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Introduction

Histone modifications such as methylation and
acetylation in the chromatin surrounding a gene are thought
to regulate transcriptional activity. In this study, to determine
whether dynamic changes occur in histone modification on
the loci of stress-responsive genes in plants, we chose rice
submergence-inducible ADH1 and PDC1 genes. When
submerged, the rice ADH1 and PDC1 genes were activated
in a biphasic manner: the first and second inductions occurred
after approximately 2 and 12 h of submergence, respectively.
Their expression was transcriptionally induced as shown by
increased binding of RNA polymerase II to the ADH1 and
PDC1 loci during submergence. The Lys4 residues of the
histone H3 proteins (H3-K4s) at both the 50 - and 30 -coding
regions of ADH1 and PDC1 were found to change from
a di-methylated state to a tri-methylated state at the
first induction period. On the other hand, acetylation
of H3 increased throughout ADH1 and PDC1 genes at the
later induction period. The methylation and acetylation
levels recovered to the initial levels during re-aeration.
Treatment of seedlings with a histone deacetylase (HDAC)
inhibitor, trichostatin A, increased acetylation of histones
H3 and association of RNA polymerase II on the ADH1 and
PDC1 loci, thereby increasing transcript levels of ADH1 and
PDC1. Together, these results showed dynamic and reversible
changes of histone H3-K4 methylation and H3 acetylation in
stress-responsive genes in a higher plant in response to the
appearance or disappearance of an environmental stress.

Chromatin, a highly structured complex of DNA
and nuclear proteins, is dynamically modified during
several physiological processes including transcription.
Modifications mainly occur on the nucleosome, the basic
repeated unit of chromatin, which is formed by wrapping
approximately 146 bp of DNA around a histone octamer
(comprised of two of each of the histones H2A, H2B,
H3 and H4) (Khorasanizadeh 2004). The N-termini
of the histones undergo several covalent modifications,
such as methylation, acetylation, phosphorylation,
ADP-ribosylation and ubiquitination. Combinations of
these modifications are believed to generate ‘histone
codes’ that provide docking sites for proteins that are
needed to regulate chromatin-related processes (Strahl
and Allis 2000).
Histone methylation and acetylation play important
roles in gene expression and chromatin states (Kurdistani
and Grunstein 2003, Sims et al. 2003). Methylation of
Lys4 of histone H3 (H3-K4) is generally associated with
transcriptionally active chromatin, and methylation of
Lys9 of histone H3 (H3-K9) generally correlates with
transcriptionally repressed states and is often observed
in heterochromatin (Sims et al. 2003). In particular,
it has been suggested that di-methylation of H3-K4
correlates with the ‘permissive’ state of chromatin, in
which genes are either active or potentially active,
and tri-methylation of H3-K4 is linked to ‘ongoing’
transcription (Santos-Rosa et al. 2002, Ng et al. 2003,
Schneider et al. 2004). Euchromatic regions, which are
actively transcribed regions, contain highly acetylated
nucleosome histones, and heterochromatic regions, which
are transcriptionally repressed, contain less acetylated
nucleosome histones (Chua et al. 2001, Kurdistani
and Grunstein 2003). Acetylation states are maintained
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by the opposing actions of histone acetyltransferase
(HAT) and histone deacetylase (HDAC), and thus are
reversible (Kurdistani and Grunstein 2003). Unlike histone
acetylation, histone methylation has long been considered
a stable and irreversible modification. However,
recent identification of histone demethylases such as
LSD1 (Shi et al. 2004, Metzger et al. 2005) and the
JmjC domain-containing proteins (Tsukada et al. 2006,
Whetstine et al. 2006, Yamane et al. 2006) suggests
that histone methylation is not a permanent modification
but a reversible mark. Histone methylation is also
removed by the exchange of methylated histones
with unmodified histones (Sims et al. 2003, Janicki et al.
2004). To our knowledge, however, there have been
no reports of dynamic changes of histone methylation
in plants.
Because plants are sessile, their ability to respond
quickly to stressful environmental conditions, such as
submergence/waterlogging, cold and drought, is crucial
for adaptation and survival. Thus, it is important that
gene expression is dynamically controlled in response
to environmental changes. The gene expression may be
partly regulated by dynamic changes in histone
modification (Reyes et al. 2002, Loidl 2004). If histone
modifications play a direct role in gene expression
in response to a stress, the modifications should be
reversible, i.e. they should depend on the presence or
absence of the stress. In higher plants, there is increasing
evidence of regulation of gene expression by histone
acetylation and methylation (Chua et al. 2003,
Ausin et al. 2004, Bastow 2004, Sung and Amasino 2004,
Zhou et al. 2005). However, it is not known whether
histone modifications in plants are dynamically and
reversibly controlled in response to stress. Although
cold exposure in Arabidopsis was found to alter the
levels of histone H3 acetylation and H3-K9 and K27
methylation in a flowering repressor, FLOWERING
LOCUS C (FLC) (Bastow 2004, Sung and Amasino
2004), the changes were not reversible, i.e. they resulted in
a stable and irreversible gene silencing of FLC gene
expression. Here we report dynamic and reversible changes
in histone H3-K4 methylation and H3 acetylation of rice
submergence-inducible alcohol dehydrogenase 1 (ADH1)
and pyruvate decarboxylase 1 (PDC1) genes in response to
the presence or absence of stress. We chose the two genes
as a model system because their expression is reversibly
activated or repressed in response to changes of oxygen
status (Tsuji et al. 2000). Using chromatin immunoprecipitation (ChIP) and quantitative real-time PCR (qPCR),
we demonstrate the occurrence of dynamic and
reversible changes of histone H3-K4 methylation and H3
acetylation on chromatin containing the submergenceresponsive genes.

Results
Effect of submergence and re-aeration on gene expression
We used reverse transcription–quantitative PCR
(RT–qPCR) to monitor ADH1 and PDC1 mRNA levels
in rice roots during submergence. Signal intensity was
normalized by dividing it by the signal intensity of 17S
rRNA. Two hours after rice seedlings were completely
submerged, transcripts of ADH1 and PDC1 began to
increase (Fig. 1). The ADH1 and PDC1 transcript levels
decreased from 6 to 12 h, and then increased again. When
the submerged plants were re-aerated, ADH1 and PDC1
transcripts decreased to the initial levels (Fig. 1). The
transient decrease of ADH1 and PDC1 mRNA levels at
12 h after submergence was reproducible (n ¼ 5) under our
conditions, suggesting that expression of the ADH1 and
PDC1 genes in rice roots was activated in a biphasic
manner.
Changes of RNA polymerase II association
To determine whether the increase of ADH1 and PDC1
mRNA levels during submergence is due to an increase
of transcription rather than to a decrease of mRNA
submergence
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Fig. 1 Representative graphs showing the effects of submergence
on transcription of submergence-responsive genes. Real-time
RT–PCR analyses of ADH1 and PDC1 were performed using total
RNA extracted from rice roots. Nine-day-old rice seedlings were
completely submerged for 24 h and then re-aerated. Seedling roots
were harvested at the indicated times during submergence and
following re-aeration (filled circles), and during aerobic control
conditions (open circles). The real-time RT–PCR was performed
three times for each RNA template. Data show mean values  SD
of three separate PCR analyses. The RT–PCR experiments were
done three times or more using different RNA samples for the
template. Similar results were obtained for each experiment.
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re-aeration, we monitored the di-methylation and trimethylation states of histone H3-K4 of ADH1 and PDC1
loci at various time points (Figs. 3 and 4).
In all three regions (promoter, 50 -coding region and
0
3 -coding region) of ADH1, the relative abundance of
di-methyl H3-K4 decreased after submergence and then
increased during re-aeration (Fig. 3). Similar results were
obtained for the PDC1 gene (Fig. 3).
The relative abundance of tri-methyl H3-K4 in the
promoter region remained unchanged or slightly decreased
during submergence (Fig. 4). However, in the 50 - and
30 -coding regions, tri-methylation of H3-K4 started to
increase at about 2 h after the start of submergence,
continued to increase until the submerged plants were
re-aerated (24 h after submergence), and then dropped to
the initial state after re-aeration (Fig. 4). The increase
during submergence started at almost the same time that
the association of RNA pol II with these genes started to
increase (Fig. 2).
We failed to detect any di-methylation of H3-K9
on any of the genes we examined in this study
(data not shown). This may have been because H3
histones with di-methylated K9 residues are mainly
localized at heterochromatic regions or because the
reactivity of the antibody used in our study was too low
for our procedure.

degradation, we carried out ChIP experiments using an
antibody against RNA polymerase II (RNA pol II). The
RNA pol II-ChIP, like the conventional run-on transcription assay, is a method for estimating transcriptional
activity in vivo. However, unlike the run-on transcription
assay, it does not require the laborious isolation of highly
purified nuclei (Sandoval et al. 2004). The binding of RNA
pol II to all three regions (promoter, 50 -coding region and
30 -coding region) of ADH1 and PDC1 loci increased during
submergence and reverted to the initial levels following
re-aeration (Fig. 2), suggesting that the in vivo transcription
was enhanced under submergence. The promoter regions
for ADH1 and PDC1 (–206 to –83 nucleotides and –894
to –699 nucleotides from the transcription initiation sites,
respectively) contain predicted anaerobic responsive
elements (AREs), which are cis-elements required for
induction of gene expression under anaerobic conditions
(Olive et al. 1990, Kyozuka et al. 1994). Because genomic
DNA was cut into 0.5–1.0 kb fragments in our ChIP assay,
the PCR amplification of the ADH1 or PDC1 promoter
regions might detect RNA pol II association or histone
modification downstream of the transcription start site (i.e.
the 50 untranslated region) as well as the promoter regions.
The RNA pol II association levels (Fig. 2), unlike
the mRNA levels (Fig. 1), did not decrease at 12 h
after submergence. These data suggest that the increases
of ADH1 and PDC1 mRNA are due to induction
of transcription, but the biphasic pattern of their
mRNA accumulations may be due to some type of posttranscriptional regulation, which decreases the number
of transcripts at around 12 h after submergence.

Changes of histone H3 acetylation
The kinetic ChIP analyses showed that H3 histones
were gradually acetylated at all three regions of the genes
under submerged conditions, and the acetylation state of
histone H3 reverted to the initial levels following re-aeration
(Fig. 5). In this case, the start of the increase of H3
acetylation (Fig. 5) occurred after the start of the increase of
ADH1 and PDC1 transcripts (Fig. 1) and the RNA pol II
association (Fig. 2). This suggests that histone acetylation

Changes of histone H3-K4 di-methylation and tri-methylation
To examine whether the histone H3-K4 methylation
states on the ADH1 and PDC1 chromatin dynamically
change under submerged conditions and following
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Fig. 2 Representative graphs showing the effects of submergence on
association of RNA pol II with submergence-responsive genes. Nineday-old rice seedlings were completely submerged for 24 h and then reaerated. Seedling roots were harvested
at the indicated times during submergence and following re-aeration (filled
diamonds) and during aerobic control
conditions (open diamonds). ChIP
assays were performed using an antibody against RNA pol II. Values are
the mean  SD of three separate realtime PCR runs in a ChIP experiment.
The experiments were done two or
three times with similar results.
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Fig
4 Representative
graphs
showing the effects of submergence
on tri-methylation of histone H3Lys4 at
submergence-responsive
genes. Plants were grown and
treated as in Fig. 2. ChIP assays
were performed using an antibody
against tri-methylated histone H3 at
Lys4. Values are the mean  SD of
three separate real-time PCR runs
in a ChIP experiment. The experiments were done two or three times
with similar results.
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Fig. 3 Representative graphs
showing the effects of submergence
on di-methylation of histone H3Lys4 at
submergence-responsive
genes. Plants were grown and
treated as in Fig. 2. ChIP assays
were performed using an antibody
against di-methylated histone H3 at
Lys4. Values are the mean  SD of
three separate real-time PCR runs
in a ChIP experiment. The experiments were done two or three times
with similar results.
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Fig. 5 Representative graphs
showing the effects of submergence
on acetylation of histone H3 at
submergence-responsive
genes.
Plants were grown and treated as
in Fig. 2. ChIP assays were performed using an antibody against
acetylated histone H3. Values are
the mean  SD of three separate
real-time PCR runs in a ChIP
experiment. The experiments were
done two or three times with
similar results.
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does not function at the first induction step of ADH1 and
PDC1 expression. If this is the case, then what is the
function of H3 acetylation? One possibility is that H3
acetylation enhances the expression of ADH1 and PDC1 at
the late stage, which starts at about 12 h after submergence.
Treatment of seedlings with trichostatin A (TSA), which
hyperacetylates histones H3 and H4, for 6 h significantly
induced H3 acetylation in the 50 -coding region (Fig. 6A) as
well as in the promoter and 30 -coding regions (data not
shown) of ADH1 and PDC1, even under aerobic conditions.
Transcript levels increased with increasing concentration
of TSA (Fig. 6B). To examine whether increased acetylation
leads to enhanced transcription, we investigated the
binding of RNA pol II to the ADH1 and PDC1 loci
during TSA treatment. As shown in Fig. 6C, RNA pol II
was increasingly associated with these loci. These results
suggest that increased histone H3 acetylation can enhance
ADH1 and PDC1 expression via increased association
of RNA pol II. Hence, the increase of histone H3
acetylation observed during submergence may enhance
activation of ADH1 and PDC1 gene expression.

Discussion
The histone H3-K4 methylation state of the chromatin
at the ADH1 and PDC1 genes (Figs. 3 and 4) changed
dynamically in accordance with the change in transcription
(Figs. 1 and 2). This suggests that tri-methylation of H3-K4
is associated with active transcription in plants as well as in
mammals and yeast. The changes in the tri-methyl H3-K4
states (Fig. 4) at the 50 - and 30 -coding regions of ADH1 and
PDC1 were in inverse proportion to the changes in the
di-methyl H3-K4 states (Fig. 3). This suggests that
di-methyl H3-K4 was converted to tri-methyl H3-K4 by
histone methyltransferase activity when the ADH1 and
PDC1 genes were activated under submerged conditions.
This is shown schematically in Fig. 7. When rice plants
were re-aerated, H3-K4 methylation changed from a trimethylated state to a di-methylated state at the 50 - and
30 -coding regions of ADH1 and PDC1 (Figs. 3 and 4). This
result suggests that histone methylation is dynamically
controlled. If this is the case, how is the methyl turnover of
the histone tail regulated? One possible mechanism is that
demethylation of tri-methyl H3-K4 to di-methyl H3-K4
increases methyl turnover of the histone tail. Several recent
studies have found evidence for proteins with demethylase
activity, including a histone H3-K4-specific or H3-K9specific histone demethylase (LSD1) (Shi et al. 2004,
Metzger et al. 2005), and three JmjC domain-containing
proteins with specific demethylase activities. The latter
include JHDM1 (Tsukada et al. 2006) and JHDM2A
(Yamane et al. 2006), which demethylate only di- or
mono-methylated histone H3 at K36 and K9, respectively,
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and JMJD2 that reverses tri-methylated histone H3-K9
or H3-K36 to di- but not mono- or unmethylated histone
H3 (Whetstine et al. 2006). Although a demethylase specific
to tri-methyl H3-K4 has not yet been identified, it is
possible that such a demethylase contributes to the
reversion of H3-K4 methylation states in rice. Another
possible mechanism involves histone exchange (Sims et al.
2003, Janicki et al. 2004), in which histone H3 trimethylated at K4 is first replaced by an unmodified histone
H3, and then the unmodified H3 is di-methylated by histone
methyltransferase.
Tri-methylation of H3-K4, which is catalyzed by
a histone methyltransferase (e.g. Set1), has been shown to
be coupled to transcription by RNA pol II (Sims et al.
2004). Consistent with this evidence, the increase of RNA
pol II association (Fig. 2) occurred at almost the same
time as the increase of histone tri-methylation (Fig. 4) when
the submergence-inducible genes were activated. These
data suggest that the transcription-coupled H3-K4 trimethylation is also used in stress-responsive gene expression in plants. In yeast and chicken, tri-methylation of
H3-K4 accumulates near the 50 -coding region of genes
(Santos-Rosa et al. 2002, Ng et al. 2003, Schneider et al.
2004). Because the tri-methyl H3-K4 states at the 50 - and 30 coding regions of ADH1 and PDC1 increased under
submergence (Fig. 4), tri-methylation of H3-K4 in plants
may not be limited to the 50 -coding region and may extend
to the 30 portions of the genes.
Changes in gene expression through histone modifications as a result of environmental change have also been
observed in winter-annual Arabidopsis lines. In these lines,
exposure to prolonged cold attenuates expression of the
flowering-repressor FLC through methylation of histone
H3-K9 and H3-K27 at the promoter and first intron of the
FLC gene, thereby promoting their flowering when spring
comes (Sung and Amasino 2004). However, unlike the
histone modifications at the ADH1 and PDC1 loci, those
at the FLC locus are irreversible.
The acetylation states of histone H3 at all three regions
of the ADH1 and PDC1 genes increased under submergence
(Fig. 5). This was also the case for the acetylation
state of histone H4 (data not shown). We also found
that the times at which ADH1 and PDC1 transcription
started to increase occurred before the start of the
increase of histone acetylation at the corresponding
genes (Figs. 1, 2, 5). Together, these results suggest that
histone acetylation is not required for the initial step
of induction of ADH1 and PDC1 gene expression by
submergence. However, the finding that histone acetylation
can induce ADH1 and PDC1 gene expression even under
aerobic conditions (Fig. 6) suggests that it is involved in
enhancing the late phase of ADH1 and PDC1 expression
during submergence. In fact, increased acetylation leads
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states occurring in chromatin at the submergenceresponsive genes in response to changes of oxygen
availability as a result of submergence and re-aeration.
Many questions remain about how histone modifications,
such as methylation and acetylation, are involved in
the regulation of gene expression in plants in
response to environmental stresses. Submergenceresponsive genes in rice may be a good model for answering
these questions.

Materials and Methods
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Fig. 6 Effects of trichostatin A (TSA) on ADH1 and PDC1
transcription, nucleosome histone acetylation and RNA pol II
association in these genes. (A) ChIP analyses using acetylated H3
antibodies in the 50 -coding regions of ADH1 and PDC1. Nine-dayold rice seedlings were treated by 500 mM TSA for 6 h, and roots
were harvested and analyzed. (B) Nine-day-old rice seedlings were
treated with the indicated concentrations of TSA for 6 h. Relative
amounts of ADH1 and PDC1 mRNA in rice roots, as determined
by quantitative real-time RT–PCR. (C) ChIP analyses using RNA
pol II antibodies in the 50 -coding regions of ADH1 and PDC1.
Nine-day-old rice seedlings were treated by 500 mM TSA for 6 h,
and roots were harvested and analyzed.

to increased RNA pol II association with the ADH1 and
PDC1 loci (Fig. 6C).
In conclusion, we observed dynamic and reversible
changes of the histone methylation and acetylation

Plant materials and treatments
Rice (Oryza sativa L., cv. Nipponbare) seedlings were
grown in the light at 288C for 9 d. For submergence treatment,
aerobically grown seedlings were completely submerged in water
in the dark at 288C. After 24 h of submergence, seedlings were
returned to aerobic conditions in the dark at 288C. Aerobic
control plants were kept for 48 h in the dark. For TSA treatments,
seedlings were placed in 1.55% dimethylsulfoxide (DMSO)
solution containing various concentrations of TSA (Wako
Chemical, Tokyo, Japan) for 6 h.
RNA extraction and quantitative real-time RT–PCR
For RNA extraction, roots of seedlings were harvested
and immediately frozen in liquid nitrogen. RNA was extracted
using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA).
qPCR was carried out with an ABI PRISM 7700 sequence
detection system (Applied Biosystems, Foster City, CA, USA)
using Quantitect SYBR Green RT–PCR master mix (Qiagen)
according to the manufacturer’s protocol. Primers used for the
qPCR are listed in Table 1. A cDNA clone or a cDNA fragment
of each gene was used to make standard curves for quantification.
Experiments were repeated two or more times and similar
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Table 1
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List of primers used in this study

Name

Sequence

ADH1-RT-fwd
ADH1-RT-rev
PDC1-RT-fwd
PDC1-RT-rev
17S-RT-fwd
17S-RT-rev
ADH1-pro-fwd
ADH1-pro-rev
ADH1-50 -fwd
ADH1-50 -rev
ADH1-30 -fwd
ADH1-30 -rev
PDC1-pro-fwd
PDC1-pro-rev
PDC1-50 -fwd
PDC1-50 -rev
PDC1-30 -fwd
PDC1-30 -rev
ScACT1-fwd
ScACT1-rev

TCATCCGCATGGAGAACTA
CCGTATATCATCATTCACCC
GCAACTGCTGGACAAAGAAG
TGGCAGCCCAGCCAATTTCG
TCCTACCGATTGAATGGTCC
CTTGTTACGACTTCTCCTTCCTC
AAACAGCGGCTGCAATTC
GAGGTTTCGCCACTTCCTTC
TCAAGTGCAAAGGTCAGTGC
CGCCGCTCCAGTAATAAAAT
GCTGGAGGTGGAGAAGTTCA
CCAACACCATAATCCCCTGA
GCTAGGCGTTACAGCGTAGC
CATTCAGTCCAGCCGACAAG
CTCCAACGCCGTCATCAAC
TAGTCGAGCAGGGTGAGGTT
CCAAGAAAGACTGCCTCTGC
TGAGAAGACGAGCAGCAAGA
TTTTTCACGCTTACTGCTTTTT
GGGACCGTGCAATTCTTCT

results were obtained. In each experiment, qPCR was performed
three times.
Chromatin immunoprecipitation (ChIP)
This method determines the relative abundance of histones
in particular states that are attached to different regions of
particular genes. For example, it might show that di-methylation
of H3-K4s in the 30 fragments of a particular gene decreases
during submergence. In brief, chromatin was fixed and broken up
into fragments corresponding to 500–1,000 bp of DNA. Fragments
associated with RNA pol II or fragments containing di-methyl
H3-K4, tri-methyl H3-K4 or acetyl H3 were immunoprecipitated,
and the numbers of copies of fragments that contain portions
(promoter, 50 and 30 regions) of the ADH1 and PDC1 genes
were then quantified with real-time PCR. For ADH1, the
promoter, 50 region and 30 region were defined as nucleotides –
206 to –83, 137 to 239, and 2,891 to 3,031, respectively, where
nucleotide 1 is the transcription initiation site. The corresponding
regions of PDC1 were nucleotides –894 to –699, 206 to 346, and
2,329 to 2,470. The detailed procedure is given in the following
paragraphs.
Unless stated otherwise, all procedures were done at 48C.
Rice seedlings were harvested and immediately immersed in crosslinking buffer [0.4 M sucrose, 10 mM Tris–HCl (pH 8.0), 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1%
formaldehyde] under vacuum at room temperature for 30 min.
Cross-linking was stopped by adding glycine to a final concentration of 82 mM, and incubation was continued for another 5 min.
After washing the plants in water, the roots were cut off and frozen
in liquid nitrogen.
The frozen roots were powdered using a Multi-Beads
Shocker (Yasui Kikai, Osaka, Japan). The powder was suspended

Experiment
RT–PCR
RT–PCR
RT–PCR
RT–PCR
RT–PCR
RT–PCR
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP

Amplicon
ADH1
ADH1
PDC1
PDC1
17S rRNA
17S rRNA
Promoter region of ADH1
Promoter region of ADH1
50 portion of ADH1 coding region
50 portion of ADH1 coding region
30 portion of ADH1 coding region
30 portion of ADH1 coding region
Promoter region of PDC1
Promoter region of PDC1
50 portion of PDC1 coding region
50 portion of PDC1 coding region
30 portion of PDC1 coding region
30 portion of PDC1 coding region
50 portion of yeast ACTIN1 coding region
50 portion of yeast ACTIN1 coding region

in lysis buffer [50 mM HEPES-NaOH (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 0.1% (w/v) sodium deoxycholate, 10 mM
sodium butyrate, 1% (v/v) Triton X-100, 0.1% (w/v) SDS,
Complete Tablet (protease inhibitor cocktail; Roche Diagnostics,
Germany)] and sonicated so that DNA was broken into
approximately 500–1,000 bp fragments. The mixture was centrifuged at 3,000 r.p.m. for 5 min. The final supernatant was used
for immunoprecipitation.
For internal standards of ChIP experiments, we extracted
cross-linked solutions from yeast (Saccharomyces cerevisiae). Yeast
strain AH109 (BD Biosciences, San Jose, CA, USA) was cultured
in YPDA medium until the OD600 reached 0.8. Cellular proteins
and DNA were cross-linked by addition of formaldehyde
[final concentration: 1% (v/v)] for 15 min and then the crosslinking was stopped by adding glycine to a final concentration
of 82 mM. The yeast cells were centrifuged and suspended in lysis
buffer, vortexed with glass beads and centrifuged. The supernatant
was sonicated.
Extracts from rice and yeast were pre-cleaned by rotating
with 1/100 volume of protein A–agarose (50% slurry) (TOYOBO,
Tokyo, Japan) in salmon sperm DNA (Roche Diagnostics) for 2 h.
After centrifugation at 3,000 r.p.m., extracts from the yeast and
rice were mixed at a ratio of 1 : 5 (v/v). A 4 ml aliquot of antibodies
against di-methylated histone H3 at Lys4 (#07-030; Upstate
Biotechnology, Lake Placid, NY, USA) or acetylated histone
H3 at Lys9 and Lys14 (#06-599; Upstate Biotechnology), 8 ml of
antibodies against tri-methylated histone H3 at Lys4 (#ab8580;
Abcam, Cambridge, UK) or di-methylated histone H3 at Lys9
(#07-212; Upstate Biotechnology), or 45 ml of an antibody against
RNA pol II (#sc-900; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was added to 600 ml of mixed extract. Extracts were
incubated overnight with rotation, and 1/10 volume of protein
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A–agarose (50% slurry) in the salmon sperm DNA was added and
incubated with rotation for 2 h. Input DNA controls were not
immunoprecipitated, and no antibody controls were immunoprecipitated without antibody. The agarose beads were collected by
centrifugation, washed twice with lysis buffer, once in LNDET
[0.25 M LiCl, 1% (v/v) NP-40, 1% (w/v) sodium deoxycholate,
1 mM EDTA, 10 mM Tris-HCl (pH 8.0)] and three times in TE
[10 mM Tris–HCl (pH 8.0), 1 mM EDTA]. The immuno-complexes
were eluted twice from the beads in elution buffer [1% (w/v)
SDS, 0.1 M NaHCO3] at 658C, and mixed with NaCl to a final
concentration of 0.3 M. To reverse the cross-linking, the
eluted solutions were incubated at 658C overnight, treated with
RNase A at 378C for 1 h, and treated with proteinase K
(TAKARA SHUZO CO., LTD, Kyoto, Japan) at 458C for 1 h.
Immunoprecipitated DNAs were purified using a QIAquick PCR
purification kit (Qiagen).
The number of copies of different regions of the ADH1
and PDC1 genes in the purified DNA was quantified by qPCR
using a Quantitect SYBR Green PCR Kit (Qiagen). Genomic
DNA was extracted from rice and yeast, and these were used
for standard curves for real-time PCR. Primer sequences for the
qPCR are shown in Table 1. For each sample, the promoter region
of the yeast ACT1 gene, which encodes actin 1, was amplified,
and these values were used to normalize the efficiencies of the
immunoprecipitation and DNA purification. Input DNA controls
were diluted 1 : 4 and quantified by real-time PCR. The values
obtained were used to normalize the levels of DNA before
immunoprecipitation. The signal intensities in the figures are
presented as ChIP PCR signals normalized to the signals of the
input DNA controls. Experiments were repeated two or more
times and similar results were obtained. In each experiment, PCR
was performed three times.
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