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We have isolated two dominant mutants from screening approximately 50,000 RIKEN activation-tagging lines that have short
inflorescence internodes. The activationT-DNAswere insertednear aputative basic helix-loop-helix (bHLH) gene and expression
of this gene was increased in the mutant lines. Overexpression of this bHLH gene produced the original mutant phenotype,
indicating it was responsible for the mutants. Specific expression was observed during seed development. The loss-of-function
mutation of the RETARDED GROWTHOF EMBRYO1 (RGE1) gene caused small and shriveled seeds. The embryo of the loss-of-
function mutant showed retarded growth after the heart stage although abnormal morphogenesis and pattern formation of the
embryo and endosperm was not observed. We named this bHLH gene RGE1. RGE1 expression was determined in endosperm
cells using the b-glucuronidase reporter gene and reverse transcription-polymerase chain reaction. Microarray and real-time
reverse transcription-polymerase chain reaction analysis showed specific down-regulation of putativeGDSLmotif lipase genes in
the rge1-1mutant, indicating possible involvement of these genes in seedmorphology. Thesedata suggest thatRGE1 expression in
the endosperm at the heart stage of embryo development plays an important role in controlling embryo growth.

In flowering plants seed development progresses
through a series of complex processes. It begins as the
egg cell, the female gamete, and the central cell in the
ovule are each fertilized by one of the two male
gametes, the sperm cells that are delivered to the site
of fertilization by the pollen tube. The diploid zygote
resulting from the union of one sperm cell with the egg
cell develops into the embryo of the progeny plant. The
fertilization product of the homodiploid central cell
and the second sperm cell develops as the triploid
endosperm (Faure et al., 2002). Endosperm is impor-
tant for seed development and, in some species, for
seedling development after germination because it
nurtures the embryo and the seedling. After fertiliza-
tion in eudicots, such as Arabidopsis (Arabidopsis
thaliana), the triploid nuclei of the endosperm divide

repeatedly without cell wall formation, resulting in the
formation of a large multinucleate cell, the syncytium
(Boisnard-Lorig et al., 2001). After the eighth round of
syncytial mitoses the syncytium is partitioned by a
specific type of cytokinesis called cellularization ini-
tially in the region surrounding the embryo, proceed-
ing toward the chalazal region (Sorensen et al., 2002).
The cellular endosperm is gradually consumed by the
embryo during seed development, leaving only the
peripheral aleurone-like cell layer in mature seeds
(Olsen, 2004).

The development of the integument of the maternal
organ and the new generation embryo and endosperm
complete the formation of a viable seed. Some muta-
tions that impose abnormal integument development
have been isolated and genes that control embryo
development have been identified through gene dis-
ruption (Busch et al., 1996; Torres-Ruiz et al., 1996;
Takada et al., 2001). A number of genes that regulate
endosperm cellularization and/or embryo cytokinesis
have been reported (Sorensen et al., 2002). Some mu-
tations, such as titan1 and titan2 that cause abnormal
microtubule formation in the embryo, also affect en-
dosperm development (McElver et al., 2000; Steinborn
et al., 2002; Tzafrir et al., 2002). These results indicate
that endosperm cellularization and embryo cytokine-
sis involve components of the same basic machinery.
FIE, FIS2, MEA, and MSI1 have been described as
genes of endosperm development regulation, because
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mutations in them cause autonomous endosperm de-
velopment in the absence of fertilization (Chaudhury
et al., 1997; Luo et al., 1999; Kohler et al., 2003). Based
on the phenotype and on similarity to the polycomb
group proteins inDrosophila and mammals, it has been
proposed that the proteins coded by these genes form
a chromatin-associated polycomb complex that re-
presses genes involved in endosperm development
before double fertilization (Grossniklaus et al., 1998;
Luo et al., 2000; Spillane et al., 2000; Guitton et al.,
2004).
In Arabidopsis, a dicot, and maize (Zea mays), a

monocot, the endosperm has an important role in the
control of seed size (Olsen, 2004). It is known that in
both monocots and dicots an imbalance in maternal/
paternal dosage affects the endosperm and seed size
(Scott et al., 1998), indicating that control of endo-
sperm development is by differential expression of
genes that are dependent on their parent of origin,
probably through imprinting. One example of im-
printing is the gametophytic-limited expression of the
fis class of genes on alleles in the maternal genome
(Luo et al., 2000). Introduction of a maintenance DNA
methyltransferase 1 antisense construct via transgenic
pollen into a wild-type ovule causes precocious endo-
sperm cellularization and a reduction in seed size
(Adams et al., 2000; Luo et al., 2000). Hence these
results indicate that genomic imprinting by methyla-
tion controls the critical genes for endosperm devel-
opment.
Final seed size is mainly attained during growth of

the endosperm (Boisnard-Lorig et al., 2001). The haiku1
(iku1) and iku2 mutations, which are sporophytic re-
cessive, prevent an increase in the size of the syncytial
endosperm by precocious cellularization, leading to
reduced embryo proliferation and decreased seed size
(Garcia et al., 2003). Luo and coworkers have identi-
fiedMINI3, which encodes one of theWRKY family, as
a growth regulator of endosperm, and have shown
that the successive action of iku1, iku2, andmini3 in the
same signal pathway plays an important role in the
control of seed size (Luo et al., 2005). The mutant
transparent testa glabra2 (ttg2) shows a reduction in
integument cell elongation and is defective for proan-
thocyanidin synthesis and mucilage deposition in the
seed coat. Crosses of ttg2 with iku2 result in a greater
reduction in seed size than that of each single muta-
tion (Garcia et al., 2005). The regulation of seed size,
therefore, is coupled to the growth of endosperm and
of the integument.
We have identified two independent lines that show

a compact phenotype with reduced internode length
from the RIKEN Arabidopsis activation-tagging lines.
These two lines have T-DNA insertions close to a basic
helix-loop-helix (bHLH) gene. The loss-of-function
mutation results in the production of small and shriv-
eled seeds. Our work indicates that this gene, which
we have designated as RETARDED GROWTH OF
EMBRYO1 (RGE1), expressed in endosperm controls
embryo growth after the heart stage.

RESULTS

Z029732 and Z068035 Are Dominant Mutants That Have
Short Internodes

We have generated around 50,000 Arabidopsis
activation-tagging lines and have observed and re-
ported 1,262 visibly identifiable mutants during the
generation of these lines (Ichikawa et al., 2003). They
have been categorized according to growth rate, plant
leaf color, fertility, and flowering time and morphol-
ogy. Among the morphological mutants we noticed
ones with short inflorescence internodes. These mu-
tants can also be classified into several subcategories
according to internode length. Two dominant mutants
Z029732 and Z068035 have short internodes, small
leaves, and short petioles (Fig. 1, A and B).

The homozygous mutants had a much more severe
phenotype compared to the heterozygotes and had
very short internodes (Fig. 1C). Bothmutants showed a
dominant phenotype that cosegregated with the anti-
biotic resistance gene on the activation T-DNA. This
result suggested that thesemutants were caused by the
activationT-DNA that has a transcriptional enhancer at
the right border.

We determined the T-DNA insertion sites of Z029732
and Z068035. Both T-DNAs were inserted in chromo-
some 1 in a region between At1g49760 and At1g49770
(Fig. 1D). Thedistances between the cauliflowermosaic
virus (CaMV) 35S enhancer on the T-DNA and the
predicted translation start site of At1g49760 are 6.8 kb
for Z029732 and 5.8 kb for Z068035. Also the distances
between the CaMV 35S enhancer andAt1g49770 are 5.7
kb for Z029732 and 6.8 kb for Z068035 (Fig. 1D). From a
database search of T-DNA insertion sites we found one
activation-tagged line Z039302 that has a T-DNA inser-
tion proximal to At1g49760. Although the CaMV 35S
enhancer is close to At1g49760, this line did not show
the morphological alterations of Z029732 and Z068035.
These results suggest that At1g49760 is not responsible
for thesemutants and thatAt1g49770 is the correspond-
ing gene for the characteristic phenotypes of Z029732
and Z068035. The expression level of At1g49770 deter-
mined by quantitative PCR was enhanced in Z029732
and Z068035 but not in Z039302 (Fig. 1G).

We overexpressedAt1g49770under the control of the
CaMV 35S promoter and generated around 20 inde-
pendent transgenic lines. These transgenic lines
showed the characteristic short internodes and some
showed a more severe phenotype than Z029732 and
Z068035 (Fig. 1, E and F). We confirmed the expression
level ofAt1g49770was enhanced in thesemore severely
mutant transgenic lines (Fig. 1H). From these resultswe
confirmed thatAt1g49770 is the corresponding gene for
the mutant phenotype of Z029732 and Z068035.

The At1g49770 Product Is a Member of the bHLH
Transcription Factor Family

At1g49770 encodes for a protein containing a puta-
tive bHLH domain. It has been reported that bHLH
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proteins form a family of more than 100 members in
Arabidopsis (Heim et al., 2003; Toledo-Ortiz et al.,
2003). Almost all the residues in a bHLH domain that
are known to be important for DNA binding are
conserved (blue dots in Fig. 2A; Heim et al., 2003).
The At1g49770 product has homologous sequence in
other organisms. The closest homologous protein,
found in Vitis vinifera, has 43% identity and 57%
similarity at the amino acid level (Fig. 2A). As we
found a potential nuclear localization signal in the
bHLH domain of theAt1g49770 product we fused GFP
to the C-terminal region to establish its intracellular
localization. By transient analysis using tobacco (Nico-
tiana tabacum) leaves and Agrobacterium infiltration, we
observed that this protein localizes to the nucleus (Fig.
2, B and C).

At1g49770 Expresses during Seed Development

To investigate the tissue specificity of At1g49770
expression, we examined transcription levels in vari-
ous organs using reverse transcription (RT)-PCR. We
could not detect At1g49770 expression in seedlings
(data not shown), roots, rosette leaves, flower buds,
and mature flowers. However, it was strongly ex-
pressed in siliques (Fig. 3A).

It is reported that seed development is controlled by
the regulation of expression of many genes at several
seed developmental stages. We investigated the ex-
pression level of At1g49770 at these stages by real-time
RT-PCR (Fig. 3B).We observed that the expression level
ofAt1g49770 gradually increased from 7 d after flower-
ing (DAF), when the embryo is at the early heart stage
(Fig. 5B).

The Loss-of-Function Mutants of At1g49770 Have
Shriveled Seeds

Since At1g49770 expresses during seed develop-
ment, it is reasonable to speculate this gene has a
specific function during seed formation. To understand
its function we examined T-DNA insertion mutants of
the At1g49770 gene. We obtained two independent
T-DNA insertion mutants from GABI (Rosso et al.,
2003) and INRA (Samson et al., 2002; Fig. 3C). T-DNAs
were inserted in the first intron (GABI_584D09, GABI
line) and 223 bp upstream of the translation start site
(FLAG_400A08, INRA line). These T-DNA insertion
lines were self-pollinated to obtain homozygous lines.
Both GABI_584D09 and FLAG_400A08 homozygous
lines had shriveled seeds that were smaller than the
corresponding wild types (Columbia-0 [Col-0] for
GABI_584D09 and Wassilewskija [Ws] for FLAG_
400A08; Table I; Figs. 3, D–G [inset], and 4, A and B).
These homozygous lines were backcrossed with the
correspondingwild type to generate F1 seeds and these
were self-pollinated to generate F2 seeds. Of the F2
seeds of both GABI_584D09 and FLAG_400A08 a
quarter, 223:72 (x2: 0.033, P . 0.5) and 654:175 (x2:
6.465, P. 0.1), respectively, had shriveled seeds and all

Figure 1. Z029732 and Z068035 show short inflorescence internodes.
A and B, Adult phenotypes of Z029732 (A) and Z068305 (B) mutants at
34 d under long-day conditions in the T1 generation. C, Comparison of
adult phenotypes of Z029732 mutants at 30 d in the T2 generation.
Plants from left to right are homozygous and heterozygous for the
activation tag and wild type (ecotype Col-0). D, The activation-tagging
T-DNA insertion sites in mutants. The triangles indicate the activation-
tagging T-DNA insertion sites in Z029732, Z068305, and Z039302.
The black bars on the triangles indicate the positions of the four copies
of the CaMV 35S enhancer near the right border. E and F, Adult
phenotype of overexpressing plants is similar, but more severe than
Z029732 and Z068305. G and H, Real-time PCR analysis showing
expression of At1g49770 in the wild type, Z029732, Z039302, and
Z068305 (G), and the wild type and At1g49770-overexpressing plants
(At1g49770-ox1 and At1g49770-ox2; H). Expression levels of genes
were normalized with ACT2 expression. Relative expression levels:
expression levels of the At1g49770 genes in Z029732, Z039302,
Z068305, At1g49770-ox1, and At1g49770-ox2 relative to the wild
type.
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plants derived from shriveled seeds were homozy-
gous for the T-DNA insertion, indicating that this
phenotype was recessive and cosegregated with the
T-DNAs (Fig. 3H; Supplemental Fig. S1). We investi-
gated At1g49770 expression levels using RT-PCR anal-
ysis in GABI_584D09 homozygous lines that had the
T-DNA inserted in the first intron. As expected,
At1g49770 expression was strongly reduced in GABI_
584D09 (Fig. 3I).

Mutation of the At1g49770 Locus Causes Retardation in
Embryonic Growth

The seed integuments are formed from maternal
tissue and the phenotype caused by abnormal integu-
ments deviates from the expected ratio predicted from
Mendelian rules. The mutant ttg2 is defective in mu-
cilage deposition and seed size is also reduced in ttg2/

ttg2 plants (Penfield et al., 2001; Western et al., 2001;
Garcia et al., 2005). Therefore we examined the nature
of the seed coat of our mutants by staining with
ruthenium red that colors the mucilage released from
seed integuments.We observed red staining of the seed
coat, suggesting that it is the abnormal embryo and/or
endosperm during seed development rather than the
seed integument that causes the seed phenotype of
GABI_584D09 (Fig. 3J). We examined the development
of seeds in further detail using GABI_584D09.

The mature embryos in seeds of the GABI_584D09
homozygote were smaller than those of wild type (Fig.
4, C andD). TheGABI_584D09 seeds did not germinate
on Murashige and Skoog plates without Suc but they
were able to germinate and grow on plates containing
1% Suc. At the beginning of germination, GABI_
584D09 seedlings are much smaller than those of
wild type (Fig. 4, E and F). During seedling develop-

Figure 2. The At1g49770 product
is a putative transcription factor that
has a bHLH domain. A, Alignment
of the At1g49770 product and its
homologs. The full-length amino
acid sequence of the At1g49770
product was aligned with those of
Medicago, Oriza, and Vitis. All
alignments were performed using
ClustalW software. The bHLH do-
main, important amino acids for
DNA binding, and putative nuclear
localization signal are indicated
by the bold underline, blue dots,
and red box, respectively. B and
C, Localization of At1g49770
product:GFP fusion protein. The
fluorescence of only GFP (B) and
At1g49770 product:GFP (C) are in-
dicated. These images are merged
with those of red chlorophyll fluo-
rescence.

RGE1 Controls Embryo Growth from Endosperm
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ment, they grow to almost the same size as wild type.
The number of rosette leaves before bolting and the
overall adult morphology of GABI_584D09 are also
almost the same as wild type (Fig. 4, G and H).

We observed the development of the seed at several
stages. BothGABI_584D09 andwild type grewwithout
any differences until early in the heart stage (Fig. 5, B
and E). After the heart stage embryogenesis of GABI_
584D09 was gradually retarded and the mature em-
bryo was smaller than wild type (Fig. 5, A–L and O).
First, we examined the process of endosperm forma-
tion. Some embryo mutants with late growth show
abnormal endosperm development caused by disor-
dered cellularization after the syncytial mitosis
(Sorensen et al., 2002; Luo et al., 2005). We therefore

observed endosperm cellularization in GABI_584D09
using Feulgen staining that dyes intact plant tissues
and nuclei. Cellularization occurs normally (Fig. 5, M
and N) and, interestingly, we could not observe any
defects in the morphogenesis or pattern formation of
the GABI_584D09 embryo (protoderm, root, and shoot
embryonic meristem) in spite of retardation in embryo
growth (Fig. 5O). We therefore named At1g49770 as
RGE1. We also designated GABI_584D09 and FLAG_
400A08 as rge1-1 and rge1-2, respectively.

RGE1 Expresses in the Endosperm

To investigate RGE1 expression in seeds further we
made transgenic plants by Agrobacterium in planta

Figure 3. Loss-of-functionAt1g49770
mutants. A, RT-PCR showing
At1g49770 mRNA levels in differ-
ent organs (rosette leaves, buds,
flowers, siliques, and roots). B,
Real-time PCR analysis showing
At1g49770 mRNA levels in devel-
oping siliques of wild type. Relative
expression levels: expression levels
in each developmental stage rela-
tive to 4 DAF. C, The T-DNA in-
sertion sites in loss-of-function
mutants. The white and gray trian-
gles indicate the T-DNA insertion
sites in GABI_584D09 (ecotype
Col-0) and FLAG_400A08 (ecotype
Ws), respectively. D to G, The seed
phenotypes of Col-0 (D), GABI_
584D09 (E), Ws (F), and FLAG_
400A08 (G). A magnified image is
inset. H, The phenotype seen in
opened siliques from crosses of
GABI_584D09 and wild type. I,
RT-PCR showing At1g49770 mRNA
levels in siliques of wild type and
GABI_584D09. J, Ruthenium red-
stained seed coat mucilage pheno-
type of GABI_584D09 seeds.

Table I. Dry seed size of Col-0, Ws, GABI_584D09, and FLAG_400A08

At least 70 seeds were measured. Student’s t test: P . 0.01 (*) versus each wild type, Col-0 and Ws,
against each mutant, GABI_584D09 and FLAG_400A08, respectively.

Genotype Dimension Length Width

mm2 (6SD) mm2 (6SD) mm2 (6SD)

Col-0 13.992 6 1.648 0.470 6 03030 0.309 6 0.025
GABI_584D09 12.110 6 1.519* 0.468 6 0.043 0.296 6 0.030*
Ws 15.588 6 2.431 0.501 6 0.038 0.325 6 0.031
FLAG_400A08 10.025 6 1.225* 0.410 6 0.033* 0.271 6 0.018*
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transformation that contained the RGE1 promoter re-
gion fused to the GUS gene. This pRGE1TGUS con-
struct contained the 2-kb region upstream from the
RGE1 start codon and the first 10 codons of the RGE1
protein fused in frame to the GUS gene. We investi-
gated more than five independent transgenic lines.
GUS reporter activity was observed in the endosperm
from the early heart developmental stage (Fig. 5, P and
Q). RGE1 transcripts were detected only in RNA
isolated from the endosperm and seed coat by RT-
PCR analysis (Fig. 5R). These results indicate thatRGE1
is expressed in the endosperm during seed develop-
ment.

RGE1 Might Function as a Positive Regulator in the
Endosperm during Embryo Growth

Since RGE1 is a bHLH protein that has similarity to
transcription factors it was worthwhile to examine the
genes that coexpress with RGE1 to understand tran-
scription targets. We investigated the differences in
gene expression profiles in siliques between rge1-1 and
wild type at 12 DAF by oligomicroarray, because the
expression level of RGE1was most abundant at 12 and
13 DAF (Fig. 3B). From the microarray analysis, six
genes were shown to have decreased expression levels
at 12 DAF (Table II). We could not find any genes that
showed increased expression at the same times. By
using real-time RT-PCR, we checked expression levels
of the six genes identified at 12 DAF in siliques of rge1-1
and wild type. The expression levels of these genes
were expected to decrease in the rge1-1mutant (Fig. 6).
Interestingly, the expression levels of most of these
genes were reported to be induced strongly during the

heart stage (AtGenExpress expression atlas provided
by Schimd et al., 2005; Table II). This suggests that
RGE1 functions as a positive regulator for the induc-
tion of expression of these genes during seed devel-
opment especially during the heart stage and that the
genes that are decreased in rge1-1might be the cause of
the shriveled seed morphology of the rge1-1 mutant.

DISCUSSION

RGE1 Is a Member of a Novel bHLH Gene Family That
Localizes in the Nucleus

RGE1 (At1g49770) is a member of the bHLH gene
family, some of which are known to function as
transcription factors. RGE1 belongs to a subgroup,
the Ib bHLH subfamily (Heim et al., 2003).

The bHLH domain of RGE1 is categorized as a
G-box-binding type and some important residues for
DNAbinding in this family are also conserved in RGE1
(Toledo-Ortiz et al., 2003). From the microarray analy-
sis we found that six genes are down-regulated in the
siliques of the rge1-1 mutant at 12 DAF. We confirmed
the down-regulation of the six genes by using real-time
RT-PCR analysis (Fig. 6). From the six geneswe found a
G-box motif (5#-CACGTG-3#) only in the promoter
region of At4g38000 encoding a putative Dof zinc-
finger protein (Table II). But we found stretches of
5#-CATGTG-3#, found in M-box elements, in more
large promoter regions of At1g71250, At3g52970, and
At5g03820. TheM-box element is well conserved in the
E box (5#-CANNTG-3#) as a binding site of the bHLH-
Leu zipper transcription factor in mammalian cells

Figure 4. Phenotypes of GABI_584D09 (A and B). A
and B, Dry seed morphology of wild type (A) and
GABI_584D09 (B). C and D, Mature embryos of wild
type (C) and GABI_584D09 (D). E and F, Appearance
of 10-d-old seedlings of wild type (E) and GABI_
584D09 (F) on medium including Suc. G and H,
Adult phenotypes of wild type (G) andGABI_584D09
(H) grown for 22 d under long-day conditions.

RGE1 Controls Embryo Growth from Endosperm
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(Lowings et al., 1992; Zeller et al., 2003). We therefore
performed a gel-shift assay using RGE1 protein pro-
duced by in vitro translation and labeled promoter

fragments of At5g03820 (a lipase gene) that included
an M-box element rather than a G box. However,
direct interaction was not observed under our assay

Figure 5. Overall embryo growth is retarded during
seed development of GABI_584D09. A to L, Embryo
development in wild type (A, B, C, G, H, and I)
and GABI_584D09 (D, E, F, J, K, and L) at 6 (A and D),
7 (B and E), 9 (C and F), 10 (G and J), 12 (H and K),
and 13 (I and L) DAF. M and N, Confocal sections of
Feulgen-stained seeds from wild type (M) and GABI_
584D09 (N) at 10 DAF. O, Magnified image of
a GABI_584D09 embryo at 10 DAF. P and Q,
At1g49770TGUS developing seeds showing GUS
activity 8 (P) and 12 (Q) DAF. Embryos are indicated
with dotted lines. R, RT-PCR analysis showing ex-
pression of At1g49770 in embryos (Eb) and endo-
sperms and integuments (Es). Expression levels of
UBQ2 were analyzed as an internal control.
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conditions (data not shown). RGE1 has a putative
nuclear localization signal in the bHLH domain.
The RGE1-GFP fusion protein localized to the nu-
cleus of tobacco cells after Agrobacterium infiltra-
tion (Fig. 2, B and C). These results might indicate
that RGE1 indirectly regulates down-regulated genes
or that some other factors that are expressed at
the heart embryonic stage are required for spe-
cific binding to these promoters including M-box
elements.

RGE1 Controls Embryo Growth from the Endosperm

We found that RGE1 is strongly expressed in seeds
and that expression levels are gradually induced from
the early heart stage (9 and 10 DAF). The loss-of-
function mutants, rge1-1 and rge1-2, showed shriveled
seeds that were smaller than wild type (Table I). These
results indicate that RGE1 has a function in seed
development. When rge1-1 was pollinated with wild-
type pollen, seed shape and size was restored within
the expectedMendelian segregation. This suggests that
RGE1 is not likely to be imprinted, because a function
imprinted during seed development would be ex-
pected to show deviations from the ratio predicted
from Mendelian rules. The seeds restored by pollina-
tion with wild type appeared to have a wild-type
phenotype even when the maternal plant was homo-
zygous (Fig. 3G). These results indicate that there is no
maternal effect on the rge1-1 seed phenotypes and that
the shriveled seeds are caused by abnormal embryo
and/or endosperm development. This is supported by
the ability of the shriveled seed integuments, which
come from maternal tissue, to release mucilage, be-
cause ttg1 and ttg2 that have defective seed integu-
ments cannot (Penfield et al., 2001;Western et al., 2001).
The mature embryo of rge1-1 is obviously smaller

than that of wild type (Fig. 4, A–D). The seedling is
small in the beginning but grows to the equivalent size
as wild type during seedling development and to
almost the same size and shape as wild type at the
adult stage (Fig. 4, E–H). This is a typical phenotype
of a mutant for abnormal endosperm development
(Sorensen et al., 2002; Luo et al., 2005). RGE1 expresses
during seed development and more specifically in the
endosperm (Fig. 5, P–R). These results indicate that
RGE1 functions in the endosperm. This speculation is
supported by the fact that the two genes (At1g71250
and At5g03820) down-regulated by RGE1 (Table II)
strongly express in the endosperm, although germi-
nated seeds, and not developing seeds, were used to
investigate the differences in gene expression profiles
between the embryo and the endosperm using micro-
array analysis (Penfield et al., 2006). It is known that
seed and embryo size are mainly dependent on endo-
sperm growth during seed development (Boisnard-
Lorig et al., 2001), and several endosperm mutants
produce abnormal endosperm caused by defective or
inefficient cellularization (Sorensen et al., 2001, 2002).
At the early heart stagewhenRGE1 expression appears

(7 DAF), endosperm cellularization also starts. We
therefore checked whether the endosperm of rge1-1
cellularizes normally, and observed no irregularities.
To our knowledge, it has not been reported that mu-
tation in a gene expressed specifically in endosperm
causes retarded embryo growth, resulting in smaller
seeds without abnormal endosperm development.
Consequently, rge1-1 and rge1-2 should be novel mu-
tants affecting seed development. These results sug-
gest that RGE1 does not function for endosperm
development, but rather controls embryo development
through the endosperm.

Genes, Including Lipases and P450, Are Specifically
Repressed in the rge1-1 Mutant

By microarray analysis we could not find genes
known to be related with embryo and endosperm
development like titan and mini3. But we found six
genes that showed decreased expression in rge1-1 com-
pared to wild type. Among these are two genes that
encode for different putative GDSL motif lipases. The
lipase family containing the GDSL motif has been
described as a novel class of lipases that is only present
in bacteria and plants and some members have been
confirmed or presumed to have lipolytic activity (Brick
et al., 1995; Oh et al., 2005). The bacterial lipase has been
extensively studied, but few plant lipases have been
characterized and there is very little knowledge about
their possible biological functions. Many lipases have
been implicated in signal transduction in the biosyn-
thesis of hormones such as Brassionosteroid and auxin
(Fujioka and Yokota, 2003; Woodward and Bartel,
2005). We also found a gene encoding a cytochrome
P450 (CYP76G1) whose function is unknown. It is
known that many P450s are concerned with plant
hormone biosynthesis (Fujioka and Yokota, 2003;
Woodward and Bartel, 2005). One possibility is that
down-regulation of these genes, GDSL motif lipases
and/or CYP76G1, causes disordered hormone flux in
endosperm. This might indicate that the supply of
some hormones from the endosperm to the embryo is
necessary for embryo growth and decreased hormone
levels in the endosperm by the absence of these lipases
and/or CYP76G1 cause retardation of embryo growth.

The endosperm of many dicots is not persistent in
the dry seeds, and is assumed to be used for supporting
embryo morphogenesis and early maturation during
seed development (Lopes and Larkins, 1993). There-
fore, it is an attractive hypothesis that these GDSL
motif lipases are related to the supply of the carbon
source to the embryo through the breakdown of oil/
lipid in the endosperm during seed development. This
hypothesis is supported by the fact that a defective Suc
transporter expressed specifically in endosperm causes
perturbed fatty acid composition in early developing
seeds and a little delay in embryo development (Baud
et al., 2005). This is also supported by the fact that loss-
of-function mutants of WRINKLED1 (WRI1), which
encodes an APETALA2/ethylene-responsive element-
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binding domain protein, and of plastidic pyruvate
kinase (PKP1), which plays a role in oil accumulation in
maturing embryos of Arabidopsis, show similar phe-
notypes to rge1-1 and rge1-2, including small shriveled
seeds and retardation of embryo growth (Cernac et al.,
2006; Andre et al., 2007; Baud et al., 2007). In addition
wri1 and pkp1 show seedling lethality on plateswithout
Suc, as do rge1-1 seedlings (Cernac et al., 2006; Andre
et al., 2007). The inability to break down lipid in the
endosperm of rge1-1 and rge1-2may cause a decreased
supply of the carbon source to the embryo and deple-
tion of storage lipids, triacylglycerols, as observed in
wri1 and pkp1 seeds.

RGE1 protein can control gene expression that is
specific at the embryo heart stage. We found a strong
reduction in the expression of six genes including
putative GDSL motif lipases and CYP76G1 in the
rge1-1 mutant and the coexpression profile of these
genes with RGE1 from the heart stage of embryo
development (Table II; Fig. 3B). We checked seed
phenotypes of loss-of-function mutants of these genes,
but did not observe any characteristic phenotypes
(data not shown). These genes might redundantly
function in seed development. They suggest that fur-
ther analysis of the relationship between RGE1 and
these genes using double mutants is required.

Table II. Genes with decreased expression levels in 12 DAF siliques of rge1-1

We referred to a previous article for the column labeled Signal Levels in Col-0 (Schmid et al., 2005). Globular, Seed stage 3 (Sample ID, ATGE_76);
Heart, seed stage 4 (Sample ID, ATGE_77); Late Heart, seed stage 5 (Sample ID, ATGE_78).

12 DAF Signal Levels in Col-0

AGI Code Annotation Fold Change Globular Heart Late Heart

At3g06890 Hypothetical protein 0.3815 75.34 74.08 62.06
At4g38000 Dof zinc-finger protein 0.1175 19.58 89.45 105.55
At1g71250 Putative GDSL motif lipase 0.07715 6.33 675.85 703.61
At3g52970 Cytochrome P450 family 0.04475 13.68 110.08 128.86
At5g03820 Putative GDSL motif lipase 0.03425 25.56 178.06 184.70
At4g33600 Hypothetical protein 0.01875 3.21 239.68 273.06

Figure 6. Real-time PCR analysis showing mRNA
levels of genes whose expression levels from the
results of microarray analysis were decreased in
siliques of rge1-1 and wild type at 12 DAF. Relative
expression levels are the expression levels in siliques
of rge1-1 relative to wild type. A to F, Expression
levels of At3g06890 (A), At4g38000 (B), At1g71250
(C), At3g52970 (D), At5g03820 (E), and At4g33600
(F) in siliques of rge1-1 and wild type at 12 DAF.
Expression levels of all genes were normalized with
ACT2 expression.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana; Col-0, Ws, and the transformed lines)

were grown at 22�C in a cultivation container system (ARACON) in long-day

conditions (16 h light and 8 h dark) under white fluorescent tubes (FL40SW;

Sanyo). Arabidopsis transformation was performed as previously described

(Nakazawa et al., 2003).

The GABI and INRA lines, GABI_584D09 and FLAG_400A08, which have

T-DNA insertions in the gene At1g49770 (RGE1), were obtained from the Max

Planck Institute in Germany and Institute Jean-Pierre Bourgin in France,

respectively.

Seed Size Measurement

At least 70 seeds were put on adhesive PCR films (ABgene) and sealed with

another film. We used a flatbed scanner at 3,200 dpi resolution to scan the

seeds sealed between the films for the creation of TIFF files. The scanned TIFF

files were analyzed usingWINSEEDLE software (Regent Instrument Inc.). The

customized parameters for Arabidopsis seeds were used for the measurement

of dimension, length, and width of seeds. The customized parameters were as

follows; seeds were identified as being more than 400 and less than 3,000

pixels in area.

Construction of Vectors for Generation of
Transgenic Plants

To generate a RGE1 overexpression construct, the PCR primers RGE1-

ATG-GW (GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACTAATGC-

TCAAGAGTTG) and RGE1-STOP-GW (GGGGACCACTTTGTACAAGAAA-

GCTGGGTTATAGAGATGAAAAATATAACAC) were used for amplification

from cDNA prepared from siliques. This amplified fragment was cloned into

pBIDAVL-GWR1 using the GATEWAY cloning system (Invitrogen Corp.) as

previously described (Nakazawa et al., 2003). For the promoter-GUS con-

structs, RGE1-Pro-F (5#-CCCAAGCTTAATTAAGGGTCATAATTACAAC-3#)

and RGE1-Pro-R (5#-CGGGATCCGGAATCATCAGAATTGGATATG-3#) were

used to amplify 2.2 kb upstream from the start codon and the first 10 codons of

RGE1. This amplified fragment was digested with BamHI and HindIII, and

cloned into the pBI101.1 vector. To construct the 35S-RGE1:GFP construct, a

full-length RGE1 cDNA was cloned into the binary vector pBE2113GFP-GW,

made by Dr. Kuroda (RIKEN), in frame with sGFP (S65T) using the GATE-

WAY cloning system (Niwa, 2003). pBE2113GFP-GWwasmade by insertion of

the reading frame B cassette into the XbaI site of pBEGFP (Suzuki et al., 2006),

provided fromDr. Takahashi (Tohoku University) and Dr. Niwa (University of

Shizuoka). These constructs were introduced into Agrobacterium tumefaciens

GV3101 by electroporation for transformation of Arabidopsis plants.

RNA Analysis

RNA was isolated using an RNAqueous kit (Ambion) and cDNA was

synthesized using QuantiTect Reverse Transcription for RT-PCR and real-time

PCR analysis (QIAGEN GmbH) according to the instructions.

Real-time PCR analysis was performed using the MX3000P Multiplex

Quantitative PCR system (Promega Corp.) according to the manufacturer’s

instructions. SYBR Green I was used as the dye for detection of the amplified

fragment and part of each gene was employed as reference DNA. The primers

for amplification of the reference DNA were: RGE1, 5#-TGAAGAAGA-

ATCACCTGATC-3# and 5#-CTGTTGCGGTGGCGTCTATG-3#; At3g06890,

5#-ATCATACTCGCCGTCGTTGTTGC-3# and 5#-GAACAAGATCAGTAC-

GAGGAAGAG-3#; At4g38000, 5#-CAACCTTGCCTCGTCTTCTATCG-3# and

5#-ATCATCATTATCTTCATGATTG-3#; At1g71250, 5#-GCGATCACCTGGA-

GCCATCTATG-3# and 5#-GTCTGAGTAGGATGGAATGCATC-3#;At3g52970,

5#-GCCGGAGAGTTCATCAGAGAACG-3# and 5#-TGGTAGGTCTTCTTC-

TTGGAGC-3#; At5g03820, 5#-TCAATACCAAACTCAACAACACG-3# and

5#-GTAATTCGTAGCATTCGAACATG-3#; At4g33600, 5#-TCTCGTATAATCA-

TTACGATTAC-3# and 5#-TATCGATCACGGCTGACTCATTC-3; and ACT2,

5#-GTATCGCTGACCGTATGAGC-3# and 5#-GATCTTGAGAGCTTAGAAAC-3#.

The gene-specific primers for real-time PCR were: RGE1, 5#-TTTGCTTC-

CCCAACTTCCTC-3# and 5#-GCTTCTCAAGCTTTTGCATTTC-3#; At3g06890,

5#-CATCGGAGACAGTGGTGAGG-3# and 5#-AGAAAATGGCCGACACG-

AAG-3#; At4g38000, 5#-CGTCACTTCCATGTTTCTCCA-3# and 5#-CACTT-

GTTGCACCTCCTCCA-3#; At1g71250, 5#-AGCGATCACCTGGAGCCATC-3#

and 5#-TCCTTGGTTCCTCCCAATCC-3#; At3g52970, 5#-GAGCGACGAG-

AAGACGAAAGA-3# and 5#-ATCCGTTCCAGCCGTAAACA-3#; At5g03820,

5#-TTCCCGGTCTGAAATTGGTC-3# and 5#-CGGTTCCACAACATGCTC-

TTC-3#; At4g33600, 5#-GGTTCAAGATGGGGAATTGG-3# and 5#-ACAATA-

GTGTCTGGCTTTGCATC-3; and ACT2, 5#-CTGGATCGGTGGTTCCATTC-3#

and 5#-CCTGGACCTGCCTCATCATAC-3#. Expression levels were normal-

ized with ACT2 expression. Values are the means of two replicates.

RT-PCR analysis was performed using cDNA from each organ as the

template. The primers for amplification of RGE1 andACT2were used as gene-

specific primers for real-time PCR for RGE1 and ACT2, respectively. The

primers for amplification of UBQ were UBQ-F (5#-CAGCTCTTGG GTGAA-

GACGA-3#) and UBQ-R (5#-GATGGCCGTACTTTGGCTGA-3#). To deter-

mine RGE1 expression levels in rge1-1, we used primers RGE1-ATG-long

(5#-ATGACTAATGCTCAAGAGTTGGGGCAAGAG-3#) and RGE1-STOP-

long (5#-TAGAGATGAAAAATATAACACCAGTTCTTG-3#).

Microarray Analysis

We used the Agilent Arabidopsis 2 Oligo Microarray for 22 K Microarray

analysis (Agilent Technologies). Each RNA sample for Cy5- and Cy3-labeled

cDNA probes was isolated from siliques of rge1-1 and wild type at 12 DAF.

The hybridized and washed material on each glass slide was scanned by an

Agilent DNAmicroarray scanner (model G2565BA; Agilent Technologies). We

used Feature Extraction and Image Analysis software (Agilent Technologies)

for establishing the location and delineation of every spot in the array. For

integration of each intensity, we used filtration and normalization and for

calculating the expression ratio and P value of each spot we used default

parameters. Identification of genes with reliably altered levels was achieved

using a false discover rate procedure from our experimental data set (Storey

and Tibshirani, 2003). The calculation was done using the statistical analysis

software R that includes a module for performing the q-value calculation. All

default parameters in the q-value module were used. The genes were selected

as having altered expression levels if the q values for differential expression

were commonly below 0.005 in two experiments. Genespring GX (Agilent

Technologies) was used for all gene-clustering analysis.

Intracellular Protein Localization

Individual Agrobacterium colonies that were transformed with the 35S-

RGE1:GFP construct were grown for 20 h in 5-mL cultures (Luria broth, 50 mg/

mL kanamaycin) at 30�C. Using a 2.5-mL syringe, the Agrobacterium solution

was injected into the abaxial surface of the leaves. After 24 h we observed the

injected leaves using confocal microscopy (LSM510; Carl Zeiss, Inc.).

Microscopic Observation

We carried out GUS staining of seeds of plants transformed with the RGE1-

promoter construct as described previously (DeBlock and DeBrouwer, 1992).

Developing seeds and GUS-stained seeds were cleared as described previ-

ously (Boisnard-Lorig et al., 2001). Specimens were examined with an

Olympus microscope using differential interference contrast optics. For ob-

servations of mature seeds we used low vacuum scanning electron micros-

copy (JSM-5600LV; JEOL). Feulgen staining was carried out and stained seeds

were observed by confocal microscopy as described previously (Sorensen

et al., 2002).

Microarray data from this article have been deposited with the Gene

Expression Omnibus data repository (http://www.ncbi.nlm.nih.gov/geo)

under accession numbers GSM294800 and GSM294801.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Genomic PCR experiment showing all plants

derived from shriveled seeds of rge1-1 were homozygous.

Supplemental Table S1. The results of oligomicroarray analysis for the

investigation of differences in gene expression profiles in siliques

between rge1-1 and wild type at 12 DAF are shown.
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