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Nucleosomes package eukaryotic DNA and are composed of four
different histone proteins, designated H3, H4, H2A, and H2B.
Histone H3 has two main variants, H3.1 and H3.3, which show
different genomiclocalization patterns in animals. We profiled H3.1
and H3.3 variants in the genome of the plant Arabidopsis thaliana
and found that the localization of these variants shows broad sim-
ilarity in plants and animals, along with some unique features. H3.1
was enriched in silent areas of the genome, including regions con-
taining the repressive chromatin modifications H3 lysine 27 meth-
ylation, H3 lysine 9 methylation, and DNA methylation. In contrast,
H3.3 was enriched in actively transcribed genes, especially peaking
at the 3’ end of genes, and correlated with histone modifications
associated with gene activation, such as histone H3 lysine 4 meth-
ylation and H2B ubiquitylation, as well as RNA Pol Il occupancy.
Surprisingly, both H3.1 and H3.3 were enriched on defined origins
of replication, as was overall nucleosome density, suggesting a
novel characteristic of plant origins. Our results are broadly consis-
tent with the hypothesis that H3.1 acts as the canonical histone that
is incorporated during DNA replication, whereas H3.3 acts as the
replacement histone that can be incorporated outside of S-phase
during chromatin-disrupting processes like transcription.

Nucleosomes, the basic units of chromatin, consist of DNA
wrapped around a core of eight histone proteins composed of
two dimers of histones H2A and H2B and a tetramer of histones
H3 and H4. In multicellular organisms, multiple variants of each
histone protein coexist in the same nucleus. In the case of his-
tone H3, three variants are found in both plants and animals:
the canonical H3.1, the variant H3.3, and the centromere-specific
CENP-A (CENH3) (1, 2). In animals, deposition of the canonical
H3.1 into chromatin is generally DNA replication-dependent and
occurs in a process mediated by the CAF-1 chaperone, whereas
the H3.3 variant is deposited mainly by the HIRA chaperone in
a DNA replication-independent manner (3-6).

Plants and animals share the components involved in H3 dy-
namics, including canonical and variant H3 proteins, gene struc-
tures, and the chaperones responsible for their deposition (2, 7).
In addition, extensive conservation in the amino acid sequences
and expression patterns of histones H3.1 and H3.3 is seen in
animals and plants, despite evidence that H3.1 and H3.3 evolved
independently in the two kingdoms based on analyses of amino
acid sequences (1, 2, 7, 8); for instance, in both plants and animals,
H3.3 differs from H3.1 at only three or four amino acid positions
(2, 9). Histone H3 variants have been profiled at a genome-wide
level in Drosophila and mammalian cells (5, 10, 11). Consistent
with its DNA replication-independent deposition, H3.3 is
enriched in actively transcribed genes. In addition, mass spec-
trometry studies of posttranslational modifications of human
H3.1 showed H3.1 enrichment in the silencing-related H3K9
dimethylation mark (12, 13). A mass spectrometry study of the
posttranslational modifications of Arabidopsis histone H3.1 and
H3.3 revealed H3.1 enrichment in the silencing-related H3K27
methylation marks (H3K27mel, H3K27me2, and H3K27me3)
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and H3.3 enrichment in the H3K36 methylation marks (H3K36mel,
H3K36me2, and H3K36me3) found in the transcribed regions of
active genes (14). These results suggest that the H3.1 and H3.3
proteins may demonstrate a similar relationship with transcrip-
tion as is seen in animals. In this paper, we describe the genome-
wide profiling of H3.1 and H3.3 variants in the plant kingdom and
show that the patterns are broadly conserved with those in animals
with H3.1 enrichment in heterochromatin and H3.3 enrichment in
transcriptionally active regions. Our results also reveal the sur-
prising finding that both H3 variants are highly enriched at DNA
replication origins.

Results and Discussion

To study the function of canonical and variant H3 proteins, we
generated genome-wide maps for H3.1 and H3.3 by chromatin
immunoprecipitation followed by massively parallel sequencing
(ChIP-seq). For this study, we selected HTR13 as the represen-
tative of the cell cycle-regulated canonical H3.1 proteins and
HTRS for the constitutively expressed H3.3 variants, both of
which have been described previously (15, 16). We generated
Myc-tagged versions of each gene, driven by their respective en-
dogenous promoters, and found that both were well expressed
(Fig. S1). We generated high-coverage maps with 75-90 million
reads that uniquely mapped to the Arabidopsis genome. We ex-
amined the distributions of H3.1 and H3.3 across the five Arabi-
dopsis chromosomes and found that H3.1 was enriched in
pericentromeric heterochromatin (areas of silent chromatin near
the centromeres), whereas H3.3 was depleted in these regions
(Fig. 1A4), consistent with published immunofluorescence data (9).
Closer examination of the data revealed that certain genes and
elements tend to be enriched for either H3.1 or H3.3 (Fig. 1B).
We describe these patterns in detail below.

Distribution of H3.1. We first sought to examine the relationship
between H3.1 and gene expression levels. To determine expression
levels of genes from the same tissue that was used for histone variant
profiling, we performed RNA sequencing (RNA-seq) from 10-d-old
seedlings. The distribution of H3.1 reads over genes with different
expression levels revealed an anticorrelation between H3.1 and
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Fig. 1.

Genome-wide map of H3.1 and H3.3. (4) Chromosomal distributions of H3.1 and H3.3 ChIP-seq reads relative to input genomic DNA. Reads per million

mapping reads were calculated in 100-kb bins. Transposable element density was also plotted to indicate locations of pericentromeric heterochromatin.
Spikes near the centromeres correspond to regions of low mappability of unique reads. (B) Representative genome-browser views of H3.1 and H3.3 in regions

of chromosome 1. Genes (black) are also shown.

expression levels, suggesting that H3.1 is associated with silencing
(Fig. 24). In addition, H3.1 was enriched over transposable ele-
ments, consistent with an association with heterochromatin (Fig. 2B).

We also tested whether H3.1 was associated with DNA meth-
ylation. We identified a total of 20,097 regions that were signifi-
cantly enriched with H3.1 (Materials and Methods) and examined
the DNA methylation levels over these sites using whole genome
bisulfite sequencing (BS-seq) data (17). DNA methylation in all
sequence contexts (CG, CHG, and CHH, where H = A, T or C)
were relatively enriched over H3.1 sites (Fig. 2C), indicating
a correlation between H3.1 and DNA-methylated sites.

Although most of the heterochromatin in Arabidopsis exists
near the centromeres, (pericentromeric heterochromatin), small
patches of heterochromatin are also seen in the otherwise eu-
chromatic arms of chromosomes. Histone H3 lysine 9 dimethyla-
tion (H3K9me?2) is a hallmark of heterochromatin and is associ-
ated with heterochromatin in both pericentromeric regions and
the patches of heterochromatin in the arms (18). To test whether
H3.1is enriched in both of these regions (Fig. 14), we plotted H3.1
enrichment over defined H3K9me2-enriched sites in the arms
(19). We found that H3.1 was highly enriched over these sites,
suggesting that H3.1 is globally associated with heterochromatin
(Fig. 2D). Genome browser views of individual locations of small
heterochromatin patches also support the association of H3.1 with
H3K9me?2 (Fig. 2F). We noted similar trends between H3.1 and
H3K27mel, a chromatin modification generally associated with
H3K9me?2 (19) (Fig. S2).

H3K27me3, another histone modification associated with gene
silencing, is controlled by the polycomb system in plants and
animals (20). H3K27me3 is enriched on ~17% of protein-coding
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genes. These genes are enriched in developmentally important
transcription factors (TFs) and generally do not overlap with
H3K9me?2 and DNA methylation (21, 22). Notably, examination
of the distribution of H3.1 over defined H3K27me3 sites showed
that H3.1 was highly enriched in H3K27me3 regions (Fig. 2F).
Genome browser views of individual genomic locations also sug-
gest a strong association of H3.1 with H3K27me3 (Fig. 2G). These
results support the view that H3.1 is enriched in areas of the ge-
nome that are transcriptionally silent and are marked by either
DNA methylation or H3K27me3.

Previous studies have shown that pericentromeric heterochro-
matin in Arabidopsis is enriched in overall nucleosome content as
evaluated by micrococcal nuclease mapping of nucleosomes
(Nuc-seq) and by measuring the total histone H3 content using an
antibody against the unmodified C terminus of H3 (H3 ChIP-seq)
(23). Given the close association between H3.1 and repressive
histone modifications, we asked whether H3K9me2 and H3K27me3
sites are generally enriched in nucleosomes, using genome-wide
H3 ChIP-seq, Nuc-seq, and a theoretical nucleosome prediction
algorithm (24). We found that both H3K9me2 and H3K27me3
sites are enriched with nucleosomes (Fig. 2 H and I), which is
consistent with our finding that these regions were highly enriched
in H3.1.

Taken together, our results show that H3.1 is associated with
transcriptionally silent regions in the genome, which tend to be
densely packed with nucleosomes.

Distribution of H3.3. Unlike H3.1, H3.3 was not associated with
silencing marks, such as H3K9me2 and H3K27me3 (Fig. 2 D-G).
We examined the distribution of H3.3 over genes with different

PNAS | April 3,2012 | vol. 109 | no. 14 | 5371

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203145109/-/DCSupplemental/pnas.201203145SI.pdf?targetid=nameddest=SF2

L T

z

1\

BN AS - PNAS D)

Genes Transposable elements H3.1 enriched regions
1.5 =—top20% 1 H 0.5 —CG
—21-40% =H3.1
41-609 —H3.3 ==CHG
-60%
= —61-80% | = 2 CHH
= = =4
S = oS
S o m— K]
- o >
g 3 £
— (=2
= 20 =
= W
s o e W e S Py o
TSS TTS TSS TTS
H3K9me2 enriched regions 3
0.8| log2(H3.3 lr N Y oy N P A
—H3.1 ° e A Ty
—het fnpun ry g
—~ 3
z log2(+H3.1 PRI 'AAMW :
§ el o L J".w“ o
E '°92‘H3K27,‘Te3 = A b bt iy bt et 3 ey e ?)
o JH3) Aot f + ey et My O
v
— 4
S, O i | o oot | ket .|,
- -4
02 W e - =
6.590 6.595 11.300 11.305 11.310 16.950 16.960 (Mb)
H3K27me3 enriched regions 3
0.8 3.1 |/ogzn:)3.3 o >
—H3. Input) ety =bippily bt
—H3.3 ) D 3
— log2(H3.1 T z
g /input) wr"““‘r“"“*% M
£ log2(H3K27me: 3
N H3) m‘iﬂhs,ﬁmﬂh‘. i, o
< -3
v log2(H3K9me2 4
'§1 L e RS — ]
o -4
0
—_———_— — —— S
-0.2 2525 2530 o 5.605 5610 21386 21388 21390 (Mb)
H H3K9me?2 enriched regions I H3K27me3 enriched regions
0.6 ==H3 ChIP-seq 0.45 0.6 ==H3 ChIP-seq 0.45
== Nuc-se ==Nuc-se
. ==Nucleosome prediction| — —_ ==Nucleosome prediction z
5 5 3 oy
< 3 £ 3
P 8 Py 8
g Et g 3
£ o E I3
] 2 o
g’ g °
< S 3 k5
2 ) c o
£ 3 = 3
g 2 B =
2 2 2 S
-0.6 0.25 -0.6 0.30

Fig. 2. Genome-wide distribution of H3.1. (A) Anticorrelation of H3.1 and gene expression levels. Flanking regions are the same length as the gene body (middle
region). (B) Transposable elements (TE). Flanking regions are the same length as the TE (middle region). (C) Pattern of DNA methylation over H3.1-enriched regions.
Flanking regions are the same length as the H3.1 region (middle region). (D) Distribution of H3.1 and H3.3 over defined H3K9me?2 sites in the arms of chromosomes.
Flanking regions are the same length as the H3K9me2 region (middle region). (E) Genome browser views of H3.1 and H3K9me2 in regions of chromosome 1.
Annotated genes are shown as well. (F) Distribution of H3.1 and H3.3 over defined H3K27me3 sites. Flanking regions are the same length as the H3K27me3 region
(middle region). (G) Genome-browser views of H3.1 and H3K27me3 in regions of chromosome 1. (H and /) Distribution of H3 ChIP-seq, Nuc-seq and predicted
nucleosomes occupancies over H3K9me2 (H) and H3K27me3 (/) regions. Flanking regions are the same length as the H3K9me2 region (middle region).

expression levels and found that H3.3 is positively correlated with
gene expression (Fig. 34), demonstrating that H3.3 is associated
with active genes. Notably, H3.3 was most highly enriched in the 3’
end of the transcribed region of the genes, similar to what has
been reported for H3.3 distribution in Caenorhabditis elegans
genes (25). This trend was even clearer when we grouped genes of
similar sizes and examined the distribution of H3.3 (Fig. 3B).
Many Arabidopsis genes contain DNA methylation (specifi-
cally in CG contexts) within their transcribed regions (i.e., gene
body methylation) (26-29). Gene body methylation is widely
conserved in eukaryotic organisms (30, 31), although its function
remains unknown. Given that gene body methylation tends to
be skewed toward the 3’ end of gene bodies, we tested the cor-
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relation between H3.3 and DNA methylation. We identified
a total of 19,983 regions significantly enriched in H3.3 (Materials
and Methods). We examined the distribution of DNA methyla-
tion over these H3.3-enriched regions and found that H3.3 is
preferentially associated with CG methylation, but not with
CHG and CHH methylation (Fig. 3C).

To further investigate the association of H3.3 with gene body
methylation, we examined the distribution of H3.3 over three pre-
viously defined classes of genes: body-methylated genes, unmethy-
lated genes, and promoter-methylated genes (27). We found that
H3.3 was preferentially enriched within body-methylated genes
(Fig. 3D), which likely explains the correlation between H3.3 and
CG methylation. In contrast, H3.1 was enriched over promoter-
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Fig. 3. Genome-wide distribution of H3.3. (4) Correlation of H3.3 and gene expression levels. Average distribution of H3.3 reads + 3 kb relative to tran-
scription start sites (TSS) and transcription termination sites (TTS) are plotted. (B) Distribution of H3.3 over genes of different sizes. The x-axis is as in A. (C)
Pattern of DNA methylation over H3.3-enriched regions. Flanking regions are the same length as the H3.3 region (middle region). (D and E) Distribution of
H3.3 (D) and H3.1 (E) over gene body methylated genes, unmethylated genes, and promoter methylated genes. The x-axes are as in A. (F and G) Distribution
of active chromatin marks over H3.3-enriched (F) and H3.1-enriched (G) regions. Flanking regions are the same length as the H3.3 region (middle region).

methylated genes, consistent with its association with transcrip-
tionally silent regions in the genome, and no preference was found
in body-methylated genes relative to unmethylated genes (Fig. 3E).

Genome-wide analyses in Drosophila and humans have sug-
gested some positive correlation between H3.3 and histone H2A.
Z, with both enriched near transcription start sites, and there is
evidence of the existence of nucleosomes containing both H3.3
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and H2A.Z (32, 33). Notably, in Arabidopsis, H2A.Z has an
antagonistic relationship with DNA methylation and is enriched
in 5" ends of genes (34). To study the relationship between H3.3
and H2A.Z, we defined regions enriched with H2A.Z (34) and
examined the distribution of H3.3 over these sites. Consistent
with our finding of a positive correlation between DNA meth-
ylation and H3.3 (Fig. 3 C and D), we found that H3.3 is strongly
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depleted at sites enriched with H2A.Z, suggesting a negative
correlation between H3.3 and H2A.Z in Arabidopsis (Fig. S3).

TF-binding sites are enriched at low nucleosome density
regions and are depleted over gene bodies (21). Consistent with
this finding, we found that both H3.1 and H3.3 are depleted at
TF-binding sites (Fig. S44). H3.3 was less depleted than H3.1,
possibly related to the association of H3.3 with certain cis-reg-
ulatory sites (35). We confirmed depletion of total nucleosome
content with Nuc-seq and H3 ChIP-seq datasets, as well as with
the nucleosome prediction algorithm (Fig. S4B).

We next examined the distributions of active chromatin mod-
ifications over H3.3-enriched regions. Consistent with the obser-
vation that H3.3 correlates with CG methylation, H3K4mel (a
mark found in the transcribed region of genes) (36) was highly
enriched over H3.3 (Fig. 3F). Ubiquitinated H2B ChIP (37) and
Pol IT ChIP (23) signals also were enriched over H3.3, consistent
with the presence of H3.3 in active genes (Fig. 3F). In contrast, we
did not observe these trends with H3.1 (Fig. 3G). The positive
correlation between H3.3 and Pol II might provide an explanation
for the skew of H3.3 toward the 3’ end of genes. H3.3 may be
incorporated at sites where chromatin is actively disrupted by
elongation of Pol II. Thus, H3.3 is associated with expressed genes,
as well as with epigenetic modifications, such as gene body
methylation, H3K4me1, and ubiquitinated H2B.

H3 and Origins of Replication. Recently, DNA replication origins in
Arabidopsis were mapped by sequencing BrdU-labeled DNA from
a cultured cell line that can be cell cycle-synchronized (38). Sur-
prisingly, we found that both H3.1 and H3.3 were enriched over these
origins (Fig. 44). The enrichment of both types of histones suggests
that these origins are generally enriched for nucleosome content. To
confirm this, we analyzed nucleosome content by Nuc-seq, H3 ChIP-
seq, and the nucleosome prediction algorithm and found strong
enrichment for nucleosome content in these origins (Fig. 4B). These
results suggest that Arabidopsis origins are nucleosome-dense. This
finding was unexpected, given the association of replication origins
with nucleosome-depleted regions (NDRs) in other organisms (39).
For instance, in Drosophila, the origin recognition complex (ORC)
localizes at NDRs (40, 41). In addition, most replication origins in
Saccharomyces cerevisiae are also associated with NDRs (42), al-
though some efficient origins lack NDRs (43). However, a recent
study in Schizosaccharomyces pombe found that ORC binding and
origins do not overlap with NDR (44). Interestingly, recent proteo-
mic analyses in human cells have suggested that ORC preferentially
binds nucleosomes with H3K9m3 or H3K27m3, and that this binding
is even more effective in the presence of CpG methylation (45). An
attractive hypothesis is that the Arabidopsis ORC (38) also binds
nucleosomes. An issue to consider is that in the present analysis,
origins were defined with cell culture, whereas experimental data
from histone enrichment came from seedlings. Proliferating cells in
seedlings constitute a small proportion of differentiated cells; thus,
a significant proportion of genome sites that work as origins in cul-
tured cells might not be active in seedlings, because cells are no
longer proliferating. Thus, until origins in seedlings are mapped, we
cannot determine whether nucleosome enrichment is a characteristic
of origins that are active or inactive, or both. However, computa-
tional predictions of nucleosome occupancy suggest that cell culture
replication origins are enriched with nucleosomes, indicating a pos-
sible association between nucleosome enrichment and active origins.
Our results suggest that nucleosome depletion might not be a con-
served characteristic of origins of replication across eukaryotes, and
that plant replication origins tend to be nucleosome-enriched.

Conclusions

In the present work, we generated genome-wide maps of two
histone H3 variants, H3.1 and H3.3, in Arabidopsis and found
that H3.1 is associated with transcriptionally silent regions in the
genome, whereas H3.3 is associated with transcriptionally active
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regions and is most highly enriched in the 3’ end of the genes.
Notably, we found similar trends as seen in animals, even though
H3 variants have evolved independently in plants and animals (7,
8), suggesting convergent evolution.

Materials and Methods

Epitope-Tagged Arabidopsis Plants. To generate transgenic plants encoding
Myc-tagged H3.1 and H3.3 genes, a genomic fragment containing the pro-
moter and the coding region, except for the termination codon, was am-
plified by PCR using Pfx (Invitrogen) and specific primers containing the attB
sites (Table S1). PCR products were recombined with pDONR221 (Invitrogen)
through a BP recombination reaction to obtain an entry clone, pDONR221-
HTR. After a LR recombination reaction (Invitrogen) with destination vector
pPGWB16 (46), an expression clone with the C-terminal region fused to a Myc
tag (4x) was generated (pHTR::HTR:4xMyc). The constructs were introduced
into Agrobacterium tumefaciens (C58C1 strain), and Arabidopsis plants (A.
thaliana Col-0 ecotype) were transformed by the floral dip method (47).
Transformed seeds were selected on Murashige and Skoog agar plates
containing kanamycin (50 pg/mL). Plants with only a single insertion were
selected, and homozygous plants were used for the analysis. Expression of
the Myc-tagged histones was confirmed by Western blot analysis (Fig. S1).

ChIP-seq Library Generation. ChIP-seq assays were performed using 10-d-old
seedlings grown in Murashige and Skoog agar plates in a 16-h light/8-h dark
regimen at 22 °C. The ChIP experiment was carried out as described previously
(48) with minor modifications. Chromatin was sonicated in a Bioruptor (Dia-
genode) for 30 cycles of 30 s on and 30 s off, and the same amount of chromatin
was immunoprecipitated with either 10 pg of anti-Myc antibody (clone 4A6;
Millipore) or anti-lgG (ab6703; Abcam) used as a negative control. lllumina
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libraries for sequencing were generated, and the libraries were sequenced using
the HiSEq 2000 Sequencing System (lllumina), following the manufacturer’s
instructions.

RNA-seq Library Generation. RNA was extracted from 0.1 g of 10-d-old
seedlings using a standard TRIzol method. Total RNA was treated with DNasel
(Roche), and poly(A) purification was performed using the Dynabeads mRNA
Purification Kit (Invitrogen). lllumina libraries were generated, and the li-
braries were sequenced using the HiSEq 2000 Sequencing System (lllumina),
following the manufacturer’s instructions.

Data Analysis. Sequenced reads were base-called using standard Illumina
software. Bowtie (49) was used to uniquely align the reads to the A. thaliana
genome (TAIRS8), with up to two mismatches allowed. Reads mapping to
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with the input genomic DNA as a background control (parameters: W =
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(34) were defined by tiling the genome into 500-bp bins (250-bp overlap)
and then computing the log2 ratios of the scores of H2A.Z to input genomic
DNA. These scores were then z-score-transformed, with a cutoff of z >2
cutoff applied. Finally, adjacent H2A.Z-enriched regions were merged. Gene
expression levels were determined by calculating reads per kilobase per
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obtained from AGRIS (http://arabidopsis.med.ohio-state.edu). Plots were
normalized for their sequencing depths and smoothed triangularly (bin; =
0.25 x bin;; + 0.5 x bin; + 0.25 x bin;,;) fewer than 10 times. Smoothing was
performed for presentation purposes and did not affect the conclusions of
these experiments.
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