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The B3 domain protein LEAFY COTYLEDON2 (LEC2) is required for
several aspects of embryogenesis, including the maturation phase,
and is sufficient to induce somatic embryo development in vege-
tative cells. Here, we demonstrate that LEC2 directly controls a
transcriptional program involved in the maturation phase of seed
development. Induction of LEC2 activity in seedlings causes rapid
accumulation of RNAs normally present primarily during the mat-
uration phase. Several RNAs encode proteins with known roles in
maturation processes, including seed-storage and lipid-body pro-
teins. Clustering analyses identified other LEC2-induced RNAs not
previously shown to be involved in the maturation phase. We
show further that genes encoding these maturation RNAs all
possess in their 5’ flanking regions RY motifs, DNA elements bound
by other closely related B3 domain transcription factors. Our
finding that recombinant LEC2 specifically binds RY motifs from the
5’ flanking regions of LEC2-induced genes provides strong evi-
dence that these genes represent transcriptional targets of LEC2.
Although these LEC2-induced RNAs accumulate primarily during
the maturation phase, we show that a subset, including AGL75 and
IAA30, accumulate in seeds containing zygotes. We discuss how
identification of LEC2 target genes provides a potential link be-
tween the roles of LEC2 in the maturation phase and in the
induction of somatic embryogenesis.

Arabidopsis | B3 domain

mbryogenesis in higher plants can be divided conceptually

into two distinct phases. Early in embryogenesis, during the
morphogenesis phase, the basic body plan of the plant is
established with regional specification of apical-basal and radial
domains from which morphological structures derive, fixation of
polarity from specification of the shoot-root axis, and formation
of embryonic tissue and organ systems (1-3). The morphogenesis
phase is followed temporally by the maturation phase, although
the two phases can overlap (4, 5). During the maturation phase,
embryo cell-division rates decline markedly, embryo cells ac-
quire the ability to withstand desiccation, and embryo cell
growth occurs, with the accumulation of storage reserves that
comprise lipids and proteins in Arabidopsis (6, 7). At the end of
the maturation phase, the embryo becomes quiescent metabol-
ically as the seed desiccates.

The maturation phase can be viewed as an interruption of an
ancestral life cycle, as occurs in lower plants, in which there are
no periods of maturation or dormancy separating the end of
embryogenesis and the beginning of postembryonic develop-
ment (4). Evolution of this unique mode of embryogenesis has
enabled higher plants to make seeds. The ability to make seeds
has provided tremendous selective advantages that, in part,
account for the success of the angiosperms (8, 9). Little is known
at a mechanistic level about the processes by which the matu-
ration phase has been integrated into the higher plant life cycle.
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LEAFY COTYLEDON2 (LEC2), along with ABA INSEN-
SITIVE3 (ABI3), and FUSCA3 (FUS3), have been implicated
to be major regulators of the maturation phase (reviewed in ref.
5). The LEC2 protein contains a DNA-binding B3 domain that
is most closely related to that of FUS3 and ABI3 (10-12). The
lec2 mutation causes localized defects in embryo filling, seed
protein accumulation, and desiccation tolerance (12, 13). LEC2
expression is normally limited primarily to seed development,
although LEC2 RNA may be present at very low levels at other
stages of the life cycle (12). Ectopic expression of LEC2 causes
accumulation of seed storage lipids and proteins in vegetative
organs (ref. 14, and S.L.S., S. L. Paula, L. W. Kwong, J. E.
Meuser, J. Pelletier, R.L.F., R.B.G., and J.J.H., unpublished
work). The function of LEC2 is not limited to the maturation
phase. The lec2 mutation causes defects during the morphogen-
esis phase, and ectopic LEC2 expression induces somatic embryo
formation from vegetative cells (12, 13). Furthermore, the lec2
mutation severely compromises the ability of Arabidopsis ex-
plants to form somatic embryos (15). These observations suggest
that LEC2 plays several roles during embryogenesis, indicating
that it is a central regulator of embryo development.

To gain insight into the role of LEC2 in embryogenesis, we
have identified genes regulated by the LEC2 transcription factor.
We show that a subset of genes activated by LEC2 is expressed
predominantly during the maturation phase, and several have
known roles in maturation processes. Several of these maturation
genes are also expressed early in embryogenesis. We also show
that all of these genes possess a common DNA motif that is
bound by LEC2, providing strong evidence that these genes are
regulated directly by LEC2. The identity of LEC2 target genes
suggests a link between the ability of LEC2 to induce maturation
processes and somatic embryogenesis.

Results

Ectopic LEC2 Activity Induces Changes in Seedling RNA Populations.
To obtain insight into the specific role of LEC2 in embryogenesis
and the mechanisms by which it causes developmental abnor-
malities when expressed ectopically (refs. 12 and 14, and S.L.S,,
S. L. Paula, L. W. Kwong, J. E. Meuser, J. Pelletier, R.L.F.,,
R.B.G., and J.J.H., unpublished work), we identified genes
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Fig. 1.  Profiles of RNAs induced by LEC2 that are prevalent during the
maturation phase. Representation of mean normalized expression data for 14
LEC2-induced RNAs in LEC2 induction experiments (Left) and during seed
development (Right). Gene names and AGI loci are listed. Color scale shows
relative RNA levels, with gray representing RNAs not present. L2GR, seedlings
treated with Dex for the indicated period; NT, nontransgenic seedlings; Zyg,
seeds containing zygotes; Cot, embryos at the cotyledon stage; MatGr, mature
green stage; Post MatGr, postmature green stage; Str, steroleosin; CysProt,
cysteine proteinase; Expr Pr, expressed protein.

regulated by the LEC2 transcription factor. An inducible form
of LEC2 consisting of LEC2 fused with the steroid-binding
domain of the glucocorticoid receptor (LEC2-GR) (16) was
used. It has been shown that LEC2 activity could be induced by
treating plants containing the 35S:LEC2-GR chimeric gene with
the steroid-hormone analogue dexamethasone (Dex) (ref. 14,
and S.L.S., S. L. Paula, L. W. Kwong, J. E. Meuser, J. Pelletier,
R.L.F., R.B.G,, and J.J.H., unpublished work).

To identify genes regulated by LEC2, we isolated RNA from
358:LEC2-GR seedlings grown for 8 days that were treated with
Dex for either 1 or 4 hours (1-h or 4-h Dex). Nontransgenic 8-day
seedlings do not contain LEC2 RNA detectable by RT-PCR,
suggesting that the endogenous gene is not active at this stage
(12). As negative controls, RNAs from 35S:LEC2-GR seedlings
that were not treated with Dex (0-h Dex) and from nontrans-
genic plants treated with Dex for 4 h (NT Dex) were used. RNAs
were hybridized with ATH1 GeneChip DNA microarrays that
contain probes corresponding to ~24,000 Arabidopsis genes.
Specific RNAs were considered present in a population if they
were judged by statistical algorithms (see Materials and Methods)
to be present in both biological replicates of a treatment. RNAs
were considered not present if they were absent or not present
in both biological replicates. It is possible that some RNAs
designated not present may be detectable in these treatments.

The following criteria were used to define RNAs induced by
LEC2 activity: (i) RNAs present only in the 1-h Dex treatment
(and not in any other treatment); (if) RNAs present only in the
4-h Dex treatment; and (iii) RNAs present in both the 1-h and
4-h Dex treatments but not in any other treatments. As listed in
Table 2 and summarized in Fig. 5, which are published as
supporting information on the PNAS web site, the levels of 718
RNAs were altered positively by induction of LEC2 activity by
using these criteria. Because LEC2 gene expression is limited
predominantly to embryogenesis (12), biologically relevant tar-
get genes are expected to be expressed in seeds. Therefore, we
used results from a series of DNA microarray experiments with
ATHI1 GeneChips that profiled RNA populations during Ara-
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Fig.2. gPCRdatavalidate DNA microarray results and reveal an early role for
several LEC2-induced RNAs. Normalized RNA levels from DNA microarray
experiments (bars) and relative RNA levels from qPCR experiments (lines) in
LEC2 induction experiments (A and B) and during seed development (Cand D).
(A and C) AGL15, IAA30, LOB40, and EEL. (B and D) AT252, AT253, AT2SL, and
CRAT.

bidopsis seed development to search for LEC2-induced RNAs
present in seeds containing zygotes 24 h after pollination,
cotyledon-stage embryos 7-8 days after pollination (DAP),
mature green-stage embryos 13—-14 DAP, and postmature green-
stage embryos 18 to 19 DAP (www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE680, and B.H.L., unpublished results).
Four hundred twenty LEC2-induced RNAs encoding proteins
with divergent functions were present at one or more stages of
seed development. We conclude that induction of LEC2 activity
in seedlings activated the expression of a number of genes
normally expressed during seed development.

RNAs Involved in Maturation Processes Are Induced by Ectopic LEC2
Activity. We found that RNAs encoding seed proteins that
include 2S and 12S storage proteins and oleosin, the major
lipid-body protein, constituted a prominent group of LEC2-
induced RNAs that accumulated in seeds. During seed devel-
opment, seed protein RNAs accumulate, specifically during the
maturation phase, indicating that LEC2 regulates genes involved
in maturation processes.

To identify other RNAs involved in processes that occur
during the maturation phase, we used statistical clustering
methods to group RNAs based on their profiles in the LEC2
induction experiments and in seeds containing zygotes, cotyle-
don-stage, mature green-stage, and postmature green-stage
embryos. The latter two stages of seed development represent
the maturation phase. We found that 88 RNAs were present in
clusters containing seed protein RNAs using either K means
(17), self-organizing maps (18) or hierarchical (19) clustering
methods (see Materials and Methods), and 21 RNAs clustered
together with all three methods. A summary of RNA accumu-
lation patterns for a subset of these RNAs is shown in Fig. 1. We
validated the DNA microarray results for 14 of 17 RNAs by using
quantitative RT-PCR (qRT-PCR) as represented in Fig. 2 and
detailed in Table 3, which is published as supporting information
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Fig.3. LEC2targetgenescontain upstream RY motifs. Representation of the
location of RY motifs (CATGCA) present within 1 kb of the transcription start
site of 14 LEC2 target genes. White boxes, RY motifs on sense strand; gray
boxes, RY motifs on antisense strand with respect to the gene.
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on the PNAS web site. qRT-PCR experiments also showed that
most of these RNAs accumulated primarily, although not exclu-
sively, during the maturation phase (Fig. 2 and Table 3).

In addition to the 2S and 128 storage proteins At2S1-4 and
CRALI, respectively, and oleosin, this group also included
RNAs encoding a 2S-like protein, steroleosin, and EN-
HANCED EM LEVEL (EEL), proteins known or postulated
to play roles in maturation processes (20, 21). Detection of
these RNAs indicated that the clustering methods were effi-
cient in identifying LEC2-induced RNAs with roles in the
maturation phase. In addition, we found that the other RNAs
in this group encoding cysteine proteinase, LATERAL OR-
GAN BOUNDARY40 (LOB40), IAA30, AGAMOUS-
LIKE15 (AGL15), and the expressed protein AT1G65090
exhibited similar profiles, suggesting that they may also have
roles in the maturation phase. We conclude that LEC2 rapidly
activates genes involved in maturation processes and designate
this group as maturation RNAs.

The sensitive qRT-PCR analyses showed that several of the
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maturation RNAs, AGL15, IAA30, EEL, and LOB40, were
detected in seeds containing zygotes. This result opened up the
possibility that these maturation RNAs also play roles at the
earliest stage of embryogenesis. The potential significance of this
result will be discussed.

LEC2 Binds with RY Motifs Upstream of Genes Encoding LEC2-Induced
Maturation RNAs. Genes encoding maturation RNAs are potential
targets directly regulated by the LEC2 transcription factor. To
address this possibility, we asked whether these genes share a
common DNA sequence in their 5’ flanking regions that may
serve as a LEC2-binding site. Two pattern-recognition algo-
rithms, Multiple Em for Motif Elicitation (http://meme.sdsc.
edu/meme/intro.html) (22) and MotifSampler (http://homes.
esat.kuleuven.be/~thijs/Work/MotifSampler.html) (23)
identified a motif that was significantly enriched within 1 kb of
the transcription start site in the 5’ flanking regions of the
maturation genes. As diagrammed in Fig. 3, this CATGCA DNA
sequence, the RY motif (24), was present at least once within 1
kb of the 5 flanking regions of the 14 LEC2-induced maturation
genes (see Table 4, which is published as supporting information
on the PNAS web site), although no discernable positional or
strand-specific pattern was observed. Thus, the RY motif is a
candidate to serve as a LEC2-binding site required for the
activation of LEC2 target genes.

DNA-binding studies provided additional evidence that LEC2
directly regulates maturation genes. Electrophoretic mobility-
shift assays, shown in Fig. 44, indicate that recombinant LEC2
fused with glutathione S-transferase bound the 2SRY oligonu-
cleotide containing three closely spaced RY motifs from the 5’
flanking region of the 41253 gene (lanes 2 and 9). Competition
experiments showed that unlabeled 2SRY oligonucleotide (lanes
3 and 4) and an oligonucleotide containing a RY motif derived
from the 5’ flanking region of the legumin storage protein gene
(lanes 5 and 6) (25) competed for LEC2 binding. By contrast, a
legumin oligonucleotide with a mutated RY motif (lane 7) and
an oligonucleotide lacking a RY motif (lane 8) did not compete
for binding. Together, these results show that LEC2 binds
specifically with the RY motif.

We next investigated whether LEC2 binds RY motifs located
in the 5 flanking regions of other LEC2-induced maturation
genes. Electrophoretic mobility-shift assays were performed in
which oligonucleotides containing R'Y motifs from the upstream
regions of representative maturation genes were used as com-
petitors of LEC2 binding with the 2SRY probe. As shown in Fig.
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GCCAGCTCATTTGGCGAGCATTGATTGGTGGATCAAGCCA

LEC2 binds specifically to RY motifs upstream of LEC2 target genes. (A) Binding of the 2SRY probe DNA oligonucleotides with recombinant LEC2 in the

presence and absence of the indicated unlabeled competitor DNA oligonucleotides. LegRY contains a RY motif, whereas the RY motif in mLegRY is mutated.
UAS2 does not contain a RY motif. Free, no added LEC2 protein; 0x, no added competitor. (B) DNA oligonucleotides containing RY motifs upstream of LEC2 target
genes compete for binding of the 2SRY probe with LEC2. Competitors: EEL; Str, steroleosin; AGL, AGL15; CP, cysteine proteinase. Competition experiments were
performed with 500- and 2,000-fold molar excesses of competitor, except for the 2SRY self-competition experiments in Bin which 100-, 500-, and 2,000-fold molar
excesses were used. Competition experiments with oligonucleotides lacking a RY motif were done with a 2,000-fold molar excess.
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Table 1. LEC2 activates a gene with an upstream RY motif
in planta

Construct GUS/LUX*
355:GUS 2.99 + 0.06
NAPIN:GUS <0.002
NAPIN:GUS + 35S:LEC2 0.286 + 0.06

*GUS constructs were cobombarded with the 35S:Luciferase gene. GUS activ-
ity was normalized to luciferase activity.

4B, every oligonucleotide tested that contained a RY motif
competed for binding of the 2SRY probe, indicating that they
were bound by recombinant LEC2. Oligonucleotides containing
three different RY motifs upstream of the cysteine proteinase
gene competed to different extents (lanes 18-23). Differences in
binding affinity were observed between RY motifs derived from
different genes, suggesting that oligonucleotides containing RY
motifs did not compete equally for 2SRY binding and that DNA
sequences flanking the RY motif may influence binding. Our
findings that induction of LEC2 activated genes expressed
primarily during the maturation phase and that LEC2 bound
specific sequences in the 5’ flanking regions of these genes
strongly suggest that LEC2 transcriptionally regulates genes
involved in maturation processes.

LEC2 Activates a Gene Containing an Upstream RY Motif in Planta. The
ability of LEC2 to bind to the RY motif in vitro prompted us to
determine whether LEC2 could activate a promoter containing a
RY motif in planta. We used biolistic bombardment of Brassica
napus leaves (26) with 35S:LEC2 and a reporter gene encoding
B-glucuronidase (GUS) fused with the 5’ flanking region from the
B. napus napin gene that has three RY motifs (NAPIN:GUS) (27).
A 35S8:Luciferase gene was used to normalize for the efficiency of
bombardment. As shown in Table 1, B-glucuronidase activity was
not detected in leaves bombarded with the NAPIN:GUS gene alone.
However, we did detect GUS activity in leaves cobombarded with
NAPIN:GUS and 35S:LEC2, suggesting that LEC2 activates the
NAPIN promoter. Together, these results suggest that the LEC2
transcription factor activates genes containing upstream RY motifs
in plants.

Discussion

LEC2 Directly Activates Genes Involved in Maturation Processes. We
provide evidence that LEC2 confers maturation characteristics
to vegetative plants by directly activating genes involved in
maturation processes. We and others have shown that ectopic
LEC2 activity causes postembryonic organs to assume char-
acteristics of maturating embryos that include accumulation of
seed storage reserves (refs. 12 and 14, and S.L.S., S. L. Paula,
L. W. Kwong, J. E. Meuser, J. Pelletier, R.L.F., R.B.G., and
J.J.H., unpublished work). Because LEC2 induces somatic
embryogenesis (12), it was possible that the onset of matura-
tion processes resulted from progression of somatic embryos
through the morphogenesis and maturation phases of embry-
ogenesis. However, our demonstration that induction of LEC2
causes rapid increases in the expression of many maturation
genes indicates that LEC2 can activate maturation processes
directly.

Many LEC2-induced RNAs are directly involved in storage
reserve accumulation, a hallmark of the maturation phase. These
RNAs include 2S and 12S storage proteins, oleosin, and ste-
roleosin, an abundant oil body protein that shares similarity with
the anchoring hydrophobic domain of oleosin and contains a
sterol-binding domain (21, 28). Another LEC2-induced matu-
ration RNA encodes a regulator of reserve accumulation, EEL.
This bZIP transcription factor works in cooperation with ABI3
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and ABIS to regulate expression of the Em gene that encodes an
abundant seed protein (20). Clustering analysis also identified
RNAs encoding AGL15, TAA30, LOB40, a cysteine proteinase,
and the expressed protein AT1G65090. Although these RNAs
have no known role in maturation and insertional mutations in
the corresponding genes did not obviously affect seed develop-
ment (ref. 29, and S.L.S. and J.J.H., unpublished results), their
induction by LEC2 and accumulation patterns during seed
development suggest their involvement in maturation processes.
Thus, integrating RNA profiles from the LEC2 induction ex-
periments with those during seed development has permitted
discovery of genes with potential roles in the maturation phase.

Our results suggest that these maturation genes are direct
targets of the LEC2 transcription factor for several reasons.
First, the levels of these RNAs increased within 1 or 4 h of
induction of LEC2 activity (Fig. 1). Second, LEC2 binds with RY
motifs that are located in the 5’ flanking regions of all induced
maturation genes (Figs. 3 and 4). Third, LEC2 activates a
reporter gene with a RY motif in its 5’ flanking region in planta
(Table 1). Taken together, these studies identify a network of
genes regulated transcriptionally by LEC2 that play roles in the
maturation phase. Consistent with this conclusion, others have
suggested that LEC2 activates the 4253 and S3 oleosin genes
transcriptionally (14, 30). Of the 718 genes encoding LEC2-
induced RNAs and the 420 genes encoding LEC2-induced
RNAs present during seed development (Table 2), 41% and
40%, respectively, contain RY motifs within 1 kb of their 5’
flanking regions. Thus, it is likely that many induced RNAs
represent genes activated indirectly by LEC2. The protein syn-
thesis inhibitor cycloheximide is often used to avoid identifying
RNAs regulated indirectly by an induced transcription factor.
However, we avoided this approach, because seed protein RNA
levels were elevated in nontransgenic seedlings treated with
cycloheximide (R.W. Kwong and J.J.H., unpublished results).

The closely related B3 domain transcription factors LEC2,
FUS3, and ABI3 have been implicated to play major roles in
controlling gene expression during the maturation phase. Loss-
of-function mutations in each gene cause defects in seed protein
RNA accumulation, although to different degrees (12-14, 30—
35). Ectopic expression of each gene causes accumulation of seed
protein RNAs in vegetative organs, although ABA is required or
enhances seed protein RNA accumulation in plants overexpress-
ing ABI3 and FUS3, respectively (Fig. 1) (33, 36, 37). Our
demonstration that LEC2 binds with the same DNA element
bound by FUS3 and ABI3 (30, 38-40), the RY motif, provides
a partial explanation for similarities in the gain-of-function
phenotypes. Consistent with this observation, LEC2, ABI3, and
FUS3 share identical or conserved amino acid residues at
positions in the B3 domain implicated as being responsible for
DNA-binding specificity based on the solution structure of the
B3 domain protein RAV1 (41). Thus, all three transcription
factors bind RY motifs through their B3 domains and activate
maturation-specific genes, although we note that ABI3 activity
is influenced by an additional domain that binds ABA response
elements (40).

Although the precise regulatory relationship between these
transcription factors remains to be determined, our results
indicate that LEC2 is sufficient to activate maturation genes in
seedlings, a stage at which LEC2 is not normally expressed. If
LEC2 works in concert with other factors to activate the
maturation genes, these other factors must be present in seed-
lings. We note, however, that 298 RNAs up-regulated by LEC2
in induction experiments were not detected during seed devel-
opment (Table 2). Some of these 298 RNAs may be present in
seeds but were not detected in the microarray experiments
because of the limited sensitivity of detection or because the
RNAs are present at seed stages that were not analyzed.
Alternatively, LEC2-mediated transcriptional activation of these
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genes may be inhibited specifically during seed development by
other mechanisms, such as chromatin conformation or nega-
tively acting transcription factors.

Roles for LEC2 Target Genes in Somatic Embryogenesis. A striking
effect of ectopic LEC2 expression is the induction of somatic
embryo development (12). Although this study has focused
largely on LEC2-induced RNAs that accumulate primarily
during the maturation phase, it has provided clues about the
mechanisms by which LEC2 induces somatic embryogenesis.
Arabidopsis somatic embryos can be formed from maturation-
phase zygotic embryos treated with the synthetic auxin, 2,4-D
(42). Although auxin is generally required to induce somatic
embryogenesis (43), most tissues, including morphogenesis-
phase zygotic embryos, do not give rise to somatic embryos in
response to auxin treatment (42). A simple interpretation of
these observations is that auxin is the induction signal for
somatic embryogenesis and that specific tissues, such as those
from maturation-phase zygotic embryos, are competent to
respond to this signal and enter embryonic pathways.

Several LEC2-induced RNAs, but particularly AGL15 and
14430, accumulate predominantly during the maturation
phase and are also detected in seeds containing zygotes (Fig.
2; and Table 3), opening up the possibility that these RNAs
play roles at the earliest stages of embryo development.
Expression of AGL15 is correlated with embryogenesis in that
AGLI15 RNA is detected in all tissues tested undergoing
zygotic or somatic embryogenesis (44-46). Although a loss-
of-function mutant allele of AGL15 does not provide insight
into its function, ectopic expression of AGLI15 affects embry-
onic programs (47). Specifically, cultured 35S:AGL15 zygotic
embryos produce secondary embryonic calli that express
maturation genes. Furthermore, ectopic AGLI5 expression
enhances the competency of shoot apical meristems to un-
dergo somatic embryogenesis in response to auxin treatment.
Thus, LEC2, by inducing AGL15 expression, may cause tissues
to become competent to respond to the auxin signal and
initiate somatic embryogenesis.

Another LEC2-induced RNA, 14430, encodes one of a
family of auxin signaling proteins (48) that is enriched in the
quiescent center of Arabidopsis root apical meristems (49).
Thus, IAA30 may play one of two distinct roles in the induction
of somatic embryogenesis. First, [AA30 may confer compe-
tency for somatic embryogenesis. This hypothesis is based on
IAA30 expression in root stem cells, the quiescent center.
Somatic embryos can form from enlarged shoot apical mer-
istems of seedlings (50), suggesting that meristematic cells
have competence to undergo somatic embryogenesis. Second,
TAA30 may be involved in inducing somatic embryogenesis
through its role in auxin signaling. Auxin signals the initiation
of somatic embryogenesis in cultured cells. [AA30 may alter
plant responses to auxin or cause an increase in free auxin
levels, thereby initiating somatic embryogenesis. Therefore,
LEC2 may promote somatic embryo development by affecting
both induction and competence. We have recently shown that
induction of LEC2 activity causes a rapid increase in the
activity on an auxin-induced promoter (S.L.S., S. L. Paula,
L. W. Kwong, J. E. Meuser, J. Pelletier, R.L.F., R.B.G., and
J.J.H., unpublished work), suggesting that it triggers induction
of somatic embryogenesis through auxin signaling. LEC2 may
also induce somatic embryo development by increasing tissue
competency to undergo somatic embryogenesis through
AGLI15 and, perhaps, IAA30.

Conclusion

These observations are relevant to the role of LEC2 in zygotic
embryogenesis. Our studies provide evidence that LEC2 is a
major regulator of the maturation phase, directly activating

3472 | www.pnas.org/cgi/doi/10.1073/pnas.0511331103

genes that are intimately involved in maturation processes. LEC2
likely acts in concert with other transcription factors, including
ABI3 and FUS3, to regulate the maturation phase. We also show
that LEC2 activates genes such as AGLI5 and L4A30 that are
expressed in seeds containing zygotes. Given that LEC2 is
expressed at the earliest stage of seed development tested, well
before the maturation phase, and remains active until midmatu-
ration phase (12), our results are consistent with a model in
which LEC2 acts at the earliest stages of embryogenesis to
activate genes that induce zygotes to undergo embryonic devel-
opment. However, it is not clear why other maturation genes are
not activated early in embryogenesis with the onset of LEC2
activity. Additional studies are needed to define other mecha-
nisms, such as changes in chromatin conformation or transcrip-
tional repression, that control the expression of maturation
genes during seed development.

Materials and Methods

Plant Materials. Growth of Arabidopsis thaliana (L.) Heyn ecotype
Wassilewskija was described in ref. 51. Plants containing
358:LEC2-GR that encodes LEC2 fused at its carboxyl terminus
with the steroid-binding domain of the glucocorticoid receptor
(16) were generated as described by S.L.S., S. L. Paula, L. W.
Kwong, J. E. Meuser, J. Pelletier, R.L.F., R.B.G., and J.J.H.
(unpublished work).

LEC2-GR Induction Experiment. Seedlings were grown on medium
for 8 days as described in ref. 51. Seedlings containing the
358:LEC2-GR transgene were either frozen in liquid nitrogen
immediately (0-h Dex) or placed in liquid medium (52) contain-
ing 30 uM Dex (dexamethasone-21-acetate in ethanol, Sigma)
for either 1 h or 4 h with gentle shaking. Nontransgenic seedlings
were treated similarly with Dex for 4 h. Treated seedlings were
frozen in liquid nitrogen and stored at —80°C. Two biological
replicates were prepared for each treatment.

GeneChip Hybridization and Data Analysis. CRNA was prepared and
hybridized with Affymetrix ATH1 GeneChips as described in
the Gene Expression Omnibus accession GSE680 (www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc = GSE680). One Gene-
Chip was hybridized for each biological replicate. Microarray
suite software package (MAS 5.0, Affymetrix) (53) was used to
assess probe set signals and to generate present/absent calls for
each RNA. Each data set was then normalized to the 50th
percentile signal by using the GENESPRING data analysis platform
(Silicon Genetics), and a mean normalized expression value was
determined for each treatment from the replicate values. Data
for the microarray experiments has been deposited in the Gene
Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under acces-
sion no. GSE3959.

Statistical Clustering. Normalized expression data for 718 LEC2-
induced RNAs, irrespective of their present or absent calls, were
clustered by using three methods (GENESPRING data analysis
platform): K-means (parameters: 5 clusters, 100 iterations, Pear-
son correlation) (17), self-organizing maps (parameters: 4 clus-
ters, 220,000 iterations, neighborhood radius = 2.0) (18), and
hierarchical (parameter: Pearson correlation) (19). All RNAs
that clustered with storage protein RNAs were examined, and
present and absent calls were used to eliminate RNAs without
reliable values. A second clustering analysis that identified
AGL15 was done by using a subset of the 718 RNAs that encoded
transcription factors to identify RNAs present at lower levels
that clustered with EEL.

qRT-PCR Analysis. Real-time, qRT-PCR was performed as de-
scribed in ref. 55. Primer sets were derived from Affymetrix
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probe sets for each RNA (see Table 5, which is published as
supporting information on the PNAS web site).

Electrophoretic Mobility-Shift Assays. Recombinant GST-LEC2
was generated by using the LEC2 cDNA cloned into
pGEX-KG (54). Fusion protein produced in Escherichia coli
BL21 cells was partially purified by glutathione-affinity
chromatography.

DNA-binding reactions were done by using 0.1 ug of total
protein (7 ng of GST-LEC2) incubated with 1.6 fmol of
[*?P]-labeled 2SRY probe in binding buffer (25 mM Hepes, pH
8.0, T mM DTT, 200 ug/ml BSA, 75 mM KCI, and 10%
Glycerol). For competition assays, unlabeled competitor was
incubated with protein for 10 min at room temperature before
the addition of labeled probe. After the addition of labeled
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probe, reactions were incubated for 20 min at room temper-
ature. Binding reactions were fractionated at 4°C by 5%
polyacrylamide-gel electrophoresis.

Particle-Bombardment Experiments. Particle-bombardment exper-
iments were conducted as described in ref. 26, except that
NAPIN:GUS (27) was used as the reporter plasmid, and
358:LEC2 (12) was used as the effector plasmid.
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