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ABSTRACT Recently, it has been shown that plants contain homologs to the animal Polycomb repressive complex 1 (PRC1)

components BMI1 and RING1A/B. In Arabidopsis, there are three BMI1-like genes, two of which, AtBMI1A and B, are re-

quired during post-embryonic plant growth to repress embryonic traits and allow cell differentiation. However, little is

known about the third BMI1-like gene, AtBMI1C. In this work, we show that AtBMI1C is only expressed during endosperm

and stamen development. AtBMI1C is an imprinted gene expressed from the maternal allele in the endosperm but bialleli-

cally expressed in stamen. We found that the characteristic expression pattern of AtBMI1C is the result of a complex

epigenetic regulation that involves CG DNA methylation, RNA-directed non-CG DNA methylation (RdDM), and PcG activity.

Our results show the orchestrated interplay of different epigenetic mechanisms in regulating gene expression throughout

development, shedding light on the current hypotheses for the origin and mechanism of imprinting in plant endosperm.
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INTRODUCTION

In the last few years, central biological processes in Arabidop-

sis, including flowering time control, seed development, cell

fate maintenance, and responses to environmental factors,

were shown to be epigenetically regulated. This regulation

involves DNA methylation, histone modifications, histone

variants, chromatin remodeling, and small RNAs. However, it

is not well understood how these different mechanisms

interplay to regulate gene expression.

Among the epigenetic mechanisms, the evolutionary con-

served Polycomb Group (PcG) histone modifying machinery

has a key role in repressing the genes that are not required

in a specific cell fate (Ringrose and Paro, 2004). In Arabidopsis,

there are three different Polycomb Repressive Complexes 2

(PRC2s) with histone 3 lysine 27 (H3K27) trimethyltransferase

activity (Bastow et al., 2004; Schubert et al., 2006). Although

the different complexes regulate a subset of common target

genes (Chanvivattana et al., 2004; Makarevich et al., 2006;

Aichinger et al., 2009), they also have discrete roles in control-

ling distinct aspects of plant development: the EMBRYONIC

FLOWER PRC2 (EMF-PRC2) is involved in the repression of flow-

ering during vegetative development, the VERNALIZATION

PRC2 (VRN-PRC2) is implicated in the vernalization response,

and the FERTILISATION INDEPENDENT SEED PRC2 (FIS-PRC2)

prevents endosperm development in absence of fertilization

(Hennig and Derkacheva, 2009; Zhang and Ogas, 2009). In ad-

dition, recent reports unveiled the existence of plant PRC1

components, which are also required for PcG-mediated repres-

sion, such as EMBRYONIC FLOWER1 (EMF1) (Calonje et al.,

2008), LIKE-HETEROCHROMATIN PROTEIN1 (LHP1) (Turck

et al., 2007; Zhang et al., 2007), and the RING1 and BMI1 pro-

teins (Sanchez-Pulido et al., 2008; Xu and Shen 2008).

Arabidopsis contains two RING1-like proteins, AtRING1A

and AtRING1B, and three BMI1-like proteins, namely AtBMI1A,

AtBMI1B, and AtBMI1C (Sanchez-Pulido et al., 2008). The two

AtRING1s and AtBMI1A and B have been recently character-

ized (Xu and Shen 2008; Bratzel et al., 2010). These proteins

1 To whom correspondence should be addressed. E-mail myriam.calonje@cos.

uni-heidelberg.de, tel. +49 6221 544635, fax +49 6221 545508.

2 Those authors contributed equally to the work.

ª The Author 2011. Published by the Molecular Plant Shanghai Editorial

Office in association with Oxford University Press on behalf of CSPB and

IPPE, SIBS, CAS.

doi: 10.1093/mp/ssr078, Advance Access publication 13 September 2011

Received 8 July 2011; accepted 17 August 2011



collaborate with PRC2 components in the repression of embry-

onic traits during post-embryonic plant growth (Bratzel et al.,

2010) and, like their animal counterparts (de Napoles et al.,

2004), have H2A monoubiquitin ligase activity (Bratzel

et al., 2010). However, the role of AtBMI1C is still unknown.

Global gene expression analyses suggested that AtBMI1C dis-

plays an endosperm-preferred expression (Gehring et al., 2009;

Bratzel et al., 2010; Le et al., 2010). Interestingly, FERTILISA-

TION INDEPENDENT SEED2 (FIS2) and MEDEA (MEA), two com-

ponents of the FIS-PRC2, are imprinted genes expressed only

from the maternal alleles in the endosperm. Loss-of-function

mutants of these genes display endosperm proliferation and

seed abortion (Kinoshita et al., 1999; Luo et al., 1999;

Vielle-Calzada et al., 1999; Jullien et al., 2006). The apparent

overlapping expression pattern of MEA, FIS2, and AtBMI1C

might indicate that AtBMI1C collaborates with the FIS-PRC2

in regulating endosperm development.

RESULTS AND DISCUSSION

To investigate this possibility, we first studied the expression

pattern of AtBMI1C in Arabidopsis Columbia (Col-0) and

Landsberg erecta (Ler) ecotypes. AtBMI1C showed the

same expression pattern in the two ecotypes. The gene was

not expressed during vegetative development, but it was highly

expressed during reproductive and seed development (Figure 1A).

AtBMI1C was detected in the reproductive organs of flowers

(Figure 1B), but not in petals and sepals (Figure 1E). In floral

buds, the expression of the gene was restricted to stamen

(Figure 1B), showing a peak of expression at stages 11–12

of flower development (Figure 1C). After fertilization (flowers

at stage 13), AtBMI1C was expressed in ovaries (Figure 1B).

The gene was also detected but at low levels in mature pollen

(Figure 1B). The expression analysis in seeds 7 d after pollina-

tion (DAP) revealed that AtBMI1C was highly expressed in en-

dosperm but not in embryos (Figure 1D and 1E) or seed coat

(data not shown). AtBMI1C is therefore expressed in stamen

and endosperm, differing in part from the expression patterns

of MEA and FIS2, which are only expressed in endosperm

(Kinoshita et al., 1999; Luo et al., 1999; Vielle-Calzada et al.,

1999; Jullien et al., 2006).

AtBMI1C Displays In Vitro H2A Monoubiquitin Ligase

Activity and Interacts with Other PRC1 Components

To determine the function of AtBMI1C, we obtained two dif-

ferent T-DNA lines: the Salk line N648143 (atbmi1c-1, Col-0

background) that presents the insertion at the promoter re-

gion of the gene and the GT21221.Ds5.09.01.2006.jz07.348

line (atbmi1c-2, Ler background) that contains the insertion

within exon 7 (Figure 2A). The two lines displayed wild-type

(WT)-like phenotype (Supplemental Figure 1). AtBMI1C pre-

dicted protein conserves the domain architecture of the other

two AtBMI1 proteins (Sanchez-Pulido et al., 2008), which dis-

play H2A monoubiquitin ligase activity and interact with the

PRC1 components LHP1 and EMF1 (Bratzel et al., 2010). The

atbmi1c-2 allele encodes a predicted protein where the last

75 C-terminal amino acids (aa) have been replaced by 47 aa

encoded by the T-DNA. To determine whether AtBMI1C pro-

tein had the same activities as the other two AtBMI1, and if

a mutant protein in which the last 75 aa were deleted

Figure 1. Expression Levels of AtBMI1C
in Col-0 and Ler Plants.
(A) qRT–PCR analysis of AtBMI1C in WT
seedlings and different organs. SL,
seedling; RL, rosette leaves; FB, floral
buds; OF, open flowers; day-after-
germination (DAG); day-after-pollination
(DAP).
(B) qRT–PCR analysis of AtBMI1C in sta-
men and ovaries from FB and OF and in
mature pollen.
(C) qRT–PCR analysis of AtBMI1C in Col-
0 FB at different developmental stages.
(D) qRT–PCR analysis of AtBMI1C in 7-DAP
embryos and endosperm plus seed coat
(endos+SC).
(E) RT–PCR analysis ofAtBMI1C expression
in Col-0 petals and sepals, and AtBMI1C
and FWA analysis in embryos and
endos+SC 7 DAP. FWA that is expressed
only in endosperm serves as a control
for endosperm contamination in em-
bryos. ACTIN was used as internal control.
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(AtBMI1C truncated) was functional, we performed in vitro

ubiquitination and pull-down assays. Both, WT and truncated

proteins were able to monoubiquitinate Flag-tagged H2A.1,

but not two different Flag-H2A.1 variants containing

a mutated monoubiquitination site (Figure 2B), and to interact

with the predicted PRC1 partners EMF1 and LHP1 (Figure 2C).

In addition, AtBMI1C was able to interact with AtRING1B

(Figure 2C). These results indicate that, at least in vitro, AtB-

MI1C is functional and that the C-terminal deletion does

not disrupt these activities.

The Expression Pattern of AtBMI1C Is Altered in atbmi1c-1

and atbmi1c-2 Lines

Despite the WT phenotype of atbmi1c-1 and atbmi1c-2 plants,

the expression pattern of AtBMI1C showed important differ-

ences compared to WT plants. During vegetative and flower

development, AtBMI1C displayed a WT-like expression pattern

in atbmi1c-1 but it was ectopically expressed in atbmi1c-2

(Figure 2D and Supplemental Figure 2A and 2B). Unexpectedly,

AtBMI1C levels were drastically reduced in the endosperm of

both mutant lines 7 DAP (Figure 2E) but, contrary to what

could be expected if AtBMI1C collaborates with the FIS-

PRC2, we did not observe any seed alteration. It might be pos-

sible that the low levels of AtBMI1C expression in the endo-

sperm of the T-DNA lines are sufficient for a normal seed

development. Alternatively, it might be possible that the other

two AtBMI1 homologs act redundantly to AtBMI1C in the en-

dosperm. We found that both AtBMI1A and AtBMI1B were

highly expressed in the endosperm (Figure 2F, left panel),

and that MEA and PHERES1 (PHE1), two targets of FIS-PRC2,

were de-repressed during vegetative development in atb-

mi1a/b (Figure 2F, right panel), supporting this possibility. AtB-

MI1C was also ectopically expressed in atbmi1a/b seedlings,

indicating that the three genes are regulated by AtBMI1A/B

proteins (Figure 2D). On the other hand, the lack of seed de-

velopmental alterations in the mutant lines might indicate

that AtBMI1C does not play a PRC1 role during endosperm de-

velopment, moreover, that the PRC1 components do not have

Figure 2. In Vitro Activity of AtBMI1C
and Expression Analysis of AtBMI1C
in Mutant Plants.
(A) Exon–intron structure of theAtBMI1C
gene. Triangles indicate the T-DNA inser-
tion in atbmi1c-1 and atbmi1c-2 plants,
and arrows indicate the position of the
primers used for the expression analysis
of AtBMI1C.
(B) In vitro ubiquitination assay using
GST-AtRING1B, GST-AtBMI1C, or GST-
AtBMI1C truncated (GST-AtBMI1Ctrunc)
as E3 enzymes. Flag-H2A.1 (H2A.1KK)
or the mutant variants H2A.1KR (K121
was replaced by R) and H2A.1RR (K120
and K121 were replaced by R) were used
as substrate. The presence (+) or absence
(–) of component in the reaction mix-
ture, the intermediate products of the
reaction, the monoubiquitinated Flag-
H2A.1 (Flag-H2A.1ub), and MW markers
are indicated. Blot was probed with
Streptavidin-HRP to detect biotynilated-
ubiquitin conjugates.
(C) Pull-down assay of EMF1-HA,
AtBMI1C-HA, or LHP1-HA using GST or
the different GST-tagged proteins. Pull-
down fractions were analyzed by immu-
noblotting using anti-HA antibody.
(D, E) qRT–PCR analysis of AtBMI1C levels
in WT and mutant seedlings 9 DAG and
endos+SC 7 DAP, respectively.
(F) RT–PCR analysis of AtBMI1A and AtB-
MI1Bexpression in Col-0 endos+SC 7 DAP
(left panel), and expression of MEA (mid-
dle panel) and PHE1 (right panel) in atb-
mi1a/b and Col-0 seedlings 12 DAG.
ACTIN serves as internal control.
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an essential function during female gametophyte develop-

ment. So far, no developmental defects have been reported

in lhp1 single mutants or atring1a/b double mutants during

seed development (Gaudin et al., 2001; Kotake et al., 2003;

Xu and Shen 2008). To discern whether the AtBMI1 proteins

are involved in the regulation of endosperm development,

it would be necessary to generate the triple atbmi1a/b/c

mutant.

AtBMI1C Is Maternally Expressed in Endosperm, but Its

Imprinted Expression Is Disrupted in atbmi1c-1 and

atbmi1c-2 Lines

Because all known imprinted genes in plants display

endosperm-preferred expression (Gehring et al., 2009; Hsieh

et al., 2011), we investigated whether AtBMI1C was an

imprinted gene. To test parent-specific expression, we iden-

tified a Single Nucleotide Polymorphism (SNP) existing

between Col-0 and Ler that resides in the third exon. A de-

rived cleaved amplified polymorphic sequence primer

was designed to convert this SNP into a BglII restriction

endonuclease site polymorphism. RT–PCR amplification of

the AtBMI1C sequence followed by digestion produced

141- and 33-bp fragments in Ler, leaving the Col-0 fragment

intact (174 bp) (Supplemental Figure 3). After qRT–PRC anal-

ysis of the transcript levels in 7-DAP hybrid endosperm from

the reciprocal crosses between Col-0 and Ler, we carried

out the digestion of the amplified products (Figure 3A).

Only maternal transcripts were detected in the hybrid endo-

sperms, indicating a parental-specific expression of AtBMI1C

(Figure 3A).

Figure 3. AtBMI1C Imprinted Expression and DNA Methylation Pattern.

(A) qRT–PCR analysis of AtBMI1C levels and allele-specific analysis of different hybrid endos+SC 7 DAP and RL. In each cross, the mother is
indicated in gray.
(B) AtBMI1C expression and allele-specific analysis in mature embryos from different crosses.
(C) Schematic representation of AtBMI1C gene (as in Figure 2A) in which the regions amplified by different primer pairs (black lines) and the
position of the tandem repeats are indicated. The start codon is indicated by +1 and the methylated regions by dotted squares. Primers are
specified in Supplemental Table 1.
(D) Analysis of DNA methylation in RL from Col-0, Ler, met1-3, atbmi1c-1, and atbmi1c-2 using the methylation-sensitive restriction enzyme
McrBC. Undigested (M) and digested (D) genomic DNA were amplified by PCR using the different primer pairs. The position of the amplified
regions is indicated in brackets. Arrows indicate the regions that could not be amplified in atbmi1c-1 (gray) or atbmi1c-2 (black). Asterisks
indicate the common McrBC-sensitive regions in Col-0 and Ler.
(E) A detail of the AtBMI1C 5’UTR region that could not be amplified in atbmi1c-2. Black arrow indicates the possible location of a second
insertion in the allele.
(F) PCR-based genotyping of the homozygote met1-3 plant used in the analysis (left panel) and RT–PCR analysis of FWA and AtBMI1C
expression in RL from homozygote met1-3 plants. ACTIN was used as a loading control.

Bratzel et al. d Epigenetic Regulation of the PcG Gene AtBMI1C | 263

http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1


Since the expression levels of AtBMI1C in endosperm were

significantly reduced in atbmi1c-1 and atbmi1c-2, we investi-

gated whether the imprinted expression was also affected.

We performed reciprocal crosses between atbmi1c-1 and Ler

and atbmi1c-2 and Col-0 (Figure 3A). Interestingly, when the

atbmi1c-1 and atbmi1c-2 alleles were maternally inherited,

the levels of AtBMI1C in the endosperm were very low and

the WT paternal allele was activated (Figure 3A). Conversely,

when the mutant alleles were paternally inherited, AtBMI1C

was normally expressed from the maternal allele. We did

not detect expression of the gene in 7-DAP embryos from

the different crosses (Supplemental Figure 4); however, we

found that the atbmi1c-2 allele was ectopically expressed

in mature embryos independently of its parental origin

(Figure 3B). These data reveal that the imprinted expression

of AtBMI1C in the endosperm requires high levels of the ma-

ternal allele and that the silencing of the atbmi1c-2 allele is not

maintained once embryos reach maturity.

Differential CG Methylation Is Not Enough for the

Imprinted Expression of AtBMI1C in the Endosperm

As far as is known, the imprinted expression of plant genes

depends on differential CG DNA methylation, activity of

PRC2, or both (Hsieh et al., 2011). To determine whether

DNA methylation plays a role in the imprinted expression of

AtBMI1C, we first investigated the presence of methylated

regions within the AtBMI1C locus. Genomic DNA extracted

from rosette leaves of WT plants (Col-0 and Ler) or the DNA

METHYLTRANSFERASE1 mutant met1-3, which displays ge-

nome hypomethylation, was digested with the endonuclease

McrBC that digests cytosine methylated DNA. Only unmethy-

lated DNA can be amplified by PCR after McrBC digestion.

Digested and undigested DNA from the different plants was

amplified with primer pairs spanning the AtBMI1C locus

(Figure 3C). The different regions of AtBMI1C could be ampli-

fied with the same efficiency from digested and undigested

met1-3 DNA (Figure 3D); however, we found two regions

in WT plants that could not be amplified after digestion,

one located at the promoter and the other at the third exon

(Figure 3D). The promoter region of the AtBMI1C contains two

HELITRONY3 elements and one ATREP10D element. The meth-

ylated region is located in the ATREP10D element (Supplemen-

tal Figure 5). In addition, the methylated region at the third

exon contains a 2.3 tandem repeated fragment of 21 bp

(Figure 3C and Supplemental Figure 5), identified using the

tandem repeats finder tool (http://tandem.bu.edu/trf/trf.

basic.submit.html). Interestingly, imprinting in plants can be

mediated by DNA methylation at transposable elements or

repeats located nearby the imprinted gene (Gehring et al.,

2009; Hsieh et al., 2009). For instance, DNA methylation at

a SINE-related sequence and tandem repeats located at

the first exon of the imprinted gene FLOWERING WAGENIN-

GEN (FWA) is required for the imprinting and the stable silenc-

ing of the gene during vegetative development (Fujimoto

et al., 2008). Consequently, FWA is ectopically expressed in

vegetative tissues of the met1-3 mutant (Chan et al., 2006).

However, we did not detect ectopic expression of AtBMI1C

in vegetative tissues of met1-3 (Figure 3F, bottom panel), indi-

cating that the CG methylation is not required for the silencing

of the gene during vegetative growth.

We next investigated whether the DNA methylation at the

promoter and tandem repeats regions of AtBMI1C was altered

in the atbmi1c-1 and atbmi1c-2 lines (Figure 3D). The T-DNA

insertion at AtBMI1C in atbmi1c-1 is located immediately after

the promoter methylated region (Figure 3C); therefore, we did

not get any PCR product when using primers flanking the in-

sertion site (Figure 3D). The promoter and tandem repeats

regions of the gene were methylated in atbmi1c-1 as in WT

plants, but the T-DNA insertion places the promoter methyl-

ated region several kb upstream of its normal position

(Figure 3C). The T-DNA insertion at AtBMI1C in atbmi1c-2 is lo-

cated within the 3’ region of the gene (Figure 3C). The pro-

moter and the tandem repeats were also methylated in this

line (Figure 3D). Unexpectedly, we could not amplify a region

located at the 5’ UTR of the gene (Figure 3D and 3E), suggest-

ing the presence of a second insertion that is also relocating

the promoter methylated region. These data indicate that

the DNA methylation pattern of AtBMI1C is not altered in

atbmi1c-1 and atbmi1c-2 plants, but the promoter methylated

region is displaced several kb upstream of its WT position.

The current model for the imprinting mechanism in the en-

dosperm proposes that, during female gametogenesis, the ex-

pression of MET1 is repressed by the Retinoblastoma pathway,

leading to the formation of hemimethylated DNA in the cen-

tral cell (Jullien and Berger, 2009). The hemimethylated DNA is

preferentially targeted by the DNA glycosylase DEMETER

(DME), which is expressed only in the central cell and actively

erases DNA methylation on the maternal alleles. DME is not

expressed in egg or sperm cells; therefore, maternal and pater-

nal alleles remain methylated. DME-mediated demethylation

in the central cell is a general mechanism that leads to mono-

allelic expression of the imprinted genes in the endosperm

(Gehring et al., 2009; Hsieh et al., 2009). According to this

model, the AtBMI1C maternal allele should be demethylated

in the endosperm of the reciprocal crosses, irrespective of

whether the maternal allele is a WT or a mutant allele and,

therefore, activated. However, despite the predicted loss-of-

DNA methylation of the maternal allele, when atbmi1c-1

and atbmi1c-2 alleles were maternally inherited, the expres-

sion levels of AtBMI1C were very low compared to WT or

met1-3 maternal allele levels (Figure 3A), indicating that the

T-DNA insertion in the promoter region of the gene is interfer-

ing with the activation of the gene. It is possible that a specific

transcriptional activator/s recruited to the promoter after

demethylation activates the expression of the maternal allele

in the endosperm. In the T-DNA lines, the activator/s may well

be recruited to a place where it cannot mediate the activation

of the gene.

On the other hand, the activation of the paternal allele in

crosses between a WT mother and a met1-3 father (Figure 3A)

264 | Bratzel et al. d Epigenetic Regulation of the PcG Gene AtBMI1C

http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://tandem.bu.edu/trf/trf.basic.submit.html
http://tandem.bu.edu/trf/trf.basic.submit.html


indicated that the silencing of the paternal allele in the endo-

sperm required CG DNA methylation; however, in crosses be-

tween an atbmi1c-1 or atbmi1c-2 mother and a WT father, the

paternal WT allele, which should be methylated, was also ac-

tivated (Figure 3A). Therefore, CG DNA methylation is required

but not enough for the repression of the paternal AtBMI1C al-

lele in the endosperm. There must be another mechanism in-

volved in the silencing of the paternal allele.

The PcG Proteins Repress AtBMI1C during Vegetative

Development But They Are Not Required for Its Imprinted

Expression

Despite the activation of the paternal allele in Lerxmet1-3

hybrid endosperm, AtBMI1C was not detected in vegetative

tissues of met1-3+/– or met1-3–/– plants (Figure 3A). Con-

versely, loss of function of the PRC1 components AtBMI1A

and AtBMI1B or the PRC2 component EMF2 causes misexpres-

sion of AtBMI1C in vegetative tissues (Figure 4B), indicating

that the silencing of AtBMI1C in vegetative tissues depends

on PcG. Accordingly, the H3K27me3 levels at the promoter re-

gion of AtBMI1C were drastically reduced in emf2 mutants

(Figure 4C). Since AtBMI1C was silenced during vegetative de-

velopment in atbmi1c-1, the regions required for PcG regula-

tion must be unaffected. However, AtBMI1C was ectopically

expressed in atbmi1c-2 (Figure 2D and Supplemental Figure

2), indicating that the 5’UTR or 3’ region of the gene is re-

quired for the PcG-mediated repression. ChIP–qPCR assays us-

ing specific primers spanning the AtBMI1C locus (Figure 4A)

Figure 4. PcG and siRNA Regulation of AtBMI1C.

(A) Schematic representation of AtBMI1B and AtBMI1C genes in which the regions analyzed by quantitative chromatin immunoprecipi-
tation (ChIP–qPCR) are indicated.
(B) RT–PCR analysis of AtBMI1C expression in different PcG mutants 12 DAG.
(C) ChIP–qPCR analysis of H3K27me3 levels at AtBMI1C 5’ region in WT and emf2-2 mutants 10 DAG. AtBMI1B, which is expressed during
vegetative growth, was used as a negative control.
(D) ChIP–qPCR assay of H3K27me3 levels at different regions ofAtBMI1C in 10-DAG atbmi1c-2 and WTseedlings.ACTINwas used as negative
control. ChIP–qPCR results show the recovery of immunoprecipitated material using anti-H3K27me3 antibody (IP) and non-antibody (mock)
as percentage of input. Primers used are specified in Supplemental Table 1.
(E) RT–PCR analysis of AtBMI1C expression in 7-DAP endos+SC from atbmi1a/b, atbmi1c-2, atbmi1a/bxLer, and WT plants (left panel). Allele-
specific analysis of atbmi1a/bxLer hybrid endos+SC 7 DAP (right panel).
(F) Expression of AtBMI1C in dcl3-1xLer embryo and endos+SC 7 DAP (top panel). Expression and allele-specific analysis of AtBMI1C in WT
and hybrid dcl3-1xLer seeds (bottom panel).
(G) Allele-specific expression of AtBMI1C in stamen and ovaries from FB of the reciprocal cross between Col-0 and atbmi1c-2 plants. Primers
specific for the WT allele were used in the analysis. In all the crosses, the mother is indicated in gray.
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showed a significant decrease of H3K27me3 levels throughout

the gene in atbmi1c-2 plants compared to WT plants

(Figure 4D). Interestingly, when a transgene containing the

promoter and the complete AtBMI1C sequence was intro-

duced into WT plants, the transgene was ectopically expressed

(Supplemental Figure 6), suggesting the presence of PcG

regulatory regions downstream of the AtBMI1C locus.

Since the repression of the paternal allele of several

imprinted genes depends on PcG activity (Hsieh et al., 2011),

we investigated whether this was the case for AtBMI1C. How-

ever, despite the fact that the atbmi1c-2 could not be silenced

by PcG during vegetative growth, in the endosperm from the

cross between a WT mother and an atbmi1c-2 father, the

paternal allele was silent (Figure 3A). In addition, although

AtBMI1C levels were higher in atbmi1a/b than in WT endo-

sperm, the gene was expressed only from the maternal allele

(Figure 4E). These results indicate that PcG regulate the expres-

sion levels of the maternal allele but they are not required for

the imprinted expression of AtBMI1C in endosperm. Interest-

ingly, AtBMI1C was not expressed in 7-DAP hybrid embryos

from the reciprocal crosses between atbmi1c-2 and Ler

(Supplemental Figure 4), indicating that, early in embryogen-

esis, the atbmi1c-2 allele is silenced via a PcG-independent

pathway; however, in 13-DAP embryos, the atbmi1c-2 allele

was activated, indicating that the silencing of AtBMI1C in ma-

ture embryos, as well as in vegetative tissues, depends on PcG

activity.

RdDM Pathway Plays a Role in the Imprinted Expression of

AtBMI1C

Recently, it has been shown that maternal-derived siRNAs from

transposons and repetitive sequences are increased in the en-

dosperm (Mosher et al., 2009). These findings raise the possi-

bility that demethylation of the maternal genome results in an

increase in siRNAs production in the endosperm (Mosher et al.,

2009; Mosher and Melnyk, 2010). siRNAs have the potential to

direct non-CG DNA methylation to the genome in the endo-

sperm (Hsieh et al., 2009). In addition, these siRNAs could

be transported to the egg or embryo to reinforce the silencing

of transposable elements and repetitive sequences (Hsieh

et al., 2009). The imprinted expression of AtBMI1C in the en-

dosperm depends on CG DNA methylation of the paternal al-

lele and high expression levels of the maternal allele. It might

be possible that the high levels of maternal transcripts in the

endosperm trigger or reinforce the biosynthesis of putative 24-

nt siRNAs derived from the transposable elements located at

the promoter or tandem repeats of AtBMI1C. These siRNAs will

recruit the RNA-directed non-CG DNA methylation (RdDM)

machinery to collaborate in the silencing of the CG methylated

paternal allele. To test this possibility, we crossed a dcl3-1 mu-

tant mother with a WT father. Loss of function of DCL3 in the

maternal lineage prevents the production of siRNAs (Mosher

et al., 2009). If the maternal DCL3 is required to generate the

siRNAs that will target the RNA silencing machinery to the pa-

ternal allele, we will find activation of the paternal allele in

hybrid seeds from the cross dcl3-1xLer. Indeed, we found that,

although the levels of AtBMI1C maternal allele were normal,

the paternal allele was activated (Figure 4F). Conversely, we

did not detect expression of AtBMI1C in 7-DAP embryos from

the cross dcl3-1xLer (Figure 4F), suggesting that there must be

another mechanism that ensures the silencing of the gene in

immature embryos.

AtBMI1C Is Biallelically Expressed in Stamen

Genomic imprinting has been proposed to play a role in paren-

tal conflicts over resource allocation (Spielman et al., 2001).

Among the few characterized imprinted genes in Arabidopsis,

the majority display defects in endosperm development, con-

sistent with the proposed role of genomic imprinting. How-

ever, the number of imprinted genes identified has lately

increased (Gehring et al., 2009; Hsieh et al., 2011; Wolff

et al., 2011) and, among them, there could be genes with other

functions, like FWA that regulates flowering time (Kinoshita

et al., 2004). We found that AtBMI1C maternal transcripts

are required to silence the paternal allele in the endosperm,

indicating that AtBMI1C is implicated in its own imprinting;

however, reduced levels of AtBMI1C in the endosperm did

not cause seed developmental defects. If the gene has

a PRC1 role collaborating with the FIS2-PRC2 in the regulation

of endosperm development, it must be redundant to the other

two AtBMI1 genes; otherwise, we should observe a mutant

phenotype. Interestingly, AtBMI1C is expressed during stamen

development; thus, it displays an organ-specific expression

outside the endosperm. In hybrid plants from the reciprocal

crosses between Col-0 and atbmi1c-2, the Col-0 allele was

expressed in stamen independently on its parental origin

(Figure 4G), indicating that the PcG-mediated repression is re-

leased in stamen, allowing the biallelic expression of the gene.

The activation of the gene in stamen might indicate a role dur-

ing male reproductive organ development. Unfortunately,

AtBMI1C was expressed in both atbmi1c-1 and atbmi1c-2 sta-

men (Supplemental Figure 2B); therefore, we did not observe

any alteration. A knockout line will be required to investigate

this possibility. To date, little is known about the role of PcG

proteins during stamen development. Recently, it has been

shown that several Trithorax group (TrxG) proteins are re-

quired for stamen development and pollen production

(Thorstensen et al., 2008; Berr et al., 2010). Since TrxG proteins

act antagonistically to PcG, it is likely that PcG proteins also

have a role in regulating gene expression in stamen or pollen

development.

Nevertheless, in this work, we showed that AtBMI1C is an

imprinted gene expressed from the maternal allele in the en-

dosperm. The expression of the maternal allele depends on

DNA demethylation and a putative transcriptional activator/s,

and the silencing of the paternal allele requires high levels

of maternal transcripts, CG methylation, and RdDM. AtBMI1C

is not expressed during embryo or vegetative development.

The silencing in immature embryos is achieved through an

as-yet unknown mechanism, but, in mature embryos and then
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after germination, the repression of AtBMI1C depends on PcG.

During stamen development, the PcG-mediated repression of

AtBMI1C is released to allow the biallelic expression of the

gene. In summary, our results revealed the orchestrated

interplay among PcG, DNA methylation, and siRNAs in regulat-

ing AtBMI1C during plant development, shedding light on the

imprinting mechanism and supporting the hypothesis that

imprinting in plants arose as a by-product of a silencing mech-

anism targeting transposable element insertions (Gehring

et al., 2009; Hsieh et al., 2009). However, our results also

suggest that, despite the fact that the imprinted genes are des-

tined to become silenced during sporophyte development and

have only the choice to play an endosperm-related function

(Köhler and Weinhofer-Molisch, 2010), organ or tissue-specific

regulatory mechanisms can restore the expression of a silenced

gene and it might there, as occurs in the endosperm, assume

a new specific role.

METHODS

Plant Materials and Growth Conditions

Arabidopsis WT and mutants were Col-0 or Ler ecotypes as

indicated. atbmi1a and atbmi1b mutants were described

previously (Bratzel et al., 2010). atbmi1c-1 (N648143),

met1-3 (CS16394), and dcl3-1 (N9606) were obtained from

the Nottingham Arabidopsis Stock Centre; atbmi1c-2

(GT21221.Ds5.09.01.2006.jz07.348 line) was obtained from

Robert Martienssen at Cold Spring Harbor Laboratory.

Plants were grown under long-day conditions (16 h light

and 8 h dark at 22 �C) on agar plates containing half-strength

salts and vitamins, 1.5% sucrose, and 0.8% agar (MS) with or

without kanamycin (50 lg ml�1). Plants transferred to soil

were grown under the same conditions.

Gene Expression Analysis

Total RNA was extracted as described previously (Bratzel et al.,

2010). Quantitative RT–PCR was performed on a Corbett Rotor-

Gene 6000 system using SYBR Green PCR master mix (Quan-

tace). Each experiment was repeated at least once and each

sample was quantified in triplicate. ACTIN2 was used as the

endogenous control to normalize the amounts of cDNA.

Primers used are specified in Supplemental Table 1.

Seed Dissection and Allele-Specific RT–PCR Analysis of

Embryo and Endosperm plus Seed Coat Fractions

Seeds at different developmental stages (linear cotyledon to

mature embryo) from WT, mutants, or reciprocal crosses were

dissected in 0.3 M sorbitol, 5 mM MES (pH 5.7) on a slide under

a dissecting microscope. Endosperm plus seed coat was sepa-

rated from embryo and collected separately. Embryos were ex-

tensively washed to remove contaminating endosperm. RNA

extraction and cDNA synthesis were performed as described

before (Bratzel et al., 2010). RT–PCR or qRT–PCR was carried

out with AtBMI1C primers flanking the polymorphic site

between Col-0 and Ler. The amplified PCR fragments were

purified and digested with the BglII restriction enzyme

(New England Biolabs). Amplification of FWA using previously

described primers (Jullien et al., 2006) was used as control for

endosperm contamination in embryos, and ACTIN2 was used

as endogenous control. Primers used are listed in Supplemen-

tal Table 1.

Pull-Down Assays

For in vitro pull-down assays, EMF1, LHP1, and AtBMI1C epi-

tope tagged with HA cDNAs were cloned into pET19b (Nova-

gen) and AtBMI1C, truncated AtBMI1C, and AtRING1B were

cloned into pGEX-4T-3 (GE Healthcare) and transformed into

Escherichia coli strain BL21 Rosetta. Cells expressing GST,

GST fusion proteins, EMF1-HA, LHP1-HA, or AtBMI1C-HA pro-

tein were collected by centrifugation, re-suspended in 1 ml of

Extraction Buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM

MgCl2, 0.1% TritonX-100, 10% glycerol and 1 mM PMSF) and

sonicated. The extracts were centrifuged for 20 min at

14 000 rpm at 4�C. Equal volume of GST fusion protein extract

was mixed with EMF1-HA, LHP1-HA, or AtBMI1C-HA extract.

For pull-down assays, 30 ll of Glutathione-Sepharose beads

(GE Healthcare) were added to the mix and incubated for

2 h at 4�C. The beads were then washed three times with Ex-

traction Buffer. Standard procedures were used for Western

blotting using polyclonal anti-HA antibody (Sigma) (1:5000).

Ubiquitination Assay

For in vitro ubiquitination assays, human Ubiquitin-E1 enzyme

was purchase from Proteome Resources; GST tagged UBC8

(At5g41700), AtBMI1C, truncated AtBMI1C, and AtRING1B

were cloned into a pGEX vector. The recombinant GST tagged

proteins were expressed in E. coli strain BL21 Rosetta and pu-

rified following the recommendations of the glutathione-

Sepharose manufacturer (GE Healthcare). The N-terminal

Flag tagged cDNAs of H2A.1 (H2A.1KK) and H2A.1 variants

in which K121 was replaced by R (H2A.1KR) or K120 and

K121 were replaced by R (H2A.1RR), were cloned into pET28,

and transformed into E. coli strain BL21 Rosetta. The recombi-

nant proteins were purified by means of anion exchange chro-

matography in Q-sepharose column (GE Healthcare). Elution

was performed in 20 mM Tris-HCl pH 7.5, 0.5 M NaCl.

Reaction mixture contained 5 ll of Flag-H2A.1 or Flag-H2A.1

variants as substrate, 45 nM of human E1, 0.1 lg of GST-UBC8

(E2), one of the GST-tagged PRC1 Ring finger proteins (AtBMI1C,

truncated AtBMI1C, or AtRING1B) (0.5 lg), 0.1 mM DTT,

5 mM MgCl2, 5 mM ATP, and 0.5 lg of biotinylated-ubiquitin.

The reactions were incubated at 30�C for 1 h, stopped by adding

Laemmli buffer, and boiled for 10 min. Proteins were sepa-

rated in SDS–PAGE 11% gels. Western blot was incubated with

Streptavidin-horseradish peroxidase (GE Healthcare) (1:5 000) to

detect the biotinylated-ubiquitin.

McrBC Analysis

DNA methylation status of AtBMI1C was analyzed by PCR am-

plification of DNA that had been pretreated with McrBC. Two
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hundred and fifty nanograms of genomic DNA from rosette

leaves of Col-0, Ler, met1-3, atbmi1c-1, and atbmi1c-2 was

digested overnight with 10 units of McrBC, according to the

manufacturer’s instructions. The same amount of genomic

DNA was used as non-digested control (mock). Twenty-five

nanograms of template DNA (digested and mock) was then

amplified by PCR with Mango Taq (Bioline). Primers used

are specified in Supplemental Table 1.

Chromatin Immunoprecipitation

ChIP was carried out on fixed-chromatin extracted from 10-

day-old seedlings essentially as described previously (Bratzel

et al., 2010). ChIP was performed using anti-trimethyl

H3-K27 antibody (Diagenode # pAb-069-050). Quantitative

measurements of the immunoprecipitated DNA were per-

formed using SYBR Green PCR master mix (Quantace) and

a Corbett Rotor-Gene 6000 system. Each of the immunopreci-

pitations was repeated independently once, and each sample

was quantified in triplicate. The results show the recovery of

immunoprecipitated material using anti-H3K27me3 antibody

(IP) and non-antibody (mock) as percentage of input. Primers

used are specified in Supplemental Table 1.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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Bratzel, F., López-Torrejón, G., Koch, M., Del Pozo, J.C., and

Calonje, M. (2010). Keeping cell identity in Arabidopsis requires

PRC1 RING-finger homologs that catalyze H2A monoubiquitina-

tion. Curr. Biol. 20, 1853–1859.

Calonje, M., Sanchez, R., Chen, L., and Sung, Z.R. (2008). EMBRY-

ONIC FLOWER1 participates in Polycomb group-mediated AG

gene silencing in Arabidopsis. Plant Cell. 20, 277–291.

Chan, S.W., Zhang, X., Bernatavichute, Y.V., and Jacobsen, S.E.

(2006). Two-step recruitment of RNA-directed DNA methylation

to tandem repeats. PLoS Biol. 4, e363.

Chanvivattana, Y., Bishopp, A., Schubert, D., Stock, C., Moon, Y.,

Sung, Z.R., and Goodrich, J. (2004). Interaction of Polycomb-

group proteins controlling flowering in Arabidopsis. Develop-

ment. 131, 5263–5276.

de Napoles, M., et al. (2004). Polycomb group proteins Ring1A/B

link ubiquitylation of histone H2A to heritable gene silencing

and X inactivation. Dev. Cell. 7, 663–676.

Fujimoto, R., Kinoshita, Y., Kawabe, A., Kinoshita, T., Takashima, K.,

Nordborg, M., Nasrallah, M.E., Shimizu, K.K., Kudoh, H., and

Kakutani, T. (2008). Evolution and control of imprinted FWA

genes in the genus Arabidopsis. PLoS Genet. 4, e1000048.

Gaudin, V., Libault, M., Pouteau, S., Juul, T., Zhao, G., Lefebvre, D.,

and Grandjean, O. (2001). Mutations in LIKE HETEROCHROMA-

TIN PROTEIN 1 affect flowering time and plant architecture in

Arabidopsis. Development. 128, 4847–4858.

Gehring, M., Bubb, K.L., and Henikoff, S. (2009). Extensive deme-

thylation of repetitive elements during seed development

underlies gene imprinting. Science. 324, 1447–1451.

Hennig, L., and Derkacheva, M. (2009). Diversity of Polycomb group

complexes in plants: same rules, different players? Trends Genet.

25, 414–423.

Hsieh, T., et al. (2011). Regulation of imprinted gene expression in

Arabidopsis endosperm. Proc. Natl Acad. Sci. U S A. 108,

1755–1762.

Hsieh, T., Ibarra, C.A., Silva, P., Zemach, A., Eshed-Williams, L.,

Fischer, R.L., and Zilberman, D. (2009). Genome-wide demethy-

lation of Arabidopsis endosperm. Science. 324, 1451–1454.

Jullien, P.E., and Berger, F. (2009). Gamete-specific epigenetic mech-

anisms shape genomic imprinting. Curr. Opin. Plant Biol. 12,

637–642.

Jullien, P.E., Kinoshita, T., Ohad, N., and Berger, F. (2006). Mainte-

nance of DNA methylation during the Arabidopsis life cycle is

essential for parental imprinting. Plant Cell. 18, 1360–1372.

Kinoshita, T., Miura, A., Choi, Y., Kinoshita, Y., Cao, X.,

Jacobsen, S.E., Fischer, R.L., and Kakutani, T. (2004). One-way

control of FWA imprinting in Arabidopsis endosperm by DNA

methylation. Science. 303, 521–523.

Kinoshita, T., Yadegari, R., Harada, J.J., Goldberg, R.B., and

Fischer, R.L. (1999). Imprinting of the MEDEA Polycomb gene

in the Arabidopsis endosperm. Plant Cell. 11, 1945–1952.

Köhler, C., and Weinhofer-Molisch, I. (2010). Mechanisms and evo-

lution of genomic imprinting in plants. Heredity. 105, 57–63.

Kotake, T., Takada, S., Nakahigashi, K., Ohto, M., and Goto, K.

(2003).Arabidopsis TERMINAL FLOWER 2 gene encodes a hetero-

chromatin protein 1 homolog and represses both FLOWERING

LOCUS T to regulate flowering time and several floral homeotic

genes. Plant Cell Physiol. 44, 555–564.

Le, B.H., et al. (2010). Global analysis of gene activity during Arabi-

dopsis seed development and identification of seed-specific

transcription factors. Proc. Natl Acad. Sci. U S A. 107, 8063–8070.

Luo, M., Bilodeau, P., Koltunow, A., Dennis, E.S., Peacock, W.J.,

and Chaudhury, A.M. (1999). Genes controlling fertilization-

independent seed development in Arabidopsis thaliana. Proc.

Natl Acad. Sci. U S A. 96, 296–301.

268 | Bratzel et al. d Epigenetic Regulation of the PcG Gene AtBMI1C

http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1
http://mplant.oxfordjournals.org/cgi/content/full/ssr078/DC1


Makarevich, G., Leroy, O., Akinci, U., Schubert, D., Clarenz, O.,

Goodrich, J., Grossniklaus, U., and Köhler, C. (2006). Different
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Rehmsmeier, M., and Köhler, C. (2011). High-resolution analysis

of parent-of-origin allelic expression in the Arabidopsis endo-

sperm. PLoS Genet. 7, e1002126.

Xu, L., and Shen, W. (2008). Polycomb silencing of KNOX genes con-

fines shoot stem cell niches in Arabidopsis. Curr. Biol. 18,

1966–1971.

Zhang, H., and Ogas, J. (2009). An epigenetic perspective on devel-

opmental regulation of seed genes. Mol. Plant. 2, 610–627.

Zhang, X., Germann, S., Blus, B.J., Khorasanizadeh, S., Gaudin, V.,

and Jacobsen, S.E. (2007). The Arabidopsis LHP1 protein colocal-

izes with histone H3 Lys27 trimethylation. Nat. Struct. Mol. Biol.

14, 869–871.

Bratzel et al. d Epigenetic Regulation of the PcG Gene AtBMI1C | 269


	Regulation of the New Arabidopsis Imprinted Gene AtBMI1C Requires the Interplay of Different Epigenetic Mechanisms
	INTRODUCTION
	RESULTS AND DISCUSSION
	AtBMI1C Displays In Vitro H2A Monoubiquitin Ligase Activity and Interacts with Other PRC1 Components
	The Expression Pattern of AtBMI1C Is Altered in atbmi1c-1 and atbmi1c-2 Lines
	AtBMI1C Is Maternally Expressed in Endosperm, but Its Imprinted Expression Is Disrupted in atbmi1c-1 and atbmi1c-2 Lines
	Differential CG Methylation Is Not Enough for the Imprinted Expression of AtBMI1C in the Endosperm
	The PcG Proteins Repress AtBMI1C during Vegetative Development But They Are Not Required for Its Imprinted Expression
	RdDM Pathway Plays a Role in the Imprinted Expression of AtBMI1C
	AtBMI1C Is Biallelically Expressed in Stamen

	METHODS
	Plant Materials and Growth Conditions
	Gene Expression Analysis
	Seed Dissection and Allele-Specific RT–PCR Analysis of Embryo and Endosperm plus Seed Coat Fractions
	Pull-Down Assays
	Ubiquitination Assay
	McrBC Analysis
	Chromatin Immunoprecipitation

	SUPPLEMENTARY DATA
	FUNDING
	REFERENCES


