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The AGL62 MADS Domain Protein Regulates Cellularization
during Endosperm Development in Arabidopsis "
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Endosperm, a storage tissue in the angiosperm seed, provides nutrients to the embryo during seed development and/or
to the developing seedling during germination. A major event in endosperm development is the transition between the
syncytial phase, during which the endosperm nuclei undergo many rounds of mitosis without cytokinesis, and the
cellularized phase, during which cell walls form around the endosperm nuclei. The molecular processes controlling this
phase transition are not understood. In agl62 seeds, the endosperm cellularizes prematurely, indicating that AGL62 is
required for suppression of cellularization during the syncytial phase. AGL62 encodes a Type | MADS domain protein that
likely functions as a transcription factor. During seed development, AGL62 is expressed exclusively in the endosperm. Dur-
ing wild-type endosperm development, AGL62 expression is strong during the syncytial phase and then declines abruptly
just before cellularization. By contrast, in mutant seeds containing defects in some FERTILIZATION-INDEPENDENT SEED
(FIS) class Polycomb group genes, the endosperm fails to cellularize and AGL62 expression fails to decline. Together, these
data suggest that AGL62 suppresses cellularization during the syncytial phase of endosperm development and that endo-

sperm cellularization is triggered via direct or indirect AGL62 inactivation by the FIS polycomb complex.

INTRODUCTION

The endosperm is a fertilization product present in the seeds of
angiosperms. The endosperm is an important component of
the seed because it provides nutrients and other factors to the
embryo during seed development and/or to the developing seed-
ling during germination. In cereals, the endosperm comprises a
large proportion of the mature seed, contains large amounts of
carbohydrates and proteins, and is an important source of food,
feed, and industrial raw materials (reviewed in Lopes and Larkins,
1993; Olsen, 2001; Olsen, 2004).

Several different patterns of endosperm development have
been described. Nuclear is the most common pattern and is
exhibited by Arabidopsis thaliana and many economically impor-
tant crop plants, including maize (Zea mays), rice (Oryza sativa),
wheat (Triticum aestivum), soybean (Glycine max), and cotton
(Gossypium hirsutum). Nuclear endosperm development consists
of two main phases: an initial syncytial phase followed by a cellu-
larized phase. During early development, the endosperm nuclei
undergo multiple rounds of mitosis without cytokinesis producing
a multinucleate cell, a syncytium. Each nucleus is surrounded by a
sphere of cytoplasm and a radial microtubule system, comprising
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a nuclear-cytoplasmic domain (NCD). At the end of the syncytial
phase, the endosperm consists of a peripheral layer of NCDs
within a common cytoplasm that surrounds a large central vacu-
ole. At a specific stage during seed development that varies
among species, the endosperm becomes cellularized. Initially, anti-
clinal cell walls form between sister and nonsister nuclei, establish-
ing a layer of alveoli along the embryo sac wall. Subsequent
divisions of this cell layer occur centripetally and fill in the interior of
the embryo sac cavity. The cellularized endosperm differentiates
into several cell types that perform specific roles in endosperm
function (reviewed in Lopes and Larkins, 1993; Olsen, 2001, 2004).

The timing of endosperm cellularization is important because
it correlates with the extent of nuclear proliferation and may influ-
ence seed size, sink strength, and grain weight. In Arabidopsis and
maize, in a variety of mutants (Garcia et al., 2003, 2005; Luo et al.,
2005), interploidy crosses (Cooper, 1951; Scott et al., 1998; von
Wangenheim and Peterson, 2004), interspecific crosses (Bushell
et al., 2003), and crosses with hypomethylated strains (Adams
et al., 2000; Vinkenoog et al., 2000; Xiao et al., 2006), precocious
cellularization correlates with reduced nuclear proliferation and
reduced seed size, and delayed cellularization correlates with in-
creased nuclear proliferation and increased seed size. Further-
more, in maize, rice, and wheat, increased nuclear proliferation
correlates with increased seed size, sink strength, and grain weight
(Brocklehurst, 1977; Radley, 1978; Singh and Jenner, 1982; Reddy
and Daynard, 1983; Chojecki et al., 1986; Jones et al., 1996; Liang
etal., 2001; Yang et al., 2002). The molecular processes controlling
the timing of endosperm cellularization are not understood.

In Arabidopsis, endosperm cellularization occurs in seeds
containing transition-stage embryos (Mansfield and Briarty,
1990; Brown et al., 1999; Boisnard-Lorig et al., 2001). During
the syncytial phase, Arabidopsis endosperm differentiates into
three developmentally distinct regions referred to as micropylar
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endosperm (MCE) at the micropylar pole surrounding the em-
bryo, chalazal endosperm (CZE) at the chalazal pole, and pe-
ripheral endosperm (PEN) between the MCE and CZE (Mansfield
and Briarty, 1990; Brown et al., 1999, 2003; Boisnard-Lorig et al.,
2001). Cellularization occurs firstin the MCE and then in the PEN;
the CZE and the PEN near the CZE do not become cellularized
(Mansfield and Briarty, 1990; Brown et al., 1999; Nguyen et al.,
2000; Boisnard-Lorig et al., 2001; Sorensen et al., 2002; Guitton
et al., 2004). In the PEN, cellularization is initiated immediately
following the eighth round of mitosis (Sorensen et al., 2002).
Initial cellularization involves an unconventional cytokinetic pro-
cess in which miniphragmoplasts form at the boundaries of the
NCDs and transport cell plate-forming vesicles to the regions of
wall formation (Otegui and Staehelin, 2000; Otegui et al., 2001).

Endosperm cellularization is affected in a group of Arabidopsis
mutants, including atfh5, knolle, hinkel, open house, runkel, pleiade,
and spatzle (Sorensen et al., 2002; Ingouff et al., 2005b). Some of
these genes encode proteins directly involved in the cellulariza-
tion process: KNOLLE is a syntaxin that localizes to the cell plate
(Lauber et al., 1997), HINKEL is a kinesin-related protein that
localizes to the cell plate (Strompen et al., 2002), PLEIADE is a
microtubule-associated protein that forms cross-bridges be-
tween microtubules (Muller et al., 2002), and ATFHS is a formin-
like protein that plays a role in nucleating actin and that localizes
to the cell plate (Ingouff et al., 2005b). The other genes have not
been identified. spatzle affects the endosperm but not the em-
bryo, whereas the others also affect cytokinesis in the embryo,
suggesting that endosperm cellularization involves some unique
molecular components but that most of these components are
also used during cytokinesis in other tissues.

Potential regulators of endosperm cellularization in Arabidop-
sis include the HAIKU (IKU) and FERTILIZATION-INDEPENDENT
SEED (FIS) class genes. The IKU class genes include IKU1, IKU2,
and MINI3 (Garcia et al., 2003; Luo et al., 2005). In iku1, iku2, and
mini3 mutants, the endosperm cellularizes prematurely and under-
proliferates (Garcia et al., 2003; Luo et al., 2005). MINI3 and IKU2
encode the WRKY10 transcription factor and a Leu-rich repeat
transmembrane kinase, respectively, and both genes are expressed
in the syncytial endosperm (Luo et al., 2005). Although the precise
roles of the IKU class genes in endosperm development remains
to be determined, their mutant phenotypes suggest that they
play a role in inhibiting cellularization during the syncytial phase.

The FIS class genes include FERTILIZATION-INDEPENDENT
ENDOSPERM (FIE) (Ohad et al., 1999), FIS2 (Luo et al., 1999), and
MEDEA (MEA) (Grossniklaus et al., 1998; Kiyosue et al., 1999;
Luo et al., 1999). These genes encode polycomb group (PcG)
proteins and likely function in large protein complexes, which
also include MULTICOPYSUPRESSOR OF IRA1 (Kohler et al.,
2003b; Guitton et al., 2004) and SWINGER (Wang et al., 2006), to
repress target gene transcription (Kohler et al., 2003a). FIE, FIS2,
and MEA are expressed in the syncytial endosperm (Vielle-
Calzada et al., 1999; Luo et al., 2000; Yadegari et al., 2000; Wang
et al., 2006). Fertilization of fis mutant female gametophytes
produces seeds that abort; prior to abortion, these seeds exhibit
multiple endosperm defects, including overproliferation and the
absence of cellularization (Kiyosue et al., 1999; Luo et al., 2000;
Vinkenoog et al., 2000; Sorensen et al., 2001; Ingouff et al.,
2005a), absence of mitotic domains (Ingouff et al., 2005a), and

perturbed gene expression (Sorensen et al., 2001; Kohler et al.,
2003b; Ingouff et al., 2005a, 2005b). These observations suggest
that the FIS genes regulate several processes during endosperm
development, including cellularization.

The timing of endosperm cellularization is also affected in
seeds resulting from crosses between diploid and polyploid
parents. For example, fertilization of polyploid female gameto-
phytes with diploid pollen produces seeds that cellularize pre-
cociously (Scott et al., 1998). These observations suggest that
the timing of endosperm cellularization is regulated by imprinted
genes. Consistent with this, reciprocal crosses between wild-
type and hypomethylated strains also affect the timing of en-
dosperm cellularization (Adams et al., 2000; Vinkenoog et al.,
2000; Xiao et al., 2006). Furthermore, FIS2 and MEA are im-
printed in the endosperm (Kinoshita et al., 1999; Vielle-Calzada
et al., 1999; Luo et al., 2000) and are required for endosperm
cellularization (discussed above).

We previously showed that the Arabidopsis AGL80 gene is
required for central cell and endosperm development (Portereiko
et al., 2006). AGL80 encodes a Type | MADS domain protein and
is expressed in the central cell and during early endosperm
development. agl80 female gametophytes have subtle defects.
However, when agl80 female gametophytes are fertilized with
wild-type pollen, endosperm nuclei are not present and the
central cell cavity is filled with highly fluorescent material, indi-
cating that AGL80 is required for the earliest stages of endo-
sperm development (Portereiko et al., 2006).

MADS domain proteins typically function as homodimers and/
or as heterodimers with other MADS domain proteins and may
function in higher-order complexes such as tetramers of two
dimers (Messenguy and Dubois, 2003; Kaufmann et al., 2005; de
Folter and Angenent, 2006). For this reason, a protein—protein
interactome map of the Arabidopsis MADS domain proteins was
generated (de Folter et al., 2005). In this study, AGL80 was tested
for interaction with all other MADS domain proteins using yeast
two-hybrid assays and was found to interact with only one other
protein, AGL62, which also is a Type | MADS domain protein
(Parenicova et al., 2003).

The AGL80-AGL62 yeast two-hybrid interaction suggests that
AGL62 may play a role in central cell and/or endosperm devel-
opment. To investigate this, we examined the function of this
gene during female gametophyte and seed development. We
show that AGL62 is expressed during the syncytial phase of
endosperm development and that agl62 endosperm undergoes
precocious cellularization. We also show that AGL62 expression
declines abruptly just before cellularization, that this aspect of
AGL62 expression is dependent upon the activity of the FIE,
FIS2, and MEA genes, and that AGL62 misexpression in fis
mutant seeds is correlated with a failure to cellularize. Together,
these data suggest that AGL62 is an important regulator of
cellularization during endosperm development.

RESULTS

AGL62 Gene Structure

To determine the structure of the AGL62 gene, we isolated a
full-length cDNA clone using RT-PCR and 5’ and 3’ rapid



amplification of cDNA ends (RACE) and compared its sequence
with that of the genomic sequence. Figure 1A shows that AGL62
contains two exons and one intron, a 5" untranslated region of 35
nucleotides, and a 3’ untranslated region of 196 nucleotides.

Figure 1B shows that AGL62 is predicted to encode a protein
of 299 amino acids that contains a MADS domain toward the N
terminus. ALG62 encodes a Type | MADS domain protein. As
such, it lacks the intervening (l), keratin-like (K), and C-terminal
(C) domains associated with MIKC-type MADS domain proteins
(Parenicova et al., 2003).

AGL62 and AGLS80 Interact in Yeast

In a large-scale analysis of protein—protein interaction among
MADS domain proteins, AGL62 was shown to interact with
AGLS8O (de Folter et al., 2005). As shown in Supplemental Figure
1 online, we have confirmed this interaction using a directed
yeast two-hybrid assay.

AGLG62 Is Expressed during Syncytial
Endosperm Development

We previously showed that AGL80 is expressed in the central cell
and during the 1- to 16-nucleate stages of endosperm develop-
ment (Portereiko et al., 2006). To determine whether AGL62
expression overlaps with that of AGL80, we analyzed transgenic
Arabidopsis plants containing a protein fusion construct, AGL62-
GFP, comprising the AGL62 promoter and the entire AGL62
coding region fused with a green fluorescent protein (GFP)
coding sequence. We analyzed AGL62-GFP expression at all
stages of female gametophyte development. AGL62-GFP was
expressed only after cellularization and exclusively in the antip-
odal cells (Figures 2A and 2D). These data indicate that expres-
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Figure 1. Structures of the AGL62 Gene and AGL62 Protein.

(A) AGL62 gene structure. Black boxes represent coding sequence,
white boxes represent the 5’ (35 nucleotides) and 3’ (196 nucleotides)
untranslated regions, and the horizontal line represents intron sequence.
The insertion sites of the T-DNAs in the agl62-1, agl62-2, and agl62-3
mutants are marked by triangles. The T-DNA in agl62-1 is inserted into
the intron, 474 nucleotides downstream of the start codon, and is
associated with a 75-bp deletion in the intron. The T-DNA in agl62-2 is
inserted in the second exon, 620 nucleotides downstream of the start
codon, and is associated with a 9-bp deletion in the predicted second
exon. The T-DNA in agl62-3 is inserted in the second exon, 1009
nucleotides downstream of the start codon, and is associated with a
12-bp deletion in the predicted second exon.

(B) AGL62 protein structure. AGL62 contains a MADS domain (hatched
box; amino acids 6 to 66).
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sion of AGL62 and AGL80 does not overlap during female
gametophyte development.

Figures 2B, 2C, 2E, and 2F show that AGL62-GFP was
expressed in developing seeds. Within the seed, AGL62-GFP
expression was detected in the endosperm but not the embryo.
During endosperm development, AGL62-GFP was expressed
throughout most of the syncytial phase, from immediately fol-
lowing fertilization to just before cellularization (Table 1). Toward
the end of the syncytial phase, AGL62-GFP expression declined
and became undetectable just before cellularization (Table 1).

To determine whether the maternal and/or paternal alleles of
AGL62-GFP are expressed in the endosperm, we performed
reciprocal crosses between wild-type plants and plants homozy-
gous for AGL62-GFP. Supplemental Table 1 and Supplemental
Figure 2 online show that the maternal and paternal AGL62-GFP
alleles were expressed equivalently, both quantitatively and
temporally.

To analyze AGL62 expression elsewhere in the plant, we
performed real-time RT-PCR with RNA from various organs.
Consistent with expression of AGL62-GFP in the endosperm,
we detected strong AGL62 expression in young siliques (Figure
3). In addition, weaker expression was detected in roots, leaves,
stems, young flowers, and anthers (Figure 3). In summary, the
AGL62 and AGL80 proteins interact in yeast, and the AGL62
and AGL80 genes are coexpressed during the 1- to 16-nucleate
stages of endosperm development, suggesting that an AGL62-
AGL80 heterodimer may function during early endosperm de-
velopment.

Mutations in AGL62 Affect Seed Development

To gain insight into AGL62 function, we obtained lines containing
T-DNA insertions in this gene from the SALK Institute Genomic
Analysis Laboratory collection (Alonso et al., 2003) (Figure 1A).
We analyzed three T-DNA alleles, agl62-1 (SALK_137707),
agl62-2 (SALK_022148), and agl62-3 (SALK_013792) (Figure
1A). The agl62-3 mutant exhibited semisterility and therefore is
likely associated with a chromosomal rearrangement (Ray et al.,
1997); this allele was not analyzed further.

To determine whether AGL62 is required for female gameto-
phyte and/or seed development, we scored seed set in the
siliques of plants heterozygous for the agl62-1 and agl62-2
mutations. With both alleles, siliques from heterozygous plants
contained ~25% defective seeds (see Supplemental Figure 3
online), suggesting that these mutations affect seed develop-
ment. To test this further, we performed self-crosses with het-
erozygous mutant plants and scored the number of AGL62/
AGL62, agl62/AGL62, and agl62/agl62 progeny. Table 2 shows
that with both alleles, agl62/agl62 progeny were not observed
and AGL62/AGL62 and agl62/AGL62 progeny were present in a
1:2 ratio.

To determine whether a female gametophyte defect contrib-
utes to this phenotype, we crossed heterozygous mutant plants
as female parents with wild-type males and scored the number of
AGL62/AGL62 and agl62/AGL62 progeny. Table 2 shows that
with both alleles, AGL62/AGL62 and agl62/AGL62 progeny were
present in a 1:1 ratio, indicating that the female gametophyte is
not affected. Consistent with this, the siliques resulting from
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Figure 2. Analysis of AGL62-GFP Expression and of agl62 Endosperm Development in GFP-Marked Endosperm.

(A) to (C) and (G) to (I) Fluorescence images.
(D) to (F) Fluorescence bright-field overlay images.

(A) and (D) Expression of AGL62-GFP in a mature female gametophyte (stage FG7). The GFP signal is associated with the antipodal cells.

(B), (C), (E), and (F) Expression of AGL62-GFP in seeds at stage Il (two endosperm nuclei) ([B] and [E]) and stage VII (~50 endosperm nuclei) ([C] and
[F]) of endosperm development. Endosperm stages are described by Boisnard-Lorig et al. (2001). Expression is detected only in the endosperm nuclei.
(G) and (H) Fluorescence images of wild-type (G) and agl/62-1 (H) seeds at 36 h after pollination. Fluorescence is due to endosperm expression of
ProDD19:GFP. In (H), cellularization in the micropylar chamber is obscured by the embryo present in this region.

() Expression of AGL62-GFP in a fis2-8 seed at 6 d after pollination.

In (A) to (H), seeds are oriented with the micropylar pole to the left and the chalazal pole to the right. ac, antipodal cells. Bars = 20 pm.

these crosses exhibited full seed set (see Supplemental Figure 3
online). Together, these data indicate that the agl62-1 and agl62-2
mutations confer recessive seed-lethal phenotypes.

Molecular Complementation of the ag/62-1 Allele

To confirm that the seed-lethal defect is attributable to defects in
AGL62, we introduced AGL62-GFP into the agl62-1 mutant. We

crossed plants homozygous for AGL62-GFP with agl62-1/AGL62
mutants. In the F1 generation, we identified plants hemizygous for
AGL62-GFP and heterozygous for agl62-1 and allowed these
plants to self-pollinate. In the F2 generation, we identified plants
heterozygous for agl62-1 and homozygous for AGL62-GFP; these
plants had full seed set, indicating that disruption of AGL62 is
responsible for the seed-lethal defect in agl62-1 mutants and that
the AGL62-GFP fusion protein is functional.



Table 1. Expression of AGL62-GFP during Early Endosperm
Development

Endosperm No. of Embryo

Developmental Endosperm Developmental AGL62-GFP

Stage? Nuclei Stage Expression

| 1 Zygote ++

1l 2 Zygote +++

n 4 Zygote +++

[\ 8 Elongated zygote +++

\Y 14-16 Elongated zygote, +++
one-celled

Vi 26-30 One- to two-celled +++

Vi ~50 One- to two-celled +++

Vil ~100 Octant +

IX ~200 Dermatogen-globular —

X ~300 Heart —

2Endosperm developmental stages defined by Boisnard-Lorig et al.
(2001) and Ingouff et al. (2005a). Cellularization in the PEN is initiated
during stage IX (Sorensen et al., 2002).

Mutations in AGL62 Affect Early Endosperm Development

To characterize the seed-lethal phenotype of agl62 mutants, we
analyzed the phenotype of agl62 seeds using several ap-
proaches. We first characterized the timing of seed abortion.
To do so, we used light microscopy to observe the siliques of
self-pollinated heterozygous plants at 1 to 10 d after pollination.
Supplemental Figure 4 online shows that with both alleles,
defective seeds were observed as early as 2 d after pollination.
Supplemental Figure 4 online also shows that defective seeds
were collapsed, suggesting that endosperm development was
affected (Neuffer and Sheridan, 1980).

To determine the basis of the seed lethality, we self-pollinated
agl62-1/AGL62 and agl62-2/AGL62 flowers, waited O to 48 h,
and analyzed developing seeds using confocal laser scanning
microscopy (CLSM). At the terminal developmental stage of
female gametophyte development (stage FG7), all female ga-
metophytes within heterozygous pistils were wild type. These
data suggest that the agl62 mutations do not affect female
gametophyte development, which is consistent with the genetic
data presented above (Table 2; see Supplemental Figure 3
online). By contrast, both alleles exhibited defects in seed de-
velopment. agl62-1 and agl62-2 seeds had similar phenotypes.
Here, we present a detailed description of the agl62-1 allele.

Using CLSM, defective seeds were not apparent at time points
earlier than 24 h after pollination. At 24 h after pollination, agl62-1
seeds had subtle defects. As with the wild type (Figure 4A), the
agl62-1 seeds had embryos at the zygote stage and four to eight
endosperm nuclei that were positioned along the embryo sac
wall (Figures 4B and 5). However, in contrast with the wild type,
the agl62-1 NCDs were elongated in an axis perpendicular to the
embryo sac wall (Figure 4B); this morphology resembles that of
wild-type NCDs just before cellularization (Brown et al., 1999),
suggesting that agl62-1 seeds were initiating cellularization at
this time point.

At 36 and 48 h after pollination, defective seeds were readily
apparent. In wild-type seeds, the endosperm was uncellularized
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at both time points and typically consisted of 30 endosperm
nuclei at 36 h after pollination (Figures 4C and 5) and >50
endosperm nuclei at 48 h after pollination (Figure 4E). In agl62-1
seeds at both time points, the endosperm was cellularized
(Figures 4D and 4F) and the number of nuclei was reduced
(Figure 5). In wild-type seeds, endosperm cellularization did not
occur until 5 to 6 d after pollination. Endosperm cellularization in
agl62-1 seeds does not appear to be similar to wild-type endo-
sperm with regard to spatial and temporal events: cellularization
of agl62-1 occurs rapidly and encompasses the entire embryo
sac chamber (Figures 4D and 4F) in contrast with that of the wild
type, which occurs progressively and initially in a single periph-
eral cell layer (Olsen, 2004).

Embryo development was also abnormal in agl62-1 seeds.
The wild-type seeds typically had quadrant-stage embryos at
48 h after pollination (Figure 4G). By contrast, agl62-1 embryos
typically were at the one- or two-celled proembryo stage at 48 h
after pollination (Figures 4H). At 36 h after pollination, embryo
development was similar in wild-type and agl62-1 seeds.

To further characterize the endosperm defect in agl62-1 seeds,
we used fluorescence microscopy to analyze development of
GFP-marked endosperm. The ProDD19:GFP construct drives
GFP expression in the central cell and endosperm (Figure 2G) in
the wild type (Steffen et al., 2007). Figure 2H shows that this
construct was also expressed in agl62-1 endosperm, suggesting
that the agl62 defect is not due to misspecification.

We self-pollinated plants homozygous for ProDD19:GFP and
heterozygous for agl62-1, waited 24 to 48 h, and observed
developing seeds using fluorescence microscopy. Using this
approach, defective seeds could not be detected at 24 h after
pollination. At 36 and 48 h after pollination, defective seeds
resembled those discussed above: the endosperm was cellular-
ized and the number of nuclei was reduced (Figures 2G and 2H).
Together, these data indicate that AGL62 is required for sup-
pression of cellularization and promotion of nuclear proliferation
during early endosperm development.

100

100

80

40 31

Relative RNA Levels

20 —— 7
2
0 |
Si L R St A FC

Figure 3. Real-Time RT-PCR Analysis of AGL62 Expression.

Real-time RT-PCR was performed with cDNAs at 1 to 3 d after pollination
from siliques (Si), leaves (L), roots (R), floral stems (St), anthers (A), and
flower clusters (FC). Each bar represents an average of three indepen-
dent reactions, including both biological and technical replicates. In all
cases, AGL62 transcript levels were normalized to ACTIN2 levels. Error
bars indicate sD.
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Table 2. Segregation of the agl62 Mutations

Parental Genotypes

Progeny Genotypes

Female Male AGL62/AGL62 agl62/AGL62 agl62/agl62
agl62-1/AGL62 agl62-1/AGL62 32.8% (n = 84) 67.2% (n = 172)2 0% (n = 0)
agl62-1/AGL62 AGL62/AGL62 52.4% (n = 54)° 47.6% (n = 49)P -
agl62-2/AGL62 agl62-2/AGL62 36.0% (n = 125)2 64% (n = 222) 0% (n = 0)
agl62-2/AGL62 AGL62/AGL62 50.3% (n = 74)° 49.7 (n = 73)° -

22 values are not significantly different at a threshold of P = 0.01 from those expected under the hypothesis of a recessive seed-lethal phenotype

(i.e., 1:2:0 segregation).

by2 values are not significantly different at a threshold of P = 0.01 from those expected under the hypothesis of wild-type female gametophyte

transmission (i.e., 1:1 segregation).

AGL62 Is Temporally Misexpressed in fis Seeds

In crosses of fis/FIS females with wild-type males, 50% of the
progeny seeds are genotype fis/FIS, and these develop abnor-
mally due to paternal imprinting and/or maternal effects. fis/FIS
seeds exhibit several endosperm defects, including the absence
of cellularization and overproliferation (Kiyosue et al., 1999; Luo
et al., 2000; Vinkenoog et al., 2000; Sorensen et al., 2001; Ingouff
et al., 2005a). This phenotype could result from AGL62 misex-
pression in fis mutant endosperm. To test this, we analyzed
expression of AGL62-GFP in fie, fis2, and mea seeds.

We crossed plants homozygous for AGL62-GFP as males with
fie-1/FIE (Ohad et al., 1999), fis2-8/FIS2 (Wang et al., 2006), and
mea-3/MEA (Kiyosue et al., 1999) females and scored the
number of seeds expressing AGL62-GFP at 3 to 7 d after
pollination. In parallel, we analyzed control seeds resulting from
crosses of AGL62-GFP males with wild-type females. The results
of this analysis are shown in Figure 6.

In wild-type plants, AGL62-GFP was expressed in most seeds
at 3to 5 d after pollination and in few seeds by 7 d after pollination
(Figure 6). Those seeds expressing AGL62-GFP at 7 d after
pollination were at relatively young developmental stages (typ-
ically, seeds containing endosperm at stage Vlll) and had weak
GFP signals that were equivalent to those reported in Table 1.

In the fie-1/FIE, fis2-8/FIS2, and mea-3/MEA crosses, expres-
sion of AGL62-GFP was similar to that in the wild type at 3to 5d
after pollination: most seeds expressed AGL62-GFP and did so
at equivalent quantitative levels, indicating no effect of the fie,
fis2, or mea mutations at these time points. However, in contrast
with the wild type, ~50% of the seeds continued to express
AGL62-GFP at =6 d after pollination (Figure 6). Those seeds
expressing AGL62-GFP at 6 to 7 d after pollination had strong
GFP signals (Figure 2l), which is in contrast with the weak GFP
signals associated with the few seeds expressing AGL62-GFP
in the control crosses. Furthermore, those seeds expressing
AGL62-GFP at 6 to 7 d after pollination exhibited multiple endo-
sperm defects associated with fis mutant seeds, including the
absence of cellularization, overproliferation, and the presence of
large nuclear clusters (nodules) near the chalazal pole (Figure 2l),
suggesting that they were derived from fertilization of fie, fis2, and
mea female gametophytes. These data suggest that the FIS PcG
complex is required for suppression of AGL62 expression at the
end of the syncytial phase of endosperm development.

DISCUSSION

AGL62 Encodes a Type | MADS Domain Protein

AGL62 is amember of the MADS box gene family. Proteins in this
family contain a structurally conserved MADS domain that func-
tions in DNA binding (Hayes et al., 1988; Treisman, 1992; Tilly
et al., 1998), and many MADS domain proteins have been shown
to function as transcriptional regulators (Irish, 2003; Robles and
Pelaz, 2005). Thus, it is likely that AGL62 also functions as a
transcriptional regulator.

MADS box genes are divided into two groups referred to as
Type | and Type Il. The Arabidopsis genome contains ~61 Type |
genes and ~46 Type |l genes. AGL62 falls within the Type | group
(Parenicova et al., 2003). The Type Il genes have been investi-
gated extensively and functions have been determined for >20
Type Il genes (Kofuji et al., 2003; Martinez-Castilla and Alvarez-
Buylla, 2003; Parenicova et al., 2003; Verelst et al., 2007). By
contrast, functional information is available for only three other
Type | genes. AGL37/PHE1 (Kohler et al., 2003a) and AGL80
(Portereiko et al., 2006) play a role in central cell and/or endo-
sperm development. Loss-of-function information is not avail-
able for AGL28; however, overexpression of this gene causes
precocious flowering (Yoo et al., 2006).

AGL62 Promotes Nuclear Proliferation and Suppresses
Cellularization during Syncytial Endosperm Development

agl62 seeds have three defects: precocious endosperm cellula-
rization (Figures 4D and 4F), reduced number of endosperm
nuclei (Figure 5), and abnormal embryo development (Figure 4H).
AGL62 expression is not detected in the developing embryo
(Figures 2B, 2C, 2E, and 2F), suggesting that the embryo devel-
opment defect results from the endosperm development de-
fects. In principle, reduced nuclear proliferation could result from
early cellularization or vice versa. However, multiple rounds of
cell division occur after initial cellularization during endosperm
development in the wild type (Mansfield and Briarty, 1990; Brown
et al., 1999), which indicates that cellularization per se does not
preclude mitosis, and mutants defective in nuclear proliferation
do not necessarily cellularize prematurely (Menand et al., 2002).
Thus, most likely, AGL62 is required independently for both
nuclear proliferation and suppression of cellularization.
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Figure 4. Microscopy Analysis of Wild-Type and agl62-1 Seeds.

All panels are CLSM images of unstained tissue. The confocal microscope detects autofluorescence. In these images, cytoplasm is gray, vacuoles are
black, and nucleoli are white. Arrowheads point to syncytial nuclei. In all panels, the seeds are oriented with the micropylar pole to the left and the
chalazal pole to the right. cze, chalazal endosperm; em, embryo. Bars = 20 pm.

(A) Wild-type seed at 24 h after pollination. At this time point, the endosperm is uncellularized and contains four to eight nuclei, and the embryo is at the
zygote stage.

(B) agl62-1 seed at 24 h after pollination. At this time point, the endosperm is uncellularized and typically contains four to eight nuclei, and the embryo is
at the zygote stage.

(C) Wild-type seed at 36 h after pollination. At this time point, the endosperm is uncellularized and typically contains 16 to 30 nuclei, and the embryo
typically is at the two-celled proembryo stage.

(D) agl62-1 seed at 36 h after pollination. At this time point, the endosperm is cellularized and typically contains 14 nuclei, and the embryo is at the one-
or two-celled proembryo stage.

(E) Wild-type seed at 48 h after pollination. At this time point, the endosperm is uncellularized and contains >50 nuclei, and the embryo typically is at the
quadrant stage.

(F) agl62-1 seed at 48 h after pollination. At this time point, the endosperm is cellularized and typically contains 14 nuclei, and the seed is partially

collapsed.

(G) Wild-type embryo at 48 h after pollination. The embryo is at the quadrant stage.
(H) agl62-1 embryo at 48 h after pollination. The embryo is at the two-celled proembryo stage.

Several other mutants that undergo premature endosperm
cellularization have been identified, including iku1, iku2, and
mini3 (Garcia et al., 2003; Luo et al., 2005). These three mutants
cellularize ~24 h prematurely, at 72 h after pollination and
produce viable seed. Thus, the cellularization defects in these
three mutants is much less severe than that of agl62, which
initiates endosperm cellularization at ~24 h after pollination
(Figure 4B) and does not produce viable seeds (Figure 4F; see
Supplemental Figures 3 and 4 online). Genetic analysis suggests
that the IKU7, IKU2, and MINI3 genes function in a single

pathway (Luo et al., 2005). The genetic relationship between
AGL62 and this pathway remains to be determined.

The timing of endosperm cellularization is also known to be
affected by the balance between the maternal (m) and the paternal
(p) genomes, which is generally 2m:1p and in seeds resulting from
reciprocal crosses between hypomethylated and wild-type par-
ents. In Arabidopsis, increased maternal dosage (4m:1p or 6m:1p)
or fertilization of wild-type embryo sacs with hypomethylated
pollen causes precocious cellularization and increased paternal
dosage (2m:2p or 2m:3p) or fertilization of hypomethylated embryo
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Figure 5. Number of Endosperm Nuclei in Wild-Type and agl62-1
Seeds.

Each point represents the average of nine seeds. Wild-type seeds at 48 h
after pollination were not scored but typically contain >60 endosperm
nuclei. Error bars indicate sD.

sacs with wild-type pollen has the opposite effect (Scott et al.,
1998; Adams et al., 2000; Xiao et al., 2006). These observations
suggest that imprinted genes play a role in controlling the timing of
cellularization during endosperm development (Scott et al., 1998;
Adams et al., 2000). AGL62 itself does not appear to be imprinted
based on the segregation patterns of the agl62 mutations (Table 2)
and on expression of the maternally and paternally derived alleles
of AGL62-GFP (see Supplemental Table 1 and Supplemental
Figure 2 online). This suggests that AGL62 may be regulated
directly or indirectly by imprinted genes, of which genes in the FIS
PcG complex are the most obvious candidates.

AGL62 Interacts with AGL80 during Early
Endosperm Development

AGL62 (Figures 2B and 2E, Table 1) and AGL80 (Portereiko et al.,
2006) are coexpressed during the 1- to 16-nucleate stages of
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Figure 6. Expression of AGL62-GFP Expression in fis Seeds.
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endosperm development, and the encoded proteins interact in
yeast (see Supplemental Figure 1 online) (de Folter et al., 2005).
These data suggest that AGL62 may function as a heterodimer
with AGL80 during the earliest stages of endosperm develop-
ment. However, genetic analysis has not revealed a role of
AGL8O0 in controlling endosperm cellularization and/or prolifera-
tion due to early defects in central cell development (Portereiko
et al., 2006).

The absence of AGL80 expression after the 16-nucleate stage
(Portereiko et al., 2006) suggests that AGL62 interacts with itself
or other MADS domain proteins during the remainder of the
syncytial phase. Consistent with this, AGL62 also interacts with
seven other MADS domain proteins: AGL36, AGL37/PHE1,
AGL38/PHE2, AGL86, AGL90, AGL92, and AGL97 (de Folter
et al., 2005). Furthermore, all of the genes encoding the AGL62-
interacting proteins are expressed during seed development
(Parenicova et al., 2003; de Folter et al., 2004). Experiments are in
progress to determine which of these colocalize with AGL62
during syncytial endosperm development.

FIE, FIS2, and MEA Are Required for Suppression of
AGL62 Expression

In wild-type seeds, AGL62 expression is high throughout the
syncytial phase and then declines abruptly just before cellulari-
zation (Table 1). In fis mutant seeds, AGL62 expression does not
decline and continues until the seeds collapse (Figure 6). These
results suggest very strongly that the FIS PcG complex mediates
repression of AGL62 expression at the end of the syncytial
phase. In fie, fis2, and mea seeds, endosperm fails to cellularize
and overproliferates (Kiyosue et al., 1999; Luo et al., 2000;
Vinkenoog et al., 2000; Sorensen et al., 2001; Ingouff et al.,
2005a). Given that AGL62 suppresses cellularization and pro-
motes proliferation, it is likely that temporal extension of AGL62
expression contributes to the phenotype of fis mutant seeds.
The FIS PcG complex also regulates the expression of
many other genes during endosperm development, including

CJwrt
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Percentage of seeds expressing AGL62-GFP in siliques resulting from crosses of homozygous AGL62-GFP males with the wild type (white bars),
fie-1/FIE (black bars), fis2-8/FIS2 (light-gray bars), and mea-3/MEA (dark-gray bars) females. Error bars indicate sb.



AGL37/PHE1 (Kohler et al., 2003a, 2005; Makarevich et al.,
2006), ATFH5 (Sorensen et al., 2001; Ingouff et al., 2005b), and
several genes marked in enhancer-trap lines (Ingouff et al.,
2005a). As with AGL62, AGL37/PHE1 and several enhancer-trap
markers (KS22, N9319, and M11) are transiently expressed
during the syncytial phase of endosperm development, and
expression is temporally extended in fis mutant seeds (Kohler
et al., 2003a; Ingouff et al., 2005a). These observations suggest
that the phenotype of fis mutant seeds results from misexpres-
sion of many genes in addition to AGL62. Consistent with this,
reduction of AGL37/PHE1 expression in mea seeds reduces
seed abortion (Kohler et al., 2003a). Collectively, these observa-
tions suggest that a major function of the FIS PcG complex
during endosperm development is to regulate the timing of
endosperm cellularization and that it does so by repressing
(directly or indirectly) the expression of a battery of genes at the
end of the syncytial phase.

Currently, the pathway by which the FIS PcG complex sup-
presses AGL62 expression is unknown. This regulation could be
direct, as with PcG regulation of PHET (Kohler et al., 2003a), or
indirect. Also, it currently is unclear how AGL62 suppression is
achieved specifically at the end of the syncytial phase. All of the
FIS genes are expressed at earlier time points of syncytial
endosperm development (Vielle-Calzada et al., 1999; Luo et al.,
2000; Yadegari et al., 2000; Wang et al., 2006), and yet AGL62
expression is not suppressed until stage VII. These observations
suggest that the FIS PcG complex incorporates additional com-
ponents in its regulation of AGL62.

Model for AGL62 Function during Endosperm Development

The data presented above suggest that AGL62 functions as a
transcription factor within the gene regulatory network that
controls the timing of cellularization during endosperm develop-
ment. The AGL62 expression pattern (Figures 2B, 2C, 2E, and 2F,
Table 1) and mutant phenotype (Figures 4B, 4D, and 4F) suggest
that AGL62 functions during the syncytial phase to suppress the
expression of genes required for endosperm cellularization.
Furthermore, the AGL62 expression pattern in fis mutant seeds
(Figure 6) suggests that endosperm cellularization is triggered by
suppression of AGL62 at the end of the syncytial phase and that
this suppression is mediated by the FIS PcG complex.

Identification and analysis of genes downstream of AGL62
should identify genes required for endosperm cellularization
and/or proliferation, and identification of factors necessary for
AGL62 expression in the endosperm should provide insight into
the gene regulatory circuitry specifying the syncytial develop-
mental pattern. Such studies should ultimately lead to an under-
standing of the gene regulatory network controlling the timing of
cellularization during endosperm development.

METHODS

Plant Material and Plasmids

T-DNA insertion mutants agl62-1 (SALK_137707), agl62-2 (SALK_022148),
and agl62-3 (SALK_013792) were obtained from the Salk Institute Genomic
Analysis Laboratory collection (Alonso et al., 2003). Ramin Yadegari (Uni-
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versity of Arizona) provided the fie-1, fis2-8, and mea-3 mutants and the
pBI-GFP(S65T) plasmid.

Plant Growth Conditions

Seeds were sterilized in chlorine gas and germinated on plates containing
0.5X Murashige and Skoog salts (Sigma-Aldrich; M-9274), 0.05% MES,
0.5% sucrose, and 0.8% Phytagar (Life Technologies). Ten-day-old
seedlings were transferred to Scott’s Redi-Earth and grown under 24-h
illumination.

Plant Transformation

T-DNA constructs were introduced into Agrobacterium tumefaciens
strain LBA4404 by electroporation. Arabidopsis thaliana plants (ecotype
Columbia) were transformed using a modified floral dip procedure
(Clough and Bent, 1998). Transformed progeny were selected by germi-
nating surface-sterilized T1 seeds on growth medium containing antibi-
otics. Resistant seedlings were transplanted to soil after 10 d of growth.

Cloning the AGL62 cDNA

To amplify a cDNA encompassing the entire open reading frame of
AGL62, we performed RT-PCR on RNA extracted from pistils harvested
from flowers at stage 13. RNA was extracted using the Qiagen RNeasy kit
following the manufacturer’s instructions. Aliquots of RNA (1 pg) were
reverse transcribed using the RETROscript kit (Ambion) following the
manufacturer’s instructions. PCR was performed with primers AGL62-
cDNA-F (5'-CAATGACAAGAAAGAAAGTG-3') and AGL62-cDNA-R
(5'-ACCTAATGGAACCATGTTT-3’). The cDNA was cloned into the
pCRII-TOPO vector using the TOPO TA cloning kit (Invitrogen) resulting
in plasmid pCRII-AGL62.

We identified the 5’ and 3’ untranslated sequences with RACE using
the First Choice RLM-RACE kit (Ambion). For 5" RACE, the gene-specific
outer primer was 5'RACE-Outer#2 (5'-AAGAGCGAGAGTTCGTGT-
ACCTTC-3’) and the gene-specific inner primer was 5’'RACE-Inner#2
(5'-AAGAATCGTTGGAAATGTAAGCAAG-3’). For 3" RACE, the gene-
specific outer primer was AGLSEQp4 (5'-AGCGACAGAAACTTTGAGG-
AGA-3’) and the gene-specific inner primer was AGLSEQp6 (5'-TCGCA-
GGATTGAGATTTTAC-3'). This analysis showed that AGL62 contains
5" and 3’ untranslated regions of 35 and 196 bp, respectively.

Sequence Analysis

We used PROSITE (http://ca.expasy.org/prosite) to identify predicted
functional domains of the AGL62 protein. This prediction tool identified
the MADS domain but no other domains. We used PSORT (http://
psort.nibb.ac.jp/form.html), WoLF PSORT (http://wolfpsort.org/), and
PredictNLS (http://cubic.bioc.columbia.edu/predictNLS) to identify a nu-
clear localization signal in AGL62 protein; no putative nuclear localization
signal was identified.

Construction of AGL62-GFP

The AGL62-GFP construct includes a 3262-bp DNA fragment containing
2073 bp of sequence upstream of the translational start codon and 1189
bp of AGL62 genomic coding sequence, excluding the stop codon. This
region was obtained by PCR amplification using the primers AGL62-ProtF
(5'-TGCCTGCAGGTCGACTACTGCAAAAGTAGTTTGTCT-3') (contains a
Sall site) and AGL62-ProtR (5'-TGCTCACCATGGATCCATAGTAATCA-
GATCTAGACTG-3’) (contains a BamHl site). The resulting PCR product
was cloned into pBI-GFP(S65T) (Yadegari et al., 2000) using the Sall and
BamHl sites, resulting in plasmid pBI-AGL62-GFP. The PromAGL62:GFP
construct includes a DNA fragment containing 2074 bp of sequence
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upstream of the translational start codon. This region was obtained by
PCR amplification using the primers AGL62Prom-F (5'-TGATTACGC-
CAAGCTTACTGCAAAAGTAGTTTGTCTC-3') (contains a Hindlll site) and
AGL62prom-R (5'-TGCTCACCATGGATCCTTTGCTTTTTTTCACCATT-
TTT-3’) (contains a BamHlI site). The resulting PCR product was cloned
into pBI-GFP(S65T) (Yadegari et al., 2000) using the Hindlll and BamHI
sites, resulting in plasmid pBI101-PromAGL62-GFP. These construct
were introduced into Arabidopsis plants as described above, and trans-
formed plants were selected by germinating seeds on growth medium
containing 30 pg/mL of kanamycin. We analyzed AGL62-GFP expression
from 10 transformants.

Analysis of GFP Expression Patterns

Tissues from plants containing GFP constructs were initially analyzed using
an Olympus SXZ12 compound UV dissecting microscope with epifluo-
rescence. Samples were then analyzed using either a Zeiss Axioplan
microscope or a Zeiss LSM510 confocal microscope to determine GFP
expression patterns. Using the Zeiss Axioplan microscope, GFP was
excited using a UV lamp and was detected using a 38 HE EGFP filter set,
and images were captured using an AXIOCAM MRM REV2 camera with the
AxioVision software package version 4.5 (Zeiss). Using the Zeiss LSM510
microscope, GFP was excited with an argon laser at a wavelength of 488
nm, and emission was detected between 500 and 530 nm.

For analysis of GFP expression in female gametophytes, we emascu-
lated flowers at stage 12c, waited 24 h, and removed the flowers from the
plants for analysis. For analysis of GFP expression in seeds, we emas-
culated flowers at stage 12c, waited 24 h, pollinated with self-pollen,
waited the appropriate time, and removed the siliques from the plants for
analysis. For analysis of expression of the maternal and paternal alleles of
AGL62-GFP during endosperm development, we performed reciprocal
crosses with the wild type and plants homozygous for the AGL62-GFP
construct as described above and scored expression at 24 to 144 h after
pollination. In all cases, we then removed the sepals, petals, and stamen
using tweezers, dissected the carpel walls using a 30-gauge syringe
needle, and mounted the exposed ovules/seeds on a slide in 10 mM
phosphate buffer, pH 7.0.

Real-Time RT-PCR

For plant-wide real-time RT-PCR, we performed the experiments and
analysis as described by Steffen et al. (2007). Tissue was harvested from
plants and placed immediately into liquid nitrogen. Ovaries were har-
vested from ms1 at flower stages 12c (Christensen et al., 1997) and 13
(Smyth et al., 1990). Floral cluster tissue includes the inflorescence mer-
istem and flowers at stages 1 to 10 (Smyth et al., 1990). Silique tissue in-
cludes siliques at 1 to 2 d after pollination. Leaf tissue includes leaves of sizes
5 to 12 mm. Roots were harvested from seedlings at 11 d after germination.
Floral stem tissue includes internodes from 4-week-old plants. Anthers were
collected from flowers at stages 11 to 13 (Smyth et al., 1990). RNA was
extracted from two different biological samples for each tissue type.

RNA extractions, cDNA synthesis, and real-time RT-PCR were per-
formed as described by Steffen et al. (2007). Each expression value is the
result of three independent PCR reactions, including technical and biolog-
ical replicates. The PCR primers used were IHM102-F (5'-TCATCTTACT-
CAGGTGTTGAGTCA-3') and IHM102-R (5'-CGAGTTGAGATAACGCAA-
GTTCC-3'). We calculated relative expression levels as follows. We first
normalized AGL62 transcript levels relative to a standard (ACTIN2) using
the formula DCt = C(AGL62) — C1(ACTIN2). We next calculated an
average DCr value for each tissue. Silique tissue with the highest relative
expression (lowest DCy value) was used as the standard for comparison of

expression levels. We then calculated relative expression levels using the
equation 100 X 2—(average DCT (tissue) — average DCT (silique).

Characterization of the ag/62 Alleles

To characterize the left- and right-border T-DNA junctions, we performed
PCR using T-DNA- and genomic-specific primers and determined the
DNA sequences of the PCR products. The T-DNA in agl62-1 is inserted
into the intron, 474 nucleotides downstream of the start codon, and is
associated with a 75-bp deletion in the intron (nucleotides +474 to +548
deleted). The T-DNA in agl62-1 has a left border oriented toward the 3’
end of AGL62 and aright border oriented toward the 5’ end of AGL62. The
right-border junction was determined using the T-DNA primer pBin-
ProK2-RB1 (5’-TCAGTTCCAAACGTAAAACGGC-3’) combined with the
genomic primer aglé2-1rp (5'-AGTTGTGTTCTCACCTGGTCG-3’), and
the left-border junction was determined using T-DNA primer LBa1
(5'-TGGTTCACGTAGTGGGCCATCG-3’) and genomic primer agl62rp
(5'-CAAGAACAAGAAAAACAACAACAAC-3').

The T-DNA in agl62-2 is inserted into the predicted second exon, 620
nucleotides downstream of the start codon, and is associated with a 9-bp
deletion in the predicted second exon (nucleotides +620 to +628
deleted). The T-DNA in agl62-2 has a left border oriented toward the 3’
end of AGL62 and aright border oriented toward the 5’ end of AGL62. The
right-border junction was determined using the T-DNA primer pBin-
ProK2-RB1 (described above) combined with the genomic primer agl62-
2lp (5'-TGGATCTTTCTGGCAGATTTG-3'), and the left-border junction
was determined using T-DNA primer LBa1 (described above) and ge-
nomic primer agl62rp (described above).

The T-DNA in agl62-3 is inserted into the second exon, 1009 nucleo-
tides downstream of the start codon, and is associated with a 12-bp
deletion in the predicted second exon (nucleotides +1009 to +1020
deleted). The T-DNA in agl62-3 has two left borders. The left border
toward the 5’ end of AGL62 was determined using the T-DNA primer
LBa1 (described above) combined with the genomic primer agl62-3rp
(5'-AGAAAAGACAAAAGCCCTTGG-3'), and the left border toward the 3’
end of AGL62 was determined using the T-DNA primer LBa1 (described
above) combined with the genomic primer agl62-3lp (5'-TTTTGCT-
TGATTTTGAAAATTTC-3').

Segregation Analysis

agl62/AGL62 females were either self-crossed or were crossed with wild-
type males. In both cases, progeny seed was collected, and the geno-
types of the progeny plants were assayed by both PCR and silique
phenotype. For PCR genotyping, primers agl62lp (5'-ATTTGGTTTGTAA-
TATTCTGCT-3’) and agl62rp (described above) were used to identify the
wild-type allele, and primers LBa1 (described above) and agl62rp (de-
scribed above) were used to identify the mutant alleles (both agl62-71 and
agl62-2). For genotyping by silique phenotype, siliques were opened and
seed set was scored; plants containing 25% defective seeds were scored
as agl62/AGL62, and plants containing 100% green seeds were scored
as AGL62/AGL62. Statistical analyses of these data were performed
using the x? test.

Molecular Complementation

Molecular complementation was performed using pBI-AGL62-GFP (de-
scribed above) as a rescue construct. Females homozygous for the pBI-
AGL62-GFP construct were crossed with heterozygous agl/62 males.
Three AGL62-GFP transgenic lines (lines 1, 3, and 4) were used in these
crosses. Line 1 expressed AGL62-GFP strongly, and lines 3 and 4 ex-
pressed AGL62-GFP relatively weakly. Line 1 was crossed with agl62-1,
and lines 3 and 4 were crossed with agl62-2. In all cases, progeny seed
was collected and the genotypes of the progeny plants were assayed by
PCR to identify plants heterozygous for agl62 and hemizygous for pBI-
AGL62-GFP. Primers LBa1l (described above) and agl62rp (described
above) were used to identify the mutant alleles, and primers AGL62seq5



(5'-AAGCCCTTGGGAATTGGT-3') and pBI101.gfp (5'-GCCGGTGGTG-
CAGATGAACT-3') were used to identify the rescue construct. These F1
plants were allowed to self-pollinate, and the progeny were analyzed by
PCR to identify plants homozygous/heterozygous for agl62-1 and con-
taining the rescue construct. With the agl62-1 cross, these plants had full
seed set. With the agl62-2 crosses, plants homozygous for both the
mutant allele and the rescue construct were identified through analysis of
progeny using PCR (identified lines in which 100% of the progeny
contained agl62-2 and the rescue construct). These plants had ~70%
seed set. The partial rescue exhibited in the agl62-2 crosses is likely due
to the weak expression of the AGL62-GFP transgenic lines (transgenic
lines 3 and 4).

Confocal Analysis of the ag/62 Phenotype

CLSM of seeds was performed as described previously (Christensen
et al.,, 1997, 1998, 2002), with the modification that we used a Zeiss
LSM510 microscope. The number of nuclei in wild-type and agl62-1
seeds was obtained by analyzing serial optical sections of seeds using
images captured on the Zeiss LSM510 microscope with Zeiss LSM Image
Browser software version 3.5.0.376. The average number of nuclei was
calculated from nine seeds from at least three plants. To ensure seeds
were at similar developmental stages, images were captured from the 10
seeds located proximal to the stigma.

Analysis of AGL62-GFP Expression in fis Seeds

We crossed plants homozygous for AGL62-GFP as males with fie-1/FIE
(Ohad et al., 1999), fis2-8/FIS2 (Wang et al., 2006), and mea-3/MEA
(Kiyosue et al., 1999) females and scored the number of seeds expressing
AGL62-GFP at 3 to 7 d after pollination. Tissue was dissected and
expression was scored as described above. For each time point, we
scored >105 seeds from each of three siliques from at least two different
plants. Plants were scored as described above.

Accession Number

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number EU493093 (AGL62).
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