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Abstract

DNA methylation is an epigenetic mechanism for gene silencing. In Arabidopsis, MET1 is the

primary DNA methyltransferase that maintains CG DNA methylation. Plants having an overall

reduction of MET1 activity, caused by a met1 mutation or a constitutively expressed MET1

antisense gene, display genome hypomethylation, inappropriate gene and transposon transcription,

and developmental abnormalities. However, the effect of a transient reduction in MET1 activity

caused by inhibiting MET1 expression in a restricted set of cells is not known. For this reason, we

generated transgenic plants with a MET1 antisense gene fused to the DEMETER (DME) promoter

(DME:MET1 a/s). Here we show that DME is expressed in leaf primordia, lateral root primoridia,

in the region distal to the primary root apical meristem, which are regions that include

proliferating cells. Endogenous MET1 expression was normal in organs where the DME:MET1 a/s

was not expressed. Although DME promoter is active only in a small set of cells, these plants

displayed global developmental abnormalities. Moreover, centromeric repeats were

hypomethylated. The developmental defects were accumulated by the generations. Thus, not

maintaining CG methylation in a small population of proliferating cells flanking the meristems

causes global developmental and epigenetic abnormalities that cannot be rescued by restoring

MET1 activity. These results suggest that during plant development there is little or no short-term

molecular memory for reestablishing certain patterns of CG methylation that are maintained by

MET1. Thus, continuous MET1 activity in dividing cells is essential for proper patterns of CG

DNA methylation and development.
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INTRODUCTION

Eukaryote genomes are covalently modified on both the DNA and the associated histones

(Henderson and Jacobsen, 2007). CG DNA methylation plays a critical role in genome

stabilization. DNA methylation is also important for the regulation of genomic imprinting in

mammals and flowering plants (Bender, 2004; Chan et al., 2005; Scott and Spielman, 2006;

Zhu et al., 2008).

Arabidopsis is an excellent model system to study DNA methylation and subsequent

epigenetic inheritance owing to the viability of DNA methyltransferase mutants. In

Arabidopsis, the MET1 gene is responsible for maintaining most of the CG DNA

methylation. Plants with loss-of-function met1 mutations or MET1 antisense transgenes

exhibit global DNA hypomethylation, diverse phenotypes such as homeotic transformation

of floral organs, and ectopic gene and transposon expression (Finnegan et al., 1996; Kankel

et al., 2003; Ronemus et al., 1996; Saze et al., 2003; Xiao et al., 2003). These results show

that DNA methylation is a critical regulatory epigenetic mark for genome integrity and plant

development.

Loss-of-function met1 mutations and MET1 antisense transgenic plants uniformly reduce

DNA methyltransferase activity in all or most plant cells (Finnegan et al., 1996; Kankel et

al., 2003; Ronemus et al., 1996; Saze et al., 2003; Xiao et al., 2003). However, little is

known about the effect of a transient reduction of MET1 activity caused by inhibiting MET1

gene expression in a small subset of cells. Is there a short-term molecular memory that will

allow patterns of DNA methylation to be reset after MET1 activity is restored in the rest of

the plant? Or will the loss of DNA methylation even for a small number of cell divisions

lead to irreversible global epigenetic changes outside the zone of MET1 inhibition? To

address these questions, we reduced MET1 activity in tissues where cells are actively

dividing by spatially and temporally controlling expression of a MET1 antisense gene with

the DEMETER (DME) promoter.

DME is a member of a family of helix-hairpin-helix DNA glycosylases in Arabidopsis (Choi

et al., 2002). DME excises 5-methylcytosine, which is replaced by cytosine by the base

excision DNA repair pathway (Gehring et al., 2006; Morales-Ruiz et al., 2006). Thus, DME

DNA glycosylase functions as an active DNA demethylase. The maternal DME allele,

expressed in the central cell of the female gametophyte, demethylates and activates maternal

allele expression of two Polycomb group protein genes, MEDEA (MEA) (Choi et al., 2002;

Gehring et al., 2006) and FERTILIZATION-INDEPENDENT SEED2 (FIS2) (Jullien et al.

2006), as well as a homeodomain transcription factor gene, FLOWERING WAGENINGEN

(FWA) (Kinoshita et al., 2004). This causes imprinted expression of these genes in the

endosperm. Imprinting is critical to reproduction and seeds that inherit a maternal null dme

allele abort their development and are not viable (Choi et al., 2002). However, dme-1, a

weak allele, allows for rare maternal mutant allele transmission and the formation of

homozygous dme-1 plants, which display sporadic developmental abnormalities, including

reduced or increased flower organ number, fused organs, and abnormal leaf and stem

morphology (Choi et al., 2002). This result suggested that DME expression might be

important for vegetative plant development.
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Using a DME:GUS reporter gene, we show here that the DME promoter is active in regions

with dividing cells that express cyclin-dependent protein kinases (Doerner et al., 1996;

Ferreira et al., 1994). By generating DME:MET1 a/s transgenic plants, we show that

transient disruption of MET1-mediated DNA methylation, caused by inhibition of MET1

gene expression in a small subset of cells, has global effects on patterns of DNA methylation

and plant development.

MATERIALS AND METHODS

Plant materials

Wild type, met1-6, DME:MET1 a/s, and DME:GUS plants were in the Columbia glabrous

background. Plants were grown under long day condition (16 h light/8 h dark) at 23°C.

Genotyping of met 1-6 was performed as described previously (Xiao et al., 2003).

Generation of DME:GUS and DME:GFP reporter genes

Previously, we constructed DME:GUS and DME:GFP translation gene fusions in the

pBI101.1 vector consisting of a DME promoter (2.3 kb of 5′-flanking sequences), 1922 base

pairs of the first DME exon (148 amino acids with a nuclear localization signal), and a GUS

cDNA or GFP cDNA, respectively (Choi et al., 2002). The DME:GUS and DME:GFP

transgenes used in this manuscript is the same as DME:GUS and DME:GFP transgenes in

Choi et al. (2002) except that their respective promoters are truncated, with 555 base pairs of

DME 5′-flanking sequences and 1922 base pairs of the first DME exon are present.

Construction of a DME:MET1 a/s gene

We generated transgenic plants with a MET1 antisense gene (DME:MET1 a/s) by inserting a

2.5 kb MET1 sequence (+2192 to +4659 base pairs from the transcription initiation site,

BgIII site was added in the 5′-flanking end of each primer) in the antisense orientation into a

BamHI site located between the DME promoter (555 base pairs 5′-flanking sequences plus

1922 base pairs of the first DME exon) and the GFP cDNA. However, stop codons in the

MET1 antisense portion of the mRNA would prevent GFP from being translated. Primers for

amplification of the MET1 cDNA from the Colombia glabrous genomic DNA are; 5′-GCA

GAT CTG GGA TGG TGA GAG TCT AGG-3′ (BglasMET2202f) and 5′-GGA GAT CTG

GGT TGG TGT TGA GGA GAC-3′ (BglasMET4668r).

Analysis of GUS activity

Seedlings were harvested at 1, 4 and 14 days after germination and stained for GUS activity

as described previously (Yadegari et al., 2000). Histochemical localization of GUS staining

was observed using a Zeiss Lumiar V12 microscope. Patterns of -555DME:GUS gene

expression were analyzed in a minimum of 5 independent transgenic lines.

RNA preparation and RT-PCR

Seedlings and rosette leaves were harvested at two and four weeks after germination,

respectively. Total RNAs from seedlings, rosette leaves, cauline leaves, pistils, and stamens
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were isolated using a Trizol Kit (Invitrogen). cDNAs were synthesized using a RETROscript

Kit (Ambion).

DNA preparation and McrBC treatment

Genomic DNAs from rosette leaves, cauline leaves, pistils, and stamens were isolated using

CTAB (Gehring et al., 2006) and 2 ug of DNA was treated with 20 unit of McrBC as

describe by the manufacturer (New England Biolabs). The 60 ng of McrBC-digested DNA

was used for PCR amplification. Primer sets for amplification of 180-bp repeat are; 5′-ACC

ATC AAA GCC TTG AGA AGC A-3′ (JP1623) and 5′-CCG TAT GAG TCT TTG TCT

TTG TAT CTT CT-3′ (JP1624).

RESULTS

DME promoter is active in cells flanking shoot and root meristems

Previously we reported DME promoter activity in the central cell of the female gametophyte

within the ovule using green fluorescent protein (GFP) and β-glucuronidase (GUS) reporter

genes under the control of DME promoter (DME:GFP and DME:GUS, respectively) (Choi

et al., 2002). DME:GUS expression was not detected in the male gametophyte and stamen

(Choi et al., 2002). The DME promoter used in these experiments consisted of 2.3 kb of 5′-

flanking sequences plus 1.9 kb of the first DME exon. These constructs produced fusion

polypeptides consisting of 148 N-terminal amino acids of DME, which includes a nuclear

localization signal, followed by the C-terminal GUS or GFP protein, respectively. To dissect

cis-acting regulatory sequences in the DME promoter, we truncated the DME promoter and

constructed a DME:GUS transgene with 555 base pairs of DME 5′-flanking sequences plus

1.9 kb of the first DME exon, which were ligated to the GUS reporter gene (Fig. 1A) as

described in “Materials and Methods”.

GUS staining was detected in the nucleus of the central cell of the female gametophyte in

DME:GUS transgenic lines (Fig. 2A) and not in the male gametophyte or stamen (Fig. 2B).

These results suggest that cis-acting regulatory sequences for central cell-specific expression

are located between −555 and +1922 in the DME gene.

In addition to expression in the central cell, we also detected DME promoter activity during

sporophyte development of DME:GUS transgenic plants. GUS staining was detected in leaf

primordia in 1-day (Fig. 2C) and 4-day (Figs. 2D and 2E) seedlings, as well as at primary

(Figs. 2C and 2G) and secondary (Figs. 2H–2J) roots distal to their respective root apical

meristems. Cells in these regions have dividing cells that express cyclin-dependent protein

kinases (Doerner et al., 1996; Ferreira et al., 1994). Thus, the DME promoter is active in leaf

and root primorida which contain proliferating cells.

By contrast, DME:GUS expression was not detected in mature rosette leaves (Figs. 2F and

2L), cauline leaves (Fig. 2K) or floral organs (data not shown) with the exception of the

central cell (Fig. 2A). Similar patterns of GUS staining were observed in 5 independently

isolated DME:GUS transgenic lines, as well as in lines bearing a DME:GUS gene with 2.3

kb of 5′-flanking sequences (data not shown). Thus, DME promoter activity is highly
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restricted to discrete regions of the seedling where rapidly proliferating cells emerge from

shoot and root meristems.

The level of GUS RNA in DME:GUS transgenic seedlings, rosette leaves, cauline leaves,

pistils, and from stamens was measured by semi-quantitative RT-PCR. GUS RNA was

detected in the seedling and pistil, which contain shoot/root apex regions and central cell,

respectively, and was not detected in rosette leaves, cauline leaves, or stamens (Fig. 2M).

Thus, the GUS staining patterns are correlated with the presence of GUS RNA, and likely

reflect DME promoter-mediated transcription of the GUS reporter gene. These results

suggest that 555 base pairs of DME 5′ flanking sequence plus 1922 base pairs of the first

DME exon are responsible for GUS transcription in discreet bands of highly proliferating

cells that flank shoot and root meristems.

Plants with a DME:MET1 a/s transgene display pleiotropic mutant phenotypes

We induced passive DNA demethylation by generating transgenic plants that express MET1

antisense sequences under the control of the DME promoter (DME:MET1 a/s) (Fig. 1B).

Expression of the antisense MET1 transgene is predicted to block the endogenous MET1

expression through an RNAi mechanism (Matzke and Birchler, 2005). Because the same

DME promoter is used for DME:GUS and DME:MET1 a/s expression, we expect that

suppression of MET1 expression will occur specifically in regions delineated by the

DME:GUS reporter described above (Fig. 2).

To reveal the effect of suppressing MET1 expression in regions where the DME promoter is

active, we generated 109 DME:MET1 lines. 74 T1 lines, which were designated NF-1 to

NF-74 (Fig. 3B), appeared to develop normally when compared to wild type control plants

(Fig. 3A). However, in 35 T1 lines we detected alterations in the development. Delayed

flowering time (Fig. 3B), aberrant floral and vegetative structures, and decreased fertility

(data not shown) were observed in 26 lines which were designated LF-1 to LF-26.

Moreover, 9 other T1 lines displayed numerous developmental abnormalities such as altered

phyllotaxy, fasciated stems, and a dwarf stature (data not shown).

To understand the heritability of mutant phenotypes, four LF T1 lines (LF-1, LF-2, LF-3,

and LF-4) and two NF T1 lines (NF-1 and NF-2) lines were self-pollinated and their

development was analyzed in subsequent T2 and T3 generations. Whereas control wild type

flowers developed normally (Fig. 3C), in T2 LF lines, in addition to late flowering, we

observed reduced floral organ number and bending pistils (Fig. 3D), increased number of

stamens and defective pollen grain formation (Fig. 3E), and fascinated pistils (Fig. 3F). T2

LF lines also displayed ovules with abnormal shapes and aberrant female gametophytes

(Fig. 3H) compared to wild type ovules (Fig. 3G). In general, phenotypes became more

severe with each succeeding generation. For example, T2 LF plants displayed greatly

reduced fertility and produced almost no T3 seeds. Among 8 T3 plants that were produced, 3

were able to flower (Figs. 3I and 3J), whereas 5 failed to undergo the transition to flowering

and showed greatly delayed senescence (Fig. 3K). Thus, the DME:MET1 a/s transgene

causes dramatic mutant phenotypes that are heritable.
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From the results above, we concluded that the developmental abnormalities observed in

whole stages of development in the DME:MET1 a/s lines are due to suppression of MET1

expression in the limited, defined regions where the DME promoter is active (Figs. 2 and 3).

DME:MET1 a/s plants revealed global hypomethylation

CG DNA methylation can be analyzed by McrBC treatment followed by PCR amplification.

McrBC is a methyl-cytosinespecific restriction endonuclease, which digests only 5-

methylcytosine-containing DNA when two methylated 5′-PuC sites are separated by

approximately 40–80 non-defined base pairs (Sutherland et al., 1992). Thus, successful PCR

amplification after McrBC digestion indicates the lack of DNA methylation (Lippman et al.,

2003; Rabinowicz et al., 2003).

To determine if the DME:MET1 a/s transgene causes genome DNA hypomethylation, we

measured the level of DNA methylation at the highly repeated 180 base pair centromeric

repeat regions (Lister et al., 2008). We observed very little PCR amplification after McrBC

digestion of the centromeric repeats using DNAs isolated from wild type and control normal

flowering DME:MET1 a/s lines (Fig. 4), which is consistent with their being highly

methylated. By contrast, strong PCR amplification was observed after McrBC digestion

using DNAs from late flowering DME:MET1 a/s lines as well as a met1-6 control line (Fig.

4), which is consistent with hypomethylation of the 180 base pair centromeric repeat. These

results suggest that expression of the DME:MET1 a/s transgene in cells flanking the shoot

and root meristem can cause global DNA hypomethylation throughout the plant.

DISCUSSION

To elucidate the importance of continuous maintenance of DNA methylation, we sought to

express antisense MET1 sequences for a relatively short period of time in proliferating cells

that flank the meristems. This was achieved by constructing DME:MET1 a/s transgenic

lines. As revealed by analysis of DME:GUS transgene expression and RT-PCR experiments,

the DME promoter is active in leaf and lateral root primordia, as well as the region that is

distal to the root apical meristem (Fig. 2). These regions typically have proliferating cells

that contribute to leaf and root morphogenesis (Barkoulas et al., 2007). Cells in the region of

DME promoter activity and antisense MET1 expression presumably suppress endogenous

MET1 expression. However, as cells exit the region of DME promoter activity (Fig. 2), the

MET1 wild type allele should be expressed. Thus, we were able to see the outcome of

inhibiting MET1 expression in a restricted set of cells, which is different from previous

studies that reported on plants where MET1 function was globally reduced throughout the

plant by met1 loss-of-function mutations or constitutively expressed MET1 antisense gene

(Finnegan et al., 1996; Kankel et al., 2003; Ronemus et al., 1996; Saze et al., 2003).

We found that that a very brief loss of MET1 activity is sufficient to cause many

developmental defects including late flowering, aberrant floral and vegetative structures,

decreased fertility, altered phyllotaxy, fasciated stems, and dwarf stature (Fig. 3 and data not

shown). Moreover, global DNA hypomethylation was observed at highly repeated

centromeric sequences in late flowering DME:MET1 a/s lines (Fig. 4). Once the syndrome

of late flowering and DNA hypomethylation was established, it was stably inherited in the
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next generations (Fig. 2). Thus, even a brief hiatus of MET1 expression alters DNA

methylation which has dramatic effects on plant development that can persist for many

generations. This reflects, in part, that the DME promoter is active in proliferating cells (Fig.

2).

Maintenance of the majority of CG DNA methylation in the plant genome depends primarily

on MET1 (Cokus et al., 2008; Lister et al., 2008; Zilberman et al., 2007). Without

maintenance MET1 activity, a cell with a fully methylated genome only passes on

methylated strand to the first daughter cells upon duplication. Subsequent divisions further

dilute the ratio of methylated versus hypomethylated DNA, resulting in daughter cells with

mainly hypomethylated DNA within a few cell divisions.

DME is transcribed in the central cell, where it establishes imprinting of the MEA, FIS2, and

FWA genes by demethylating their respective maternal alleles (Choi et al., 2002; Gehring et

al., 2006; Jullien et al., 2006; Kinoshita et al., 2004; Xiao et al., 2003). DME-like

polypeptides are broadly expressed and demethylate at the 5′- and 3′-boundaries of over 100

genes (Lister et al., 2008; Ortega-Galisteo et al., 2008; Penterman et al., 2007). Here we

show that the DME promoter is active in proliferating cells that flank the shoot and root

meristems (Fig. 2). Moreover, plants homozygous for a weak dme mutant allele, dme-1,

display sporadic developmental abnormalities, including alterations in floral organ number,

organ fusion, and aberrant leaf and stem morphology (Choi et al., 2002). We speculate that

DME-mediated DNA demethylation in primordia flanking the shoot meristems is required to

prevent these sporadic developmental abnormalities.

Taken together, our results show that a subtle reduction of MET1 activity in a restricted

region of proliferating cells results in a global epigenetic alteration, which for the most part

is irreversible, and cannot be recovered merely by restoring of MET1 activity. Thus, there

may be no efficient mechanism that constitutes a memory for patterns of MET1-mediated

DNA methylation.
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Fig. 1.
Generation of DME:GUS construct and DME:MET1 a/s transgene by using DME:GFP

construct. DME promoter region includes 555 base pairs of DME 5′ flanking sequences plus

1922 base pairs of the first DME exon, which encode 148 amino acids of DME spanning a

putative nuclear localization signal. (A) DME:GUS construct for checking DME expression

pattern. 0.56 DME pr, 0.56 kb (555 base pairs) DME promoter. (B) Nucleotides +2192 to

+4659 from the transcription start site of MET1 was cloned and ligated in an antisense

direction between 0.56 kb DME promoter and GFP translation start site.
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Fig. 2.
Spatiotemporal DME expression during plant development. Transgenic plants containing

GUS reporter gene fused with DME promoter region were used to confirm where DME is

expressed during plant development. (A) Strong GUS signal was detected in the central cell

nucleus (arrow) of the female gametophyte, but not in male gametophytes or stamens (B).

(C) In 1-day seedling, GUS was detected primarily in proliferating cells flanking the shoot

apical meristem and root apical meristem regions (black and white arrows, respectively).

(D–E) Strong GUS signal is restricted in young leaf primordia emerging from the shoot

apical meristem in 4-day seedlings. (F) Whole mount view of transgenic plants before

bolting. DME promoter is active only in the undifferentiated tissue. (G) GUS was expressed

in primary roots adjacent to the meristems. (H–J) GUS was also expressed in secondary

roots adjacent to the meristems. (K–L) GUS expression was not detected in mature tissues

such as cauline or rosette leaves, respectively. (M) GUS RNA was detected mainly from

seedling tissues and pistils that contain undifferentiated proliferating cells and central cell,

respectively.
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Fig. 3.
Pleiotropic mutant phenotypes of DME:MET1 a/s transgenic plants. (A) Wild type plants.

(B) 26 out of total 109 DME::MET1 a/s transgenic T1 lines displayed late flowering

phenotype (LF) and 74 transgenic lines normally flowered (NF). (C) Wild type flower. (D–

F) Pleiotropic floral defects were observed in the T2-LF generations. (G) Wild type ovule.

Mature embryo sac is shown including egg cell nucleus (black arrow) and central cell

nucleus (white arrow). (H) Abnormal elongated ovule in T2-LF lines. Among 8 T3-LF

plants, 3 plants successively flowered, although the growth rate deliberately differed

depending on lines (I and J). Rest of five plants failed to undergo the transition to flowering

and showed greatly delayed senescence (K).
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Fig. 4.
Global genomic hypomethylation at 180 base pair centromeric repeat region in DME:MET1

a/s transgenic plants. After McrBC digestion of genomic DNAs, the 180 base pair

centromeric repeat region was amplified by PCR using primers shown in “Materials and

Methods”. If DNA methylation is depleted, successful amplification is expected. Since 180

base pair centromeric repeat region is a repetitive sequence, ladder shape band was detected

in late-flowering transgenic lines. NF, normal flowering transgenic line; LF, late flowering

transgenic line.
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