
Histone H1 affects gene imprinting and DNA methylation in
Arabidopsis

Matthew Rea†, Wenguang Zheng†, Ming Chen‡, Christopher Braud, Drutdaman Bhangu,
Tara N. Rognan, and Wenyan Xiao*

Department of Biology, Saint Louis University, 3507 Laclede Ave, St. Louis, MO 63103, USA

Summary
Imprinting, parent-of-origin expression of alleles, plays an important role in regulating
development in mammals and plants. DNA methylation catalyzed by DNA methyltransferases
plays a pivotal role in regulating imprinting by silencing parental alleles. DEMETER (DME), a
DNA glycosylase functioning in the base-excision DNA repair pathway, can excise 5-
methylcytosine from DNA and regulate genomic imprinting in Arabidopsis. DME demethylates
the maternal MEDEA (MEA) promoter in endosperm, thus resulting in expression of the maternal
MEA allele. However, it is not known whether DME interacts with other proteins in regulating
gene imprinting. Here we report the identification of histone H1.2 as a DME-interacting protein in
a yeast two-hybrid screen and confirmation of their interaction by the in vitro pull-down assay.
Genetic analysis of the loss-of-function histone h1 mutant shows that the maternal histone H1
allele is required for DME regulation of the MEA, FWA, and FIS2 imprinting in Arabidopsis
endosperm while the paternal allele is dispensable. Furthermore, we show that mutations in
histone H1 result in an increase of DNA methylation in the maternal MEA and FWA promoter in
endosperm. Our results suggest that histone H1 is involved in the DME-mediated DNA
methylation and gene regulation at imprinted loci.
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INTRODUCTION
Imprinting, the preferential expression of either maternal or paternal alleles, is an epigenetic
phenomenon in plants and mammals (Reik and Walter, 2001; Feil and Berger, 2007; Huh et
al., 2008). One of the widely accepted hypotheses of genomic imprinting is the parental
conflict theory, which states that female and male parents have different interests in fitness
of their progeny when one female can mate with multiple males (Ohad, 2007). The female
parent wants all offspring to survive and thus prefers expression of genes that allocate
limited resources equally to all offspring, whereas a male is only interested in its progeny,
therefore favoring expression of genes that preferentially allocate resources to his offspring.
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Thus, different interests of female and male parents result in parent-of-origin expression of
parental alleles of imprinted genes. DNA methylation, an addition of a methyl group at the
5-carbon position of cytosine, is an important epigenetic mechanism for regulating
transposon silencing, gene expression, imprinting, and diseases (Feng et al., 2010; Law and
Jacobsen, 2010). DNA methylation was thought to be permanent and unchanging after the
methyl group is added by DNA methyltransferases. However, evidence has shown that DNA
methylation is a dynamic process and the 5-methylcytosine can be actively excised by the
DNA glycosylases, DEMETER (DME), REPRESSOR OF SILENCING 1 (ROS1), or
DME-LIKE 2 (DML2), and replaced with a cytosine through the Base Excision Repair
Pathway in Arabidopsis (Agius et al., 2006; Gehring et al., 2006; Huh et al., 2008; Niehrs,
2009). It had been debated whether 5-methylcytosine DNA glycosylases exist in mammals.
Very recently, it has been reported that the DNA repair enzyme thymine DNA glycosylase
can perform active demethylation by deamination-base excision repair in mammals
(Cortellino et al., 2011).

Differing from mammals, there is haploid gametophytic growth in plants, i.e. postmeiotic
cell divisions before fertilization. In Arabidopsis, a haploid megaspore at the end of meiosis
undergoes three mitotic divisions to form a seven-cell, eight-nucleus female gametophyte
containing the egg, central, synergid, and antipodal cells; the fusion of two haploid nuclei
makes the nucleus of the diploid central cell. In the male gametophyte, a haploid microspore
at the end of meiosis undergoes a mitotic cell division to give rise to one vegetative and one
generative nucleus, and then the generative cell undergoes a mitotic cell division to result in
two haploid sperm cells. There is also a double fertilization event that underlies gene
imprinting in flowering plants. Fertilization of the egg cell by one sperm cell gives rise to a
diploid embryo that ultimately generates the organs, tissues, and meristems of the plant
(Goldberg et al., 1994). Fertilization of the central cell by the second sperm generates the
triploid endosperm that supports embryo or seedling growth (Brown et al., 1999; Gehring et
al., 2004). Imprinting mainly occurs in the endosperm tissue in plants (Hsieh et al., 2011),
whereas imprinting can occur in embryos and in different adult tissues in mammals
(Constancia et al., 2004; Gregg et al., 2010b).

MEDEA (MEA), a SET domain Polycomb group gene, was the first plant gene shown to be
imprinted (maternally expressed and paternally silenced) in endosperm (Kinoshita et al.,
1999), and its maternal expression is controlled by DNA methylation and demethylation
(Xiao et al., 2003; Gehring et al., 2006; Jullien et al., 2006a). DNA
METHYLTRANSFERASE 1 (MET1) is responsible for maintaining CpG methylation at
the MEA locus (Xiao et al., 2003), whereas DME excises 5-methylcytosine of the maternal
MEA allele, thus activating its expression (Gehring et al., 2006; Jullien et al., 2006b).
Interestingly, silencing of the paternal MEA allele is not controlled by DNA methylation.
Rather, the maternally expressed Polycomb group proteins, including MEA, maintain the
paternal MEA allele silencing (Gehring et al., 2006). FLOWERING WAGENINGEN
(FWA) homeodomain leucine zipper transcription factor and FERTILIZATION
INDEPENDENT SEED 2 (FIS2) are also shown as imprinted genes in endosperm and
regulated by DME (Kinoshita et al., 2004; Jullien et al., 2006a). Recently, it has been shown
that STRUCTURE SPECIFIC RECOGNITION PROTEIN 1 (SSRP1), a high mobility
group (HMG) domain containing component of a FACILITATES CHROMATIN
TRANSCRIPTION/TRANSACTION (FACT) histone chaperone complex, is required for
DNA demethylation and regulation of MEA imprinted genes, suggesting chromatin
modification and DNA demethylation are linked in epigenetic reprogramming in
Arabidopsis (Ikeda et al., 2011).

Chromatin, consisting of DNA and histone proteins, is the physiological template of genetic
information in eukaryotes. Usually two molecules of each H2A, H2B, H3 and H4 form an
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octamer of nucleasome core and approximately two superhelical turns of DNA wrap around
it to form a nucleasome (Jenuwein and Allis, 2001). Histone H1, a linker histone found
between nucleosomes, is essential for organizing nucleosomes into the 30-nm chromatin by
binding to the interior of the filament (Thoma and Koller, 1977; Graziano et al., 1994).
Histone H1 has three domains in most species: a central globular domain, an N- terminal,
and C-terminal tails (Hartman et al., 1977). Eukaryotic cells normally contain similar molar
amounts of linker histone H1 and nucleosomes (Fan et al., 2003), i.e., nearly one H1
molecule for each core particle. Genetic evidence has shown that reduced amounts of H1 in
cells result in shortening of the space between nucleosomes, altered chromatin structures,
and changes in gene expression (Fan et al., 2003). Recent studies have shown that H1 cannot
be simply defined as a global transcriptional repressor since histone H1 is also involved in
transcriptional activation (Fan et al., 2005; Hashimoto et al., 2010). Reducing histone H1
can affect DNA methylation patterns of some imprinted genes in mammals and plants (Fan
et al., 2005; Wierzbicki and Jerzmanowski, 2005). In Arabidopsis, it has been reported that
13 genes encode proteins containing domains similar to the conserved histone H1 globular
domain, but only three genes AT1G06760, AT2G30620, and AT2G18050 were shown as
linker histones through molecular and biochemical analysis, and were named as H1-1, H1-2,
and H1-3, respectively (Gantt and Lenvik, 1991; Ascenzi and Gantt, 1999a; Fan et al., 2005;
Wierzbicki and Jerzmanowski, 2005). Other H1-like genes are HMG and MYB domain-like
DNA-binding proteins (Gantt and Lenvik, 1991; Ascenzi and Gantt, 1999a). H1-1 and H1-2
have 85% sequence identity at the nucleotide level in the globular domain while H1-3 shares
less homology and can be induced by dehydration and abscisic acid (Ascenzi and Gantt,
1997, 1999b).

In this study, we performed a yeast two-hybrid screen and identified histone H1.2
(previously called H1-2) as a DME-interacting protein. We used a genetic approach to
investigate the role of histone H1 in modulating gene imprinting and found that the maternal
histone H1 allele is required for DME regulation of the imprinted expression of MEA, FWA
and FIS2 while the paternal allele is dispensable in Arabidopsis endosperm. Our result also
indicates that mutations in histone H1 result in an increase of DNA methylation in the
maternal MEA and FWA promoter in endosperm, which suggests that histone H1 is
involved in the DME-mediated DNA demethylation and gene expression at imprinted loci in
Arabidopsis.

RESULTS
Identification of the histone H1 as a DME-interacting protein

DME, a DNA glycosylase that contains a conserved helix-hairpin-helix domain, can excise
5-methylcytosine residues at the imprinted MEA promoter in the Arabidopsis endosperm
(Gehring et al., 2006). Are there other components involved in the DME-mediated DNA
demethylation process? We hypothesized that there was a scaffold protein that interacted
with DME and affected DNA demethylation at imprinted loci. To identify such a protein, we
performed a yeast two-hybrid screen using the full-length DME as a bait. We screened
cDNA libraries from Arabidopsis flowers as described (Fan et al., 1997; Wang et al., 2006).
Approximately 179,000 clones were screened from the yeast two-hybrid cDNA libraries and
17 positive colonies were obtained. One of sequenced clones was identified as histone H1.2
(AT2G30620, called H1-2 in previous references). As shown in Figure 1a, H1.2 interacted
with DME in yeast and activated the reporter genes His3 and LacZ. The quantitative assay
showed that β – galactosidase activity in the yeast with constructs DME-pAS1 and H1.2-
pACT (1.67 units) was 42-fold higher than that in the control yeast (0.04 units) (Figure 1a).
To confirm the interaction between H1.2 and DME, an in vitro pull-down assay was
performed. We fused H1.2 with Glutathione-S-Transferase (GST) epitope tag, expressed the
fusion protein in bacteria, and purified it. When the fused maltose binding protein DME
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(MBP-DME) was purified and used as an input through GST-H1.2 bound column, the result
showed that the fusion protein MBP-DME could be pulled down by GST-H1.2, but could
not be pulled down by the control GST (Figure 1b). When MBP was used as an input in
another control experiment, it could not be pulled down by either the fusion protein GST-
H1.2 or GST itself (Figure 1b). These experiments demonstrate that H1.2 interacts with
DME.

The histone H1 gene family in Arabidopsis
Histone H1 is a linker histone functioning in chromatin folding (Graziano et al., 1994;
Bustin et al., 2005). It has been shown that there are several histone H1 variants in mammals
(Fan et al., 2001; Wierzbicki and Jerzmanowski, 2005; Hashimoto et al., 2010). In
Arabidopsis, there are three H1 linker histone genes (AT1G06760 [H1.1], AT2G30620
[H1.2], and AT2G18050 [H1.3]) (Gantt and Lenvik, 1991; Ascenzi and Gantt, 1999a; Fan et
al., 2005; Wierzbicki and Jerzmanowski, 2005). To test if H1.1 and H1.3 also interact with
DME, we cloned the H1.1 and H1.3 with Gal4 DNA activation domain (H1.1-pACT(AD)
and H1.3-pACT(AD), respectively) and examined their interaction with DME fused with
Gal4 DNA binding domain in pAS1 (DME-pAS1(DB)) in a yeast two-hybrid assay, the
result showed that both H1.1 and H1.3 interact with DME, and activated the reporter genes
His3 and LacZ in yeast (Figure 1c). The quantitative assay of β –galactosidase activity also
indicated that H1.1 and H1.3 interact with DME in the yeast two-hybrid assay (Figure 1c).
When yeast culture was serially diluted and spotted onto selection dropout medium, the
result showed that H1.2, H1.1 and H1.3 interacted with DME (Figure S1).

The transgenic RNAi line to silence histone H1.1, H1.2, and H1.3 was reported (Wierzbicki
and Jerzmanowski, 2005). Since the RNAi approach using the transgene is dominant and
cannot be used for imprinting studies, we searched for recessive T-DNA insertional mutants
of the histone H1 genes in the Arabidopsis Biological Resource Center database. By
genotyping T-DNA insertional lines (Figure 2a), we found h1.1-1 (Salk_128430C) has a T-
DNA insertion in the first exon (215 bp downstream of transcription start), and h1.2-1
(Salk_002142) and h1.3-1 (Salk_025209) have a T-DNA insertion in the promoter (382 bp
and 62 bp upstream of transcription start, respectively). To determine if the putative mutants
are knockout or knockdown alleles, we examined expression of histone H1.1, H1.2, and
H1.3 in their respective mutant endosperm tissues by RT-PCR. The results show that h1.1-1
is a knockout allele and h1.2-1 and h1.3-1 are knockdown alleles (Figure 2b).

Mutations in histone H1 affect the MEA, FWA and FIS2 imprinting
It has been shown that histone H1 depletion in mouse embryonic stem cells affects
expression of imprinted genes (Fan et al., 2005). Since histone H1 interacts with DME
(Figure 1) and DME is required for the maternal MEA allele expression in endosperm (Choi
et al., 2002), we speculated that mutations in histone H1 might affect the MEA imprinting in
Arabidopsis. To test this hypothesis, we utilized the polymorphism of the MEA locus
between ecotypes Col-0 and RLD, performed reciprocal genetic crosses between the single
mutant h1.2-1, double mutant h1.1-1 h1.2-1 and h1.2-1 h1.3-1, and triple mutant h1.1-1
h1.2-1 h1.3-1 in Col-0 background with RLD plants, and examined allele specific
expression of MEA in the crossed silique endosperm (Figure 3). In the self-pollinated single
mutant h1.2-1 (h1.2-1 X h1.2-1), expression of the maternal MEA allele was reduced
compared with that in the control crosses (Col X Col and Col X RLD), and MEA expression
is further reduced in the self-pollinated double mutants (h1.1-1 h1.2-1 X h1.1-1 h1.2-1 and
h1.2-1 h1.3-1 X h1.2-1 h1.3-1) and undetectable in the triple mutant (h1.1-1 h1.2-1 h1.3-1 X
h1.1-1 h1.2-1 h1.3-1) (Figure 3a). When the maternal histone h1 single, double and triple
mutants were crossed with wild type RLD male (Figure 3b), we obtained a similar result as
that in self-pollinated mutants: the maternal MEA expression was reduced in the h1.2-1
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cross (h1.2-1 X RLD), was again reduced in the double mutant crossed with RLD (h1.1-1
h1.2-1 X RLD and h1.2-1 h1.3-1 X RLD), and undetectable in the triple mutant cross
(h1.1-1 h1.2-1 h1.3-1 X RLD). Interestingly, when the histone h1 single, double and triple
mutants as the male parent were crossed with wild type RLD female (Figure 3c), the
maternal MEA allele from RLD ecotype was expressed to a similar level as the wild type
control cross (RLD X RLD or RLD X Col). This suggests that the histone h1 mutations from
the male parent did not affect expression of the maternal MEA allele in the crosses.
Together, these results indicate that mutations in the histone H1 affect expression of the
imprinted MEA gene in Arabidopsis.

DME also regulates imprinted expression of FWA and FIS2 in endosperm (maternally
expressed and paternally silenced) (Kinoshita et al., 2004; Jullien et al., 2006a). To examine
whether mutations in H1 affects imprinting of FWA and FIS2, we used RT-PCR to measure
allele specific expression of FWA and FIS2 in endosperm of the reciprocal crosses between
the triple mutant h1.1-1 h1.2-1 h1.3-1 in Col-0 and wild type Ler. The result showed that
expression of the maternal FWA and FIS2 alleles were significantly reduced when the triple
mutant female was crossed with wild type male, whereas expression of the maternal alleles
was not affected in the reciprocal cross with the triple mutant h1.1-1 h1.2-1 h1.3-1 as male
(Figure 4). This result suggests that histone H1 might have a broad effect on expression of
imprinted genes in Arabidopsis.

Effects of the histone H1 mutation on methylation of the maternal MEA and FWA promoter
in endosperm

It has been reported that the maternal MEA promoter, as well as the 3’ repeats, are
methylated and its expression is antagonistically controlled by MET1 and DME (Xiao et al.,
2003; Gehring et al., 2006). In the Arabidopsis RNAi lines with reduced expression of H1,
there is a significant increase in CpG methylation in the 183-bp intergenic sequence repeats
adjacent to the imprinted MEA gene (MEA-ISR) in leaf tissues (Wierzbicki and
Jerzmanowski, 2005). We have shown that the histone H1 interacts with the DME protein in
vitro (Figure 1). If H1 is required for the DME-mediated DNA demethylation, mutations in
H1 would result in an increase in DNA methylation in the maternal MEA promoter in
endosperm. To test this hypothesis, we isolated endosperm tissues from the F1 seed of the
histone h1 triple mutant (h1.1-1 h1.2-1 h1.3-1) female crossed with wild type RLD male as
well as the endosperm of the control cross (Col-0 female X RLD male), extracted
endosperm genomic DNA, and performed bisulfite sequencing of the – 500 bp MEA
promoter, which is important for regulating MEA expression (Choi et al., 2002; Choi et al.,
2004; Gehring et al., 2006). The result showed that there was 12% methylated cytosine in
the maternal MEA promoter in – 500 bp region of the control cross endosperm (Col-0
female X RLD male) (Figure 5a). However, there was 64% methylated cytosine in the
maternal MEA promoter in – 500 bp region in the endosperm of the histone h1 triple mutant
(h1.1-1 h1.2-1 h1.3-1) female crossed with wild type RLD male (Figure 5a), a significant
increase in DNA methylation. For the paternal MEA allele, the DNA methylation levels
were similar in wild type control and the triple mutant cross. This result shows that
mutations in histone H1 from the maternal parent cause an increase in DNA methylation of
the maternal MEA promoter in the endosperm, which might in turn suppress the maternal
MEA expression in the endosperm.

FWA is imprinted and regulated by DME demethylation in Arabidopsis endosperm
(Kinoshita et al., 2004). Since the H1 mutation affected FWA imprinting (Figure 4a), we
speculated that the H1 mutation could have an effect on methylation of the 5’ direct repeats
of FWA (Soppe et al., 2000). To test this, we examined methylation status of the 5’ repeats
of FWA in the F1 endosperm of the mutant and wild type crosses. The result showed that
there was 23% methylated CpG, 16% CpHpG, and 9% CpHpH in the maternal 5’ direct
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repeats of FWA in the control cross endosperm (Col-0 female X Ler male) (Figure 5b).
However, there was a substantial increase in DNA methylation: 55% methylated CpG, 22%
CpHpG, and 11% CpHpH in the maternal 5’ repeat region in the endosperm of the histone
h1 triple mutant (h1.1-1 h1.2-1 h1.3-1) female crossed with wild type Ler male (Figure 5b).
For the paternal FWA allele, the DNA methylation levels were similar in the triple mutant
cross compared with wild type control (Figure 5b). This result indicated that mutations in
histone H1 from the maternal parent result in an increase in CpG methylation of the
maternal 5’ repeats of FWA in the endosperm.

Effects of the histone h1 mutation on plant growth and development
The self-pollinated heterozygous MEA/mea mutant plant gives rise to approximately 50%
aborted seed and the homozygous mea/mea is usually not viable (Kinoshita et al., 1999;
Vielle-Calzada et al., 1999; Luo et al., 2000). If the H1 mutation completely abolishes the
maternal MEA expression in the triple mutant h1.1-1 h1.2-1 h1.3-1 plants, we would
observe nearly 100% seed abortion in the self-pollinated triple mutant. However, we did not
see the expected 100% seed abortion, but 16.7% seed abortion in the self-pollinated F3 triple
mutant h1.1-1 h1.2-1 h1.3-1 plants (74 aborted seeds among total 444 seeds, Table 1). We
observed 13.4% aborted seed (82 aborted seeds among total 611 seeds) when the F3 triple
h1.1-1 h1.2-1 h1.3-1 mutant female was crossed with wild type Col-0 male, and 4.8%
aborted seed (27/562) in the reciprocal cross (Table 1). It seemed that the seed abortion
phenotype caused by the h1 mutation was different from that in mea (i.e. endosperm over
proliferation followed by seed collapse). The lack of mea-like seed abortion could be due to
very low expression of MEA in the triple h1.1-1 h1.2-1 h1.3-1 mutant. The reason might be
that the h1.2-1 and h1.3-1 mutants are not null alleles although we did not detect the
maternal MEA expression in the triple mutant under our RT-PCR conditions (Figure 3). In
Arabidopsis, suppression of histone H1 using RNAi approaches caused developmental
abnormalities (Wierzbicki and Jerzmanowski, 2005). In the F1 to F3 progeny, we did not
observe any developmental phenotype except some aborted seeds in the h1 mutant.
However, in the self-pollinated F4 triple mutant h1.1-1 h1.2-1 h1.3-1 progeny, we observed
some mutant plants showing small stature (Figure 6a), delayed flowering (Figure 6b), and
shorter siliques (Figure 6c). Since the abnormal developmental defects were observed in the
self-pollinated F4 generation and there was no genomic hypomethylation in the h1 mutant
(Figure S2), we speculate that sporadic developmental abnormalities can be due to
epigenetic alteration in the h1 mutant plants – an epiallele that is not associated with the H1
locus.

The histone H1 is not an imprinted gene in Arabidopsis
Since only the maternal H1 mutation affects expression of the maternal alleles of MEA,
FWA, and FIS2, whereas the H1 mutation from the paternal side has no effect (Figure 3), we
were curious whether the parent-of-origin effect of H1 on expression of MEA, FWA, and
FIS2 in endosperm was due to the imprinted feature of H1 itself. To test this hypothesis, we
crossed Col-0 with RLD, isolated embryo and endosperm RNA from crossed seed at 8 DAP,
and designed a dCAPS marker to distinguish the parental H1.2 allele. The result showed that
the histone H1.2 is not imprinted in either embryo or endosperm (Figure 7a).

We have shown that mutations in the maternal H1 affect methylation status of the maternal
MEA promoter and expression of the maternal MEA (Figure 3 and 4). We thought it was
because H1 is involved, directly or indirectly, in the DME-mediated DNA demethylation.
To exclude the possibility that DME expression was affected by the H1 mutation, we
examined expression of DME in ovules of the triple mutant h1.1-1 h1.2-1 h1.3-1 as well as
wild type. The result showed that DME expression in the triple mutant h1.1-1 h1.2-1 h1.3-1
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was similar to that in wild type (Figure 7b), suggesting that the H1 mutation did not affect
the DME activity.

DISCUSSION
Histone H1 affects gene imprinting

Genomic imprinting is an evolutionary conserved epigenetic phenomenon in mammals and
plants (Feil and Berger, 2007). Through genomic approaches, many imprinted genes have
recently been identified in Arabidopsis (Gehring et al., 2011; Hsieh et al., 2011; McKeown
et al., 2011; Wolff et al., 2011), rice (Luo et al., 2011), and mammals (Gregg et al., 2010a;
Gregg et al., 2010b), but detailed molecular mechanisms regulating genome imprinting is
still elusive. Our study shows that histones H1.1, H1.2, and H1.3 interact with DME in vitro
(Figure 1). Loss-of-function mutations in histone H1 result in a significant increase in DNA
methylation of the maternal MEA and FWA promoter (Figure 5) and cause a reduction in
the maternal MEA and FWA expression in endosperm (Figures 3 and 4). Interestingly, only
the maternal H1 mutation has effects on MEA and FWA imprinting whereas the H1
mutation from the paternal side has no effect (Figures 3 and 4). We found that the histone
H1.2 is not imprinted in either embryo or endosperm (Figure 7a). Differing from mammals
in gametogenesis, there is a haploid gametophytic growth stage: postmeiotic cell divisions
before fertilization in the flowering plants. DME expression is restricted to the central cell in
the female gametophyte, the progenitor of the endosperm (Choi et al., 2002). DME is also
expressed in the vegetative cell of pollen that is not involved in fertilization, but not in
sperm cells (Schoft et al.). When the maternal h1 mutant plant was crossed with a wild type
male, it is likely that the h1 mutation in the female gametophyte influences targeting of
DME to the imprinted MEA locus, thus affecting maternal MEA allele expression. Since
only the vegetative cell in pollen expresses DME and sperm cells involved in fertilization
does not express DME, the paternal wild type allele cannot rescue the defect caused by the
maternal h1 mutation. The result that h1 mutation from the male has no effect on MEA
imprinting suggests that H1 expression and its interaction with DME in the female
gametophyte is sufficient for sustaining the maternal MEA expression in the central cell and
endosperm.

Role of histone H1 in the DME-mediated DNA demethylation in the Arabidopsis genome
How is a DNA glycosylase like DME targeted to a specific locus or transposon to perform
its demethylase function in the genome? Does the plant with the h1 mutation fail to target
DME into the MEA locus in the central cell and lead to hypermethylation of the maternal
MEA promoter, thus resulting in reduced maternal MEA expression? It is likely that DME
interacts with some scaffold proteins, like H1 variants, to facilitate its localization to the
imprinted locus, MEA. One possibility is that mutations in histone H1 can abolish DME
targeting or reduce its efficiency, and result in an increase in DNA methylation in the MEA
promoter (Figure 5a), thus leading to reduced MEA expression in endosperm (Figure 3). It
has been reported that there is a significant increase of CpG methylation in the MEA
intergenic subtelomeric repeat (MEA-ISR) region in leaf tissues of the H1 RNAi plants
(Wierzbicki and Jerzmanowski, 2005), which is conceptually consistent with our result
(Figure 5a). How can histone H1 affect DNA methylation? Our results suggest histone H1
plays a direct or indirect role in the DME-mediated DNA demethylation. Little is known
what is the exact role of histone H1 in the DME-mediated DNA demethylation in the
genome, and we speculate the following possible mechanisms. First, histone H1 has basic
lysine-rich regions that interact with DNA (Hendzel et al., 2004; Fang et al., 2011) and this
might enhance DME binding to DNA in vivo. H1 variants have direct effects on chromatin
structure (Bustin et al., 2005; Fan et al., 2005), which might allow DME and/or transcription
factors to access the chromatin, thus activating MEA expression in the central cell. Second,
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it has been reported that other proteins can replace or exclude a nucleosome-specific histone
H1 variant and affect chromatin structure (Swindle and Engler, 1998; Ju et al., 2006). It is
possible that some histone H1 variants associated with the methylated locus like MEA or
transposable element can bring DME to DNA through their interaction, and then DME can
replace histone H1 variants and open up chromatin, thus demethylating the MEA locus and
activating its expression. Third, in our original yeast two-hybrid screen for DME-interacting
proteins (Figure 1 and as described in the result), we also uncovered other nuclear proteins
including transcription factors and proteins with motifs mediating protein-protein or DNA-
protein interactions, which can play a more direct role in targeting DME into a specific locus
in the genome. Characterization of other DME-interacting proteins might reveal molecular
mechanisms of how the DME DNA glycosylase performs its demethylation in the genome.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

T-DNA lines were ordered from ABRC for each of the three H1 genes, H1.1, H1.2, and
H1.3. The T-DNA insertion in h1.1-1 (SALK_128430C) was detected in the first exon by
amplifying a 493-bp PCR fragment with primers: SALK-128430-2, 5’-
GAATAAACGAAATCGAATCTC-3’ and LBa1, 5’-
TGGTTCACGTAGTGGGCCATCG-3’. The T-DNA insertion in h1.2-1 (SALK_002142)
was detected in the promoter 382-bp upstream of transcription start by amplifying a 633-bp
PCR fragment with primers: H1.2 promoter TDNA, 5’-
CGTATATTTCAGTAGAGGAAAACTTGCC-3’ and LBa1 (see above). The T-DNA
insertion in h1.3-1 (SALK_025209) was detected in the promoter 62-bp upstream of
transcription start by amplifying a 552-bp PCR fragment with primers: H1.3 promoter F2,
5’-CTCTGGTTTAAACTTTCTCCCATC-3 and LBa1. Once T-DNA insertions were found
in a plant, PCR amplification was used to determine homozygosity by amplifying an
endogenous gene fragment across the T-DNA insertion. A 930-bp endogenous fragment was
amplified in H1.1 with primers: 5’-CGGGATCCATGTCAGAGGTGGAAATAGAG-3’ and
5’-CCGCTGGAGTCACTTCTTAACCCTAGAAGA-3’; A 2074-bp endogenous fragment
was amplified in H1.2 with primers: H1.2 promoter TDNA (see above) and 5’-
GCGAGCTCTCACTTCTTAGCCTCCCTAG-3’; A 1405-bp endogenous fragment was
amplified in H1.3 with primers: 5’-GCCTCTCGGTAAATGTGGTAAA-3’ and 5’-
CGGGATCCTCAAGCAGCGGAAGCTT-3’. Three homozygous single mutants h1.1-1,
h1.2-1, and h1.3-1 were backcrossed to wild type for three times and then used to create the
double mutants (h1.1-1 h1.2-1, h1.1-1 h1.3-1, H1.2-1 h1.3-1) and the triple mutant (h1.1-1
h1.2-1 h1.3-1). Arabidopsis plants were grown in growth chambers or greenhouse under 16-
hour light and 8-hour dark at 23 °C.

Yeast two-hybrid screen and assay
The full-length DME was generated by PCR amplification, and fused with the GAL4 DNA
binding domain (DB) in pAS1 (Fan et al., 1997) and pGBKT7 (Wang et al., 2006). DME -
DB was used as a bait to screen cDNA libraries fused with the GAL4 DNA activation
domain (AD) in pACT as described (Fan et al., 1997; Wang et al., 2006). H1.2 was a
positive clone identified in the above yeast two-hybrid library screening. For experiments of
H1.1 and H1.3 interact with DME in yeast, Arabidopsis H1.1 and H1.3 were amplified by
PCR and fused with the GAL4 activation domain in pACT, H1.1-pACT (AD) and H1.3-
pACT (AD). The constructs were then transformed into the yeast containing DME-pAS1
(DB) and interaction clones were selected on yeast dropout media. The concentration of 3-
AT used in the selection medium was 12.5 mM if not specified. To measure β-galactosidase
activity, the qualitative assay using a filter lift and quantitative assay using liquid culture
were as described (Ausubel, 2008).
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Protein expression and purification
The construct for DME protein expression, c2x-DMEΔN677 was provided by Dr. Huh
(Mok et al., 2010). Expression of DMEΔN677 was performed as described (Gehring et al.,
2006). For the expression of MBP protein, BL21 cells containing pMAL-c2x (NEB) were
induced at 0.3 mM IPTG in LB medium at 37°C for 3 hours. MBP and MBP-tagged
DMEΔN677 fusion proteins were purified with amylose resin (NEB). To make the
expression construct for histone H1.2, the coding region of H1.2 gene was amplified by PCR
with primers H1.2Ex-F (5’-CGCGGATCCATGTCTATAGAGGAAGAAAACGTT-3’) and
H1.2Ex-R (5’-CGCCTCGAGTCACTTCTTAGCCTTCCTAGTCGA-3’) and cloned into
pGEX 4T-1 expression vector. The resulting plasmid was transformed into BL21 cells and
induced with 1 mM IPTG in LB medium at 24°C for 3 hours. GST and GST-H1.2 fusion
proteins were purified with glutathione-superflow resin (Clontech).

In vitro pull-down assay
GST or GST-tagged histone H1 proteins were immobilized on glutathione-superflow resin
and used as bait. The purified MBP or MBP-DMEΔN677 proteins as input were added to
the resin and incubated in TBS (25 mM Tris-HCl, 150 mM NaCl, pH7.2) on nutator at 4°C
for 3 hours. After four times of wash with TBS, the beads were resuspended in TBS and
protein loading buffer. The beads were boiled for 5 min and centrifuged at 12,000 rpm for 3
min. Input proteins and the supernatants were separated on 10% SDS-PAGE, blotted, and
detected by antibodies to MBP or GST.

Gene expression and imprinting analysis
For examining expression of histone H1.1, H1.2, and H1.3 in the respective mutant plants,
endosperm tissues from seed at 8-DAP of respective plants were isolated and total RNA was
extracted. Gene expression was examined by using semi-quantitative RT-PCR using 28–30
PCR amplification cycles. Primer pairs for amplifying cDNA of H1.1, H1.2 and H1.3 were:
H1.1-F1 and H1.1-R1; H1.2-Forward and H1.2-R1; H1.3-NcoI Y2H-pACT2 and H1.3-
Y2H-R1 BamHI, respectively. The primers used for histone H1 expression cover the entire
coding region of the genes, which distinguished cDNA from any possible genomic DNA
contamination in the assay. ACTIN (ACT) was used as a control for the experiment. For
investigating effects of histone H1 mutations on MEA imprinting in Arabidopsis, endosperm
tissues from seed of respective crosses at 8-DAP were collected and total RNA was isolated.
The MEA alleles from Col-0 and RLD were distinguished by a dCAPS marker and MEA
expression was examined by using RT-PCR as described (Kinoshita et al., 1999).
Expression of FWA and FIS2 was examined by using primers and RT-PCR as described
(Kinoshita et al., 2004; Jullien et al., 2006a).

dCAPS marker for H1-2
dCAPS marker was designed with the polymorphism PERL0376855 between Col-0 and Ler
ecotypes. PCR products amplified by primers dCAPS-F (5’-
GTTCCAACGACTGTTGACTCAGGAGCAGC-3’) and dCAPS-R (5’-GTATTG
ACTAGATCCAGTTCTCTCCTTC-3’) were digested with Pst I restriction enzyme and
separated on 3% agarose gel. The PCR product from Col-0 contains the Pst I site but the Ler
allele does not.

Bisulfite sequencing
Four independent triple mutant h1.1-1 h1.2-1 h1.3-1 plants were used in the genetic cross for
the bisulfite sequencing assay. Endosperm tissues from seed of respective crosses (Col-0 X
RLD and h1.1-1 h1.2-1 h1.3-1 X RLD) at 8-DAP were isolated and genomic DNA was
extracted as described (Rea et al., 2011). Genomic DNA was then digested with Xho I and
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Pst I followed by bisulfite treatment. The bisulfite conversion was performed using
Methylcode Bisulfite Conversion Kit (Invitrogen). After conversion, the MEA promoter at -
500 bp region was PCR-amplified by using primers mea7520TFc and mea7933TRc for the
top strand, mea7529F and mea7935R for the bottom strand, PCR fragments were then
cloned into pCR2.1-TOPO vector (Invitrogen) and positive colonies were selected for
sequencing as described (Xiao et al., 2003). The sequences from the maternal MEA allele
from Col-0 background were differentiated from those from the paternal RLD allele based
on the polymorphism in the region between Col-0 and RLD ecotypes (Gehring et al., 2006).
For bisulfite sequencing 5’ repeats of FWA, bisulfite treatment was the same as described
above, but two rounds of semi-nested PCR were used to amplified the fragment of 5’
repeats. The first round PCR cycling condition was as described (Pappas et al., 2009). 0.5 µl
of first round PCR product was used as template for the second round PCR. The PCR
cycling condition for second round PCR was 94°C for 1 min; 30 cycles of 94°C for 30 sec,
55°C for 30 sec, 72 °C for 1 min; 72°C for 5 min. To amplifying the top strand of 5’ repeats
of FWA, primers used in the first round PCR were FWA-top F (5’-
GGTTTTATATTAATATTAAAGAGTTATGGGTYGAAGTTT-3’) and FWA-top R (5’-
CAAAATACTTTACACATAAACRAAAAACAAACAAATCRAA-3’) as described (Chan
et al., 2006), and primers for the second round were FWA-top F and FWA-TR2 (5’-
AACCAAAATCATTCTCTAAACAAAATRTAAAAAAATC-3’). To amplifying the
bottom strand of 5’ repeats of FWA, primers FWA-bottom F (5’-
TAAAGTATTTTATATATAAGYGAAAAATAGATAAATTGG-3’) and FWA-bottom R
(5’-AATTCTATACTAATATCAAAAAATTATAAACCRAAACCC-3’) were used for the
first round PCR, and primers FWA-BF1 (5’-
TTCTATACTAATATCAAARARTTATRRRCCRAARCCC-3’) and FWA-BR2 (5’-
TAAAYAAAATGTAAAAAAATYTGATTTTTGGYTGA-3’) were used for the second
round PCR. The maternal FWA allele (Col-0 ecotype) and paternal FWA allele (Ler
ecotype) in the cross were distinguished based on the DNA sequence polymorphisms (Soppe
et al., 2000).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histone H1 proteins interact with DME
(a) Histone H1.2 interacts with DME in yeast. Histone H1.2 was isolated as a positive clone
in a yeast two-hybrid screening of Arabidopsis cDNA library by using DME as a bait. Full-
length DME fused with the GAL4 DNA binding domain, DME-pAS1 (DB), interacts with
H1.2 fused with the GAL4 activation domain, H1.2-pACT (AD) (Fan et al., 1997). The
concentration for 3-AT was 12.5 mM. The X-Gal qualitative and quantitative assays were as
described (Ausubel, 2008). *The unit for galactosidase activity in the quantitative assay was
1000 × (A420−1.75 × A550)/(t (in minutes) × v (volume in ml) × OD600) in Figures 1a and
1c.
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(b) H1.2 interacts with DME in vitro. GST or GST-H1.2 were immobilized on glutathione-
superflow resin and used as bait to pull down MBP or MBP-DME. Proteins bound to the
resin were separated by SDS-PAGE, blotted and probed with antibodies to MBP or GST. A
partial DME with the N-terminal deletion (DMEΔN677) was used for the fusion protein
(MBP-DME) as described (Gehring et al., 2006).
(c) H1.1 and H1.3 interact with DME in yeast. Full-length DME fused with the DNA
binding domain, DME-pAS1 (DB), interacts with H1.1 and H1.3 fused with the GAL4
activation domain, H1.1-pACT(AD) and H1.3-pACT (AD), respectively. The concentration
for 3-AT was 12.5 mM. The X-Gal assay was as described above in Figure 1a.
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Figure 2. Three histone H1 genes H1.1, H1.2, and H1.3 in Arabidopsis
(a) Gene structures of H1.1, H1.2, and H1.3 as well as their respective mutant alleles are
shown. Filled and open rectangles represent exons and 5’ untranslated region (UTR),
respectively. Lines represent introns or promoter. ATG and TGA indicate the translational
start and stop codons, respectively. Arrows indicate the locations of T-DNA insertion.
h1.1-1 has a T-DNA insertion in the first exon (+ 215 bp relative to transcription start).
h1.2-1 and h1.3-1 have a T-DNA insertion in the promoter (− 382 bp and − 62 bp relative to
transcription start, respectively).
(b) Expression of histone H1.1, H1.2, and H1.3 in their respective mutants. Endosperm
tissues from seed at 8-DAP of respective genotypes were collected and total RNA was
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isolated. Gene expression was examined by using semi-quantitative RT-PCR. ACTIN
(ACT) was used as a control for the experiment.

Rea et al. Page 17

Plant J. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Mutations in histone H1 affect MEA imprinting in Arabidopsis endosperm
(a) MEA expression is reduced or undetected in self-pollinated histone h1 mutants.
(b) The maternal histone h1 mutation diminishes or abolishes MEA expression in
endosperm.
(c) The paternal histone h1 mutation has no effect on expression of MEA in endosperm.
Endosperm tissues from seed at 8-DAP of respective crossed siliques were collected and
total RNA was isolated. All h1 mutants are in Col-0 background and the maternal parent
was shown first in the crosses (♀ X ♂). The MEA alleles from Col-0 and RLD were
distinguished by a dCAPS marker. MEA expression was examined by using semi-
quantitative RT-PCR.
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Figure 4. Mutations in histone H1 affect FWA and FIS2 imprinting in Arabidopsis endosperm
(a) The maternal histone h1 mutation diminishes maternal FWA expression in endosperm.
(b) The maternal histone h1 mutation reduces maternal FIS2 expression in endosperm.
Endosperm tissues from seed at 8-DAP of respective crossed siliques were collected and
total RNA was isolated. All h1 mutants are in Col-0 background and the maternal parent
was shown first in the crosses (♀ X ♂). The FWA and FIS2 alleles from Col-0 and Ler were
distinguished as described (Kinoshita et al., 2004; Jullien et al., 2006a). FWA and FIS2
expression was examined by using semi-quantitative RT-PCR. ACTIN (ACT) was amplified
from the cDNA as a control.
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Figure 5. Histone H1 mutations result in hypermethylation of the maternal MEA and FWA allele
in endosperm
(a) The maternal histone h1 mutation causes hypermethylation of the maternal MEA allele
in endosperm. DNA methylation profile of the maternal and paternal MEA allele in −500 bp
in endosperm of crossed seeds was shown. DNA was isolated from endosperm, treated with
bisulfite, PCR amplified, cloned, and sequenced. Bisulfite sequencing results are from the
genomic endosperm DNA of the crossed siliques of four different triple mutant h1.1-1
h1.2-1 h1.3-1 plants. “n” represents the number of total clones that were sequenced in the
bisulfite sequencing.
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(b) The maternal histone h1 mutation results in increased CG methylation of the maternal 5’
repeats of FWA in endosperm. DNA methylation profile of the maternal and paternal FWA
allele in 5’ repeats in endosperm of crossed seeds were shown. Bisulfite sequencing was
done as described above in Figure 5a. “n” represents the number of total clones that were
sequenced in the bisulfite sequencing.
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Figure 6. The triple mutant h1.1-1 h1.2-1 h1.3-1 shows abnormal developmental phenotypes
(a) Wild type Col-0 and the F4 generation triple mutant h1.1-1 h1.2-1 h1.3-1 plants at 6
weeks old. The h1.1-1 h1.2-1 h1.3-1 mutant plant shows delay in flowering and small
stature.
(b) Wild type Col-0 and the F4 generation triple mutant h1.1-1 h1.2-1 h1.3-1 plants at 10
weeks old. The h1.1-1 h1.2-1 h1.3-1 mutant plant shows delayed flowering, small stature
and is almost infertile.
(c) Siliques of wild type Col-0 and the F4 generation triple mutant h1.1-1 h1.2-1 h1.3-1
plant. The mutant siliques are shorter and have fewer or no seeds.
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Figure 7. H1.2 is not imprinted in embryo or endosperm and the H1 mutation does not affect
expression of DME in ovules
(a) Both maternal and paternal H1.2 alleles were detected in embryo or endosperm of 8-
DAP seed in the cross between Col-0 and RLD. A fragment of H1.2 cDNA was amplified
by PCR, and digested with PstI to distinguish a dCAPS marker between Col-0 and RLD at
the H1.2 locus.
(b) DME expression in wild type Col-0 and the triple mutant h1.1-1 h1.2-1 h1.3-1. RNA was
isolated from the ovule tissues of wild type and the mutant plants and used for RT-PCR
examination of DME expression.
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Table 1

Seed abortion caused by the H1 mutation

Parental Genotype
(Female X Male)a

Viable
Seed

Aborted Seed Total Seed Seed Abortion
(%)

h1.1-1 h1.2-1 h1.3-1 X h1.1-1 h1.2-1 h1.3-1 370 74 444 16.7

h1.1-1 h1.2-1 h1.3-1 X Col-0 529 82 611 13.4

Col-0 X h1.1-1 h1.2-1 h1.3-1 535 27 562 4.8

a
The F3 progeny of the h1.1-1 h1.2-1 h1.3-1 mutant plants were used in the genetic crosses.
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