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Based on the biological species concept, two species are consid-
ered distinct if reproductive barriers prevent gene flow between
them. In Central Europe, the diploid species Arabidopsis lyrata and
Arabidopsis arenosa are genetically isolated, thus fitting this con-
cept as “good species.” Nonetheless, interspecific gene flow involv-
ing their tetraploid forms has been described. The reasons for this
ploidy-dependent reproductive isolation remain unknown. Here, we
show that hybridization between diploid A. lyrata and A. arenosa
causes mainly inviable seed formation, revealing a strong postzy-
gotic reproductive barrier separating these two species. Although
viability of hybrid seeds was impaired in both directions of hybrid-
ization, the cause for seed arrest differed. Hybridization of A. lyrata
seed parents with A. arenosa pollen donors resulted in failure of
endosperm cellularization, whereas the endosperm of reciprocal hy-
brids cellularized precociously. Endosperm cellularization failure in
both hybridization directions is likely causal for the embryo arrest.
Importantly, natural tetraploid A. lyrata was able to form viable
hybrid seeds with diploid and tetraploid A. arenosa, associated with
the reestablishment of normal endosperm cellularization. Conversely,
the defects of hybrid seeds between tetraploid A. arenosa and dip-
loid A. lyrata were aggravated. According to these results, we hy-
pothesize that a tetraploidization event in A. lyrata allowed the
production of viable hybrid seeds with A. arenosa, enabling gene
flow between the two species.

interspecies hybrid seed failure | Arabidopsis | reproductive isolation |
endosperm cellularization | EBN

ccording to the biological species concept, reproductive iso-

lation is a major criterion for defining two distinct species (1).
Nevertheless, hybridization has long been recognized to play an
important role in plant evolution, with many reported cases of
related species that, either punctually or continuously in their life
history, have experienced gene flow, leading to introgression of
adaptive traits or hybrid speciation (2-9). Thus, the “tree of life” is
considered more as a complex network than an actual tree (10, 11).
Whereas gene flow between previously isolated species can occur
after a secondary contact (5, 12), the mechanisms contributing to
this gene flow are largely unknown.

The evolutionary relationships of the Arabidopsis genus may
also be depicted as a network rather than a dichotomizing tree (9).
For example, the two tetraploid species Arabidopsis suecica and
Arabidopsis kamchatica both have a hybrid (allopolyploid) origin
involving Arabidopsis thaliana and Arabidopsis arenosa as parental
species in A. suecica and Arabidopsis lyrata and Arabidopsis halleri
ssp. gemmifera in A. kamchatica (13, 14). Gene flow has also been
observed between A. hrata and A. arenosa (15, 16). These two
species, which are believed to have originated and radiated in
Central Europe around 2 Mya (17), both exist in a diploid and
tetraploid form. Diploid A. lyrata colonized central and northern
Europe as well as northern America, whereas the tetraploid form
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is limited to eastern Austria (15). For A. arenosa, the diploids are
mainly found in the Carpathians and southeastern Europe,
whereas the tetraploids occupy central and northern Europe (15,
18, 19). Diploid A. lyrata and A. arenosa are considered “good
species” because they are genetically and phenotypically distinct
and no past or recent gene flow can be detected between them
(15, 16). Although the geographical separation between these
species can partly explain this observation, it is likely that other
reproductive barriers also contributed to the divergence between
diploid A. lyrata and A. arenosa. In contrast, two main hybridiza-
tion zones between tetraploid A. lyrata and tetraploid A. arenosa
have been described in Austria (15, 16). It has been suggested that
the gene flow between tetraploid A. lyrata and A. arenosa is bi-
directional (16). Another study, however, found that, although
tetraploid A. lyrata was highly introgressed by A. arenosa in the
contact zones, the tetraploid A. arenosa populations showed a low
hybrid index in the same region (15). Based on these data, uni-
directional gene flow from A. arenosa to tetraploid A. lyrata was
proposed, and the authors concluded that tetraploid A. lyrata
originated and spread in Austria as a consequence of an original
hybridization of A. arenosa with A. lyrata (15). Whether this original
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hybridization event occurred between diploids, tetraploids, or in an
interploidy manner remains unresolved.

The presence of interspecific gene flow involving tetraploid,
but not diploid A. lyrata, raises the question whether poly-
ploidization of A. lyrata actually facilitated the hybridization suc-
cess with A. arenosa. Indeed, even though new polyploids are often
reproductively isolated from their diploid congeners, referred as
the “triploid block” (20), polyploidization is also associated with
the bypass of interspecific reproductive barriers (21-25). Post-
zygotic interspecific reproductive barriers rely on similar mecha-
nisms as the triploid block; both affect hybrid seed survival as a
consequence of endosperm developmental failure. The endo-
sperm of most angiosperms is a triploid tissue that develops after
fertilization of the homodiploid central cell to support embryo
growth (26). It is a dosage-sensitive tissue, which strictly requires a
relative maternal:paternal genome ratio of 2:1 to develop correctly
(27, 28). Interploidy hybridizations disrupt the 2:1 ratio in the
endosperm, leading to asymmetric endosperm developmental
failure depending on the direction of hybridization. Increased
ploidy of the paternal parent causes delayed or failed endosperm
cellularization, whereas increased maternal ploidy induces pre-
cocious endosperm cellularization (29-31). Endosperm cellulari-
zation is a major developmental transition that, if impaired, leads
to embryo arrest and seed lethality (32-34). As a consequence,
interploidy hybrid seeds are usually inviable (29-31, 35, 36). In-
terestingly, very similar nonreciprocal seed phenotypes are also
observed in interspecies hybrid seeds, even between species of
same ploidy levels (36-39). This finding suggests that species,
despite having the same ploidy level, differ in their relative ge-
nome dosage, resulting in unbalanced contributions of cellulari-
zation factors leading to cellularization failure. Increasing the
ploidy level of the species with predicted lower genome dosage
leads to increased hybrid seed viability, confirming the quantita-
tive character of the interspecies hybridization barrier (21, 25).

According to the endosperm balance number (EBN) hypothe-
sis, the effective ploidy of a species must be in a 2:1 maternal to
paternal ratio in the endosperm to allow normal endosperm de-
velopment (21-23, 40). It has been proposed that species can have
different effective ploidies, explaining the quantitative nature of
hybrid seed failure. In the Solanum genus (21) and in several other
genera, like Impatiens (22) and Trifolium (23), each species was
assigned a numerical effective ploidy (or EBN). Using this con-
cept, the hybridization success between related species can be
predicted; species with similar effective ploidy or EBN can suc-
cessfully hybridize, whereas species with different EBN give in-
viable hybrid seeds, unless the ploidy of the lower EBN species is
increased to match the EBN of the other species (21, 40). Based
on the assigned EBNSs, these studies were accurately able to pre-
dict the viability of artificial interspecific crosses. It remains un-
resolved, however, whether EBN divergence and its bypass by
polyploidization is important for hybrid seed viability in the wild
and whether it regulates gene flow between wild species.

Reciprocal crosses between diploid A. lyrata and diploid
A. arenosa exhibit impaired hybrid seed viability in a nonreciprocal
manner (41); however, the cause for this barrier has not been
identified. In this work, we tested the hypothesis that both species
are reproductively isolated by an endosperm-based reproductive
barrier and thus differ in their EBN. Our data add strong support
to this hypothesis; in incompatible hybrid cross combinations,
endosperm cellularization is either precocious, delayed, or does
not occur at all. Increasing the ploidy of A. lyrata is sufficient to
overcome this hybridization barrier, assigning A. lyrata a lower
EBN compared with 4. arenosa. Our data let us to propose that
the tetraploidization of A. lyrata initiated the gene flow between
A. lyrata and A. arenosa observed in Central Europe.
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Results

Hybridizations of Diploid A. lyrata and A. arenosa Lead to Mostly
Inviable Seeds. To test the hypothesis that the central European
diploid populations of A. lyrata and A. arenosa are reproductively
isolated by a postzygotic barrier acting in the endosperm, we
performed manual reciprocal crosses between these two diploid
species (for population details, see Materials and Methods and Fig.
S1). Seeds derived after hybridizations of A. lyrata seed parents
with A. arenosa pollen donors (denoted A. hrata x A. arenosa)
were dark and shriveled, whereas the reciprocal hybrid seeds were
severely reduced in size but appeared normally shaped compared
with nonhybrid seeds (Fig. 14). However, independent of the seed
phenotype, hybrid seeds of both cross directions largely failed to
germinate (Fig. 1B). A. lyrata X A. arenosa seeds were of similar
size compared with the average of parental seeds (Fig. 1C, mid-
parent value) (42), but weighed significantly less (Fig. 1D). In the
reciprocal A. arenosa x A. lyrata cross, seeds were significantly
smaller and weighed significantly less compared with the mid-
parent value (Fig. 1 C and D).

Nonreciprocal Endosperm Defects Cause Diploid A. IyratalA. arenosa
Hybrid Seed Inviability. The cross-direction-dependent phenotype
of these hybrid seeds resembles those observed in interploidy
crosses (29-31) as well as other interspecies crosses (36, 38, 43).
Delayed or absence of endosperm cellularization or precocious
cellularization has been linked to the inviability of interploidy and
interspecific hybrid seeds (36, 38, 43). We therefore performed a
detailed analysis of seed development and the endosperm cellu-
larization phenotype in A. lyrata X A. arenosa reciprocal hybrids.

Diploid (2x) A. lyrata seeds developed at a slower pace com-
pared with 2x A. arenosa seeds, as revealed by monitoring em-
bryo development at defined time points (Fig. S2). However, the
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Fig. 1. Asymmetric defects in diploid A. lyrata x A. arenosa reciprocal hy-
brid seeds cause impaired viability. (A) Pictures of seeds obtained from intra-
and interspecific controlled crosses between 2x A. lyrata and 2x A. arenosa.
Seed parents are indicated; (Left) seed parent (?); (Upper) pollen donor (3).
(Scale bars, 1 mm.) (B) Seed viability of indicated crosses given as the rate of
noncollapsed and germinated seeds. The directionality of the cross is in-
dicated as seed parent (?) x pollen donor (3). The germination rate for 2x
A. arenosa x 2x A. lyrata seeds is 0%. (C) Seed size for indicated crosses.
(D) Seed weight for indicated crosses. 2A: 2x A. arenosa; 2L: 2x A. lyrata. Error
bars represent SD between cross replicates (>5 replicates for each sample).
***P < 0.001 compared with the midparent value, as identified by a t test.
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endosperm of both species was still syncytial at 9 d after pollina-
tion (DAP) (Fig. 24). In contrast, at 9 DAP the A. arenosa x
A. lyrata hybrid endosperm was fully cellularized, suggesting a
shortened syncytial phase and an earlier onset of cellularization
(Fig. 24). In contrast, the endosperm of A. lyrata X A. arenosa
hybrid seeds was still syncytial at 15 DAP, when the endosperms of
both parents were cellularized. Cellularization failure correlated
with a delay in embryo development: when the embryo of the
parents had reached at least the early bent cotyledon stage, the
A. lyrata x A. arenosa hybrid embryos were still at the heart stage.

To test whether differences in endosperm cellularization were
connected to differences in endosperm proliferation, we assessed
endosperm proliferation in parental seeds by counting endosperm
nuclei at 5, 7, and 9 DAP. Consistent with phenotypic observa-
tions, A. lyrata had fewer endosperm nuclei, corresponding to one
cycle of endosperm nuclear division less at 5 DAP in A. lrata
compared with 4. arenosa (Fig. 2B). However, after 5 DAP the
rate of proliferation was similar between the two species (Fig. 2C),
suggesting that the initial endosperm proliferation in 4. lrata is
either delayed or slower than in A. arenosa. In contrast, the
number of endosperm nuclei in A. lyrata X A. arenosa hybrid seeds
was substantially higher than that of the maternal A. lyrata parent
at all analyzed time points (Fig. 2B), whereas the proliferation rate
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in hybrid seeds was similar to the maternal parent (Fig. 2C),
suggesting that the difference in nuclei number is a consequence
of a delayed or slower onset of endosperm proliferation in the
maternal A. lyrata parent compared with the hybrid. In contrast,
A. arenosa x A. lyrata hybrid endosperm started to degenerate after
5 DAP and proliferation could thus not be observed. The total
nuclei number at 5 DAP was comparable to the paternal A. lyrata
parent. Taken together, these data suggest that hybrid endosperm
cellularization timing is not coupled to endosperm proliferation,
and that both processes are independently genetically controlled.
Previous studies have implicated endosperm cellularization
failure as a primary cause for hybrid embryo and seed arrest (29—
31, 37, 38, 43). To test the hypothesis that A. lyrata X A. arenosa
hybrid embryo arrest is causally connected to abnormal endo-
sperm cellularization, we rescued hybrid embryos by dissecting
them from the seeds and growing them in vitro in embryo-sup-
porting culture. Dissected embryos survived at a higher rate than
when germinated from seeds (54% vs. <10%, respectively; n = 29
dissected embryos). Seedlings regenerated from this experiment
were viable and developed into healthy adult hybrids (Fig. S3 A
and B) with a phenotype that was intermediate between the dark
green, waxy serrate leaves of the parental A. arenosa accession and
the lighter green, lobed leaves of the A. lyrata accession used for
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Fig. 2. Impaired viability of diploid A. lyrata x A. arenosa reciprocal hybrid seeds is correlated with asymmetric endosperm cellularization defects, but not

with endosperm proliferation. (A) Feulgen-stained seeds of A. lyrata, A. arenosa, and reciprocal hybrids are depicted. Early (9 DAP) and late (15 DAP) time
points are displayed. At 15 DAP, A. arenosa seeds (2A x 2A) are very large and mostly occupied by the embryo. For a better display of the remaining en-
dosperm, the larger inlay represents the entire seed and the smaller inlay represents the zoomed-in endosperm region. Images shown in this figure are
representative for a total number of observed seeds of at least 20 per biological replicate (three replicates). (Scale bars, 50 pm.) (B) Endosperm proliferation
was assessed by measuring endosperm nuclei number at 5, 7, and 9 DAP, represented as absolute endosperm nuclei number. (C) Proliferation rate was
calculated as the ratio of nuclei number between 5 and 7 DAP and between 7 and 9 DAP. 2A: 2x A. arenosa; 2L: 2x A. lyrata. Parental species are represented
by dark red (A. arenosa) and dark blue (A. lyrata) colors and reciprocal hybrids by light shades (light red and light blue for A. arenosa x A. lyrata and A. lyrata x
A. arenosa, respectively). The cross (1) at 9 DAP indicates that endosperm nuclei for A. arenosa x A. lyrata were not detectable. In B, error bars represent SD
between three biological replicates (n = 5 seeds per sample). In C, the error bars were calculated as follows: ratio value x [(coefficient of variationimez?)+(coefficient
of variationgme12)l/2.
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Fig. 3. Increased ploidy of A. lyrata yields viable hybrid seeds. (A) Pictures of
seeds obtained from intra- and interspecific controlled crosses between 2x, 4x
A. lyrata and 2x, 4x A. arenosa. The directionality of the cross is indicated seed
parent (?) x pollen donor (3). (Scale bars, 1 mm.) (B) Seed viability of inter-
ploidy interspecific crosses was measured by the rate of noncollapsed and
germinated seeds. (C) Seed size for indicated crosses. (D) Seed weight for in-
dicated crosses. Error bars represent SD between cross replicates (>3 replicates
for each cross except 2A x 4L, 2 replicates). Significant differences (*P < 0.05
and ***P < 0.001) compared with the midparent value, as identified by a t test.
2A: 2x A. arenosa; 2L: 2x A. lyrata; 4A: 4x A. arenosa; 4L: 4x A. lyrata.

this cross (Fig. S3 B-D). In vitro survival of hybrid embryos
strongly supports the hypothesis that endosperm failure is the
primary cause for hybrid seed lethality.

We thus conclude that endosperm cellularization defects are
responsible for the failure of 2x 4. lyrata X 2x A. arenosa reciprocal
hybrid seeds and that endosperm cellularization and endosperm
proliferation can be uncoupled.

Increased Ploidy of A. lyrata and A. arenosa Impacts Postzygotic
Reproductive Barrier Strength. In contrast to diploid populations,
natural populations of tetraploid A. lyrata and A. arenosa hybridize
(15, 16). We aimed to test the hypothesis that polyploidization
impacts the postzygotic hybridization barrier and thus may explain
gene flow between the two species. We therefore performed re-
ciprocal crosses between diploids and natural tetraploids of the
two species in all possible combinations (Fig. 34 and Fig. S4).
Strikingly, when A. Ilyrata natural tetraploids (4x) were re-
ciprocally crossed with 2x A. arenosa, seeds were fully viable in
both cross directions, as judged by seed shape and germination
tests (Fig. 3 A and B). The size of 2x A. arenosa x 4x A. lyrata
hybrid seeds was similar to the midparent value, whereas 4x
A. lyrata X 2x A. arenosa seeds were significantly smaller (Fig. 3D).
Hybrid seed viability was associated with restored endosperm
cellularization, occurring around 15 DAP in both cross directions,
similar to the tetraploid parents (Fig. 4 A-H and Fig. S4). In both
cross directions the endosperm was syncytial at 9 DAP, revealing
restored cellularization timing in 2x A. arenosa X 4x A. lyrata hy-
brid seeds. Endosperm proliferation rate in 4x A. lrata x 2x
A. arenosa and 2x A. arenosa X 4x A. lyrata viable hybrids was
either not affected or higher than in the parents respectively (Fig.
5), making it likely that restored endosperm cellularization rather
than proliferation rate caused hybrid seed rescue. Because natural
populations of 4x A. lyrata and 4x A. arenosa hybridize in the wild,
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the observed hybrid seed rescue could be a consequence of
introgressed A. arenosa loci into the natural 4x A. lyrata (15). To
test this hypothesis, we generated synthetic 4x A. lyrata from the
diploid populations used in this study, for which no known gene
flow with A. arenosa has been observed (15, 16; and data shown in
this study). The synthetic (ynem) 4x A. lyrata behaved like the
natural 4x A. lyrata when reciprocally crossed with 2x A. arenosa
(Fig. S5A). Seeds were mostly viable in both cross directions, and
their size was similar to the parental values, even though 4x
A. bratag,g X 2x A. arenosa seeds weighed less (Fig. S5 B-D).
These data reveal that tetraploidization of A. lyrata is sufficient to
circumvent the endosperm-based hybridization barrier with the
diploid A. arenosa.

In contrast to 4x A. lyrata, 4x A. arenosa did not produce any
viable hybrid seeds upon reciprocal crosses with 2x 4. lyrata (Fig.
3B). Hybrid seeds derived from these crosses resembled the 2x
A. lyrata X 2% A. arenosa reciprocal hybrid seeds, with an even more
aggravated phenotype (Fig. 3). Thus, the average 4x A. arenosa x 2x
A. yrata seed area was extremely small, similar to 2x 4. arenosa X 2x
A. lyrata seeds, but with an even lower weight (Fig. 3 C and D). The
endosperm of these seeds cellularized earlier than that of the pa-
rental seeds (9 DAP) (Fig. 4]). No significant proliferation could be
observed between 5 and 7 DAP (Fig. 5), and the endosperm started
to degenerate after 7 DAP (Fig. 41 and Fig. S4). In contrast, the
nonviable 2x A. lrata X 4x A. arenosa hybrid seeds remained
uncellularized until 17 DAP, when the embryo had reached the late
heart stage (Fig. 4 K-L and Fig. S6 4 and B). In line with our
previous observations, the proliferation rate of the endosperm was
similar to that of parental lines (Fig. 2C and Fig. 5B).

Tetraploid A. lyrata and A. arenosa populations are known to
hybridize in the wild (15) and consistently, crosses between 4x
A. yrata and 4x A. arenosa gave viable seeds in both cross direc-
tions, with a phenotypic appearance that resembled the maternal
parent (Fig. 34). The seed area and seed weight were not signif-
icantly different from the midparent value (Fig. 3 C and D). En-
dosperm cellularization occurred at a similar time point in 4x
A. arenosa X 4x A. lyrata compared with the tetraploid parents
(Fig. 4 M and N). In the reciprocal cross, 4x A. lrata x 4x
A. arenosa hybrid embryo and endosperm were developmentally
slightly delayed at 15 DAP (Fig. 4 and Fig. S4) but cellularization
occurred at 17 DAP (Fig. S6 C and D). Despite this difference, the
endosperm proliferation rates in the tetraploid reciprocal hybrid
seeds were largely similar to that of the maternal species (Fig. 5B).

We considered the possibility that reproductive compatibility
among these tetraploids is the consequence of repeated in-
trogression between the two species, rather than a direct conse-
quence of tetraploidization. To test this hypothesis, we generated
synthetic 4x A. arenosa plants and hybridized them with synthetic 4x
A. brata plants. Consistently, 4x A. arenosagnm X 4x A. hratagmm,
seeds, although looking viable, germinated at a lower rate (<40%),
and were drastically smaller both in seed size and weight, thus re-
sembling the 2x A. arenosa X 2x A. lyrata hybrid seed phenotype
(Fig. S7).

In conclusion, the sole tetraploidization of A. lyrata was suffi-
cient to bypass the endosperm-based reproductive barrier between
A. brata and A. arenosa. Therefore, we propose that a tetra-
ploidization event in A. lyrata allowed the production of viable
hybrid seeds, enabling gene flow between the two species.

The Hybridization Barrier Separating Diploid A. lyrata and A. arenosa
Has a Multigenic Basis. We inferred the genetic basis of the post-
zygotic incompatibility between A. lyrata and A. arenosa by ob-
serving the phenotypic segregation in diploid F; backcrosses.
Given the nonreciprocality of hybrid seed defects, we analyzed
A. lyrata X A. arenosa F; hybrids in both cross directions. Thus, we
backcrossed F; hybrids (8) to A. lyrata (?) to infer the number
of paternal A. arenosa loci, and F; hybrids (?) x A. arenosa (3)
backcross allowed to assess the number of maternal A. lyrata loci
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Fig. 4. Rescue of hybrid seeds involving tetraploid A. lyrata is associated with restored endosperm cellularization. Feulgen-stained seeds of tetraploid
A. lyrata, A. arenosa, and interploidy interspecific hybrids are depicted as follow: (A and B) 4x A. arenosa at 9 and 15 DAP, respectively. (C and D) 4x A. lyrata
at 9 and 15 DAP, respectively. (E and F) 4x A. lyrata x 2x A. arenosa at 9 and 15 DAP, respectively. (G and H) 2x A. arenosa x 4x A. lyrata at 9 and 15 DAP,
respectively. (/ and J) 4x A. arenosa X 2x A. lyrata at 9 and 15 DAP, respectively. (K and L) 2x A. lyrata x 4x A. arenosa at 9 and 15 DAP, respectively. (M and N)
4x A. arenosa X 4x A. lyrata at 9 and 15 DAP, respectively. (O and P) 4x A. lyrata x 4x A. arenosa at 9 and 15 DAP, respectively. The directionality of the cross is
indicated seed parent (?) x pollen donor (3). An early (9 DAP) and late (15 DAP) developmental time point is displayed. Images shown in this figure are
representative for a total number of observed seeds of at least 20 per biological replicate (three replicates). (Scale bar, 50 pm.) 2A: 2x A. arenosa; 2L: 2x

A. lyrata; 4A: 4x A. arenosa; 4L: 4x A. lyrata.

underlying the A. lyrata (?) X A. arenosa (3) hybrid seed lethality
(Fig. 6). To infer the genetic loci underlying incompatibility in the
A. arenosa X A. lyrata cross, we analyzed F; hybrids (?) x A. lyrata
(3) and A. arenosa (?) x Fy hybrids (3).

We generated two different 4. lyrata X A. arenosa F; hybrids
(F1A and F;B) using A. arenosa individuals from two different
populations (Table S1) in backcrosses with parental plants.
Strikingly, A. lyrata x F, seed abortion rates varied from 15 to
69% depending on the F; plant used, suggesting segregating
alleles in the parental species (Fig. 64). Backcrosses using F1A
produced 15% (n = 101 seeds) aborted seeds, which is not sig-
nificantly different (P = 0.17, x* test) from a theoretical expec-
tation of 12.5% for a combination of three 4. arenosa paternal
loci required to induce seed abortion (38). However, F{B back-
crosses resulted in 69% (n = 142 seeds) seed abortion, suggesting
two independent A. arenosa paternal loci being involved with
each of them sufficient to give hybrid seed abortion (expected
seed abortion 75%, P = 0.15, y” test) (Fig. 64). Because F;A and
F;B hybrids were generated with A. arenosa individuals from two
different populations, these data suggest that the genetic basis
of the A. lyrata X A. arenosa incompatibility differs between
A. arenosa populations, but nevertheless results in the same hybrid
seed phenotype.

Crossing the A. lrata X A. arenosa F; individuals as seed
parent with A. arenosa produced similar seed abortion rate in-
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dependently of the F; origin [50% for F1A (n = 230 seeds) and
43% for F1B (n = 126 seeds), P = 0.26 for F;A and P = 0.31 for
F,B, x* test] (Fig. 6B). These data suggest that one A. lyrata
maternal locus is sufficient to induce seed abortion upon inter-
acting with one or multiple A. arenosa loci.

Hybrid seeds derived from A. arenosa x A. lyrata crosses have a
normal shape but are extremely small compared with parental
seeds (Fig. 1C). Therefore, seed size was measured in the F,
backcrosses and the proportion of seeds mimicking the A. arenosa x
A. lyrata phenotype (seed size < 0.21 mm?), thus considered as
“abnormal,” was estimated (Fig. 6 C and D). In A. arenosa x F,
and F; X A. lyrata, the rate of abnormal seeds reached 15.6%
(n =109 seeds) and 12% (n = 50 seeds), respectively. This was
not significantly different from the theoretical expectation of
12.5% in both cases (P = 0.34 and P = 1 respectively, x* test),
suggesting that interaction of three paternal and three maternal
loci underlies genetic incompatibility of A. arenosa x A. lyrata.

In conclusion, our results suggest that the genetic basis of the
A. lyrata x A. arenosa incompatibility is not fixed within A. are-
nosa and differs between A. arenosa populations. Depending on
the A. arenosa population, this hybridization barrier is built by
two to three A. arenosa paternal loci that interact with one
A. lyrata maternal locus to produce hybrid seed lethality. In
contrast, the A. arenosa X A. lyrata incompatibility involves three
parental loci on each side of the cross. Together, our data show
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Fig. 5. Rescue of hybrid seeds involving tetraploid A. lyrata does not correlate
with endosperm proliferation rate. (A) Endosperm proliferation was assessed by
counting endosperm nuclei number at 5, 7, and 9 DAP. (B) Proliferation rate was
calculated as the ratio of nuclei number at 5 and 7 DAP and at 7 and 9 DAP.
Parental tetraploid species are represented by dark red (A. arenosa) and dark
blue (A. lyrata) colors and reciprocal hybrids by shades: from darker to lighter
red, 4x A. arenosa x 2x A. lyrata, 2x A. lyrata x 4x A. arenosa and 4x A. arenosa X
4x A. lyrata respectively; from darker to lighter blue, 4x A. lyrata x 2x A. arenosa,
2x A. arenosa X 4x A. lyrata, 4x A. lyrata x 4x A. arenosa. The cross (1) at 9 DAP
indicates no or few endosperm nuclei detectable in 4x A. arenosa x 2x A. lyrata
hybrid seeds. In A, error bars represent SD between three biological replicates
(n = 5 seeds per sample). In B, the error bars were calculated as follow: ratio
value x [(coefficient of variationyme,?)+(coefficient of variationgme12)l/2. 2A: 2x
A. arenosa; 2L: 2x A. lyrata; 4A: 4x A. arenosa; 4L: 4x A. lyrata.

that the endosperm-based hybridization barrier between A. hrata
and A. arenosa is based on a complex multiple loci interaction.

Discussion

In this study we found that endosperm-based hybridization bar-
riers and bypassing of such by natural polyploidization can ex-
plain the gene flow between A. lyrata and A. arenosa. Until now,

endosperm-based hybridization barriers have not been consid-
ered to play a major role in plant speciation, but the present
study strongly suggests otherwise. We furthermore show that
polyploidization can break down hybridization barriers and not
only establish them, as implied by the classic triploid block con-
cept. Polyploidy-mediated restoration of hybrid seed viability has
been used in plant breeding to obtain artificial hybrids. This study,
however, suggests that this phenomenon exists in the wild as well,
playing an important role in reenabling gene flow between species.
Although this work focuses on the case study of two sister spe-
cies, A. lyrata and A. arenosa, the growing interest of the scientific
community for endosperm-based hybridization barriers suggests
that similar findings will be discovered in other plant species over
the next years.

Endosperm-Based Hybridization Barriers Play an Important Role in
Controlling Interspecific Gene Flow in A. lyrata and A. arenosa.
Species divergence is a highly dynamic process, associated with
the accumulation of multiple reproductive barriers over time (12).
Consequently, untangling the life history that led to the current
state of gene flow, geographical distributions, or ecological pref-
erences between species is rather complex, especially in the case of
species with several ploidy levels, such as A. lyrata and A. arenosa.
Therefore, measuring gene flow and the strength of specific re-
productive barriers is a first important step toward understanding
the life history of species. In this study, we focused on the endo-
sperm-based postzygotic barrier preventing the formation of viable
hybrid seeds between A. lyrata and A. arenosa and compared these
results with documented gene flow between these species.

Two previous studies found no evidence for gene flow between
diploid A. lyrata and A. arenosa (15, 16), consistent with our data
demonstrating low viability of hybrid seeds in both hybridization
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Fig. 6. A population-dependent, multilocus genetic basis underlies the A. lyrata x A. arenosa reciprocal hybridization barriers. (A and B) A. lyrata x
A. arenosa F, backcrosses to determine the genetic basis of A. lyrata x A. arenosa incompatibility. F1A and F1B correspond to two different A. lyrata x A. arenosa
F1 hybrids generated using A. arenosa individuals from two different populations. Seed abortion rate is shown for A. lyrata x F; (A) and F; x A. arenosa
(B) backcrosses. (C and D) F; backcrosses to determine the genetic basis of A. arenosa x A. lyrata incompatibility. (Left) Seed size distribution of A. arenosa x F4
(C) and Fy x A. lyrata (D); (Right) expected and obtained rate of abnormal seeds. The range of abnormal seed size (lower than the 2A x 2L average seed size of
0.21 mm?) (see Fig. 1) is indicated with red range bar. The average size of parental A. arenosa, A. lyrata, and A. arenosa x A. lyrata hybrid seeds is shown by
black arrows. Experimental values are represented by purple and blue bars for A. lyrata x A. arenosa and A. arenosa x A. lyrata crosses, respectively. Gray bars
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directions. Our data thus suggest that hybrid seed lethality has
contributed to the long-lasting complete isolation between the two
diploid species. Nevertheless, hybrid seed viability rates reported in
another study involving controlled crosses between diploid A. lyrata
and A. arenosa were substantially higher (41). This difference could
be because of genetic variation between natural populations, con-
sistent with our data showing that the genetic basis of A. lyrata x
A. arenosa hybrid seed lethality differs among A. arenosa pop-
ulations. The presence of distinct incompatibility loci in A. arenosa
populations suggests a recent intraspecific diversification of those
loci and therefore a fast evolving genetic basis of hybrid in-
compatibility, similar to that proposed for other species (38, 44,
45). Genomic imprinting, the epigenetic phenomenon by which
genes are expressed in a parent-of-origin manner, has been causally
linked to endosperm-based hybridization barriers and is disturbed
in interspecific hybrid seeds (24, 46-48). Moreover, genomic im-
printing has been shown to vary among populations of the same
species (49, 50). Together with parent-of-origin defects observed
in the hybrid seeds, these facts make genomic imprinting a
promising candidate molecular mechanism to explain interspecific
hybrid seed lethality.

Tetraploid A. arenosa and diploid A. lyrata do not exhibit any
gene flow (16), even though their geographical distributions
overlap (51, 52). The strong reproductive barrier identified in our
study provides an explanation as to how the two species can co-
exist in sympatry, suggesting that this reproductive barrier is
maintained as a reinforcement mechanism, as previously proposed
(39, 53). Tetraploids of both species coexist and hybridize in the
wild (15, 16) and bidirectional gene flow was observed between
the two species (16). These observations are fully supported by our
data showing that hybrid seeds between tetraploid 4. lrata and
A. arenosa are viable in both cross directions. Contrasting these
observations, another study reported that gene flow between tet-
raploids was mainly unidirectional from A. arenosa to A. lyrata
(15), suggesting that additional reproductive barriers act in a
nonreciprocal way. We did not find any apparent difference in
fertilization success depending on the cross direction, and there-
fore hypothesize that either additional postzygotic barriers impair
4x A. arenosa x 4x A. lyrata hybrid fitness, or that 4x A. lyrata x 4x
A. arenosa hybrids are favored. In support of the latter hypothesis,
4x A. lyrata x 4x A. arenosa seeds were bigger with later endosperm
cellularization than the reciprocal hybrid seeds, which may pro-
mote early seedling growth similar as reported for viable paternal
excess triploid seedlings in A. thaliana (54).

In conclusion, the strong association between documented
gene flow and the viability of hybrid seeds suggests an important
role for endosperm-based reproductive barriers in controlling
gene flow between A. lyrata and A. arenosa.

Gene Flow Between A. lyrata and A. arenosa May Have Been Enabled
by A. lyrata Tetraploidization. Endosperm cellularization has been
suggested to regulate resource accumulation by shifting the re-
source sink from the endosperm to the embryo, and is therefore
crucial for the embryo feeding and survival (55, 56). Thus,
impairing this developmental transition leads to embryo arrest and
seed lethality (33, 34). In this study, we showed that the inviability
of hybrid seeds between 2x A. lyrata and 2x A. arenosa is due to
nonreciprocal endosperm cellularization defects. In 2x A. lyrata x
2x A. arenosa hybrid seeds, the endosperm fails to cellularize,
whereas in the reciprocal cross direction the endosperm cellu-
larizes precociously. Similar defects were observed in interploidy
hybrid seeds originating from paternal and maternal genome ex-
cess, respectively (29-31). Abnormal endosperm development in
2x A. lyrata x 2x A. arenosa reciprocal hybrid seeds thus mimics a
genome dosage imbalance, with A. arenosa behaving as a higher
ploidy parent. According to the EBN hypothesis, this would imply
that at the same ploidy level the A. arenosa genome contribution
to the endosperm has a higher effective ploidy than the A. lyrata
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genome, or a higher EBN (40). In this scenario, we therefore
assign an EBN of 1 to the diploid 4. lyrata and 2 to the diploid
A. arenosa. In reciprocal diploid interspecies crosses, this pro-
duces a deviation from the required 2:1 EBN ratio in the en-
dosperm (4:1 and 2:2 maternal:paternal ratio), leading to hybrid
seed inviability. The EBN hypothesis predicts that the effective
ploidy in the endosperm increases with the ploidy of the species.
Increasing the ploidy of a low EBN species matches its effective
ploidy with a higher EBN species, and thus allows the production
of viable hybrid seeds (21, 25). Aligned with our observations, an
EBN expectation increased to 2 in both natural and synthetic
tetraploid A. lyrata restores endosperm cellularization and pro-
duces viable seeds when crossed with the diploid A. arenosa
(EBN = 2). Furthermore, reciprocal crosses with tetraploid
A. arenosa (EBN = 4) and diploid A. lyrata (EBN = 1) increases
the severity of hybrid defects compared with diploid hybrids,
because the difference of EBN between the two species is even
higher (8:1 and 1:2 maternal:paternal ratio).

In the tetraploid species, the same difference in EBN as be-
tween diploids is expected (EBN = 2 and 4 for tetraploid A. lyrata
and A. arenosa, respectively). The phenotype of the hybrid seeds
between the synthetic tetraploids is similar to the seed phenotype
obtained from the diploid x diploid hybrids, suggesting that the
synthetic tetraploid 4. arenosa has indeed a higher EBN than the
synthetic tetraploid A. lyrata. The molecular mechanism underlying
the EBN remains to be discovered. To this end, deregulated
imprinted genes underpin endosperm-based hybridization barriers
(4648), and are thus likely to form the molecular basis of the
EBN. Consistent with this idea, Solanum species with different
EBNs exhibit different genomic imprinting patterns (48). Addi-
tional studies are needed to determine whether this difference not
only correlates with but is indeed causative for the EBN.

Altogether, we propose the following scenario: facilitated by the
autotetraploidization of A. hrata, previously reproductively iso-
lated A. lyrata and A. arenosa became able to form viable hybrid
seeds. The initial hybridization event(s) took place between au-
totetraploid A. lyrata and diploid A. arenosa. This conclusion is in
agreement with the pattern of gene flow between A. lyrata and
A. arenosa that only involves the tetraploid A. lyrata, whereas the
diploid A. lyrata is still reproductively isolated from A. arenosa (15,
16). Following the initial hybridization, introgression of A. arenosa
loci into A. lyrata allowed its compatibility with tetraploid
A. arenosa, as supported by the viability of hybrid seeds between
natural tetraploids, explaining the ongoing interspecific gene flow
observed at the tetraploid level (15, 16). The bypass of hybrid-
ization barriers by polyploidization has been shown in artificial
hybridization experiments (21, 25) but, to our knowledge, it has
never been documented in wild populations. Polyploidization may
thus play a prominent role in plant evolution, not only by mere
reproductive isolation (57), but also by weakening hybridization
barriers between related species.

Materials and Methods

Plant Material and Growth Conditions. All accessions used in this study orig-
inate from wild populations located in Central Europe, previously described
by Jgrgensen et al. (16) (see Fig. S1 and Table S2 for details). Diploid F; hybrids
were obtained from the 2x A. lyrata population MJ09-11 and 2x A. arenosa
populations MJ09-1 and MJ09-5. For parental backcrosses of hybrids, A. lyrata
MJ09-11 and A. arenosa MJ09-1 and MJ09-5 were used. Two to six F; hybrid
individuals per cross type were backcrossed to the respective parental species.

All seeds were surface-sterilized using 5% (vol/vol) sodium hypochloride
solution under the fume hood. After sterilization, seeds were plated on Petri
dishes with Murashige and Skoog medium [MS2 (58), containing 1% sucrose
and solidified with 1% bactoagar]. After stratification for 3 wk in the dark at
4 °C, germinated seedlings were grown in a growth room under long-day
photoperiod (16-h light and 8-h darkness) at 22 °C light and 20 °C darkness
temperature and a light intensity of 100 pE. Seedlings at the four-to-six leaf
stage were transferred to soil and plants were grown in plant growth
chambers at 60% humidity and daily cycles of 16-h light at 18 or 21 °C and

PNAS | Published online January 23, 2017 | E1033

wv
=2
o
a
w
<
=
[

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615123114/-/DCSupplemental/pnas.201615123SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615123114/-/DCSupplemental/pnas.201615123SI.pdf?targetid=nameddest=ST2

8-h darkness at 18 °C. After 3 wk, rosette-stage plants were transferred to
winter conditions (10-h light and 14-h darkness at 8 °C) for 8-10 wk.

Plant Crosses. For all crosses, designated female partners were emasculated,
and the pistils were hand-pollinated 2 to 3 d after emasculation. At least three
biological replicates were made for each cross unless specified otherwise.
Each biological replicate consisted of two or more siliques unless
otherwise specified.

Scoring of Seed Phenotypes. Seeds were arranged on white plastic dishes and
imaged using a Nikon D90 camera and Leica Z16apoA microscope. Seed size
was measured by converting images to black and white using the “threshold”
and “Analyze Particles” functions in ImageJ (https://imagej.nih.gov/ij/). Seed
weight of 30-150 seeds per replicate was determined with an Ohaus GA110
or Mettler AC100 scale and the total weight was divided by the number of
seeds. Hybrid seeds that weighed less than the minimum range of the scale
were given the value 0.0001 g per 50 seeds (smallest scorable weight).
Noncollapsed seeds were scored from three replicates of imaged seed pools
and characterized as brown and plump with variable size. Collapsed seeds
were black or black and shriveled, brown and shriveled or not round, or very
small seeds (less than 0.2 mm?).

Germination Assays. One month after harvesting, seeds were surface-steril-
ized described and plated on MS2 media without sucrose. To break seed
dormancy, plates were then kept at 4 °C for 6 wk and put to normal growth
conditions (see above) for 1 mo. Germination rates were assessed by
counting seeds with ruptured seed coat and protruding radicles.

In Vitro Embryo Rescue. Hybrid embryos derived from seeds of crosses of
A. lyrata x A. arenosa were rescued at 27 DAP by in vitro cultivation. After a
short incubation of siliques in 70% (vol/vol) ethanol, the embryos were iso-
lated by dissection using hypodermic needles and placed on MS media con-
taining 2% (wt/ivol) sucrose. Plates were incubated in a light chamber.
Surviving seedlings were transferred to soil after 14 d.

Generation of Synthetic 4x A. lyrata and 4x A. arenosa. To obtain synthetic
tetraploid plants from the diploid A. lyrata and A. arenosa, 10 pL of 0.25%
colchicine solution was applied on the shoot apical meristem of 1-mo-old
seedlings. Ploidy was determined by comparing the pollen size with diploids
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under the microscope. Then, leaves from each floral stem were harvested and
their ploidy level was confirmed using a CyFlow ploidy analyzer (Sysmex-Partec).
The stems revealed to be tetraploid were used for crosses. To rule out chimeric
ploidy in these stems, the ploidy of five progenies obtained from each cross
involving synthetic tetraploids was measured (Fig. S8). Only cross results where
all of the surveyed progenies had the expected ploidy level (3x from 2x x 4x
crosses, 4x from 4x x 4x crosses), were used for this study.

Microscopy. Clearing analysis was performed as previously described (59, 60)
and imaged using a Zeiss axioplan Imaging2 microscope system equipped
with Nomarski optics and cooled LCD imaging facilities.

Endosperm nuclei counts were conducted on cleared seeds at defined time
points. Seeds were fixed in 9:1 EtOH:Acetic acid. After 1-d incubation in
chloral hydrate solution [1:8:3 glycerol/chloral hydrate/water (vol/vol)] at 4 °C,
a stack of pictures were taken throughout the whole seed and endosperm
nuclei were subsequently counted in each picture using ImageJ cell counter
(https://imagej.nih.gov/ij/).

A total of 20 seeds per biological replicate (three biological replicates)
were sampled at 9 and 15 DAP for investigation of endosperm cellularization.
Preparation of seeds was performed using Feulgen staining as described by
Braselton et al. (61). Imaging of optical sections of the endosperm was
performed using a multiphoton Zeiss LSN NLO microscope with an excitation
wavelength of 770 nm and emission from 518 nm and onwards or an
Olympus FluoView 1000 Confocal Laser Scanning microscope (BX61WI) with
an excitation of 488 nm and emission from 500 to 600 nm.

Statistical Analysis. Seed size and weight of hybrid seeds were compared with
the midparent value (42) using Student’s t test. The endosperm proliferation
rate was calculated as the ratio of nuclei number between two time points.
Finally, 2 test was used to test for differences from expected frequencies
according to Mendelian segregation.
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