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Abstract

Parent-of-origin-specific (imprinted) gene expression is regulated in Arabidopsis thaliana

endosperm by cytosine demethylation of the maternal genome mediated by the DNA glycosylase

DEMETER, but the extent of the methylation changes is not known. Here, we show that virtually

the entire endosperm genome is demethylated, coupled with extensive local non-CG

hypermethylation of small interfering RNA–targeted sequences. Mutation of DEMETER partially

restores endosperm CG methylation to levels found in other tissues, indicating that CG

demethylation is specific to maternal sequences. Endosperm demethylation is accompanied by

CHH hypermethylation of embryo transposable elements. Our findings demonstrate extensive

reconfiguration of the endosperm methylation landscape that likely reinforces transposon silencing

in the embryo.

Gene imprinting, the differential expression of alleles of the same gene depending on parent-

of-origin, independently evolved in mammals and in flowering plants (1). Imprinting occurs

in the placenta of mammals and the endosperm of plants, structures that nourish the

developing embryo. Maternal allele expression in the central cell, the diploid maternal plant

cell that is fertilized to give rise to the triploid endosperm, is activated by the DEMETER

(DME) DNA glycosylase, which excises 5-methylcytosine, resulting in imprinted expression

of several genes in the endosperm (2–8). Although important for imprinting, DNA

methylation in flowering plants primarily silences transposons, retrotransposons, and

repeated sequences (9). In addition to methylation in the CG sequence context, plant DNA

methylation occurs at CHG (H is A, C or T) and CHH sites, with CHH and to a lesser extent

CHG methylation mediated through active targeting by RNA interference (RNAi)

machinery (9). Arabidopsis gene bodies are commonly methylated in the CG context,

whereas all types of methylation are present in repeats (10, 11). A given CG site is generally

methylated over 80% or not at all, whereas methylation of a CHG site is typically 30 to

80%, and methylation of a CHH site tends to be below 30% (10, 11).
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To determine the methylation landscape during Arabidopsis seed development, we isolated

DNA from wild-type embryos, wild-type endosperm, endosperm from seeds with a

defective maternal allele of DME, and adult aerial tissues, and used the Illumina Genome

Analyzer platform to quantify DNA methylation by high-throughput bisulfite sequencing

(10–12) (bisulfite treatment converts un-methylated cytosine to uracil) (fig. S1). We aligned

2.5 billion bases for embryo, 2.2 billion bases for wild-type endosperm, 2.0 billion bases for

dme endosperm, and 1.5 billion bases for aerial tissues, which corresponds to 21-fold, 18-

fold, 16-fold, and 13-fold coverage of the Arabidopsis nuclear genome, respectively (13)

(table S1). Our aerial tissue results closely matched previously published bisulfite

sequencing data (table S2 and fig. S2).

Bulk methylation in wild-type endosperm (20.9% CG, 8.9% CHG, 2.8% CHH) was lower in

all sequence contexts compared with the embryo (26.9% CG, 10.6% CHG, and 4.4% CHH)

(Fig. 1 and fig. S3). CG methylation was reduced in both gene bodies and repeats (Fig. 1, A

and B) and was partially restored in dme endosperm (23.1%). In the developing seed, DME

is expressed only in the central cell before fertilization (2), indicating that we were primarily

detecting demethylation of the maternal endosperm genome. In contrast to CG methylation,

CHG methylation was decreased (8.9% to 5.8%) in dme endosperm (Fig. 1, C and D),

whereas CHH methylation was reduced by a factor of 3.5 (2.8% to 0.8%) (Fig. 1, E and F).

CG and CHG methylation in aerial tissues (25.7% and 9.4%, respectively) was somewhat

lower than in embryos, and aerial CHH methylation (2.3%) was half of that found in

embryos and even lower than that of endosperm (Fig. 1), indicating that small interfering

RNA (siRNA)–mediated DNA methylation is enhanced in the seed. Reduced non-CG

methylation in dme endosperm suggests that DME activity is necessary for up-regulating

RNAi-mediated methylation, perhaps through activation of transposable elements by DNA

demethylation.

To identify sequences that are differentially methylated in the endosperm compared with the

embryo, we calculated fractional methylation in each context within 50 base pair (bp)

windows and subtracted endosperm methylation from embryo methylation. We identified

36,749 discreet loci corresponding to 10.33 million bp with an absolute change in CG

methylation of at least 10% (P < 0.0001, Fisher’s exact test), 99.4% of which (36,534) were

more methylated in embryo (table S3). Using the same criteria, we found 5694 loci (2.87

million bp) with a change in CHG methylation, 91.3% of which (5200) were more

methylated in embryo (table S3). We also identified 9749 loci (17.98 million bp) with an

absolute change in CHH methylation of at least 5% (P < 0.0001, Fisher’s exact test), 89.9%

of which (8760) were more methylated in embryo (table S3). Although the above values

represent a substantial underestimate, they provide a clear indication of the extent of

methylation differences between embryo and endosperm. Notably, ~10% of identified loci

were hypermethylated at CHG and CHH sites in the endosperm, compared with <1%

hypermethylated at CG sites. Moreover, non-CG hypermethylated loci were strongly

enriched in siRNAs (13) (Fig. 2A), further indicating that RNAi drives a substantial

reconfiguration of the seed methylation landscape.

To determine how methylation changes in the endosperm affect gene expression, we

identified genes with reduced DNA methylation (at a cutoff of P < 1 × 10−7) within 1 kb of
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either the 5′ or 3′ end and compared their gene expression between endosperm and embryo

based on available microarray data (13) (table S4) (genes demethylated near both ends were

analyzed in the 5′ category). Genes exhibiting reduced methylation upstream of the start of

transcription were preferentially expressed in the endosperm to a modest but significant

degree (P = 0.0005, Wilcoxon rank-sum test) (Fig. 2B), whereas genes demethylated near

the 3′ end did not show a significant change in expression (P = 0.33). Reduced methylation

of the maternal endosperm genome has been implicated in allele-specific expression of all

five known Arabidopsis imprinted genes (3, 5–8), so genes with reduced methylation and

greater expression in endosperm than embryo are potentially imprinted.

To visualize methylation differences between tissues, we plotted the distribution density of

windows for wild-type endosperm subtracted from embryo (Fig. 3, A to C, blue trace), dme

endosperm subtracted from embryo (Fig. 3, A to C, red trace), and aerial tissues subtracted

from embryo (fig. S4), showing only those windows that were methylated in at least one of

the tissues being compared (13). We also aligned all Arabidopsis annotated genes, which

include some pseudogenes and transposable elements, at their 5′ ends, stacked them from

the top of chromosome 1 to the bottom of chromosome 5, and displayed fractional embryo

methylation (left panels of Fig. 3, D and E) and the difference between embryo and wild-

type endosperm methylation (right panels of Fig. 3, D and E) as heat maps. We performed a

similar analysis for annotated transposons and other repeats (fig. S5). Virtually all sequences

methylated in embryo in the CG context were less methylated in the endosperm (Fig. 3A).

Gene bodies, gene adjacent sequences, and transposable elements were all similarly

demethylated (Fig. 1, A and B, Fig. 3D, and figs. S5 and S6), with transposons demethylated

to a somewhat greater extent than genes and shorter transposons on average demethylated

more than longer ones (fig. S6). CHG and CHH methylation of most sequences was also

higher in embryo (Fig.1, C to F; Fig. 3, B, C, and E; and fig. S5). The dme mutation

uniformly restored CG methylation, while uniformly reducing CHG and CHH methylation

(Fig. 1 and Fig. 3, A to C). Methylation in all contexts was higher in embryo than in aerial

tissues (Fig. 1 and fig. S4), with particularly extensive CHH hypermethylation: We

identified 10,858 loci covering 21.88 million bp with an absolute change in CHH

methylation of at least 5% (P < 0.0001, Fisher’s exact test), 96.8% of which (10,510) were

more methylated in embryo (table S3). Virtually, genome-wide CG demethylation of the

maternal endosperm genome is thus accompanied by similarly extensive CHH

hypermethylation in the embryo.

We investigated the source of the substantial non-CG hypermethylation in wild-type

endosperm compared with the embryo (table S3) by examining methylation differences

between embryo and dme endosperm of sequences that were more methylated in wild-type

endosperm than in embryo (Fig. 3, B and C, green trace). If endosperm hypermethylation

were random, we would expect to see no correlation between hypermethylation in wild-type

and dme endosperm. Our analysis showed that for both CHG and CHH contexts, loci

hypermethylated in wild-type endosperm had a strong tendency to be hypermethylated in

dme endosperm as well (Fig. 3, B and C, green trace), despite the overall reduction of non-

CG methylation caused by the dme mutation. Endosperm hypermethylation is thus a highly

specific, RNAi-targeted process.
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We calculated methylation levels of sequences either known or strongly inferred to cause

imprinted expression of five Arabidopsis genes (3, 5–8): the MEA 3′ repeats, the FWA

promoter and start of transcription, the FIS2 promoter, the PHE1 3′ repeats, and the MPC

gene and flanking regions (Fig. 3, A to C, and table S2). MEA methylation was reduced

from 88% CG, 39% CHG, and 42% CHH in embryo to 63% CG, 16% CHG, and 17% CHH

in wild-type endosperm. MEA CG methylation was restored to 87% in dme endosperm,

whereas CHG (13%) and CHH (8%) methylation was further reduced. The other four genes

behaved similarly (Fig. 3, A to C, and table S2), in line with the overall trends. Imprinted

genes are thus not exceptional sequences specifically targeted for demethylation in the

central cell but rather part of a nearly universal process that reshapes DNA methylation of

the entire maternal genome in the endosperm (14). Imprinted expression of genes regulated

by allele-specific DNA methylation could potentially arise whenever a transposable element

insertion or a local duplication near a gene’s regulatory sequences induces methylation and

gene silencing in other tissues, including the paternal endosperm genome.

Genomic imprinting is a fast-evolving process driven by genetic conflict between parents

(1). In mammals, which exhibit virtually global CG methylation (15), imprinting is

orchestrated in part by differential methylation of specific sequences in the gametes (16).

Arabidopsis, which targets methylation primarily to transposable elements (9), apparently

adapted a radical implementation of imprinting by partially suspending its transposon

suppression system and globally demethylating central cell DNA, resulting in a

hypomethylated maternal endosperm genome. Because the endosperm genome is not

transmitted to the next generation, transient transposon activation is likely to carry a fairly

low cost, especially in an organism with few functional transposons, like Arabidopsis.

Transposon activation and siRNA accumulation in the central cell might actually contribute

to enhanced methylation and silencing of elements in the egg cell (and later the embryo)

through siRNA transport (17), which could be the original selective force driving the

evolution of central cell demethylation. An analogous mechanism has recently been

proposed to operate between the vegetative and reproductive cells of pollen (18). It is an

open question whether other plants, particularly those with more aggressive transposable

elements, have adopted a similar strategy.
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Fig. 1.
Profiles of DNA methylation in embryo, wild-type endosperm, and dme endosperm. (A to

F) TAIR8-annotated genes [(A), (C), and (E)] or transposons [(B), (D), and (F)] were

aligned at the 5′ end (left panel) or the 3′ end (right panel), and average methylation levels

for each 100-bp interval are plotted from 2 kb away from the gene (negative numbers) to 4

kb into the gene (positive numbers). Embryo methylation is represented by the red trace,

wild-type (WT) endosperm by the blue trace, dme endosperm by the green trace, and aerial

tissues by the black trace. The dashed line at zero represents the point of alignment. CG

methylation is shown in (A) and (B), CHG in (C) and (D), CHH in (E) and (F).
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Fig. 2.
Associations between endosperm methylation, siRNAs, and expression. (A) Box plots

showing siRNA abundance within 50-bp windows in the entire Arabidopsis genome (All)

and in sequences hypermethylated in WT endosperm compared with the embryo in the CHG

and CHH contexts. (B) Box plots showing differences in gene expression between embryo

and endosperm for all genes (n = 21,021), genes with 5′ hypomethylation in endosperm (n =

1097), and genes with 3′ hypomethylation in endosperm (n = 505). Each box encloses the

middle 50% of the distribution, with the horizontal line marking the median and the dot

marking the mean. The lines extending from each box mark the minimum and maximum

values that fall within 1.5 times the height of the box.
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Fig. 3.
Genome-wide demethylation of endosperm. (A to C) Kernel density plots of the differences

between embryo and WT endosperm methylation (blue trace) and the differences between

embryo and dme endosperm methylation (red trace). The green trace in (B) and (C)

represents methylation differences between embryo and dme endosperm for windows with

absolute fractional methylation increase in WT endosperm compared with embryo of at least

0.4 in the CHG context (B) (n = 135) or at least 0.2 in the CHH context (C) (n = 6168).

Methylation differences for the 3′ MEA repeats, FWA, FIS2, PHE1, and MPC are indicated;

specifics are listed in table S2. (D and E) All TAIR8-annotated genes (28,244) were aligned

at the 5′ end and stacked from the top of chromosome 1 to the bottom of chromosome 5.

Embryo methylation is displayed as a heat map in the left panel, differences between

embryo and WT endosperm in the right panel. CG methylation is shown in (D), CHG in (E).
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