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The genome-wide abundance of two histone modifications, H3K4me3 and H3K9ac (both associated with actively expressed
genes), was monitored in Arabidopsis (Arabidopsis thaliana) leaves at different time points during developmental senescence
along with expression in the form of RNA sequencing data. H3K9ac and H3K4me3 marks were highly convergent at all stages of
leaf aging, but H3K4me3 marks covered nearly 2 times the gene area as H3K9ac marks. Genes with the greatest fold change in
expression displayed the largest positively correlated percentage change in coverage for both marks. Most senescence up-
regulated genes were premarked by H3K4me3 and H3K9ac but at levels below the whole-genome average, and for these
genes, gene expression increased without a significant increase in either histone mark. However, for a subset of genes
showing increased or decreased expression, the respective gain or loss of H3K4me3 marks was found to closely match the
temporal changes in mRNA abundance; 22% of genes that increased expression during senescence showed accompanying
changes in H3K4me3 modification, and they include numerous regulatory genes, which may act as primary response genes.

Leaf senescence is the final nutritive stage of leaf
development, in which the organ that provided sugars
to the growing plant undergoes a controlled degrada-
tion process that recycles many of the nutrients located
in the protein-rich photosynthetic apparatus. Leaf se-
nescence is regulated by developmental age and can
be accelerated by adverse environmental conditions,
such as drought, nutrient deprivation, and heat stress.
Ethylene, jasmonic acid, and salicylic acid promote,
whereas cytokinin prevents leaf senescence (Lim et al.,
2007a). Numerous microarray studies have cataloged
major changes in gene expression during leaf senes-
cence, and a large overlap with defense responses has
been noted (Guo et al., 2004; van der Graaff et al., 2006;
Breeze et al., 2011; Guo and Gan, 2012).

Toward understanding the mechanisms that regulate
gene expression during senescence, numerous studies
have shown that transcription factors, such as WRKY53
(Hinderhofer and Zentgraf, 2001; Miao et al., 2004; Miao
and Zentgraf, 2010), ORESARA1/NAC2 (Oh et al., 1997;
Matallana-Ramirez et al., 2013), and ETHYLENE-
INSENSITIVE3 (Li et al., 2013b), promote leaf senescence
as well as many others listed in the Leaf Senescence Da-
tabase (Liu et al., 2011). In addition, mutants that affect
chromatin structure have been shown to affect senescence;
however, phenotypes are often pleiotropic (Lim et al.,
2007b; Wu et al., 2008; Ay et al., 2009; Humbeck, 2013).

In a previous study, changes in two euchromatin
histone modifications, trimethylation of Lys-4 in Histone
H3 (H3K4me3; Zhang et al., 2009) and trimethylation of
Lys-27 in Histone H3 (H3K27me3; Zhang et al., 2007),
were measured on a genome-wide scale by chromatin
immunoprecipitation Illumina sequencing (ChIP-seq) in
young and old leaves (Brusslan et al., 2012). This study
did not have accompanying gene expression data, and
published microarray data (van der Graaff et al., 2006)
were used to compare gene expression and changes in
histone methylation status. Even with these limitations,
a correlation between the H3K4me3 mark and gene
expression was apparent. Genes that displayed a gain in
the H3K4me3 mark were most highly represented by
genes expressed to a greater extent in older leaves, and
the opposite distribution was observed for genes that
lost the H3K4me3 mark. Genes that lost the H3K27me3
mark were expressed in older leaf tissue, but overall
gene numbers were low, and a gain of the H3K27me3
mark for down-regulated genes was rarely observed.
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H3K4me3 marks are localized to actively transcribed
genes, but they become associated with chromatin after
RNA polymerase II binding (Kim et al., 2008; Malapeira
et al., 2012) and thus, are considered to be marks for
transcribed genes. However, interaction between the
H3K4me3 mark and TAF3, a TFIID subunit of the
preinitiation complex, has been observed in human cells
(Lauberth et al., 2013), suggesting that the H3K4me3
mark plays a role during the initiation of transcription.
In addition, the Arabidopsis (Arabidopsis thaliana) tri-
thorax1 (ATX1) methyltransferase was found to be
important for recruiting TATA binding protein and
RNA polymerase II to promoters. Interestingly, this
activity was independent of the ATX1 methyltransfer-
ase activity, which was necessary for elongation of
transcription (Ding et al., 2012). The extent of H3K4me3
modifications was recently shown to be greatest for cell
identity genes, and in young leaves, genes with the
greatest breadth of H3K4me3 coverage were enriched
for photosynthesis (Benayoun et al., 2014).
A second well-studied histone mark is acetylation of

Lys-9 of Histone H3 (H3K9ac; Zhou et al., 2010). Changes
in H3K9 acetylation have been shown to correlate with
changes in gene expression during deetiolation and after
UV-B treatment (Charron et al., 2009; Schenke et al.,
2014). The timing of H3K9ac gain or loss closely paral-
leled gene expression changes for the circadian clock
components and response to drought stress (Kim et al.,
2012; Malapeira et al., 2012), or it occurred after genes
had been activated in the case of flowering (Adrian et al.,
2010). Thus, the exact role of H3K9ac in gene activation is
not yet defined, and it likely plays numerous roles.
In this study, both of these well-established histone

marks (H3K4me3 and H3K9ac), which positively corre-
late to gene expression, have been measured on a
genome-wide scale using ChIP-seq along with accompa-
nying RNA sequencing (RNA-seq) data at different stages
of leaf aging. Most (78%) senescence up-regulated genes
(SURGs) were premarked with H3K4me3 and H3K9ac,
and most (85%) of the down-regulated genes retained
both marks, even when gene expression had dropped to
low levels. However, the breadth of the H3K4me3 and
H3K9ac marks was positively related to gene expression.
For a subset of genes (22% of up-regulated genes and 15%
of down-regulated genes), a strong relationship between
temporal changes in gene expression and gain/loss of the
H3K4me3 mark was observed during leaf aging. By
identifying genes that show combined changes in gene
expression and histone marks, we have produced a list of
genes that includes many known to play important roles
in senescence as well as potentially unique players in this
important biological process.

RESULTS

RNA-Seq Gene Expression Analysis

RNA-seq was performed on mature, fully expanded
rosette leaf tissue at four time points: 29, 35, 42, and
57 d (Supplemental Fig. S1). These time points were

chosen to encompass the steps of leaf senescence, which
commences soon after the development of the inflores-
cence (Breeze et al., 2011). Three independently sampled
replicates were subject to RNA-seq using multiplex
single-end Illumina sequencing (Supplemental Table S1).
Replicates sampled on each day show a high degree of
similarity, with the 29-d samples being the most distinct
(Fig. 1A), allowing the use of replicates to assess varia-
tion for confident differential expression analysis as well
as subsequent pooling of the replicate read count for the
calculation of reads per kilobase of transcript for million
mapped reads (RPKM) values. The initial data analysis
identified genes that showed significant changes in ex-
pression between adjacent time points ($2-fold change
in expression, P value # 0.05): 29 to 35, 35 to 42, and 42
to 57 d. Confirming the distinct separation of the 29-d
replicates and those of the other time points seen in the
dendrogram of the clustering results (Fig. 1A), the largest
number of genes was up- (Fig. 1B) or down-regulated
(Fig. 1C) during the first time interval, indicating that
major changes in gene expression occur before the visual
manifestations of leaf aging: the loss of chlorophyll. The
greatest overlap between time intervals was between 35
and 42 d and between 42 and 57 d for up-regulated
genes and between 29 and 35 d and between 35 and
42 d for down-regulated genes (Fig. 1, B and C). A
hypergeometric test (Johnson et al., 1992) revealed a
significant overlap between all intervals for up-regulated
genes (P value # 5E-04), indicating that, although most
genes are fully up-regulated by 35 d, a significant pro-
portion continues to be more gradually up-regulated
across time points (Fig. 1B). The down-regulated genes
only showed a significant overlap across the first two
intervals (P value , 1.1E-81), indicating that a largely
distinct set of genes decreases from 42 to 57 d (Fig. 1C).

We sought to generate a high-confidence set of
SURGs and senescence down-regulated genes (SDRGs)
by requiring that they showed significant changes in
expression ($2-fold, P # 0.05) in two of six pairwise
comparisons (29–35, 29–42, 29–57, 35–42, 35–57, and 42–
57 d). This analysis permits the inclusion of genes with
significant changes in expression in just one interval; for
example, the distinct group of genes that is down-
regulated between 42 and 57 d (Fig. 1C) will be listed
in the 29 to 57, 35 to 57, and 42 to 57 d pairwise com-
parisons. To remove genes with low expression, we also
required that they have RPKM values (after merging
replicate data sets) above the median RPKM value
(0.764 for 29 d, 0.911 for 35 d, 0.790 for 42 d, and 0.752
for 57 d) at the time of higher expression. Figure 1, D
and E shows the robust up- and down-regulation of
expression in the SURGs and SDRGs, respectively. As
was generally the case, the biggest changes in expres-
sion occurred between 29 and 35 d, but the respective
upward and downward trends persisted for the dura-
tion of the time course. In contrast to the SURGs and
SDRGs, the expression distributions of all other genes
show no trend, indicating that the classification was
reasonable (Fig. 1F). Figure 1G shows that setting the
threshold at two of six pairwise comparisons resulted in
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a fair estimate of gene expression changes that repre-
sented a good compromise between overly stringent
and more lenient criteria. WRKY transcription factor
genes, usually associated with senescence and thus,
representing a likely false positive, were observed in
the down-regulated category when only one of six
pairwise comparisons was the threshold; conversely,
small up-regulated auxin (SAUR) genes, down-regulated
in senescence and representing a likely false positive,
were seen at increasing numbers in the up-regulated
category when only one of six pairwise comparisons
was the threshold. Genes encoding basic helix-loop-
helix transcription factors showed no preference for
up- or down-regulation during leaf aging, and the
numbers of these genes became more plentiful as the
threshold decreased.

The selection procedure described above resulted in
1,432 SURGs (plus 11 pseudo-genes and 6 transposable
element genes) and 964 SDRGs (plus 4 pseudo-genes
and 5 transposable element genes; Supplemental Data
Sets S1 and S2). Small numbers of transposable element
genes, mostly retroposons, and pseudo-genes were both
up- and down-regulated during leaf senescence. This
contrasts to animal cells, where a general increase in
expression and mobility of transposable element genes
has been observed in older somatic cells (De Cecco et al.,
2013; Li et al., 2013a). A gene ontology (GO) analysis
was performed on this list of SURGs and SDRGs, and
enriched biological processes with false discovery rates
below 1% are shown in Table I. Genes related to defense,
jasmonic acid, and transport were enriched in SURGs as
expected (Guo et al., 2004; van der Graaff et al., 2006;
Breeze et al., 2011). In addition, enrichment for indole
glucosinolate synthesis genes suggested a role for these
secondary metabolites during senescence (Wang et al.,
2013). SDRGs were enriched for photosynthesis and
growth-related processes, such as response to auxin
stimulus, response to light stimulus, response to gib-
berellin, lipid biosynthesis, and cell wall organization.

ChIP-Seq Analysis for H3K4me3 and H3K9ac

Nuclei were prepared from the same tissue used in
RNA-seq, and ChIP-seq was performed using an an-
tibody that recognized H3K4me3. A second set of tis-
sue was grown and harvested at 30, 34, and 42 d for
H3K9ac chromatin immunoprecipitation (ChIP) li-
braries. Although the days were not identical, the

Figure 1. Gene expression differences during leaf senescence. A,
Pearson correlation matrix of gene expression data [log2(read counts +
1)] from all RNA-seq libraries. The darker red boxes indicate a higher
correlation. Dendrograms were generated by hierarchically clustering
samples based on correlation values transformed into distance values
(1 2 r). B, Genes with significant ($2-fold, P # 0.05) increases in
expression between adjacent ages are shown in the Venn diagram. C,

Genes with significant ($2-fold, P # 0.05) decreases in expression
between adjacent ages are shown in the Venn diagram. Box plots for
SURGs (D), SDRGs (E), and non-SURG or -SDRG (F) gene expression.
RNA-seq RPKM data (log2 scale) for genes are shown. Boxes represent
first to third quartiles or interquartile range (IQR). Whiskers extend to
the most extreme data points but no more than 61.5 times the IQR
from the box, beyond which outliers are plotted individually. Notches
extend to 61.58 IQR/=n (Chambers et al., 1983). G, The abundance
of three gene families for different thresholds used to classify SURGs
and SDRGs is shown. bHLH, Basic helix-loop-helix.
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developmental stages were similar to the first three
time points of the first experiment. ChIP and input se-
quencing reads are summarized in Supplemental Table
S2. Figure 2A shows two typical gene-rich regions on
chromosomes 1 and 5 with H3K4me3 and H3K9ac read
counts. The peaks of read counts are most commonly
located in the 500-bp region downstream of the tran-
scription start site (TSS; Fig. 2B). Regions of significant
H3K4me3 and H3K9ac ChIP enrichment were deter-
mined (“Materials and Methods”). Approximately 1.82
Mb of the 115-Mb genome were found to be signifi-
cantly enriched for one or the other of two histone
marks relative to input, with the marks coinciding
across 1.42 Mb (78%; Fig. 2C). A cooperative interaction
between H3K4me3 and H3K9ac modifications is sug-
gested by the high degree of colocalization, which has
been noted previously (Kim et al., 2008, 2012; Anzola
et al., 2010; Jaskiewicz et al., 2011; Roudier et al., 2011;
Malapeira et al., 2012).

Changes in Histone Marks during Leaf Senescence

To determine if the levels of the two histone marks
changed significantly during leaf senescence, six pair-
wise comparisons were made between ChIP read counts
at four different time points for the H3K4me3 mark, and
three pairwise comparisons were made at three different
time points for H3K9ac read counts. Based on these
pairwise comparisons, a region was defined as dis-
playing a consistent and significant gain or loss of his-
tone marks during the course of the experiment if at
least three of six pairwise comparisons for H3K4me3
showed significant [2log(P value) $ 6] changes or at
least two of three comparisons for H3K9ac showed
significant [2log(P value) $ 6] changes, thereby ruling

out spurious changes. We used these more strin-
gent thresholds for the histone marks relative to gene
expression [two of six pairwise comparisons and
2log(P value) $ 1.3], because the lower requirement for
leaf material allowed us to produce replicate RNA-seq
libraries (n = 3; Fig. 1A), which in turn, allowed for
greater confidence in the differential expression results.
Representative regions displaying a gain in H3K4me3 or
H3K9ac are shown in Figure 3. Figure 3A shows
At5g13080 that encodes WRKY75, a transcription factor
known to be important in regulating leaf senescence (Li
et al., 2012). ChIP and input read counts in progressively
older leaves are displayed at different time points, and
the increase in H3K4me3 is clearly seen. The region that
shows significant gain is indicated in the K4_GAIN 3 of
6 track, and three of six comparisons (29–35, 29–42, and
29–57 d) show 2log(P values) $ 6. H3K9ac is enriched
at the WRKY75 locus but does not show a change in
abundance. In Figure 3B, the gain in H3K9ac marks can
be seen for At1g66760, which encodes a member of the
multidrug and toxic compound extrusion (MATE)
transporter family. The K9_GAIN 2 of 3 track displays
regions with 2log(P values) $ 6 in two of three com-
parisons (30–34 and 30–42 d). This gene has consistent
levels of the H3K4me3 mark.

Overall, 564 genes showed a significant gain of
H3K4me3 within the region from the TSS to 500 bp
downstream during leaf aging; 222 genes were associ-
ated with a significant loss of H3K4me3 over the same
period. Of these genes, 56% (315 of 564) that gained the
H3K4me3 mark were SURGs, and 63% (139 of 222) that
lost the H3K4me3 mark were SDRGs. This shows a high
positive correlation between significant changes in these
histone modifications and gene expression. For H3K9ac
marks, the numbers of genes associated with a consis-
tent significant gain (128) and loss (150) were lower than

Table I. GO enrichment for SURGs and SDRGs

Enriched GO biological processes and false discovery rates (FDR in percent) are reported.

Biological Process Gene Count FDR

UP_GO biological process: two of six pairwise comparisons
Defense response 146 1.5E-20
Protein amino acid phosphorylation 147 1.5E-19
Response to organic substance 128 2.3E-08
Glucosinolate metabolic process 19 2.8E-08
Jasmonic acid metabolic process 12 1.7E-04
Indole-derivative metabolic process 14 8.8E-04
Multidrug transport 17 0.010
Aromatic compound biosynthetic process 28 0.307
Response to oxidative stress 33 0.741
Chitin catabolic process 8 0.767

DOWN_GO biological process
Response to auxin stimulus 49 3.8E-12
Cell wall organization 34 1.1E-05
Response to light stimulus 43 3.5E-04
Regulation of cellular component size 24 0.068
Lipid biosynthetic process 34 0.093
Photosynthesis 19 0.207
Microtubule-based movement 12 0.217
Response to gibberellin 15 0.280
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for H3K4me3 marks, in part because of one less time
point and reduced read counts compared with H3K4me3.
Furthermore, the correlations with gene expression
were not as high: 20% (26 of 128) for gain of the acet-
ylation mark and up-regulation and 17% (26 of 150) for
loss of the acetylation mark and down-regulation. In
fact, of 128 genes that significantly gained the H3K9ac
mark, 51 (40%) showed no upward or downward trend
in expression during the course of leaf senescence, and
59 of 150 genes (39%) that significantly lost H3K9ac had
unchanged gene expression.

Considering SURGs as a whole, 22% (315 of 1,432)
gained H3K4me3, whereas only 2% (26 of 1,432) gained
the H3K9ac mark. Similarly, 14% (139 of 964) of SDRGs
displayed a loss of the H3K4me3 mark, with 3% (26 of
964) showing H3K9ac loss. Intrigued by these relatively
low proportions, we first studied the 1,117 SURGs
(1,432 2 315 genes) and 825 SDRGs (964 2 139 genes)
that were not associated with H3K4me3 acquisition
or loss. Average H3K4me3 and H3K9ac read counts
62,500 bp from the TSS for these genes are displayed in
Figure 4. These SURGs were marked with H3K4me3 at

the earliest time point, and a slight increase in marks
was apparent; however, counts remained below the
whole-genome time point average (Fig. 4A). Interest-
ingly, H3K9ac counts increased with gene expression
and were above the whole-genome time point average
at 42 d (Fig. 4B). Increasing gene expression RPKM
values are shown in Figure 4C. These two histone
modifications were present before the first harvest and
before the significant increase in expression captured by
the RNA-seq time course experiments, but for these
genes, only the H3K9ac mark more closely reflected
gene expression. For this subset of SDRGs, there is a
decrease in H3K4me3 modification levels that takes
place in parallel with decreased mRNA abundance;
however, there was only a moderate enrichment for this
mark (approximately the same as on average), and the
losses were not significant by our criteria, with a peak
still evident at 57 d, when RPKM levels were low (Fig.
4, D and F). For H3K9ac, the modification levels hover
below the whole-genome time point average and do not
correspond to changes in gene expression (Fig. 4E). The
decreasing gene expression profiles for the SDRGs not

Figure 2. Coincidence of H3K4me3 and
H3K9ac marks. A, ChIP-seq reads from
two gene-rich regions of the Arabidopsis
genome (upper, Chromosome 1 and lower,
chromosome 5) are displayed using In-
tegrated Genome Viewer. Data from
29 (H3K4me3) and 30 d (H3K9ac) are
displayed in pairs of ChIPand input reads.
The scale for H3K4me3 ChIP and input is
0 to 120, whereas the scale for H3K9ac
ChIP and input is 0 to 60. Gene tracks
with exons and introns are shown in blue
below the read tracks. B, At5g45340 (the
boxed gene in A) is shown in a zoomed-
in view. The peaks for both histone
modifications are colocalized to the 59
ends of the gene. At5g45340 is tran-
scribed from right to left and encodes an
abscisic acid hydroxylase. C, ChIP reads
were compared with input, and peaks
were called as described in “Materials
and Methods” for each histone modifica-
tion. The Venn diagram shows the overlap
between peaks comprising at least two
sequential 100-bp bins exhibiting signifi-
cant ChIP counts for each histone modi-
fication across all time points.

1250 Plant Physiol. Vol. 168, 2015

Brusslan et al.



associated with a significant decrease in histone mark
levels are shown in Figure 4F. Thus, for SDRGs, a de-
crease in H3K4me3, albeit not a significant one, still
accompanies reduced gene expression, but both marks
are retained, even in older tissue.
Next, we considered those genes for which significant

and consistently changing histone modifications and
gene expression were identified (Supplemental Data Set
S3). The 315 genes with increases in both H3K4me3 and
mRNA levels (K4-SURGs) include NAC- and WRKY-
domain transcription factors, numerous classes of
receptor-like protein kinases, late embryogenesis-
abundant dehydration factors, MATE efflux trans-
porters, and RING/U-box proteins. The number of
genes with increased H3K9ac and mRNA levels (K9-
SURGs) is much smaller (26), and these include the
WRKY41 transcription factor known to play a role in
defense. Abundant gene classes within the 139 K4-
SDRGs (genes with a decrease in both H3K4me3 and
mRNA) include tubulin, gibberellin response, and cell
wall extension; 3 YUCCA (auxin biosynthesis) and 13
SAUR-like (auxin response) genes show decreased
expression accompanied by a loss in H3K4me3 marks.
The 26 K9-SDRGs include the Photosystem I subunit K
gene encoding a PSI subunit as well as 1 SAUR-like

gene. The intersection of K4- and K9-SURGs was only
9 genes, whereas that for K4- and K9-SDRGs was 11
genes (Supplemental Data Set S3).

Temporal Patterns in Histone Mark Acquisition and Loss

Our time course allowed a comparative analysis of
temporal changes in gene expression and histone
modifications. Regions that showed significant gain or
loss for each histone modification were subject to k-
means clustering to produce three groups with dif-
ferent temporal patterns. Figure 5 shows the clustering
for H3K4me3 acquisition (Fig. 5A) and how gene ex-
pression for the genes in each cluster coincides with
the trend seen in the average histone mark profiles
(Fig. 5B). The average H3K4me3 profiles for each
cluster of genes at each time point are shown for the
region 22,500 to +2,500 bp in relation to the TSS, and
the mean levels for all genes at each time point are
denoted with dashed lines in Figure 5B. In all cases,
H3K4me3 peaks are centered approximately 400 bp
downstream from the TSS, as seen before. A rapid
increase in H3K4 trimethylation is observed between
29 and 35 d for cluster 1, and this is reflected in the

Figure 3. Histone modifications in leaves from differently aged plants. A, Integrated Genome Viewer (IGV) tracks for ChIP and
input reads for the WRKY75 gene (At5g13080) that show a significant increase in H3K4me3 marks (K4_GAIN 3 of 6 track). The
read count tracks show ChIP and input reads for the numbers of days of plant growth for each histone modification as indicated.
Data from younger leaves are darker green, whereas data from older leaves are more yellow. The read range is 0 to 120 for
H3K4me3 reads and 0 to 60 for H3K9ac reads. The criteria for significance are 2log(P ) $ 6 in three of six pairwise com-
parisons, and P values for six pairwise comparisons are shown below (K4_GAIN 29–35 to K4_GAIN 42–57; P scale is 0–10). B,
IGV tracks are the same as in A but for one member of the MATE Efflux transporter family (At1g66760), which shows a sig-
nificant increase in H3K9ac marks. Significant changes in acetylation were identified as those that showed 2log(P ) $ 6 in two
of three comparisons (K9_GAIN 2 of 3 track). K9_GAIN 30 to 34 to K9_GAIN 34 to 42 tracks show 2log(P ) for three pairwise
comparisons on a 0 to 10 scale.
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accompanying gene expression box plot (Fig. 5B,
cluster 1). The more gradual increase in H3K4me3
marks for cluster 2 is also mirrored in a more gradual
increase in gene expression for genes in cluster 2, and
the more subtle increases in H3K4me3 marks are ac-
companied by a smaller fold increase in gene expres-
sion for cluster 3 (Fig. 5B, clusters 2 and 3). The
P values for all pairwise comparisons (after correction
for multiple testing) can be viewed in Table II, and in
all but one case, differences in gene expression are
significant. The one case in which gene expression did
not differ significantly (42–57 d for cluster 1) showed a
concomitant negligible gain in H3K4 trimethylation.
K-means clustering was also used to partition regions
exhibiting a loss of H3K4me3 into three groups
reflecting different temporal patterns of diminution
(Fig. 6A). As with the gain of H3K4me3 marks, the
magnitude and timing of loss in histone marks and
decreases in gene expression mirror one another for all

three clusters (Fig. 6B). For all clusters, the decrease in
gene expression was not significant between 42 and
57 d (Table II), and H3K4me3 marks are at nearly
identical levels. These correlations support an active
and finely tuned role for the H3K4me3 mark in regu-
lating gene expression during leaf aging for a subset of
genes.

A corresponding analysis was performed for peaks
that gained the H3K9ac histone mark, which revealed
less distinct temporal trends. Of 33 genes comprising
the H3K9ac gain cluster 3, a significant increase in
gene expression was observed during leaf aging be-
tween 29 and 35 d and between 29 and 42 d (Table II;
Supplemental Fig. S2B, cluster 3). The remaining two
k-means clusters showed an upward trend when gene
expression was compared with histone modifications;
however, changes in gene expression were not signif-
icant (Table II; Supplemental Fig. S2B, clusters 1 and
2). Gene clusters 1 and 2 showed increased acetylation

Figure 4. H3K4me3 and H3K9ac his-
tone marks in SURGs and SDRGs that
were not identified as K4-SURGs or K4-
SDRGs. Histone modification profiles
for 1,117 SURGs are shown as lines for
H3K4me3 (A) and H3K9ac (B), exclud-
ing 315 K4-SURGs that had significant
and consistent changes in H3K4me3
marks. The average counts per 100-bp
bins for all genes at each time point are
shown by dashed lines. C, The gene
expression values are shown for this
group of 1,117 genes below the histone
modification profiles. Histone profiles
for 825 SDRGs are shown as lines for
H3K4me3 (D) and H3K9ac (E), exclud-
ing 139 K4-SDRGs. (F) The gene ex-
pression values are shown for this group
of 825 genes below the histone modifi-
cation profiles. The P values for pairwise
comparisons of gene expression in C are
all significant: 1.33E-62, 29 to 35 d;
2.54E-106, 29 to 42 d; 2.53E-134, 29 to
57 d; 2.92E-04, 35 to 42 d; 2.64E-09, 35
to 57 d; and 0.009, 42 to 57 d. The
P values for pairwise comparisons of
gene expression in F are:5.49E-57, 29 to
35 d; 3.47E-79, 29 to 42 d; 3.99E-89, 29
to 57 d; 3.81E-07, 35 to 42 d; 2.46E-10,
35 to 57 d; and 0.34, 42 to 57 d. Box
plot representations are described in
Figure 1E.
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approximately 1.5 kb upstream of the TSS, which was
most apparent at 34 and 42 d, and colocalized with the
H3K4me3 mark (Supplemental Fig. S3).
Peaks that lost the H3K9ac mark were also subject to

k-means clustering (Supplemental Fig. S4A), and
cluster-associated gene expression showed a similar
downward trend for all three clusters, but again,
changes in gene expression were significant for only
one pairwise comparison (29–42 d, cluster 2; Table II;
Supplemental Fig. S4B). In the case of this one signif-
icant interval, the mean H3K9ac counts at 30 and
42 d were almost identical (Supplemental Fig. S4B,
cluster 2). These data suggest that H3K9ac marks do
not dynamically correspond to gene expression during
leaf senescence as do the H3K4me3 marks, most
strikingly for down-regulated genes. This is well il-
lustrated by the H3K9ac profiles for 314 K4-SURGs
(Fig. 7). K4-SURGs significantly increased expression
during leaf senescence; the H3K4me3 profiles start
well below the time point average and consistently
increase during leaf senescence, whereas the H3K9ac
profiles are on a par with the time point average at 30
and 34 d and only show an increase at 42 d.
GO enrichment analysis was performed for the k-

means gene clusters. H3K4me3_Gain cluster 2 showed

a dramatic increase in gene expression and enrichment
for multidrug transport, and indole glucosinolate bio-
synthesis was observed, whereas the genes in H3K4me3
gain cluster 3 with a smaller increase in expression were
enriched for immune response and secondary meta-
bolic process. For H3K4me3 loss cluster 2, which
showed a dramatic decrease in expression, response to
hormone stimulus and plant-type cell wall modifica-
tion were enriched, whereas the less steep decline in
expression observed in H3K4me3 loss cluster 3 was
also enriched for response to hormone stimulus as well
as response to light stimulus and developmental
growth involved in morphogenesis. The remaining
clusters showed no significant enriched GO biological
process clusters. GO enrichment is summarized in
Supplemental Data Set S4.

The Breadth of Histone Marks Correlates with Gene
Expression during Leaf Senescence

A recent study by Benayoun et al. (2014) showed
that the extent of H3K4me3 marks was greatest for
genes that impart cell identity. In leaves, for instance, a
high proportion of genes with the broadest H3K4me3

Figure 5. k-means clustering for H3K4me3
gain peaks and correlation to gene expression.
A, Peaks with a significant gain in H3K4me3
marks were subjected to k-means clustering to
generate three cluster groups with different
temporal trends of acquisition. B, The mean
counts per 100-bp bin were calculated for
genes associated with peaks in each cluster
(lines) as well as all genes at each time point
(dashed lines) for clusters 1 to 3. Data are
shown for the region comprising 22,500 to
+2,500 bp in relation to the TSS. RNA-seq
data for genes that coincided with each peak
are shown in the box plots for each cluster.
Box plot representations are described in
Figure 1E.
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coverage was assigned the photosynthesis GO term.
With this in mind, the extent to which each gene was
covered by the two respective histone modifications
was determined. Using 100-bp bins that exhibited a
significant enrichment in ChIP-seq read counts relative
to input [2log(P value$ 4)], we calculated coverage in
terms of both absolute base pairs and the proportion of
the gene to normalize for length (TSS to transcription
termination site 6500 bp to allow for potential
spreading of the marks beyond the confines of the
gene body). Considering the absolute extent of signif-
icant H3K4me3 enrichment at 42 d, the top 5% of genes
had at least 1,500 bp of coverage by the mark (Fig. 8A).
As a proportion of the gene length, the top 5% of genes
with the highest coverage had at least 50% of their
lengths significantly enriched for H3K4me3 (Fig. 8B).
In contrast, genes in the 95th percentile of H3K9ac
coverage at 42 d showed significant ChIP-to-input
enrichment over at least 900 bp (Fig. 8C). Normaliz-
ing for gene length, the top 5% of genes with the
broadest H3K9ac enrichment had at minimum 32% of
their gene bodies covered (Fig. 8D). Similar overall
coverage distributions were observed for the respec-
tive marks at all leaf ages (data not shown), with
H3K9ac observed to cover only 60% to 65% of the re-
gion covered by H3K4me3.

Enrichment for biological process GO terms was
performed for genes with the top 5% broadest cover-
age for both modifications. Photosynthesis was
enriched for H3K4me3 breadth for all time points but
was not enriched at any time for genes with the
broadest H3K9ac coverage. The 57-d H3K4me3 time
point showed enrichment for response to bacterium
(defense genes expressed during senescence). Regula-
tion of transcription was enriched in 30- and 34-d
H3K9ac samples but not enriched in any of the
H3K4me3 samples, suggesting that H3K9ac coverage
breadth may control regulatory loci. A summary of the

enrichment analysis is found in Supplemental Data
Set S4.

To better illustrate the association between the
breadth of the histone marks and the expression levels
of genes involved in leaf senescence, genes were placed
into different bins based on their log2 fold change in
expression across four time points used for the
H3K4me3 analysis and three time points used for the
H3K9ac analysis. The change in the proportion of
histone mark coverage was determined across the cor-
responding time points for each bin, and their dis-
tributions are plotted in Figure 8, E and F. A positive
correlation between fold change in gene expression and
breadth of histone marks was apparent, with the cor-
relation being higher for H3K4me3 marks (r = 0.47) than
for H3K9ac marks (r = 0.20). The strength of the rela-
tionship between gene expression and H3K4me3 gene
coverage was further illustrated by the dendrograms for
correlation matrices made for the RNA-seq data and the
H3K4me3 coverage data (Supplemental Fig. S5).

DISCUSSION

The abundance of H3K4me3 and H3K9ac histone
modifications changes at specific loci during numerous
developmental transitions in plants (Kim et al., 2008,
2009a, 2012; Charron et al., 2009; Adrian et al., 2010;
Anzola et al., 2010; van Dijk et al., 2010; Brusslan et al.,
2012; Malapeira et al., 2012; López-González et al.,
2014; Molitor et al., 2014; Schenke et al., 2014), and
thus, it is likely that the final stage of leaf development,
leaf senescence, would be accompanied by changes in
these two well-characterized histone modifications
that positively correlate with gene expression. Leaves
were harvested from progressively more senescent
plants and subject to RNA-seq and ChIP-seq, so that
a direct correlation between gene expression and

Table II. P values associated with pairwise comparisons of gene expression

Accompanying H3K4me3 gain cluster data are shown in Figure 5, and loss cluster data are shown in
Figure 6. Accompanying H3K9ac gain cluster data are shown in Supplemental Figure S2, and loss cluster
data are shown in Supplemental Figure S4. Pairwise comparisons are listed at the top. *P # 0.05; **P #

0.01; ***P # 0.001.

Histone Modification 29 to 35 29 to 42 29 to 57 35 to 42 35 to 57 42 to 57

H3K4me3 d

GAIN_cluster 1 4.68E-23*** 3.1E-31*** 4.84E-36*** 0.008** 2.14E-5*** 0.062
GAIN_cluster 2 1.47E-17*** 1.55E-25*** 6.79E-30*** 0.003** 1.41E-6*** 0.036*
GAIN_cluster 3 1.23E-15*** 3.76E-26*** 6.2E-32*** 7.37E-4*** 1.71E-8*** 0.008**
LOSS_cluster 1 4.57E-6*** 2.46E-9*** 9.6E-11*** 0.201 0.017* 0.204
LOSS_cluster 2 4.22E-14*** 2.07E-19*** 5.47E-22*** 0.006** 2.43E-4*** 0.312
LOSS_cluster 3 3.59E-9*** 7.14E-14*** 1.66E-17*** 0.015* 1.4E-4*** 0.232

H3K9ac
GAIN_cluster 1 0.139 0.11 1
GAIN_cluster 2 1 1 1
GAIN_cluster 3 0.024* 0.01* 1
LOSS_cluster 1 0.742 0.124 0.789
LOSS_cluster 2 0.371 0.039* 0.371
LOSS_cluster 3 1 1 1
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abundance and breadth of histone modifications could
be performed. Our data showed a strong correlation
between the breadth of both histone marks and gene
expression. Differing amounts of H3K4me3 marks
correlated well to gene expression; however, a weaker
trend was observed between gene expression and the
abundance of H3K9ac marks.
Our harvest protocol maximized material to allow for

both nuclei and RNA extraction and used multiple as
well as larger leaves (approximately leaves 12–15) than
leaf 7, which was used in an extensive transcriptome
analysis of developmental senescence (Breeze et al.,
2011). RPKM values for 18 senescence marker genes
and the corresponding cluster number previously
assigned are shown in Supplemental Table S3. Genes
from cluster U1 were expressed early in both experi-
ments, and genes from clusters U2 and U3 mostly
showed the greatest fold induction in the first time in-
terval (29–35 d), whereas genes from the U5 to U7
clusters showed highest expression at 57 d, the final
time point for the RNA-seq data. Although this study
did not have the temporal refinement of the extensive
transcriptome work, the intervals are generally equiv-
alent, and trends should translate among studies.
The signal strength for the H3K4me3 peaks was

higher than that of the H3K9ac peaks. A recent analysis

of multiple chromatin marks shows weaker peaks for
numerous acetylation marks compared with H3K4me3
marks, suggesting that acetylation marks are less
pronounced than H3K4me3 modifications in Arabi-
dopsis (Sequeira-Mendes et al., 2014). The high coin-
cidence of H3K4me3 and H3K9ac marks (Fig. 2) has
been noted previously (Kim et al., 2008, 2010, 2012;
Anzola et al., 2010; Roudier et al., 2011; Malapeira
et al., 2012) and supports the validity of the H3K9ac
data sets. Although the coincidence of these two
modifications has been noted before, our observa-
tion that the extent of H3K9ac coverage per gene
was about 60% of the H3K4me3 coverage level is
unique. For most genes, modifications centered
+400 bp from the TSS, but for genes identified in the
H3K9ac_GAIN_clusters 1 and 2, modifications that
peaked at approximately 21,200 bp from the TSS were
also observed for both marks (Supplemental Fig. S3).
The combination of the two marks in the promoter re-
gion might contribute to an upward trend in gene ex-
pression; however, neither of these H3K9ac_GAIN
clusters exhibited significantly increased gene expression
(Table II). Promoter methylation for H3K4me3_GAIN
genes did increase with plant age, but no clear peak
was identified, and the magnitude of the change was
much less compared with the increase that centered at

Figure 6. k-means clustering for H3K4me3
loss peaks and correlation to gene expression.
A, The same as in Figure 5A but for regions
exhibiting a significant loss of H3K4me3. B,
H3K4me3 marks and gene expression data
are displayed as described in Figure 5B.
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+400 bp from the TSS. Thus, for these genes, the role of
promoter histone modifications is unclear.

The breadth of histone mark coverage was found to
correlate well with gene expression, especially for
H3K4me3 (Fig. 8; Supplemental Fig. S5). Genes with
the greatest fold change in expression had the largest
corresponding changes in gene coverage by the mark.
These data support the fact that the extent of gene
coverage, as well as the peak intensity, of these his-
tone marks is important for gene regulation. Because
this study is based on an ensemble of cells, the in-
crease in the total histone mark signal at active genes
could result from an increasing number of cells up-
regulating the genes involved in the senescence process
over time.

A similar experiment coupling expression to the
H3K4me3 mark was performed on rice (Oryza sativa)
subject to drought stress (Zong et al., 2013). Results of
this study corresponded to our work, noting that genes
with a significant change in the H3K4me3 mark and
gene expression (609 rice genes) were directionally
correlated, such that gain of the H3K4me3 mark and
up-regulation occurred in 89% of cases and loss of
the H3K4me3 mark and down-regulation occurred in
90% of cases. Identification of significantly changed
H3K4me3 marks was less precise, because only two
conditions, control and drought, were studied, and
thus, the significant change in three of six (or two of
three) pairwise comparisons that were done for this
work was not possible. The observation that, of 4,387
rice genes with differential H3K4me3 modification
levels, many were not expressed (45%) or had no
change in expression during drought (40%) might be
caused by an overestimation of genes with differential
H3K4me3 marks.

The relatively few genes that showed significant
changes in H3K4me3 (786 genes) and H3K9ac (278
genes) marks are surprising. Our work showed that
only a small proportion of SURGs (22%) and SDRGs
(15%) had changes in the H3K4me3 mark, and an even
smaller percentage (2% for SURGs and 3% for SDRGs)
had changes in the H3K9ac mark. This can be partially
explained by the stringent criteria used to call regions
of significant change, but raising the P value resulted
in the inclusion of genes that did not show convincing
gains/losses when raw data were viewed. Additionally,

many SURGs already had both histone marks before
the first leaf harvest; however, levels were below the
whole-genome average for H3K4me3 and did not
change significantly (Fig. 4). For these genes, H3K9ac
levels showed an increasing trend that peaked above
whole-genome time point averages, indicating that
small changes in this mark do accompany changes in
gene activation. SDRGs that did not show a significant
loss in H3K4 trimethylation over the time points
studied did display a decreasing trend in H3K4me3
marks; however, they remained above the genome-
wide average, and H3K9ac marks for these genes
were low during the entire time course. Thus, for the
bulk of up-regulated genes, low levels of H3K4me3
marks were present before the first time point, and
H3K9ac showed an increasing trend. For the bulk of
down-regulated genes, the opposite was observed: low
levels of H3K9ac were present, whereas H3K4me3
levels showed a decreasing trend. This reciprocal re-
lationship between the two marks has not been noted
previously, and it is worth additional study.

Pathogen infiltration of Arabidopsis leaves was
found to result in increased expression of WRKY70,
Pathogenesis-related1 (PR1) and Thionin12.1 (TH12.1).
WRKY70 was found to have differential H3K4me3 and
be a direct target of the ATX1 histone methyltransfer-
ase, whereas PR1 and TH12.1 had constant levels of
H3K4me3 marks and were targets of WRKY70
(Alvarez-Venegas et al., 2007). The pathogen infiltra-
tion study suggested that changing H3K4me3 may
occur for primary response regulatory genes but not
for secondary response genes. In agreement with this
observation, our list of SURGs that displayed a gain of
H3K4me3 (K4-SURGs) includes four WRKY and six
NAC transcription factors. Of these WRKY and NAC
genes, mutant analysis has shown that WRKY75 (Li
et al., 2012), NAC016 (Kim et al., 2013), and NAC019
(Guan et al., 2014) are positive regulators of senes-
cence, whereas WRKY54 (Besseau et al., 2012) is a
negative regulator of senescence. Thus, numerous im-
portant primary regulators of senescence do display a
concomitant change in H3K4me3 marks and gene ex-
pression. A small number of regulatory genes displayed
changes in H3K9ac as leaf senescence progressed. K9-
SURGs include WRKY41, which plays a protective role
during defense (Higashi et al., 2008), and nonrace-

Figure 7. AverageH3K4me3 andH3K9ac
read count profiles for 387 K4-SURGs.
Histone modification profiles as described
in Figure 5B for 315 K4-SURGs. Both
histone marks are shown for K4-SURGs.
H3K4me3 marks increase consistently
throughout leaf aging starting at a low
level, whereas H3K9ac marks start at the
whole-genome time point average and
only increase at 42 d.
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specific disease resistance1/hairpin induced1, a mitogen-
activated protein kinase gene that is salicylic acid responsive
during senescence (Zheng et al., 2004).
Of 175 K4-SDRGs that displayed a loss of H3K4me3

marks and decreased gene expression, 13 encoded
YUCCA- and SAUR-like genes involved in auxin bio-
synthesis (Mashiguchi et al., 2011; Stepanova et al.,
2011; Won et al., 2011) and response, respectively
(Spartz et al., 2012, 2014). Auxin synthesis sets in mo-
tion major changes in gene expression and physiology

(Guilfoyle and Hagen, 2007), and the down-regulation
of auxin synthesis and signaling can be considered a
primary event in the progression of senescence. Al-
though reports of the role of auxin in leaf senescence
conflict (Quirino et al., 1999; Okushima et al., 2005; Hou
et al., 2013; Jiang et al., 2014), our molecular data sug-
gest that auxin action is down-regulated during the
progression of leaf senescence.

A well-characterized senescence regulator, WRKY53,
showed a constant high level of H3K4me3 and H3K9ac

Figure 8. Breadth of histone modifica-
tions and gene expression during leaf
senescence. The breadth of H3K4me3
modifications for 42-d samples are
shown according to base pairs covered
(A) or percentage of gene covered (B).
The breadth of H3K9ac modifications
for 42-d samples are shown according
to base pair covered (C) or percentage
of gene covered (D). Red dashed verti-
cal lines delineate the top 95th per-
centile. E, The percentage change in
H3K4me3 gene coverage from 29 to 57
d is plotted for gene expression bins.
Genes are placed in bins according to
the fold change in gene expression over
the same time interval. Gene counts
per bin are given in parentheses. For
example, the bin labeled 0.5 includes
2,712 genes that display a log2 increase
in gene expression greater than 0.5 to
less than or equal to 1.0. The box plot
representations are as described in
Figure 1E. The overall Pearson correla-
tion between percentage change in
gene coverage and fold change in gene
expression was 0.47 (upper left corner),
with a 95% confidence interval of
0.463 to 0.481 (P , 2.2E-16). F, The
percentage change in H3K9ac gene
coverage from 30 to 42 d is plotted
similarly to A, except that the expres-
sion time interval is from 29 to 42 d to
better correspond to the H3K9ac time
interval. The overall Pearson correla-
tion in this case was 0.20, with a 95%
confidence interval of 0.185 to 0.207
(P , 2.2E-16).
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marks in our study (Supplemental Fig. S6A), thus in-
dicating that not all important regulators were identi-
fied as K4-SURGs. RPKM levels for WRKY53 increased
from 42.6 to 548.1 between 29 and 35 d, indicating that a
large change in expression (13-fold) did occur during
the time points included in this study. WRKY53 is one
example of the many genes that are marked before
significant up-regulation of mRNA levels. WRKY53
expression is down-regulated by Whirly1 (Miao et al.,
2013), which may explain the coincidence of low tran-
script levels and high levels of H3K4me3 marks. Ex-
amples of posttranscriptional regulation mediated by
small RNAs have been identified during leaf senescence
(Kim et al., 2009a, 2009b; Li et al., 2013b; Thatcher et al.,
2015) and may also explain some of the inconsistencies
between H3K4me3 marks and gene expression. Senes-
cence associated gene12 (SAG12), a molecular marker for
senescence, was up-regulated 3,300-fold between 29
and 57 d (0.022–72.5 RPKM) and showed increased
levels of H3K4me3 marks 250 to 650 bp upstream of the
TSS but no clear H3K9ac marks (Supplemental Fig.
S6B), suggesting that H3K4me3 modifications in the
promoter can be associated with changes in gene ex-
pression. This differed from our previous study, in
which SAG12 was not marked by H3K4me3 (Brusslan
et al., 2012). The other gene that was reported to be
strongly up-regulated that did not have H3K4me3
marks, At1g73220, was devoid of both marks in this
study (Supplemental Fig. S6C); however, expression
levels were low for this gene and only reached median
RPKM levels at 57 d. Because four time points were
included in this more comprehensive work, these data
have more certainty than our previous data.

During leaf senescence, changes in H3K4me3 marks
reflected changes in gene expression to a much greater
extent than changes in H3K9ac marks. This is, in part,
because of the slightly different ages of the H3K9ac
ChIP-seq data set compared with the RNA-seq data
set. However, the criteria for a significant change re-
quired changes that covered two of three intervals for
H3K9ac; thus, the differences in leaf harvest dates (29
versus 30 d and 35 versus 34 d) for the two marks were
minimized by the nature of the analysis. However, a
small number of genes that was specifically up- or
down-marked between 29 and 35 d but not between
the shorter interval of 30 to 34 d would be missed. In
drought stress, H3K9ac and H3K4me3 marks in-
creased in parallel for three drought-responsive genes
(Kim et al., 2008). During rehydration, expression of
the drought-responsive genes was down-regulated,
and the H3K9ac marks were rapidly lost, whereas
the H3K4me3 marks were retained and decreased at a
rate similar to mRNA levels (Kim et al., 2012). The
drought study was done on a timescale of hours,
whereas this developmental senescence study was per-
formed on a timescale of days; however, in both,
H3K4me3 marks paralleled gene expression. It should be
noted, however, that H3K4me3 marks can change rap-
idly, which has been observed for clock genes, in which
both H3K9ac and H3K4me3 marks cycle for 24 h each

(Malapeira et al., 2012). Sampling was always performed
at the same time each harvest day, and therefore, diurnal
cycles would not interfere with our study.

In this study, 387 K4-SURGs were noted to have
average H3K9ac levels at the earliest time points that
increased by 42 d, unlike the H3K4me3 marks, which at
first, were substantially below average and greatly in-
creased by the end of the time course (Fig. 7). These
data suggest that H3K9ac modifications are present
before H3K4 trimethylation for the K4-SURGs. In ani-
mal systems, evidence supporting K4 trimethylation of
acetylated H3 has been published (Bradbury et al., 2005;
Nightingale et al., 2007; Taverna et al., 2007), and it is
possible that the H3K9 acetylation serves as a template
for the gain of H3K4me3 marks during leaf senescence.

Interestingly, for K4-SURGs that display the largest
gain in H3K4me3 marks between the first two time
points (29–35 d), additional H3K9ac acquisition, above
average levels, only occurs at a subsequent stage be-
tween 34 and 42 d (Fig. 7). Furthermore, those genes
that gain H3K9ac (K9-SURGs) already show elevated
levels of H3K4me3 and show no further increase in
trimethylation (Supplemental Fig. S3), indicating that
H3K4me3 acquisition occurred sometime before that
of H3K9ac for these genes. Non-K4-SURGs/SDRGs
showed a reciprocal relationship, with one mark
remaining at a basal low level, whereas the other
showed an increasing/decreasing trend (Fig. 4).

CONCLUSION

Gene expression and H3K4me3 and H3K9ac marks
were monitored at a genome-wide level at four stages of
leaf senescence. These two histone marks have been
found to positively correlate to gene expression in many
organisms. Most genes were premarked with the two
modifications at levels below the whole-genome aver-
age before up-regulation. Most down-regulated genes
remained marked, even when expression levels sub-
stantially dropped. A subset of genes (22% of up-
regulated genes and 14% of down-regulated genes),
including known regulatory loci, showed a strong cor-
relation between gene expression and H3K4me3 marks.
H3K9ac coverage per gene was approximately 60% of
that for H3K4me3, and the percentage of coverage for
both histone marks positively correlated to the fold
change in aging-related gene expression. These studies
bolster support for a role of chromatin modification in
the process of leaf aging.

MATERIALS AND METHODS

Plant Growth, Nuclei Isolation, ChIP, ChIP Library
Preparation, RNA Isolation, and RNA-Seq
Library preparation

Plants were grown as described (Brusslan et al., 2012), with the exceptions
that the light intensity was 30 mmol photons m22 s21 at 22°C and the diurnal
cycle was 20 h of light and 4 h of dark. The low light intensity was chosen,
because the leaves of older plants grown at standard light intensities (120–150
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mmol photons m22 s21 for 16 h is recommended by the Arabidopsis Biological
Resource Center) became purple and stressed; to compensate for the low light
intensity, a longer light period of 20 h was used. Mature, fully expanded ro-
sette leaves were harvested as shown by the pink arrows in Supplemental
Figure S1. Newly emerging leaves at the center of the rosette were not har-
vested, and petioles were trimmed, such that harvested tissue contained leaf
blades only. No inflorescence tissue was harvested. The first harvest was
performed after the vegetative-to-reproductive transition, when incipient bolts
(0.5–3 cm) had developed (29-d-old plants; 29 d). Mature rosette leaf tissue
was then harvested at 35 d, when bolts had lengthened and secondary bolts
were forming, 42 d, when siliques were present on primary and secondary
bolts, and 57 d, when about 50% of siliques were brown and dry and chlo-
rophyll loss was evident throughout the rosette leaves. Isolation of nuclei and
ChIP were performed as previously described, with the exception that the
final pellet was resuspended in 1 mL of cold nuclei lysis buffer and 2 mL of
cold ChIP dilution buffer. The H3K9ac antibody (07-352) and H3K4me3 an-
tibody (17-678) were purchased from Millipore. The H3K4me3 ChIP library
was prepared for sequencing as described previously (Brusslan et al., 2012),
and the H3K9ac library was prepared using the Illumina TruSeq ChIP Sample
Preparation Kit-Set A. RNA was isolated using Trizol Reagent (Life Tech-
nologies), and RNA was prepared for sequencing using the Illumina TruSeq
RNA Sample Prep Kit v2-SetA. Sequencing was performed at the University of
California, Los Angeles using an Illumina HiSeq2000 to produce 50-bp single
reads from both the ChIP-seq and RNA-seq libraries.

RNA-Seq Data Processing

RNA-seq reads were mapped to The Arabidopsis Information Resource 10
(TAIR10) reference genome and gene annotation using tophat-2.0.4 (Trapnell
et al., 2009) calling bowtie-0.12.8 (Langmead et al., 2009) using the following
parameters:

Tophat--solexa  1:3-quals--no--coverage-search-g 12GÆTAIR  10  annotationæ:

HTSeq (Anders et al., 2014) was used to perform gene counts, and DESeq2
(Love et al., 2014) was used for differential analysis. Intersection and union
analyses of gene lists were performed using the Virtual Plant Web site (Katari
et al., 2010).

ChIP-Seq Data Processing

ChIP-seq reads were mapped to the TAIR10 reference genome using
bowtie-0.12.8 (Langmead et al., 2009) using the following parameters:

bowtie-m  1-v  2-a--best--strata

Regions of significant H3K4me3 and H3K9ac ChIP enrichment were deter-
mined by comparing the numbers of ChIP with input reads within 100-bp bins
across the genome. Bins showing 2log(P value) $ 6 by the Poisson test were
deemed to be significantly enriched. To ensure an even higher level of confi-
dence in these peaks, we required that at least two sequential 100-bp bins
show significant ChIP enrichment when comparing the locations of the two
marks (Fig. 2). Pearson correlations and significance values were calculated
using R’s cor.test function (R Core Team).

ChIP-Seq Differential Analysis

Pairwise comparisons were made between ChIP signals at each time
point for each histone mark using a Poisson test to determine regions of
significant difference [2log(P value) $ 6]. Based on these pairwise com-
parisons, a region was defined as displaying a consistent gain or loss of
histone marks during the course of the experiment if changes were ob-
served in at least three of six pairwise comparisons for H3K4me3 and two
of three pairwise comparisons for H3K9ac.

k-Means Clustering

For eachmark, only regions displaying a consistent significant gain or loss of
the mark during the course of the experiment were considered (“Materials and
Methods, ChIP-seq Differential Analysis”). In each of four cases (significant
K4me3 gain, K4me loss, K9ac gain, and K9ac loss), 2log(P value) results from
the ChIP versus input Poisson test (see above) were grouped by k-means

clustering (k = 3) using the kmeans function in the R package (R Core Team).
Genes were assigned to these peaks if the peaks overlapped the TSS to TSS +
500-bp region of the genes. In some cases, multiple regions from a single gene
were assigned to different clusters.

Gene Coverage

For each mark, the coverage of each gene was determined as the proportion
of 100-bp bins from TSS 2 500 bp to transcription termination site + 500 bp
that exhibited a significant enrichment in ChIP-seq read counts relative to
input [2log(P value) $ 4]. A lower threshold was chosen in this case, because
we were comparing immunoprecipitate (IP) with input as opposed to IP
versus IP, which has the potential for containing more false positives; also, this
helped to better capture the continuity in the breadth of coverage of significant
histone mark deposition along the gene body. The top 5% of genes with the
highest proportion of coverage at each time point were analyzed for absolute
length of coverage and percentage of gene coverage.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers GSE67776, GSE67777, and GSE67778.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Arabidopsis rosettes at harvest dates.

Supplemental Figure S2. k-means clustering for H3K9ac gain peaks and
correlation to gene expression.

Supplemental Figure S3. Average H3K4me3 and H3K9ac read count pro-
files for genes associated with H3K9ac_GAIN clusters 1 and 2.

Supplemental Figure S4. k-means clustering for H3K9ac loss peaks and
correlation to gene expression.

Supplemental Figure S5. Correlation matrices and dendrograms for RNA-
seq RPKMs and H3K4me3 gene coverage.

Supplemental Figure S6. H3K4me3 and H3K9ac marks for three genes.

Supplemental Table S1. Read and alignment summary for RNA-seq li-
braries.

Supplemental Table S2. Read and alignment summary for ChIP-seq li-
braries.

Supplemental Table S3. Gene expression comparison between this study
and the previously reported leaf 7 time course.

Supplemental Data Set 1. List of senescence up- and down-regulated
genes.

Supplemental Data Set 2. RPKM values for SURGs, SDRGs, and all other
genes in which one time point was above the median RPKM value.

Supplemental Data Set 3. List of K4-SURGs, K9-SURGs, K4- and K9-
SURGs, K4-SDRGs, K9-SDRGs, and K4- and K9-SDRGs.

Supplemental Data Set 4. GO biological process enrichment.
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