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ABSTRACT EMBRYONIC FLOWER (EMF) genes are required to maintain vegetative development via repression of flower

homeotic genes in Arabidopsis. Removal of EMF gene function caused plants to flower upon germination, producing ab-

normal and sterile flowers. The pleiotropic effect of emf1mutation suggests its requirement for gene programs involved in

diverse developmental processes. Transgenic plants harboring EMF1 promoter::glucuronidase (GUS) reporter gene were

generated to investigate the temporal and spatial expression pattern of EMF1. These plants displayed differential

GUS activity in vegetative and flower tissues, consistent with the role of EMF1 in regulating multiple gene programs.

EMF1::GUS expression pattern in emf mutants suggests organ-specific auto-regulation. Sense- and antisense (as)

EMF1 cDNA were expressed under the control of stage- and tissue-specific promoters in transgenic plants. Characterization

of these transgenic plants showed that EMF1 activity is required in meristematic as well as differentiating tissues to rescue

emf mutant phenotype. Temporal removal or reduction of EMF1 activity in the embryo or shoot apex of wild-type seed-

lings was sufficient to cause early flowering and terminal flower formation in adult plants. Such reproductive cell memory

is reflected in the flower MADS-box gene activity expressed prior to flowering in these early flowering plants. However,

temporal removal of EMF1 activity in flower meristem did not affect flower development. Our results are consistent with

EMF1’s primary role in repressing flowering in order to allow for vegetative growth.

Key words: EMF1; stage-specific promoter; early flowering; reproductive cell memory; vegetative/reproductive develop-

ment; repression of flower MADS-box genes.

INTRODUCTION

Plants develop in phases—embryonic, vegetative, reproduc-

tive, and flowering, specified by activation and inactivation

of specific sets of genes. How the gene program specific for

each phase is established and maintained is of central interest

to developmental biology. Studies over the last decade have

demonstrated that the epigenetic gene regulation plays a cru-

cial role in maintaining stable meristematic and differentia-

tion states, and reprogramming cell fates and memory

during phase changes. However, how the different epigenetic

mechanisms are integrated and coordinated in each develop-

mental phase is so far unknown.

Mutations in the EMBRYONIC FLOWER (EMF) genes EMF1

and EMF2 cause plants to skip vegetative phase and to trans-

form the embryonic meristem from indeterminate to determi-

nate, producing a terminal flower. emf mutant flowers are

abnormal, usually devoid of petals, which can be rescued by

the removal of agamous (ag) gene activity (Sung et al.,

1992; Yang et al., 1995).

EMF2 encodes a Polycomb group (PcG) protein (Yoshida

et al., 2001). PcG proteins are a set of chromatin-modifying

proteins that regulate important cellular and developmental

processes from mammals to plants (Ringrose and Paro, 2004;

Martinez and Cavalli, 2006; Valk-Lingbeek et al., 2004; Pien

and Grossniklaus, 2007; Calonje and Sung, 2006; Kohler

and Makarevich, 2006; Schmitz and Amasino, 2007). In
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general, PcG proteins are responsible for maintaining the re-

pressed expression state of their target genes, acting as a part

of a cellular memory mechanism that enables cells to remem-

ber their chosen fate over many cell divisions (Ringrose and

Paro, 2004). Recent efforts have revealed hundreds of poten-

tial PcG targets in mammals, insects, and plants. PcG proteins

are therefore master regulators of so-called genomic pro-

grams, repressing all alternative gene programs that are

not needed in a specific differentiation status (Schwartz

and Pirrotta, 2007). EMF2 participates in the transcriptional

repression of flower homeotic genes via histone 3 lysine 27

trimethylation (Chanvivattana et al., 2004; Schubert et al.,

2006) as a component of the putative EMF2 complex that

comprises four core proteins—EMF2 (Yoshida et al., 2001),

CURLY LEAF (CLF) (Goodrich et al., 1997), FERTILIZATION

INDEPENDENT ENDOSPERM (FIE) (Kinoshita et al., 2001),

and MULTICOPY SUPPRESSOR OF IRA 1 (MSI1) (Hennig

et al., 2003).

EMF1 encodes a transcriptional regulator (Aubert et al.,

2001; Calonje et al., 2008). Although EMF1 shares no se-

quence homology with animal PcG protein genes, it is in-

volved in plant PcG-mediated gene repression mechanism,

targeting the flower homeotic genes directly (Calonje

et al., 2008).

Both emf1 and emf2 mutants display altered expression

pattern of genes required for flower development (Moon

et al., 2003), indicating their key role as regulators of

this program. Other gene programs affected by the emf

mutations include photosynthesis, hormone regulation,

and seed maturation (Moon et al., 2003). Some gene pro-

grams are more severely affected in the emf1 than emf2

mutants, consistent with EMF2 gene family redundancy

(Schubert et al., 2005). Most emf1 alleles display stronger

phenotypes than emf2. The extreme and pleiotropic phe-

notype, in which all lateral organs including cotyledons

are converted into carpelloid structures (Chen et al.,

1997), may contribute to its greater impact on gene expres-

sion pattern.

EMF1 RNA and EMF1 protein are constitutively expressed in

Arabidopsis (Aubert et al., 2001; Calonje et al., 2008). PcG

genes (EMF2, CLF, MSI1, and FIE) implicated in the repression

of the flower program are also expressed constitutively, sug-

gesting that EMF1 together with the EMF2 complex are re-

quired throughout development to maintain the

epigenetic control of gene expression (Kinoshita et al.,

2001; Hennig et al., 2003; Katz et al., 2004). However, it is

not clear whether EMF1 is indeed required for all stages of

development and whether the differentiation of all tissues

and organs depends on EMF1 to maintain the epigenetic con-

trol of gene expression. To address this question, we

employed stage- and tissue-specific promoters to regulate

endogenous EMF1 gene activity. To investigate the spatial

expression pattern of EMF1, we employed EMF1 promoter::

reporter construct to study EMF1 promoter activity in trans-

genic plants.

RESULTS

Temporal and Spatial Expression of EMF1

To investigate EMF1 promoter activity during Arabidopsis de-

velopment, we expressed a reporter gene, beta-glucuronidase

(GUS), under the control of EMF1 promoter. Four putative

EMF1 promoter::GUS constructs were generated (see

Methods) to identify a reasonably short region of promoter

sequence containing necessary regulatory elements, and these

transgenes were introduced into Arabidopsis. The expression

patterns of these four constructs were similar (data not

shown). The GUS activity of EMF1::GUS construct consisting

of 3.2 Kb EMF1 promoter alone fused to beta-glucuronidase

gene was analyzed duringArabidopsisdevelopment (Figure 1).

The activity was found in mature embryo (Figure 1A), vegeta-

tive shoot, and flower. In 7-day-old seedlings, the activity was

visible in cotyledon blade (Figure 1B), and shoot apex (Figure

1C). At 14 d, the activity was found in the rosette leaf blade;

roots were GUS-negative except for root tips (Figure 1D). After

flowering, the stigma and anthers showed a strong GUS activ-

ity (Figure 1E). Elongated cells such as hypocotyls and petioles

were devoid of GUS activities. These results show that EMF1

promoter is active in most developmental stages, but not in

all cell and tissue types. The EMF1::GUS construct was also

introduced into emf1-2 mutants. At 9 d after germination,

only roots displayed GUS activity (Figure 1F, left). 18 d after

germination, cotyledons, which have developed stigmatic

papilla (Chen et al., 1997), became GUS-positive (Figure 1F,

right).

Stage-Specific Activity of EMF1

EMF1::GUS expression pattern shows a spatial and temporal

regulated promoter activity. The strong EMF1::GUS activity

in shoot apex suggests that rosette fate is determined in

shoot apex where EMF1 is expressed to repress flowering;

therefore, its expression in shoot apex may be sufficient

for rosette development. To test this hypothesis, we

expressed EMF1 under the control of a shoot meristem spe-

cific promoter, the KNOTTED1-LIKE (KNAT1, Lincoln et al.,

1994), and a leaf primordia-specific promoter, LEAFY (LFY,

Nilsson et al., 1998b; Blázquez et al., 1997). Similarly, the

strong EMF1::GUS activity in mature embryo suggests that

the EMF1 protein is needed in the embryo to allow normal

seedling development. To test this hypothesis, we generated

transgenic plants expressing sense EMF1 cDNA under the con-

trol of the promoter of a seed-specific gene, Arabidopsis

thaliana 2S ALBUMIN 3 gene (At2S3, Guerche et al., 1990,

At4G27160). These three constructs were introduced into

plants harboring emf1 mutations and selected by hygromycin

resistance in T1s, which were selfed to obtain homozygous

emf1 mutants. Based on the rescue of emf1 mutant pheno-

type by a genomic EMF1 clone described previously by Aubert

et al. (2001), we test the ability of each construct generated

with sense EMF1 cDNA to rescue emf1 mutant phenotype. It
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was determined based on the segregation ratio of hygromy-

cin resistance (HygR, Table 1) and emf mutant phenotype on

14-day-old transgenic plants grown on agar medium.

KNAT1 promoter is active in the shoot apical meristem

(SAM), stronger in peripheral and rib zone than in the central

zone. The genetic segregation ratio of KNAT1::EMF1 emf1-2 T2

transgenic plants (Table 1) is close to 9:3:3:1, except for a lower

frequency of the HygR emf mutant category, indicating that

the expression of EMF1 in shoot apical meristem is insufficient

for rescuing the emf mutant phenotype. However, HygR emf1-

2 mutants have larger and greener cotyledons than emf1-2,

but they are still not able to develop petioles (Figure 1H

and 1I). It cannot be considered a partial complementation

of emf1 phenotype because these HygR emf1-2 mutants devel-

oped terminal flower structures and are indistinguishable

from the parental emf mutants.

LFY is highly expressed in flower meristem and flower pri-

mordia (Blázquez et al., 1997); however, lower LFYexpression

can be detected in leaf primordia (Nilsson et al., 1998b) at

germination and in embryo (Nilsson et al., 1998a). The ge-

netic segregation ratio of LFY::EMF1 emf1-1 T2 transgenic

plants (Table 1) is also close to 9:3:3:1, indicating that the ex-

pression in leaf primordia could not rescue emf1 mutant phe-

notype, and EMF1 in leaf primordia alone is insufficient for

rosette growth.

At2S3 encodes a seed storage protein gene, expressed in

embryo (Guerche et al., 1990). We expressed GUS under the

control of At2S3 promoter in WT Arabidopsis to study its ex-

pression after germination. At2S3::GUS activity is found in

cotyledons of germinating seedlings, but absent in shoot apex

and rosette leaves (Supplemental Figure 1A). The stable glucu-

ronidase enzyme might be responsible for the GUS activity in

cotyledons 14 d after germination (DAG). To investigate the

promoter activity further, we measured RNA level by RT–PCR

and found At2S3 RNA decreased upon germination and no

RNA was found in seedlings 5 DAG (Supplemental Figure

1B). The genetic segregation ratio of At2S3::EMF1 emf1-2 T2

Table 1. Non Rescue of emf1 mutant phenotype by Transgenic
Plants expressing EMF1 cDNA in sense orientation under the
control of specific promoters.

Number of T2 plantsa

T2 Lineb
HygR

WT
HygS

WT
HygR

emf
HygS

emf Total

KNAT1::EMF1 emf1-2 #1.3 279 126 60 27 492

KNAT1:: EMF1 emf1-2 #8.2 270 72 45 24 411

LFY::EMF1 emf 1-1 #45.1 185 65 70 30 350

LFY::EMF1 emf1-1 #45.3 310 125 90 40 565

At2S3::EMF1 emf1-2 #14.1 115 43 42 10 210

At2S3::EMF1 emf1-2 #14.3 169 68 62 20 319

a HygR, hygromycin-resistant; HygS, hygromycin-sensitive; WT,
wild type.
b Mutant alleles of T2 transgenic plants were confirmed by the
occurrence of emf1 mutants in T2 population.

Figure 1. Temporal and Spatial EMF1::GUS Activity and KNAT1::EMF1 emf1-2 Phenotype.

(A–F) EMF1::GUS activity in WT: (A) embryo, 5-day-old seedlings, (B) cotyledons and (C) shoot apex, (D) 15-day-old seedlings’ rosette leaves,
(E) stigmatic papillae and stamen in flower, (F) EMF1::GUS activity in emf1-2 mutant at 9 and 18 DAG.
(G) Phenotypic comparison among WT, emf1-1, and emf1-2 mutants at 11 DAG.
(H) KNAT1::EMF1 emf1-2 transgenic plant phenotype at 11 DAG.
(I) Cotyledon size and color comparison between KNAT1::EMF1 emf1-2 seedlings and its mutant background, emf1-2, at 11 DAG.
EMF1, EMBRYONIC FLOWER1; GUS, beta-glucuronidase; WT, wild-type; DAG, days after germination; KNAT1, KNOTTED1-LIKE.
Bars = 1 mm.
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transgenic plants (Table 1) is close to 9:3:3:1, indicating that

the EMF1 expression in embryo and even in cotyledons cannot

rescue rosette development after germination, indicating con-

tinuing expression of EMF1 after germination is required to

specify rosette development.

In summary, localized expression of EMF1 in just a subset,

embryo, or shoot apex of its normal expression domain is

not sufficient to rescue emf1 mutant phenotypes, indicating

a broader spectrum, temporal and spatial, of EMF1 expression

pattern is required to prevent flowering and specify vegetative

development.

Stage-Specific Requirement of EMF1

To investigate the requirement of EMF1 during Arabidopsis

development, we introduced constructs harboring antisense

EMF1 cDNA (asEMF1) under the control of stage- and tissue-

specific promoters into WT Arabidopsis.

EMF1 in the SAM Is Required for Vegetative Development

Since expression of EMF1 in shoot apex, either shoot apical

meristem (SAM) or leaf primordia, cannot rescue emf1 mu-

tant phenotype, we examined if EMF1 expression in these

two tissues is essential for vegetative development. antisense

EMF1 (asEMF1) cDNA was expressed under the control of

KNAT1 promoter to remove or reduce EMF1 activity in

the SAM and LFY promoter to remove EMF1 activity in leaf

primordia.

KNAT1::asEMF1 transgenic plants displayed emf phenotype,

with short hypocotyls, petiole-less cotyledons that skipped

vegetative development and flowered upon germination

(Figure 2A). The level of endogenous EMF1 RNA was reduced

in these plants (Figure 2B). Failure of rosette development in

these transgenic plants that expresses asEMF1 in the SAM

shows that EMF1 activity in the SAM is essential to maintain

vegetative development.

Figure 2. Effect of Tissue-Specific Removal of EMF1 from Shoot Apex on Arabidopsis Development.

(A) 11 DAG KNAT1::asEMF1 transgenic plants showed emf-like phenotype.
(B) Reduced EMF1 mRNA level in KNAT1::asEMF1 plants at 13 DAG. Lane 1, WT; lane 2, KNAT1::asEMF1.
(C) LFY::asEMF1 transgenic lines (L lines) showed curly leaves and flowered early at 23 DAG in SD conditions.
(D) Three-week-old LFY::asEMF1 transgenic plants grown in LD conditions.
(E) Flowering time of KNAT1::asEMF1, LFY::asEMF1 (L lines) and AP1::asEMF1 (A lines) transgenic plants, measured as rosette leaf number
during LD and SD growing conditions in soil after 15 d on agar plates grown under SD conditions.
(F) Abnormal flower development in LFY::asEMF1 transgenic plants.
DAG, days after germination; KNAT1, KNOTTED1-LIKE; as, antisense; EMF1, EMBRYONIC FLOWER1; pC, transgenic plants expressing the
empty vector pCAMBIA1380 as control plants; LFY, LEAFY; fb, flower bud; cl, curly leaf; LD, long day; SD, short day; tf, terminal flower.
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EMF1 in the Leaf Primordia Is Required for Normal Leaf

Development and Flowering Time

LFY::asEMF1 transgenic lines (stated as L lines in Figures) ger-

minated like WT; the seedlings show long hypocotyls and coty-

ledons were round and with petioles. Seedlings produced true

leaves, but these leaves were curly, and the plants flowered

early and produced terminal flowers (Figure 2C and 2D).

LFY promoter is active in leaf primordia at 4 DAG (Blázquez

et al., 1997) and in embryo (Nilsson et al., 1998a), but not in

the shoot apical meristem. Thus, removing or reducing

EMF1 activity from leaf primordia could not prevent rosette

leaf growth, indicating that EMF1 in the leaf primordia are

not essential for true leaf development; however, it is neces-

sary for completing normal leaf differentiation (see below).

Flowering time was measured as number of rosette leaves

produced prior to bolting under long-day (LD) or short-day

(SD) conditions (Figure 2E). Fifteen-day-old plants grown on

agar plates under SD were transferred to soil and grown under

SD or LD conditions. All LFY::asEMF1 lines showed early flower-

ing phenotype in both conditions, with line L#28 displaying

the most severe phenotype of curly leaves and earliest flower-

ing time. The phenotype resembled that of the curly leaf (clf)

mutant (Goodrich et al., 1997). This result shows that reduc-

ing EMF1 activity in leaf primordia affected leaf growth and

differentiation, resulting in curly leaf. Although reduced

EMF1 activity did not change shoot apical fate immediately,

it seems to have a cumulative effect on shoot apical meristem,

causing it to change to a floral fate, resulting in early flower-

ing and terminal flower development. That LFY::asEMF1

transgenic plants behave as if it is defective in a member

of the PRC2-like complex, CLF, is consistent with EMF1 acting

in the PcG-mediated gene silencing mechanism along with

PRC2 (Calonje et al., 2008).

Reduced EMF1 Expression in Flowers Does Not Disrupt

Flower Development

To study the role of EMF1 activity in flower development, we

studied transgenic plants expressing antisense EMF1 under the

control of two flower meristem identity genes, namely LFYand

APETALA1 (AP1). Both promoters are highly active in flower

meristems (Blázquez et al., 1997; Hempel et al., 1997).

LFY::asEMF1 transgenic lines (stated as L lines in Figures)

showed abnormal flower development, mainly affecting se-

pal shape and presence of petals (Figure 2F). This result sug-

gests that EMF1 activity is required not only for vegetative,

but also for normal flower development, maybe through

EMF1 fine-tuning of the expression of the flower homeotic

genes. To investigate this hypothesis further, we expressed

antisense EMF1 under the control of APETALA1 (AP1) pro-

moter, which, unlike LFY promoter, is not active before flow-

ering (Hempel et al., 1997).

AP1::asEMF1 transgenic plants (stated as A lines in Figures)

did not show any alteration in flowering time (Figure 2E, lower

panel) as expected, as AP1 promoter is inactive prior to flower

meristem formation. Unlike emf1 mutants and LFY::asEMF1

transgenic lines, AP1::asEMF1 lines had normal flower organs

(data not shown). For example, emf1 mutants lack petals,

have short filament and large pistil; however, AP1::asEMF1

transgenic plants did not exhibit these defects. Thus, remov-

ing EMF1 after flowering did not affect flower organ devel-

opment as emf1 mutants and LFY::asEMF1 lines did. Since

AP1::asEMF1 construct should reduce EMF1 mRNA levels in

developing floral organs, normal flower development in

these lines may be explained by the pre-existing EMF1 pro-

tein, or that EMF1 is not required for flower development.

These results suggest that reducing EMF1 activity prior to

flowering, such as in emf1 mutants and LFY::asEMF1 plants,

has a lasting effect on the development of future flower

organs. Thus, EMF1 needs to be expressed throughout vege-

tative development to prevent secondary effects of ectopic

AG expression that could impact subsequent normal flower

organ development.

Temporal Knockout of EMF1 Activity during Seed

Development Caused Early Flowering

The promoter of a seed storage protein gene, At2S3 (Guerche

et al., 1990), was used to direct antisense EMF1 expression in

order to knock out or reduce EMF1 activity in the seed. We

found that At2S3::asEMF1 seedlings displayed emf mutant

phenotype, short hypocotyls and petioles, and oval-shape

cotyledons (Figure 3A). Since At2S3 expression decreases rap-

idly after germination (Supplemental Figure 1B), EMF1 activity

would be restored in vegetative tissues. Indeed, at 7 DAG,

At2S3::asEMF1 seedlings displayed emf1-like cotyledons (Fig-

ure 3B, left). By 14 DAG, some remained emf-like. Others, how-

ever, were able to develop two normal rosette leaves with long

petioles from the shoot apex (stated as 2S lines; Figure 3B, mid-

dle). These plants were transferred to soil and, at 29 DAG,

formed normal rosette shoots (Figure 3B, right). However,

these At2S3::asEMF1 lines showed reduced inflorescence

growth, flowered early (Figure 3C), and produced abnormal

and terminal flowers (Figure 3D and 3E). The EMF1 RNA level

of the green siliques in At2S3::asEMF1 was greatly reduced

relative to that in WT (Figure 3F). These results indicate, de-

spite resumption to normal vegetative rosette growth, reduc-

ing EMF1 activity in the embryo and perhaps for a short while

after germination imparts a reproductive cell memory, which

ultimately affects the timing of vegetative to reproductive

transition.

Mechanism of Early Flowering

We reasoned that the reduced EMF1 activity in early-flowering

transgenic plants harboring At2S3::asEMF1 and LFY::asEMF1

constructs should lead to de-repression of flower MADS-box

genes in these plants. To test this hypothesis, we crossed these

antisense EMF1 lines with the transgenic plants harboringAPE-

TALA3(AP3)::GUS or AGAMOUS (AG)::GUS (Figure 4A; see

Methods), and examined temporal and spatial GUS activities

in the F2 plants harboring both antisenseEMF1 and GUS
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transgene driven by AG or AP3 promoter. For controls, we in-

troduced AP3::GUS and AG::GUS into emf1 mutants to show

the temporal and spatial expression pattern in plants devoid

of EMF1 activity relative to plants with EMF1 activity removed

at specific times. Similarly, AP3::GUS and AG::GUS activities in

WT plants were studied.

For At2S3::asEMF1 transgenic plants, 14-day-old seedlings

were WT-like but the shoot apex showed high AP3::GUS and

AG::GUS activities (Figure 4B), while the non-transgenic

(WT) plants did not show GUS activity at this developmental

stage, as expected. The emf1 mutants grew slower; besides

the shoot apex, the petiole-less cotyledons and hypocotyls also

displayed strong GUS activity (Figure 4B). The AP3::GUS and

AG::GUS activity patterns in LFY::asEMF1 transgenic plants

were very similar to those of At2S3::asEMF1. The GUS activity

was found, in both cases, in the seedling shoot apex. The GUS

activity was weaker in LFY::asEMF1 than the At2S3::asEMF1

transgenic plants (Figure 4B). However, AP1::asEMF1 trans-

genic plants, which did not flower early, showed no GUS

activity in the seedlings (Figure 4B).

These results showed that reduced EMF1 activity in the em-

bryo and young seedlings from antisense EMF1 transgenic

lines caused ectopic expression of flower MADS-box genes

in vegetative shoot apex. The presence of MADS-box proteins

reflects a reproductive cell memory of the shoot apex that

ultimately caused early flowering.

DISCUSSION

The pleiotropic effect of emf1 mutation and constitutive ex-

pression of EMF1 led us to investigate the spatial activity of

EMF1 promoter and its stage-specific effect. Stage-specific

removal of EMF1 would cause early flowering—a phenome-

non that appears in transgenic plants expressing varying

Figure 3. Effect of Stage-Specific Removal of EMF1 during Seed Development.

At2S3::asEMF1 phenotypes, (A) emf-like at 7 DAG, and (B) petiole-less seedlings that resemble emf mutant at 7 DAG but developed leaves
and flowered early (2S lines) at 14 and 29 DAG, respectively, at SD growing conditions (line 2S#1).
(C) Flowering time of At2S3::asEMF1 transgenic plants (2S lines), measured as rosette leaf number in SD and LD growing on soil after 15 d on
agar plates under SD growth conditions.
(D) Three-week-old At2S3::asEMF1 transgenic plants (2S lines) grown in LD conditions.
(E) Abnormal flower development of At2S3::asEMF1 transgenic plants showing carpelloid sepal, and intermediate forms of chimeric petal
and sepal.
(F) Reduced EMF1 RNA level in green siliques of transgenic 2S lines.
At2S3, 2S ALBUMIN 3; DAG, days after germination; as, antisense; EMF1, EMBRYONIC FLOWER1; WT, wild-type; LD, long day; SD, short day;
pC, transgenic plants expressing the empty vector pCAMBIA1380 as control plants; tf, terminal flower; GAPc, glyceraldehyde-3-phosphate
dehydrogenase.
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amounts of EMF1 RNA (Aubert et al., 2001). However, the

pleiotropic effect of emf mutation, which probably results

from constitutive expression of the flower homeotic genes,

is largely alleviated in transgenic plants temporarily devoid

of EMF1 activity.

EMF1 RNA and EMF1 proteins were found in all tissues and

organs by RT–PCR (Aubert et al., 2001), GeneChip (Zimmerman

et al., 2005), and Western blotting results (Calonje et al., 2008).

However, analysis of EMF1::GUS activity in transgenic plants

showed a temporal and spatial pattern of EMF1 promoter ac-

tivity in that, as organs mature, GUS activity disappears from

differentiating tissues, such as elongating petiole or pedicel

cells. Since flower MADS-box genes are not active in mature

cells, they may be maintained in a repressive state or in a het-

erochromatic state in a manner independent of EMF1 for si-

lencing. Much of the EMF1 RNA and protein found in

developing flower bud appear to reside in differentiating an-

ther and stigmatic tissues. In emf1-2 mutants, cotyledons and

shoot apex were GUS-negative at 9 DAG, indicating that EMF1

promoter activity in these tissues depends on EMF1. At

18 DAG, emf1 cotyledons are differentiating into carpelloid

structures with stigmatic papilla and open ovules (Chen

et al., 1997). EMF1::GUS activity in carpelloid tissues of WT

and emf1-2 is consistent with the notion of an EMF1-indepen-

dent EMF1 promoter activity. Furthermore, GUS-positive emf1-

2 roots indicate that EMF1 is repressed by itself in WT roots.

These results suggest an EMF1 positive auto-regulation in

young shoots and negative auto-regulation in seedling

roots. The possible organ-specific auto-regulation requires

further investigation.

LFY promoter activity is active in leaf primordia as early as

4 DAG (Blázquez et al., 1997), and is gradually up-regulated

during vegetative development in leaf primordia, peaking

in flower meristem. LFY promoter driven EMF1 expression in

the shoot apex is apparently insufficient to rescue emf1-2 mu-

tant phenotype. Similarly, expression of EMF1 in shoot apical

meristem by the KNAT1 promoter activity could not rescue

emf1-2. Thus, EMF1 is needed not only in shoot meristem,

but also in leaf primordia, probably also in differentiating

organs to maintain rosette development. However, these pro-

moters likely confer different levels of expression that may

complicate these interpretations.

We investigated the effect of removing EMF1 activity in se-

lected tissues and developmental stages on development.

KNAT1::antisense EMF1 transgenic plants display emf mutant

phenotype, indicating that EMF1 activity is required in shoot

apical meristem for maintaining vegetative growth at germi-

nation. LFY::antisense EMF1 transgenic plants did not affect

rosette development at first, but caused early flowering, ter-

minal flower formation and affected leaf differentiation. The

ability of LFY::antisense EMF1 transgenic plants to produce ro-

sette leaves indicates EMF1 activity in the leaf primordia is not

required for specifying vegetative growth. However, it is re-

quired for the completion of normal leaf differentiation. Fur-

thermore, reducing EMF1 activity in leaf primordia has

a lasting effect on flower organ development. As MADS-box

proteins interact with one another as well as regulate other

MADS-box genes (de Folter et al., 2005), expression of

MADS-box genes in wrong time and place could cause second-

ary effects on subsequent developmental events. Such

Figure 4. GUS Staining Patterns in Wild-Type, emf1-2 Mutant, and antisenseEMF1 Transgenic Plants Carrying AG::GUS or AP3::GUS Reporter
Gene Constructs.

(A) Structures of the AG::GUS construct, pMD200 and AP3::GUS construct, 5D3. Introns and exons are indicated by open boxes and shaded
boxes, respectively. 5’ regions are indicated by shaded regions. P, PstI; H, HindIII; E, EcoRV.
(B) GUS staining patterns in wild-type (WT), emf1-2 mutant, and transgenic plants carrying AG::GUS or AP3::GUS reporter gene construct at
14 DAG grown in short-day conditions.
LFY::asEMF1 and At2S3::asEMF1 transgenic seedlings showed AG::GUS and AP3::GUS activity in the shoot apex.
DAG, days after germination; as, antisense; EMF1, EMBRYONIC FLOWER1; AG, AGAMOUS; AP3, APETALA 3; GUS, beta-glucuronidase; LFY,
LEAFY; At2S3, 2S ALBUMIN 3.
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pleiotropic effects are alleviated in AP1::asEMF1 plants, in

which EMF1 activity is not reduced until flower meristem de-

velopment. In flower meristem, EMF1 apparently no longer

represses flowering.

Finally, it is not clear how these transgenic plants produced

terminal flowers, which indicates the conversion of shoot api-

cal meristem to a floral fate. LFYpromoter is not active in shoot

apical meristem; there should not be a reduction in EMF1 ac-

tivity in the SAM, unless antisense EMF1 RNA or flower MADS-

box gene products are diffusible. However, it is worth noting

that the ‘florigen’ gene, FLOWERING LOCUS T (FT, Zeevaart,

2008) is de-repressed in emf2 (Yoshida et al., 2001); and con-

stitutive expression of FT caused early flowering and terminal

flower formation (Kobayashi et al., 1999; Kardailsky et al.,

1999). Since EMF1 is likely to act in the PcG mechanism medi-

ated by the EMF2-containing PRC2 complex, reducing EMF1

activity in leaf primordia could de-repress FT expression and

increase the FT transmitted to shoot apical meristem, resulting

in the activation of flower homeotic genes in the shoot apical

meristem and causing early flowering.

At2S3 is highly expressed in siliques, namely mature em-

bryos. Hence, the germinating seedlings are likely to be de-

void of EMF1 RNA for normal development. As a result, they

expressed flower MADS-box genes (Figure 4B) and germi-

nated like emf1 mutants with petiole-less, oval-shaped coty-

ledons and short hypocotyls. Residual At2S3 RNA was found

in 3-day-old seedlings; its level significantly reduced after-

wards (Supplemental Figure 1B). This is consistent with

AP3::GUS activity in 7-day-old At2S3::antisenseEMF1 plants

(Supplemental Figure 1C). The At2S3::GUS activity found in

older seedlings, especially in leaf blades, could result from re-

sidual GUS enzyme activity expressed at earlier stages. How-

ever, AP3::GUS activity was found in the shoot apex of 7- and

14-day-old seedlings, not in leaf blades. The spatial difference

in AP3 expression and EMF1 reduction can also be explained

by the above scenario of FT de-repression in cotyledon and

leaf primordia that led to the flower homeotic gene expres-

sion in the shoot apex.

However, the AG- and AP3-expressing plants did not flower

immediately; the plants continued to produce rosette leaves,

but flowered early relative to WT (Figures 2E and 3C). The pro-

duction of rosette leaves indicates the resumption of EMF1 ac-

tivity, which apparently can no longer repress these flower

MADS-box genes in shoot apex where cells are mitotic. How-

ever, EMF1 apparently can repress these genes in differentiat-

ing and mature cells of leaves, resulting in rosette leaf

development. The role of DNA replication on the maintenance

of epigenetic states has been reported. For example, the main-

tenance of vernalization-induced Flowering Locus C repression

is dependent on DNA replication (Finnegan and Dennis, 2008).

Reducing EMF1 activity in the seed does not affect seed de-

velopment, because EMF1 is only involved in the repression of

seed maturation program after germination. Its presence dur-

ing seed development cannot affect seed maturation, as in

flower EMF1 cannot affect flower MADS-box gene expression,

probably because it cannot compete with stage-specific tran-

scriptional activators that rendered chromatin active (Ringrose

and Paro, 2004).

Flowering is the most prominent phenotype observed

whenever EMF1 activity is reduced, overshadowing the effect

of altered expression pattern of genes involved in other gene

programs; for example, EMF promotes genes involved in pho-

tosynthesis and hormone signaling (Moon et al., 2003). It is

possible that photosynthesis and hormone signaling are more

crucial for normal vegetative than flower development, as the

former involves greater variation in cell and organ size to gen-

erate varying leaf shape and branching pattern, etc. In fact,

early flowering plants, such as LFY::asEMF1 transgenic plants,

display dwarf phenotype, such as small rosette and short inflo-

rescence stem (Figure 2D), which might result from altered

hormone signaling. Flower organs are not the primary photo-

synthetic organs, and may require a different set of hormone

signaling processes from those for vegetative leaves. Gameto-

phyte and embryo development may also involve diverse hor-

mone signaling genes or is not regulated by EMF1, as in flower.

In summary, our results support the hypothesis that EMF1 was

evolved to promote vegetative growth by repressing flower

and seed development—the two major energy-consuming

processes in plant life. At the same time, EMF1 promotes gene

programs required for vegetative growth.

METHODS

Plant Material and Growth Conditions

Surface-sterilized Arabidopsis thaliana seeds (ecotype Colum-

bia) were plated on agar plates containing Murashige and

Skoog Basal Salt Mixture (MS, Sigma), 1.5% sucrose, and

0.8% agar (Murashige and Skoog, 1962). The plates were

placed for 2 d at 4�C, and then seedlings were grown under

short-day conditions (8 h light/16 h dark) or long-day condi-

tions (16 h light/8 h dark) at 21�C. Fifteen-day-old seedlings

grown on agar plates were transferred to soil and grown un-

der long-day conditions or short-day conditions at 21�C in the

greenhouse. Flowering time was measured by scoring the

number of rosette leaves of at least 20 individuals. Data are

expressed as mean 6 SE.

Plasmid Constructions

Four beta-glucuronidase (GUS) fusion constructs were gener-

ated with 3.2 or 7.6 Kb EMF1 promoter sequences with or

without first intron of EMF1 gene (Aubert et al., 2001). The

four putative regulatory regions were amplified by PCR using

the following primer pairs: PROMF1/PROMR1 for the construct

containing 7.6 Kb promoter and the first intron, PROMF2/

PROMR1 for the construct containing 3.2 Kb promoter and

the first intron, PROMF1/PROMR2 for the construct containing

7.6 Kb promoter alone, and PROMF2/PROMR2 for the con-

struct containing 3.2 Kb promoter alone. Each primer had SalI

or SmaI sites (underlined sequence) at the 5’ end:

650 | Sánchez et al. d Temporal and Spatial Requirement of Arabidopsis EMF1

Supplemental Figure 1B
Supplemental Figure 1C


PROMF1, 5#-CGCGTCGACGGATCAAGGACAATCATTCTAG-3’;

PROMF2, 5#-ACGCGTCGACCTG GTGTTCACCCTTAAGCTG-3’;

PROMR1, 5#-TTTACCCGGGGTCTCGTTGGCAGCACCTGC-3’;

PROMR2, 5#-TTTACCCGGGTTAATCCGACCAGAAATTAG-3#.

The amplified DNA fragments were cloned into SalI/SmaI

sites of pBI101 vector (Clontech, USA) generating the corre-

sponding GUS fusion constructs. EMF1 cDNA (3.3 Kb) was in-

troduced into pCAMBIA1380 vector (Cambia, Australia) in

sense (as PstI–SpeI fragment) or antisense (as SpeI-blunt frag-

ment) orientation, generating pE1S and pE1AS plasmids,

respectively.

The At2S3, KNAT1, LFY, and AP1 promoters were PCR ampli-

fied from Arabidopsis genomic DNA (ecotype Columbia) using

specific primers with an ApaI restriction site in the 5’ end of the

forward primer. Specific sequences for each primer pair were:

At2S3p-F, 5#-GAAACCAAATTAACATAG-3’;

At2S3p-R, 5#-GTTTTGCTATTTGTGTATGTT-3’;

KNAT1p-F, 5#-GATCTAGAGCCCTAGGAT-3’;

KNAT1p-R, 5#-ACCCAGATGAGTAAAGATTTGAG-3’;

LFYp-F, 5#-TTTTTCGCAAAGGAAAGT-3’;

LFYp-R, 5#-CCGAACTAGTATAATCTATTTTTCTCTC-3’;

AP1p-F, 5#-TACTATCTTTAGACTGAT-3’;

AP1p-R, 5#-CCGTACTAGTCTCAGACTTTGGTATGAA-3’;

All promoters were introduced into pE1S and/or pE1AS plas-

mids as ApaI-blunt fragments, generating the different pro-

moter fusions with EMF1 cDNA in sense or antisense

orientation, respectively. KNAT1 promoter length is described

in Lincoln et al., 1994; LFY promoter in Blázquez et al., 1997;

AP1 promoter in Hempel et al., 1997; and At2S3 promoter in

Kroj et al., 2003.

To generate At2S3::GUS construct, At2S3 promoter (–310

to +35 bp relative to the transcription start, according to Kroj

et al., 2003) was introduced into pBI101 vector (Clontech, USA)

as a HindIII-blunt fragment.

Plant Transformation

All plasmids were introduced into Agrobacterium tumefaciens

strainGV3101(pMP90) (KonczandSchell,1986)andtransformed

into Arabidopsis wild-type Columbia or emf1 heterozygous

plants by floral dip (Clough and Bent, 1998). Seeds from the

transformed plants were selected with 50 mg L�1 Kanamycin

(pBI101 vector containing plants) or 15 mg L�1 Hygromycin B

(pCAMBIA1380 vector containing plants).

RNA Isolation and RT–PCR

Total RNA from seedlings grown in agar plates under short-day

conditions (8 h light) was extracted with Trizol (Life Technolo-

gies), according to the manufacturer’s instructions. For dry

seed, green silique, and 2-day-old seedlings samples, total

RNA extraction was as follows: 0.5–1 g of tissues were ground

in liquid nitrogen and added to 15 ml of Extraction Buffer (2%

CTAB, hexadecyltrimethylammonium bromide, 2% PVP, polyvi-

nylpyrrolidinone K30, 100 mM Tris-HCl, pH 8.0, 25 mM EDTA,

pH 8.0, 2 M NaCl, 0.5 g L�1 spermidine, 2% b-mercaptoethanol)

preheated at 65�C. After two chloroform:isoamyl alcohol (24:1)

extractions, 10 M LiCl was added to the aqueous phase contain-

ing the RNA and incubated overnight at 4�C. RNA pellet was

collected by centrifugation at 10 000 rpm and re-suspended

in 500 ll SSTE buffer (1 M NaCl, 0.5% SDS, 10 mM Tris-HCl,

pH 8.0, 1 mM EDTA, pH 8.0). After one chloroform:isoamyl al-

cohol (24:1) extraction, RNA was precipitated with 2 vol. of

100% ethanol at –70�C for 1 h, then collected by centrifugation

and re-suspended in DEPC-treated H2O. The integrity of the

RNA was verified on a gel before RT–PCR. RNA samples were

treated with 2 units of DNaseI for 1 h at 37�C, and then DNaseI

was inactivated by treatment with DNaseI Inactivating Reagent

(Ambion). This DNA-free RNA (1 lg) was retrotranscribed with

oligo(dT) primer and SuperScript II RT (Invitrogen) at 42�C for

1 h. Samples of the first strand cDNA were then used in PCR

reactions with the following gene-specific primers:

EMF1-F, 5#-ACCAGTACGAGAGGTGTCTTC-3’;

EMF1-R, 5#-CAGAAGGCTGAGTAGATGCA-3’;

At2S3-F, 5#-CATCCCTTTCTTCCCTCCTT-3’;

At2S3-R, 5#-GAGCAGCAAGGGTAAGAACATT-3’;

Actin-F, 5#-GGAAGGATCTGTACGGTAAC-3’;

Actin-R, 5#-TGTGAACGATTCCTGGACCT-3’;

GAPc-F, 5#-CACTTGAAGGGTGGTGCCAAG-3’;

GAPc-R, 5#-AACTCTAGACTCGAGGATGGATGTGTTTACTCATG-3#.

Control reactions were performed using as template non-

reverse transcribed RNA to rule out possible amplification

from contaminating genomic DNA.

Genetic Crosses

AG::GUS line, pMD200 (Deyholos and Sieburth, 2000), was

kindly supplied by Dr L.E. Sieburth (University of Utah, USA).

AP3::GUS line, 5D3 (Hill et al., 1998), was kindly supplied by

Dr V. Irish (Yale University, USA). To introduce AG::GUS

(pMD200) or AP3::GUS (5D3) construct into LFY::asEMF1,

AP1::asEMF1, or At2S3::asEMF1 transgenic plants, a homozy-

gous line for each reporter construct was crossed with a homo-

zygous line for each asEMF1 transgenic plant. F1 plants were

grown in MS medium containing 50 mg L�1 Kanamycin and

15 mg L�1 Hygromycin B and selfed. F2 plants were selected

in MS medium containing both antibiotics, Kanamycin and

Hygromycin B, and grown to generate F3 plants, of which ho-

mozygous line for both construct was identified by phenotype

segregation and drugs resistance.

GUS Activity Assays

GUS activity was detected histochemically using a protocol

adapted from Jefferson (1987), with slight modifications.

Briefly, the seedlings or tissue was incubated in 2 mM 5-

bromo-4-chloro-3-indolyl-b-D-glucuronic acid in 50 mM phos-

phate buffer, pH 7.0, containing 0.5 mM K3Fe(CN)6 and

0.5 mM K4Fe(CN)6 for 6 h at 37�C, rinsed with 50 mM phos-

phate buffer, fixed and cleared with ethanol (95%):acetic acid

(9:1, v/v) for 4 h at room temperature, and observed and
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photographed using a Zeiss Lumar.v12 epifluorescence stereo-

scope equipped with a Q imaging color digital camera.
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Supplementary Data are available at Molecular Plant Online.
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