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Genome-wide probling of histone H3 lysine 9 acetylation
and dimethylation in Arabidopsisreveals correlation
between multiple histone marks and gene expression
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Abstract

Lysine residue 9 of histone H3 can either beacetylation (H3K9ac) and dimethylation (H3K9me2) in

acetylated or mono-, di-, or tri-methylated. These epigeArabidopsisseedlings. The results show that H3K9ac tar-
netic states have a diverse impact on regulating gene tramgeted 5,206 non-transposable element (non-TE) genes and
scriptional activity and chromatin organization. H3K9ac is 321 transposable elements (TEs), whereas H3K9me2 tar-

invariably correlated with transcriptional

activation, geted 2,281 TEs and 1,112 non-TE genes. H3K9ac was

whereas H3K9me2 has been reported to be mainly locatebiased towards the®®nd of genes and peaked at the ATG

in constitutive heterochromatin iArabidopsis Here, we

position, while H3K9me2 tended to span the entire gene

present epigenetic landscapes for histone H3 lysine 8ody. H3K9ac correlated with high gene expression, while
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H3K9me2 correlated with low expression. Analyses of
H3K9ac and H3K9me2 with the available datasets of
H3K27me3 and DNA methylation revealed a correlation
between the occurrence of multiple epigenetic modibca-
tions and gene expression. Genes with H3K9ac alone were
actively transcribed, while genes that were also modibed by
either H3K27me3 or DNA methylation showed a lower
expression level, suggesting that a combination of repres-
sive marks weakened the positive regulatory effect of
H3K9ac. Furthermore, we observed a signibcant increase of
the H3K9ac modibcation level of selected target genes in
hdal9 (histone deacetylase 19) mutant seedlings, which
indicated that HDA19 plays an important role in regulating
the level of H3K9ac and thereby inBuencing the transcrip-
tional activity in young seedlings.

Keywords Arabidopsis Epigenetics
Histone modibcation H3K9ac H3K9me2

Introduction

Nucleosomes are composed ©f146 bp of DNA and a
histone core, which is an octamer consisting of two copies
each of histones H2A, H2B, H3 and H4. All four histones
can be modibed at specibc residues, particularly their
amino (N) terminal tails. Among these post-translational
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modibcations, acetylation and methylation are the two While great efforts have been made to generate genome-
most commonly studied forms. Generally, acetylation ofwide landscapes of repressive epigenetic markA&rabid-
specibc lysine residues of the N-terminal tails of histone®psis the global mapping of an epigenetic modibcation
H3 and H4 is associated with transcriptional activation,associated with transcriptional activation has not been
while mono- di- and tri-methylation occurring at lysine or extensively reported. Yet, on a gene-to-gene basis, H3K9ac
mono- and di-methylation occurring at arginine residuess one of the most characterized epigenetic marks associated
can fulbll different regulatory roles (PRuger and Wangemwith active transcription and has been shown to infBuence
2007). Together with other modibcations, e.g., phosphornumerous developmental and biological processes in higher
ylation, ubiquitination, glycosylation and sumoylation, plants (Benhamed et &2006 Ausé et al.2004 Ng et al.
these epigenetic marks are believed to compose a histor#06. However, a systematic identibcation of H3K9ac-
code, which directs specibc and distinct DNA-templatedassociated regions in the entire genome is still lacking.
programs based on distinct combinations of post-transla- Lysine residue 9 of histone H3 can either be acetylated
tional histone modibcations. or mono-, di-, or tri-methylated. These epigenetic states
Recently, a number of studies reported efforts on thénave a diverse impact on regulating transcriptional activity
global identibpcation of DNA methylation and histone and chromatin organization. H3K9ac is invariably corre-
modibcation sites in several model organisms. So farated with transcriptional activation in all the species ana-
about 20 modibcations have been examined in yeast onlgzed so far (Kurdistani et aR004 Pokholok et al2005
genomic basis (Bernstein et a2002 Kurdistani et al. Sinha et al.2006 Liu et al. 2005 Schtbeler et al.2004
2004 Wiren et al. 2005 Pokholok et al.2005 Rao et al. Bernstein et al2005 Roh et al.2005 2006. On the other
2005 Sinha et al.2006 Millar and Grunstein2006 Liu hand, H3K9me2 was reported to be restricted to constitu-
et al. 2005. In higher eukaryotes, chromatin immuno- tive heterochromatin irabidopsis(Lippman et al.2004
precipitation (ChIP)-Chip as well as ChlIP-seq methodsTurck et al.2007 Tariq et al.2003 Johnson et al2002
have been utilized to examine DNA methylation andZilberman et al.2003 Houben et al.2003, and the
histone modibcation patterns (Eckhardt et @006 knowledge concerning its mode of action outside hetero-
Schtbeler et al.2004 Bernstein et al2005 Kondo et al.  chromatin remains limited (Bernatavichute et 2008.
2004 Roh et al.2004 2005 2006 Barski et al. 2007 In this report, we used a ChIP-Chip method to identify
Bernatavichute et al2008. These studies have greatly genomic regions associated with H3K9ac and H3K9me?2 in
improved our understanding of the relationships betweerrabidopsis Our analyses demonstrated that the distribu-
chromatin modibcations/structure and gene expressiotion of these two epigenetic modibcations in euchromatic
Furthermore, the availability of these mapping data allowsegions has a major impact on transcriptional activity. Our
us to progressively decipher the histone code by examstudy, together with the available genomic landscapes for
ining the combinatorial effects of these epigenetic markH3K27me3 and DNA methylation (Zhang et &007
(Liu et al. 2005 Agalioti et al. 2002 Kouzarides2007  Zilberman et al2007), supports the idea that a combination
Jenuwein and Allis2007). of different epigenetic modibcations is tightly correlated
In Arabidopsis several repressive histone methylationwith gene transcriptional activity.
marks have been reported: H3K9me1/2, H3K27mel/2 and
H4K20mel preferentially associate with the heterochro-
matic chromocenters (Fuchs et #006. Additionally = Materials and methods
H3K9me2 was found to be localized in the heterochromatic
knob region of chromosome 4, as well as in transposabl®lant materials and growth conditions
elements (TEs) and related repeats (Lippman e2@04
Turck et al.2007), and H3K9me2 showed a higher than Arabidopsis ecotype Columbia (Col-0) was the genetic
average level in pericentromeric/centromeric regions thamackground of all the lines used. T-DNA knockout lines for
in euchromatin regions (Bernatavichute et2008. ChiP-  the HDA19(At4g38130) gene were obtained from the Salk
chip analysis of H3K9me3 and H3K27me3 showed thatnstitute Genome Analysis Laboratory (SALK_139445.43.
theses marks are mostly found in euchromatic regions d80.X), http://signal.salk.edy/Alonso et al.2003. Surface-
chromosome 4 indicating transcriptional repression ofsterilized seeds were sown on sterile half strength
genes (Turck et al.2007. Moreover, genome-wide Murashige and Skoog medium (SigmabAldrich). Seeds
approaches were used to map DNA methylation andvere stratiped for 2 days at @, then germinated and
H3K27me3 (Zhang et al2006 2007 Zilberman et al. grown for 6 days at 2Z under continuous light as pre-
2007, and it has been demonstrated that these two epigedously described (Feng et #004). A 6-day-old seedling
netic marks play important roles in the regulation of genefrom three independent biological replicates was collected
expression and chromatin structure. for further analysis.
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Chromatin immunoprecipitation and probe labeling Wilcoxon-Signed-Rank-Test (Hollander and Wolf899.

We performed this test on paired data points (ChIP/Input)
Chromatin immunoprecipitation (ChIP) was performedwithin a sliding window of +1 kb across each probe to
with 1.5 g of seedlings according to Bowler et &004. A determine whether hybridization intensities of the ChlP-
3 and 10uL, respectively, of the following antibodies were enriched DNA samples were signibcantly greater than
used: anti-H3K9ac (Upstate 07-352) and anti-H3K9meZhose of the total genomic DNA input samples. The algo-
(Upstate 07-441). ChIP DNA and input DNA samples wererithm of the Wilcoxon-signed-rank-test is described in
ampliped and labeled as previously described (Lee et ahffymetrixQ statistical algorithms description document.
2007). An aliguot of untreated sonicated chromatin equal toTo control the error from multiple testing, the values
the amount of ChIP-DNA was reverse cross-linked,generated by the Wilcoxon-signed-rank-test were adjusted

amplibed and used as total input DNA control. by the Benjamini and Hochberg false discovery rate pro-
cedure (Benjamini and Hochberd995. A modibed
Tiling microarray design genomic region was debned by combining adjacent probes

with a signibcance threshold of FDR-adjustedalue less
The Arabidopsisgenome assembly release 5.0 by TAIRthan 0.05, allowing a maximal gap of 200 bp and requiring
was used to design the tiling-path microarray. Probes wera minimal run of two consecutive probes. We concluded
selected using the NASA Oligonucleotide Probe Selectionthat a gene is carrying a particular modibcation if we
Algorithm (NOPSA,; Stolc et al2005 and arrays were detected an overlap of at least 250 bp over this gene and a
printed with the NimbleGen Maskless Array Synthesizermodibed region. The mapping results of H3K9ac and
system. A total of 390,580 36 bp probes, excluding highlyH3K9me2 in this study are publicly available at
repetitive regions, positioned on average every 250 bpttp:/plantgenomics.biology.yale.edlio characterize the
along one strand of the genome were synthesized on @lationships between epigenetic modibcations and tran-
single array. This tiling array platform can be found in the scriptional activity we used a previously published
NCBI gene expression omnibus (GEO) database with thexpression dataset (Jiao et a005. Raw and processed
accession ID GPLXXXX. ChIP-Chip data were deposited in GEO (accession humber

GSEXXXX).
Probe hybridization

Microarray chips were prehybridized with prehybridization ChiP-PCR validation

buffer (5x SSC, 0.1% SDS, 1% BSA) at 42 for 1 h. .
Arrays were then washed twice with water and hybridizedThe ChIP-DNA and input DNA samples were resuspended

with labeled DNA in hybridization buffer (& SSC, 0.10 " 30 kL water, and 1yl was used for PCR amplibcation
with specibc primers as listed in additional ple 2. PCR

SDS, 0.5 mg/mL BSA, 0.5 mg/mL ssDNA) for 14D16 h at o ) .

A ) conditions were as follows: 9€ for 2 min, 28D30 cycles
50 C. After hybridization, the arrays were washed ir 2 at 94C for 1 min. 58C for 1 min. 72C for 1 min. fol-
SSC and 0.1% SDS, in 32SSC and 0.1% SDS and in owed by 72C for’10 min ' '
0.2x SSC at room temperature for 10 min each and drie& y )
by centrifugation (1,000 rpm, 1 min). Microarrays were
scanned with a GenePix 4200A scanner (Axon), andQuantitative real-time PCR
independent TIFF images for both Cy-3 and Cy-5 channels

were acquired at a pm resolution. ChIP-DNA samples and cDNA samples (synthesized from
total RNA) were analyzed by quantitative real-time PCR.
Microarray data analysis Primers were designed to amplify 2000300 bp DNA frag-

ments (additional data bles 3 and 4). Quantitative PCR was

First, microarray raw data were processed by the LOWES$erformed in 96-well plates using ABI PRISM 7500 fast
normalization module in the LIMMA R package (Smyth real-time PCR system using a SYBR PreMix Ex Taq kit
et al. 2005 to balance the hybridization intensities for (Takara). Cycling conditions were as follows: 10 s at@5
biases between Cy3 and Cy5 RRuorescence. As a secod@ cycles of 3 s at 9%, 34 s at 60C, 34 s at 72C, fol-
step, the Quantile normalization module in the NMPPlowed by a 60D9% dissociation protocol. The enrichment
package (Wang et al200§ was used to remove the level of gene for ChIP was determined as previously
experimental variances across all the replicate arrays amdescribed (Frank et aR001). For real time PCR analysis
samples. actin was used as internal control. Th&*$, values were

Identibcation of genomic regions enriched for H3K9accalculated relative to reference PCR values (Livak and
or H3K9me2 modibed histones was based on th&chmittgen2007).

123


http://plantgenomics.biology.yale.edu

Plant Mol Biol

Results 2,280 TEs were found to be associated (Fa; additional
data bles 1A, 1B, and 1C). Based on the genome annotation

Identibcation of genomic regions associated version 7 ofArabidopsisreleased by TAIR, our tiling array

with H3K9ac and H3K9me2 results identiped 19.3% non-TE genes (5,206 out of

27,029) positive for H3K9ac and 4.1% non-TE genes

Genomic maps of H3K9ac and H3K9me2 were generated;1,112 out of 27,029) positive for H3K9me2.
using chromatin immunoprecipitation (ChlIP) and a custom
oligonucleotide tiling array. The custom tiling array con- H3K9ac is enriched downstream of translation start site
tained* 390 K 36-mer probes, which covered 82% of theof target genes while H3K9me2 exhibits no preference
non-repetitive genome oArabidopsis with an average along gene territory
resolution of* 250 bp. Genomic regions associated with
H3K9ac and H3K9me2 were identibed by sliding aFurthermore, we examined the distribution of H3K9ac and
1,000 bp window across the interrogated regions and biH3K9me2 within genes aligned at their translation start
testing whether hybridization signals of oligonucleotidesites (ATG). The gene territory was divided into bins of
probes within the window were signibcantly higher when500 bp and the average ratio of a specibc modibcation was
probed with H3K9ac and H3K9me2 ChIP samples tharplotted for each bin. To better understand the potential
with input DNA. Probes with a signibcance threshold ofeffect of gene length, we divided all selected non-TE genes
P < 0.05 along with adjacent probes within a maximuminto three categories according to their length: short
gap of 200 bp were selected as positive regions. (<1 kb), intermediate (1D2 kb) and longZ kb). For each

Using this methodology, we identibed 5,853 H3K9acgene category, a distinct peak of histone acetylation was
regions and 4,009 H3K9me2 regions with median sizes ofletected downstream of the start codon (ATG) along with
656 and 506 bp, respectively. These modibed regiondecreasing acetylation in the coding region (F2b).
covered 3.3 and 1.8% of th&rabidopsisnuclear genome. Interestingly, a lower level of H3K9ac was observed for
As expected, H3K9ac regions were highly enriched in theshort genes in this region. This peak distribution near the
euchromatic regions resembling the distribution of genegranslation start site was not detected for H3K9me?2 targets
while H3K9me2 regions were enriched in heterochromatinFig. 2b). It was evident that H3K9ac avoided TEs while
(Fig. 1a). Two representative genomic regions of chro-H3K9me2 was enriched in TEs (Figa, b).
mosome 2 and one region of chromosome 5 are shown in
Fig. 1b to illustrate the distribution of the two modibca- H3K9ac positively correlates with gene expression
tions for individual genes. while H3K9me2 does not

To validate the accuracy of our ChIP-Chip method, we
performed conventional ChIP-PCR on a random collectioH3K9ac and H3K9me2 target genes were analyzed with
of 45 candidate genomic loci. These loci were eitherrespect to their expression levels using a previously pub-
positive or negative for H3K9ac or H3K9me2 or positive lished microarray dataset (Jiao et &005. The genes
for both two modibcations (additional data ble 5). Thistargeted by each modibcation were classibed into three
conventional approach successfully validated 93% (42 ougroups of high, medium and low expression based on their
of 45) of the selected loci. Representative ChIP-PCRhormalized expression intensities. The genes in each cat-
results are shown in Fidc. These ChIP-PCR results egory were aligned at their translation start sites (ATG) and
conbrmed our array data and its prediction of modibPedheir averaged modibcation level ratios were plotted. As

regions. shown in Fig.3a, highly expressed genes possessed higher
levels of H3K9ac near their translation start sites, while

H3K9ac largely targets activArabidopsisgenes while target genes that were expressed at signibcantly lower

H3K9me2 predominantly modibes transposons levels contained less H3K9ac modibcation. However, no

signibcant correlation could be put forward between the
A systematic analysis of the locations of H3K9ac regionspresence of H3K9me2 and gene expression, since a uni-
revealed a striking correlation with the presence of annoform and low level of H3K9me2 was observed along gene
tated genes. Based on the criteria describedNra@®@als  territories of all three types of non-TE genes (Fi).
and methodd0, 5,100 expressed genes with known or pre-
dicted functions, 106 expressed genes with unknowrmH3K9ac can span gene body and promoter, while
functions, and 321 TEs were found to be associated witti3K9me?2 is restricted to either gene body or promoter
H3K9ac. This is in stark contrast with H3K9me2, with
which 1,031 expressed genes with known or predictabldo investigate the positional effects of H3K9ac or
functions, 81 expressed genes with unknown functions, and3K9me2 on transcriptional activity, we divided all non-
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Fig. 1 Genome-wide landscapes of H3K9ac and H3K9me2 modib-genomic regions of chromosomes 2 and 5. The two lower tracks show
cations in Arabidopsis a Chromosomal distribution of H3K9ac, the logl0-transforme® values for each probe. A TE-related gene is
H3K9me2. The average ratio of each modibcation per 100 kb regiomarked in light blue while non-TE genes are marked in pink.
(Y-axis) along each chromosom¥-éxis) is shownb Distribution of ¢ Conventional ChIP-PCR assays on randomly selected genes to
H3K9ac, H3K9me2, and annotated genes along three representativalidate the array analysis of target regions

TE genes that were positive for H3K9ac (5,206 genes) or Following this classibcation, the average expression
H3K9me2 (1,112 genes) into three groups: only promoterintensities of each gene group along with a control group
modibed, only body-modibed, as well as both promoterecomposed of unmodibed genes were compared for H3K9ac
and body-modibed. This classibcation revealedthétt% and H3K9me2. This analysis clearly demonstrated that
of the H3K9ac target genes were modibed in both body andmong H3K9ac target-genes, body-modibed or both body-
promoter* 35% were only body-modibed, afid1% was and promoter-modibed genes were expressed at relatively
exclusively promoter-modibed (Fida). In contrast, the high levels. On the other hand, unmodiped genes were
H3K9me2 modibcation was either only in target geneexpressed at much lower levels (Figh). Since the group
promoters (46.4%) or only in gene bodies (48.8%), while itof genes possessing H3K9ac solely in their promoters only
rarely occurred in both promoter and gene body of thecontained 28 genes, we did not compare their expression
target genes (4.8%) (Figla). with that of other gene groups (Figb). Moreover, genes
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Fig. 3 Relationships between gene expression, H3K9ac and
H3K9me2.a Comparison of distributions of H3K9ac within non-
TE genes aligned at their translation start sites (ATG) and belonging
to different expression intensity categoriekw (1,00093,000),
medium(5,000D7,000) andigh (9,000011,000). Th¥ axis shows

the averaged ratios of the signals from the samples enriched for each
modiPcation to the signal from total genomic DNB\Comparison of

the distribution of H3K9me2 within non-TE genes aligned at their
translation start sites (ATG) and belonging to different expression
intensity categoriestow (1,00003,000)medium(5,00007,000) and

Fig. 2 Distribution of H3K9ac and H3K9me2 withifrabidopsis
genesa Frequencies of H3K9adg(ft) and H3K9me2right) modibed
regions in known and unknown non-TE genes and TE-related gene$
b Comparison of distributions of H3K9ac within short, intermediate,
long non-TE genes and TE genes aligned at their translation start sites

high (9,000D11,000). Th¥ axis shows the averaged ratios of the
ignals from the samples enriched for each modibcation to the signal
rom total genomic DNA

(ATG). In this study, a promoter region is dePned as the 2,000 bmodiPed as well. On the other hand, 8.6% (446 out 5,206)

region upstream of the ATG. Théaxis shows the averaged ratios of
the signals from the samples enriched for each modibcation to the

signal f_rom total genomic DNA. The average transcript_ion_ start site of (A) Koac Kgac Kome?2 K9me2
genes is shown by the 124 bar. c Comparison of the distribution of Body Promoter  Body Promoter
H3K9me2 within non-TE and TE genes aligned at their translation 1850 28 o 516
start sites ATG). TheY axis shows the averaged ratios of the signals (35.1%) (0.6%) (48.8%) (46.4%)

from the samples enriched for each modibcation to the signal from
total genomic DNA

—
=

lacking H3K9me2 had a higher average expression inter
sity compared to genes harboring this modibcation, sug -
gesting that H3K9me2 correlates with gene suppressio
(Fig. 4b).

Bivalent modibcation of H3K9ac and H3K9me?2
in the same gene

Average intensity

We observed a bivalent modibcation of specibc genes b
both H3K9ac and H3K9me2, even though these two mod_.

—

2000

1500

1000

500

B Only body modified

B Only promoter modified

@ Both body and promoter modified
O Unmodified

H3K9ac

H3K9me2

. . h - ff Fig. 4 H3K9ac and H3K9me2 modibcations in gene promoter and
ibcations were reported to have opposite effects on trarbody regions.a Numbers of OOonly promoterOO, OOonly body,00

scriptional activity (PRBuger and Wagn2007). To further  and ©Oboth promoter and body®d H3K9ac-modibed non-TE genes
clarify if the occurrence of one modibcation affects the(left) and H3K9me2-modibed non-TE genedglft). b Expression

occurrence of the other, we compared their target gene Se1Ieve|s of OOonly promoterOO OOonIy bodyO0, OOboth promoter and body(
On the one hand, we observed thpat 40.1% (44690 tgof 1, 11 modibed, and OOunmodipedOO genes containing H3K9ac, or
Wi v 0 u “H3K9me2. TheY axis shows the average expression level calculated

of the non-TE genes targeted by H3K9me2 were H3K9acfrom a previously published expression dataset (Jiao 20415
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(A) Keac K9me2 H3K27me3 modibed genes identiped in 10 tol4-day-old

U target-genes seedlings by Zhang et a2Q07 and the 4,268 DNA meth-
ylation modibed genes identiPed in the above-ground parts of
25-day-old plants by Zilberman et a2q07), together with our
5,206 H3K9ac modibed genes and 1,112 H3K9me2 modibed

4,760 446 | 666 genes identibed in 6-day-old seedlings. These previously

published studies reported genic distributions of 20% for
DNA methylation and 17% for H3K27me3. By comparing
these data sets, we found that the fraction of H3K9ac target
genes that also contained H3K27me3 was signibcantly lower

(B) Kko9ac K9me2 (410 out of 5,206; 9.8%) than the average genic distribution
Bod) S "RreTf_ter (17%) reported for this modibcation by Zhang et 207,
£ 1,801 541 ) while the fraction of H3K9ac target genes that were also DNA
A methylated (1,114 out of 5,206; 21.4%) was found to be very
TR ST similar to the value (20%) reported by Zilberman et 20Q7)
© ;230 gggwez (Fig. 6a, b). On the other hand, the fraction of H3K9me2
,_)f-""‘ D y target genes overlapping with genes targeted by DNA meth-
|\ 1,629 396 | ylation (304 out of 1,112; 27.3%) was higher than the reported
value, while the fraction of H3K9me2 also containing

. H3K27me3 (179 out of 1,112; 16.1%) was at the genome
Fig. 5 Relationship between H3K9ac and H3K9me2 modiPed genaverage (Fig6a, b). Collectively, these results indicate a
sets.a Venn diagramcomparing groups of non-TE genes containing negative correlation between the occurrence of H3K9ac and

H3K9ac and H3K9me2 modibcations.Venn diagramscomparing o .
groups of non-TE genes that are only body-modibed by H3K9ac anfi3K27me3 and a positive correlation between the occurrence

promoter-modibPed by H3K9me2 Venn diagramsomparing groups ~ Of H3K9me2 and DNA methylation.
of non-TE genes that are only body-modiPed by H3K9ac and body- It is conceivable that the observed correlations could

modiPed by H3K9me2 reRect the potential transcriptional status of a given gene.
Thus, we calculated the effects on gene expression of
possible combinations of these four epigenetic modibca-
of the H3K9ac target-genes were also H3K9me2-modiPedons. Our results indicated that genes that were solely
(Fig. 5a). Considering the genic distributions of 19.3% for H3K9ac modibed were highly expressed. However, lower
H3K9ac and 4.1% for H3K9me2 reported in this study,expression levels were observed when H3K9ac target
these results suggest there is a signiPcant degree of overlggnes were also targeted by DNA methylation, H3K9me2,
between these two epigenetic marks. However, this studgr H3K27me3 (Fig6c, d). In addition, genes that did not
does not provide evidence that these two modibcations cafear an H3K9ac modibcation mark, but which were
coexist at the same nucleosome or histone, but only thgiossibly modibed by a combination of either H3K9me2
they can occur at the same gene. and H3K27me3 or H3K9me2 and DNA methylation, were
To further clarify the impact of a possible co-occurrenceexpressed at lower levels compared to genes modibed by
of these two marks we looked at their respective position®NA methylation or by H3K27me3 alone (Figc, d).
along the gene territories. This analysis revealed tharhese results strongly suggest that H3K9me2, H3K27me3
H3K9me2 promoter-modibed genes were unlikely to beand DNA methylation can repress the positive effect
only body-modiPed by H3K9ac (Figb). However, of H3K9ac on gene expression and that a combination
* 34% (200 out of 596) of the genes that were H3K9meZof repressive modibcations is probably even more
body-modibed were also H3K9ac body-modibed (Bg. effective.
This suggests that genes are more likely to have both
H3K9me2 and H3K9ac body modibcations, while genesncreased gene expression and H3K9ac modibcation
that are H3K9me2 promoter-modibed are less likely to bgevels in ahdal9mutant
also H3K9ac body-modibed.
To address whether decreasikrtipAl19 expression could
Correlations between combinations of multiple histone  inRuence the level of H3K9ac, we selected seven target
modibcations and target gene expression status genes belonging to different biological processes and
performed real-time ChIP-PCR assays in wild type and
To investigate a possible interplay among multiple histonendal19 seedlings. Our results indicated that decreasing
modiPcations, we combined and analyzed the 4,51HDA19 expression increased the H3K9ac level of the
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" seven genes in wild type arfidal9 mutant seedlingsa Histone 3

ik et | DNRh R . FRA. HAKBLak FEKBaaE lysine 9 acetylation state of seven selected genes in Col-0 wild type
onty i Oy HoKBmeZ. DNAmeR. LAme(h: FOlez andhdal9mutant seedlings. Immunoprecipitates were obtained with

an antibody specibc to acetylated histone H3 lysine 9 and were
Fig. 6 Combinatorial effects of epigenetic modibcations on tran-analyzed by real-time PCR. Relative amounts of the PCR products
scription in Arabidopsisnon-TE genesa Numbers of non-TE genes Wwere calculated and normalized with respect to the input chromatin.
containing H3K9ac, H3K9me2 and H3K27me3 regions and varioush Expression analysis of seven selected genes in wild typéndafl9
combinations of these modibcatiorts.Numbers of non-TE genes mutant seedlings. Total RNA was isolated from light-grown seed-
containing H3K9ac, H3K9me2 and DNA methylation regions andlings, reverse transcribed, and subjected to quantitative real-time
various combinations of these modibcation&Expression of non-TE PCR. Relative transcript abundance was calculated and normalized
genes containing various combinations of H3K9ac and H3K9me2 anwith respect to the actin transcript levélror barsrepresent standard
H3K27me3. TheY axis shows the average transcript abundancedeviation SD) values from at least three repetitions. The seven
within each group. Expression dataset from Jiao et aD0p.  selected genes are: 1, Atlg65380LY2); 2, At4g16280 ECA); 3,
d Expression of non-TE genes containing various combinations 0At5g63860 UVRS); 4, At2g22670 [AA8); 5, At2g01570 RGAY); 6,
H3K9ac and H3K9me2 and DNA methylation. TNeaxis shows the = At3g23150 ETR2; 7, At2g26990 CSN3
average transcript abundance within each group. Expression dataset
from Jiao et al. 2009

Discussion

seven selected genes (Fifp). To investigate whether the H3K9ac is restricted to euchromatin while H3K9me2
change of the H3K9ac level of these seven genes in & found in both euchromatic and heterochromatic
hdal9mutant background correlated with gene expressiomegions

activity, we conducted an expression analysis of the seven

genes under study in wild type artlal9 mutant seed- Our work revealed that H3K9ac is widely distributed in the
lings using real-time PCR. Our results showed that theArabidopsisgenome, and shows that H3K9ac targets 5,206
expression levels of these seven selected genes wenen-TE genes. As expected, H3K9ac was restricted to
increased inhdal9 mutants compared to wild type euchromatin and was associated with active genes (FEiys.
(Fig. 7b), suggesting that HDA19 infuences the H3K9ac2a). This observation is consistent with the fact that histone
levels and consequently the expression levels of thesacetylation has been genetically and biochemically linked to
genes inArabidopsis transcriptional activation (Kuo et al998 Wu et al.2000.
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Conversely, the H3K9me2 level was signibcantly higher inestablished that chromatin compaction and gene silencing
heterochromatin than in euchromatin (Fig). This distri-  involve a functional relationship between the plant DNA-
bution pattern is in agreement with the proposed role ofnethylation system and H3K9 methylation (Lippman et al.
H3K9me2 in heterochromatin formation and/or mainte-2004 Houben et al2003. A similar cooperation between
nance (Johnson et &002 Houben et al2003 Bernatavi- methyl-H3K9 and DNA methylation in mammals was
chute et al2008. To our surprise, 1,112 non-TE genes werefound in heterochromatin regions and major satellite
found to be H3K9me2-modibed, suggesting that this epirepeats (Sims et a003, while in euchromatic regions or
genetic mark is also an important gene silencing mechanisrat the individual gene level, results have been less clear
in plants that regulates a rather large number of genes.  (Umlauf et al.2004 Gartler et al.2004 Zhao et al.2005
Zhang et al.2005 Yan et al.2001). Our Pnding that a
H3K9ac modibcation correlates with high gene signibcant fraction of the H3K9me2 target genes was also
expression but with plant-specibc feature DNA-methylated supports a cooperation model between
these two repressive marks. This is further reinforced by
A systematic analysis of the locations of lysine 9 acetylatedhe fact that the fraction of H3K9ac target-genes that also
sites revealed a striking correlation with th8 énds of contained DNA methylation was within reported values,
annotated genes. These data are consistent with recesiiggesting that this cooperation is specibc to the methyl-
studies, which documented a similar distribution in yeastation of lysine residue 9.
human and mouseNspecies in which th& éihd was the Recently, H3K27me3 was reported as an important
most highly acetylated region within a gene (Kurdistanisilencing mechanism independent of DNA methylation
et al. 2004 Pokholok et al.2005 Sinha et al.2006 Liu and RNA interference that targets 17% of the non-TE
et al. 2005 Bernstein et al2005 Roh et al.2004 2005  Arabidopsis genes (Zhang et al2007). Our analysis
2006. However, inArabidopsisthe level of H3K9ac at the established that only 9.8% of the H3K9ac target genes
translation start site was correlated to gene length, sincevere also targeted by H3K27me3 (Figp), while 16% of
short genes presented a lower modibcation level (#}, the H3K9me2 target genes were found to be H3K27me3-
while longer genes presented higher H3K9ac levels. This imodibed (Fig6b). This lower than average fraction of
consistent with a previous study, which reported that highlyH3K9ac target genes also modibed by H3K27me3 is not
expressed genes tend to have more and longer introns thaarprising since both modibcations have opposite effects
genes expressed at a low level in both rice Andbidopsis on gene transcription and are probably antagonistic to
(Ren et al.2009. Taken together, this could be a unique each other. A similar situation was reported for human
plant feature since these observations are in contrast with-cells, in which H3K27me3 regions did not overlap with
previous bndings in yeast (Sinha et 2006 and suggest chromatin regions presenting high levels of H3K9ac and
that even if the general correlation of H3K9ac with tran- H3K14ac (Roh et al2006.
scriptional activation is conserved during species evolu-
tion, the mechanism of action and the way thisHDA19 affects both H3K9ac and gene expression
modibcation is established and maintained differs widely.levels

Combinatorial effect of multiple modibcations on gene  Fifteen histone deacetylase (HDA) genes have been pre-
expression level dicted to be encoded in thrabidopsisgenome and only a
few were reported to be involved in a specibc biological

In this study, we found that 40.1% of the genes modibed byrocess (Verbsky and Richarg801). One of themHDA19
H3K9me2 (446 out of 1,112) were also modibed by H3K9adalso namediD1) is involved in light signaling, growth, and
(Fig. 5a) and that the expression levels of these genes wemdevelopment. Plants expressing a mutant allel&lbA19
similar to those only bearing H3K9ac (Fifc, d). Interest- exhibit a variety of developmental abnormalities. These
ingly, genes with H3K9me2 but lacking H3K9ac are abnormalities are believed to be the results of a perturbation
expressed at much lower levels. Hence, our Pndings suppdrt histone acetylation (Wu et &200Q Tian and Cher2003,
the presence of a balancing mechanism, in which the dudlian etal.2003. Our data showed that the H3K9ac level and
recruitment of a repressing and a stimulating modibcation atxpression activity of selected genes were affected in the
H3 lysine residue 9 makes the transcription efbciency morédal9mutants at the seedling stage (Fiy, which suggests
stable and less sensitive to Buctuations. However, when thteat HDA19 is mainly responsible for the deacetylation of
equilibrium is broken and the repressive mark becomedysine 9 of histone H3, therefore playing an important role in
predominant, the transcriptional activity is repressed. the regulation of gene expression.

This balancing act is not the only example of a rela- We have mapped the distributions of H3K9ac and
tionship between two epigenetic marks. It is well H3K9me2 in the Arabidopsis genome at a 250 bp
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resolution. The data presented here will help in underfrank SR, Schroeder M, Fernandez P, Taubert S, Amati B (2001)
standing how H3K9ac and H3K9me2 regulate the expres- Binding of c-Myc to chromatin mediates mitogen-induced acety-

sion of individual aenes and will facilitate a temati lation of histone H4 and gene activation. Genes Dev 15:2069D92082
g S wi 1 Sys IC Fuchs J, Demidov D, Houben A, Schubert | (2006) Chromosomal

insight into the overall structure and function of chromatin.  histone modibcation patternsbfrom conservation to diversity.
The results presented here are consistent with previous Trends Plant Sci 11:199D208
pndings in yeast, mouse, human and plants, and SupponGgrtler SM, Varadarajan KR, Luo P, Canbeld TK, Traynor J, Francke

del i hich H3K9 h . di U et al (2004) Normal histone modibcations on the inactive X
model in whic ac enhances gene expression, and N .,y mosome in ICF and Rett syndrome cells: implications for

which H3K9me2 is an important silencing system. Col-  methyl-CpG binding proteins. BMC Biol 2:21
lectively, these results suggest that although certain epiollander M, Wolfe DA (1999) Nonparametric statistical methods.
genetic mechanisms might differ between plants and  Wiley, New York, pp 2280235

imal th h tin distributi d f i fHouben A, Demidov D, Gernand D, Meister A, Leach CR, Schubert |
animals, e chromatin distributions an unctions o (2003) Methylation of histone H3 in euchromatin of plant

H3K9ac and H3K9me2 seem to be widely conserved. chromosomes depends on basic nuclear DNA content. Plant J
33:967D973

Acknowledgments This work was supported by a grant from the Jenuwein T, Allis CD (2001) Translating the histone code. Science

National 6086300 High-Tech Project of the National Ministry of Sci- 293:1074D1080

ence and Technology, PeopleOs Republic of China (2003AA 21007d)%0 Y, Ma L, Strickland E, Deng XW (2005) Conservation and

and the National Institute of Biological Sciences, as well as by a grant  divergence of ight-Regulated genome Expression Patterns during

from the NSF Plant Genome Program (DBI-0421675). Seedling Development in Rice andrabidopsis Plant Cell
17:3239D3256

Johnson L, Cao X, Jacobsen S (2002) Interplay between two

epigenetic marks. DNA methylation and histone H3 lysine 9
methylation. Curr Biol 12:1360D1367

References Kondo Y, Shen L, Yan PS, Huang TH, Issa JP (2004) Chromatin
immunoprecipitation microarrays for identibcation of genes

Agalioti T, Chen G, Thanos D (2002) Deciphering the transcriptional silenced by histone H3 lysine 9 methylation. Proc Natl Acad Sci

histone acetylation code for a human gene. Cell 111:381D392 USA 101:7398D7403
Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P et aKouzarides T (2007) Chromatin modiPcations and their function. Cell

(2003) Genome-wide insertional mutagenesis Asfibidopsis 128:693D705
thaliana. Science 301:653D657 Kuo MH, Zhou J, Jambeck P, Churchill ME, Allis CD (1998) Histone
Aus@ |, Alonso-Blanco C, Jarillo JA, Ruiz-Gasd., Mart@ez- acetyltransferase activity of yeast Gen5p is required for the

Zapater JM (2004) Regulation of Bowering time by FVE, a activation of target genes in vivo. Genes Dev 12:627D639
retinoblastoma-associated protein. Nat Genet 36:162D166 Kurdistani SK, Tavazoie S, Grunstein M (2004) Mapping global
Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z et al histone acetylation patterns to gene expression. Cell 117:721BD733
(2007) High-resolution probling of histone methylations in the Lee J, He K, Stolc V, Lee H, Figueroa P, Gao Y et al (2007) Analysis
human genome. Cell 129:823b837 of transcription factor HY5 genomic binding sites revealed its
Benhamed M, Bertrand C, Servet C, Zhou DX (20@8pbidopsis hierarchical role in light regulation of development. Plant Cell
GCN5, HD1, and TAF1/HAF2 interact to regulate histone 19:731D749
acetylation required for light-responsive gene expression. Plantippman Z, Gendrel AV, Black M, Vaughn MW, Dedhia N,
Cell 18:2893D2903 McCombie WR et al (2004) Role of transposable elements in
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: heterochromatin and epigenetic control. Nature 430:471D476
a practical and powerful approach to multiple testing. J RoyLiu CL, Kaplan T, Kim M, Buratowski S, Schreiber SL, Friedman N
Statist Soc Ser B 57:289D300 et al (2005) Single-nucleosome mapping of histone modibca-
Bernatavichute YV, Zhang X, Cokus S, Pellegrini M, Jacobsen SE tions in S. cerevisiae. PLoS Biol 3:e328
(2008) Genome-wide association of histone H3 lysine nineLivak KJ, Schmittgen TD (2001) Analysis of relative gene expression
methylation with CHG DNA methylation in Arabidopsis thali- data using real-time quantitative PCR and the 2(-Delta Delta
ana. PLoS ONE 3:e3156 C(T)) method. Methods 25:402D408
Bernstein BE, Humphrey EL, Erlich RL, Schneider R, Bouman P, LiuMillar CB, Grunstein M (2006) Genome-wide patterns of histone
JS et al (2002) Methylation of histone H3 Lys 4 in coding modibcations in yeast. Nat Rev Mol Cell Biol 7:657D666
regions of active genes. Proc Natl Acad Sci USA 99:8695D870WNg DW, Chandrasekharan MB, Hall TC (2006) Ordered histone
Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov S, Bailey DK, modibcations are associated with transcriptional poising and
Huebert DJ et al (2005) Genomic maps and comparative analysis  activation of the phaseolin promoter. Plant Cell 18:1199132
of histone modiPcations in human and mouse. Cell 120:169D18RRuger J, Wagner D (2007) Histone modibcations and dynamic

Bowler C, Benvenuto G, LaBamme P, Molino D, Probst AV, Tariq M regulation of genome accessibility in plants. Curr Opin Plant
et al (2004) Chromatin techniques for plant cells. Plant J 39: Biol 10:645D652
776D789 Pokholok DK, Harbison CT, Levine S, Cole M, Hannett NM, Lee Tl
Eckhardt F, Lewin J, Cortese R, Rakyan VK, Attwood J, Burger M et al (2005) Genome-wide map of nucleosome acetylation and
et al (2006) DNA methylation probling of human chromosomes methylation in yeast. Cell 122:517D527
6, 20 and 22. Nat Genet 38:1378D1385 Rao B, Shibata Y, Strahl BD, Lieb JD (2005) Dimethylation of
Feng S, Shen Y, Sullivan JA, Rubio V, Xiong Y, Sun TP et al (2004) histone H3 at lysine 36 demarcates regulatory and nonregulatory
ArabidopsisCAND1, an unmodibed CUL1-interacting protein, chromatin genome-wide. Mol Cell Biol 25:9447D9459

is involved in multiple developmental pathways controlled by Ren XY, Vorst O, Fiers MW, Stiekema WJ, Nap JP (2006) In plants,
ubiquitin/proteasome-mediated protein degradation. Plant Cell highly expressed genes are the least compact. Trends Genet
16:1870D1882 22:528D532

123



Plant Mol Biol

Roh TY, Ngau WC, Cui K, Landsman D, Zhao K (2004) High- Umlauf D, Goto Y, Cao R, Cerqueira F, Wagschal A, Zhang Y et al
resolution genome-wide mapping of histone modibcations. Nat ~ (2004) Imprinting along the Kcngl domain on mouse chromo-
Biotechnol 22:1013D1016 some 7 involves repressive histone methylation and recruitment

Roh TY, Cuddapah S, Zhao K (2005) Active chromatin domains are of Polycomb group complexes. Nat Genet 36:1296D1300
debned by acetylation islands revealed by genome-wide mapverbsky ML, Richards EJ (2001) Chromatin remodeling in plants.

ping. Genes Dev 19:542P552 Curr Opin Plant Biol 4:494D500

Roh TY, Cuddapah S, Cui K, Zhao K (2006) The genomic landscap&Viren M, Silverstein RA, Sinha |, Walfridsson J, Lee HM, Laurenson
of histone modibcations in human T cells. Proc Natl Acad Sci P et al (2005) Genomewide analysis of nucleosome density
USA 103:15782b15787 histone acetylation and HDAC function in bssion yeast. EMBO J

Schtbeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg 24:2906D2918
C, van Leeuwen F et al (2004) The histone modibcation patteri'Wu K, Malik K, Tian L, Brown D, Miki B (2000) Functional analysis
of active genes revealed through genome-wide chromatin of a RPD3 histone deacetylase homolog in Arabidopsis thaliana.
analysis of a higher eukaryote. Genes Dev 18:1263D1271 Plant Mol Biol 44:167D176

Sims RJ 1ll, Nishioka K, Reinberg D (2003) Histone lysine Yan PS, Chen CM, Shi H, Rahmatpanah F, Wei SH, Caldwell CW
methylation: a signature for chromatin function. Trends Genet et al (2001) Dissecting complex epigenetic alterations in breast

19:629D639 cancer using CpG island microarrays. Cancer Res 61:8375D8380
Sinha I, Wiren M, Ekwall K (2006) Genome-wide patterns of histone Zhang Y, Fatima N, Dufau ML (2005) Coordinated changes in DNA
modibcations in bssion yeast. Chromosome Res 14:95D105 methylation and histone modibcations regulate silencing/dere-

Smyth GK, Michaud J, Scott HS (2005) Use of within-array replicate pression of luteinizing hormone receptor gene transcription. Mol
spots for assessing differential expression in microarray exper-  Cell Biol 25:7929D7939

iments. Bioinformatics 21:2067D2075 Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SW, Chen H et al
Stolc V, Samanta MP, Tongprasit W, Sethi H, Liang S, Nelson DC (2006) Genome-wide high-resolution mapping and functional

et al (2005) Identibcation of transcribed sequencesiriabid- analysis of DNA methylation inArabidopsis Cell 126:

opsis thalianaby using high-resolution genome tiling arrays. 11891201

Proc Natl Acad Sci USA 102:4453D4458 Zhang X, Clarenz O, Cokus S, Bernatavichute YV, Pellegrini M,
Tariqg M, Saze H, Probst AV, Lichota J, Habu Y, Paszkowski J (2003) Goodrich J et al (2007) Whole-genome analysis of histone H3

Erasure of CpG methylation iArabidopsisalters patterns of lysine 27 trimethylation inArabidopsis PLoS Biol 5:e129

histone H3 methylation in heterochromatin. Proc Natl Acad SciZzhao W, Soejima H, Higashimoto K, Nakagawachi T, Urano T,

USA 100:8823D8827 Kudo S et al (2005) The essential role of histone H3 Lys9

Tian L, Chen ZJ (2001) Blocking histone deacetylation in Arabid- di-methylation and MeCP2 binding in MGMT silencing with
opsis induces pleiotropic effects on plant gene regulation and  poor DNA methylation of the promoter CpG island. J Biochem
development. Proc Natl Acad Sci USA 98:200D205 137:431D440

Tian L, Wang J, Fong MP, Chen M, Cao H, Gelvin SB et al (2003) Zilberman D, Cao X, Jacobsen SE (2003) ARGONAUTE4 control of
Genetic control of developmental changes induced by disruption  locus-specibc siRNA accumulation and DNA and histone
of Arabidopsis histone deacetylase 1 (HD1) expression. Genetics  methylation. Science 299:716D719

165:399D409 Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S (2007)
Turck F, Roudier F, Farrona S, Martin-Magniette ML, Guillaume E, Genome-wide analysis dArabidopsis thalianaDNA methyla-
Buisine N et al (2007) Arabidopsis TFL2/LHP1 specibcally tion uncovers an interdependence between methylation and

associates with genes marked by trimethylation of histone H3 transcription. Nat Genet 39:61D69
lysine 27. PLoS Genet 3:86

123



	Genome-wide profiling of histone H3 lysine 9 acetylation �and dimethylation in Arabidopsis reveals correlation �between multiple histone marks and gene expression
	Abstract
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Chromatin immunoprecipitation and probe labeling
	Tiling microarray design
	Probe hybridization
	Microarray data analysis
	ChIP-PCR validation
	Quantitative real-time PCR

	Results
	Identification of genomic regions associated �with H3K9ac and H3K9me2
	H3K9ac largely targets active Arabidopsis genes while H3K9me2 predominantly modifies transposons
	H3K9ac is enriched downstream of translation start site of target genes while H3K9me2 exhibits no preference along gene territory
	H3K9ac positively correlates with gene expression while H3K9me2 does not
	H3K9ac can span gene body and promoter, while H3K9me2 is restricted to either gene body or promoter
	Bivalent modification of H3K9ac and H3K9me2 �in the same gene
	Correlations between combinations of multiple histone modifications and target gene expression status
	Increased gene expression and H3K9ac modification levels in a hda19 mutant

	Discussion
	H3K9ac is restricted to euchromatin while H3K9me2 �is found in both euchromatic and heterochromatic regions
	H3K9ac modification correlates with high gene expression but with plant-specific feature
	Combinatorial effect of multiple modifications on gene expression level
	HDA19 affects both H3K9ac and gene expression levels

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


