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Histone acetylation and deacetylation are key epigenetic gene regulatory mechanisms that play critical roles in
eukaryotes. Acetylation of histone 4 lysine 16 (H4K16ac) is implicated in many cellular processes. However, its biological
function and relationship with transcription are largely unexplored in plants. We generated first genome-wide high-
resolution maps of H4K16ac in Arabidopsis thaliana and Oryza sativa. We showed that H4K16ac is preferentially
enriched around the transcription start sites and positively correlates with gene expression levels. Co-existence of
H4K16ac and H3K23ac is correlated with high gene expression levels, suggesting a potentially combinatorial effect of
H4K16ac and H3K23ac histone 3 lysine 23 acetylation on gene expression. Our data further revealed that while genes
enriched with both H4K16ac and H3K23ac are ubiquitously expressed, genes enriched with only H4K16ac or H3K23ac
showed significantly distinct expression patterns in association with particular developmental stages. Unexpectedly,
and unlike in Arabidopsis, there are significant levels of both H4K16ac and H3K23ac in the lowly expressed genes in rice.
Furthermore, we found that H4K16ac-enriched genes are associated with different biological processes in Arabidopsis
and rice, suggesting a potentially species-specific role of H4K16ac in plants. Together, our genome-wide profiling
reveals the conserved and unique distribution patterns of H4K16ac and H3K23ac in Arabidopsis and rice and provides a
foundation for further understanding their function in plants.

Introduction

Eukaryotic DNA is packed inside the nucleus by wrapping
around a histone octamer consisting of 2 copies of each core histone
H2A, H2B, H3, and H4,1,2 forming a nucleosome that is the basic
unit of chromatin. The unstructured N-termini of histone tails are
subject to a plethora of chemical modifications, including acetyla-
tion, methylation, ubiquitylation, phosphorylation, and sumoyla-
tion.3 Histone modifications have been extensively demonstrated to
be essential gene regulatory mechanisms.4-7 Histone acetylation
homeostasis plays a vital role in a diverse array of biological pro-
cesses, including DNA replication, DNA repair, gene silencing,
genome defense, genome organization, normal growth and develop-
ment, physiology, aging, and numerous diseases.8-13 In plants,
recent advances in high throughput sequencing technology have
enabled the large-scale profiling of histone acetylation marks and
have greatly improved our understanding of the function of histone
acetylation and its relationship with transcription.14-18 Besides its
role in gene expression, plant histone acetylation plays crucial roles
in the crosstalk between genomes and the environment during plant
responses to diverse stresses at the cellular and organismal levels.19-24

Acetylation occurs at many histone lysine residues and regu-
lates chromatin activity by at least 2 different mechanisms. On
the one hand, individual acetylation marks have precise function
on a specific chromatin-based process independent of other acet-
ylated residues. On the other hand, there is a functional redun-
dancy between multiple acetylation marks. Many acetylated
residues act coordinately and the combined effect ultimately dic-
tates the functional outcome.25 For example, acetylation at K5,
K8, and K12 of H4 are redundant with each other for nucleo-
some assembly and transcription.26 Only the combined muta-
tions in H4 K5, K8, and K12 residues exhibit accumulative
impacts on gene expression levels, whereas the individual muta-
tion has a negligible effect on transcription.27 In contrast, acetyla-
tion of lysine 16 of histone H4 (H4K16ac) appears to have
unique and distinct functions from other acetylation marks.28,29

In budding yeast, hypoacetylated H4K16 is critical for maintain-
ing the proper heterochromatin boundaries30,31 and is implicated
as a central switch for high-order chromatin compaction.29,32-34

Yeast hyperacetylation of H4K16 at specific subtelomeric regions
is also correlated with lifespan.35 In Drosophila, global acetylation
of H4K16 on the male X chromosome plays important roles in
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reducing chromatin compaction for active transcription and
accounts significantly for dosage compensation.36 Mammalian
H4K16ac appears to have a cell type-specific role in transcription.
In mouse embryonic stem cells, H4K16ac is critical in releasing
compacted chromatin for transcriptional activation.37 However,
H4K16ac has little impact on transcription in the differentiated
HEK293 cells.38

Compared to the large amount of studies on H4K16ac in
fungi and animals, its biological function in plants is completely
unknown. Considering the critical roles of H4K16ac in chroma-
tin dynamics and transcription in various organisms, understand-
ing its global distribution pattern and its relationship to
transcription is the key step toward uncovering its function in
plants. In this study, we generated first genome-wide high-resolu-
tion maps of H4K16ac in Arabidopsis thaliana and rice (Oryza
sativa), one of the most important food crops in the world. Our
data showed that H4K16ac was preferentially associated with

euchromatic regions particularly around
transcription start sites and colocalized
with H3K23ac in plants. The abun-
dance of H4K16ac was positively corre-
lated with the levels of gene expression.
Interestingly, genes enriched in both
H4K16ac and H3K23ac had signifi-
cantly higher expression levels than those
associated with only H4K16ac. Finally,
our data revealed that while Arabidopsis
H4K16ac and H3K23ac were depleted
in the silent genes, significant levels of
these 2 marks were found in the silent
genes in rice.

Results

H4K16ac is highly enriched around
transcription start sites and positively
correlates with gene expression levels

To begin to understand the function of
H4K16ac in plants, we determined its
genome-wide distribution pattern by using
chromatin immunoprecipitation coupled
with sequencing (ChIP-seq). We first eval-
uated the specificity of the antibody against
H4K16ac by dot blot using modified and
unmodified peptides (Fig. S1A). Next, we
generated global enrichment map of
H4K16ac across the 5 Arabidopsis chromo-
somes by calculating their read density nor-
malized to the reads derived fromH3. The
resulting map showed that H4K16ac was
highly enriched in the gene-rich euchro-
matic arms and was absent from pericen-
tromeric regions, where transposons and
other repetitive elements cluster
(Figs. 1A; Fig. S1B). We then determined

its peak distribution over different regions of protein-coding genes [
i.e., transcription start site (TSS), gene body, promoter, and inter-
genic region]. Unlike in yeast, fly, or human,39,40 Arabidopsis
H4K16ac peaked 200 bp downstream of the TSS (Figs. 1B; Fig.
S1A) and was depleted in transposable elements (Fig. S2B). To
determine whether gene length may contribute to these distribution
patterns, we divided genes into 4 groups based on their sizes and
found a similar pattern among all genes (Fig. S2C), suggesting that
enrichment ofH4K16ac around the TSS is independent of gene size.

Next, we asked whether H4K16ac-enrichment at the TSS was
correlated with transcription. We classified a total of ~30,000
genes in Arabidopsis genome (annotated in TAIR10) into 5
groups based on their expression levels.41 We found that actively
expressed genes had significantly higher levels of H4K16ac com-
pared to moderately expressed genes (41-60% group, Fig. 1C;
Fig. S1B, P < 1 £ 10¡20). Lowly expressed genes showed deple-
tion of H4K16ac across the entire gene-body (Fig. 1C). This

Figure 1. H4K16ac is highly enriched around transcription start sites (TSS) and positively correlates
with transcription levels in Arabidopsis. (A) Chromosomal views show that H4K16ac are highly
enriched in euchromatic regions. Y-axis represents the Log2 value of ChIP reads normalized to H3
reads. Transposable elements (black) and gene (gray) density were plotted to indicate the locations
of pericentromeric heterochromatin. Chr1, Chr2, Chr3, Chr4, and Chr5 represent the 5 Arabidopsis
chromosomes. Black triangle indicates the location of the centromere. (B) H4K16ac peak distribution
at the TSS and 200 bp downstream of the TSS (TSS+200bp), gene body, promoter, and intergenic
region. (C) Metaplot shows that H4K16ac is positively correlated with gene expression levels. “Top
20%” represents the gene group with the highest expression. The black bar in the X-axis represents
genes from the TSS to the transcription termination site (TTS). Y-axis represents the log2 value of ChIP
reads normalized to H3 reads.
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result revealed a positive correlation between transcript abun-
dance and H4K16ac enrichment levels.

Combined enrichment of H4K16ac and H3K23ac is
correlated with high gene expression levels

To further examine the relationship between H4K16ac and chro-
matin states, we performed a pairwise association analysis between
H4K16ac and other epigenetic marks. H4K16ac is positively corre-
lated with active marks (H3K9ac, H3K18ac, H3K4me2/3 and
H3K36me2/315,42-44) and anti-correlated with repressive modifica-
tions (H3K27me1 and H3K9me215,45) and histone variants H3.1
and H2A.W, which are required for heterochromatin condensation
(Fig. 2A).46-50 Interestingly, our results showed a significant positive
correlation between H4K16ac and H3K23ac (Pearson’s correlation
coefficientD 0.73, P< 2.2£ 10¡16), previously shown to be associ-
ated with transcriptional activation.
18 It is to be noted that the published
H3K23ac ChIP-seq was performed
using 3-week-old leaves,18 whereas,
in our study, H4K16ac was profiled
from 2-week-old seedlings. To rule
out the possibility that H3K23ac
may have distinct distribution pat-
terns in different developmental
stages, we determined the genome-
wide profile of H3K23ac in parallel
with that of H4K16ac from 2-week-
old seedlings and found a
significant correlation (Pearson’s cor-
relation coefficient D 0.52,
P < 2.2 £ 10¡16). We next calcu-
lated the acetylation level of H4K16
andH3K23 for each gene in the Ara-
bidopsis genome and revealed a posi-
tive correlation between these 2
marks (Pearson’s correlation coeffi-
cient D 0.92, P < 2.2 £ 10¡16)
(Fig. 2B). We further divided all
genes into 4 clusters by calculating
the log2 value of H4K16ac or
H3K23ac reads normalized to H3
reads. Only genes with log2 value
above 1 or below 0were used for clus-
ter classification. Approximately
15,800 genes (56%) containing both
H4K16ac and H3K23ac were
defined as belonging to the “Both”
cluster (Figs. 2B; Fig. S3A). The
genes only enriched with H4K16ac
(but not H3K23ac) and H3K23ac
(but not H4K16ac) were defined as
“H4K16ac only” and “H3K23ac
only”, respectively (Figs. 2B; Fig.
S3A). A ChIP-quantitative PCR in 2
randomly chosen genes from
“H4K16ac only” or “H3K23ac

only” clusters further confirmed this classification (Fig. S3B). Around
6,700 genes (24%) that have none of H4K16ac and H3K23ac marks
were defined as “None” cluster (Figs. 2B; Fig. S3A, and Table S1).
We next compared the transcript abundance of genes in different clus-
ters and found that genes enriched with both H4K16ac andH3K23ac
have significantly higher expression levels than the other 3 clusters
(Fig. 2C, P < 0.0001). Notably, the expression level of “H4K16ac
only” (green box) genes is similar to that of “None” cluster (purple
box) (Fig. 2C), suggesting that combined enrichment of H4K16ac
andH3K23ac is correlated with high gene expression.

H4K16ac- and H3K23ac-enriched genes are ubiquitously
expressed

Besides the combinatorial action, we asked whether there
are any unique patterns of H4K16ac and H3K23ac in

Figure 2. Co-existence of H4K16ac and H3K23ac is correlated with high gene expression. (A) Pearson correla-
tion analysis shows the positive correlations of H4K16ac with active epigenetic marks and the negative corre-
lations with silent marks. The coefficient is indicated by the color of each square. (B) Positive correlation
between H4K16ac and H3K23ac in Arabidopsis genome. Pearson correlation was tested between H4K16ac
and H3K23ac levels of each gene (Pearson correlation coefficientD 0.92, P< 2.2£ 10¡16). Four gene clusters
were divided based on their H4K16ac and H3K23ac levels. (C) Boxplot shows the expression level (FPKM) of
genes in 4 clusters as defined in (B). All genes in the Arabidopsis genome were plotted as an average expres-
sion level (gray). The * indicates P< 0.0001 by t-test.
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plants. To this end, we examined the transcript levels of
genes in 4 clusters in various tissues from different develop-
mental stages using previously published microarray data.51

Approximately 66% of genes (10,522 out of 15,810) con-
taining both H4K16ac and H3K23ac showed a globally
high expression level (average gcRMA expression levels > 6)
across all tissue types except for pollen (Fig. 3A). In con-
trast, genes depleted in both H4K16ac and H3K23ac
(“None” cluster) had generally low expression in all tissues
(Fig. 3A). Interestingly, a certain fraction of “H3K23ac

only” genes showed a slightly higher expression level in
leaves compared to flowers. Also, a small number of
“H4K16ac only” genes exhibited a moderate increase in
transcript abundance in floral tissues compared to leaves
(Fig. 3A). To further confirm the tissue-specific expression
patterns of “H4K16ac only” and “H3K23ac only” genes, we
calculated an entropy value for each gene cluster in all
developmental stages and tissue types. The entropy value is
a measure of the extent of tissue specificity, with a small
value indicating high tissue specificity and a large value

indicating low tissue specific-
ity.52 Previous studies estab-
lished that H3K27me3-enriched
genes showed strong develop-
mental regulation and had a
significant smaller entropy value
than genes in “Both” cluster
(P < 1 £ 10¡20).53 Interest-
ingly, genes enriched with both
H4K16ac and H3K23ac had
the largest entropy value among
the 4 clusters (Fig. 3B; Fig.
S4A), suggesting that they are
ubiquitously expressed. In con-
trast, genes depleted of both
H4K16ac and H3K23ac
(“None” cluster) had a signifi-
cantly smaller value compared
to “Both” genes (Fig. 3B ;Fig.
S4A, P < 1 £ 10¡20), indicat-
ing their high tissue-specific
expression. Consistent with
Fig. 3A, “H3K23ac only” and
“H4K16ac only” enriched genes
have significantly smaller
entropy values compared to
“Both” genes (P D 4.6 £ 10¡8

for “H3K23ac only” and
P D 1.2 £ 10¡9 for “H4K16ac
only”), suggesting that these
genes, like those enriched in
H3K27me3, have distinct
expression patterns in associa-
tion with particular develop-
ment stages (Fig. 3B; Fig.
S4A). We further determined
the entropy values of the 4 gene
clusters under stress, light, and
pathogen responses. Interest-
ingly, only “H4K16ac only”
enriched genes showed a signifi-
cantly smaller entropy value
compared to “Both” genes in
stress response (Fig. 3C; Fig.
S4B, P D 2.2 £ 10¡7). None
of the 4 clusters exhibited a

Figure 3. Genes enriched with both H4K16ac and H3K23ac are ubiquitously expressed. (A) Heatmaps show
the expression patterns of 4 gene clusters in tissues from different developmental stages. Four gene clusters
were defined in Figure 2B. (B-C) Tissue specificity of “Both”, “None”, “H3K23ac only”, and “H4K16ac only”
genes in development (B) and abiotic stress (C) measured by entropy values. H3K27me3 target genes were
included as a control for high expression specificity in development.
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significant difference under light and pathogen conditions
(Figs. S4C-D).

Together, these results suggest that the presence of both
H4K16ac and H3K23ac is associated with highly and ubiqui-
tously expressed genes, but these 2 marks when present in isola-
tion likely have tissue-specific expression.

Higher order interaction between H4K16ac, H3K23ac, and
other histone modifications

Extensive studies have established that multiple histone modi-
fications act in a combinatorial fashion to specify distinct chro-
matin states.14,17 To understand the relationship between
H4K16ac and H3K23ac with other histone methylation marks,
we examined the correlation of these 2 marks with previously
reported histone modifications in
Arabidopsis. Consistent with the
expression difference among the 4
clusters, we found that active
marks (H3K4me2/3 and
H3K36me2/3) are significantly
enriched at genes in the “Both”
cluster (P < 2.2 £ 10¡16) and are
depleted in the “None” cluster
(Fig. 4A-D). The situation is
opposite for repressive marks. We
found that H3K27me3 is depleted
at genes in the “Both” cluster
(Fig. 4E). Unexpectedly,
“H3K23ac only” cluster had a sig-
nificantly higher level of
H3K27me3 than those of “Both”
or “H4K16ac only” (Fig. 4E,
P < 2.2 £ 10¡16 for “Both” and
P D 3 £ 10¡3 for “H4K16ac
only”). Combined with the expres-
sion patterns, these results suggest
that the “Both” cluster is associated
with multiple active histone modi-
fications in seedlings.

Conserved and unique
distribution pattern of H4K16ac
and H3K23ac in rice

Although the overall distribution
patterns of H3K23ac across genes
are similar in Arabidopsis, yeast and
mammals,39 there are some notable
species-specific H4K16ac patterns.
H4K16ac is foundmostly at the TSS
of expressed genes in Arabidopsis
(Fig. 1B), but is enriched at pro-
moters and transcribed regions of
active genes in human.37,38,40 To
explore the conservation of
H4K16ac and H3K23ac distribu-
tion patterns in plants, we

determined their genome-wide occupancy in rice by using
ChIP-seq.

Both H4K16ac and H3K23ac were enriched at euchromatic
arms and depleted from pericentromeric regions (Figs. 5A;
Fig. S5). We next performed a Pearson correlation analysis and
found a significantly positive correlation of H3K23ac and
H4K16ac with gene density (Fig. S6A, Pearson’s correlation
coefficient D 0.27, P< 2.2 £ 10¡16 for H3K23ac and
coefficient D 0.57, P < 2.2 £ 10¡16 for H4K16ac). We also
found a significantly negative correlation of both H3K23ac and
H4K16ac with transposon density (Fig. S6A, Pearson’s correla-
tion coefficient D ¡ 0.24, P < 2.2 £ 10¡16 for H3K23ac and
coefficient D ¡ 0.39, P < 2.2 £ 10¡16 for H4K16ac). To inves-
tigate the relationship of H3K23ac and H4K16ac with gene

Figure 4. Correlation of histone methylation marks with H4K16ac and H3K23ac. Metaplots show the correla-
tion of genes in the 4 clusters with H3K4me2 (A), H3K4me3 (B), H3K36me2 (C), H3K36me3 (D), and
H3K27me3 (E). Four gene clusters were defined in Figure 2B. The * indicates P < 0.01 and ** indicates P <

2.2 £ 10¡16.
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activity, we classified a total of ~40,000 rice genes into 5 groups
based on their expression levels in rice seedlings.54 While 87.2%
of H4K16ac and 88.2% of H3K23ac peaks are enriched at the
TSS in Arabidopsis, only 56.5% of H4K16ac and 52.6% of
H3K23ac peaks are at the TSS in rice (Fig. 5B). We further
noticed a considerably increased fraction of these 2 marks in the
gene body (22.5% for H4K16ac and 18.2% for H3K23ac) and
intergenic regions (15.4% for H4K16ac and 22.2% for
H3K23ac) in rice compared to 9% and 1.3% of both H4K16ac
and H3K23ac in gene body and intergenic regions, respectively,
in Arabidopsis (Fig. 5B). Unlike Arabidopsis, rice H4K16ac and
H3K23ac have no significant correlation with transcript

abundance of the top 2 groups of
actively expressed genes (Figs. 5C;
Fig. S6B, P D 0.7 for H3K23ac
and P D 0.07 for H4K16ac).
More interestingly, we found a
considerable level of these 2 marks
in the coding regions of many
lowly expressed genes (Fig. 5C
and 5D). To further understand
the relationship of H4K16ac and
H3K23ac with gene expression,
we compared the expression levels
of genes that have H4K16ac and
H3K23ac (“Both”), “H3K23ac
only”, “H4K16ac only”, and none
of these 2 marks (“None”) (Fig.
S7A). Like in Arabidopsis, genes
enriched with both H4K16ac and
H3K23ac showed significantly
higher expression levels than the
genes in the other 3 clusters
(Fig. 5E, P < 0.001), suggesting
that the co-existence of both
H4K16ac and H3K23ac is also
correlated with gene expression
levels in rice.

To investigate the potential func-
tional roles of H4K16ac-enriched
genes, we performed Gene Ontology
analysis. We found that, in terms of
biological processes, rice H4K16ac-
containing genes were mostly
enriched in functions related to pho-
tosynthesis (PD 2.4£ 10¡44), gener-
ation of precursor for metabolites and
energy (PD 1.0£ 10¡28), andmeta-
bolic processes (P D 7.8 £ 10¡22)
(Fig. S7B).In contrast, Arabidopsis
H4K16ac-enriched genes were
mostly involved in development
(PD 6.1£ 10¡7), responses to stim-
uli (P D 3.7 £ 10¡6), and signal
transduction (P D 1.4 £ 10¡5)
(Fig. S7B).

Together, these results suggest that the distribution patterns of
H4K16ac and H3K23ac are generally conserved between rice and
Arabidopsis with the exception of their enrichment across the
lowly expressed genes (Fig. 5F) and their association with genes
involved in different biological processes.

Discussion

Our study generated the first genome-wide high-resolution
maps of H4K16ac in the model plants A. thaliana and O. sativa.
By comparative analyses, we showed that H4K16ac exhibited

Figure 5. H4K16ac and H3K23ac are highly enriched around transcription start sites (TSS) and positively cor-
relate with transcription levels in rice. (A) Chromosomal views of H4K16ac and H3K23ac distribution patterns
in rice chromosome 1. Transposable elements and gene density were plotted to indicate the locations of the
pericentromeric heterochromatin. (B) H4K16ac and H3K23ac peak distribution at the TSS and 200 bp down-
stream of the TSS (TSS+200bp), gene body, promoter, and intergenic region in Arabidopsis and rice. (C) Meta-
plots showing the H4K16ac and H3K23ac levels over 5 gene groups divided based on their expression levels.
(D) Representative snapshots of H4K16ac and H3K23ac in an active gene and a silent gene in rice. (E) Boxplot
showing the expression levels of 4 gene clusters. The * indicates P < 0.0001 by a Student’s t-test. (F) Heat-
maps showing distribution patterns of H4K16ac and H3K23ac in the top 20% and bottom 81–100%
expressed genes in Arabidopsis and rice. TTS, transcription termination site; ¡2K, 2 kb upstream of the TSS;
+2K, 2 kb downstream of the TTS.
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both conserved and unique distribution patterns in plants and
acted in a combinatorial manner with H3K23ac on gene expres-
sion. We have also found some potential plant-specific roles of
H4K16ac in Arabidopsis and rice.

H4K16ac and H3K23ac are preferentially enriched at
actively expressed genes in Arabidopsis, consistent with the
fact that acetylation marks are generally associated with
open chromatin and actively transcribed regions.14,22,23,55-58

This distribution pattern is also in agreement with an anti-
correlation of H3K23ac with DNA methylation.18,59 Sur-
prisingly, we found that H4K16ac and H3K23ac are also
enriched across the gene-body of many lowly expressed
genes in rice (Fig. 5C and 5D). Consistent with this obser-
vation, H3K23ac is also associated with the coding regions
of silent genes in fly.60 H4K16ac is also present at the silent
genes in yeast.56 The biological significance of the enrich-
ment of H4K16ac or H3K23ac in the silent genes is
unknown. Their unexpected enrichment in the silent genes
in rice, but not Arabidopsis, implies that there may be a spe-
cies-specific difference in the organization of plant genomes.
One possible explanation is that these silent genes may have
relatively open chromatin in the gene body to make it acces-
sible for acetylation, but their expression is strictly con-
trolled by promoter chromatin configuration. This is
consistent with a model in which the chromatin configura-
tion of promoter acts on top of that of the gene body to
regulate gene expression.61,62 Besides distribution pattern
difference, our Gene Ontology analysis revealed that
H4K16ac-enriched genes are associated with different bio-
logical processes in Arabidopsis and rice (Fig. S7B), further
supporting a potentially species-specific role of H4K16ac in
plants.

Another intriguing finding was a species-specific distribution
pattern of H4K16ac and H3K23ac between plants and animals.
H3K23ac was enriched at the promoters in worm63 and across
the entire gene bodies in fly.60 Interestingly, the distribution pat-
tern of H4K16ac is very dynamic in different organisms. Fly
H4K16ac is mostly enriched around the TSS,60 whereas the
majority of H4K16ac is associated with promoters and a rela-
tively small fraction near the TSS in worm.63 In human, the
highest enriched peaks of H4K16ac fall within the promoters
and the transcribed regions of actively expressed genes.40 In
plants, H4K16ac is mostly enriched around the TSS with slight
differences in Arabidopsis and rice. Approximately 87% of
H4K16ac peaks are around the TSS in Arabidopsis (Fig. 1B), but
only 56% are present near the TSS in rice (Fig. 5B). This is not
surprising given that a moderate fraction (38%) of H4K16ac is
found in the body or intergenic regions in rice.

The distribution pattern of H3K23ac and H4K16ac is also in
agreement with their potential roles in transcriptional activation.
We found that 56% of the Arabidopsis genes modified by
H4K16ac are also enriched with H3K23ac. A similar co-localiza-
tion between these 2 marks was also found in human.40 Interest-
ingly, the genes with both marks have the greatest transcript
abundance and their expression levels are significantly higher
than those of genes with only H4K16ac or H3K23ac (Figs. 2C

and 5E). This result is consistent with the observation that genes
associated with multiple active marks have high expression.40

Thus, our findings support a cooperative model in which multi-
ple epigenetic modifications act in a combinatorial manner and
the combined effect ultimately determines the function.40,64

Acetylation of H4K16 has been well documented to have
many unique features in different organisms.29,58 Our systemic
analysis of the expression patterns of H4K16ac-enriched genes in
different developmental stages of 8 tissues revealed a correlation
with plant development. As expected, genes enriched with both
H4K16ac and H3K23ac are highly and ubiquitously expressed
(Fig. 3A). Unexpectedly, these genes appear to be lowly
expressed in the pollen. More surprisingly, the genes containing
none of H4K16ac and H3K23ac are relatively highly expressed
in the pollen. It is possible that H4K16ac and H3K23ac may
have a tissue-specific role in transcriptional regulation in plants.
Consistent with this hypothesis, H4K16ac appears to have cell-
type dependent function in transcription in human cells.38 Fur-
thermore, H4K16ac has been reported to be lost in many cancer
cells and is frequently used as a hallmark for certain types of can-
cer.65 The mechanism regarding the differential expression pat-
tern of H4K16ac-enriched genes in pollen is unclear. It is
possible that, like in human HEK293 cells,37 H4K16ac has dis-
tinct effects on transcription in pollen. In the future, it will be
important to directly examine the roles of H4K16ac in regulating
transcriptional activity in the different stages of the development.

Materials and Methods

Plant material
Arabidopsis thaliana (accession Columbia-0) plants were grown in

soil at 21�C under continuous light for 2 weeks. Oryza sativa (Nip-
ponbare) was grown onMSmedium at 28�C under short day condi-
tion (8 h light and 16 h dark) for 2 weeks. The aerial sections of the
seedlings were harvested for the following experiments.

Dot blot
PVDF membrane (GE Healthcare, Hybond-P, RPN303F)

was submerged in methanol for 2–3 s and then washed with
TBS (50 mM Tris pH7.5, 150 mM NaCl). The membrane was
placed on a wet filter paper. Peptides with dilution series of 250
pmol and 50 pmol were spotted on the membrane respectively
and air-dried. The membrane with peptide was soaked with
methanol and washed with TBS, followed by blocking for 1 h at
room temperature (RT) with blocking buffer (3% BSA in TBS
plus 0.1% Tween-20). The membrane was further incubated
with antibodies against H3K23ac (07-355, Millipore) and
H4K16ac (07-329, Millipore) for 2 h at H4K16ac (07-329,
Millipore) for 2 h at room temperature.

Chromatin-immunoprecipitation (ChIP) sequencing
ChIP was performed based on the previously described paper

with slight modifications.41 Two grams of plant tissues were
ground into a fine powder with liquid nitrogen and re-suspended
in 25 mL of nuclear isolation buffer (10 mM Hepes pH 8.0,
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1 M sucrose, 5 mM KCl, 5 mM EDTA, 0.6% Triton X-100,
0.4 mM PMSF, 1 ug/ul pepstain, and protease inhibitor com-
plete mini (Roche Applied Science)). The antibodies were pur-
chased from Millipore (07-329 for H4K16ac and 07-355 for
H3K23ac). ChIP libraries were constructed by using the Ovation
Ultralow Library kit (NuGEN, Part No. 0330), following the
manufacturer instructions. The libraries were sequenced using
the HiSeq 2000 Sequencing System (Illumina) in UW-Madison
biotechnology center.

Real-time PCR
Primers for Arabidopsis ChIP quantitative PCR were designed

within the 400 bp region following TSS of each gene (Table S2).
Quantitative real-time PCR analysis was performed using the
SYBR Taq Kit (Life technologies, Catalog: 4309155) on the
Applied Biosystems 7500 system. For each primer set, the DCT
value was calculated using the comparative CT method: DCT D
CT (ChIP isolated DNA) - CT (input DNA). Relative enrich-
ment was calculated as 2-DDCT§ standard deviation (SD), where
DDCT=DCT (ChIP isolated DNA) – CT (H3 ChIP isolated
DNA). Three technical replicates were performed.

ChIP-seq data analysis
Sequenced reads were mapped to TAIR10 genome for Arabi-

dopsis and MSU7.0 genome for Oryza sativa with Bowtie2
(v2.1.0)66 using default parameters. Reads mapping to identical
positions in the genome were collapsed into one read. The total
reads obtained for each sample were listed in Table S3. Enrich-
ment regions of H4K16ac and H3K23ac were defined using
SICER package67 with a histone H3 ChIP as control. Rice ChIP
was normalized to Micrococcal Nuclease digested sequencing
reads (GSM1228041)68 for nucleosome density control.

In genome-wide profiling of Arabidopsis H4K16ac, log2 value
of the ChIP reads divided by H3 reads was calculated and binned
in 100 kb increments. In rice, normalized ChIP read density for
each 100 kb bin was calculated and plotted. For plots of acetyla-
tion level over genes or transposable elements, each gene was
divided into 20 intervals (5% each interval) separately for the
body of the gene, 2 kb upstream of the TSS, and 2 kb down-
stream of the TTS. Gene Ontology analysis was performed based
on agriGO.69

Pairwise association analysis
We divided the Arabidopsis genome into 100 bp sections and

calculated the log2 value of ChIP reads normalized to input reads
for each histone modification. The histone modification ChIP-
sequencing datasets were obtained from previously published
papers.43,46,47,70 Pairwise association analysis between histone
modification marks was calculated by Pearson correlation
method. The P values was calculated by a Student t-test.

Classification of gene clusters
Based on our findings that H4K16ac and H3K23ac mostly

enrich at 400 bp downstream of the TSS (Fig. S2A), we assign
the acetylation score for each gene by taking a log2 value of ChIP
reads normalized to H3 reads from the TSS to 400 bp

downstream of the TSS. Genes with log2 value above 1 in both
H4K16ac and H3K23ac were defined as “Both” cluster. Genes
with log2 value below 0 in both acetylation marks were defined
as “None” cluster. Genes with log2 value above 1 in H4K16ac
but below 0 in H3K23ac were defined as “H4K16ac only”.
Genes with log2 value above 1 in H3K23ac but below 0 in
H4K16ac were defined as “H3K23ac only”. Gene lists of these 4
clusters were provided in Table S1. In Oryza sativa, “Both”,
“H4K16ac only”, “H3K23ac only”, and “None” gene clusters
were assigned to genes that had at least 1 bp overlapping between
the genic regions and the defined peaks. Gene lists for 4 rice clus-
ters were provided in Table S4.

Expression pattern analysis
In defining gene expression clusters, expression level of Arabi-

dopsis seedling was obtained from published data.41 Rice gene
expression profile was obtained from seedlings of “Nipponbare”
(http://rice.plantbiology.msu.edu/; data set SRX016110).
Expression profiles for a broad range of developmental stages
throughout the plant life cycle were downloaded from a previ-
ously published paper.51 Triplicate data for each developmental
time point were averaged and the sample list used in this study
are listed in Table S5. Entropy was calculated by using the
“entropy” package in R.52 All plots were normalized for their
sequencing coverage.

Data access
The ChIP Sequencing data sets have been submitted to the

National Center for Biotechnology Information database
(GSE69426).
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