24 did not reflect this dif-
ference, showing no parent-of-origin phenotypes in reciprocal
crosses.

We have repeated the ancestral [4xAt X 4xAa] cross to yield
SAS. The formation of this hybrid shows that increasing mater-
nal dosage in the interspecific cross between A. thaliana and A.
arenosa rescues seeds from abortion. Here, we aimed to ex-
plore the mechanism of this phenomenon.

Interspecific seeds incorporate genomes that differ in two
ways, species of origin and parent of origin. Interaction be-
tween genomes in the offspring may be affected by either
or both of these differences. Seed abortion in interspecific
crosses could be attributable to (1) allelic incongruity (negative
interactions among the products of diverged gene sequences),
(2) genome shock (widespread preprogrammed changes to ge-
nomic structure or gene expression), or (3) parental imprinting
(because of ploidy imbalance or divergence in expression pat-
terns of imprinted genes, or both). The first two models can ex-
plain the failure of hybridization at any stage of development
from zygote formation onward. The last can account only for
the failure of a stage at which imprinting operates, which in the
case of flowering plants is mainly if not exclusively endosperm
development.

Several predictions can be formulated to distinguish between
the two classes of models. If parental imprinting is involved in
interspecific seed failure, we would expect the relative ploidy of
the parents to affect the outcome and also that reciprocal
crosses would produce complementary phenotypes in inter-
specific endosperm. Conversely, the allelic-incongruity and ge-
nome-shock hypotheses are not necessarily ploidy dependent,
and these phenomena would not be expected to cause recip-
rocal endosperm phenotypes. Furthermore, if the two species’
genomes are incompatible, or if there is widespread disruption
to genomic organization or gene expression after hybridization,
we would expect postgermination hybrids to exhibit a variety of
morphological abnormalities, although it has been proposed
that endosperm can act as a filter for offspring with low fitness
(Ehlenfeldt and Ortiz, 1995), suggesting that seeds containing
the most abnormal offspring could abort.



1438 The Plant Cell

Our results show that in the [2xAt X 4xAa] cross, the en-
dosperm appeared to be the major site of abnormalities before
seed abortion (Figure 3, Table 1). [2xAt X 4xAa] endosperm
displayed a dramatic overgrowth phenotype, as described
previously for the severe paternal genomic excess generated
by [2x X 6x] crosses in A. thaliana (Scott et al., 1998). Several
features of endosperm growth exhibit similarities in the
two crosses: the increased mitotic rate resulting in overprolifer-
ated PE, the absence of endosperm cellularization, and the
development of a large ChE. These phenotypes support the
hypothesis that seed lethality in the [2xAt X 4xAa] cross is
caused by lethal paternalization as a result of an imbalance in
active copies of maternally and paternally imprinted genes con-
tributed by 2x A. thaliana and 4x A. arenosa. Further support
for the involvement of imprinting in the hybridization barrier
between A. thaliana and A. arenosa is provided by the observa-
tion that doubling maternal ploidy to make the [4xAt X 4xAa]
cross resulted in a dramatic reduction in endosperm prolifera-
tion, restoration of PE cellularization, and rescue of seed abor-
tion (Figures 1 to 3, Table 1). Seeds from the [2xAt X 6xAt]
cross also were rescued by doubling maternal ploidy: the
[4xAt X 6xAt] cross produced mainly viable seeds (our unpub-
lished data).

We were unable to cross A. thaliana and A. arenosa in both
directions because of the inability of A. thaliana pollen to germi-
nate on A. arenosa stigmas. As an approximation, we per-
formed reciprocal crosses between A. thaliana and SAS, which
contains one diploid chromosome set from A. thaliana and one
from A. arenosa. These crosses resulted in complementary
endosperm phenotypes (Figure 6), as expected if parental
imprinting affects endosperm development in interspecific
crosses involving the A. thaliana and A. arenosa genomes.

Although our evidence supports the hypothesis that parental
imprinting is an important factor in seed abortion in the [2xAt X
4xAa] cross, it is unlikely to be the only explanation, because
we found that 40% of seeds from the rescuing [4xAt X 4xAa]
cross still failed to complete development (Figure 1). We did not
observe different classes of endosperm phenotypes in devel-
oping seeds, which we would expect if this 40% of seeds
aborted as a result of lethal paternal excess. Therefore, allelic
incongruity or genome shock could be responsible for the fail-
ure to rescue this proportion of the seeds. Hybrid offspring
of the [4xAt X 4xAa] cross or their inbred progeny exhibited
poor fertility that could not be explained fully by meiotic de-
fects, as well as some morphological abnormalities, gene si-
lencing, and changes to DNA methylation patterns, all of which
support the hypothesis that genome shock could be an addi-
tional factor in the hybridization barrier between these species
(Comai et al., 2000; Madlung et al., 2002).

The ability of the A. thaliana and A. arenosa genomes to func-
tion together to produce viable embryos in the [4xAt X 4xAa]
cross and subsequently healthy, fertile hybrids suggests that
there is no general incongruity between these two genomes
caused by sequence divergence. Additionally, we found that the
A. arenosa genome can complement two preglobular embryo-
lethal mutants of 2x A. thaliana (emb9 and emb54 [Meinke,
1985]) (our unpublished data), advancing embryo development
to the late globular stage typical of [2xAt X 4xAa] seeds.

However, allelic incongruity cannot be excluded as a cause
of some degree of abortion, given the high level of polymor-
phism encountered in outbreeding species such as A. arenosa.
It is possible that some A. arenosa genotypes in combination
with A. thaliana could be lethal.

Hypomethylation Restores the Hybridization Barrier
through Paternalization of Endosperm

Adams et al. (2000) showed that uniparental hypomethylation
in A. thaliana mediated by the METT1 antisense construct
(Finnegan et al., 1996) can be used to phenocopy ploidy imbal-
ance in the endosperm, supporting the hypothesis that DNA
methylation plays an important role in the imprinting mecha-
nism of flowering plants. For example, a cross between a hy-
pomethylated 2x seed parent and a wild-type 2x pollen parent
produces seed and endosperm phenotypes similar to those
produced by the wild-type [2x X 4x] cross. We interpret this
finding as showing that the hypomethylated seed parent con-
tributes ectopically active copies of paternal- as well as mater-
nal-specific genes as a result of the loss of imprinting; therefore,
it has a paternalizing effect on endosperm (Adams et al., 2000;
Spielman et al., 2001). Replacing the wild-type seed parent with
a hypomethylated seed parent in the [2x X 4x] cross tips the
outcome from viable paternal excess to dramatic endosperm
overgrowth and seed lethality (Adams et al., 2000), presumably
as a result of this paternalizing effect. Similarly, in the present
study, we found that replacing the wild-type 4x A. thaliana seed
parent with a hypomethylated 4x plant in the [4xAt X 4xAaq]
cross resulted in the abortion of most of the resulting seeds with
a strong paternal excess phenotype (Figure 4, Table 1).

Madlung et al. (2002) reported that treatment of SAS with the
DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (azadC)
enhanced the phenotypic instability of the hybrid plants as a re-
sult of changes in transcription patterns. However, this is unlikely
to represent the same phenomenon that we reported above, for
two reasons: (1) the azadC treatment caused variable degrees of
abnormality associated with a general loss of the control of gene
expression, such as fasciation and homeotic transformations,
whereas changes to seed development mediated by uniparental
hypomethylation had more precise and repeatable effects on en-
dosperm morphology; and (2) the azadC treatment had compar-
atively little effect on A. thaliana, whereas uniparental hypometh-
ylation had the same effect on seeds resulting from interspecific
crosses between A. thaliana and A. arenosa as it had on A.
thaliana seeds (Adams et al., 2000; this study). Therefore, we in-
terpret the low success rate of the [4AxMET1a/sAt X 4xAa] cross
as being attributable mainly to lethal paternalization of the en-
dosperm. However, the early death or slow growth of the small
number of hybrids resulting from this cross could be the result of
the effects of MET1 a/s-mediated hypomethylation on an al-
ready epigenetically compromised genome or of hypomethyla-
tion combined with allelic incongruity.

Imprinting, Hybridization Barriers, and Genomic Strength

We have shown that there is a hybridization barrier between 2x
A. thaliana (when used as a seed parent) and 4x A. arenosa



(when used as a pollen parent) that can be overcome by in-
creasing maternal ploidy but restored by hypomethylation. This
is significant for both understanding the nature of postzygotic
hybridization barriers and manipulating them.

Interspecific crosses in several genera show a requirement
for the correct balance of parental genomes in the endosperm
that is not necessarily 2m:1p. To explain this observation,
Johnston et al. (1980) proposed the endosperm balance num-
ber (EBN) hypothesis, according to which each species is as-
signed an EBN reflecting its effective ploidy, which is deter-
mined empirically by its behavior in interspecific crosses. In this
system, it is a 2:1 ratio of maternal-to-paternal EBNs, rather
than chromosome sets per se, that is required to ensure normal
endosperm development. EBN and parental imprinting have
been interpreted as reflecting the same phenomenon (Haig and
Westoby, 1989, 1991). It has been observed previously that the
EBN system could serve as a mechanism of reproductive isola-
tion, because species with different EBNs cannot hybridize
(Johnston et al., 1980; Johnston and Hanneman, 1982; Ehlenfeldt
and Ortiz, 1995), presumably as a result of the dosage imbal-
ance of imprinted genes in the endosperm. The abortion of
[2xAt X 4xAa] seeds with a paternal excess phenotype indi-
cates that 2x A. thaliana has a lower EBN than 4x A. arenosa,
whereas the production of viable seeds with normal endosperm
morphology by the [4xAt X 4xAa] cross shows that 4x A.
thaliana has a similar EBN to 4x A. arenosa. Substitution of 4x
MET1 a/s A. thaliana for the seed parent in the [4xAt X 4xAa]
cross restored lethality and the paternal excess phenotype,
suggesting that hypomethylation decreases EBN. Changing
ploidy levels of one parent or its gametes has been proposed
as a way to alter EBN and therefore the outcome of interspecific
crosses, but our study documents an attempt to modify a hy-
bridization barrier by manipulating the imprinting system itself.

EBNs generally are assessed on a single parameter, the abil-
ity of interspecific crosses to produce hybrid seeds. However,
investigation of seed development in such crosses shows that
there are more subtle effects than simple viability or inviability,
such as changes to seed size (Ehlenfeldt and Ortiz, 1995). We
found that reciprocal crosses between 4x A. thaliana and 4x
SAS produced larger endosperm when SAS was the pollen
parent than when it was the seed parent (Figure 6). Mature seed
weight did not follow the same pattern, but this may be the re-
sult of maternal effects, because SAS self seeds were twice the
weight of 4x A. thaliana seeds. Therefore, in assessing parent-
of-origin effects on seed weight, we compared crosses in
which the seed parent was held constant (i.e., [4xAt X 4xSAS]
was compared with [4xAt X 4xAt] and [4xSAS X 4xAt] was
compared with [4xSAS X 4xSAS]). By this method, we found
that for both seed weight and endosperm proliferation, SAS
had a growth-promoting effect when used as a pollen parent in
crosses with A. thaliana plants at the same ploidy level and an
inhibiting effect when used as a seed parent (Figure 6). This
finding suggests that SAS, and by extension A. arenosa, has a
paternalizing effect on interspecific seeds when used as a pol-
len parent in crosses with 4x A. thaliana and a maternalizing ef-
fect when used as a seed parent. One caveat is that the
[4xAt X 4xAa] cross, in which both chromosome sets in the pa-
ternal genome are from A. arenosa, might be expected to pro-
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duce larger seeds than [4xAt X 4xSAS], in which A. arenosa
contributes only one paternal chromosome set; in fact, the
seeds were of similar size and weight (Figures 1 and 6). How-
ever, it is possible that this finding reflects a limit to the re-
sources that an A. thaliana parent can allocate to a seed, no
matter how demanding the paternal genome.

The asymmetric effects of the SAS and A. thaliana genomes
on seed development fit a model in which a paternally contrib-
uted A. arenosa genome within an endosperm can extract more
resources from the A. thaliana mother in which the seed is de-
veloping than the maternal genome is able to withhold. This
could operate, for example, by the A. arenosa paternal genome
silencing more growth inhibitors, or repressing them for longer,
than an A. thaliana paternal genome would. Conversely, a ma-
ternally contributed A. arenosa genome can withhold resources
demanded by an A. thaliana paternal genome (e.g., by silencing
more growth promoters than an A. thaliana maternal genome
would). This phenomenon was predicted by the parental-conflict
theory, according to which species evolve a balance between
the activity of the male genome in acquiring resources for its off-
spring and the activity of the female genome in inhibiting re-
source acquisition (Haig and Westoby, 1989, 1991). In other words,
each species reaches its own unique balance of conflict. How-
ever, when maternal and paternal genomes of two species with
different “genomic strengths” are brought together in a hybrid
seed, the dosage of expressed alleles of imprinted genes is likely
to be unbalanced, resulting in complementary endosperm phe-
notypes and potentially in seed abortion. This finding suggests
that instant speciation could be achieved by changing global
methylation levels, for example, by mutation of a DNA methyl-
transferase or another component of the imprinting mechanism.

The parental-conflict model also predicts that imprinting
should be relaxed in monogamous or inbreeding species, be-
cause the drive for conflict between the parents is reduced
(Haig, 1992). The viable outcome of [2x X 4x] and [4x X 2x]
crosses in A. thaliana (Scott et al., 1998), a predominantly in-
breeding species, compared with the failure of [2x X 4x] and
[4x X 2x] crosses in the closely related outbreeding species
Brassica rapa (Hakansson, 1956) is in accord with this proposi-
tion. A. arenosa is an obligate outbreeder as a result of its self-
incompatibility system; therefore, it would be predicted to have
greater genomic strength than A. thaliana. This notion is sup-
ported by the reciprocal phenotypes in seed size and en-
dosperm proliferation seen in the cross between 4x SAS and 4x
A. thaliana, in which genomic strength was not masked by a
ploidy imbalance.

Evolution of A. suecica

For many years, authors have suggested that A. thaliana and A.
arenosa are the parents of A. suecica. Hylander (1957) pro-
posed a cross between 2x A. thaliana and 2x A. arenosa fol-
lowed by genome duplication. This scenario remains possible,
but at present, 2x A. arenosa reportedly is restricted in distribu-
tion to Slovakia and Hungary, its ability to hybridize with A.
thaliana has not been tested, and we were unable to obtain
plants to perform this cross. Love (1961) suggested that a 4x A.
arenosa seed parent was fertilized by an unreduced pollen
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grain of A. thaliana, but analysis of the A. suecica chloroplast
genome has shown that A. thaliana was the ancestral seed par-
ent (Mummenhoff and Hurka, 1995). Borgen (1987) proposed
that the first step in hybridization was a cross between 2x A.
thaliana and 4x A. arenosa, but Comai et al. (2000) and we
have shown that seeds from this cross do not complete de-
velopment. The data presented here and by Comai et al.
(2000) suggest that the most plausible scenario for the evolu-
tion of A. suecica is fertilization of an unreduced A. thaliana
embryo sac by a normally reduced sperm of 4x A. arenosa.
Our results indicate that a cross between a reduced A.
thaliana embryo sac and 4x A. arenosa would fail because of
lethal paternal excess.

Conclusions

In this study, we found that parental imprinting most likely is the
dominant mechanism for the postzygotic hybridization barrier
between A. thaliana and A. arenosa. The cross can be rescued
by doubling the ploidy of the seed parent, resulting in an en-
dosperm with balanced maternal and paternal contributions.
Additionally, we have shown that it is possible to revert to the
nonviable state by hypomethylation of the seed parent, effec-
tively raising a hybridization barrier. The ability to introduce a
hybridization barrier may prove useful in the containment of ge-
netically modified crops: genomic strength could be modified
to ensure that they would be unable to produce viable seeds by
hybridization with wild relatives. Our results also suggest that it
would be possible to breach a hybridization barrier by changing
the genomic strength, allowing normally isolated species to in-
terbreed.

METHODS

Plant Material

Plants were grown for 3 to 4 weeks in a Fisons Fi-totron 600H growth
cabinet (Bellevue, WA) at 26°C with a daylength of 16 h, transferred to a
glasshouse, and grown in the same conditions. Arabidopsis thaliana
plants used were C24 diploid (2x) hemizygous for an A9 barnase con-
struct, which confers male sterility (Paul et al., 1992), and C24 tetraploid
(4x) A9 barnase. Male-sterile segregants were used as seed parents in
crosses, and their male-fertile siblings were used as pollen parents. Hy-
pomethylated 4x C24 plants containing a MET1 antisense construct un-
der the control of the 35S promoter (METT a/s) (Finnegan et al., 1996)
were obtained by crossing 2x MET1 a/s plants with tetraspore (tes) mu-
tants in the Ler background (Spielman et al., 1997). This cross resulted in
progeny varying in ploidy from 2x to 5x. Tetraploid progeny from the
cross were selected and screened for the presence of the MET1 a/s
transgene (Adams et al., 2000). Backcrosses to 4x C24 for two genera-
tions were performed to cross out the tes mutation. The resulting plants
were used as 4x MET1 a/s. Arabidopsis arenosa seeds were donated by
Luca Comai (University of Washington, Seattle), and stocks were main-
tained by crossing within a small number of plants.

Artificial Pollination

For male-sterile seed parents (2x A9-barnase), open flowers were polli-
nated. For male-fertile plants, flower buds were emasculated 1 day be-

fore anthesis and pollinated 1 day later. For each cross, developing si-
liques were collected at 2 to 14 days after pollination and processed as
described below. Mature seeds were collected from desiccated pods
and weighed using a Mettler UMT2 microbalance (Mettler-Toledo, Lei-
cester, UK).

Fertilization of A. arenosa by A. thaliana was attempted by emasculat-
ing and pollinating very young buds. Salt treatment was performed by
applying a range of concentrations of NaCl (0.5 to 5% with 0.1% Tween
20) to the stigmas of open flowers, leaving them to dry for 1 h, and then
pollinating them.

Confocal Laser Scanning Microscopy

Samples were prepared as described by Braselton et al. (1996) and im-
aged at the University of Bath using an Axiovert 100M Zeiss LSM510 la-
ser scanning microscope (Jena, Germany). Feulgen-stained samples
were excited using an argon ion laser at 488 nm and emissions detected
at =515 nm. Images measuring 1024 X 1024 pixels were collected using
a C-Apochromat 63x/1.2 water lens, saved in TIFF format, and pro-
cessed using Adobe Photoshop 5.0 LE (Mountain View, CA). Peripheral
endosperm nuclei were counted in serial optical sections throughout the
depth of a Feulgen-stained seed. For larger seeds, peripheral en-
dosperm nuclei were counted for one-half of the seed, and a total esti-
mate was obtained by doubling this number. Measurements of chalazal
endosperm area were taken using Zeiss LSM Image Browser software,
version 3.1.0.99 (www.zeiss.de), or Scion Image (Frederick, MD), version
4.0.2 (www.scioncorp.com).

Clearing of Intact Seeds

To clear seeds for light microscopy, intact seed pods were placed in an
8:1 solution of ethanol:acetic acid at 4°C overnight. Pods were washed
for 1 h in 100% ethanol, 90% ethanol, and 70% ethanol and stored at
4°C. Seeds were dissected from siliques in one drop of chloral hydrate
fixative (chloral hydrate:glycerol:water, 8:1:3). Whole-seed preparations
were examined with a Nikon Eclipse E800 microscope (Tokyo, Japan)
using differential interference contrast optics. Images were made using a
SPOT RT Color camera (Diagnostic Instruments, Sterling Heights, M),
saved as JPEG files, and processed using Adobe Photoshop 5.0 LE.

Upon request, all novel materials described in this article will be made
available for noncommercial research purposes.
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