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Seed development in flowering plants is initiated after a double
fertilization event leading to the formation of zygotic embryo and
endosperm tissues surrounded by the maternally derived seed coat.
Although the seed coat does not take partin the fertilization process
it develops immediately after fertilization, implicating a signaling
mechanism from zygotic tissues to the surrounding maternal tis-
sues. We addressed the question of the underlying mechanisms
repressing seed coat development before fertilization and initiating
seed coat development after fertilization by analyzing combinations
of mutants that initiate seed development in the absence of
fertilization. We discovered that seed coat development is actively
repressed before fertilization by dosage-sensitive Polycomb group
proteins acting in maternal tissues surrounding the female game-
tophyte. This repression is relieved after fertilization by a signal that
is formed by the sexual endosperm. Fertilization is required for
signal formation, as asexually formed endosperm fails to effectively
initiate seed coat development in mutants with uncompromised
maternal Polycomb group function. Mutants for the MADS-box
transcription factor AGL62 initiate embryo and endosperm forma-
tion but fail to develop a seed coat, implicating AGL62 expression in
the endosperm as a requirement for signal initiation. Together, our
results provide evidence that fertilization of the central cell gener-
ates a signal that relieves Polycomb group-mediated repression in
the surrounding maternal tissues to initiate seed coat formation.

eed development in flowering plants is initiated by double

fertilization of the female gametophyte. The female gameto-
phyte harbors two distinct gametic cells that will have distinct fates
after fertilization; the haploid egg cell will give rise to the diploid
embryo and the homodiploid central cell will form the triploid
endosperm (1). Embryo growth is supported by the nourishing
endosperm tissue that delivers nutrients acquired from the mother
plant (2). Embryo and endosperm coordinate their development
with the surrounding seed coat that constitutes the nonfertilized
part of the seed (2). Seed coat development initiates from ovule
integuments after fertilization, implicating signaling between the
fertilized products and the ovule integuments (3). Proliferation of
central cell and egg cell is actively suppressed in the absence of
fertilization. Similarly, the switch from integument to seed coat
development does not occur in the absence of fertilization and
unfertilized mature ovules degenerate after a few days (4, 5). The
fertilization independent seed (fis) mutants can bypass the fertil-
ization requirement and initiate seed development in the absence
of fertilization (4, 5). There are four FIS-class genes known: ME-
DEA (MEA), FERTILIZATION INDEPENDENT ENDOSPERM
(FIE), FERTILIZATION INDEPENDENT SEED2 (FIS2), and
MULTICOPY SUPPRESSOR OF IRAI (MSI1) (6-11). The FIS-
class genes encode for evolutionary conserved Polycomb group
(PcG) proteins that assemble together into the FIS multisubunit
Polycomb repressive complex 2 (PRC2) (10). PRC2 complexes
have histone methyltransferase activity and repress target genes by
applying histone methylation at lysine 27 on histone H3 (12).
Mutations in FIS genes cause parent-of-origin-dependent seed
abortion, with all seeds inheriting a mutant fis allele from the
mother abort, regardless of the presence of a wild-type paternal
allele (13). Development of fertilized fis mutant seeds is delayed
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and seeds abort with embryos arrested at late heart stage containing
noncellularized endosperm with strongly overproliferated chalazal
endosperm domains (6, 7, 10, 11). Whereas MEA and FIS2 are
specifically expressed in the central cell and the endosperm (14, 15),
expression of FIE and MSII extends to sporophytic tissues as
well (9, 16). In sporophytic tissues, FIE and MSI1 interact with
CURLY LEAF (CLF), SWINGER (SWN), and EMBRYONIC
FLOWER?2 (EMF2) forming the EMF complex, or, alternatively,
they act together with CLF, SWN, and VERNALIZATION2
(VRN2) in the VRN complex (12). Concomitant loss of homol-
ogous genes CLF and SWN as well as EMF2 and VRN2 causes
strongly enhanced phenotypes compared with the single mutants
(17, 18), implicating partial functional redundancy of PcG genes.
Functional redundancy has also been suggested for MEA and
SWN in suppressing central cell proliferation, as penetrance of
autonomous seed formation in the mea mutant can be strongly
increased by concomitant loss of the MEA homolog SWN (15).

We addressed the question of whether EMF2 and VRN2, two
homologs of FIS2, act redundantly with FIS2 to suppress au-
tonomous seed formation. Our data reveal that FIS2 does not act
redundantly with EMF2 and VRN2, but that instead spor-
ophytically active PcG proteins suppress seed coat development
in the absence of fertilization. Our data suggest that in response
to fertilization a mobile signal is formed by the sexual endosperm
to relieve PcG repression in the integuments and to initiate seed
coat formation. Finally, we succeeded in identifying the type I
MADS-box transcription factor AGL62 as a component required
to form the mobile signal, generating evidence for the central
requirement of this quickly evolving family of transcription fac-
tors in coordinating seed development.

Results

EMF2 and VRN2 Are Not Acting Redundantly with FIS2 in the Female
Gametophyte. We determined the penetrance of autonomous
seed development in different mutants lacking components of
the FIS PcG complex (Fig. 14). The presence of four or more
nuclei in the central cell at 7 d after emasculation (DAE) was
considered as criterion for autonomous endosperm and seed
development. Alternatively, strongly enlarged autonomous seeds
containing less than four endosperm nuclei were also counted.
Whereas fis2 and mea mutants generated only very few auton-
omous seeds (about 5-8%; penetrance 10-16%), almost every
ovule inheriting a fie or msil mutation initiated autonomous seed
development (up to 42 or 45% autonomous seeds, penetrance 84
or 90%, respectively). Therefore, fis mutants have a strikingly
different penetrance in autonomous seed formation, which is
contrasted by a completely penetrant phenotype of each mutant
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Fig. 1. Percentage of autonomously developing seeds in PcG mutants and
mutant combinations. (A) Percentage of autonomously developing seeds in
different fis mutants determined at 7 DAE. (B) Percentage of autonomously
developing seed in the fis2-1/+ single mutant and in double and triple mutant
combinations of fis2-1/+ with emf2-5 and vrn2-1. The fie-2 mutant served as
a positive control. (C) Percentage of autonomously developing seeds in the
mea-8/+ single mutant and double mutant of mea-8/+ with swn-3. (D) Per-
centage of autonomously developing seeds in the fis2-5/+ single mutant and
double mutant of fis2-5/+ with swn-3. Asterisks indicate significant deviations
from fis2/+ (A, B, and D) or mea/+ (C) determined by ANOVA testing (P <
0.001). Numbers on top of each bar indicate analyzed siliques. Error bars in-
dicate SEM. Each silique contained on average 60 ovules or seeds.

after fertilization. Lack of any FIS complex subunit gives rise to
50% seed abortion (4-6, 10, 11), implicating no functional re-
dundancy of FIS genes after fertilization. This suggests the
presence of genes acting redundantly with MEA and FIS2 before
fertilization or, alternatively, an increased capacity of fie and
msil to undergo autonomous seed development due to unknown
defects caused by loss of FIE and MSI1 function. To test whether
differences in the penetrance of autonomous seed development
are caused by functional redundancy of FIS2 with VRN2 or
EMEF2 in the female gametophyte, we analyzed penetrance of
autonomous seed development in double heterozygous mutants
fis2/+ vm2/+ and fis2/+ emf2/+ (Fig. 1B). In this genetic com-
bination we expect 25% of female gametophytes lacking FIS2
and VRN2 or FIS2 and EMF?2 function, respectively. However,
penetrance of autonomous seed development was increased
neither in fis2/+ vm2/+ nor fis2/+ emf2/+ double mutants. We
generated a triple fis2/+ vm2/+ emf2/+ mutant containing
12.5% ovules lacking all three homologous genes. In this tri-
ple mutant, 15% of the ovules initiated autonomous seed de-
velopment (Fig. 1B), whereas autonomous seed development
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was never observed in vim2/+ emf2/+ and vin2/— emf2/+ double
mutants. One explanation for this finding is that all three genes
act redundantly in the female gametophyte. We investigated this
hypothesis further by testing whether expression of EMF2 and
VRN?2 under control of the FIS2 promoter could rescue the fis2
mutant. We generated transgenic lines in the fis2 mutant back-
ground expressing the VRN2 and EMF?2 genes under control of the
FIS2 promoter. However, among 19 FISZ2pro:VRN2 and 12
FIS2pro:EMF?2 lines, none of them complemented the fis2 seed
abortion phenotype, whereas expression of FIS2 under control of
the same promoter provided complete complementation (of 15
lines analyzed, all lines showed complementation revealed by re-
duction of seed abortion rates to 25% in lines hemizygous for the
construct). These findings do not support the hypothesis that
VRN2 and EMF2 act redundantly with FIS2 in the female ga-
metophyte and rather suggest that double heterozygosity for
EMF2 and VRN?2 causes an effect on sporophytic tissues, pro-
moting the capacity of fis2 mutants to form autonomous seeds. We
tested the hypothesis that decreased dosage of PcG proteins in
sporophytic tissues enhances autonomous seed formation of fis2
by analyzing autonomous seed development in a fis2/+ vrn2/—
double mutant. In contrast to a double heterozygous fis2/+ vrn2/+
mutant that did not increase penetrance of autonomous seed
formation (Fig. 1B), a strongly increased penetrance was observed
in the fis2/+ vm2/— double mutant (Fig. 1B), strongly supporting
the idea that reduction of PcG function in sporophytic tissues
promotes autonomous seed development. Together, we conclude
that FIS2 does not act redundantly with EMF2 and VRN2 in the
female gametophyte, but that reduced dosage of EMF2 and
VRN2 in sporophytic tissues promotes autonomous seed de-
velopment of the fis2 mutant. This suggests that PcG proteins act
in maternal integument tissues surrounding the female gameto-
phyte to restrict the development of autonomous seeds.

SWN Acts in Sporophytic Tissues to Suppress Autonomous Seed
Formation. Previous studies proposed that low penetrance of au-
tonomous seed development in the mea mutant is caused by
functional redundancy of MEA and the MEA homolog SWN in the
central cell (15). SWN is only weakly expressed in the central cell of
the female gametophyte but strongly expressed in sporophytic tis-
sues (15, 19), where it was previously shown to act redundantly with
CLF (17). In agreement with previous findings (15), the mea/+
swn/+ double heterozygous mutant had strongly increased pene-
trance of autonomous seed development in comparison with the
mea single mutant (Fig. 1C). If MEA and SWN act redundantly
in the female gametophyte to suppress autonomous seed de-
velopment, we expected that the mea/+ swn/— double mutant
would have approximately twice as many autonomously developing
seeds compared with the mea/+ swn/+ double heterozygous mu-
tant. However, only a minor increase of autonomously developing
seeds was observed upon complete loss of SWN function, impli-
cating that SWN, like VRN2 and EMF2, has a role in sporophytic
tissues to suppress autonomous seed development. To further ex-
plore this idea we generated and analyzed fis2/+ swn/+ and fis2/+
swn/— double mutants. These double mutant combinations caused
a dramatic increase in autonomous seed formation to 37% and
43% compared with 7% in the fis2 single mutant, respectively (Fig.
1D), strongly supporting a sporophytic role of SWN to suppress
autonomous seed development. Consistently, SWN is strongly
expressed in the integuments (15). Similarly, we detected strong
VRN2 expression in the integuments and in the seed coat after
fertilization (Fig. S1), indicating that relieve of PcG suppression is
not caused by reduced PcG gene expression.

FIS Genes Have a Nonredundant Role After Fertilization. PHERES]
(PHE]) is a direct target gene of the FIS PcG complex and ex-
clusively expressed in the endosperm (20, 21). Loss of FIS2
function causes increased expression of PHE in the endosperm
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(Fig. S24). Consistent with the idea that FIS2 does not act re-
dundantly with VRN2 and EMF2, expression levels of PHE]
were similarly increased in seeds of single fis2 mutants as in
double and triple mutants of fis2 with vm2 and emf2. Similarly,
there was no relevant difference in the expression of PHE! or of
a PHEIpro:PHEI-EGFP reporter line in the fie mutant com-
pared with the fis2 mutant (Fig. S2 A and B), supporting the idea
that FIS2 homologs do not act redundantly in controlling ex-
pression of FIS target genes. Together with the fact that fis
mutants have a completely penetrant seed abortion pheno-
type, we conclude that FIS genes play a nonredundant role in
the endosperm after fertilization and propose that differences
among fis mutants before fertilization are caused by a hap-
loinsufficient requirement of FIE and MSI1 in suppressing seed
coat development.

fis Mutants Form Two Classes of Autonomously Developing Seeds. All
four fis mutants generate autonomous seeds. However, we no-
ticed that aside from the different penetrance of this phenotype,
there were two distinct classes of autonomously developing
seeds. Whereas most of the autonomously developing seeds in
fis2 and mea remained small like unfertilized wild-type ovules
(Fig. 2 D and G), the majority of autonomously formed seeds in
fie and msil were much bigger (Fig. 2.4 and G). The size of the
autonomous seeds was not directly correlated with endosperm
growth, because we found small seeds with up to 64 nuclei and

big seeds with as few as one, two, or four endosperm nuclei (Fig.
2 A, D, and E). The second striking difference concerns the
development of the integuments. Similar to unfertilized wild-
type ovules, integuments of fis2 and mea autonomous seeds did
not progress in their development and degenerated about 5
DAE, although they contained developing endosperm (Fig. 2D).
In stark contrast, integuments of big autonomous seeds in fie and
msil mutants differentiated into a seed coat with five clearly
distinguishable cell layers (Fig. 2B) that accumulated proantho-
cyanidins in the endothelium layer (Fig. 2C) as a hallmark for
seed coat development (22). These findings indicate that com-
promised sporophytic PcG function in fie and msil mutants
promotes autonomous seed coat development, suggesting that
sporophytically acting PcG complexes prevent development of
the seed coat in the absence of fertilization. In agreement with
this hypothesis, the majority of autonomously developing seeds
in fis2/+ vm2/— double mutants were big and had developed
seed coats (Figs. 2G and 3C). Conversely, autonomous seeds of
fis2/+ vm2/+ double mutants remained small and rarely de-
veloped a seed coat (Fig. 2G). Triple heterozygous plants fis2/+
vm2/+ emf2/+ differed from fis2 mostly in the number of au-
tonomous seeds with developed seed coat, whereas the number
of small and degenerated autonomous seeds was comparable
between both genotypes (around 7%, Figs. 1B and 2G). To-
gether, we conclude that differences in penetrance and develop-
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Fig. 2. fis mutants form two classes of autonomously developing seeds. (4) Big autonomous fie-2 seed with developed seed coat and endosperm. Inset
window enlarged in B shows five seed coat layers. (C) Proanthocyanidin accumulation in fie-2 seed. (D) Small autonomous fis2-1 seed with developing en-
dosperm but degenerated integuments. (E) Autonomous fie-2 seed with developed seed coat and only two endosperm nuclei (arrowheads). Arrow indicates
egg cell nucleus. (Scale bar, 50 pm in A-E.) (F) Percentage of autonomously developed seeds in fie-2 and fie-2 mutant expressing a wild-type copy of the FIE
gene under control of the 35S promoter. Numbers on top of each bar indicate analyzed siliques. Error bars indicate SEM. (G) Percentage of each class of
autonomous seeds in respective genotypes (mutant alleles in Ler: fis2-1, fie-2, emf2-5, and vrn2-1; mutant alleles in Col: fis2-5, mea-8, swn-3, and msi1-1)
determined at 7 DAE. Open and hatched bars represent small and big autonomous seeds, respectively. Numbers on top of each bar indicate analyzed siliques.

Error bars indicate SEM.

20828 | www.pnas.org/cgi/doi/10.1073/pnas.1117111108

Roszak and Kohler


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117111108/-/DCSupplemental/pnas.201117111SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117111108/-/DCSupplemental/pnas.201117111SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1117111108

L T

z

1\

BN AS  DNAS P

mental potential of autonomous seeds are controlled by spor-
ophytically acting PcG complexes.

FIE Is Haploinsufficient and Acts in Sporophytic Tissues to Suppress
Seed Coat Development. The strong penetrance of autonomous
seed formation of the heterozygous fie mutant suggests that FIE
is a dosage-sensitive suppressor of integument development. We
tested this hypothesis by analyzing whether we could increase the
penetrance of autonomous seed formation of the fie/+ mutant by
additionally depleting VRN2 function. Therefore, we generated
and analyzed double mutants of fie with vrn2. Whereas about
20% of autonomously developing seeds in the fie/+ mutant had
early degenerating integuments, almost all developing autono-
mous seeds in fie/+ vrm2/— had developed seed coats (Fig. 2G).
Thus, we conclude that incomplete penetrance of the fie mutant
phenotype is caused by remaining PcG function in sporophytic
tissues. To further test the hypothesis that FIE acts in sporo-
phytic tissues to suppress autonomous seed development, we
expressed the FIE gene under control of the 35S promoter of the
Cauliflower mosaic virus (35S). The 35S promoter is active in
sporophytic tissues but is generally considered not to be active
during the gametophytic stage (23) (Fig. S3). Consistently, ex-
pression of 35Spro:FIE in the fie/+ mutant did not rescue the fie
seed abortion phenotype. Among 13 35Spro:FIE; fie/+ lines
analyzed, we did not identify a line with reduced numbers of
aborted seeds. However, we observed a complete suppression of
the formation of big autonomous seeds with developed seed
coats in fie/+ mutants being hemizygous for the 35Spro:FIE
construct (Fig. 2F), strongly supporting the hypothesis that FIE
is haploinsufficient and acts in integument tissues suppressing
seed coat development.

Loss of VRN2 Initiates Endothelium Development in the Absence of
Endosperm Development. Development of wild-type ovules is ac-
companied by cell divisions in all layers of the integuments. This
process decelerates in mature ovules at the time of anthesis.
Ovules at this stage await fertilization and if fertilization does not
occur, they quickly degenerate at about 5 DAE (corresponding to
about 3—4 d postanthesis) (24) (Fig. 34). We observed that vrn2/—
ovules did not degenerate at the same time as wild-type ovules.
Clearings and sections of unfertilized ovules revealed that even at
6 DAE, vrn2 ovules were not degenerated and five layers of
integuments were clearly distinguishable (Fig. 3 B, E, G, and K).

We investigated whether unfertilized vrn2/— ovules initiate
seed coat development by analyzing the formation of proan-
thocyanidins using vanillin staining. Whereas vanillin staining in
unfertilized wild-type ovules was rarely observed, more than half
of all tested vrn2/— ovules showed a strong staining in the mi-
cropylar region of the ovule (Fig. 3 H-J), which was, however,
not accompanied by a size increase of vin2/— ovules (Fig. 3 D and
E and Fig. S4). Together, loss of VRN2 function initiates seed
coat differentiation in unfertilized ovules, supporting the view
that PcG proteins suppress seed coat development in the ab-
sence of fertilization. We tested whether seed coat development
would also be initiated in heterozygous vrm2/+, emf2/+, and
double heterozygous vrn2/+ emf2/+ mutants. Consistent with
the finding that neither heterozygous vm2/+ nor emf2/+ could
enhance the fis2 phenotype, we did not observe initiation of
autonomous seed coat development in either mutant (Fig. 3K).
Similar to homozygous vrn2 ovules, about 22% of the ovules of
double heterozygous vrn2/+ emf2/+ mutants remained intact
and did not collapse 6 DAE (Fig. 3K), supporting the view that
the observed increased penetrance of autonomous seed forma-
tion in fis2/+ vim2/+ emf2/+ triple mutants (Fig. 1B) is caused by
depletion of PcG function in the integuments, promoting seed
coat formation.
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Fig. 3. Loss of VRN2 initiates endothelium development in the absence of
endosperm development. Microscopy images of cleared (A-C), sectioned (D-
G), and vanillin stained (H and /) ovules and autonomous seeds at 5 DAE (D,
E, H, and /) and 6 DAE (A-C, F, and G). (A, D, F, and H) Wild type (WT). (B, E,
G, and /) vrn2-1/-. (C) fis2-1/+vrn2-1/-. (Scale bar for A-I/, 50 pm.) (J) Per-
centage of wild-type and vrn2-1/— ovules stained with vanillin at 5 DAE;
error bars indicate SEM. (K) Percentage of ovules with nondegenerated five
integument layers at 6 DAE; error bars indicate SEM.

The Signal for Seed Coat Development Is Generated by the Sexual
Endosperm Depending on AGL62. Although data from several
studies support a role of the endosperm in regulating seed coat
growth (3, 25-27), formal evidence for the sexual endosperm
being sufficient for generating a signal initiating seed coat de-
velopment is missing. To define the origin of the signal initiating
seed coat development we investigated seeds of the kokopelli
(kpl) mutant. The kp/ mutation affects male gametogenesis,
leading to the formation of single sperm cell male gametophytes
and random single fertilization events (28). Consequently, seeds
derived after fertilization with kpl pollen frequently contain only
embryos or only endosperm, resulting from fertilization of egg or
central cell, respectively (Fig. 4 4 and B). Seed coat development
of both seed classes was strikingly different; whereas all seeds
containing only endosperm had normally developed seed coats
(n = 26; Fig. 4 A and D), all seeds containing only an embryo did
not initiate seed coat development and integuments appeared
similar to unfertilized wild-type ovules (n = 21; Fig. 4 B and C).
In this seed class, embryo development arrested at the globular
stage and integuments degenerated at the same time as in
unfertilized wild-type ovules (Fig. S5). Given that the autono-
mously formed endosperm in fis2 and mea mutants is rarely
sufficient to initiate seed coat formation, we conclude that
a signal initiating seed coat development in Arabidopsis is de-
rived from the sexual endosperm.

Disruption of the signaling pathway from the endosperm to
the seed coat is expected to result in the formation of early ar-
resting seeds containing embryo and endosperm, but without a
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Fig. 4. The sexual endosperm generates a signal for seed coat development
dependent on AGL62. (A) Seed developing after fertilization with kp/ pollen
at 2 DAP. Seed contains only endosperm and no embryo. (B) Seed de-
veloping after fertilization with kp/ pollen at 2 DAP. Seed contains only an
embryo and no endosperm. (C) Unfertilized ovule shortly before de-
generation. (D) Seed developing after fertilization with wild-type pollen at 2
DAP. (E and F) Sections of agl62-2/— seeds at 3 DAP. (G) Cleared ttn2 seed at
3 DAP. (H) AGL62:AGL62-GFP expression in autonomous fie-12 seeds. (Scale
bars, 50 pm in A-H.) Arrow and arrowheads mark egg cell and central cell,
respectively. (/) Model depicting events in autonomous and sexual seed de-
velopment. In wild-type ovules, sporophytically active PcG proteins repress
seed coat development. In fis2 mutants, this repression remains active and
autonomous endosperm division is not accompanied by seed coat de-
velopment. In fie mutants, this repressive block is released and autonomous
endosperm formation is associated with seed coat development. In wild
type, a signal formed by the sexual endosperm (red arrow) relieves PcG re-
pression in the seed coat, causing the initiation of seed coat development. In
fis2 and fie mutants, no signal or only a weak signal is formed by the au-
tonomous endosperm.

developed seed coat. Lack of the type I MADS-box transcrip-
tion factor AGL62 causes precocious endosperm cellulariza-
tion after about three to four nuclei divisions and early embryo
arrest (29). Although agl62 seeds initiate embryo and endosperm
development, we found that this was generally not accompanied
by seed coat formation. We noted a minor fraction of agl62/—
seeds arresting development later with about 50 endosperm cells
and a developed seed coat (2.5% of n = 1,080 analyzed seeds;
Fig. S6), suggesting incomplete penetrance of the agl62-2 mutant
phenotype. The majority of agl62/— seeds did not initiate seed
coat formation and had collapsed integuments after about 3 days
after pollination (DAP) (19.5% of n = 1,080 analyzed seeds; Fig.
4 E and F), similar to the phenotype observed in autonomously
developing fis2 seeds (Fig. 2D). It is unlikely that failure of seed
coat initiation is a consequence of endosperm proliferation
failure, as seed coat development is clearly initiated in the fitan 2
(#n2) mutant that has severe endosperm proliferation defects
and arrests development containing a comparable number of
endosperm nuclei as the agl62 mutant (n = 38; Fig. 4G) (30).
This strongly indicates that AGL62 is required in the endosperm
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to initiate seed coat formation. We analyzed AGL62 expression
in wild-type seeds after fertilization and autonomously de-
veloping fie seeds using a translational fusion of the AGL62 gene
under control of the native promoter fused to GFP. This con-
struct completely complemented the agl62 mutant phenotype,
indicating that the AGL62pro:AGL62-GFP expression reflects
the native AGL62 expression pattern. In wild-type as in auton-
omously developing fie seeds, AGL62 remained exclusively
expressed in endosperm nuclei (Fig. 4H), indicating that AGL62
is required to form the mobile signal rather than being the mo-
bile signal itself.

Discussion

The data presented in this manuscript reveal that initiation of
seed development is negatively controlled by PcG proteins at
multiple levels; the FIS PcG complex represses autonomous
replication of the central cell, whereas autonomous seed coat
development is suppressed by sporophytically active PcG pro-
teins. Therefore, specific impairment of FIS function alone in
fis2 and mea mutants elicits autonomous replication of the
central cell, but fails to efficiently initiate seed coat development.
In contrast, concomitant loss of FIS function as well as com-
promised function of sporophytic PcG complexes in the integu-
ments initiates formation of autonomous seeds containing
endosperm as well as seed coat. Our analysis of heterozygous fie
as well as double heterozygous emf2 and vrn2 mutants reveal that
sporophytic PcG complexes are haploinsufficient to suppress
autonomous seed coat formation, revealing a dosage-sensitive
function of plant PcG proteins similar to the fine-tuned dosage-
sensitive requirement of PcG proteins in animals (31). Our data
strongly suggest that upon fertilization a mobile signal is formed
in the endosperm that migrates to the integuments and relieves
PcG repression at specific target loci (Fig. 41). The importance of
the endosperm for seed coat development has been implicated
before (3, 25-27, 32); however, our study makes a significant
advance by revealing that the sexual endosperm is required for
seed coat formation, whereas asexually formed endosperm rarely
suffices to initiate seed coat formation. This implicates that sig-
nal formation is initiated after fertilization and that formation of
the signal is not or not sufficiently initiated in the asexual en-
dosperm of fis mutants (Fig. 47). We demonstrate that seed coat
formation is initiated in sporophytic PcG mutants, implicating
that upon loss of sporophytic PcG function signal formation is
initiated in the integuments independently of a sexual endo-
sperm or, alternatively, processes downstream of the signal are
initiated upon loss of PcG function. Importantly, however, loss of
sporophytic PcG function only initiates proanthocyanidin for-
mation as one of the first processes of seed coat differentiation,
whereas complete differentiation of seed coat layers was not
observed. In contrast, concomitant loss of FIS function as well as
impaired sporophytic PcG function caused a strong increase in
seed size and the formation of five distinguishable seed coat
layers, implicating that initiation of endosperm formation is re-
quired to activate all processes leading to seed coat formation.
This is unlikely to be a consequence of an increased mechanical
pressure through endosperm growth, as we observed enlarged
autonomous seeds containing only two endosperm nuclei.
Therefore, it is more likely that complete activation of seed coat
formation requires a signal threshold and that formation of the
signal strongly increases after central cell division. To identify
the nature of the signal remains the subject of future inves-
tigations. Finally, we succeeded in identifying the type I MADS-
box transcription factor AGL62 as one central component re-
quired for formation of the mobile signal. Seeds lacking AGL62
fail to initiate seed coat formation, similar to autonomously
developing fis2 seeds as well as seeds containing only a de-
veloping embryo but no endosperm. It is unlikely that this is
a consequence of agl62 endosperm proliferation failure and early
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endosperm cellularization, as mutants defective in nuclear pro-
liferation still develop a seed coat (ref. 30 and data shown in this
paper). Conversely, defects in seed coat growth negatively im-
pact on endosperm growth (26, 32), indicating that impaired
seed coat development is a cause rather than a consequence of
early agl62 endosperm arrest. We could furthermore show that
AGL62 is unlikely to be the signal itself, as expression of
AGL62-GFP remained confined to the endosperm and was not
detected in the seed coat. AGL62 has been shown to interact
with type I MADS-box proteins including the specifically pater-
nally expressed PHERES1 (33), suggesting that an AGL62-
containing protein complex is required to activate downstream
target genes to form the seed coat initiation signal.

Materials and Methods

Plant Materials and Growth Conditions. Arabidopsis thaliana mutants fis2-1,
fie-2 (5), vrn2-1 (34), emf2-5 (35), mea-1 (6), and kpl-2 (28) are in the Ler
accession. Mutants fis2-5 (21), fie-12 (36), msi1-1 (10), mea-8 (37), swn-3 (17),
and agl62-2 (29) are in the Col-0 accession. The ttn2-1 mutant (30) is in the
Wassilewskija accession. Plants were grown in a growth cabinet under long-
day photoperiods (16 h light and 8 h dark) at 23 °C. After 10 d, seedlings
were transferred to soil and plants were grown in a growth chamber at 60%
humidity and daily cycles of 16 h light and 8 h darkness at 21 °C.

Generation of Transgenic Lines. Binary destination vector pB7WG2 was used to
generate FIS2pro:FIS2, FIS2pro:VRN2, and FIS2pro:EMF2 plasmids. The 1,850
bp of the FIS2 promoter were amplified with primers containing Sacl and
Xbal sites and cloned into pB7WG2 replacing the 35S promoter. The FIS2
coding sequence was amplified from Ler seed ¢DNA and inserted into
PENTR-D TOPO vector (Invitrogen). Entry clones for VRN2 and EMF2 (kindly
provided by Lars Hennig, SLU, Uppsala, Sweden) were generated by cDNA
amplification and insertion into pENTR-D TOPO vector. Expression clones
were generated following the Gateway cloning protocol (Invitrogen). The
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coding sequence of FIE was amplified by PCR and inserted into vector pBI101
containing a double myc tag to generate 35Spro:FIE. Transgenic lines were
generated by Agrobacterium tumefaciens-mediated transformation into
fis2-1. Independent single transgene locus insertion T2 lines were analyzed.
The AGL62:AGL62-GFP-containing vector was generated by inserting 2,500
bp of amplified AGL62 promoter and coding region fused to eGFP into
pCAMBIA 1300. The construct was transformed into the ag/62-2 mutant and
independent single transgene locus insertion T2 lines were analyzed.

Histological Analysis. Samples were fixed in 4% formaldehyde, 50% ethanol,
and 10% acetic acid overnight at 4 °C. Samples were dehydrated in a series of
ethanol dilutions (50, 70, and 100%) for 1 h each and embedded in Tech-
novit 7100 (Kulzer) according to the manufacturer’s instructions. Four-mi-
crometer sections were prepared using a Leica RM2145 microtome. Sections
were stained with 0.05% Toluidine blue or Schiff's reagent.

Microscopy. Samples were fixed in ethanol/acetic acid in a ratio of 9:1, washed
with 70% ethanol, and mounted in chloral hydrate solution (glycerol/chloral
hydrate/water in a ratio of 1:8:3). For vanillin staining, ovules were manually
dissected from ovaries and mounted on slides in 1% (wt/vol) vanillin (4-hy-
droxy-3-methoxybenzaldehyde; Sigma) in 6 N HCl solution. Slides were an-
alyzed after 20 min of incubation. Samples were analyzed with a Leica
DM2500 microscope using differential interference contrast optics. Images
were recorded with a Leica DFC 300 FX digital camera. Samples from GFP lines
were mounted in water and analyzed with epifluorescence optics.
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