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ABSTRACT
This study focuses on describing the distribution of histone modifications in the model
system for woody perennial trees, Populus.tremula x alba 717-1B4. We examined three histone
modifications, H3K36me3, H3K4me3 and H3K27me3. Our results suggest that the distribution
of these modifications is very similar to that of Arabidopsis thaliana. All three modifications are
enriched on euchromatic chromosome arms within genes rather than the heterochromatic
centromere region. While H3K36me3 and H3K4me3 are enriched on the most highly expressed
genes, H3K27me3 is enriched on genes that have the lowest expression levels. Additionally, we
identified differentially methylated H3K27me3 genes in Populus.tremula x alba 717-1B4 and
Arabidopsis thaliana. The results of this study have helped us understand that histone

modifications distribution and function are conserved in both annual and perennial plant species.
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CHAPTER 1

LITERATURE REVIEW

Populus tremula x alba 717-1B4 as a model system

The Populus L. genus is a member of the Salicacea family that consists of deciduous
trees; including aspens, poplars and cottonwoods'. There are about 30 species in the genus,
which are distributed across the Northern Hemisphere and in parts of Africa”. Poplar (term used
for all species in Populus genus) are long-lived, dioecious, wind-pollinated trees with the
capacity for reproduction both sexually and asexually”. Rapid growth rates and their capacity for
vegetative propagation have led poplar to become one of the most economically important
groups of trees'. They are cultivated worldwide commercially for many purposes including for
pulp, lumber, and bioenergy”. These features combined with a small genome size have led poplar
to become a model system for all woody perennials®.

The Populus trichocarpa genome, published in 2006, has been the primary resource to
study poplar genetics, cellular, and molecular biology®. However, research has been limited by
how difficult it is to transform the species. Researchers instead utilize a hybrid poplar species
named, P. tremula x alba 717-1B4 (sPta717) because of the ease of transformation’. The
following study focused on poplar epigenetics has been performed in the more widely used
hybrid in order for more researchers to be able to utilize the results.

Chromatin modifications, such as histone modifications and DNA methylation, may play

an important role in how perennial tree species interact with their environment’. It has been



suggested that epigenetic variation contributes to how perennial species adapt to both long- and
short-term changes in environmental conditions® ’. Despite the potential for epigenetics to play a
central role in perennial tree adaptability, the study of study of epigenetic phenomena in poplar is
extremely limited. One study, published in 2013, showed that histone acetylation
immunofluorescence signal in the phloem was high in the summer and low in the winter, while
the DNA methylation signal displayed an opposite pattern®. In order to further study poplar
epigenetic phenomena, my thesis is focused on determining the pattern of specific histone
modifications throughout the poplar genome. This information will be used as a resource for

future researchers interested in poplar epigenetics

Introduction to chromatin structure

Chromatin is a dynamic polymer, composed of repeating nucleosome subunits’. The
nucleosome is made up of ~150bp of DNA wrapped around an octamer of histone proteins, two
copies each of H2A, H2B, H3, and H4%!°. There are two main forms of chromatin, euchromatin
and heterochromatin. Euchromatin is lightly condensed, gene rich, and is the site of active
transcription; while heterochromatin is densely packed, repeat rich, and is mostly inactive in
terms of transcription.

The packaging of DNA into chromatin is mostly thought of as a mechanism to store DNA in
the nucleus of eukaryotic cells. However, chromatin is the platform for a large number of
biological processes; including DNA replication, DNA damage repair, transcription, and RNA

11,12

processing *°. Chromatin can be covalently modified, through DNA methylation and histone

modification. These modifications can significantly affect the processes that occur in the

. . 11,12
chromatin environment " ~.



In this review, epigenetics is defined as the study of changes to gene expression and other
biological processes in the chromatin environment without affecting the underlying DNA
sequence. DNA methylation and histone modifications have been called “epigenetic” due to their
potential role in regulating transcriptional activity and other biological processes. Epigenetic
modifications have the potential to be inherited by daughter cells through either meiotic or
mitotic divisions'*'°. The passage of epigenetic modifications is thought to allow daughter cells
to maintain similar transcriptional activity to their parent cells resulting in distinct cell types.
While there is greater understanding of how DNA methylation is inherited, there is emerging

research suggesting that histone modifications may be inherited as well*™"°.

DNA methylation

DNA methylation occurs when a methyl group is covalently attached to the C5 position of
the cytosine ring. This form of chromatin modification has been associated with gene and
transposon silencing in many eukaryotic systems'®'”. DNA methylation mutants are often lethal
in mammalian systems and display severe pleiotropic phenotypes in plants highlighting the
importance of this modification'”.

In mammals, the majority of cytosine methylation occurs in the CG context and almost all of
those cytosines are methylated with the exception of those located within CpG islands '*'°.
These regions, found upstream of genes, remain unmethylated, despite higher than average GC
content'®. This pattern differs from plant genomes in which DNA methylation occurs in three

main contexts; CG, CHG, and CHH, where H=A, C, or T)ZO*23 . DNA methylation in all sequence

contexts is highest in the pericentromeric heterochromatin region, on transposons and repetitive



DNA elements( Zhang et al. 2006). While methylation of transposons leads to silencing, gene
body methylation in the CG context often have high transcription levels(Zhang et al. 2006).
Four DNA methyltransferases, DRM2, MET1, CMT2 and CMT3, are responsible for

establishing and maintaining these methylation contexts in Arabidopsis thaliana®**>. DRM2 is a
de novo methyltransferase in all three contexts and maintains methylation in the CHH context.
CMT?2 is responsible for de novo methylation or maintenance in CHH and CHG contexts, while
CMT3 maintains the methylation status at CHG sites. MET1 maintains methylation at CG sites.
It is probable that other plant species utilize similar mechanisms to establish and maintain DNA

methylation.

Introduction to histones and histone modifications

Histones are small basic proteins responsible for organization of DNA inside nucleus of
eukaryotic cells. DNA wraps around a histone octamer, two copies of each of the 4 core histones:
H2A, H2B, H3, and H4’. Core histones are some of the most highly conserved proteins across all
eukaryotic species, especially in their flexible N- and C- terminal tail regions. The N- and C-
terminal tails exhibit flexible conformations that protrude away from the nucleosome and are
subject to many covalent post-translational modifications including methylation, acetylation,
sumoylation, ubiquitination, and phosphorylation, as well as other forms of modification'*°.
While the majority of histone modifications occur on their N- and C- terminal tails, a number of
modifications occur in the globular domain as well'**"%.
With so many types of chromatin modifications and histone residues with modification

potential, it is plausible that almost every nucleosome could have a unique combination of

modifications®. However, studies of the genome-wide locations of histone modifications have



shown that this is not the case. Each histone modification studied so far has been associated with
distinct genomic features, including transposons, actively transcribed genes, or repressed genes®’.
The functional role that histone modifications play at these locations has been a central focus of
the epigenetic field''~’.

Histone modifications carry out their function in three main ways. First, they can influence
chromatin structure directly. For example: Histone lysine acetylation or phosphorylation reduces
the positive charge of histones, which can disrupt the interaction with negatively charged DNA?.
This increases nucleosome mobility and leads to a more open chromatin environment. Second,
histone modifications can act as docking stations for proteins and complexes with histone
modification binding domains®®. This provides a platform for proteins to localize to a specific
genomic location in order to carry out their function in the chromatin environment. A nice
example of this is HP1, the linker histone that is important for chromatin structure throughout the
eukaryotes. HP1 has a chromodomain that recognizes and specifically binds Histone 3 lysine 9
tri-methylation (H3K9me3) in order to localize to heterochromatin®' .

Another mechanism by which histone modifications can function is through cross talk with
other chromatin modifications. There are many forms of cross talk; including, competitive
antagonism between modifications and dependence of chromatin modifications on each other.
Competitive antagonism occurs when modification pathways compete with each other to target
the same residue. Some residues can be acetylated or methylated, but not both?®. A second mode
of cross talk takes place when histone modifications are dependent on one another. In
mammalian cells, histone 3 serine 10 phosphorylation helps facilitate histone 3 lysine 14
acetylation by enzyme, Gen5°>. It is likely that similar cross talk mechanisms exist in plants as

well between H3K36me3 and H3K4mel. SET DOMAIN GROUP 8 (SDG8), a H3K36



methyltransferase, has a CW domain that interacts specifically with H3K4 methylation. At the
same time, a H3K4 methyltransferase, ATX3, has a PWWP domain, a domain known for
interacting with H3K36me3. Since H3K4 and H3K36 methylation are both present on actively
transcribed genes, it is likely that they either facilitate establishment or maintenance of the other

29,34
mark>*,

Histone lysine methylation in plants

Histone methyltransferase proteins, all of which contain a SET domain, catalyze histone
lysine methylation. The SET domain is named after three Drophila histone methyltransferases,
Su(var) 3-9, Enhancer-of-zeste, and Trithorax™. Due to an increased duplication rate, there are
more SET domain proteins in plants compared to other eukaryotes *. Arabidopsis contains 32
SET domain genes; while mouse contains 17 and yeast contains only 4°°. Many plant SET
domain genes have other domains that facilitate protein-protein interaction; indicating that they
may be prone to working in complexes”.

SET domain genes can mono-, di-, or tri-methylate lysine residues. Each level of methylation
is considered to be a distinct histone modification with a unique genome-wide distribution and
function”. Thus far, four histone lysines are known to be methylated in plants and all are
present on histone 3 (H3). These lysines are H3K4, H3K9, H3K27, and H3K36°**". Three
histone modifications known to be important for Arabidopsis growth and development are
histone 3 lysine 36 trimethylation (H3K36me3), histone 3 lysine 4 trimethylation (H3K4me3),
and histone 3 lysine 27 trimethylation (H3K27me3). This study will focus on the distribution of

these three forms of histone methylation in poplar, sPta717. There is little to no study of these



modifications in poplar, therefore this literature review will focus on what is known in mammals

and Arabidopsis.

H3K4me3

H3K4me3 is found on actively transcribed genes in yeast, mammals, and plants. The
standard H3K4me3 distribution is a prominent peak around the transcription start site that
extends into the promoter’® *. In Arabidopsis, H3K4me3 is catalyzed by SDG2 and SDG27,
which are homologs to the mammalian H3K4 methyltransferase called TRITHORAX (TRX).
A potential mechanism for H3K4me3 deposition has been discovered in yeast, in which the
H3K4 methyltransferase interacts with the initiating form of PolIT*'. It is possible that the same
mechanism exists in plants considering that the H3K4me3 distribution is similar in yeast and
Arabidopsis.

H3K4me3 takes part in many biological processes by interacting with histone reader
proteins. These readers have H3K4 methyl-binding domains, which allow H3K4me3 to carry out
its function and cross talk with other modifications. A number of reader domains have been
found to interact with H3K4me3, including the chromodomain, zf-CW, and the PHD finger.
H3K4me3 binding proteins have been implicated in the assembly of the transcription
preinitiation complex, recruitment of mRNA processing factors, DNA recombination, DNA
damage response, telomere silencing, and cross-talk with H3 acetylation***. No evidence
suggests that H3K4me3 affects higher-order chromatin structure directly.

Although most of what is known about H3K4me3 function comes from mammalian
systems, Arabidopsis mutants lacking H3K4me3 help us understand the importance of the

modification. SDG27 and SDG?2 both have in vitro H3K4 methyltransferase activity as well as



decreased levels H3K4 di- and tri-methylation in vivo®"***. The sdg2 mutant has pleiotropic
developmental defects™. It is dwarfed, sterile, early flowering, and has a terminal flowering
phenotype. The other H3K4 methyltransferase mutant, atx/, has a less dramatic phenotype than
sdg?2, but nevertheless is small, early flowering, and has floral morphological defects*’. The
presence of H3K4me3 on practically all actively transcribed genes in plants has led to the
implication that the function of H3K4me3 is to activate transcription*’. However, decreased
levels of genic H3K4me3 does not always lead to down regulation of gene expression®®. This
indicates that although H3K4me3 plays an important role in plants, it may be a consequence of
transcription, not a causative factor. In the future, studies of H3K4me3 reader proteins will

further elucidate its functional role in plants.

H3K36me3

Like H3K4me3, H3K36me3 is located on actively transcribed genes in eukaryotic
species. H3K36me3 is distributed across the majority of the gene body and reaches its highest
levels slightly downstream of the transcription start site®*°. There are two H3K36me3
methyltransferases in Arabidopsis, SDG7 and SDGS, which are homologous to mammalian
H3K36me3 methyltransferase, ASH1**'>. The mechanism used to deposit H3K36me3 in
plants is unknown. However, it is possible that SDG7 or SDGS8 interact with the elongating form
of Polll to deposit H3K36me3 as is found in yeast’*. This deposition mechanism would help
explain the H3K36me3 distribution across the gene body.

H3K36me3 has been linked to essential biological processes in yeast and mammals
through interactions with different reader domain proteins. The mark has been associated with

transcription elongation, pre-mRNA processing, nucleosome turnover, cryptic transcription, and



nucleosome turnover™>°. While the functional role of H3K36me3 is not as well understood in
plants, the modification is essential for proper Arabidopsis development and is likely important
in other plants as well.

The phenotypes of the H3K36me3 methyltransferase mutants point to the importance of
the modification. The decreased levels of H3K36 di- and tri-methylation in sdg8 lead to an early
flowering, irregular branching, and stunted growth phenotype®' ™. The other methyltransferase
mutant, sdg7, has no obvious phenotype or decrease in H3K36 methylation. However, the sdg7
sdg8 double mutant, mutant has pleiotropic developmental defects and lacks all H3K36 di- and
tri-methylation (Zhang lab, unpublished). It has extremely student growth, reduced fertility, and
abnormal leaf shape. It will be necessary to study H3K36me3 reader proteins in the future to

understand exactly how H3K36me3 effects plant development.

H3K27me3

H3K27me3 is uniformly distributed across the body of repressed genes, beginning
slightly upstream of the transcription start site in plants and mammals®*®*. The Polycomb
repressive complex 2,PRC2, is responsible for the majority of H3K27 di-, and tri-methylation in
animals®. The PRC2 catalytic subunit is a SET domain protein, called is EZH2 (enhancer of
zeste homologue 2), ® %7, There are three EZH2 homologs in Arabidopsis, all of which are class
1 SDG genes™. These are: SDG1 (clf), SDG5 (mea), SDG10 (swn).

H3K27me3 acts to regulate gene expression in response to developmental transitions. It
is present on developmentally important genes in both animals and plants. In mammals,
H3K27me3 establishes and maintains the repression of genes. Genes that remain H3K27me3

methylated after differentiation have silencing reinforced by DNA methylation®-**®.



H3K27me3 does not seem to be responsible for establishing repressed states in plants, but is
important for maintaining them’®. H3K27me3 regions in plants are shorter than that of animals,
usually covering only one gene®’. Additionally, plant genes with H3K27me3 have high tissue
specificity, meaning that genes are purposefully repressed in some tissues(Zhang et al. 2007,
Wang et al. 2009; Frangois Roudier et al. 2011a).

H3K27me3 methyltransferase mutants have pleiotropic developmental defects including
problems with the female gametophyte, endosperm, and embryo’". Partial loss of H3K27me3 in
the c/f mutant results in pleiotropic defects(Zhang 2012). A greater loss of H3K27me3 in the clf
swn double mutant leads to an immortal callus that is unable to differentiate(Zhang 2012).
Additionally, loss of H3K27me3 leads to overexpression of genes that had H3K27me3 in the
first place (Zhang lab, unpublished). It is clear that H3K27me3 function is important for

repression of genes required for proper development.

Objective of thesis

The objective of my thesis is to understand how histone methylation is distributed across
the poplar genome. My research will help us understand how well the pattern of histone
modifications is conserved between an annual plant species, like Arabidopsis, to perennial
species, such as poplar. Understanding genome wide location of poplar histone modifications
provides the platform to assess the functional role of plant histone modifications in the future.

The future of epigenetic studies in a perennial species, like poplar, is bright. Studying
epigenetics in a perennial species will allow us to learn about epigenetic variations that have

occurred over a long period and whether that epigenetic variation has functional consequences.

10



Additionally, the nature of poplar reproduction makes it possible to study long-lived questions

about the transgenerational inheritance of histone modifications'".

11



CHAPTER 2

HISTONE METHYLATION IN POPULUS TREMULA X ALBA 717-1B4

Materials and methods

Chromatin Immunoprecipitation (ChIP

ChIP was performed on young poplar leaves and 12 day-old Arabidopsis thaliana (Arabidopsis)
seedlings using the following antibodies: H3K4me3 (Millipore, 07-473), H3K36me3 (abcam,
ab9050), H3K27me3 (Millipore, 07-449), and H3 (abcam, ab1791) and the protocol described in
Chapter 3. A library was also made from input in both Arabidopsis and poplar as described in
Bewick et.al, 2016"*. ChIP-seq libraries were sequenced on the Illumina platform and 50 base
pair, single end reads were produced. The reads were trimmed using Trimmomatic v0.32, then
mapped to the Populus tremula x alba 717-1B4 (sPta717) genome with Bowtie2 v2.2.3 with the
default parameters. The SAM file output from mapping was converted to a BAM file with
Samtools v1.2. Clonal reads were then removed with Samtools v0.1.9. The BAM file was

converted to BED format with Bedtools v2.21.1.

RNA-seq

Single-end, 50 base pair, RNA-seq libraries were created from the same tissue used to create the
ChlIP-seq libraries and were sequence on the [llumina platform. The reads were trimmed with
Trimmomatic v0.32, then were mapped to the sPta717 or TAIR10 genome with tophat v2.2.1

with special parameters of max intron length 20000, library type fr-firststrand, and bowtie2

12



sensitive. Expression values were obtained using Cuffnorm with the sPta717 or TAIR10

reference annotation and library type fr-firststrand.

Chromosome wide plots

Genes were computed as the number of genes that overlap with each 100 kb bin. Repeats were
the sum of annotated repeat base pairs within each 100 kb bin. For each ChIP-seq library, the
read coverage was calculated for each base pair in the genome. Iterating across all of the base
pairs within a 100 kb bin, the coverage values were added together then normalized by the
number of million mapped base pair in the ChIP library. Values were computed for each library
separately then enrichment was computed as chromatin modification value divided by input

value for each bin.

Absolute distance heatmaps

For each gene that was at least 500 base pairs long, the upstream and downstream regions were
broken up into 25 base pair bins. Using a priori count of 1 per bin, the read coverage of each
base pair within a bin was added together and then normalized by number of million mapped
base pair in the library. Across all genes and bins, enrichment was calculated as the chromatin
modification value divided by the input value. To improve visualization, the 95% quantile value ¢

was calculated for all enrichment values Y. For each value yin Y, if y > ¢,y « t.

Genic Metaplots

To determine ChIP enrichment values, read coverage was calculated for each base pair 1 kb

upstream and downstream from the transcription start site and transcription termination site. The

13



coverage value at each base pair was normalized by the number of million mapped base pairs in
the ChIP library and .01 was added to each value. The ChIP enrichment value was then divided

by the input value at each base pair.

GO term analysis with AgriGO

GO term enrichment analysis was performed using AgriGO, Singular Enrichment Analysis, with
the Complete GO gene ontology type””. Significant GO terms were identified using the
Hypergeometric statistical test and Yekutieli multi-test adjustment method with a significance

level of 0.05.

Peak finding with SICER

Peak finding software, SICER, was utilized to find H3K27me3, H3K4me3, and H3K36me3
peaks in both Arabidopsis thaliana and poplar’®. Input was used as the control library in both
cases. The chosen parameters were window size of 100 base pairs, gap size of 200 base pairs,

effective genome fraction of 75%, and a false discovery rate of 0.05.

Calculating base pairs covered by peaks

Across the genome, each base pair was assigned as genic, promoter, repeat, or intergenic. Genic
and transposon base pairs were assigned based on the sPta717 annotation file. The promoter
region was defined as 1kb upstream of the nearest gene, unless that region overlapped with the
adjacent gene. If the region overlapped with the adjacent gene, it was defined as genic. All of the
other base pairs were considered to be intergenic. For each peak region, the number of base

pairs were counted and assigned to a category. The category values were added together for all

14



of the peaks. The category percentages were fractions of counts for each category divided by the

sum of the counts for all the categories multiplied by 100.

Differential H3K27me3 methylation in Arabidopsis and Poplar

We sought to identify genes enriched for H3K27me3 in Poplar or Arabidopsis as well as genes
that were enriched in both species. To do so, 12,954 orthologous gene pairs were identified by
reciprocal best BLAST using the nucleotide coding sequence, and an e-value cutoff of <1E-0.6
in Poplar and Arabidopsis. The three separate gene groups were named “pop only”, “ara only”,
and “both”.

The “Both” group as identified as those genes that had H3K27me3 peaks found in both the
Arabidopsis and Poplar orthologs.

“Poplar Only” genes were those genes that had H3K27me3 peaks (peaks called by SICER) in the
two Poplar H3K27me3 ChIP replicates. H3K27me3 peaks were not identified in the Arabidopsis
orthologs of these genes. This group was further narrowed down using conservative criteria.
First, only genes that had low gene expression (in the bottom 40% compared to all genes) were
kept. The reason being that H3K27me3 is most enriched on genes with low expression. Second,
after finding the ChIP RPKM, we selected those genes that had Poplar ChIP RPKM ratios for
H3K27me3/ Input that were greater than 1.

The “Arabidopsis Only” group were those genes that had H3K27me3 peaks found in
Arabidopsis, but not in Poplar. The group was narrowed down by selecting the genes that were in
the lowest 40% of expression in Arabidopsis. The group was further narrowed down by choosing

the genes with Poplar ChIP RPKM ratios for H3K27me3/Input that were less than 1.

15



Genome-wide distribution of poplar histone methylation

We sought to identify how histone methylation is distributed across a poplar genome. For
this reason, chromatin immunoprecipitation and next-generation sequencing (ChIP-seq) was
performed on young poplar leaves with antibodies against three modifications; H3K4me3,
H3K36me3, and H3K27me3. ChIP-seq was performed with two biological replicates for each
modification. The ChIP mapping statistics can be found in Table 1; where each poplar library
had greater than 62% mapping percentage to the sPta717 genome”.

We inspected the distribution of the modifications across the poplar chromosomes to
learn if there was a consistent genome-wide distribution profile. The enrichment for each histone
modification was calculated then divided by the input enrichment for each bin. We hypothesized
that the distribution patterns would be similar to those found in Arabidopsis; where H3K36me3,
H3K4me3, and H3K27me3 are most prevalent on euchromatic chromosome arms and are
depleted at the pericentromeric repeat region®. Indeed, all three modifications appeared to
prefer the euchromatic arms. On the majority of chromosomes, the number of genes in the
region dictated the level of histone modification enrichment. Regions with higher numbers of
genes had higher levels of modification enrichment. Typically, the repeat enriched
pericentromeric heterochromatic region had low levels of the modifications.

Ten out of nineteen chromosomes display the expected pattern with H3K6me3,
H3K4me3 and H3K27me3 enriched on euchromatic arms and depleted in the pericentromeric
heterochromatin (chromosomes 2, 4, 5, 8-10,14-16, 18). Examples of this pattern are shown in
Figure 1A and 1B. Chromosome 13, however, does not follow the typical pattern. (Figure 1C).

On chromosome 13, all three histone modifications have the lowest enrichment around 15 MB,

16



where gene number is high. On other chromosomes, one or two of the histone modifications
display the typical pattern of euchromatin enrichment (chromosome 3, 6, 7, 19), while the other
modification/s show no enrichment pattern (Figure 1D). The rest of the chromosomes either have
histone modification distributions with no discernable patterns or the modification has the
euchromatin enriched distribution in only one of the replicates (chromosomes 1, 11, 12, 17)
(Figure 1E).

The euchromatic chromosome arms contain genes, promoters, intergenic regions, and to a
lesser extent transposons. We wanted to determine if the modifications were enriched
specifically in any of these regions, since our evidence suggests that the modifications are
present in the euchromatin (Figure 1). To carry out this analysis, H3K27, H3K4me3, and
H3K36me3 ChIP enriched peaks were identified in both replicates with SICER using input as a
control library’®. About 80 million peaks were identified for each ChIP-seq library and for each
modification the biological replicates had similar results.

To determine where the peaks were distributed throughout the genome the percentage of
base pairs covered by peaks was calculated for each histone modification. The percentage of the
genome covered by each genomic feature (promoter, gene, intergenic region, transposon) is
represented in Figure 2A. Histone modifications were called as enriched for a genomic feature if
the base pairs covered by the peaks were = 5% more than the feature’s genomic percentage. If
the base pairs covered by the peaks were < 5% different from the feature’s genomic percentage
then the histone modification was not considered to be enriched in the region. Finally, if the
feature’s genomic percentage was = 5% more than the base pairs covered by the peaks than the

histone modification was underrepresented in that region.
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H3K36me3 was enriched in genic regions, was not enriched in promoters, and was
underrepresented in both intergenic regions and transposons (Figure 2B). H3K4me3 not only
followed the same enrichment pattern as H3K36me3 with genes being the only enriched feature
and had almost identical percentages to H3K36me3 (Figure 2C). These results indicate that
H3K36me3 and H3K4me3 likely follow the pattern identified in other eukaryotic species, in
which these modifications are primarily located on actively transcribed genes(Zhang 2012;
Barski et al. 2007b; Santos-Rosa et al. 2002; Zhang et al. 2009; Roudier et al. 2011b).
H3K27me3 was also enriched in genic regions, but to a lesser degree than the other
modifications (Figure 2D). Additionally, H3K27me3 was underrepresented in transposons and
was not enriched in promoter or intergenic regions. In other species, H3K27me3 is most often
associated with developmentally repressed genes, although the modification has been associated
with intergenic regions and transposons as well(Pan et al. 2007; Zhao et al. 2007; Rosenfeld et
al. 2009; Leeb et al. 2010). Poplar H3K27me3 on the other hand is mostly enriched in genic

regions.

Genic histone modification patterns

Although all three histone modifications were enriched in genic regions, we did not know
how the histone modifications were distributed across individual genes. To visualize the
distribution of histone modifications across individual genes, heatmaps were created to display
modification enrichment normalized to input across poplar genes with the genes ranked by
expression. From the heatmap, H3K36me3 seems to be located on most poplar genes (~2/3) and
located on genes with higher expression levels (Figure 3A). Additionally, consistent with studies

performed in Arabidopsis, H3K36me3 is enriched towards the 5° end of genes. This
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differentiates plant H3K36me3 distribution from the distribution in yeast and humans, in which
K36me3 starts downstream of the transcription start site (TSS) and is highest in the 3’ end of
genes”™’. H3K4me3 is enriched at the 5° end of actively transcribed genes, but does not seem
to be enriched on lowly transcribed genes (Figure 3B). The distribution of H3K4me3 near the
TSS is reminiscent of the H3K4me3 distribution in all eukaryotes studied thus far’®*. Although
the H3K27me3 enrichment does not appear to be particularly strong, it is highest on genes with
lower expression levels (Figure 3C). This finding is consistent with other eukaryotic systems, in
which H3K27me3 is found on developmentally important, repressed genes®”%>%,

We also sought to determine which genes were preferably enriched for different histone
modifications. Poplar genes were split into five expression groups (Top 20%, 2nd 20, 3rd 20, 4th
20, Bot 20) and metaplots were created to visualize the average histone modification distribution
across each group of genes (Figure 4). H3K36me3 and H3K4me3 were enriched on the most
highly expressed genes (Top 20%, 2nd 20) and had the least enrichment on genes with lowest
expression (Figure 4A, B). Additionally, the metaplots display that H3K36me3 and H3K4me3
are biased toward the 5’ end of genes and peak around 500 bp downstream of the TSS.
H3K27me3 had an opposite gene preference; it is most highly enriched on genes with the lowest
expression and is least enriched on genes that are highly expressed (Figure 4C). The H3K27me3

distribution pattern across genes does not display the same 5’ bias seen for the H3K4me3 and

H3K36me3 modifications. Instead, it seems to be distributed across the entire gene body.
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Characteristics of histone modification targeted genes

Based on analysis of genic histone modification patterns (Figure 4), it was determined
that H3K27me3 is preferentially enriched on repressed genes, while H3K4me3 and H3K36me3
are present on actively transcribed genes. However, it was still unknown whether the histone
modifications were associated with specific biological processes or molecular functions. Genes
enriched for H3K6me3, H3K4me3, and H3K27me3 were identified, then Gene Ontology (GO)
terms were found through agriGO, an agricultural GO database”.

There were 4,187 genes identified as being enriched for H3K36me3 and these genes had
slightly higher H3K36me3 enrichment as genes in the top 20% expression group (Figure 5A).
GO terms are classified into one of three categories: cellular component, molecular function, and
biological process. Genes with H3K36me3 were significantly enriched for a total of 37 GO
terms: 22 in the cellular component category, 1 in molecular function, and 14 in biological
processes category (Figure 6A). The GO terms in the cellular component category indicate that
H3K36me3 gene products are active in many parts of the cell; including the nucleus,
endoplasmic reticulum, cytoplasm, and ribosome. The single GO term that fell into the
molecular function category was structural molecule activity (GO:0005198); which means that
the 136 genes in this category may contribute to the structural integrity of complexes. In terms
of cellular processes, genes with H3K36me3 are involved with macromolecule biosynthetic
processes, protein metabolic processes, and gene expression. The gene expression category
indicates that some H3K36me3 genes may function to regulate transcription.

We identified 5,072 H3K4 tri-methylated genes in poplar. These genes were slightly
more enriched for H3K4me3 than genes in the top 20% expression group (Figure 5B). 32 GO

terms were identified for these genes; with 18 cellular component terms, 1 molecular function,

20



and 13 biological process terms. Interesting, 30 of the 32 GO terms were the same as those
identified with the H3K36me3 genes (Figure 6B). This indicates that the same genes are
H3K36me3 and H3K4me3 methylated, which is not surprising when considering that H3K4me3
and H3K36me3 are both present on actively transcribed genes. Indeed, there are 3,197
overlapping genes that contain both H3K4me3 and H3K36me3. The two GO terms that are
specific for H3K4me3 genes are cellular component organization and primary metabolic process.
2,875 poplar genes were enriched for H3K27me3. The H3K27me3 genes had higher
H3K27me3 levels than the bottom 20% expression group indicating that we identified the correct
group of genes (Figure 5C). 21 GO term categories were enriched with 0 in the cellular
component category, 4 molecular function, and 18 in the biological process category (Figure
6C). These GO terms had almost no overlap with those identified with the H3K36me3 and
H3K4me3 genes, consistent with the preference of H3K27me3 for genes with low transcriptional
levels. The biological process and molecular function GO terms indicate that H3K27me3 genes
are important for regulating many processes within the cell, including transcriptional regulation
via transcription factors. H3K27me3 genes also are enriched for a biological process GO terms
involved with response to stimuli indicating that these genes may be involved with responding to

environmental conditions.

Differential H3K27me3 methylation in Poplar and Arabidopsis affects gene expression
Although Arabidopsis and poplar are both species within the plant kingdom, they have

wildly different growth habits and lifespans. Knowing that H3K27me3 is associated with

developmentally important genes in both species, led us to wonder whether any genes are

differentially H3K27 tri-methylated between the two species. To answer this question, we first
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obtained a list of gene orthologs by reciprocal best BLAST using nucleotide sequence from
poplar and Arabidopsis. We then identified two groups of orthologous genes pairs. The first
group was enriched for H3K27me3 in both species and the second group was enriched for
H3K27me3 in one species or the other. According to our analysis, 520 orthologous gene pairs
had H3K27me3 in both species, 391 genes had H3K27me3 only in poplar (pop only), and 103
genes had H3K27me3 in Arabidopsis only.

Genes with H3K27me3 only in poplar (pop only) had high levels of H3K27me3 in poplar
(Figure 7A) and low levels of H3K27me3 in Arabidopsis (Figure 7B). The pop only genes had
higher H3K27me3 levels than genes in the poplar bottom 20% expression group. Together, these
results indicate that we identified genes with H3K27me3 only in poplar. We also confirmed that
genes with H3K27me3 in Arabidopsis only (ara only) had high levels of H3K27me3 in
Arabidopsis (Figure 7B) and low levels in poplar (Figure 7A). The orthologs with H3K27me3 in
both species had high levels of H3K27me3 in both Arabidopsis and poplar, greatly exceeding the
H3K27me3 levels of genes enriched in one species or the other (Figure 7A, B).

We wanted to know whether differences in H3K27me3 levels between the three gene
groups affected gene expression. Pop only genes lower expression in poplar than in
Arabidopsis(Figure 7C,D). Ara only gene had low expression levels in Arabidopsis and higher
expression in Poplar. Genes with H3K27me3 in both species had an intermediate expression
level between “pop only” and ““ara only” genes in poplar and Arabidopsis. These results indicate
that H3K27me3 has a functional consequence in poplar and Arabidopsis, acting to repress
transcription. Interestingly, even though the genes with H3K27me3 in both species have higher
H3K27me3 levels, they do not have expression levels as low as the pop only or ara only genes in

their respective backgrounds.
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Since Arabidopsis is a weedy annual plant and poplar is a perennial tree species, we
hypothesized that the poplar only and Arabidopsis only genes would be enriched for GO terms
related to their living habits. The both genes were expected to be associated with standard
H3K27me3 GO terms, as seen in Figure 6C. Contrary to our hypothesis, the poplar only and
Arabidopsis only genes were not enriched for any GO terms. The both genes were enriched for
22 GO terms, most of which were the same as those found in Figure 6C. There were a few GO
terms that had not been enriched previously, including 2 cellular component GO terms, and 1
molecular function term. The cellular component GO terms are both related to the cell wall
(GO:0005618, GO:0030234), while the molecular function GO term is enzyme regulator activity
(GO:0030234). The both GO terms were consistent with role of H3K27me3 to mark genes

involved with development.

Discussion

We have described the distribution of three histone modifications, H3K36me3, H3K4m3,
and H3K27me3 in the poplar species, P.tremula x alba 717. This is one of the first studies
focused on histone methylation in poplar and will provide a basis for future epigenetic research
in the species. Our genome-wide profiling approach allowed us to study how histone
methylation is distributed across chromosomes. All three histone modifications were enriched on
euchromatic chromosome arms and depleted in the pericentromeric heterochromatin region. This
finding led us to ask whether the modifications are enriched specific parts of the euchromatin,
such as promoter, genic, or intergenic regions. Each modification was enriched in the genes, but

did not seem to be enriched in the intergenic space or promoter region. These results are
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consistent with Arabidopsis; in which the three modifications are enriched on euchromatin arms
and located within genes®’.

The finding that H3K4me3, H3K36me3, and H3K27me3 were located within genes led
us to ask whether the modifications had a similar distribution across genes to that of Arabidopsis
and other eukaryotic species. We also wanted to know whether the modifications had similar
gene preferences, with H3K4me3 and H3K36me enriched on actively transcribed genes and
H3K27me3 preferring genes with low transcriptional activity. The three modifications had very
similar distributions and gene preferences to that of Arabidopsis™****. We found that H3K4me3
was present on actively transcribed genes and had a prominent peak slightly downstream of the
transcription start site. H3K36me3 was also located on actively transcribed genes and was
enriched across the gene body with a preference for the 5’ end of the gene. H3K27me3 was
enriched across the entire gene body with a preference for genes with low transcription levels.
These results suggested that poplar and Arabidopsis histone modifications likely serve similar
functions because they have the same distribution and gene preference.

It was unknown whether H3K4me3, H3K36me3, or H327me3 were enriched on specific
types of genes. We identified genes with high levels of H3K36me3, H3K27me3, and H3K4me3
then used AgriGO to determine whether the three groups of genes were enriched for any GO
terms”. H3K36me3 and H3K4me3 are located on many of the same genes, which led to similar
GO term results. The majority of the GO terms enriched for H3K4me3 and H3K36me3 genes
were part of the cellular component GO category indicating that gene products with these
modifications are active in many different cellular organelles and in the cytoplasm. Twenty-nine
H3K36me3 genes were significantly enriched for “endoplasmic reticulum”, while this GO term

was not enriched in the H3K4me3 data. Genes with H3K4me3 and H3K36me3 were not
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significantly enriched in GO terms involving transcriptional regulation. These results support
the notion that H3K4me3 and H3K36me3 may be a consequence of transcription rather than
activating marks themselves.

H3K27me3 genes were associated with transcription factors and the regulation of gene
expression. This result was consistent with the findings from Arabidopsis, that H3K27me3 is
responsible for the repression of developmentally important genes. It was also intriguing that
H3K27me3 genes were enriched for “response to stimulus”. This result could indicate that
H3K27me3 is also responsible for repressing genes in response to environmental stimuli in
poplar. The difference in Arabidopsis and poplar life strategies led us to wonder whether there
were changes to which genes were H3K27me3 regulated in the two species. We found that 520
genes had H3K27me3 in both species. 391 genes had H3K27me3 in poplar, while the orthologs
of the same genes did not have H3K27me3 in Arabidopsis and 103 genes had the modification in
Arabidopsis only. Genes with H3K27me3 in one species and not the other showed
transcriptional repression in that species. These results indicated that H3K27me3 is repressing
those genes. Although some genes had H3K27me3 in one species and not the other, it is possible
that if we sampled more cell types the genes may have had H3K27me3 in both species.
H3K27me3 is often present on genes that are expressed in a specific tissue type(Zhang et al.
2007).

This research highlighted the similarities in histone modification distribution between
Arabidopsis and poplar. Our research indicates that the modifications likely perform very
similar, if not the same functions in both species. Since the modification distribution is so
similar, future epigenetic studies in poplar could focus on research that would be difficult to

perform in Arabidopsis. Poplar is a long-lived perennial species with the ability to reproduce
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sexually and clonally. Researchers could utilize the life strategy of poplar to learn whether
environmental stresses induce changes in genes marked by histone modifications. For example:
Differential H3K27me3 gene methylation on poplar trees grown in distinct environmental
conditions may indicate that the development of those trees has been fundamentally altered.
Researchers could also discover whether inheritance of epigenetic variations help plants adapt to
the environment. Progeny of the trees with differential H3K27me3 methylation may be better

adapted to an environment similar to that which they came from.
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Table 1. ChIP mapping statistics for ChIP-seq libraries used in the study.

sample replicate overall % remaining | input reads remaining
mapping % reads
h3 sPta717 1 63.48 55.94 1.40E+07 7.86E+06
h3k27me3 sPta717 1 06.42 58.53 2.04E+07 1.20E+07
h3k36me3 sPta717 1 72.02 66.68 9.79E+06 6.52E+06
h3k4me3 sPta717 1 71.49 65.41 1.35E+07 8.83E+06
input sPta717 1 63.76 58.84 4.31E+06 2.54E+06
h3 sPta717 2 64.33 55.89 1.73E+07 9.69E+06
h3k27me3 sPta717 2 66.71 58.39 2.55E+07 1.49E+07
h3k36me3 sPta717 2 75.86 69.65 1.77E+07 1.24E+07
h3k4me3 sPta717 2 74.92 69.55 1.20E+07 8.36E+06
input sPta717 2 64.54 58.59 6.06E+06 3.55E+06
h3k27me3 Arabidopsis 1 | 92.26 73.88 1.18E+07 8.70E+06
input Arabidopsis 1 | 98.04 68.47 2.68E+07 1.83E+07
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Figure 1. Chromosomal distribution of histone methylation

Top Panel: the length of repetitive sequences (y-axis, left side) and number of genes per 100kb
bin (y-axis, right side). Purple line represents H3K4me3 ChIP enrichment values divided by
input enrichment values per 100kb bin. Blue line represents H3K27me3 ChIP enrichment values
divided by input enrichment values per 100kb bin. Red line represents H3K36me3 ChIP

enrichment values divided by input enrichment values per 100kb bin.
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Figure 2. H3K36me3, H3K37me3, and H3K4me3 are associated with genic regions in poplar
A) Percentages of sPta717 genome covered by genomic features: genes, promoters, transposons,
and intergenic region

B) Percentage of base pairs covered by H3K36me3 peaks per genomic feature

C) Percentage of base pairs covered by H3K4me3 peaks per genomic feature

D) Percentage of base pairs covered by H3K27me3 peaks per genomic feature
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Figure 3. Distribution of histone methylation across poplar genes

high

low

H3K27me3

+500 +500

IZO

Histone modification enrichment normalized by input, 500bp up and downstream of TSS and

TTS. Each row represents 1 gene. Genes were ordered from highest to lowest expression (y-

axis). A) H3K36me3 heatmap B) H3K4me3 heatmap C) H3K27me3 heatmap
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Figure 4. Association of histone methylation with gene expression

Metaplots depicting histone modification enrichment normalized by input, 1kb up and
downstream of TSS and TTS. Genes were grouped by expression level with “Top 20” being the
20% highest expressed genes, “Bot 20” the 20% lowest expressed genes, and the other groups in

between. A) H3K36me3 metaplot B) H3K4me3 metaplot C) H3K27me3 metaplot
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Figure 5. Identification of poplar genes with H3K36me3, H3K4me3, and H3K27me3
Metaplots depicting histone modification enrichment normalized by input, 1kb up and
downstream of TSS and TTS.

A) H3K36me3 genes have higher levels of H3K36me3 than “Top 20” expression group
B) H3K4me3 genes have higher levels of H3K4me3 than “Top 20” expression group

C) H3K4me3 genes have higher levels of H3K27me3 than “Bot 20” expression group
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Figure 6. GO terms enrichment for A) H3K36me3, B) H3K4me3, and C) H3K27me3 genes. The

panels with orange, blue, and yellow bars are Cellular Component, Biological Process, and

Molecular Function GO terms, respectively. H3K27me3 genes were not enriched for Cellular
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Component GO terms.
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Figure 7. Differential H3K27me3 methylation in Arabidopsis and poplar

A) H3K27me3 enrichment in “Pop only”, “Ara only”, and “Both” gene groups in sPta717
B) H3K27me3 enrichment in “Pop only”, “Ara only”, and “Both” groups in Arabidopsis

C) Expression levels of “Pop only”, “Ara only”, and “Both” groups using sPta717 RNA-seq

D) Expression levels of “Pop only”, “Ara only”, and “Both” groups using Arabidopsis RNA-seq
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CHAPTER 3

PROFILING PLANT HISTONE MODIFICATIONS

Introduction

Eukaryotic chromatin is made up of DNA-histone complexes, called nucleosomes.
Histones are subject to a wide array of chemical modification to conserved residues on their N-
terminal tails. Histone modifications can affect the nature of histone-DNA interaction and
chromatin packaging®®. They also can serve as recruitment platforms for chromatin interacting
proteins involved in processes that occur on the chromatin template; including DNA replication,
RNA processing, and chromatin remodeling''** %,

ChIP is an essential methodology to understand the distribution of histone modifications
and other chromatin-associated proteins throughout the genome. Performing ChIP in plant cells
requires special care to isolate chromatin due to the rigid plant cell wall. This protocol has been
utilized in our lab to perform ChIP of histone modifications in multiple plant species; including
Arabidopsis thaliana, Populus tremulua x alba 717-1B4, and Eutrema penlandii(L. Guo et al.
2010; Zhang 2008). In comparison to Native ChIP methodologies, this protocol utilizes
formaldehyde to cross-link the plant tissue®.

In this protocol, plant nuclei are purified and chromatin is isolated from the nuclei. The
chromatin is then sheared by sonication to enrich for DNA fragments between 300 base pairs

(bp) and 1kilobase pairs (kb). After sonication, the sheared chromatin is incubated with

antibodies that recognize specific histone modifications. The chromatin fragments that associate
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with the antibody are immunoprecipitated using protein A/G beads. The chromatin attached to
the beads will be enriched for the histone modification of interest. DNA 1is then isolated from the
chromatin that associated with the beads. After DNA extraction, it is recommended to perform
qPCR before creating libraries for ChIP sequencing, which is reviewed in Haring et. al*>. ChIP-

sequencing libraries can be made using Illumina Tru-seq ChIP Sample Prep Kit.

Materials

1-2 grams of plant tissue

37% formaldehyde

.1 M PMSF (see recipe)

Complete Protease Inhibitor tablets, EDTA-free (Roche)
Complete Mini Protease Inhibitor tablets, EDTA-free (Roche)
Cross-linking buffer (see recipe)

1 M glycine (see recipe)

Protein A or G magnetic beads (?brand)

Extraction Buffer 1(see recipe)

Extraction Buffer 2 (see recipe)

Extraction Buffer 3 (see recipe)

Nuclear Lysis Buffer (see recipe)

ChIP Dilution Buffer (see recipe)

Elution Buffer (see recipe)

Low Salt Wash Buffer (see recipe)

High Salt Wash Buffer (see recipe)
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LiCl Wash Buffer (see recipe)
TE Buffer (see recipe)

5 M NaCl

1 M Tris-Cl pH 6.5
SMEDTA

2.5 M Kac

20 mg/mL proteinase K
Phenol, buffered pH 8.0
Chloroform

Ethanol

glycogen

Special Equipment:
Bioruptor® UCD-200 (or other sonicator)
Vacuum centrifuge

Magnetic rack for 1.5 ml eppendorf tubes

Protocol
Chromatin Cross-linking
1. Mix 15.4 ml of Cross-linking Buffer with 160 pl of 0.1 M PMSF and 432 ul of 37%
formaldehyde.
Add formaldehyde inside hood. Add PMSF just before use as it only lasts 30 minutes in
aqueous solution.

2. Harvest 1-2 g of above ground plant tissue.
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3. Ina 25 ml beaker, combine solution with plant tissue and incubate for 10 minutes under
vacuum. Release the vacuum and mix after 5 minutes, then reapply vacuum).
Use a vacuum centrifuge with the rotor removed for this step.

4. Release the vacuum and add 1.6 ml 1M glycine. Mix and reapply the vacuum for 5
minutes.
Glycine stops the cross-linking by neutralizing the formaldehyde.

5. Rinse leaves with H,O five times, then remove excess H,O by blotting with paper towel.
Flash freeze cross-linked tissue in liquid nitrogen and store at -80°C .
The more water left on the tissue, the more difficult the tissue will be to grind in future
steps. Cross-linked tissue can be stored at -80°C until ready to begin the ChlP
experiment.

Prepare Antibody-Coated Beads

6. Prepare 3-4 tubes of antibody-coated beads per 1-2 g of cross-linked starting material.
To prepare beads: place 25 ul of protein A or G magnetic beads in a 1.5 ml eppendorf
tube. Wash the beads 3 times with ChIP dilution buffer. Add 100 pl of ChIP dilution
buffer and 1-2 pg of antibody to the washed beads. Incubate by rotating at 4°C for 3 hr
(could rotate overnight).
All steps should be performed at 4°C or on ice. 1 to 2 g of cross-linked tissue will
produce enough chromatin to perform ChlP with 3-4 antibodies. To wash, place tubes
with beads in magnetic rack and take off supernatant. Add 1 ml of ChIP dilution buffer.
Then, remove tubes from magnetic rack and resuspend beads via inversion. When all the

beads are resupsended, place tube on magnetic rack. Repeat wash two more times
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Chromatin Isolation all steps should be performed at 4°C or on ice.

7.

8.

10.

11.

12.

13.

14.

15.

16.

Grind 1-2 g of cross-linked tissue in liquid nitrogen to a very fine powder.

Add powder to 30 ml of Extraction Buffer 1 in a 50 ml falcon tube. Resuspend the
powder with the vortex and by inverting the tube.

Filter the solution through miracloth into a 50 ml falcon tube.

Centrifuge the filtrate for 20 minutes at 4000 rpm , 4°C

This step pellets the nuclei and other organelles, without bursting the nuclei.

Remove supernatant and resuspend pellet in 1 ml of Extraction Buffer 2.

This step bursts the chloroplasts, but does not contain enough detergent to burst the
nuclei.

Centrifuge 10 minutes at 12000 x g, 4°C.

Remove supernatant and resuspend pellet in 300 pl Extraction Buffer 3 with a pipet.
Pellet will be very difficult to resuspend. It is okay if a small amount of the pellet cannot
be resupsended.

In a new 1.5 ml eppendorf tube, add 300 pul of Extraction Buffer 3. Carefully layer the
300 pl solution (resupsended pellet) from step 12 on top of the 300 ul of Extraction
Buffer 3.

This step creates a sucrose gradient, in which the chloroplasts remain in the supernatant
and the nuclei in the pellet.

Spin for 1 hour at 16,000 x g, 4°C.

Remove the supernatant and resuspend the pellet in 300 ul Nuclei Lysis Buffer.
Resuspend the pellet via vortex and pipet. Keep 2-5 pl of this sample as unsonicated

control and freeze in -20°C.
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This step bursts the nuclei. Keep solution cold between vortexing and try to avoid getting
too many bubbles in the solution.

17. Sonicate the chromatin solution in a time dependent on the species and type of sonicator.
The goal size of DNA after sonication is 300-1000 bp. Different plant species require
different sonication times to reach that goal. For Arabidopsis thaliana, our lab sonicates
for 15 minutes twice. The sample is put on ice for 5 minutes between rounds of
sonication.

18. Centrifuge sonicated chromatin max speed, 4°C. Put supernatant into new 1.5 ml
eppendorf tube. Keep 11 ul as input control and freeze in -20°C.

Following this step, chromatin can be frozen in -20°C. If working with a plant species
other than Arabidopsis, it is highly recommended to extract DNA (see DNA extraction

section) from the unsonicated control (step #16) and the input control (step #18) before
continuing with Chromatin Immunoprecipitation.
Chromatin Immunoprecipitation

19. Place rest of supernatant into a 15 ml falcon tube and bring up to 3 ml with ChIP dilution
buffer.

20. Wash prepared antibody coated beads 3x with ChIP dilution buffer.
To wash, place tubes with antibody coated beads in magnetic rack and take off
supernatant. Add 1 ml of ChIP dilution buffer. Then, remove tubes from magnetic rack
and resuspend beads via inversion. When all the beads are resupsended, place tube on
magnetic rack. Repeat wash two more times.

21. Add 750 pl (for 4 samples) or 1 ml (for 3 samples) of the chromatin solution to the

antibody coated beads and incubate rotating overnight at 4°C.
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22. Attach beads to magnet and remove supernatant.

23. Wash beads two times with each buffer listed below. For the 1% wash, add 1 ml of buffer
to beads. Remove beads from magnet and resuspend the beads via inversion. Place beads
back on magnet and take off supernatant. For the 2" wash, add 1 ml of buffer then rotate
for 5 minutes, 4°C. After 5 minutes, take off supernatant.

a. Low Salt Wash Buffer.
b. High Salt Wash Buffer
c. LiCl Wash Buffer

24. Wash antibody coated beads with TE Buffer one time with no rotation. Leave beads
attached to magnetic rack after take off supernatant.

25. Add 250 pl of Elution Buffer to beads. Vortex beads to mix and incubate at 65°C for 15
minutes.

26. Place the tube in the magnetic rack and carefully transfer the supernatant to another 1.5
ml tube and repeat elution. Combine the two eluates.

27. Add 20 pl of 5M NacCl to eluate and reverse cross-link at 65°C overnight. Defrost
unsonicated control (step 16) and input control (step 18). Add 500 pul of Elution Buffer
and 20 pl of 5M NacCl to the unsonicated control and input control and place at 65°C with
the eluate samples.

28. Add 10 pl of 0.5M EDTA, 20 pl Tris-CI pH 6.5, and 1 pl of 20 mg/ml proteinase K to
elutate and control samples. Incubate for 1 hr at 45°C.

DNA Extraction
29. Add 250 pl of phenol and 250 pl of chloroform to the samples. Vortex, then centrifuge 5

min at maximum speed, RT.
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30. Transfer supernatant to 1.5 ml tube. Add 26 ul KaC 2.5 M, ~1 ml of 100% Ethanol, and
2 ul of glycogen. Place tubes in -20°C for 2 hr or overnight.

31. Centrifuge 30 minutes at maximum speed, 4°C.
There is usually a white pellet after this step. If there is not a pellet, it is okay. Continue
with the protocol.

32. Remove supernatant and add 1 ml of 70% ethanol.

33. Centrifuge the sample for 1 minute at maximum speed, RT.

34. Take off the supernatant and allow the pellet to air dry.

35. Resuspend the pellet in 50 ul of H,O.
This is the final ChIP DNA that can be used to make DNA libraries for sequencing in the
future. It is highly recommended to continue to Support Protocol 1.

36. Run 5 pl of unsonicated and input DNA samples on 1% agarose gel to check that

sonication worked properly.

Reagents and Solutions

ChIP Dilution Buffer
For 10 ml:
1.2 mM EDTA 24 ul 0.5 M
167 mM NacCl 334 ul5M
16.7 mM Tris-Cl, pH 8.0 167 ul 1 M
1.1% (v/v) Triton X-100 1.1 ml 10% (v/v)
0.1 mM PMSF 20 ul 0.1 M
Complete mini tablet 1 tablet
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H,O to volume
Mix well and store at 4°C (check for contamination before use). Add BME, PMSF, and
Complete Protease Inhibitor tablets just before use. Resuspend Complete Protease Inhibitor
tablets in small volume of cold nuclease-free water before adding to ChIP Dilution Buffer.
Protease inhibitors do not need to be added when using the ChIP dilution buffer to wash the
beads.

Cross-linking buffer

For 100 ml:
1 mM EDTA, pH 8.0 02ml.5M
0.4 M sucrose 13.7 ¢
10mM Tris-Cl, pH 8.0 I ml 1M

H,0 to volume

Mix well and store up to 3 months at 4°C (check for contamination before use).

Elution Buffer

For 20 ml:
1% (v/v) SDS 2 ml 10% (w/v)
0.1 M NaHCO; 0.168 g

H,O0 to volume
Store at room temperature (20 - 26°C).

Extraction Buffer 1 (EB1)

For 100 ml:
1 mM EDTA 200 ul 0.5 M
10 mM MgCl, Iml1.0M
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0.4 M sucrose

10 mM Tris-ClI pH 8.0
SmM BME

0.1 mM PMSF

Complete tablets

20ml2 M
Iml1M
35ul 143 M
200 ul 0.1 M
2 tablets

H,0 to volume

Mix well and store at 4°C (check for contamination before use). Add BME, PMSF, and

Complete Protease Inhibitor tablets just before use. Resuspend Complete Protease Inhibitor

tablets in small volume of cold nuclease-free water before adding to Extraction Buffer 1.

Extraction Buffer 2

1 mM EDTA

10 mM MgCl,

0.25 M sucrose

10 mM Tris-Cl, pH 8.0
1% (v/v) Triton X-100

0.1 mM PMSF
5 mM BME

Complete mini tablets

For 10 ml:

200 ul 0.5 M
100 ul 1 M
1.25 ml 2M
100 pul 1M

1 ml 10% (v/v)

20 ul 0.1 M
3.5ul 143 M

1 tablet

H,0 to volume

Mix well and store at 4°C (check for contamination before use). Add BME, PMSF, and

Complete Protease Inhibitor tablets just before use. Resuspend Complete Protease Inhibitor

tablets in small volume of cold nuclease-free water before adding to Extraction Buffer 2.
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Extraction Buffer 3

For 10ml:
1 mM EDTA 20 pul 0.5M
2 mM MgCl, 100 ul 1 M
1.7 M sucrose 8.5 ml 2M
10 mM Tris-Cl, pH 8 100 ul 1M
0.15% (v/v) Triton X-100 150 pl 10% (v/v)
0.1 mM PMSF 20 ul 0.1 M
Complete mini tablet 1 tablet

H,O0 to volume
Mix well and store at 4°C (check for contamination before use). Add BME, PMSF, and
Complete Protease Inhibitor tablets just before use. Resuspend Complete Protease Inhibitor

tablets in small volume of cold nuclease-free water before adding to Extraction Buffer 3.

High Salt Wash Buffer

For 50 ml:
2mM EDTA 200 ul 0.5 M
500 mM NacCl 5ml 5M
0.1% (v/v) SDS 0.5 ml 10% (w/v)
20 mM Tris-Cl, pH 8 I ml 1M
1% (v/v) Triton X-100 5ml 10% (v/v)

H,0 to volume
Mix well and store at 4°C (check for contamination before use).

LiCl Wash Buffer
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1 mM EDTA

0.25 M LiCl

1% (w/v) sodium deoxycholate
1% (v/v) NP-40

10 mM Tris-Cl, pH 8

For 50 ml:

100 ul 0.5 M
3.125ml4 M
05¢g

2.5 ml 20% (v/v)
0.5 ml IM

H,0 to volume

Mix well and store at 4°C (check for contamination before use).

Low Salt Wash Buffer

2 mM EDTA

150 mM NacCl

0.1% (v/v) SDS

20 mM Tris-CL pH 8

1% (v/v) Triton X-100

For 50 ml:

200 ul 0.5 M
1.5ml5M

0.5 ml 10% (w/v)
Iml1M

S ml 10% (v/v)

H,0 to volume

Mix well and store at 4°C (check for contamination before use).

Nuclear Lysis Buffer

10 mM EDTA
1% (v/v) SDS

50 mM Tris-Cl, pH 8

For 5 ml:
100 ul 0.5 M
0.5 ml 10% (w/v)

025ml 1M
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0.1 mM PMSF 20 ul 0.1M
Complete Mini tablet "> tablet
H,O to volume
Mix well and store at 4°C (check for contamination before use). Add PMSF, and Complete
Protease Inhibitor tablet just before use. Resuspend Complete Protease Inhibitor tablet in small
volume of cold nuclease-free water before adding to Nuclear Lysis Buffer.
0.1M PMSF
For 50 ml:
PMSF 087 ¢
Isopropanol to volume

Dissolve PMSF in isopropanol, store 200-ul aliquots up to 1 year at -20°C.

TE Buffer

For 50 ml:
10 mM Tris-Cl, pH 8 0.5ml IM
1 mM EDTA 100 pl 0.5M

H,0 to volume

Mix well and store at 4°C (check for contamination before use).

Background Information

The development of the modern ChIP protocol was preceded by the discovery UV and later
formaldehyde could be used to cross-link DNA to proteins. This discovery allowed researchers
to study the distribution of RNA Polymerase II in bacteria and later in Drosophila

melanogaster®®®’. In 1988, formaldehyde was first used to crosslink DNA to proteins and was
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utilized to study the distribution of H4 on heat shock genes in in Drosophila melanogaster™™.
Since then formaldehyde and histone specific antibodies have been used to study the distribution
of histone modifications on genes and across the genome. With the advent of modern
sequencing techniques, studying the distribution of histone modifications throughout the genome

of any species has become widely available.

Critical Parameters and Troubleshooting
1. Antibodies for ChIP

Choosing antibodies for ChIP is one of the most important considerations when designing
an experiment. Commercial histone modification antibodies are not typically raised against
plant proteins. For that reason, it is recommended that you chose antibodies that are raised
against an invariant domain of the histone protein. Since histone proteins so highly
conserved, many of the same antibodies that work for mammalian species work in plant
species.

Often times, you will have multiple antibodies to chose from when deciding what to use
for your ChIP experiment. However, you many have varying levels of success due to due to
differences in epitope recognition by the antibody. Polyclonal antibodies recognize several
epitopes of the target, so they may perform better in a ChIP experiment. It is our experience
that antibodies that work in Arabidopsis thaliana typically work in other plant species. The
antibodies our lab most commonly uses in Arabidopsis are: H3K4me3 (Millipore, 07-473),
H3K36me3 (abcam, ab9050), H3K27me3 (Millipore, 07-449), and H3 (abcam, ab1791).
These antibodies have worked in poplar as well.

2. Sonication
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Sonication should produce fragments between 300 bp and 1000 bp. Chromatin should be
kept at 4°C throughout sonication. In our hands, different plant species require distinct
sonication times to reach the desirable degree of sonication.

3. Quality of ChIP DNA
gPCR should be utilitzed to check whether the quality of ChIP DNA is sufficient before

performing ChIP sequencing or drawing any conclusions®’.

Anticipated Results

After making ChlIP-seq libraries, ChIP results can be viewed on an IGV browser to
determine if there is ChIP signal enrichment over the input control. If the ChIP experiment did
not work, the signal will look like a background, with no or very few peaks. Distribution of
ChIP signal is dependent on which histone target you use. For example: H3K36me3 distribution
in Arabidopsis thaliana should be within the transcribed genes across the gene body(Zhang
2008). Peak calling programs, like SICER, can be utilized to detect regions of histone

modification enrichment’®.

Time Considerations

The protocol should take 4-5 days. There are points specified in the protocol that you can
stop for the day if you do not take these recommendations.
If working with a species and tissue type that have worked before:

On day 1, perform crosslinking (steps 1-5). On day 2, perform the chromatin isolation
and incubate the antibody-coated beads with the sonicated chromatin overnight (steps 6-21). On

day 3, wash the beads and reverse cross—link overnight (steps 22-27). On day 4, finish the ChIP

57



protocol and extract the DNA. Run the agarose gel to make sure that your sonication worked
(steps 28-36). This timeline assumes that you already know the right sonication conditions for
the species or tissue type that you are working with.

If working with a plant species that you have not worked with before:

We recommend in this case that you make sure that your sonication worked properly,
before continuing with the ChIP experiment. Do this by isolating ChIP DNA from the
unsonicated control and the input samples and running the agarose gel. On day 1, perform
crosslinking (steps 1-5). On day 2, skip preparing the antibody-coated beads (step 6) and proceed
to isolate the chromatin (step 6-18). Reverse crosslink the unsonicated control and input DNA
overnight (step 27). On day 3, extract DNA from the unsonicated control and input (steps 28-36).
Run the agarose gel to make sure that the sonicated worked to a desirable degree. If not, sonicate
the chromatin samples longer to ensure proper sonication. After finishing sonication, prepare the
antibody-coated beads (step 6). Then, incubate the chromatin with antibody-coated beads
overnight (steps 19-21). On day 4, wash the beads and reverse cross-link overnight (steps 22-27).
On day 5, finish the ChIP protocol and extract the DNA. Run the agarose gel to make sure that

your sonication worked (steps 28-36).
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