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Summary

Polycomb group (PcG) proteins form conserved regulatory
complexes that modify chromatin to repress the genes

that are not required in a specific differentiation status [1].
In animals, the two best-characterized PcG complexes are

PRC2 and PRC1, which respectively possess histone 3
lysine 27 (H3K27) trimethyltransferase [2–4] and histone 2A

lysine 119 (H2AK119) E3 ubiquitin ligase activities [5–7]. In
Arabidopsis, PRC2 activity is also required for the gene

silencing mechanism [8]; however, the existence of PRC1
has been questioned, because plant genomes do not encode

clear PRC1 components and H2A monoubiquitination has
not been detected [6, 9]. Conversely, recent reports have

unveiled the presence of homologs to PRC1 components
that together with plant-specific proteins could be part of

the long-sought PRC1-like complexes [10, 11]. Here we

show that the PRC1 RING-finger homologs AtBMI1A and
AtBMI1B are implicated in the repression of embryonic and

stem cell regulators. Plants impaired in AtBMI1A and AtB-
MI1B show derepression of embryonic traits in somatic

cells, displaying a phenotype similar to plants mutant in
PRC2 components [12–14]. Our data demonstrate that the

AtBMI1A/B proteinsmediate H2Amonoubiquitination inAra-
bidopsis and that this mark, together with PRC2-mediated

H3K27 trimethylation, plays a key role in maintaining cell
identity.

Results and Discussion

Loss of Function of Arabidopsis BMI1 Homologs Causes

Cells to Dedifferentiate

Among mammalian PRC1 components [15], the RING-finger
proteins BMI1, RING1A, and RING1B form an E3 ubiquitin
ligase complex that monoubiquitinates H2AK119 [5–7]. In Ara-
bidopsis, five putative PRC1 RING-finger homologs have been
recently identified, two of them similar to RING1A/1B and three
to BMI1 [10]. A recent report showed that AtRING1A and 1B
act in conjunction with Polycomb group (PcG) proteins to
repress class I KNOTTED-LIKE HOMEOBOX (KNOX) genes,
suggesting the existence of plant PRC1-like complexes with
a yet unknown biochemical function [11].
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To investigate the role of the three putative BMI1 homologs
[10], we obtained T-DNA insertion lines for the three genes
(Figure 1A, left panel). Plants homozygous for the T-DNA inser-
tions displayed wild-type (WT) phenotype. When we com-
pared the expression levels of these genes in the T-DNA lines
to WT levels, we found that the transcript of At2g30580 (AtB-
MI1A) was undetectable, levels of At1g06770 (AtBMI1B) were
significantly reduced, and levels of At3g23060 (AtBMI1C) were
not affected (Figure 1A, right panel). To investigate the function
of these genes, we generated a double mutant for AtBMI1A
and AtBMI1B. F2 generation of this cross segregated mutant
plants with the expected ratio for two recessive mutations.
Polymerase chain reaction (PCR)-based genotyping con-
firmed that the mutants were homozygous for both insertions
(see Figure S1 available online).
Gene expression analysis ofAtbmi1a-1/Atbmi1b F2mutants

indicated that the loss of function of AtBMI1A and the reduced
levels of AtBMI1B were responsible for the observed pheno-
type and that the two genes exhibit redundancy. The same
result was obtained when the Atbmi1b mutant was crossed
with another null T-DNA insertion allele of AtBMI1A (N612676,
Atbmi1a-2), in which the insertion is located within the second
intron (see Figure S1). The lack of a loss-of-function AtBMI1C
mutant prevented us from determining whether this gene also
acts redundantly. However, protein sequence and gene
expression analyses suggested that AtBMI1C is unlikely to
overlap with AtBMI1A and AtBMI1B (see Figure S1).
Early in development, mutant plants showed a gradient of

abnormal cotyledon development (Figures 1C–1G). We found
seedlings with white cotyledons displaying almost completely
arrested development (strong mutants; Figure 1C); seedlings
showing a gradient of phenotypes characterized by not
expanded, not completely green, and frequently embraced
cotyledons, which later on could not generate true leaves
(intermediate phenotypes; Figures 1D–1F); and seedlings
with green but twisted cotyledons, which subsequently gener-
ated twisted leaves (weak mutants; Figure 1G). Quantitative
reverse transcriptase-PCR (qRT-PCR) analysis of the double
mutants showed that the levels of AtBMI1Bwere slightly lower
in strong than in weak mutants (Figure 1H). Sequence analysis
of the RT-PCR product obtained by using primers located at
the flanking regions of the first intron confirmed that the intron
and the T-DNA insertion were spliced out of AtBMI1B, indi-
cating that the different levels of functional AtBMI1B mRNA
determine the strength of the phenotype.
Twelve days after germination (DAG), Atbmi1a-1/Atbmi1b

weak mutants started to develop true but twisted leaves
(Figures 2B–2D), and strong and intermediate mutants started
to form embryo- and callus-like structures. These structures
arouse from cotyledons, the shoot apex, or leaves (Figures
2E–2H). Four weeks after germination, the aerial parts of
strong and intermediate mutants were transformed into an
amorphous mass of callus-like, embryo-like, and presumably
root and shoot primordial structures (Figures 2I–2K), as sug-
gested by the root hairs coming from the mass of callus-like
tissue (Figure 2K). The root architecture was also altered,
showing a phenotype reminiscent of the pickle (pkl) mutant
[12, 16]. Primary roots of pkl mutants display a phenotype

mailto:mcalonje@hip.uni-heidelberg.de


Figure 1. Phenotypic Variability of Mutant Seedlings

(A) Gene structure of At2g30580 (AtBMI1A), At1g06770 (AtBMI1B), and At3g23060 (AtBMI1C) mutant alleles (left panel) and qRT-PCR analysis of their

expression levels in 10 days after germination (DAG) single mutants or wild-type (WT) seedlings (right panel). ACTIN2was used as an internal control. Black

boxes represent exons, white boxes introns, and gray boxes untranslated regions; red triangles indicate the sites for the T-DNA insertions. Arrows indicate

the location in each gene of the primer pair used for the expression analysis. In case of AtBMI1B, the primer pair used for the expression analysis was primer

pair 2. Primer pair 1 was used to confirm the correct splicing of the first intron plus the T-DNA insertion from the AtBMI1B transcript.

(B–G) Seven-day-old WT (B) and mutant seedlings displaying strong (C), intermediate (D–F), and weak (G) phenotypes. Scale bars represent 2 mm.

(H) Relative mRNA levels of AtBMI1B measured by qRT-PCR in strong, intermediate, and weak Atbmi1a-1/Atbmi1b mutants compared to WT plants.

ACTIN2 was used as a reference gene. Samples were quantified in triplicate. Error bars in (A) and (H) indicate standard deviation.

See also Figure S1.
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characterized by arrested growth and a swollen and opaque
tip as a consequence of the expression of seed storage
proteins and neutral lipids. Similarly, Atbmi1a-1/Atbmi1b pri-
mary root grew more slowly than secondary roots (Figure 2M),
and its tip was swollen and opaque (Figures 2L, 2M, and 2O).
Sectioning of Atbmi1a-1/Atbmi1b root tip showed a clear
disorganization of the different cell layers (Figure 2Q) in
comparison to the well-organized WT root tip (Figure 2P).
Both embryo-like structures and pkl-like roots of the mutants
(Figures 2S and 2T), but not WT seedlings (Figure 2R), were
stained with the neutral lipid dye fat red [16], indicating the
accumulation of seed storage-specific triacylglycerols. These
data indicate that AtBMI1 genes are required to maintain the
differentiated state of somatic cells.

Despite all of these abnormalities, Atbmi1a-1/Atbmi1bweak
mutants could grow on soil (see Figure S2). These mutants
showed delayed growth and more shoot branching than WT
plants andpresented twisted shoots and leaves that occasion-
ally developed embryo-like structures. In addition, Atbmi1a-1/
Atbmi1b mutants showed a higher number of all floral organs
and shorter and thicker siliques thanWT plants; however, they
produced viable seeds (90%–95%) that generated a mutant
progeny of which 10%–15% displayed the strong, 65%–70%
the intermediate, and 10%–15% the weak phenotype (see
Figure S3).
AtBMI1A/B Proteins Regulate the Expression of Embryonic
and Stem Cell Regulators but Not AGAMOUS Expression

The strong Atbmi1a-1/Atbmi1b phenotype is reminiscent of
plants mutant in PRC2 components [12–14]. CURLY LEAF
(CLF) and SWINGER (SWR) are PRC2 components that redun-
dantly H3K27 trimethylate their target genes [17, 18], and
EMBRYONIC FLOWER2 (EMF2) and VERNALIZATION2 (VRN2)
[19, 20] are required for the in vivo H3K27me3 [21, 22]. In
clf/swn and emf2/vrn2 mutants, the embryonic regulators
and the shoot stem cell regulator SHOOTMERISTEMLESS
(STM) are activated, causing cells to dedifferentiate and to
form embryo-like structures [12]. Also, ectopic expression of
the embryonic regulators LEAFY COLYLEDON1 (LEC1) or
FUSCA3 (FUS3), the root stem cell regulator BABY BOOM
(BBM), or the shoot stem cell regulator WUSCHEL (WUS)
causes somatic embryogenesis [23]. Therefore, we investi-
gated the expression levels of these genes in strong and
intermediateAtbmi1a-1/Atbmi1bmutants 9 DAG.We included
in the analysis the root stem cell regulator WUSCHEL-
RELATED HOMEOBOX 5 (WOX5) and the floral homeotic
gene AGAMOUS (AG), which is a well-known target of EMF2
and the CLF-containing PcG complex [13, 21, 18]. Via qRT-
PCR, we found that FUS3 and LEC1 transcripts were highly ex-
pressed in the twomutant phenotypes but undetectable in WT
seedlings (Figure 3A). In addition, we found that STM, WUS,



Figure 2. Loss of Cell Identity in Atbmi1a-1/Atbmi1b Mutants

(A–D) Twelve-day-old WT seedling (A) and Atbmi1a-1/Atbmi1b weak mutants displaying the characteristic twisted-leaf phenotype (B–D).

(E–G) Atbmi1a-1/Atbmi1b mutants 20 DAG with embryo-like structures (arrows) arising from cotyledon blades (E), cotyledon petiole (F and H), or shoot

apex (G).

(I and J) Strong and intermediate Atbmi1a-1/Atbmi1b mutants 27 DAG developed into an undifferentiated mass of callus-like tissue.

(K) Detail of an Atbmi1a-1/Atbmi1b mutant 27 DAG showing root hairs (arrow) coming from the mass of callus-like tissue.

(L and M) Atbmi1a-1/Atbmi1b mutants 27 DAG showing pkl-like primary root.

(N and O) Detail of WT (N) and pkl-like (O) root tips.

(P and Q) Longitudinal section of WT (P) and Atbmi1a-1/Atbmi1b (Q) root tip 30 DAG.

(R–T) Fat red staining of 15 DAG WT (R) and 30 DAG Atbmi1a-1/Atbmi1b mutant (S and T).

Scale bars represent 2 mm, except for root longitudinal sections, where they represent 50 mm. See also Figure S2.
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WOX5, and BBM were upregulated in the mutants. All of these
transcripts were detected in Atbmi1a-1/Atbmi1b cotyledons,
indicating their ectopic expression (Figure 3B). The spatial
expression patterns of the GUS reporters pSTM:GUS, pWUS:
GUS, and pFUS3:GUS in Atbmi1a-1/Atbmi1b mutants re-
vealed a widespread misexpression of FUS3 and STM and
a dot-like expression pattern of WUS in 20 DAG Atbmi1a-1/
Atbmi1b cotyledons (see Figure S3). These data indicate that
the AtBMI1A/B proteins are involved in controlling the expres-
sion of embryonic and stem cell regulators, overlapping with
PRC2 function. Conversely, AG transcript was not detected
either inAtbmi1a-1/Atbmi1bmutants orWT seedlings (Figures
3A and 3B). Strikingly, the PRC1 RING-finger homologs
AtRING1A and AtRING1B, which together with the putative
PRC1 component LIKE-HETEROCHROMATIN PROTEIN1
(LHP1) and CLF participate in the repression of the KNOX
genes, are also not involved in AG repression [11], suggesting
that neither the AtBMI1 proteins nor the AtRING proteins
regulate AG.

Levels of H3K27me3 at PRC2 Targets Are Not Altered
in Atbmi1a-1/Atbmi1b Mutants

According to the phenotypic similarities between Atbmi1a-1/
Atbmi1b and clf/swn or emf2/vrn2 mutants and the genetic
interaction among AtBMI1A/B and EMF2 (see Figure S3), it
might be possible that the AtBMI1A/B proteins are required
for H3K27 trimethylation; alternatively, they might participate
in the activation of PRC2 components like PKL, which has
been recently shown to directly activate PcG proteins and
PcG targets [12]. Accordingly, the levels of H3K27me3 at PRC2
targets in Atbmi1a-1/Atbmi1b mutants should be decreased.
Therefore, we investigated the levels of H3K27me3 at STM,
FUS3, and AG in the Atbmi1a-1/Atbmi1b mutants (Figure 3C).
As expected, we found reduced levels of H3K27me3 at STM,



Figure 3. Atbmi1a-1/Atbmi1bMutants Display Derepression of Embryonic and StemCell Regulators, but the Levels of H3K27me3 at FUS3 and STMAre Not

Altered

(A) Expression levels measured by qRT-PCR of the shoot apical meristem (SAM) genes STM and WUS, the root apical meristem (RAM) genes WOX5 and

BBM, the embryonic regulators (ER) FUS3 and LEC1, and the floral homeotic (FH) geneAG inWT seedlings and strong and intermediateAtbmi1a-1/Atbmi1b

mutants 9 DAG.

(B) Expression levels of the same genes inWT orAtbmi1a-1/Atbmi1b cotyledons 12 DAG.ACTIN2was used as a reference gene. Samples were quantified in

triplicate.

(C) Chromatin immunoprecipitation (ChIP) analysis of H3K27me3 levels at FUS3 and STM loci inAtbmi1a-1/Atbmi1bmutants, emf2-2mutant, andWT seed-

lings 10 DAG. After ChIP, two different regions of each locus were analyzed by quantitative PCR in triplicate (see diagram of the gene structures below).

A region of the ACTIN2 locus and two regions of the AG locus were analyzed as negative and positive target genes, respectively. Quantitative ChIP-PCR

was performed using three replicates and repeated at least once. The results show the recovery of immunoprecipitated material with anti-H3K27me3 anti-

body (IP) and control (mock) as percentage of input.

Error bars indicate standard deviation. See also Figure S3.
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FUS3, and AG in emf2-2 mutants; however, the levels
of H3K27me3 were unaltered in the Atbmi1a-1/Atbmi1b back-
ground, indicating that AtBMI1A/B proteins are not implicated
in the H3K27 trimethylation of these genes and that this mark
alone is not enough to silence STM and FUS3 genes in an
Atbmi1a-1/Atbmi1b background. These data suggest that
AtBMI1A/B proteins have a different biochemical role than
PRC2 components but collaborate with them in preventing
dedifferentiation of somatic cells.

AtBMI1A/B Proteins Interact with PRC1 Components
In Vitro and Mediate H2A Monoubiquitination

In Vivo and In Vitro
To investigate whether the AtBMI1A/B proteins could interact
with the putative PRC1 components EMF1 and LHP1 [21, 24,
25], we performed an in vitro pull-down assay. The results
showed that glutathione S-transferase (GST)-tagged AtBMI1A
and AtBMI1B, but not GST alone, were able to pull-down
HA-tagged EMF1 or LHP1 (Figure 4A). The same result was ob-
tained with GST-tagged AtRING1A and AtRING1B (Figure 4A),
suggesting their possible in vivo interaction to form a PRC1-
like complex. Consistent with this possibility, AtRING1A was
previously shown to interact in vivo with LHP1 [11].
Our data indicated that the AtBMI1A/B proteins participate

in the repression of embryonic and stem cell regulators; how-
ever, it was still unknown whether they are involved in H2A
monoubiquitination (H2Aub). Mammalian H2AK119ub was
observed within the consensus sequence PKKT [5]. Arabidop-
sis contains 13 H2A isoforms [26], but only the H2A.1 isoform
completely conserves the monoubiquitination consensus
sequence (see Figure S4). Therefore, we investigated whether
H2A.1 could be monoubiquitinated in vivo and whether this
was AtBMI1A/B dependent. For this purpose, Flag-tagged
H2A.1 was expressed in WT and Atbmi1a-1/Atbmi1b plants,
and histone-enriched extracts from 10 DAG transgenic seed-
lings were analyzed by immunoblotting with monoclonal
anti-Flag antibody (Figure 4B). Although Flag-H2A.1 was
strongly detected in WT/Flag-H2A.1 and Atbmi1a-1/Atbmi1b/
Flag-H2A.1 extracts, a slower migrating form with the pre-
dicted molecular weight of monoubiquitinated Flag-H2A.1



Figure 4. AtBMI1A and AtBMI1B Interact In Vitro with EMF1 and LHP1 and Mediate H2A Monoubiquitination

(A) Pull-down assay of EMF1-HA or LHP1-HA using GST, GST-AtBMI1A, GST-AtBMI1B, GST-AtRING1A, or GST-AtRING1B. Pull-down fractions were

analyzed by immunoblotting with anti-HA antibody.

(B) Western blot analysis of histone-enriched extracts. Left panel: WT, WT/Flag-H2A.1, and Atbmi1a-1/Atbmi1b/Flag-H2A.1 blots probed with Flag anti-

body. A cross-reacting band found in the three extracts was used as loading control (LC). Middle panel: WT, WT/Flag-H2A.1, and Atbmi1a-1/Atbmi1b/

Flag-H2A.1 blots probed with anti-ubiquitin antibody. Right panel: WT, emf1-2, and Atbmi1a-1/Atbmi1b blot probed with anti-ubiquitin antibody. In all

cases, Ponceau red staining (bottom lane) was used as a loading control. Molecular weight (MW) markers (in kDa), Flag-H2A.1, monoubiquitinated Flag-

H2A.1 (Flag-H2A.1ub), and monoubiquitinated H2A (H2Aub) are indicated. Asterisk indicates a slower migrating band recognized by the ubiquitin antibody

that might correspond, according to its MW, to the ubiquitinated form of H2B.

(C) Left panel: western blot of recombinant Flag-H2A.1 probed with Flag antibody; asterisk indicates the position of Flag-H2A.1. Right panel: in vitro ubiq-

uitination assay using GST-AtBMI1A, GST-AtBMI1B, GST-AtRING1A, or GST-AtRING1B as E3 enzymes and Flag-H2A.1 as substrate.

(D) In vitro ubiquitination assay using Flag-H2A.1 or a mutant variant (with K121 replaced by R) as substrate. Ubiquitination assay blots were probed with

streptavidin-horseradish peroxidase (HRP) to detect biotinylated ubiquitin conjugates. The presence (+) or absence (2) of components in the reaction

mixture is indicated, as well as the E1 and E2 intermediate products of the reaction, Flag-H2A.1ub, and MW markers (in kDa). Note that a small amount

of monoubiquitinated Flag-H2A.1 variant was detected, most probably as a result of the presence of another lysine within the sequence PKRT that could

be replacing to some extent the target lysine.

See also Figure S4.
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(Flag-H2A.1ub) was only detected in WT/Flag-H2A.1 extracts
(Figure 4B, left panel). After longer exposure of the film, the
Flag-H2A.1ub band was also distinguishable in Atbmi1a-1/
Atbmi1b/Flag-H2A.1 extracts (see Figure S4). Immunoblotting
with monoclonal anti-ubiquitin antibody showed that the
amount of endogenous H2Aub was significantly less in the
Atbmi1a-1/Atbmi1b background (Figure 4B, middle panel),
demonstrating that H2A monoubiquitination occurs in Arabi-
dopsis and that reduced levels of AtBMI1A/B activity causes
a decrease in the amount of H2Aub. Next, we investigated
whether the levels of H2Aub were affected in emf1-2 mutants.
We found that the amount of H2Aubwas also reduced in emf1-
2mutants compared toWT (Figure 4B, right panel), suggesting
the requirement of EMF1 for in vivo H2A monoubiquitination
and supporting the idea that the AtBMI1A/B proteins and
EMF1 are part of a PRC1-like complex.

In vitro ubiquitination assays using recombinant GST-
tagged AtBMI1A, ATBMI1B, AtRING1A, or AtRING1A as E3
ligase enzymes and free Flag-H2A.1 as substrate (Figure 4C)
showed that the four PRC1 RING-finger homologs were able
to monoubiquitinate H2A.1 in vitro. The amount of H2A mono-
ubiquitination was drastically reduced when a recombinant
Flag-H2A.1 variant in which the putative target lysine (K121)
was changed to arginine (R) (Figure 4D) was used as substrate.
These results indicate that the PRC1 RING-finger proteins
specifically monoubiquitinate H2A.1 and that the lysine target
of monoubiquitination is conserved between animals and
plants.
During the course of our study, a report showed that

AtBMI1B and AtBMI1A, named in the other report DREB2A-
INTERACTING PROTEIN 1 (DRIP1) and DRIP2 respectively,
are implicated in the regulation of drought stress response by
targeting DEHYDRATION-RESPONSIVE ELEMENT-BINDING
PROTEIN 2A (DREB2A) to proteasome degradation [27].
Despite these differing results, there is ample precedent for
histone-modifying enzymes that can also modify transcription
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factors to modulate their activities [28, 29], suggesting that the
PcG proteins, independently of their implication in the epige-
netic mechanism, might also covalently modify proteins other
than histones.

In summary, we have found that the AtBMI1A/B proteins are
the long-elusive plant PRC1 components that mediate H2A
monoubiquitination and that this mark, together with PRC2-
mediated H3K27 trimethylation, plays a key role in maintaining
cell identity.

Experimental Procedures

Plant Materials and Growth Conditions

Arabidopsis WT and mutants were Columbia ecotype. N645041 (Salk_

145041), N612676 (Salk_112676), CS855837 (WiscDsLox437G06), and

N648143 (Salk_148143) were obtained from the Nottingham Arabidopsis

Stock Centre; pWUS:GUS, pSTM:GUS, and pFUS3:GUS reporter-GUS lines

were provided by T. Laux, W. Werr, and F. Parcy, respectively.

Plants were grown under long-day conditions (16 hr light/8 hr 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 mg/ml) and

the active compound of Basta herbicide, glufosinate ammonium (5 mg/ml)

(Riedel-de Haen). Plants transferred to soil were grown under the same

conditions.

Gene Expression Analysis

Total RNA was extracted with an RNeasy Plant Mini Kit (QIAGEN), and

on-column DNase treatment (QIAGEN) was performed to reduce any DNA

contamination. cDNAs were reverse transcribed from total RNAs with

AMV reverse transcriptase (Promega), and qRT-PCR was performed on

a Corbett Rotor-Gene 6000 system with SYBR green PCR master mix

(Quantace). Each sample was quantified in triplicate. ACTIN2 was used as

the endogenous control to normalize the amounts of cDNA. Primers used

are specified in Table S2.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was carried out on fixed chromatin ex-

tracted from 10-day-old seedlings using anti-trimethyl H3K27 antibody

(Upstate). Buffers and procedures were essentially as described previously

[21]. Quantitative measurements of the immunoprecipitated DNA was per-

formed with SYBR green PCR master mix (Quantace) and a Corbett

Rotor-Gene 6000 system. Each of the immunoprecipitations was repeated

independently once, and each sample was quantified in triplicate. The

results show the recovery of immunoprecipitated material using anti-

H3K27me3 antibody and control (mock) as percentage of input. Primers

used are specified in Table S3.

Pull-down Assays

For in vitro pull-down assays, EMF1 and LHP1 epitope tagged with HA

cDNAs were cloned into pET19b (Novagen), and AtBMI1A, AtBMI1B,

AtRING1A, and AtRING1B were cloned into pGEX-4T-3 (GE Healthcare)

and transformed into E. coli strain BL21 Rosetta. Cells expressing GST,

GST fusion proteins, EMF1-HA, or LHP1-HA protein were collected by

centrifugation, resuspended in 1 ml of extraction buffer (20 mM Tris-HCl

[pH 7.5], 150 mM NaCl, 1 mM MgCl2, 0.1% Triton X-100, 10% glycerol,

and 1 mM phenylmethylsulfonyl fluoride), and sonicated. The extracts

were centrifuged for 20 min at 14,000 rpm at 4�C. An equal volume of GST

fusion protein extract was mixed with EMF1-HA or LHP1-HA extract. For

pull-down assays, 30 ml of glutathione Sepharose beads (GE Healthcare)

were added to the mix and incubated for 2 hr at 4�C. The beads were then

washed three times with extraction buffer. Standard procedures were

used for western blotting with polyclonal anti-HA antibody (Sigma) (1:5000).

Histone Extraction

Arabidopsis H2A.1 isoform (At1g51060) cDNA was N-terminally epitope

tagged with Flag and introduced into a modified pCAMBIA 1302 vector

(pCAMBIA 130N) [21] under the control of the CaMV35s promoter. The

construct was introduced into Agrobacterium strain GV3101 by the

freeze-thaw method [30] and subsequently transformed into WT and

Atbmi1a-1/Atbmi1b mutant plants by the floral-dip method [31]. Histone-

enriched extracts from transgenic (WT/Flag-H2A.1 and Atbmi1a-1/

Atbmi1b/Flag-H2A.1), WT, and mutant (Atbmi1a-1/tbmi1b and emf1-2)
seedlings were prepared essentially as described previously [32]. Briefly,

chromatin from 10-day-old seedlings was treated over night with 0.4 N

H2SO4, and the proteins were precipitated with 20% trichloroacetic acid.

The precipitated proteins were then washed three times with acetone, air

dried, resuspended in Laemmli buffer, and boiled for 10 min. Proteins

were separated in SDS-PAGE 11% gels. Western blot analysis was per-

formed with monoclonal anti-Flag antibody (Sigma) (1:2000) or monoclonal

anti-ubiquitin antibody (Santa Cruz Biotechnology) (1:1000).

Ubiquitination Assay

For in vitro ubiquitination assays, human ubiquitin-E1 enzymewas purchase

from Proteome Resources; GST-tagged UBC8 (At5g41700), AtBMI1A,

AtBMI1B, AtRING1A, and AtRING1B were cloned into pGEX vector. The

recombinant GST-tagged proteins were expressed in E. coli strain BL21

Rosetta and purified following the recommendations of the glutathione

Sepharose manufacturer (GE Healthcare). The N-terminally Flag-tagged

cDNAs of H2A.1 and H2A.1 variant, in which K121 was replaced by R,

were cloned into pET28 and transformed into E. coli strain BL21 Rosetta.

The recombinant proteins were purified by means of anion exchange

chromatography on a Q-Sepharose column (GE Healthcare). Elution was

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

Reaction mixture contained 5 ml of Flag-H2A.1 or Flag-H2A.1 variant as

substrate, 45 nM of human E1, 0.1 mg of GST-UBC8 (E2), one of the GST-

tagged PRC1 RING-finger proteins (0.5 mg), 0.1 mM dithiothreitol, 5 mM

MgCl2, 5 mM ATP, and 0.5 mg of biotinylated ubiquitin. The reactions were

incubated at 30�C for 1 hr, stopped by adding Laemmli buffer, and boiled

for 10 min. Proteins were separated in SDS-PAGE 11% gels. Western blots

were incubated with streptavidin-horseradish peroxidase (GE Healthcare)

(1:5000) to detect the biotinylated ubiquitin.

Root Sections and Fat Red and GUS Staining

To obtain longitudinal sections of the roots, samples were embedded in

2-hydroxyethyl-methacrylat resin (Technovit 7100, Kulzer). Sections (2 mm

thick) weremounted on glass slides and stained with toluidine blue solution.

Sections were examined with a Zeiss AxioScopemicroscope equipped with

a Zeiss AxioCam MRc5.

Fat red staining was performed by incubating samples in a saturated

solution of Sudan red 7B (Sigma) in 70% ethanol for 1 hr at room tempera-

ture. Samples were then rinsed with 70% ethanol.

GUS activity in transgenic plants was assayed as described previously

[21]. Briefly, the tissue was incubated in 2 mM 5-bromo-4-chloro-3-indolyl-

b-d-glucuronic acid in 50 mM phosphate buffer (pH 7.0) containing 0.5 mM

K3Fe(CN)6 and 0.5 mM K4Fe(CN)6 for 2 to 16 hr at 37�C. The tissue was then

rinsed with 50 mM phosphate buffer and fixed with ethanol (95%):acetic

acid (9:1, v/v) for 2 to 4 hr at room temperature.

Supplemental Information

Supplemental Information includes four figures and three tables and can be

found with this article online at doi:10.1016/j.cub.2010.09.046.
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