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1.1 Epigenetics and epigenomes

Deoxyribonucleic acid (DNA) is a nucleic acid that contains the genetic information used in
the functioning of biological processes inliving organisms and sequencing of entire genomes
has revealed a tremendous amount of information about genes promoters, transposable
elements (TEs) . In eukaryotic organisms, DNA and its associated proteins form a condensed
structure called chromatin which is an instructive DNA scaffold in the nucleus. The chromatin
is congtituted by the basic unit of DNA packaging termed the nucleosome. The nucleosome
core particle contains approximately 147 base pairs of DNA wrapped in around 2 copies each
of the core histones H2A, H2B, H3 and H4 like thread wrapped around a spool (Richmond,
Sargent, Richmond, Luger, & Ma, 1997). Up to 80 bp linker DNA with H1 and H5 linker

histones connect the core particles.

Chromatin has many roles, e.g., in preventing DNA damage or orchestrating, DNA replication
and gene regulation. The properties of chromatin vary between different regions of the
genome, phases of life cycle, and cell types in the same organism. The way DNA is packaged
determines its function. A tightly packed form of DNA is called heterochromatin which
includes constitutive and facultative heterochromatin. Constitutive heterochromatin, usually
repetitive and permanently transcriptionally silenced, form centromeres and telomeres
whereas facultative heterochromatin is not repetitive though it also has a compact structure
like constitutive heterochromatin and it can lose its condensed structure and become
transcriptionally active under certain conditions. A lightly packed form of DNA is called

euchromatin within which genes are transcriptionally active (Ris & Kubai, 1970).

Chromatin states define gene expression states at a whole genome level. So that genomes are
programmed to express an appropriate set of genes at a specific time point in response to
certain environmental stimuli. The chromatin control of genomes is not at the DNA sequence
level: the cells carry the same DNA sequence whereas different chromatin structures and
properties affectthe read out of the underlying DNA sequence. Moreover, the chromatin
mediated control of genomes can be transient or stably transmitted through cell divisions or
even generations.
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Chromatin states are modulable because by chromatin modifications the core histone tails are
subject to different post-trandational modifications. So far more than 60 histone
modifications have been identified which make a great contribution to chromatin
modifications (Bannister & Kouzarides, 2011; Kouzarides, 2007). DNA sequence can also be
subject to DNA methylation,which is involved in enzymatic transfer of a methyl group on the
fifth position of the cytosine pyrimidine ring or the number 6 nitrogen of the adenine purine
ring. DNA methylation on cytosines and adenines is widely distributed in both prokaryotes
and eukaryotes. Modification mainly or exclusively on cytosines (5mC) can be inherited

through cell division.

Epigenetics refers to the study of the change of heritable chromatin states without changes of
underlying DNA sequence. The chromatin state is controlled by two major epigenetic
elements: DNA methylation and histone modifications. The sum information of the genome-
wide patterns of DNA and chromatin modifications is termed the epigenome (Figure 1.1).
These two major epigenomic elements have profound effects on chromatin state, which

regul ates processes such as gene expression.

Unlike the genome, the epigenome is variable between cells, different developmenta stages
and in response to different stimuli. Recently, some studies suggest that not only the two
classical epigenetic elements mentioned above are involved in genome organization and
development, but other aspects of epigenetic regulation, such as small RNA has aso been
shown to play a central role in gene regulation and become fasting growing epigenetic
research field (Costa, 2008; Kerppola, 2009). Furthermore, in 2011 it was discovered that
MRNA can be subject to N6-methyladenosine methylation and it is proposed that it has a
critical role in human energy homeostasis (Jia et al., 2011). This has opened up the field of
RNA epigenetics.
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The two main components
of the epigenetic code

DNA methylation

Methyl marks added to certain
DMA bases repress gene activity,

Histone modification

A combination of different
molecules can attach to the ‘tails'
of proteins called histanes, These
alter the activity of the DMA
wrapped around them.

Chromosome

Figure 1.1 The two main components of epigenetics.
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1.2 DNA methylation

Recent progress in genomic and biochemical studies in different organisms has elucidated the
provenance of DNA cytosine methylation. DNA methylation appears to have emerged first in
bacterial restriction—modification (R—M) systems. DNA methylation is so far the best
characterized epigenetic mark. It is a biochemical process in which a methyl group is added to
the cytosine pyrimidine ring at position 5 (5meC) or a nitrogen of the adenine purine ring at
position 6 (N6mMA). The former is common to all three super kingdoms while the latter has
been characterized in prokaryotes and certain eukaryotic lineages (Aravind, Abhiman, & lyer,
2011). Another related methylation is on the NH2 group attached to the 4" position of
cytosine residues (N4mC), which is found only in prokaryotes. In this introduction, I mainly
focus on 5mC methylation and its further modification. DNA methylation is widespread
among protists, plants, fungi and animals (Feng & Jacobsen, 2011; Zemach, McDanidl, Silva,
& Zilberman, 2010a). It is however absent or poor in some species such as the budding yeast
Saccharomyces cerevisiae, the fruit fly Drosophila melanogaster, the nematode worm
Caenorhabditis elegans and the brown alga Ectocarpus siliculosus (Cock et al., 2010; Goll &
Bestor, 2005; Tweedie et al., 1999).

1.2.1 DNA methylation detection

In recent years, a variety of methods for detection of genome-wide cytosine methylation have
been developed. Widely used methods include restriction enzyme digestion (such as McrBC
digestion) of methylated DNA followed by high density oligonucleotide hybridization
microarray or sequencing, and immunoprecipitation of methylated DNA followed by
microarray hybridization or sequencing. But these approaches have their drawbacks such as
the restriction enzyme bias, difficulties in detection of enriched regions and, more importantly,

their limited resolution.

Bisulfite sequencing (sodium bisulfite conversion followed by DNA sequencing) has now
become the gold standard method for methylation detection. Sodium bisulfite can convert
unmethylated cytosine to uracil while methylated cytosine bases remain unchanged. This
method can provide single base resolution methylation profiles. Although bisulfite sequencing
is considered the gold standard for DNA methylation studies, it cannot distinguish between

5meC and 5hmC which has been recognized as another important DNA modification recently
7|Page
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(Ficz et d., 2011; Pastor et a., 2011; Williams, Christensen, & Helin, 2011). This means that
previous studies of methylation on genomes that contain different cytosine modifications have
probably overestimated m5C methylation. The presence of 5hmC was recently reported in
brain, neuron and embryonic stem (ES) cells (Ficz et a., 2011). The function of 5Shmc is not
yet clear. Some studies suggest its involvement in cell differentiation (Ficz et al., 2011). This

epigenetic mark which has been ignored for along time is showing its importance nowadays.

The pioneering new generation of sequencing approaches including single molecule real time
(SMRT) sequencing technology holds the promise for future DNA methylation studies.
SMRT detects single molecules of DNA being sequenced without the need of cloning or PCR
amplification, both of which are processes that can introduce biases. More importantly,
SMRT can discriminate 5meC and 5hmC. Selecting this approach has therefore become
crucial for DNA methylation studies that focus on the dynamics of 5meC and 5hmC. SMRT
can combine advantages of “specificity” and “single base resolution” for DNA methylome
studies. Although currently the accuracy of the data generated by SMRT is not satisfactory, it
islikely to replace bisulfite sequencing in the foreseeable future.

These approaches have provided a comprehensive picture of conserved and divergent features
of DNA methylation patterns in a diverse range of species representing the three kingdoms of
life (Feng, Cokus, Zhang, Chen, Bostick, Goll, Hetzel, Jain, Strauss, Hapern, Ukomadu,
Sadler, Pradhan, Pellegrini and Jacobsen 2010, Y an et al. 2010, Zemach, McDanidl, Silvaand
Zilberman 2010). Nonetheless, these studies focus mainly on two eukaryotic groups, Unikont
and Archaeplastida (Figure 1.2). Other organisms such as representatives of marine
phytoplankton are waiting for similar analysis which will provide further insights into such a
complex regulation mechanism.
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Figure 1.2 Eukaryote phylogenetic tree derived from different molecular phylogenetic
and ultrastructural studies (adapted from Baldauf 2008). There is today a consensus for
assigning known eukaryotes to one of the major groups in the tree of life. Stars indicate alga
species for which genome sequences or ESTs are available (Volvox carteri, arepresentative of
Chlorophytes, Micromonas for Prasinophytes, Chroomonas for chryptophytes, Emiliania
huxleyi for Haptophytes, Ectocarpus for Brown algae and Phaeodactylum for diatoms).
Numbers 1 to 4 represent the different groups of Eukaryotes. Red arrows point to the plant,
animal and fungal kingdoms. Unikont and Archaeplastida are in orange circles (taken from
Tirichine & Bowler, 2011).
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1.2.2 DNA methylation patterns

DNA methylation studies in mammals have shown that 5 meC is found throughout the
genome with the exception of short unmethylated regions caled CpG islands (Bird, 2002).
CpG idlands are genomic regions that contain a high frequency of CpG sites which are often
located at the promoter regions of housekeeping genes. Approximately 70% of annotated gene
promoters are associated with CpG islands in vertebrates. CpG islands are involved in gene
transcription. For example, CpG promoter silencing can be achieved by DNA methylation
(Deaton & Bird, 2011). Compared to mammals with global methylation, the most frequent
distribution pattern of DNA methylation in invertebrates is mosaic methylation, defined as
both heavily methylated regions interspersed by methylation free domains. In fungi, 5mC is
only on repetitive sequences (Ooi & Bestor, 2008), whereas the model plant species A.
thaliana contains not only extensive methylation on TES and repeat sequences but also around
one third of genes are methylated (Lister, et al 2008).

DNA methylation can be established upon non-methylated sites, where it is caled de novo
methylation. Symmetric methylated sites become hemi methylated after DNA replication.
DNA methylation can also be established upon hemi-methylated sites after DNA replication
called maintenance DNA methylation. There are huge differences in DNA methylation which
is called propagation in plants and mammals. In plants, the pre-existing DNA methylation
mark in the previous generation can propagate across generations, whereas mammals erase
the mark during zygote formation and re-establish it through cell division during development.
The context of DNA methylation is also different in plant and mammals. In plants, notably A.
thaliana, methylation occurs in al DNA sequence contexts i.e.,, symmetrical, CG or CHG
sites (in which H is A, T or C) and asymmetrical CHH sites. In mammals, it occurs amost
exclusively in the symmetric CpG dinucleotide context, with however a small amount of non
CpG methylation, observed in embryonic stem cells (Lister, Pelizzola, Dowen et a, 2009).

1.2.3 The DNA methylation machinery

Cytosine DNA methylation is catalyzed by a family of conserved enzymes known as cytosine
DNA methyltransferases (C5-MTases). In mammals, DNA methylation is coordinated by a
family of DNA methyltransferases DNMT1, 3A, 3B, and DNA methyltransferase 3 Like that

lacks catalytic activity but is essential for the function of DNMT3A and DNMT3B (Chedin,
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Lieber, & Hsieh, 2002; Hsieh, 1999; Okano, Bell, Haber, & Li, 1999). DNMT1 is the most
abundant DNA methyltransferase thought to be responsible for maintenance of methylation
allowing thus its faithful propagation during cell division. In contrast, DNMT3A and 3B are
de novo methyltransferases (Okano et a., 1999) which establish the methylation of previously
unmethylated sequences. Another member of anima DNA methyltransferases is Dnmt2
which has highly conserved catalytic motifs with homologues among protists, fungi and
plants. However, this protein has no reported DNA methyltransferase activity, which was
attributed to the insertion of a serine residue into a critical prolinecysteine dipeptide that is
essential for DNA methyltransferase activity in other enzymes. It was demonstrated
subsequently that Dnmt2 uses a DNA methyltransferase mechanism for RNA methylation
(Schaefer et al., 2010; Schaefer, Pollex, Hanna, & Lyko, 2009)

In plants, three C5-MTases have been characterized: DNA Methyltransferase 1, MET1
(known as DMT1), Chromomethylase 3 (CMT3) and Domains Rearranged Methyltransferase
2 (DRM2). MET1, the homolog of DNMT1, is aso responsible for maintenance of DNA
methylation. CMT3 is a plant specific C5-Mtase responsible for CHG methylation. De novo
methylation is catalysed by DRM2, a homologue of DNMT3 (Cao et al. 2003). DRM2 is
responsible for three contexts of DNA cytosine methylation CG, CHG and CHH, but itsrole
in CHH methylation is the most prominent.

1.2.4 Functions of DNA methylation

In different organisms, 5meC is a conserved epigenetic mechanism crucial for a number of
developmental processes such as regulation of imprinted genes, X-chromosome inactivation,
silencing of repetitive elements including viral DNA and transposable elements (TEs) and
regulation of gene expression (Law & Jacobsen, 2010; Sharp et a., 2011; Suzuki & Bird,
2008).

DNA methylation functions primarily in epigenetic silencing such as inactivation of TES.
However, recent discoveries about gene methylation imply that DNA methylation has more
complicated functions such as preventing cryptic gene transcription and regulation of exon
splicing (Foret et a., 2012). In plants, de novo methylation is guided by small RNA, known
as RNA-dependent DNA methylation (Aufsatz, Mette, van der Winden, Matzke, & Matzke,

2002). De novo DNA methylation can aso spread through the existing loci (Ahmed, Sarazin,
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Bowler, Colot, & Quesneville, 2011). After DNA replication, symmetric methylated sites
become hemi methylated. In this way, the DNA methylation maintenance machinery can
recognize the sites and add a methyl group to the corresponding newly synthesized
unmethylated strands. Recently DNA methylation studies have expanded from model systems

to different organisms from various lineages.
1.2.5 Evolution of DNA methylation

Feng et a (Feng & Jacobsen, 2011) and Zemach et a (Zemach et a., 2010a) expanded the list
of methylomes to 20 additional species utilizing bisulfite sequencing. Their research revealed
the phylogenetic relationship of different organisms in the context of DNA methylation and
the common characteristics of DNA methylation. Most methylated cytosines are found in
repetitive elements, proposed to reflect the ancient conserved role of cytosine methylation
against foreign DNA sequences. Cytosine methylation is concentrated mainly on TEs, except
in invertebrates, which have more cytosine methylation in active genes. Gene body
methylation was found conserved among all bisulfite sequenced organisms (Figure 1.3).
Interestingly, gene body methylation to some extent parabolicly correlates with gene
expression: moderately expressed genes having the highest levels of gene body methylation
(Zemach et al., 2010a). Furthermore, gene body methylation tends to be more within exons
than introns. Methylation levels were typically found to drop at Coding DNA sequence (CDS)
start sites, increases in the body of genes and falls towards at the end of CDS. These findings
imply general roles of DNA methylation besides TE silencing such as transcriptional
elongation, termination, and perhaps alternative splicing (Feng et a., 2010). The negative
correlation between gene expression and methylation was observed at the 3' end of genesin
the rice genome which suggests that the transcription termination site is important for gene
expression. The inverse correlation of gene expression and promoter methylation was
observed in al the species except the invertebrates (Zemach et a., 2010 Suzuki & Bird, 2008).
In silk worm, CG methylation enriched in gene bodies is positively correlated with gene
expression levels, suggesting that it has a positive role in gene transcription (Xiang et a.,
2010). In honey bee, at least 560 differentially methylated ubiquitously expressed genes are
involved in generating molecular brain diversity in Queen and workers, however it isnot clear
how methylation is linked with the gene regulatory network (Frank Lyko et al., 2010).

Generally highly developed multicellular organisms tend to be more methylated, perhaps
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because of DNA methylation control on TEs and on genes involved in cell development and

differentiation during embryogenesis.
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Figure 1.3 Distribution of methylation along protein-coding genes in 8 organisms.
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2010).
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1. 3. Histone modifications

There are a large number of different histone post-translational modifications (PTMs)
including methylation, acetylation, phosphorylation, ubiquitination, sumoylation, deimination,
-N-acetylglucosamination, ADP ribosylation, ubiquitylation, histone tail clipping and
histone proline isomerization (Bannister & Kouzarides, 2011). However, these modifications
are usually limited to several amino acids, for example lysine acetylation, lysine and arginine
methylation, serine and threonine phosphorylation, and lysine ubiquitination and sumoylation.
Histone modifications are generally represented by the following system: 1. the name of the
histone (e.g., H3), 2. The single letter amino acid abbreviation (e.g., K for lysine) plus the
number of position in the protein sequence, 3. The type of modification (e.g., me: methyl, P:

phosphate, ac: acetylation) plus the number of groups present.
1.3.1 Histone modification detection

Different histone modification detection approaches are available, with mass spectrometry
and chromatin immunoprecipitation-based techniques being the most popular. Mass
spectrometry, an analytical technique that measures the mass-to-charge ratio of charged
particles, can quantitatively and qualitatively detect histone modifications. High sensitivity
and high mass accuracy make this technique very well suited for characterization of histone
modifications (Sidoli, Cheng, & Jensen, 2012). In this method, histone proteins first have to
be isolated. The following steps are separation of isotypes, enrichment of modified peptides
and mass spectrometry analysis. Though mass spectrometry analysis allows for a global view
of the abundance of different histone modifications, a more detailed and “local” histone
modification information has to be generated by ChIP-Chip or ChiP-seq. ChIP-Chip
combines chromatin immunoprecipitation with microarray technology. ChiP-seq is a more
advanced technique which combines chromatin immunoprecipitation and high throughput
sequencing. ChIP-Chip and ChiP-seq enable detection of histone modification patterns at a
give locus. In these method, a chromatin extract is prepared (not histone proteins) and
antibodies specific for each histone modification are used for immunoprecipitation of
chromatin that carries the modification in question (Bernstein, Humphrey, Liu, & Schreiber,
2004). Both mass spectrometry and chromatin immunoprecipitation have been used for
analyzing histone modifications in different organisms (Garcia, Shabanowitz, & Hunt, 2007,
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Jayani, Ramanujam, & Galande, 2010). The combination of ChlP-seq and mass spectrometry

isvery promising for gaining deeper insight into histone modifications in different organisms.
1.3.2 Thefunctions of histone modification

The array of modifications on histones provides enormous potential for regulating
transcription in different cell types and responding to different environmenta stimuli. It has
been proposed that histone modifications exert their effects either positively or negatively on
gene expression through at least two distinct mechanisms. The first mechanism involves the
modification of the electrostatic charge of histone which may influence the structure of
chromatin over long and short distances. The second mechanism involves these modifications
negatively or positively regulating the binding of effector molecules by changing the binding
sites for molecule recognition and combination.

Specific histone modifications are associated with various chromatin mediated processes such
as heterochromatin formation and regulation of transcription. The general functions of
different histone modifications are summarized in Table 1.1 and Figure 1.4. However, in
different organisms, the same “code” correlates with different chromatin states. For example,
H3K9me3 tends to mark active genes in A. thalinana whereas in Drososphila and mammals
this mark is deposited in heterochromatic regions (Roudier et al., 2011a; Wang, Schones, &
Zhao, 2009).

The H3K4me2, H3K9me2 and H3K27me3 histone modification marks have been extensively
studied in different organisms. H3K4me2 associates with genes without any discrimination in
expression level in different organisms. H3K9me2 and H3K27me3 are usually associated
with TEsin different organisms (Barth & Imhof, 2010; Lennartsson & Ekwall, 2009).
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Table 1.1 Histone modifications and their proposed functions (taken from PhD thesis of

Ikhlak Ahmed).
Histone Residue
w2

H4

H1: Linker histone; K: Lysine; R: Arginine; S: Serine; T: Threonine

K4 (S.cerevisiae), K5 (mammals). K7 (S.cerevisiae)

51.T119 (D.melanogaster)

$122 (S.cerevisiae), S129 (S.cerevisiae), $139 (mammalian H2AX)

K119 (mammals)
K126 (S.cerevisiae)
K9,K13

K5, K11(S.cerevisiae), K12 (mammals), K15 (mammals), K16 (S.cerevisiae), K20

$10 (S.cerevisiae), S14 (Vertebrates)
533 (D.melanogaster)

K34 (D.melanogaster), K119 (S. pombe), K120 (mammals), K123 (S.cerevisiae),

K143 (Arabidopsis)

K6 or K7 (S. cerevisiae)

K4, K9, K14, K18, K23, K27, K56 (S.cerevisiac)
K4,R17

K36, K79

K9, K27, R§
K9me3 (tri-methylation in Arabidopsis)
T3, 810, T11 (mammals), 528 (mammals)
K4, K9, K18

K5, K12

K8,K16

K91 (S.cerevisiae)

R3,

K20

K59

S1
Ki2

Type of modification

Phosphorylation
Methylation
Acetylation
Phosphorylation
Phosphorylation
Ubiquitination
Sumoylation
Biotinylation

Acetylation

Phosphorylation
Phosphorylation

Ubiquitination
Sumoylation

Acetylation
Methylation

Methylation

Methylation
Methylation
Phosphorylation
Biotinylation
Acetylation
Acetylation
Acetylation
Methylation
Methylation
Methylation

Phosphorylation
Biotinylation

Proposed Function
Transcriptional activation
Transcriptional silencing
Transcriptional activation
Mitosis

DNA repair
Transcriptional silencing
Transcriptional silencing
Unknown

Transcriptional activation

Apoptosis
Transcriptional activation

Transcriptional activation

Transcriptional silencing
Transcriptional activation
Transcriptional activation

Transcriptional activation

Transcriptional silencing
Transcriptional activation
Mitosis

Transcriptional activation
Histone deposition
Transcriptional activation
Chromatin assembly
Transcriptional activation
Transcriptional silencing
Transcriptional silencing

Mitosis, Chromatin assembly. DNA repair

DNA damage response

(elongation)
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Figure 1.4 Pictorial representation of the histone modifications and their biological roles
(taken from Munshi, Shafi, Aliya, & Jyothy, 2009).
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1.3.3 The Histone modification machinery

Multiple histone-modifying enzymes have been identified. The first histone modification
enzymes, histone acetyltransferase (HAT) and histone deacetylase from Tetrahymena sp.,
were detected in 1996 (Brownell et a., 1996; Taunton, Hassig, & Schreiber, 1996). Later the
enzymes responsible for adding histone modifications have been identified in different
organisms. For instance, in human “Histome”, a knowledgebase, listed 152 histone-modifying
enzymes (Khare et al., 2012). The Histone Infobase is available online

http://www.actrec.gov.in/histome/how_to_use.php.

Histone modifications can be transmitted through cell division from parent DNA strands.
During S phase, the parental nucleosomes are disrupted into two H2A-H2B dimers and an
(H3-H4)2 tetramer or H3-H4 dimers at the replication fork. After replication, the strand
containing the histone modification is recognized as the template for adding the histone

modification on the newly incorporated histones.
1.4 RNA interference

RNA interference (RNAI) is a regulation system that controls inactivation and activation of
genes. RNAI has been found to have a crucial role not only in defending cells against viruses
and TEs but also in regulating gene expression, implying its profound impact on many
biological processes. RNAI has been extensively studied in different models. RNA molecules
involved in this pathway mainly include micro RNAs (miRNA), small interfering RNAs
(sRNA) and Piwi-interacting RNAs (piRNA), reflecting their distinct ways of production in
plants and animals.

The RNAI pathway is initiated by short fragments (20-30 nucleotides) of double stranded
RNA cleaved by an enzyme called Dicer from long double-strand RNA (dsRNA)(Macrae et
al., 2006). dsRNA can be exogenous, e.g., resulting from infection by viruses or a result of
bacteria or laboratory manipulations. These short fragments of double stranded RNA are
termed small RNAs (sRNA). One strand of sSRNA is the guide strand which is incorporated
into the RNA-induced silencing complex (RISC) containing the catalytic component of the
RISC complex-known as Argonaute. The initiating dsRNA can aso be endogenous,

generated from pre-microRNAs. The primary transcripts of about 70 bp from RNA-coding
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genes first form a characteristic stem-loop structure of pre-miRNA in the nucleus. The “stem”
part is then bound and cleaved by Dicer into 22 bp mature miRNA which can incorporate into
the RISC complex. Exogenous and endogenous dsRNA converge at the step of RISC
incorporation (Bagasra & Prilliman, 2004). The RISC complex can cleave the mRNA which
is the complimentary sequence of the guide strand sSRNA or miRNA which incorporate into
the complex through Argonaute. The whole process leads to the degradation of mMRNA. This
phenomenon iswell studied and called post-transcriptional gene silencing (Hammond, Caudy,
& Hannon, 2001).

MiRNASs are the most well studied class of SRNAs. mIRNAs were found in plant and animals
and have an average length of 22 nucleotides. They exert their functions by targeting mRNA
and result in transcriptional repression, degradation of transcripts, and gene silencing (Bartel,
2009). The human genome encodes over 1000 miRNAs which may regulate up to 60% of
total genes (Lewis, Burge, & Bartel, 2005). miRNAs have different characteristics in plant
and metazoans. In plants, miRNAs are usually perfectly or nearly perfectly complementary to

their target genes whereas metazoan miRNAs are more divergent (Saumet & Lecellier, 2006).

siRNAs were first discovered as part of post-transcriptional gene silencing (PTGS) and
primarily thought to be exogenous, generated by viruses, TES and transgenes (Hamilton &
Baulcombe, 1999). In 2004, another form of SSRNA was found in plants known as trans-
acting SIRNA (tasi RNA). These are transcribed from the genome to form polyadenylated
and double-stranded precursors to regulate sets of targeted genes (Vazquez et a., 2004). More
recently additional endogenous siRNAs were discovered such as natural SsIRNAs (nat-
SiIRNA), repeat associated sSIRNAs (ra SsSRNA), convergent mRNA transcripts, duplexes
involving pseudogene-derived antisense transcripts, mRNASs from their cognate genes, and
hairpin RNAs (hpRNAs) from different sources (Golden, Gerbasi, & Sontheimer, 2008). It is
clear that beside the job of defending against external foreign nucleic acids, SRNAs have an

inside job of regulating endogenous genes.

In plants it is aso known that dsRNAs are involved in RADM (RNA directed DNA
methylation) which is a mechanism whereby small double-stranded RNAs are processed to
guide de-novo methylation of complementary DNA for transcriptional gene silencing (TGS).

The ssiRNAs triggered for TGS in plants are mainly 24 nucleotides in length which
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distinguishes them from the 22 nucleotide long micro RNAs (Aufsatz et a., 2002; Xizhe
Zhang & Rossi, 2012). Beside miRNA and siRNA, Piwi-interacting RNAs (piRNA) have
been implicated in both epigenetic and post-transcriptional gene silencing
of retrotransposons and other genetic elements in anima germ line cells (Siomi, Sato, Pezic,
& Aravin, 2011). The average size of piRNA is 26-31nt which islongerthan the average size
of mMiIRNAs. piRNA biogenesis mechanisms are still under discussion. However, it is certain
that piRNA production does not require Dicer cleavage which is the common step in miRNA
and sSiIRNA production. A “ping-pong” model has been proposed to describe piRNA
biogenesis. In this model, primary piRNA and secondary piRNA are involved in a cycle for

piRNA synthesis and functioning (Brennecke et a ., 2007).

Although, there is no evidence for 5-methylcytosine in small non coding RNAS, there are
some other modifications. For example, 2'-O-methylation catalyzed by HEN1 has been
shown to function in spliceosoma assembly of small silencing RNAs (miRNAs, siRNASs,
piRNAS) and stabilization of Piwi-associated small RNAs (Kurth & Mochizuki, 2009).

1.5. Interactions between epigenetic components

Epigenetic components are not independent: they interact with each other, either positively or
negatively influencing each other. Research on global gene expression and epigenetic profiles
in different model organisms has revealed a well-interconnected and dynamic epigenetic
network for transcription. The pattern of epigenetic marks defines the conformation of
chromatin and further control the transcriptional profile. It has been shown that the crosstalk
between DNA methylation and histone modifications can be mediated by biochemical
interactions between histone methyltransferases and DNA methyltransferases. For example, in
the mammalian embryo the methylation of H3K4 including mono, di and tri methyltion might
form across the genome before de novo DNA methylation. Once the H3K 4 tail is methylated,
the recruitment of de novo methylation will be inhibited (Cedar & Bergman, 2009).
DNMT3L, which binds the H3K 4 tail and recruits methyltransferases to DNA cannot bind the
H3K4 tails anymore because of the methylation of the latter. As a result, the presence of
H3K4me at CpG islands prevents DNA methylation at these regions (Ooi et a., 2007).

DNA methylation of CpG islands at promoter regions negatively correlates with gene

expression. In this way, DNA methylation and H3K4me are antagonistically correlated to
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each other for controlling gene expression. On the other hand, DNA methylation and histone
modification can coordinate together to regulate gene silencing. During mammalian embryo
development, a number of these genes might become the targets for de novo DNA
methylation and a large proportion of these genes are initially marked by Polycomb which
catalyzes trimethylation of H3K27. These three epigenetic marks cooperate to achieve
silencing during cell differentiation (Mohn et al., 2008).

It has also been found that the conversation among H3K9 methylation, histone deacetylation
and DNA methylation leads to transcriptional silencing (Cedar & Bergman, 2009).
Furthermore, observations in plants, fungi, and mammals show that methylation of H3K9 is a
prerequisite for DNA methylation (Jackson, Lindroth, Cao, & Jacobsen, 2002; Lehnertz et al.,
2003; Tamaru & Selker, 2001). The transcriptional repression by histone modifications is
usually considered as a liable mark while DNA methylation is a relatively stable silencing
mark. These two layers of information team up for gene silencing at certain regions. In A.
thaliana, H3K9me2 positively correlates with DNA methylation in congtitutive
heterchromatin regions rich with hypermethylated TEs (Schoft et a., 2009). H3K9me2 is
catalyzed by the histone methyltransferase SUVH4/KY P. SUVH4/KYP is aso required for
maintenance of non-CG methylation (Jackson et al., 2002).

DNA methylation and small RNA pathways are closely associated with each other. In plants,
RdDM is a conserved de novo DNA methylation pathway for gene silencing initiated by
small RNA. In A. thaliana approximately one third of methylated DNA is enriched in SRNAs
(Lister et a., 2008). Ahmed et al further provided evidence that in Arabidopsis the methylated
TE sequences without matching SSRNA acquire DNA methylation through spreading from
adjacent siRNA-targeted regions (Ahmed et a., 2011). Another example of correlation
between different epigenetic components is heterchromatinization of pericentromeric satellite
repeats involved in de novo DNA methylation, histone modification and small RNA
machinery during early embryo development in animals. The heterochromatinization is
initiated by a Dicer mediated mechanism that recognizes RNA duplexes that naturally form at
satellite sequences. The key complex of the small RNA machinery, RISC, is then specificaly
targeted back to pericentromeric regions where it probably recruits SUV39H1 and SUV 39H2
responsible for trimethylation of H3K9. These proteins are also required for the recruitment of

DNMT3A and DNMT3B for DNA methylation (Fuks, 2003).
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1.6. Epigenetics and the environment

It is known that genetic regulation is implicated in dealing with adaptation to a changing
environment. However, genetics alone cannot explain al the rapid changes observed in
response to fluctuating environments. It is increasingly being considered that epigenetics may
be behind some processes that permit some organisms to cope with hostile environments. The
impact of epigenetic regulation on diversity and adaptation is largely hypothetical even
though the phenomena of epigenetic changes on individuals and populations in response to
environmental stresses have been observed in many organisms (Bossdorf, Richards, &
Pigliucci, 2008). Organisms lacking reversible without modifying DNA sequence
modifications and DNA and histone modifying more likely to speciation and become
reproductively isolated (Rando & Verstrepen, 2007). A “flexible adaptation” caused by
epigenetic changes may be therefore appropriate for short term responses to environmental

change.

A growing number of studies demonstrate the role of the epigenome in controlling gene
regulation and expression leading very often to phenotypic changes, diseases such as cancer,
or different behavior that cannot be explained by mutations (Dolinoy, 2008). There are
accumulating evidence showing that some epigenetic modifications can be influenced by
environmental cues, including diet, physical stresses such as temperature, species density or
chemicals such as toxins and it can also be stochastic due to random effects.

A striking example is seen in Agouti mice in which genetically identical twins have a
different size and fur color. In slim heathy brown mice, the Agouti gene is prevented from
transcription by DNA methylation while in yellow obese mice prone to diabetes and cancer,
the same gene is not methylated resulting in its expression (Dolinoy, 2008). One suspected
trigger of these changes is bisphenol A (BPA), a ubiquitous chemical in our environment
found in many plastic bottles and known to be an en endocrine disruptor. Mice exposed to
food contaminated with BPA during gestation produced yellow obese progeny where DNA
methylationon the agouti gene was decreased by 31% compared to normal sized brown mice
fed BPA-free food (Dolinoy, Huang, & Jirtle, 2007).

Another study involving a different environmental factor was reported in the fruit fly

Drosophila melanogaster with white eyes. Temperature treatment changes the eye color of
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the fruit fly to t red, and treated individual flies can pass on the change to their offspring over
several generations without further temperature treatment (Tarig, Nussbaumer, Chen, Beisdl,
& Paro, 2009). The DNA seguence for the gene responsible for eye color remained the same
for white eyed parents and red eyed offspring and the change was attributed to a histone
modification (Tariq et al., 2009). Consistent with the work described above, a more recent
study in Drosophila showed that the fission yeast homolog of activation transcription factor 2
(ATF2) which usually contributes to heterochromatin formation, becomes phosphorylated
leading to its release from heterochromatin upon heat shock or osmotic stress (Seong, Li,
Shimizu, Nakamura, & Ishii, 2011). This new heterochromatin state which does not involve
any DNA sequence change is transmitted over multiple generations (Seong et al., 2011).
Crews et a. (Crews et a., 2007) showed that mate choice behavior after exposure to
environmental toxin was affected by a different DNA methylation profile which isinherited to
the F3 generation. Studies on the Dutch hunger winter, during the Second World War
indicate that famine exposure in the peri-conceptional period led to adverse metabolic and
mental phenotypes in the next generation. Interestingly, the decrease in DNA methylation at a
differentially methylated region at imprinted genes involved in growth and metabolic disease
was observed (Feil & Fraga, 2011). Another example is the transcriptiona repression of
histone deacetylation in Arabidopsis by gene silencing of histone deacetylase which is a
homologue of the global transcriptional regulator RPD3 in yeast which caused an
accumulation of various developmental abnormalities, including early senescence,
suppression of apical dominance, homeotic changes, heterochronic shift toward juvenility,
flower defects, and male and female sterility (Tian & Chen, 2001).

Such phenomena encompass a wide range of phyla including plants. A natural variation of
asymmetrical flower development in Linaria vulgaris was shown to be due to an epimutation
in DNA methylation of Cycloidea, a gene encoding a transcription factor (Cubas et a., 1999).
Epigenetic mechanisms are not confined to few loci but act at genome wide as shown by two
recent studies which used a set of useful resources, epi recombinant inbred lines propagated
from one homozygous ancestor for 30 generations in A. thaliana where methylation was
quantified by sequencing. In half of the cases, variation in methylation correlated with gene
expression levelsin the absence of DNA sequence change (Becker et a., 2011; Schmitz et al.,

2011). In an ecological context, variation of DNA methylation was observed in a wild
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population of the rare, long-lived violet Viola cazorlensis which is a perennial plant endemic
to mountainous habitats in southeastern Spain (Herrera & Bazaga, 2010). Using a modeling
approach on data collected over many years, the authors observed that epigenetic variation is
significantly correlated with long-term differences in herbivory, but only weakly with
herbivory-related DNA sequence variation, suggesting that, besides habitat, substrate and
genetic variation, epigenetic variation may be an additional, and at least partly independent,
factor influencing plant—herbivore interactions in the field (Herrera & Bazaga, 2010).

1.7 Diatoms and epigenetics

It has been proposed that the ecological success of phytoplankton is also be due to the
adaptive dynamics conferred by epigenetic regulation mechanisms because point mutation-
based processes may be too slow to permit adaptation to a dynamic ocean environment
(Tirichine & Bowler, 2011). In marine organisms, epigenetic mechanisms are likely to be
involved in and probably play even more vital roles compared to genetic regulation for better
adaptation to the marine environment. Epigenetic phenomena are associated with “soft”
modes of inheritance in contrast to “hard” modes of inheritance of genetic phenomena. DNA
sequence based evolution spur organisms in the ocean to adapt to their environment over
geological timescales, whereas epigenetic changes could confer phenotypic plasticity to

individuals over much shorter timescales.

The examples discussed above and many others show a remarkable conservation among
mammals, plants and invertebrates of epigenetic mechanisms regulating gene expression. This
conservation seems to go beyond these species including single celled organisms such as
diatoms. Diatoms are the most successful and abundant eukaryotic phytoplankton group with
great diversity and wide distribution both in ocean and fresh water (Armbrust, 2009). Diatoms
are believed to contribute to at least 20% of annua primary productivity which is the
equivalent of al the tropical rain forests combined. It is estimated that approximately 40% of
organic matter generated annually in the ocean are attributed to diatoms. Diatoms are aso
well known for their delicate and elegant structure of silica frustule due to their utilization of

silicic acid dissolved in seawater.

The study of diatoms is a fascinating field attracting scientists from different disciplines.

Nano-scientists are trying to figure out and mimic the procedures of producing the delicate
25|Page



Chapter |

nano-scale silica frustule of diatoms (Bradbury, 2004; Kroger & Poulsen, 2008). Ancient
diatom biomass was a major contributor to fossil fuels, and today’ s diatoms are investigated
as a source for renewable, carbon-neutral fuels for the future (Larkum, Ross, Kruse, &
Hankamer, 2011; Ramachandra, Mahapatra, B, & Gordon, 2009). Diatoms are aso very
attractive for ecologists. diatoms are environmental indicators in fresh waters and probably
can compensate global warming (McQuoid & Nordberg, 2003; Rovira, Trobgo, & Ibéfez,
2012).

| am trying to explain the success of diatoms in the contemporary oceans by genome-enabled
approaches. The centric diatom Thalasiossira pseudonana and the pennate diatom
Phaeodactylum tricornutum have been fully sequenced which have revealed much
information about genes and genome structure in diatoms (Armbrust et a., 2004; Bowler et
al., 2008). Diatoms are part of the stramenopile branch of eukaryotes (Figure 1.1) went
through secondary endosymbiotic events involving green and red algae and gained bacterial
genes through horizontal gene transfer (HGT) from bacteria (Figure 1.5) (Bowler et a., 2008;
Moustafa et al., 2009). The different origin of genes incorporated into diatom genome provide
the “melting pot” genome with highly novel metabolisms never previously found in other
organisms, such as the urea cycle which was previously considered only to existing in animals
but in sillico and experimental data showed that the urea cycle exists in both T. pseudonana
and P. tricornutum (Armbrust et al., 2004 Bowler et al., 2008 Allen et d., 2011; Allen, Vardi,
& Bowler, 2006).

P. tricornutum is the first fully sequenced pennate diatom with a small genome (27Mb).
Compared to other diatoms, it grows easily in laboratory conditions and several molecular
resources, such as EST databases (http://www.diatomics.biologie.ens.fr/[EST3/est3.php) are
available (Maheswari et a., 2010; Maheswari, Mock, Armbrust, & Bowler, 2009). Reverse
genetics in P. tricornutum, such as gene knockdown and overexpression have also been well
established (De Riso et al., 2009; Siaut et al., 2007). P. tricornutum has been used as a model
diatom species for decades. It is the only species in genus Phaeodactylum. It was first

described as a single unique species by Bohlin in 1897. It was initially described as only
triradiate morphotype cell with three arms, a yellow brown chloroplast, and weakly silicified
frustule. Actualy P. tricornutum has four morphotypes. fusiform, triradiate, ova and

roundish (Figure 1.6). Both fusiform and triradiate cells are capable of forming chains and
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lightly silicified. The frustule of P. tricornutum oval morphotype is more silicified compared
to that of fusiform and triradiate morphotype. It appears to be special compared to other
diatom species because it does not have an obligate requirement for silicic acid(A. D. Martino,
Meichenin, Shi, Pan, & Bowler, 2007).

Until now, 11 strains of P. tricornutum (Pt1, Pt2, Pt3, Pt4, Pt5, Pt6, Pt7, Pt8, Pt9, Pt10 and Pt
Hongkong) have been collected around the world with different morphotypes. For example,
Pt1 harvested off Blackpool, UK, the most frequently used in the lab, is fusiform. However,
Pt8 has dominant triradiate cells while Pt3 has dominant oval morphotype. It was shown that
morphotype changes can be regulated by changing culture conditions, depending on the strain.
A common trend of increased oval cell abundance was observed as a response to stress (A. De
Martino et al., 2011). The transition between different morphotypes is dynamic and reversible
as shown in Figure 1.6. The usually property of being pleilomorphic is an important
characteristic of P. tricornutum. | speculate that probably the reversible and dynamic
transition between morphotypes is related to epigenetic regulation which is more flexible
compared to genetic regulation. In this respect P. tricornutum appear to be a good model
species for epigenetic study. Furthermore, P. tricornutum has been studied as a model marine
diatom for decades. More molecular and physiological resources in P. tricornutum are
available. It will be very intriguing to explore epigenetic regulation in diatom model species P.

tricornutum in the context of marine environment.

Though whole genome sequencing is essential for a better understanding of diatom ecological
success, the primary sequence is only a foundation for understanding how the genetic
program is read. Another layer of heritable information which is superimposed upon the DNA
sequence is the epigenetic information. In the past decades, remarkable progress has been
made in the mammalian and plant epigenetics field which has helped us better understand the
vital roles of epigenetic regulation in chromatin organization, gene expression and
development (Ahmad, Zhang, & Cao, 2010; Becker et al., 2011; Crews et a., 2007; Lister et
al., 2008, 2009; Roudier et al., 2011a; Szyf, 2009; Turner, 2009).
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Figure 1.5 Shematic representation of the secondary endosymbiont hypothesis of diatom
origin. Diatoms are chimaeras deriving from a non-photosynthetic eukaryote and combining
several organisms, green, red algae and bacteria via endosymbiotic and lateral gene transfer
providing them with a plethora of metabolic capabilities which may explain their ecological
success. Besides genes of algal origin, Moustafa et al., (2009) have shown by comparing the
genomes of P. tricornutum and T. pseudonana to hundreds of other sequenced genomes the
presence of not less than 16% of green algal origin genes. EGT: endosymbiotic gene transfer;
LGT: lateral gene transfer.
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Figure 1.6 Morphotype transition in P. tricornutum. Fusiform, triradiate, oval, roundish
morphotypes are shown in this figure. Morphotype changes can be regulated by changing

culture conditions (Modified from A. De Martino et a., 2011)
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1.7.1 DNA methylation and its machinery in diatoms

P. tricornutum was shown to respond to nutrient limitation and toxin exposure by decreasing
DNA methylation of Long termina repeat Retrotransposon (LTR-RTs) (Maumus et al.,
2009a).The study reported that the LTR-RTs known as Blackbeard and Surcouf are
methylated under normal growth conditions but become induced transcriptionally and
hypomethylated under nitrate starvation and after exposure to low decadienal aldehyde,
respectively without a change in genomic DNA sequence of the two retrotransposons (Figure
1.7) (Maumus et al., 2009a). Although not observed in their natural environment like in Viola
cazorlensis, it is easy to imagine the impact of such factors, nutrients limitation and toxins
and the resulting epigenetic influences on the development and ecological success of diatoms.
The theme of “environment and epigenetics’ evokes excitement because more cases of
ateration of DNA methylation and histone modification triggered by environmenta cues have
been found. However, these studies are mostly limited to extensively studied model plants
and animals. It will be very interesting to expand the “environment” to the marine
environment and epigenetic research to marine organisms. Compared to multicellular
organisms, the intricacy caused by different tissues and cell types is alleviated because P.
tricornutum is unicellular and the cell cycle can be synchronized at the population level, thus
the epigenetic status can also be synchronized among the cells. In aword, P. tricornutum can

be an interesting and exciting model for epigenetic studies.
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Figure 1.7 Transposon expresson is induced by stress. Blackbeard became
transcriptionally active and hypomethylated under nitrate starvation and without a change in
genomic DNA sequence of the two retrotransposons. Surcouf became transcriptiona active

after exposure to low decadienal aldehyde.
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Using high performance liquid chromatography, DNA methylation was reported previously in
many species of algae representative of Chlorophyceae, Charophyceae, Prasinophyceae and
Bacillariophyceae among which P. tricornutum (Jarvis, Dunahay, & Brown, 1992). The
authors reported two ecotypes of P. tricornutum which have a low percentage of DNA
cytosine methylation (0.11 % and 0.16% respectively),while the centric Cyclotella cryptica
has higher cytosine methylation up to 2.23% (Jarvis et a., 1992).

The DNA methylation has been shown to occur in diatom P. tricornutum encodes a special
set of C5-DNA methyltransferases (Maumus et al., 2011)(Figure 1.8). Pt 46156 is the
homologue of the DNA C5 methyltransferase Dnmt3. Pt 16674 is the putative Dnmt2 which
is highly conserved in many organisms. Pt45072 combined with Pt45071 are considered as
Dnmt5, a new DNA methyltransferase previously described in fungi, algae(Ponger & Li,
2005). The putative methyltransferase Pt47357 appears to have a bacterial origin (Figure 1.8,
Figure 1.9). In bacteria, cytosine methylation is part of the restriction modification system,
thus whether the bacterial Pt47357 in P. tricornutum is involved in a similar mechanism may
be worth exploring. Interestingly, it is conserved not only in another pennate diatom
Fragilariopsis cylindrus (Fc148014) but also in the centric diatom T. pseudonana (Tp 2094),
from which pennate diatoms such as P. tricornutum diverged ~90 million years ago. This
implies that a diatom common ancestor acquired DNMT from bacteria after a horizontal gene
transfer prior to the centric/pennate diatom split. P. tricornutum does not contain a Dnmtl
homolog, but Pt44453 seems to be a Dnmtl remnant protein which lacks the C5
methyltransferase catalytic domain but has retained two motifs characteristic of Dnmtl, the
Bromo-adjacent homology (BAH) domain and a cysteine rich region (ZF_CXXX) that binds
zinc ions. Putative proteins coding for plant specific DNA methyltransferase CMT3 and DRM
which are responsible for non CG methylation are not detected in P. tricornutum. The fungal
DNA methylatransferase Dim-2 aso doesn’t have homolog in P. tricornutum (Maumus et al.,
2011).

In contrast of the special set of DNA methyltransferases in P. tricornutum, no putative DNA
C5 methyltransferase could be detected in Ectocar pus siliculosus a brown macroalgawhich is
also a Stramenopla. Indeed, HPLC analysis as well as McrBC-PCR experiments targeting TE
loci demonstrated the complete absence of C5 DNA methylation in E. siliculosus. Therefore,

it was speculated that C5 DNA methylation and C5 methyltransferases went through
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complicated evolutionary processes leading to diverse sets of C5 methylatransferases in
different lineages of life. It will be of interest to uncover the roles of the different DNMTs

present in P. tricornutum in processes such as maintenance and de novo DNA methylation as
well as context specificities.
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Figure 1.8 Schematic representation of putative P. tricornutum C5-M T ases.
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1.7.2 Histone modification in diatoms

Different putative genes encoding of histone methylases and demethylases have been detected
in P. tricornutum, T. pseudonana and F. cylinrus (Table 1.2)(Maumus et a., 2011). The
existence of these putative proteins implies that they have potentia roles in diatoms. It is
particularly interesting to note the presence of putative chimeric proteins related to histone
modifications that have multiple-domains with antagonistic functions linked together. One
interesting case is a putative Jmjc-SET fusion protein detected in P. tricornutum (Maumus et
al., 2011). SET domains mediate lysine methylation while JnJC domains mediate
demethylation of lysine. Another interesting case is a gene encoding Chromodomain-Jmjc
putative fusion proteins were detected in both P. tricornutum and T. pseudonana.
Chromodomains are conserved in heterochromatin protein 1(HP1) and like heterchromatin
proteinl (LHP1)(Brehm, Tufteland, Aasland, & Becker, 2004; Exner et al., 2009). HP1 in D.
melanogaster was found associated with heterchromatin formation for gene repression (James
& Elgin, 1986) while LHPL1 in A. thaliana colocalizes with H3K27me3, suggesting that LHP1
has functions similar to those of Polycomb proteins (Exner et a., 2009). In fission yeast
chromodomain proteins (Chpl/Chp2/Swi6/Clr4) bind to methylated H3K9 (H3K9me) and
regulate pericentric heterochromatin. H3K4 acetylation (H3K4ac) was aso to have arole in
the transition of dimethylated H3K9 (H3K9me2) occupancy from Chpl/Clr4 to Chp2/Swi6
(Xhemalce & Kouzarides, 2010). The functions of these chimeric proteins in diatoms are still

unknown and waiting to be explore.

Previous western blotting experiments have shown the existence of H3K4me2, H3K27me3,
and H3K9me2 histone modifications in P. tricornutum (Maumus & Bowler, 2009). To initiate
histone modification study in P. tricornutum, | chose these three histone modifications for

carrying out ChlP-seq experimentsin P. tricornutum (see Chapter 111).
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Table 1.2 Gene models encoding putative enzymes responsible for histone modification

which are identified in P. tricornutum, T. psedunana and F. cylindrus (adapted from
Maumus et al., 2011).

Residues Homologs in P. | Homologs in T.
Histone Modifiers | Modified tricornutum pseudonana Homologsin F. cylindrus
Lysine
Acetyltransferases
(KATS)
Ha (K5, 223323
HAT1 (KAT1) K12) 54343 1397, 22580
GCN5 (KAT2) H3 (K9, | 46915 15161 184437, 195196,145609, 271402, 207494, 168758,155232
K14, K18,
K23, K36)
Nejire (KAT3); | H3 (K14, | 45703, 45764, | 24331, 269496, | 207494, 181388, 168758, 267955, 165389, 197711, 144674, 145609, 165102
CBP/p300 K18, K56) | 54505 263785 145380
(KAT3A/B) H4 (K5,
K8); H2A
(K5) H2B
(K12, K15)
MYST1 (KATS) H4 (K16) 24733, 24393 37928, 36275 173464, 172955
ELP3 (KAT9) H3 50848 9040 206186
Lysine
Deacetylases
(HDACs)
RPD3 (Class | | H2, H3, H4 | 51026, 49800 41025, 32098,
HDACYS) 261393 170265, 223488,159918, 206810, 161620, 177910
HDA1 (Class Il | H2,H3, H4 | 45906, 50482, | 268655, 269060,
HDACYS) 35869 3235, 15819 206710, 161620, 161016, 170265, 177910, 223488
H4 (K16) 269475, 264809,
16405, 35693
52135, 45850
264494, 16384,
24866, 45909
35956
NAD+  dependant 52718, 21543,
(Class 11l HDACS) 39523 267362, 225537, 140979, 160556, 208020

Lysne
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MLL H3 (K4) 40183, 54436, | 35182, 35531, | 218739, 144309, 182906, 271402
42693, 47328, | 22757
49473, 49476,
44935
ASHI/WHSC1 H3 (K4) 43275 264323 152933, 192471, 144309, 182906, 218739, 181541
SETD1 H3 (K36), | not found not found
H4 (K20) not found
SETD2 H3 (K36) 50375 35510 192471, 144309, 152933, 182906, 259554
SETDB1 H3 (K9) not found not found not found
H3 (K4,
SETMAR K36) not found not found not found
SMYD H3 (K4) bd1647, 43708 23831, 24988 231918, 234963
TRX-related not found not found not found
H3 (K9,
E(Z) K27) 32817 268872 181541, 192471, 182906, 152933, 144309, 218739, 259554
H3 (K9,
EHMT2 K27) not found not found not found
SET+Jm|C Unknown bd1647 not found not found
Lysine
Demethylases
(KDM)
LSD1 (KDM1) H3 (K4, | 51708, 44106, | not found
K9) 48603 138681, 264053, 240044, 261034,180908, 193836
FBXL (KDM2) H3(K36) | 42595 not found 184520
JMJID2 H3 (K9, | 48747 2137
(KDM4)/JARID K36) 206463, 237169,
JMIMBT Unknown 48109 22122 237169, 206463
IMJCHROMO Unknown | Pt1-40322 1863 not found
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1.7.3 RNA interferencein diatoms

Besidesthe numerous studies of small RNAs in plants and animals, there has been some
progress reported recently in unicellular eukaryotes. Several types of SRNAs were reported in
the unicellular green alga Chlamydomonas reinhardtii (Molnér, Schwach, Studholme,
Thuenemann, & Baulcombe, 2007; T. Zhao et al., 2007). miRNAs have also been identified
in the red alga Por phyra yezoensis and heterokont brown alga Ectocarpus siliculosus (Cock et
al., 2010; Liang et al., 2010). It should be noted that all the miIRNASs found in the organisms
mentioned above show no sequence identity with known miRNAs of plants and animals in
available databases.

Putative components of the RNAI machinery have been identified in multicellular organisms
as well as in unicdlular eukaryotes with relatively large genomes such as Chlamydomonas
reinhardtii, but not in green and red unicellular algae with small nuclear genomes (Casas-
Mollano et a., 2008). The genes encoding putative components of the RNAiI machinery in
diatom genomes include putative Dicer, Argonaute and RNA-dependent RNA polymerase
(RARP) (De Riso et al., 2009). Vaentina De Riso et a successfully transformed a construct
containing either antisense or inverted repeat sequences of the GUS reporter gene into GUS
transgenic P. tricornutum cells which resulted in a significant down-regulation of GUS
activity (De Riso et al., 2009). This work experimentally proved that SRNA generated from
an endogenous dsRNA pathway does exist in P. tricornutum. Further molecular analyses
revealed that gene silencing in P. tricornutum likely occurs at both transcriptional and post-
transcriptional levels, although the machinery involved in the process is still obscure.
Furthermore, de novo cytosine methylation was detected by bisulfite sequencing within
antisense or inverted repeat sequence targeting regions and a discrete region up to the
promoter. This shows that SSRNA-mediated down-regulation of genes involves at least an
RdDM process and de novo methylation cooperating together to defend against foreign DNA
in P. tricornutum. But the mechanism of DNA methylation spreading from targeted region to
flanking region was still not determined.

Huang et a identified 13 miRNAs from P. tricornutum cells grown under normal, silicon
limited and nitrogen limited conditions(Huang, He, & Wang, 2011). None of the 13 identified
mMiRNASs had any identifiable homologues in other organisms (Huang et al., 2011). Trina M.
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Norden-Krichmar et a predicted 29 miRNA candidates over the 18-24 nucleotide size range
in T. pseudonana (Norden-Krichmar, Allen, Gaasterland, & Hildebrand, 2011). The sequence
identity analyses showed that the miRNA candidates in T. pseudonana aso lacked strong
phylogenetic conservation compared to known miRNAs. These results confirmed the
existence of exogenous small RNA-miRNAs in diatoms and also imply that diatoms probably
acquired a novel small RNA processing mechanism which is different from well-studied

model organisms such as plants and animals.

As for SIRNAs in T. pseudonana, a large number of sense-antisense SSRNA candidates
transcribed from intergenic regions were predicted, which is consistent with studies of plant
small RNAs (Lu et a., 2005). However, the most interesting candidates were transcribed in
the antisense direction within introns and exons, or mapped to both intergenic and protein
coding regions. These characteristics suggest that the small RNAs could form double-stranded
RNA with the protein coding genes, generating endogenous siRNA.

It seems that the P. tricornutum genome lacks methylation in the CHG context. In P.
tricornutum, small RNASs can trigger transcriptional gene silencing (TGS) associated with
DNA methylation but only in the context of CG methylation (De Riso et a., 2009). In plants
three contexts of DNA methylation can be directed by small RNA. The comparison anaysis
of key players of RNA silencing has shown that the Argonaute-like proteins in P. tricornutum
cluster in a clade different from those in either animals or plants. The miRNAs identified in P.
tricornutum and another diatom T. pseudonana are also different from those that have been
identified in animals and plants. All studies therefore indicate that diatoms probably have
unique RNAI pathways.
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1.8 PhD thesisdescription

The thesis manuscript is organized into five chapters. Chapter | provides an introduction to
the others asit gives an overview of what is known in the literature about methylation, histone
modifications, small RNA and their eventua interactions in a few model organisms where
they have been examined, and what we know so far about diatom epigenetics.

Chapter Il “methylation in the pennate model diatom Phaeodactylum tricornutum’ is mainly
about DNA methylation profiling in P. tricornutum. The paper “Insights into the Role of
Methylation in Diatoms by Genome-Wide Profiling in Phaeodactylum tricornutum” has been
submitted. In Chapter II, | utilized McrBC-ChIP for profiling DNA methylation distribution
genome wide in P. tricornutum. In general, P. tricornutum has low DNA methylation with
relative extensively methylated TEs and a few methylated genes.

In Chapter 111 “Genome wide mapping of H3K4me2, H3K9me2 and H3K27me3 and their
correlation with DNA methylation and small RNA profiles in Phaeodactylum tricornutun’,
ChIP-seq experiments for three different histone modifications H3K4me2, H3K9me2 and
H3K27me3 were conducted to explore the distribution of these histone modifications genome
wide in P. tricornutum. RNA-seq profiling was carried out in paralel to correlate gene
expression with histone modification profiles. The in vivo presence of these modified histones
was verified by western blotting. The results show that H3K4me2 mainly marks genes while a
large proportion of H3K9me2 and H3K27me3 depositions are on TES. Thus, H3K27me3
presents an unusual pattern raising questions about its role in P. tricornutum and whether this
particular distribution is conserved in diatoms and in single celled organisms in general. In
other well studied models, such as A. thaliana and D. melanogaster, H3K27me3 mainly
deposits on repressed genes not TEs. A small portion of H3K27me3 marked regions are also
repressed genes which are consistent with previous studies. The Annexes of Chapter 1l isa
submitted paper -“Chromatin immunoprecipitation coupled to detection by quantitative real
time PCR to study in vivo protein DNA interactions in two model diatoms Phaeodactylum
tricornutum and Thalasiossira pseudonana’” which describes the chromatin
immunopreccipition protocol | used for ChlP-seq experiments.

In Chapter IV * Putative epigenetic components and reverse genetic approach for dissecting

epigenetic machineries in Phaeodactylum tricornutum”, | investigated the putative genes
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encoding proteins involved in C5-DNA methylation machinery, N6 adenine methylation
machinery, C5-demethylation machinery and histone lysine methyltransferases with focus on
Polycomb group (PcG) proteins which play crucial rolesin H3K27me3 deposition. In Chapter
IV, functional analysis on three putative C-5 methyltransferases (46156, 45072 and 47357)
was carried out by knocking down these genes in P. tricornutum. Preliminary results show
that the globa DNA methylation levels of 45072 and 47357knockdown lines are lower than
the wild type. | investigated the functions of putative E(z) which is the key component of PcG
by reverse genetic approach. The cells of E(z) 32817 P. tricornutum mutants tend to be
roundish and oval which are different from wild type cells. It seems that E(z) in P.
tricornutum might be involved in the morphotype fate based on current experiment results. |
also explored the distribution of PcG proteins in unicellular algae including three diatom
species. It is known that Polycomb group proteins are associated with H3K27me3. The novel
distribution of H3K27me3 in P. tricornutum provoked my interest to investigate the
distribution of polycomb group proteins in unicellular organisms. This is of a particular
interest because the H3K27me3 mark initially considered to exist only in multicellular
organisms. | showed that the PcG proteins have a distinct distribution in P. tricornutum
compared to other well studied multicelluar organisms. The wide distribution of polycomb
group proteins in unicellular algae further confirmed the fact that not only exist in unicellular

organisms but also might have different functions.

Chapter V “Discussion and perspective” summarizes the thesis and gives a perspective of

diatom epigenetic study and its relationship to environment.
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Chapter II

2.1 Abstract

DNA cytosine methylation is a widely conserved epigenetic mark in eukaryotes that appears
to play critica roles in the regulation of genome structure and transcription. Although the
evolution and function of DNA methylation have been explored in a range of eukaryotes,
genome-wide methylation maps have so far only been established from the supergroups
Archaeplastida and Unikont. Here we report the first whole genome methylome from a
stramenopile, the marine model diatom Phaeodactylum tricornutum. Around 6% of the
genome was methylated in a mosaic landscape. We found extensive methylation in
transposable elements (TES), especially in recently amplified Copia-like elements. We also
detected methylation in over 320 genes occurring in three different genomic contexts:. in the
proximity of TES, in clusters of methylated genes, and in single genes, suggesting that gene
methylation is mediated by at least two distinct mechanisms, including spreading from repeats.
Extensive gene methylation correlated strongly with transcriptional silencing and differential
expression under specific conditions. By contrast we found that genes with partial methylation
tend to be constitutively expressed. These patterns contrast with those found previously in
other eukaryotes, where the highest levels of methylation are typically observed in moderately
expressed genes. We further observed that methylated genes are enriched in products
encoding basal metabolic functions, athough highly methylated gene products appear to have
functions in signal transduction. Finally, it was found that genes likely acquired by horizontal
gene transfer from bacteria were preferentially inserted within TE-rich regions, suggesting a
mechanism whereby the expression of foreign genes can be buffered following their insertion
in the genome. By going beyond plants, animals, and fungi, this stramenopile methylome adds

significantly to our understanding of the evolution of DNA methylation in eukaryotes.
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2.2 Introduction

DNA cytosine methylation (m5C) is a conserved epigenetic mark in eukaryotes, involved in
several important biological processes such as silencing of transposable elements (TES) and
other repeat loci (1), X chromosome inactivation in female mammals (2), parent-of-origin
genomic imprinting (3), and the regulation of gene expression (4). Recently, whole genome
methylomes have been reported from arange of plants, fungi, and animals. These have shown
that in addition to the methylation found in TEs and other repeat sequences, the presence of
m5C in the bodies of genes also appears to be common in many eukaryotic genomes (5-10).
In most organisms, the presence of m5C in repeat loci represents the primary mechanism of

transposon suppression, whereas the function of intragenic methylation remains elusive.

In addition to revealing common aspects of eukaryotic methylation systems, these studies
have also shed light on the highly variable evolution of m5C functions, patterns, and
landscapes across eukaryotic groups and lineages. For example, transcriptionally silent repeat
loci have been observed to be hypomethylated in invertebrates (8, 9, 11), suggesting that m5C
may not be involved in TE suppression in these organisms. Conversely, genes from the early
diverging vascular plant Selaginella moellendorffii and the moss Physcomitrella patens
contain only trace levels of m5C compared to those found in angiosperms (8). In fungi, m5C
is concentrated in repeat loci whereas active genes are not methylated (7-9). Furthermore,
several model eukaryotes are devoid of DNA methylation altogether, including the yeast
Saccharomyces cerevisiae, the nematode Caenorhabditis elegans, the fruitfly Drosophila
melanogaster (expect in the early stages of embryo), and the brown alga Ectocarpus

siliculosus.

Whole genome m5C patterns are also variable. Mammalian genomes are characterized by
‘global methylation’, in which m5C is found throughout the genome with the exception of
CpG idands, whereas small angiosperm genomes (e.g., Arabidopsis thaliana and rice) and
invertebrate genomes display 'mosaic methylation’, in which domains of densely methylated
DNA are interspersed with domains that are free of methylation (9, 12). From the methylomes
examined thus far it is therefore unclear which are the ancestral underlying mechanisms at

work and those that have been co-opted to distinct biological roles in different eukaryotic
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groups. To address such evolutionary issues a more thorough exploration of the distribution of
cytosine methylation throughout the genomes of a wider range of eukaryotesis required.

To date, al the whole genome methylomes that have been reported are from two maor
eukaryotic groups: Unikont and Archaeplastida. Stramenopiles, on the other hand, represent a
major lineage of eukaryotes that appeared following a secondary endosymbiosis event
involving a heterotrophic exosymbiont host and algal endosymbionts (13, 14). Among these,
diatoms constitute a highly successful and diversified group, with possibly over 10,000 extant
species. The contribution of diatoms to marine primary productivity has been estimated to be
around 40% and they play a key role in the biological carbon pump as well as a major
resource at the base of the food chain (14). Phaeodactylum tricornutum has become an
attractive model diatom because of the availability of genetic tools and a fully sequenced
genome (15, 16). It contains a range of genes with characterized evolutionary histories (13,
16), and in addition to genes of exosymbiont and alga endosymbiont origins, comparative
analyses suggest that a significant number (> 500) of genes are most closely related to genes
of bacteria origin (16). The genome also contains a diverse set of DNA methyltransferases
(DNMTs) (17). P. tricornutum can therefore be used to probe the evolutionary history of
DNA methylation, and to ask whether genes of different origins have maintained distinctive
epigenetic marks. In this report we combine McrBC digestion with whole genome tiling array
hybridization and RNA sequencing to address the genome-wide distribution of methylation
and its potential role in genome regulation and repression of transcription in P. tricornutum.

2.3 Results
2.3.1 Whole genome methylation landscape

Methylated and unmethylated DNA from P. tricornutum were fractionated following a
protocol based on the exclusion of methylated DNA by digestion with the methyl-sensitive
endonuclease McrBC (18). After whole genome amplification, the samples were hybridized to
a high definition tiling array of the P. tricornutum genome (see Materials and Methods). We
found a total of 98,080 probes out of approx. 2.2 million on the array with significant
enrichment probability which we further clustered into ‘highly methylated regions' (HMRs)
that we arbitrarily defined as loci with at least three overlapping enriched probes. We
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purposely chose this conservative cutoff in order to reduce falsely identified regions and to
focus on the most significant signals in our analysis. Only these HMRs were used for further
analysis. We validated our methylation mapping approach by bisulfite sequencing of 28
randomly chosen loci including genes and TEs that are distributed at different locations in the

genome (Table S2.1). From these analyses, 5mC was found exclusively in the CpG context.

We detected 3,887 HMRs that together cover 1,412,473 bp (~5.16 %) of the 27.4 Mb P.
tricornutum nuclear genome (Table S2.2). The length of HMRs ranged from 60 to 5700
nucleotides, the majority being shorter than 500 bp (Fig. S2.1). We used HMRs to construct a
methylation map for each P. tricornutum genomic scaffold (Fig. S2.2). As expected, we
observed extensive DNA methylation in repeat-rich regions (39% of such sequences),
including in sub-telomeric regions, although no obvious centromeric regions could be
detected, neither at DNA sequence level nor in terms of DNA methylation enrichment (Fig.
S2.2). We dso found a significant number of HMRs in repeat-free regions. A total of 587
HMRs mapped to intergenic regions, whereas 505 HMRs mapped within predicted genes
(including 500 bp upstream and downstream of predicted coding sequences, CDS). In
addition, 604 HMRs mapped to predicted genes that overlap with TE annotations. For further
analysis, such genes (n= 766) were omitted from the regular gene set and considered as a
distinct annotation class in order to circumvent a bias due to erroneous gene predictions at TE

loci and to focus on the most reliable gene predictions.
2.3.2HMRsin TEsand other repeat loci

We first characterized HMRs mapping within known autonomous TEs. The P. tricornutum
TE complement consists principally of LTR retrotransposons (CoDis) and a few copies of
DNA transposons including PiggyBac and MuDR-like elements (19). We observed
heterogeneous distribution of DNA methylation across the different groups of TEs (Fig. 2.1).
For example, while most LTR-RT annotations contain HMRs, a significant fraction of
MuDR-like annotations do not (Fig. 2.1A, B). Furthermore, we observed that TE annotations
corresponding to LTR-RT elements are extensively methylated, while those corresponding to
DNA transposons are methylated to a lesser extent (Fig. 2.1B). In paralel, we noticed that the
coverage and presence of HMRs increase linearly with the length of TE annotations

(Fig.2.2C,D). These observations are consistent with a tighter control of young and
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potentially active TE copies, especiadly against CoDis which have recently amplified in this

genome (19), and arelaxed control of older and inactive insertions.

We next addressed the distribution of HMRs in the 766 predicted genes that overlap with TE
annotations. We sorted these into two categories: genes with partial TE coverage that may
correspond to genes with TE insertions, and genes with complete TE coverage which likely
correspond to bona fide TE loci with predicted ‘gene’ models. As for TEs, we observed that
most ‘genes’ with complete TE coverage contain HMRs (Fig. S2.3). By contrast, most of the
genes with internal TE insertions do not, suggesting that they may correspond to old
insertions or that TE methylation may be suppressed in the case of intragenic insertions

(especidly within introns; see below).
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Figure 2.1 DNA methylation in transposable elements. (A-B) Number of methylated
sequences and methylation coverage for different types of TEs (only for TE annotations above
300 bp). (C) Proportion of methylated sequences across size ranges of TES and other repeats.
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Figure 2.2 Methylation profiles on genes. (A) Methylation pattern on genes. DNA
methylation pattern is shown along gene bodies and 500 bp gene-flanking regions. A moving
window of 50 bp aong the gene was used to calculate the average number of m5C probes (y-
axis). Gene methylation profiles with respect to their expression are aso shown.
Constitutively expressed genes display low methylation levels along their CDS, whereas
differentially expressed genes have an overall higher and increasing methylation level from 5°
to 3 end of CDS. (B) Gene methylation distribution among different categories of genes. P.
tricornutum genes have been previously grouped into different classes, including those that
are present only in this diatom (Pt specific), those present in both sequenced diatoms but in no
other eukaryote (diatom specific), those present in all eukaryotes examined (Eukaryotic core
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genes), and those proposed to be acquired from bacteria by horizontal gene transfer (bacterial
genes) (for further information about gene categories, see (20)). By examining the content of
methylated genes in these different categories, we found an equal distribution among Pt
specific, Eukaryotic core genes, and the rest of all genes. However, only a few methylated
genes are of bacterial origin. Methylated genes are also grouped by HMR localisation. A
preference for gene-body methylation, across all four classes of genes, is apparent. In general,
the proportion of methylated genes in each class corresponds to the gene content of that class

in the genome.

64|Page



Chapter II

2.3.3 Gene methylation profiles

The 505 HMRs mapping within genes were distributed in the bodies and flanking 500 bp
sequences of 326 genes. As found in most eukaryotes examined to date, methylation in the
body of P. tricornutum genes occurs almost exclusively in exons (Table S2.3). Interestingly,
we found that although most P. tricornutum genes contain 1-2 exons, methylated genes tend
to contain more exons than unmethylated genes (Fig. S2.4). Additionally, although highly
methylated genes are typically single exon genes, the few P. tricornutum genes with five or
more exons show higher methylation levels than those with 3-4 exons (Fig. S2.4B).
Furthermore, the size distribution of methylated genes is skewed towards longer genes as
compared to unmethylated genes, i.e., the frequency of methylated genes longer than 2 kb is
higher than that of unmethylated genes (Welsch two sample t-test p-value = 3.612e-06) (Fig.
S2.4C). Overall then, methylated genes in P. tricornutum tend to be longer and to contain

more exons than unmethylated genes.

Ends analysis show that, on average, methylation levelsin genesincrease from 5 to 3' within
the CDS, with sharp reductions at the ends (Fig. 2.2A). Such a pattern is most similar to that
observed in the bodies of Arabidopsis, mammalian and fish genes, and is in contrast to what
has been described in the genomes of most invertebrates where methylation is found
predominantly within the first half of the CDS (6-8).

We further distinguished several patterns of DNA methylation in genes. extensive
methylation from upstream to downstream of the CDS, as well as partial methylation, which
we sub-divided into categories following the position of the methylation peak: upstream 500
bp, 5 end of CDS (relative first 20% of CDS), middle of CDS, 3' end of the CDS (relative
last 20% of CDS), and downstream 500 bp. We found that intragenic methylation occurs
mainly in the mid-CDS region while relatively few methylation profiles peak inthe 5 or 3’
ends of CDS (Table S2.3, Fig. 2.2B). We aso noticed a substantial number of genes with the
highest levels of methylation in their promoters. Besides these, we detected 25 genes with
extensive methylation throughout.

Methylation appears to be distributed evenly among genes belonging to different orthology
groups, previously defined by (16, 20) as being present either in al eukaryotes, as being P.
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tricornutum-specific or diatom-specific, or predicted to have been acquired from bacteria by
horizontal gene transfer (Fig. 2.2B, Fig. S2.5). However, the most strongly methylated genes
appear to be depleted in P. tricornutum-specific genes and eukaryotic core genes, and rather

to be enriched in other genes with unclear phylogenetic affiliations (Fig. 2.2B).
2.3.4 Genomic distribution of methylated genes

In order to analyze the chromosomal distribution of body-methylated genes, they were
mapped onto the P. tricornutum scaffolds and their positions were compared to TE
annotations. We observed that body-methylated genes are found in different genomic contexts.
First, we found that many methylated genes are located in the vicinity of TEs (e.g., Fig. 2.3A).
A more detailed analysis indeed reveaed that methylated genes tend to map more closely to
TEs than non-methylated genes (Fig. 2.4). Considering that TEs are extensively methylated in
the genome, we postulate that DNA methylation in such genes may result by spreading from
TEs, as reported in A. thaliana (21). This suggests that TE insertion followed by DNA
methylation may impact the epigenetic status and expression levels of flanking genes (see
below). However not all TE-flanking genes are methylated (Fig. 2.3B,C), suggesting that
spreading, or its avoidance, is a selective process. In repeat-free regions, we found that
methylated genes are isolated (Fig. 2.3D) or juxtaposed to one another in clusters comprising
2-3 genes (e.g., Fig. 2.3E).

We next analyzed the distribution of TEs in the vicinity of genes previously defined as being
present in all eukaryotes, or predicted to have been acquired from bacteria by horizontal gene
transfer (16, 20). Interestingly, we noticed an increased presence of TES upstream of putative
bacterial genes (Fig. 2.4), represented by gene IDs 46924 and 47160 in Figs. 2.3B and C,
respectively. In spite of this, the proportion of methylated bacterial genes in the genome was
less than in other gene categories (Fig. 2.3B and Fig. S2.5).
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Figure 2.3 Methylation patterns of selected genes. Three tracks (genes, transposons, DNA
methylation) along with chromosome position are shown for each example. (A) Region on
chromosome 32 containing a methylated gene bordering a cluster of methylated TEs. (B)
Region on chromosome 11 containing methylated TES with a cluster of nonmethylated genes.
Gene 46924 is derived from bacteria. (C) Region on chromosome 12 containing a
nonmethylated bacterial gene (Id 47160) surrounded by methylated TEs. (D) Example of
highly methylated gene. Under normal conditions, gene 47653 (annotated as a
neurotransmitter transporter) is methylated with no expression in Pt1 accession but expressed
highly in the Pt9 tropical accession. (E) Example of highly methylated gene cluster. Region
on chromosome 8, isolated from methylated TES, containing a cluster of methylated genes.
Note that gene 12452, encoding a P-type ATPase, is also targeted by small RNAs (data from
(36)). (F) Example of highly methylated gene displaying strong differential expression. Under
normal conditions, gene 13617 (encoding a serine/threonine protein kinase) is methylated
with no expression but expressed specificaly under silicate deplete conditions (20). Heights
of the peak represent the normalized log ratio (score) of the m5C probes. Genes and TE

annotations are indicated.
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Figure 2.4 Distribution of transposable elements around genes. The plot shows TE
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(n=571), methylated genes (n=326), and eukaryotic genes (n=2775). Clusters of TEs within

the 2kb region upstream of bacterial genes were more common than the other classes.
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2.3.5 Methylation, gene expression, and gene product function

To assess whether gene methylation impacts transcriptiona regulation in P. tricornutum, we
compared the expression levels of methylated versus unmethylated genes. Expression levels
were quantified using RNA-seq data obtained from P. tricornutum cells grown under normal
conditions and normalized to CDS size and library size (fragments per kilobase of exon per
million fragments mapped, FPKM). We analyzed separately the genes with different HMR
peak locations and genes with extensve HMR coverage. Interestingly, while genes with
partial intragenic methylation displayed expression levels similar to unmethylated genes,
those with extensive HMR coverage show on average a markedly lower FPKM (Fig. 2.5A).
In analogy with Ascobulus immersus (22), such a negative correlation between the extent of
methylation and gene expression levels suggests a suppressive role for extensive gene
methylation. We also observed that methylation in the promoter (upstream 500 bp) of genes

does not appear to impact transcription levels.
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Figure 2.5 Expression profiles of methylated genes. (A) Expression levels of methylated
genes. Gene expression was quantified in standard growth conditions using RNA-seq data.
About 85 % of genes are expressed and quantified as fragments per kilobase of exons per
million reads mapped (FPKM). (B) Differential expression profiles of methylated genes.
Boxplots show the ranges of R-values for each category of methylated genes. Genes with R-
values below 12 are considered to be constitutively expressed (20). Genes with dense HMRs
are revealed as being differentially expressed (p-vaue of 0.029). Numbers above each column

show the number of genesin each category.
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We had previously estimated the degree of differential expression of P. tricornutum genes
across 16 cDNA libraries by calculating the statistical significance of differential mRNA
levels in specific conditions compared to random distribution (log likelihood ratio, R-value)
(20, 23). Considering these criteria, constitutively expressed genes have low R-values while
genes that are significantly over-represented in specific growth conditions have high R-values.
We examined whether we could detect a correlation between gene methylation and R-value.
Interestingly, we found that genes with extensive HMR coverage have significantly increased
R-values compared to genes with partial methylation and unmethylated genes (Fig. 2.5B).
These observations suggest that the transcription of genes with extensive methylation is under
tight controal, i.e., that this gene population tends to be silenced and/or expressed only under
specific conditions. For instance, gene model 13617, which encodes a serine/threonine protein
kinase belonging to the eukaryotic core genes, shows null FPKM under normal conditions but
is specificaly represented in the cDNA library prepared from P. tricornutum cells grown
under silicate deplete conditions (Fig. 2.3F). In contrast, genes showing partial methylation
are more likely to be expressed constitutively. More specifically, body methylated genes
appear to be expressed at relatively low to moderate levels (Fig. S2.6). We aso addressed
whether we could detect a link between expression profiles and orthology groups but we
found no significant correlation other than that methylated eukaryotic core genes were more
likely to have lower R values than the other categories (Table S2.4). Additionally, methylated
P. tricornutum-specific genes seem to be more tightly regulated as shown by their higher R
values, suggesting their potential importance in regulating gene expression under specific
stress conditions (T able S2.4).

To assess the function of the 326 methylated gene products, we performed a gene ontology
(GO) analysis. Overall we found that the methylated gene set is enriched in GO categories
such as ‘transferase activity,” ‘transporter activity,” ‘carbohydrate binding,” and ‘nutrient
reservoir activity’ (Fig. S2.7A). However, when comparing GO enrichment between sets of
genes with different methylation profiles, we observed that, in contrast, the subset of genes
with extensive methylation is enriched in ‘protein kinase’ and ‘signal transducer activity’
categories which are evocative of regulatory and signaling functions (Fig. S2.7B).
Interestingly, when looking in more detail into metabolic pathways, we found that methylated
genes are especialy represented among genes predicted to be involved in pentose phosphate
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metabolism (Fig. S2.8A). This pathway was reported previously to have unusua features in
diatoms and to likely not be subject to regulation by thioredoxin, as is the case in other
photosynthetic organisms (24). DNA methylation may therefore play an important role in the
regulation of glucose turnover that produces NADPH and pentoses as essential backbones of
nucleotides. When focusing on regulatory pathways, we found that methylated genes
represent a significant number of P. tricornutum genes predicted to be involved in DNA
mismatch repair, suggesting arole for DNA methylation in the maintenance of DNA integrity
(Fig. S2.8B).

2.3.6 Methylation and non-autonomous Class || TEs

In a previous study we screened for autonomous TES in the P. tricornutum genome using
similarity-based approaches and searching for sequence structural characteristics specific of
TES. Here, in order to improve the quality of HMR mapping, we used the de novo repeat
identification program Recon (25) and the tandem repeat finder program TRF (26) in an
attempt to detect and annotate potentially unclassified or simple repeats in the genome. Most
of the newly identified repeat loci lack HMRs (Fig. S2.3B). More specifically, athough we
were not able to classify most of the unknown repeats detected by Recon, we identified two
families of non-autonomous Class Il TEsS with captured exons and analyzed their m5C
patterns individually.

A first family, called R33, consists of six copies whose extremities are highly similar to the
termina inverted repeats (TIRs) of an inactivated MuDR-like element, and whose internal
seguence contains an exon from the single-copy gene encoding 2-oxoglutarate dehydrogenase
component E1 (Fig. S2.9A). We found that none of the R33 copies nor the origina gene
overlap with HMRs, suggesting that R33 repeats are not targeted by the DNA methylation

machinery, which is consistent with the inactive state of the cognate autonomous el ement.

The second non-autonomous Class Il family, called R59, comprises four copies and appears
to be linked to PiggyBac elements (Fig. S2.9B). R59 has captured a fragment of exon from a
single copy gene encoding Heat Shock Protein 70 (HSP70). Interestingly, athough PiggyBac
elements in general were observed to be only moderately methylated, R59 displays much
higher methylation levels. Even more unexpectedly, the original HSP70 gene (gene model
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41417) aso appears to be methylated, with HMR coverage extending out of the region of
similarity with the captured region found in R59 (Fig. S2.9C). This suggests that the presence
of R59 copiesin the genome may affect the epigenetic regulation of the HSP70 gene.

2.4 Discussion

In the work described herein, we have obtained the first genome-wide DNA methylation map
of the nuclear genome of a stramenopile, namely the marine diatom P. tricornutum. Overall,
DNA methylation in P. tricornutum is low, as previously reported using reversed-phase high
performance liquid chromatography (27). 1t shows ~5% of global methylation with only 3.3%
of genes methylated. This is lower than what is seen in mammals and in plants such as
Arabidopsis and rice, in which over 30% of genes are methylated (5-8), but is similar to the
marine tunicate Ciona intestinalis and the early-diverging land plant Selaginella
moellendorffii (16). Consistent with previous studies (19), we aso found a significant
enrichment of DNA methylation in TEs. Furthermore, we detected scarce DNA methylation
in the intergenic space. The DNA methylation landscape of P. tricornutum is therefore
reminiscent of the 'mosaic’ landscapes observed in angiosperms with small genomes and

invertebrates (12), with islands of HMRs surrounded by methyl ation-free regions.

This first methylome from a stramenopile confirms the evolutionary conservation of gene-
body methylation among eukaryotes (7, 8). Gene-body methylation was found to occur in
various (epi)genomic contexts: in close proximity to TES, in clusters of methylated genes, and
in single genes. In the case of methylated genes that are flanked by repeats, we assume that
methylation occurs through spreading from repeats. This indicates that, as seen in A. thaliana
(21), insertion of TEs can trigger the formation of heterochromatin around and within
flanking genes. By contrast, methylated genes in repeat-free regions are likely to be
methylated following a distinct and more specific mechanism. Methylated genes organized in
clusters are evocative of coordinated transcriptional regulation, and examples were indeed
found of methylated gene clusters whose genes displayed similar expression profiles (Fig.
2.3F). In al contexts, gene-body methylation was found almost exclusively in exons, which is

the case for most organisms investigated so far (7-9).
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The functional annotation of body-methylated genes revealed that many encoded important
metabolic activities, such as transferases, transporters, carbohydrate-binding proteins, and
other components involved in nutrient reservoir maintenance (Fig. S2.7A). In contrast with
such apparently housekeeping functions, genes that are extensively methylated tend to encode
signaling components (Fig. S2.7B). Furthermore, such genes tend to be silent under most
conditions and differentially expressed only under specific conditions (Fig. 2.5B). It will be of
interest to examine whether methylation plays a role in the suppression of transcription of
these genes, and whether it can be reversible as a function of gene expression. We have
observed previously that induction of the Blackbeard LTR-RT element in response to nitrate
l[imitation is accompanied by loss of methylation (19). It is therefore possible that in diatoms
the perception of changing environments can trigger the hypomethylation of specific genes

and release their transcriptional suppression.

A significant proportion (ca. 30%) of the approx. 10,000 genes in P. tricornutum has been
assigned a putative evolutionary origin, either from the ancestral exosymbiont, from one of
the two algal endosymbionts, or by horizontal gene transfer from bacteria (13, 16). A further
25% are either specific to P. tricornutum or are specific to diatoms (16, 20). Such information
provides an opportunity to examine whether distinct gene methylation patterns have been
conserved during diatom evolution since they were acquired. We were unable to detect any
such signature, although we did note that all such categories were under-represented in the
gene set that was extensively methylated (Fig. 2.2B). We further observed that bacterial genes
tended not to be methylated, when compared with other gene classes (Fig. S2.5).
Notwithstanding, bacterial genes are often associated with TE-rich regions (Fig. 2.4). This
may suggest that horizontal gene transfer of environmental DNA may be facilitated by
transposable elements in a mechanism such as retroposition (28) (29), or perhaps more likely
that the insertion of such extraneous genes in repeat-rich regions may provide a probationary
period in which their expression is attenuated and only released from repression gradually in

case their effects may be lethal.

Eukaryotes have evolved and/or retained different DNA methyltransferase complements.
M etazoans commonly encode DNMT1 and DNMT3 proteins, while higher plants additionally
have plant-specific chromomethylase (CMT), and fungi have DNMT1, Dim-2, DNMT4, and
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DNMT5 (30, 31). The P. tricornutum genome encodes a peculiar set of DNMTs as compared
to other eukaryotes (17). DNMTL1 appears to be absent, and in addition to DNMT3, diatom
genomes also encode a DNMTS5 protein as well as a bacterial-like DNMT. Because DNMT5
is aso found in other agae and fungi, we postulate that it was present in a common ancestor.
Furthermore, structural, functional, and phylogenetic data suggest that CMT, Dim-2 and
DNMT1 are monophyletic (30, 31). Therefore, we propose that the common ancestor of
plants, unikonts and stramenopiles possessed DNMT1 (subsequently lost in diatoms),
DNMTS3, and probably also DNMT5 (lost in metazoans and higher plants). This evolutionarily
important loss is supported by absence of DNA methyltransferases in brown algal species
E.siliculosus.In bacteria, cytosine methylation acts in the restriction-modification system. Thus,
the function of a bacterial-like DNMT in P. tricornutum is unclear. Interestingly, it is
conserved in the centric diatom Thalassiosira pseudonana, from which pennate diatoms such
as P. tricornutum diverged ~90 million years ago. This implies that a diatom common
ancestor acquired DNMT from bacteria after a horizontal gene transfer prior to the
centric/pennate diatom split (14). Conservation of this gene in diatoms over this length of time
suggests that it is functional. It will therefore be of interest to uncover the roles of the
different DNMTSs present in P. tricornutum in processes such as maintenance and de novo
DNA methylation as well as context specificities. Until now, experimental validation by

bisulfite sequencing indicates a clear CpG context preference in diatoms.

P. tricornutum possesses an active small RNA-mediated silencing machinery (32). This
suggests that dsRNAs are efficiently processed into smal RNAs in P. tricornutum and that
they are capable of guiding DNA methylation in an RNA-dependent DNA methylation
(RADM) fashion (33-35). Furthermore, Huang and collaborators recently reported the
presence of small RNAs in P. tricornutum (36). Interestingly, more than half of the highly
methylated genes that are differentially expressed are targeted by small RNAs (e.g., Fig.
2.3E), suggesting that RADM may play arole in the regulation of transcription of a subset of
genes in diatoms, as recently inferred from studies of the atypical DNA methylation on some
genes in A. thaliana (37). Furthermore, we observed that the captured exon found in the R59
repeat is inserted in reverse orientation with respect to the PiggyBac backbone (Fig. S2.9). A
scenario explaining the methylation found in the R59 repeat and the HSP70 gene could be that
R59 is a source of transcripts with complementarity to HSP70 transcripts. The formation of
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double-stranded RNA duplexes may trigger their processing into small RNA that would target
both R59 and HSP70 loci and methylate them through RADM. The cognate HSP70 gene was
indeed found to be targeted by small RNAs. RdADM may therefore represent an important

mechanism of genome regulation in diatoms.

In conclusion, the present work brings substantial information about the P. tricornutum
methylome that enables analysis of methylation patterns and landscapes beyond animals,
plants, and fungi. P. tricornutum is of significant interest for such studies because it can be
readily manipulated by reverse genetics. Unlike the other unicellular model organisms
Saccharomyces cerevisiae, Schizosaccharomyces pombe and Chlamydomonas reinhardtii, it
has a small compact genome that displays al the key features of more complex genomes,
such as DNA methylation, RNAI, and histone modifications. Furthermore, P. tricornutum has
the peculiarity to be pleitomorphic asit can be found in the form of four different morphotypes:
fusiform, oval, round, and triradiate (38). Significantly, morphotype transition occurs in
response to specific environmental conditions. Therefore, P. tricornutum also constitutes an
excellent model to study the basis of epigenomic reprogramming events that lead to
morphological variations in response to external stimuli, e.g., to assess the influence on
adaptive evolutionary processes of the increased susceptibility of methylated genes to
mutation. We therefore hope that our work on DNA methylation and its role in gene
regulation in the diatom P. tricornutumwill be the foundation for future work, and an exciting
opportunity for comparative epigenomics and the elucidation of the dynamics of genome

evolution in relation to the epigenetic regulation of gene expression.
25 Materialsand Methods
2.5.1 Culture conditions

Cultures of P. tricornutum Bohlin clone Pt1 8.6 (CCMP2561) were grown in f/2 medium
made with 0.2-um-filtered and autoclaved local seawater supplemented with f/2 vitamins and
inorganic filter sterilized nutrients. Cultures were incubated at 19°C under cool white
fluorescent lights at approximately 75 umol.m-2.s-1 in 12h light: 12h dark conditions and

maintained in exponential phase in semicontinuous batch cultures.
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2.5.2 DNA preparation, microarray hybridization, and validation

To optimize the reproducibility and efficiency of methylated DNA exclusion, we modified the
origina protocol in amethod called 'Window McrBC Restriction' (WMR; see Supplementary
Methods). Genomic DNA from three P. tricornutum cultures (biologica replicates) was
sonicated, size fractionated, and incubated with McrBC enzyme (New England Biolabs). In
negative controls, GTP, which is the co-factor required for McrBC activity, was replaced by
water. Prior to hybridization, the DNA was further size selected as 500-700 nt fragments.
Microarray hybridization was performed according to Lippman et al. (18), following
NimbleGen’'s “NimbleChip Arrays User’'s Guide: DNA Methylation Analysis v2.0" (Roche
NimbleGen, Germany). NimbleGen 2.1M Phaedoctylum tricornutum tiling arrays were
designed based on the JGI Phatr2 genome. A total of 2.1 million probes are represented on
this array, which represents the entire + strand of the nuclear genome at 12 nt overlapping
intervals. The average probe length was 56 nt. Both chloroplastic and mitochondrial genomes,
representing respectively 117 kb and 44 kb, were excluded from the array. NimbleGen
provided design and probe annotation.

We validated our methylation mapping approach by bisulfite sequencing of 28 randomly
chosen loci including genes and TEs that are distributed at different locations in the genome
(Table S2.1). We included in the validation procedure one, two and three sparsely enriched
probes to confirm that they had not been falsely discarded as a result of our strict filtering
process. Altogether, our results enabled the validation of the mapping approach used for the
identification of methylated regions.

2.5.3 RNA-seq preparation

P. tricornutum clone Ptl 8.6 cells were harvested at exponential phase and total RNA was
used for first strand cDNA synthesis followed by double strand cDNA using Mint Universal
Kit from Evrogen (SK002). cDNA was used for non-directiona cloning and cDNA library
construction for Illumina sequencing by Beckman Coulter Genomics. Sequencing was

performed with aread length of 75 bp and sequencing coverage of 1.5 Gb.
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2.5.4 I dentification of methylated regions, distribution and expression analysis

Statistically significant probe bound regions (ChlP-enriched genomic regions) were detected
using the RINGO (39) in R Bioconductor package. A cut-off P-value of 0.02 was set for
normalization. Boundaries for methylated regions were defined as those with a minimum of
three enriched overlapping enriched probes, using a moving window of 50 bp. We found at
least 98,080 enriched probes, which amounts to 4.5 % of probes covered. Normalization on
the three biological replicates yielded robust consistency which was statistically validated
using a Student t-test and showed a Pearson R-value between 0.92 —0.93 (Fig. S2.10, S2.11).
Expression correlations with methylation were done using R-values derived from the EST
sequences (20) and cDNA sequence data. Data processing, analysis, and plotting were done
using Python, R/Bioconductor, and CIRCOS (40) (see Supplementary Methods). A genome
browser based on Gbrowse is avalable to explore this methylome data

(http://ptepi .bi ol ogi e.ens.fr/cgi-bin/gbrowse/Pt  Epigenome).
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2.8 Supporting information

2.8.1 Supporting Supplementry Figures
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Figure S2.1 Distribution of peak lengths (in bp) of densely methylated regions (HMR). The
majority of HMRs are less than 500 bp.
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Figure S2.2 Chromosome-wide patterns of methylation and other genomic components.
Each of the 33 genomic scaffolds of P. tricornutum are shown here in a circular view.
Methylation is shown as HMRs with a moving window of 10 kb. Normalized methylation (in
red) is shown along with TES (green) and genes (blue). Strand specific information is shown

above and below the line with different colors.
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Figure S2.3 TEs within different contexts display different methylation patterns. (A)
Methylation within genes that contain TE-derived sequences. A total of 767 genes were TE-
overlapped and most of them are inserted as simple repeats within genes. More than half of
the genes whose 5 or 3' ends overlap with TE annotations are methylated, suggesting that
some may correspond to erroneous gene predictions (e.g., chimeric TE-gene predictions) or to
pseudogenes. (B) Methylation of different classes of TEs (including elements smaller than
300 bp). The most abundant Copia-type class of retrotransposable elements (5.8 % of genome)
are methylated in large numbers. Most simple repeats were devoid of methylation (see also
Fig. 1C,D).
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Figure S2.4 Analysis of methylation over exons. (A) Distribution of the methylated and
unmethylated gene pools across classes of genes with increasing numbers of exons. (B)
Methylation level across classes of genes with increasing numbers of exons. (C) Analysis of
gene length and methylation. Distribution of the methylated and unmethylated gene pools

across classes of genes with increasing sizeis shown.
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Figure S2.5 Proportion of methylated genesin four evolutionarily important gene classes.
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Gene content in P. tricornutum can be organized into 4 groups (1): Eukaryotic core genes,
which are present in all eukaryotes examined, Diatom-specific genes, which are present in
both the sequenced diatoms and not elsewhere, Bacterial genes, which are believed to have
been acquired by horizontal gene transfer from bacteria, and unique P. tricornutum specific

genes which are present in this diatom alone.
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Figure S2.6 Expression analysis of body methylated genes. Fragments Per Kilobase of
exon per Million fragments mapped (FPKM) were obtained from RNA-seq fragment counts.

89|Page



Chapter II

= Antioxidant activity (M-0.17%; U0.39%)
= Binding (M-2.97%; U-3.54°

= Popticase activity (W-1.92%; U-2.2%)

= Phos phoprotsin phosphatase activity (M-0.67%; U-1.75%)
= Protein binding (M-9.52%; U-1.67%)

= Protein kinase activity (M-6.82%; U-9.18%)

m Receptor activity (M-0.7%; U-0.6%)

= RNA binding (M-0.52%: U-0.84%)

activity (M0
8ignal transducer activity (M-1.75%; U-2.06%)

5 Structural moleculs activity {M-0.52%; U.1.14%)

= Transcription reguiator activiy (M-0.17%; U-0.1%)

 Transiation factor activity, nucleic acid binding (M-0.35%: U-0.33%)
= Transportar activity (M-6.64%; U-4.47%)

= Actin binding (M-0% ; U-0.11%)

c

Methylation in Upstream 500 bp

binding
= RNA binding
motar activity
= catalytic activity
= protein kinase activity
signal transducer activity
= receptor activity
transporter activity
= neurotransmitter transporter activity
binding
=kinase activity
=transferase activity
= hydrolase activity
=enzyme regulator activity

= nuclectide binding
= nucleic acid binding
DNA binding
= RNA binding
= catalytic activity
protein kinase activity
m phosphoprotein phosphatase activity
transporter activity
= binding
calcium ion binding
= protein binding
= translation factor activity, nucleic acid binding
= peptidase activity
= kinase activity
transferase activity
= hydrolase activity
= enzyme regulator activity
nutrient reservoir activity

Methylation in middle of gene

A

E
Melhylmion in 5" ends of gene

= nuckeotide binding
=nucleic acid binding
DNA binding
20 pecific DNA binding
®RNA binding
catalytic activity
®nuclease activity
receptor activity
wstructural molecule activity
transporter activity
wion channel activity
mneurotransmitter transporter activity
wbinding
= calcium on binding
protein binding

factor activity

= peptidase activity

mantioxidant activity
kinase activity

wiransferase activity
hydrolase activity

= nucleotide binding

=catalytic activity
binding

= transferase activity

hydrolase activity

Methylation in 3' ends of gene

Methylation in Downstream 500 bp

mnuclectide binding
=nucleic acid binding
DNA binding
=motor activity
=catalytic activity
transporter aciivity
miransterase activity

hydrolase activity

mnucleotide binding
=nucleic acid binding

DNA binding

pecific DNA binding ption factor activity
=calalylic activity
strucwral molecule activity
wtransporter activity
binding
mcalcium ion binding
translation factor activity, nucleic acid binding
mpeptidase activity

mhydrolase activity

Figure S2.7 GO distribution of different classes of methylated genes. (A) Gene Ontol ogy
(GO) distribution of methylated and unmethylated gene sets. A total of 4722 genes were
annotated using GO. Methylated genes (M) and Unmethylated genes (U) were grouped by the

Molecular Function category of GO. Significant enrichment in the methylated gene set of

categories ‘transferase,

‘transporter,’

‘carbohydrate binding,’

and ‘nutrient reservoir’

activities is apparent. (B) Genes with complete/dense methylation, (C) Genes with

methylation in upstream 500 bp region, (D) Genes with gene-body methylation, (E) Genes
with methylation in 5 end, (F) Genes with methylation in 3' end, and (G) Genes with

methylation in downstream 500 bp region.
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Figure S2.8 Metabolic pathways containing components encoded by methylated genes.
KEGG-based overview of (A) metabolic pathways showing multiple functional branch points,
and (B) Regulatory pathways.
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Figure S2.9 Non-autonomous Class |l transposable elements with captured exons.
Schematic alignment of the exon-containing non-autonomous Class || elements found in the P.
tricornutum genome: R33 repeat (A), and R59 repeat (B), with respective autonomous
element and genes from which captured exon originates. The frame indicates the inserted
fragment of the protein in R59. Regions of high similarity between pairs of sequences are
connected by grey shades. Terminal inverted repeats (TIRS) are indicated as black boxes. (C)
Methylation status of the single copy heat shock protein HSP70 gene on chromosome 30.
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Figure S2.10 McrBC signal correlation between biological replicates. R-values are
indicated at top right of each panel.
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Figure S2.11 Replicate comparison. Correlation of three biological replicates after RINGO

normalization with a p-value cutoff of 0.02. Outliers were removed and data shows a

significant consistency. Pearson coefficients are indicated in top right of each panel.
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Supporting Supplementry Tables

Table S2.1 Validation of methylated and unmethylated loci, including genes and TEs.

Several loci from different locations on the genome wer e chosen for validation.

Protein 1D L ocation McrBC methylation Bisulfite validation
50240 Chr 28 unmethylated * ( two sparse probe) unmethylated
43549 Chr 2 unmethylated (single probe) unmethylated
33493 Chr 3 unmethylated (single probe) unmethylated
44978 Chr5 unmethylated (single probe) unmethylated
45772 Chr 8 unmethylated (single probe) unmethylated
47265 Chr 13 unmethylated (single probe) unmethylated
13557 Chr 12 unmethylated (single probe) unmethylated
31408 Chr1 unmethylated (single probe) unmethylated
20757 Chr 10 unmethylated (single probe) unmethylated
48392 Chr 17 unmethylated (three sparse probe) unmethylated
44066 Chr 3 unmethylated (single probe) unmethylated
47725 Chr 14 unmethylated (two sparse probe) unmethylated
44551 Chr 4 unmethylated (single probe) unmethylated
48135 Chr 16 unmethylated (two sparse probe) unmethylated
47034 Chr 12 methylated (many overlapping probes) methylated
44119 Chr 3 methylated (many overlapping probes) methylated
47656 Chr 14 methylated (many overlapping probes) methylated
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47934 Chr 15 methylated (many overlapping probes) methylated
47656 Chr 14 methylated (many overlapping probes) methylated
47839 Chr 15 methylated (4 overlapping probes) methylated
38262 Chr 15 methylated (many overlapping probes) methylated
34576 Chr5 methylated (many overlapping probes) methylated
33360 Chr 3 methylated (many overlapping probes) methylated
41417 Chr 30 methylated (many overlapping probes) methylated
PTC30 TE methylated methylated
PTC5 TE methylated methylated
PTC8 TE unmethylated unmethylated

* To further strengthen the normalization approach that considered as methylated three

overlapping probes single probe loci were also tested in the validation procedure and were

indeed found to be unmethylated.
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Table S2.2 Number of probes and distribution of HMRs over the genome.

Designed probes 2,171,824
HMRs 3,887
Probesin HMRs 98,080

HMR coverage in % of genome (bp)

1,412,473 bp of 27.4 Mb genome = 5.16 %

HMRson TEs 2,806

TEs covered by HMRs 1,368

HMRs on TE inserted genes 604

HMRs on genes (without TES) 505

HMR coverage/overlap on TEs (bp) | 1,081,702 bp
HMR coverage/overlap on genes 121,932 bp

(bp)
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Table S2.3 Number of methylated genes and distribution of methylation over genes.

Methylated genes 326
Genes methylated on exons (May extend to introns) | 217
Genes methylated on introns (exclusively on introns) | 3
Genes methylated in 500 bp upstream region 77
Genes methylated at 5'-end (20% by gene length) 11
Compl ete/high methylation 23
Genes methylated in middle (60% by gene length) 171
Genes methylated at 3'-end (20% by gene length) 14
Genes methylated in 500 bp downstream region 30
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Table S2.4 Distribution of total and methylated genes from groups of different origin
according tother R value.

Gene R>12 R<12 Number of Number of Total
categor methylated methylated enes
egory (Total genes | (Total genes= y. y . g
geneswithR< | geneswith
=7112) 703)
12 R>12
Bacterial 397 35 1 8 571
genes
Eukaryotic 2417 311 12 76 2777
core
genes
Diatom 900 89 5 24 1005
specific
genes
Pt specific 2462 170 5 84 2664
Genes
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2.8.2 Detailed M ethods
Culture conditions

Cultures of P. tricornutum Bohlin clone Pt1 8.6 (CCMP2561) were obtained from the
Provasoli-Guillard National Center for Culture of Marine Phytoplankton, Bigelow Laboratory
for Ocean Sciences, USA. Cultures were grown in f/2 medium (2) made with 0.2-um-filtered
and autoclaved local seawater supplemented with f/2 vitamins and inorganic filter sterilized
nutrients. Cultures were incubated at 19°C under cool white fluorescent lights at
approximately 75 pmol.m-2.s-1 in 12h light: 12h dark conditions and maintained in
exponential phase in semicontinuous batch cultures. Sterility was monitored by occasional

inoculation into peptone-enriched mediato assess the presence of bacteria (3).
DNA preparation for hybridization (Window McrBC Restriction)

Genomic DNA from three P. tricornutum cultures (biological replicates) was sonicated to an
average size of 600 nt using the Bioruptor sonicator (UCD-200, Diagenode). After size-
separation by gel eectrophoresis, the gel window corresponding to the 500-700 nt DNA
fragments was excised and DNA was recovered using QIAquick Gel Extraction kit. A total of
200 ng of size-filtered DNA was incubated overnight at 37°C in areaction containing 10 units
of McrBC enzyme (New England Biolabs), 1x McrBC buffer, 3 mM GTP, 300 ng/ml BSA,
and water. In negative controls, GTP, which is the co-factor required for McrBC activity, was
replaced by water. McrBC was then inactivated by heating the reactions for 20 minutes at
65°C. After size-separation by gel electrophoresis, DNA contained in the 500-700 nt gel
window was recovered using QIAquick Gel Extraction kit. The efficiency and specificity of
DNA digestion by McrBC was verified by semi-quantitative PCR by assessing the amount of
DNA from PtC13 CoDi element and from the histone H4 gene which appeared unmethylated
in al our set up experiments. For each replicate, we observed a significant and similar
exclusion of methylated DNA in the samples compared to negative controls.

Primers: PtC13_Fw 5" TTG-CAA-ATT-TTC-AGC-AGC-AC 3' and PtC13 Rev 5 AGA-
AGG-CTG-GGA-CAC-AGA-GA 3; H4_Fw 5 AGG-TCC-TTC-GCG-ACA-ATA-TC 3 and
H4_Rev 5' ACG-GAA-TCA-CGA-ATG-ACG-TT 3.
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Sample preparation and microarray hybridization

This protocol was performed according to Lippman et a. (4). Ten nanograms of (+/-) McrBC
treated DNA were amplified using Sigma's WGA kit (St. Louis, MO). Three amplification
reactions with and without GTP were performed in parallel and purified using Microcon Y M-

10 Columns (Millipore, Bedford, MA). One and half micrograms of amplified material were
used for amplification and labeling with fluorescent dyes, Cy3 and Cy5, (GE HedthCare, UK)
following NimbleGen’s “NimbleChip Arrays User's Guide: DNA Methylation Analysisv2.0”

(Roche NimbleGen, Germany). Microarray hybridization and washing were performed
according to the NimbleGen "DNA Methylation Analysis v2.0” User Guide. Each array was
scanned on the Axon4000B Scanner (Molecular Devices, Sunnyvale, CA) at 2 and 5 micron
resolution. NimbleGen 2.1M Phaedoctylum tricornutum tiling arrays were designed based on
the JGI Phatr2 genome. A total of 2.1 million probes are represented on this array.

NimbleGen provided design and probe annotation.

Experimental validation

To test the sensitivity and validity of our WMR-chip and analysis pipeline, bisulfite-DNA
sequencing was performed on 28 loci, genes and TEs included (Supplementary Table 1).
Axenic P. tricornutum (CCMP632) cells were grown as described above. Genomic DNA was
extracted as described previously (5) and sonicated for 7 cycles (20 seconds on and 30
seconds off) using a Bioruptor (UCD-200, Diagenode) to generate fragments between 500 and
1000 bp. EZ DNAMethylation-Direct™ Kit (ZYMO RESEARCH) was used to do bisulfite
treatment. 200-500 ng of DNA in 20 ul water was added to 130 ul CT-conversion reagent
solution. Samples were incubated in a thermal cycler performing 98 °C for 8 minutes, 64 °C
for 3.5 hours and 4 °C storage for up to 20 hours. The samples were purified on columns
using a series of buffers provided by the manufacturer. ZymoTag™ PreMix (ZYMO
RESEARCH) was used to amplify bisulfite-treated DNA. Primers for PCR were designed by
on-line software Methprimer (http://www.urogene.org/methprimer/index1.html). After gel
purification, PCR products were cloned into pPGEM-T Easy Vector system (Promega ref:
A1360) and sequenced. To confirm consistency, 10 clones were selected for each target
sequence for sequencing. The sequences were analyzed by on-line software CYMATE
(http://www.cymate.org).

100|Page


http://www.cymate.org/�

Chapter II

RNA-seq preparation

P. tricornutum clone Pt1 8.6 cells were harvested at exponential phase and total RNA was
extracted as described previoudly (5). 1 pug of total RNA was used for first strand cDNA
synthesis followed by double strand cDNA using Mint Universal Kit from Evrogen (SK002).
Double stranded DNA quality was monitored using agarose gels. cDNA was used for non-
directiona cloning and cDNA library construction for Illumina sequencing by Beckman
Coulter Genomics. Sequencing was performed with a read length of 75 bp and sequencing
coverage of 1.5 Gb.

Identification of methylated regions, distribution and expression analysis

Statistically significant probe bound regions (ChlP-enriched genomic regions) were detected
using the RINGO (6) in R Bioconductor package. A cut-off P-value of 0.02 was set for
normalization. Boundaries for methylated regions were defined as those with a minimum of
three enriched overlapping enriched probes, using a moving window of 50 bp. Using
TileHMM (7) and a hierarchical mixture model method using JAMIE (8) with an FDR value
of 2% and 50 bp peak conditions yielded similar results (90 % agreement), although the
boundaries differed by a few nucleotides. We found at least 98,080 enriched probes, which
amounts to 4.5 % of probes covered. Normalization on the three biological replicates yielded
robust consistency which was statistically validated using a Student t-test and showed a
Pearson R-value between 0.92 — 0.93 (Figs. S10, S11). Functional analyses were done using
GOSlim, GOEAST (9) and iPATH2 (10). Expression correlations with methylation were
done using R-values derived from the EST sequences (1) and cDNA sequence data. Single-
end Illumina reads (36 bp) from cDNA sequence data were mapped to the genome (PhatrV2
JGI) using TopHat v.1.1.3 (11). Relative abundances of transcripts were measured as
Fragments Per Kilobase of exon per Million fragments mapped (FPKM) using Cufflinks (12).
Data processing, analysis, and plotting were done using Python, R/Bioconductor, and
CIRCOS (13). A genome browser based on Gbrowse is available to explore this methylome
data (http://ptepi.biologie.ens.fr/cgi-bin/gbrowse/Pt_Epigenome).
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Histone modifications constitute one of maor epigenetic phenomena and thus play key roles
in chromatin-level regulation in eukaryotes. A growing list of histone modifications is being
described and the complexity of their functionsis being explored. However, investigations on
histone modifications are limited to only a few model species. Diatoms are thought to be the
most successful group of eukaryotic phytoplankton in the modern ocean. The ability of
diatoms to adapt rapidly to different environments implies not only DNA sequence-based
regulation but also more reversible and flexible epigenetic changes. Studies on diatom
epigenomes can therefore enhance our understanding of the mechanisms underlying diatom
adaptation to the environment. Herein we report an epigenome map based on three histone
modification marks (H3 lysine4 dimethyl, H3 lysine 9 dimethyl and H3 lysine 27 trimethyl)
combined with genome wide DNA methylation, small RNA, and expression profile from a
Stramenopile, the model diatom Phaodactylum tricornutum. We find that H3K4me2 is mainly
associated with genes while both H3K9me2 and H3K27me3 target mostly transposable
elements (TES). The distribution of H3K27me3 is unusual and different from that profiled in
other speciesin that it is mainly associated with TEs rather than genes. We also report that the
genes marked by H3K27me3 tend to be lowly and differentially expressed. Furthermore, we
find that H3K27me3 and H3K9me2 tend to co-mark not only methylated TEs but also heavily
methylated genes, which appears to be important for maintaining the silencing of
differentially expressed genes. The combinatoria analysis of different histone marks and
DNA methylation in P. tricornutum provides an overview of diatom chromatin landscapes,

and will help to define conserved structural and functional features.
3.2 Introduction

All genomes exert their functions in the context of chromatin. In eukaryotic organisms,
nucleosomes constitute the basic unit of chromatin. They are composed of 146 bp of DNA
and a histone core, which is an octamer consisting of two copies each of histones H2A, H2B,
H3 and H4. Besides DNA that can be methylated, the residues of al histone proteins can be
subject to different modifications, particularly their amino (N) terminal tails. So far more than
60 post-translational modifications have been detected (Bannister & Kouzarides, 2011). DNA
methylation and histone modification are two major components of epigenetics, defined as the
study of heritable changes other than changes in the underlying DNA sequence. The sum
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information of genome wide distribution of DNA methylation and histone modifications is
termed the epigenome. Different epigenetic marks and different combinations of them
regulate transcription and other aspects of genome dynamics.

Profiling epigenomes from different organisms has deciphered how genomes are organized
and regulated by different epigenetic marks (Bernstein, Meissner, & Lander, 2007; Liu et a.,
2011; Millar & Grunstein, 2006; Rugg-Gunn, Cox, Ralston, & Rossant, 2010; Schibeler et al.,
2004; Sinha, Wirén, & Ekwall, 2006; Wang, Schones, & Zhao, 2009; Zhao & Zhou, 2012;
Zhou, Goren, & Bernstein, 2011; van Leeuwen & van Steensel, 2005). For multicellular
organisms, the comparison of epigenomes at different stages during development has revealed
the roles of epigenetic marks in cell differentiation and development (Lafos et al., 2011;
Rugg-Gunn et a., 2010).

Diatoms are believed to be the most successful, abundant and diverse eukaryotic unicellular
organisms in the modern oceans. They play vital roles in global ecosystems by contributing
around 20% of global primary production. Phaeodactylum tricornutum is one of the two
diatoms with a completed genome sequence and has been used as a model diatom species for
decades, with established gene manipulation assays and molecular resources (De Riso et a.,
2009; Maheswari et al., 2010; Siaut et al., 2007). Analysis of the P. tricornutum genome has
revealed that the genome contains genes of different origins such as from red algae, green
algae and bacteria, which have been obtained by endosymbiotic gene transfer and horizontal
gene transfer (Bowler et a., 2008).

Besides genetic regulation, it has been proposed that reversible and flexible epigenetic
mechanisms may aso contribute to the ecological success of diatoms in a dynamic oceanic
environment (Tirichine & Bowler, 2011). Another interesting question is to compare diatom
epigenomes with those of other species to explore the origin and evolution of epigenetic
regulation in eukaryotes. Epigenetic studies in model species such as the higher plant
Arabidopsis thaliana, the fruit fly Drosophila melanogaster, the worm Caenorhabditis
elegans, the budding yeast Saccharomyces cerevisiae, mouse and human have reveaed the
importance of epigenetic regulation in awide range of biological processes (Ernst et al., 2011,
Filion et al., 2010; Hawkins et a., 2010; Kharchenko et a., 2011; T. Liu et ., 2011; Marks et
a., 2012; Millar & Grunstein, 2006; Roudier et al., 2011a).
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Genome wide DNA methylation profiling of P. tricornutum based on McrBC-ChlIP revealed
that DNA methylation is low, with relatively extensive TE DNA methylation but only a few
methylated genes that are strongly differentially expressed (Chapter 11). Here, | continued to
explore the epigenome of P. tricornutum by Illumina/Solexa sequencing after conducting
chromatin immunoprecipitation (ChlP) using antibodies that target specific histone
modifications (H3K4me2, H3K9me2 and H3K27me3). These three histone marks were
chosen because they were shown in previous studies to be associated with distinct
transcriptional activities and annotation features in other model species: H3K4me2 is mainly
associated with genes; H3K9me2 is mainly associated with TEs and H3K27me3 is associated
with repressed genes (Bessler, Andersen, & Villeneuve, 2010; Hawkins et al., 2010; Lafos et
al., 2011; Lienert et al., 2011; T. Liu et al., 2011; Pauler et a., 2009a; Xiaoyu Zhang et a.,
2007a; J. Zhou et a., 2010).

In order to investigate the correlations between histone modifications and gene expression, |
further profiled gene expression patterns by sequencing cDNA synthesized from mRNA using
[llumina sequencing (RNA-seq). In this chapter | describe an integrated genome-wide
analysis of these three histone modifications and gene expression combined with previously
published DNA methylation. The combinations of epigenetic marks studied here are distinct
from those found in other organisms; in particular H3K27me3 has a novel distribution in P.

tricornutum compared to what has been observed in other organisms.
3.3 Results

3.3.1 Identification of genomic regions associated with H3K 4me2, H3K 9me2 and
H3K27me3

The genera objective of this study was to generate epigenomic maps for P. tricornutum from
the histone marks H3K4me2, H3K9me2 and H3K27me3 using chromatin extracted from cells
in exponential phase followed by immunoprecipitation and high throughput Illumina
sequencing (ChlP-seq). The peptide competition assay to test the specificity of antibodies for
H3K4me2 (Millipore ref: 07-030) and H3K27me3 (Millipore ref: 07-449) in P. tricornutum
was found to be satisfactory (Figure 3.1). No cross-reactivity was detected between
H3K4me2 antibody and peptide H3K4mel or peptide H3K4me3. The H3K27me3 antibody

also did not show cross-reactivity with H3K27me2 nor H3K27mel peptides. On the other
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hand, the H3K9me2 antibody (Millipore ref: 17-648) did show some cross reactivity with
H3K9me3, athough this particular antibody showed better results among H3K9me2
antibodies that were tested.
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Figure 3.1 The peptide competition assay using H3K4me2, H3K9me2, H3K27me3
antibody in P. tricornutum. Different ratios of antibody and peptide have been tested. Mono,

Di and Tri-methylated peptides were used in different ratios as indicated. Western blot

detection results were demonstrated here when the antibody was saturated by the peptide. The

loading control is H4.

The ChIP-Seq resulted in 37,546,690 reads, 36,329,249 reads, 35,973,625 reads and
38,202,621 reads respectivelyfrom H3K4me2, H3K9me2, H3K27me3 and input control,

112 |Page




Chapter III

respectively. The average read length was 36 bp. The quality of sequencing was checked and
filtering of raw reads performed by discarding reads with more than 2 bases with Phred
Quality score of 30. Duplicate reads, i.e., reads mapping to the same genomic regions were
avoided. ChIP-Seq peak signas identification using SICER resulted in 9,748 H3K4me2
modified domains covering 7,269,800 bp, 1,991 H3K9me2 modified domains covering
4,947,800 bp, and 865 H3K27me3 modified domains covering 2,903,600 bp (Figure 3.2A).
The number of domains modified by H3K4me2 was therefore much higher than H3K9me2
and H3K27me3. The length of H3K9me2 (up to 20 kb) and H3K27me3 (up to and even
longer than 20 kb) modified domains was significantly longer than that of H3K4me2 (most of
them are less than 2 kb) (SuppFigure 3.1).

About half of the genome was marked by these histone modifications. H3K4me2, H3K9me2
and H3K27me3 marked regions covered 27.8%, 18.9% and 11.1% of the genome,
respectively. Nearly half of the regions marked by H3K27me3 overlapped with H3K9me2.
H3K4me2 marked regions dlightly overlapped with H3K27me3 and H3K9me2 marked
regions (Figure 3.2B). It is worth noting that 13.4% of H3K4me2 modified domains lie
within intergenic regions. Beside this, for al three histone marks, based on the number of
modified domains it seems that there are more enriched domains within genic regions than on
TEs (Figure 3.2C). A systematic analysis of the locations of H3K4me2 marked regions
revealed a very significant correlation between H3K4me2 and the presence of annotated
genes. 81.94% of annotated genes (7,896 out of 9,636 total genes) were found to be associated
with H3K4me2 while only 605 TEs (out of 3,493 TEs in total) were marked with H3K4me2.
In stark contrast with H3K4me2, H3K9me2 was found associated principally with annotated
TEs. A total of 1,350 (38.7%) of TEs were found to be marked with H3K9me2 while 1,350
genes were marked by it. Compared to H3K9me2, H3K27me3 was found to be even more
highly enriched on TEs. 41% of annotated TEs (1,441 out of 3,493 TEs in total) were
associated with H3K27me3 while only 586 annotated genes were marked with it.

The positive association between H3K4me2 and genes has been observed in plants, C.
elegans, Drosophila and mammals (T. Liu et al., 2011; Pekowska, Benoukraf, Ferrier, &
Spicuglia, 2010; Roudier et a., 2011a; Yin, Sweeney, Raha, Snyder, & Lin, 2011). H3K9me2
has been found mainly associated with TEs in heterochromatic regions in different organisms.
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In A. thaliana H3K9me2 is associated with constitutive heterochromatin, transposons, repeat
elements and involved in silencing of transposon activity (Lippman et al. 2004; Turck et al.
2007) (Bernstein et a., 2007; Brykczynska et al., 2010; Filion et al., 2010; X. Li et al., 2008;
T. Liu et a., 2011; Roudier et a., 2011b; Wang et al., 2009; Xiaoyu Zhang, Bernatavichute,
Cokus, Pdlegrini, & Jacobsen, 2009). Furthermore, the distribution pattern of H3K27me3 on
annotated featuresis distinct from that found in other organisms that have been profiled so far.
In A. thaliana, C. elegans, Drosophila and mammals, H3K27me3 mainly correlates with

genes not TEs, in P. tricornutum it significantly associates with TEs (Figure 3.2D).

A representative genomic region of chromosome 8 is shown in Figure 3.3 to demonstrate the
general distribution of these three histone marks. To validate the ChiP-seq results, |
performed ChIP-gPCRpcr on a random collection of genomic loci including TEs and genes
(Sup Table 3.1). This approach successfully validated most of the selected loci (82.4% for
H3K4me2, 77.3% for H3K9me2 and 100% for H3K 27me3).
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Figure 3.2 A. ChlP-seq signal peaks distribution for H3K4me2, H3K9me2, and
H3K27me3 in base pairs. B. Distribution of Peak interval over the gene, transposable
elements and intergenic regions. C. Venn diagram represents the number of peaks from each
mark overlapping with the other. One interval can overlap with multiple interval of the other.
Each number within the Venn diagram is exclusive. Peak distribution for each mark is
calculated from the overlap between ChiP-seq mark and the gene or transposon using Peak
Annotator. D. Number of genome features (Genes and Transposable elements) marked by
these three histone marks. Percentage was derived using the known genome feature

annotations.
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Figure 3.3 A snapshot of 20 kb region of chromosome8 of P. tricornutum epigenomic
browser. Average tag density is the number of reads. The H3K4me2 modification is found
heavily on genes. Note the H3K27me3 and H3K9me2 marked genes are also heavily
methylated and lack H3K4me2. H3K4me2 and H3K27me3 are antagonistic and mutually

exclusive on most genomic regions.

116 |Page



Chapter III

3.3.2 Genome wide distribution of H3K4me2, H3K9me2 and H3K 27me3 on genes

To investigate the enriched pattern of each histone modification on genes, we examined the
average enrichment of H3K4me2, H3K9me2 and H3K27me3 on genes within the upstream
500 bp of coding sequence (CDYS), the entire CDS, and the downstream 500 bp from the CDS.
The enrichment of H3K4me2 significantly peaks near the 5'end of the CDS (Figure 3.4A).
The peaks of H3K27me3 and H3K9me2 enrichment lie more in the middle of the transcribed
regions and are not as sharp as H3K4me2. Enrichment of H3K9me2 and H3K27me3 in the
flanking regions is almost even. H3K9me2 and H3K27me3 did not show any tendency to

mark on preferentially longer or shorter genes (Figure 3.4B).

To explore the relationship between gene expression and each of these histone marks, cDNA
from P. tricornutum cells grown in the same conditions as were used for the ChlP-seq
experiments was generated and sequenced (RNA-seq). Based on comparison of RNA-seq and
ChlP-seq data the influence of various combinations of epigenetic marks on the mRNA levels
of different genes was assessed genome wide. The genes marked by H3K4me2 show the
highest average expression levels and the largest variation in expression (Figure 3.5A).
Strikingly, genes marked by H3K27me3 displayed the lowest gene expression level,
indicating that H3K27me3 associates with repressed genes in P. tricornutum, consistent with
previous studies in other organisms (Lafos et a., 2011; Young et al., 2011; Xiaoyu Zhang et
al., 2007a). To some extent, H3K9me2 also displays a moderate repressing effect on genes.
Generaly the genes marked by H3K9me2 also have lower expression levels than the genes
marked by H3K4me2 but it is not as significant as with H3K27me3. Genes marked by
H3K4me2 shows at the mid position shows higher expression level, while H3K9me2,
H3K27me3 marks within the gene-body correlated with reduced represses expression
(Figure 3.5B). Taken together these observations suggest that H3K4me2 is the general mark
for expressed genes, whereas H3K27me3 and H3K9me2 appear to associate with repressed

genes.

We further examined whether there are correlations between any of these histone
modifications and differential gene expression. The degree of differentia expression of P.
tricornutum genes across 16 cDNA libraries was previously estimated by calculating the

statistical significance of differential mRNA levels in specific conditions compared with a
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random distribution (Maheswari et al., 2009). R-values indicate the degree of differentia
expression: constitutively expressed genes have low R-vaues while genes significantly over-
represented in specific growth conditions (i.e., differentially expressed) have high R-values.
We found that genes marked by H3K27me3 have significantly increased R-values compared
to other groups of genes (Figure 3.5C). Conversely, genes marked with H3K9me2 also show
increased R-values abeit not as significant as H3K27me3. These observations indicate that
genes marked by either H3K9me2 or H3K27me3, in particular H3K27me3, are under tighter

transcriptional control.

118 |Page



Chapter III

-]
X

-+ H3K4dme2
= H3K9me2
H3K27me3

-
o

Average tag density
[=}]

?

v wy H3K4me2 H3K9me2 H3K27me3

Valve

A

G

Transcribed region Transcribed region Transcribed region

Figure 3.4 A. Enrichment profile of H3K4me2, H3K9me2 and H3K27me3 along genes
(upstream 500bp, coding region, downstream 500bp). Average tag density is the number
of sequence reads per gene. A sharp rise in enrichment is seen in the flanking regions (both at
5" and 3' ends), which indicates genes nearby are marked by H3K4me2. B. Heat map of
enrichment peaks of H3K4me2, H3K9me2 and H3K27me3 within the coding sequence
region of different lengths of genes. G indicates the gene length. Even distributions of reads
along the gene start to end were seen in both H3K27me3 and H3K9me2, while H3Kme2
shows a sharp peak towardsthe 5" end.
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Figure 3.5 Expression profiles of genes marked by H3K4me2, H3K9me2, and
H3K27me3. Gene expression was quantified in standard growth conditions using RNA-seq
data. About 85 % of genes are expressed and quantified as fragments per kilobase of exons
per million reads mapped (FPKM). A. Genes that carry H3 K4 dimethylation labels achivrly
expressed genes while H3 K9 dimethylation and H3 K27 trimethylation, tend to mark genes

with inactive gene expression states. B. H3 Lysine-4 dimethylation of genes shows higher
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transcriptional activity, particularly genes with marking at the 200 bp mid position of coding
region. A similar but opposite trend was seen for genes with H3K9me2 or H3K27me3
modifications. C. Boxplots showing differential expression profiles of genes marked by
H3K4me2, H3K9me2, and H3K27me3. Genes with R-values below 12 are considered to be
constitutively expressed.
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To explore whether certain histone modifications correlate with particular gene orthologies,
we analyzed the distribution of H3K4me2, H3K9me2 and H3K 27me3 marked genes based on
the orthology classification described by Bowler et a 2008 and Maheswari et a 2010 (P.
tricornutum specific, diatom specific, or predicted to have been acquired from bacteria by
horizontal gene transfer). Genes marked by these three histone modification marks appeared
to be distributed evenly among genes belonging to these different orthologous groups (Supp
Figure 3.2). This same genera phenomenon was observed previously for genes displaying
DNA methylation (Chapter I1).

To investigate the functions of genes marked with specific histone modifications, we
performed a gene ontology (GO) analysis to assess whether they are enriched in certain
functional categories. The genes marked by H3K4me2 and one of the other two histone marks
(7,896; 81.9% of annotated genes) are enriched in oxidoreductase activity GO category while
the genes only marked by H3K4me2 (6,047; 62.8% of annotated genes) are enriched in
structural constituent of ribosome GO category. The genes marked by H3K9me2 and one of
the other histone marks (2,475; 25.7% of annotated genes) are enriched in hydrolase, ATPase,
inorganic cation transmembrane transport, nucleoside tri-phosphatase activity, helicases, and
structural constituent of cytoskeleton GO categories, while the functions of the genes only
marked by H3K9me2 (218; 2.3% of annotated genes) was found to mark genes with functions
similar to that marked by H3K27me3. The genes marked by H3K27me3 (586; 6.1% of
annotated genes) and H3K9me2 are enriched in ATP binding, helicase, glucosidase activity
while the genes marked by H3K27me3 aone (113; 1.2% of annotated genes) are enriched in
protein kinase activity, CAMP dependent protein kinase, phosphotransferase and Diamine N-

acetyl transferase GO caterogies (Supp Figure 3.3).

Because H3K4me2 is enriched on genes, its genome wide profile can help us to improve gene
annotation. The analyses of RNA-seq data and genome wide H3K4me2 distribution have
confirmed most of the predicted genes, and also revealed some novel genes. Based on current
gene annotations of the P. tricornutum genome, 7,896 out of 10,402 genes are marked by
H3K4me2, while 1,304 H3K4me2 enriched domains were detected within intergenic regions.
The H3K4me2 enriched domains in intergenic regions are potential genes which have been
missed by gene prediction. Separately, RNA-seq expression profiling showed that 721 novel
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genes appear in the “intergenic regions’ (Supp Figure 3.4A). We further investigated the
novel gene regions that were overlapping between RNA-seq and H3K4me2 enriched genes.
Potentially 493 genes were detected and annotated (Supp Figure 3.4B).

3.3.3 Genome widedistribution of H3K4me2, H3K9me2 and H3K27me3 on TEs

The P. tricornutum TEs contain Class | elements including LTR-RTs (Copia), relics of non
LTR-RT retrotransposon-like elements (RTE), and a few copies of Class Il transposons
including Piggybac, Tpase-like, and MuDR-like elements. Among them, 1,350 TEs (38.7%)
and 1,441 TEs (41.3%) were found marked by H3K9me2 and H3K27me3, respectively.
Among these marked TEs, most of them belong to Copia type: 1040 Copia TEs and 1,173
Copia TEs were found marked by H3K9me2 and H3K27me3, respectively (Figure 3.6). As
for H3K4me2, only 605 TEs are marked by it and most of them are simple repeats (n=322).
Overdl, a significant fraction of potentially active Copia TEs were found associated with
H3K9m2 and H3K27me3 which implies that these marks may regulate the activation of TEs,
especialy Copia type TEs which have recently amplified in the genome in P. tricornutum
(Maumus et al., 2009a).
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Figure 3.6 Different groups of TEs marked by H3K4me2, H3K9me2 and H3K27me3.
About 41% of the transposable elements annotated in P. tricornutum are marked by
H3K27me3, particularly Copia type elements which are well annotated unlike other TEs. A
similar proportion (1,350 TEs, i.e., around 39%) of TE groups is seen in H3K9me2 marked

transposable elements.
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3.3.4 Combinatorial marking of H3K4me2, H3K9me2 and H3K 27me3 on the same

genomic regions

The 2% = 8 theoretically possible combinations were all observed in P. tricornutum (Figure
3.7A). The PCA analysis of histone modification marks show that H3K9me2 and H3K27me3
are highly correlated (Figure 3.7B) because the regions marked by them are highly
overlapping. Among 865 H3K27me3 marked domains, 749 were found to overlap with 777
H3K9me2 marked domains (the total number of domains marked by H3K9me2 is 1,991). The
regions marked by both H3K9me2 and H3K27me3 contain 182 genes and 942 TEs. Most
H3K4me2 modified regions are H3K4me2 unique regions (7,862 domains out of 9,748
domains). We aso observed that a fraction of H3K9me2 marked genes overlap with
H3K4me2: 1,224 H3K4me2 marked domains were found to overlap with 888 H3K9me2
marked regions, comprising 1,260 genes and 43 TEs. Considering the possible cross reactivity
of H3K9me2 antibody with H3K9me3 epitopes in P. tricornutum, a fraction of the genes
marked by H3K9me2 may in fact correspond to marking with H3K9me3. Regions marked by
al three H3K4me2, H3K9me2 and H3K27me3 marks were aso identified, corresponding to
360 genesand 273 TEs.
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Figure 3.7 Combinatorial localization patterns of the three chromatin marks and DNA
methylation. A. A significant number of DNA methylated genomic features are associated
with both H3K27me3 and H3K9me2. B. PCA analysis showing that H3K9me2 and
H3K27me3 co-occur in most genomic features. Also seen in the plot are the orthologous gene

groups which do not correlate with any particular histone modification.
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3.3.5 Combinatorial effect of histone modificationsand DNA methylation on gene

expression

The correlation between different histone marks and DNA methylation was a so investigated.
DNA methylation data was generated by McrBC-ChIP (Chapter 11). The regions which were
identified as being co-marked by H3K9me2, H3K27me3 and DNA methylation contain 721
TEs (942 TEs were found co-marked by H3K9me2 and H3K27me3) which indicated that the
TE regions marked by both H3K9me2 and H3K27me3 aso highly overlap with DNA
methylation modified regions. Combinatorial analysis of DNA methylation, H3K9me2 and
H3K27me3 on TEs also showed that most methylated TEs tend to be co-marked by
H3K27me3 and H3K9me2 (Figure 3.8). Compared to H3K9me2, DNA methylation is
however more associated with H3K27me3. In A. thaliana, the correlation of H3K9me2 and
DNA methylation in a CHG context has been observed (Bernatavichute, Zhang, Cokus,
Pellegrini, & Jacobsen, 2008). Here only 6 genes and 9 TEs were found in the regions marked
by DNA methylation and H3K9me2, demonstrating that the direct correlation between
H3K9me2 and DNA methylation found in A. thaliana does not exist in P. tricornutum.

| further investigated the association of DNA methylation patterns on genes and histone
modifications. Interestingly, most of the heavily and completely methylated genes were found
to be marked by both H3K9me2 and H3K 27me3. For the other categories of methylated genes,
such a preference was not detected. The methylated genes only marked by H3K27me3 were
found to belong to just three categories. 5 end methylated genes, gene body methylated genes
(middle of genes) and completely methylated genes, while methylated genes only marked by
H3K9me2 were not found (Figure 3.9). Only heavily methylated genes tend to be co-marked
by H3K27me3 and H3K9me2 while other groups of methylated genes (500bp upstream, 5’

end, gene body, 3’ end and 500bp downstream) do not display any particular patterns.

For the methylated TEs, it appears that DNA methylation tends to be excluded from ssimple
repeats. Otherwise there is no obvious preference on particular groups of TEs. It is obvious
that the cross-talk mechanisms of DNA methylation and H3K27me3 in P. tricornutum are
different from what have been described in multicellular organisms. Overadl, not only
methylated TEs but also the heavily methylated genes tend to be co-modified by H3K9me2
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and H3K27me3. It is interesting that these heavily methylated genes appear to be important
for maintaining the silencing of differentially expressed genes (Chapter I1).
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Figure 3.8 Association pattern of DNA methylation and three different histone marks
(H3K4me2, H3K9me2 and H3K27me3) on different classes of TEs. Second and fourth
rows show a significant level of deposition of H3K9me2 on methylated TEs and H3K27me3
on methylated elements. Tendency of H3K9me2 and H3K27me3 to co-mark on a similar

proportion of al groups of methylated TE is clearly seen in the sixth row.
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Figure 3.9 Combination of histone modification marks H3K4me2, H3K9me2 and
H3K27me3 on different classes of methylated genes. Methylated genes are grouped
according to their localization along the gene or upstream or downstream of the gene. A.
Heavily methylated genes are co-marked by both H3K9me2 and H3K9me3. B. Non-
overlapping histone modification pattern showing most methylated genes are co-marked by
H3K9me2 and H3K27me3. This trend is observed in other genomic features. C. Among the
25 heavily methylated or completely methylated genes, most of them are acquired by
H3K9me2 and H3K27me3. These heavily methylated genes are shown correlated to
repression of gene expression. A combination of H3K9me2 and H3K9me3 could repress or
differentially express such genes. In the first three coloums, when a gene is marked by a
histone mark, whether it is aso marked by other histone marksis not considered. The last four

coloums demonstrate the combination of different histone marks on heavily methylated genes.
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3.4 Discussion

The work reorted here has led to the generation of an integrated epigenomic map of three
histone methylation marks together with transcriptiona outputs in the diatom model species P.
tricornutum. Combined with previous genome wide DNA methylation data, comprehensive
and combinatorial analyses revealed some conserved and some specific epigenetic featuresin

P. tricornutum which have not been observed in other organisms.
3.4.1 H3K4me2 mainly marksgenesin P. tricornutum

In P. tricornutum, H3K4me2 was found extensively associated with genes with large range of
expression, demonstrating that its distribution pattern is consistent with previous findings in
other organisms. Generally, H3K4me2 can be present on active genes as well as on poised
and inactive genes and is not influenced by expression level. In A. thaliana, H3K4me2 does
not appear to index genes in relation to their expression level and may not be directly
involved in transcriptional activation (Xiaoyu Zhang et al., 2009). In the yeast S. cerevisiae,
H3K4me2 is also present on both inactive and active euchromatic genes (Millar & Grunstein,
2006). In human cells, H3K4me?2 is associated with genes independently of their expression
level suggesting its implication in fine tuning of tissue-specific gene expression (Pekowska et
a., 2010).

In P. tricornutum, the enrichment of H3K4me2 on genes peaks in the gene body and is
slightly skewed towards the transcription start site. Enrichment for H3K4me2 within gene
bodies is a characteristic trait of expressed genes in yeast (B. Li, Carey, & Workman, 2007).
In A. thaliana, H3K4me2 is also enriched within the gene body but the peak of enrichment is
very near to the transcription start site (Roudier et a., 2011a). In human CD4+ T cdlls, five
enrichment profiles of H3K4me2 have been identified. The genes with high levels of
H3K4me2 within the gene body were characterized as a subset of tissue-specific genes
(Pekowska et a., 2010).. The enrichment profile of these genes is therefore similar with that

found in P. tricornutum.

Because H3K4me2 is the mark for both active and inactive genes, analysis of H3K4me2
modified genomic regions can help us to improve P. tricornutum genome annotation. Indeed,
analyses of H3K4me2 distribution combined with RNA-seq expression data identified 493
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novel genesin P. tricornutum which proves that epigenetic studies can be useful for aiding in
improvement of genome annotation. 562 genes are not expressed and not marked by
H3K4me2. Carrying out genome wide analysis of other histone marks such as H3K36me3,
which iswell documented to be associated with transcribed regions (Kolasinska-zwierz et al.,
2009) can further improve gene annotation in the future. Another good candidate is H3K4me3.
It is known that H3K4me3 is a general mark for active genes in plants and mammals
accumulating predominantly on promoter regions (Guenther, Levine, Boyer, Jaenisch, &
Young, 2007; Xiaoyu Zhang et a., 2009). ChiP-seq with H3K4me3 in P. tricornutum will
probably bring new insights into the correlation between chromatin states and gene regulation

and help to refine genome annotation and gene expression analyses.
3.4.2 H3K9me2 mainly marks TEsin P. tricornutum

In P. tricornutum, H3K9me2 was found mainly associated with TEs which is consistent with
what has been observed in plants and animals where this mark has been profiled. H3K9me2 is
a hallmark for repressive heterochromatin mainly enriched in TEs in different organisms
(Ernst et al., 2011; Filion et al., 2010; T. Liu et a., 2011; Roudier et al., 2011b). In P.
tricornutum, the genes marked by H3K9me2 have lower expression levels compared to the
ones marked by H3K4me2 which indicates that H3K9me2 is associated with gene silencing, a
notion which is also consistent with previous studies (Roudier, Ahmed, Bérard, Sarazin,
Mary-Huard, Cortijo, Bouyer, Caillieux, Duvernois-Berthet, Al-Shikhley, Giraut, Després,
Drevensek, Barneche, Derozier, Brunaud, Aubourg, Schnittger, Bowler, Martin-Magniette,
Robin, Caboche, & Colot, 2011b; J. Zhou et a., 2010; J. Zhou et al., 2010). However, the
gene repression effect caused by H3K9me2 modification on genes is not as significant as
H3K27me3. Furthermore, the profile of H3K9me2 should be taken with caution considering
the eventual cross reactivity of the antibody used. Thus, the enrichment of H3K9me2 in this
study might be partly due to H3K9me3 modified regions. In A. thaliana, H3K9me3 tends to
mark highly expressed genes not TEs. H3K9me2 associated genes appear generaly to be
repressed in P. tricornutum. If we believe that a subset of genes marked by H3K9me2 is due
to cross activity of H3K9me3 which is associated with active genes like in A. thaliana, we
therefore cannot explain the fact that H3K9me2 marked genes in our study are moderately
repressed genes. In C. elegans and human, H3K9me2 and H3K9me3 tend to appear together
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in repressive heterochromatic regions (T. Liu et al., 2011; Wang et al., 2009). In our study, the
regions marked by H3K9me2 do not contain a large percentage of genes which implies that
the distribution of H3K9me2 and H3K9me3 in P. tricornutum may resemble that in animals.
The observed overlap in the mapping of the two marks, presumably due to a spatial proximity
of the two epitopes in the P. tricornutum genome, needs to be further investigated to
distinguish the regions that are truly marked by one or the other modifications. It is however
important to keep in mind the possible occurrence of two marks on the same locus or region.

The above hypothesis has to be proven by carrying out H3K9me3 ChlP-seq in P. tricornutum,

Based on the current genome assembly, there are 33 chromosomes or scaffolds that are
identified in P. tricornutum. However, among 33 chromosomes only 12 are “rea
chromosomes’ containing two telomeric regions at either end. Based on known features of
centromeric regions in other organisms such as characteristic sequences and motifs, the
centromeres could not be identified in P. tricornutum. TEs are amost randomly distributed
and not concentrated in particular segments of the chromosome which would have given an
indication for the presence of centromeres. Research in yeast also showed that H3K9me2 is
enriched in peri-centromeric heterochromatic regions but absent in centromeres (Sinha et a.,
2006). In A. thaliana, H3K9me2 was found to be localized in the heterochromatic knob
region of chromosome 4 (Lippman et al, 2004) and it showed a higher than average level in
pericentromeric/centromeric regions (Bernatavichute et al., 2008). If thisis aso the casein P.
tricornutum, it can help us to identify peri-centromeric and heterochromatic regions in P.
tricornutum. However, this study has shown that H3K9me2 enriched regions are amost

randomly distributed along chromosomes (data not shown).
3.4.3 Thedistribution of H3K27me3 in P. tricornutum is unorthodox

H3K27me3 has been found associated with repressed genes and it plays a key role in cell
differentiation and development in both plants and animals (Roh, Cuddapah, Cui, & Zhao,
2006; Xiaoyu Zhang et al., 2007a; X. D. Zhao et al., 2007). In higher multicellular organisms,
H3K27me3 was found to target mainly genic regions and its presence is mainly associated
with gene silencing. In A. thaliana seedlings, more than 4,000 H3K27me3 targeted regions
are largely protein-coding genes, TEs being mostly excluded. In D. melanogaster, C. elegans
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and human cells, H3K27me3 is also found associated with repressed genes (Filion et al., 2010;
T. Liuet a., 2011; Roh et al., 2006).

To our surprise, in P. tricornutum H3K 27me3 predominantly deposits on TEs not genes. The
distribution of H3K27me3 in P. tricornutum therefore implies that the functions and
mechanisms of H3K27me3 in single celled diatoms may be different from multicellular
organisms. It is worth noting that a recent study showed that a high number of TEs were
found targeted by 15% of H3K27me3 in meristem cells which were not detected in leaves.
Furthermore, it was shown that H3K27me3 instead of DNA methylation regulates the
activation of these TEs in meristematic cells (Lafos et al., 2011). This result suggests the
functions of H3K27me3 are not confined to genes but also affect TEs. Since most H3K27me3
targets TEs in P. tricornutum, we can assume that it has a major function for TE regulation in
this organism. In the future, more genome wide profiles of H3K27me3 from other unicellular

organisms will help better understand its functions in single celled organisms.

Previoudly, it was believed that H3K27me3 does not exist in unicellular organisms because
H3K27me3 and its related proteins, Polycomb group proteins (PcG), were not detected in
model unicellular organisms such as budding yeast S. cerevisiae and Schizosaccharomyces
pombe. PcG represented by repressive complex 1 (PRC1) and 2 (PRC2) were initidly
discovered in D. melanogaster (Raphaél Margueron & Reinberg, 2011). PcG can catalyze H3
methylation and generate both H3K27me2 and H3K27me3. Together with H3K27me3
deposition, PcG plays vital roles in multicelluar development, stem cell biology and cancer
(Jeenisch & Young, 2008; Jones & Baylin, 2007; Lechner, Boshoff, & Beck, 2010;
Rajasekhar & Begemann, 2007). Analysis of the distribution of E(z) and other polycomb 2
(PRC2) components in eukaryotic organisms demonstrated that PRC2 is present in various
unicellular eukaryotes including another diatom species Thalasiossira pseudonana (Shaver,
Casas-Mollano, Cerny, & Ceruitti, 2010). In P. tricornutum the putative E(z) protein likely to
be responsible for catalyzing H3K27me3 could be found (Pt32817) as well as other putative
PRC2 components. This provides the genetic support for the existence of H3K27me3 in P.
tricornutum. It further supports the hypothesis that H3K27me3 existed in the last common

unicellular ancestor, but was lost at certain times during eukaryotic evolution, as exemplified
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by the cases of S. pombe and S. cerevisiae (Raphaél Margueron & Reinberg, 2011; Shaver et
al., 2010).

Like H3 lysine 4 and lysine9, lysine 27 can be either mono-, di- or tri-methylated. These three
histone states (H3K27mel, H3K27me2 and H3K27me3) have distinct distributions and
impacts on transcriptional activity. In A. thaliana, H3K27mel is prevaent over silent TESin
pericentromeric regions, where it is thought to prevent over-replication while H3K27me2 is
associated with H3K27me3 depositing on repressed genes as well as on TEs (Jacob, Stroud, et
a., 2010; Jacob, Feng, et a., 2010; Roudier et a., 2011b). In Drosophila, H3K27mel and
H3K27me2 are associated with euchromatin and heterochromatin. Here the question is
whether a big proportion of TEs marked by H3K27me3 in my study is due to the H3K27mel
and H3K27me2 epitopes affinity for the H3K27me3 antibody. The peptide competition assays
demonstrated that the H3K27me3 antibody | used has no cross-reactivity with H3K27mel
and H3K27me2 epitopes in P. tricornutum which indicates that the majority of TEs marked
by H3K27me3 are not likely due to crossreactivity of H3K27mel and H3K27me2.
Furthermore, H3K27me3 antibody doesn’'t have affinity to H3K27mel peptide as well as
H3K27me2 peptide in vitro. Though it is unlikely that H3K27me3 antibody can bind
H3K27mel and H3K27me2 epitopes in P. tricornutum even in the absence of H3K27me3
modification, it is still necessary to analyze histone modifications in P. tircornutum by mass
spectrometry to resolve this issue definitively. This work will provide information about the
number of existing histone modifications and their proportions in P. tricor nutumand will pave

the way for future epigenetic research in P. tricornutum..

On the other hand, even though H3K27me3 mainly marks TEs, the H3K27me3 modified
regions over large domains resemble the enriched profiles of H3K27me3 in animals.
H3K27me3 modified regions typicaly form broad domains including over multiple genes
(>5kb) in animals (Bernstein et a., 2006; Pauler et al., 2009b; Young et a., 2011). Recently,
another two types of enrichment profiles have been identified in Mouse C57BL/6 Bruce 4 (B4)
ES cells (MECSs): a peak of enrichment around the transcription start site (TSS) is commonly
associated with ‘bivalent’ genes, where H3K4me3 aso marks the TSS, and another surprising
enrichment profile with a peak in the promoter of genes that is associated with active
transcription (Young et al., 2011). In plants, the mark covers much shorter regions (typicaly
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<1kb) which tend to be restricted to the coding regions of single genes (Elling & Deng, 2009;
Xiaoyu Zhang et a., 2007b). Taken together, these observations suggest that the
establishment, spreading and maintenance of H3K27me3 are diverse in plants and animals.
For P. tricornutum, probably the H3K27me3 deposition and spreading mechanisms on TES

resemble those in animals on genes because both of them are over large domains.

Although H3K27me3 marked regions are mainly restricted to TEs, there is till a significant
subset of genes that are marked by H3K27me3. As expected, such genes have lower
expression levels. In particular, genes that are only marked by H3K27me3 have the lowest
expression levels compared to other groups, suggesting that H3K27me3 has a similar function
on gene repression in P. tricornutum as it does in animals and plants (Deal & Henikoff, 2010;
T. Liu et a., 2011; Oh, Park, & van Nocker, 2008; Turck et al., 2007; Xiaoyu Zhang €t .,
2007b). We aso found genes marked by H3K27me3 with a tendency to be differentially
expressed under specific conditions. In other words, H3K27me3 marked genes are more
responsive to external stimuli compared to other genes. In A. thaliana, it was also
demonstrated that H3K27me3 is dynamically regulated in response to developmenta or
environmental cues. H3K27me3 targeted genes in seedlings are enriched for genes with
tissue-specific expression or induced by abiotic and biotic stresses (Lafos et al., 2011; Xiaoyu
Zhang et a., 2007b). It is striking that a large number of developmentally important
transcription factor genes in A. thaliana were found marked by H3K27me3. According to the
GO analyses, the genes marked only by H3K27me3 in P. tricornutum are enriched in
Diamine N-acetyl transferase, Protein kinase, CAMP dependent Protein kinase and
Phosphotransferase which are involved in signal transduction, biosynthesis and amino
metabolism. It is very interesting that Diamine N-acetyl transferase is involved in urea cycle
which was initially considered only to exist in metazoans but was surprisingly found in
diatoms (Allen et al., 2011; Armbrust et a., 2004).

In D. melanogaster and mammals, H3K27me3 locates to facultative heterochromatin
(Bannister & Kouzarides, 2011; Brinkman et al., 2006; Lin et a., 2011) whilein A. thaliana,
rice and maize it is associated with repressed genes in euchromatic regions (Cheutin &
Cavdlli, 2012; Shi & Dawe, 2006; Turck et a., 2007). Although H3K27me3 locates

differently in heterochromatin and euchromatin in metazoans and plants, respectively, its role
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as a dynamic regulator of cell differentiation and development is conserved in these
multicellular organisms. In Drosophila and C. elegans, the correlation of H3K27me3 dynamic
changes and development was revealed (Oktaba et al., 2008; Schuettengruber et a., 2009;
Yuzyuk, Fakhouri, Kiefer, & Mango, 2009). H3K27me3 was aso found to be involved in
mammalian embryonic stem cells differentiation (Hawkins et al., 2010; Marks et a., 2012;
Mikkelsen et a., 2007). In Xenopus embryos, it was found predominantly deposited upon
subsequent spatial restriction of repression of transcriptiona regulators (Akkers et a., 2009).
In A. thaliana, it was aso demonstrated that protein coding genes that showed strong
expression differences between meristem and leaf were enriched for H3K27me3 (Lafos et al.,
2011). All these studies suggest conserved mechanisms wherein H3K27me3 confers

developmental dynamics to gene expression patterns.

The roles of H3K27me3 in unicellular organisms have not been explored extensively yet. The
only research on unicellular organisms is a report of immunofluorescence staining with an
H3K27me3 antibody in Tetrahymena where it was shown that H3K27me3 is associated with
al three heterochromatic structures (Y. Liu et a., 2007). In another unicdlular alga
Chlamydomonas reinhardtii, analysis of histone modifications by mass spectrometry has been
carried out. H3K27mel and H3K27me2 were detected whereas it was difficult to confirm the
existence of H3K27me3 in C. reinhardtii because of the difficulty in distinguishing
H3K27ace and H3K27me3. The C. reinhardtii H3 sequences around “K27” position are not
conserved compared to human and A. thaliana so the commercial H3K27me3 antibody is not
applicable in C. reinhardtii. In this case, the existence of H3K27me3 aso cannot be
confirmed by western blotting and ChIP experiments in C. reinhardtii (Shaver et al., 2010).
Thus the roles of H3K27me3 in unicellular organisms needs to be further explored. The ChiP-
seq with H3K27me3 in P. tricornutum reported here is the first genome wide H3K27me3
distribution study in a unicellular organism. Based on the fact that H3K27me3 is associated
with repressed genes and TEs, it is tempting to speculate that H3K27me3 can define a
facultative heterochromatin state in P. tricornutum. All together H3K27me3 has a novel
distribution in unicellular organisms and probably has distinct functions from animals and

plants.
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3.4.4 Methylated TEsand heavily methylated genestend to be co-marked by H3K27me3
and H3K9me2

In P. tricornutum, we surprisingly found that H3K27me3 and H3K9me2 tend to co-mark
heavily methylated genes and TEs. It is worth noting that only heavily methylated genes, not
other groups of methylated genes, tend to be co-marked by H3K27me3 and H3K9me2. For
the methylated TEs, it appears that all groups of methylated TEs except simple repeats tend to
be co-marked by H3K9me2 and H3K27me3. The combination of DNA methylation,
H3K9me2 and H3K27me3 on heavily methylated genes and methylated TEs is due to the
tendency of co marking effect of H3K27me3 and H3K9me2 because DNA methylation and
H3K9me2 alone do not show the tendency to appear in the same location (neither on genes

nor TEs) in P. tricornutum.

In muticellular organisms, DNA methylation and H3K27me3 are usually antagonistic on
genes. It was found that in postnatal neural stem cells (NSCs) in mouse, de novo DNA
methylation at non promoter regions by Dnmt3a is required to counteract PcG repression. In
other words, de novo DNA methylation and H3K27me3 are antagonists in non promoter
regions (Wu et a., 2010). For the promoter regions of mammalian stem cells, H3K27me3 is
associated with hypomethylated DNA (Brunner et a., 2009; Hawkins et a., 2010; Mikkelsen
et a., 2007). As for plants, H3K27me3 and 5mC are mutually exclusive in seedlings of A.
thaliana and rice (X. Li et a., 2008; Mathieu, Probst, & Paszkowski, 2005; Weinhofer,
Hehenberger, Roszak, Hennig, & Ko, 2010). In Xenopus embryos DNA methylation is also
absent in large H3K27me3 domains (Bogdanovic et a., 2011). It appears that the antagonism
of H3K27me3 and DNA methylation plays a key role in cell differentiation (Meissner, 2010;
Mikkelsen et a., 2007; Mohn et al., 2008). In mouse embryonic stem cells (ESCs), most
H3K27me3 marked regions are also co-marked by the active mark H3K4me3. As
differentiation proceeds, genes become enriched with either of the two opposing marks. It
turns out that most genes, which are repressed and not activated during lineage commitment,
are de novo DNA methylated during differentiation.

The antagonism of H3K27me3 and DNA methylation also seems to involve imprinting. At
the imprinted locus Rasgrfl in mouse, DNA methylation was found on the paternal allele and

H3K27me3 was on the maternal alele. These two marks are mutualy exclusive and
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antagonize by blocking the placement of the other (Lindroth et al., 2008). In P. tricornutum,
DNA methylation and H3K27me3 tend to comark the same regions so it is possible that these
two marks antagonize each other to regulate allele specific expression. Lines in which
DNA methyltransferses and Ez (which is responsible for H3K27me3 deposition) have been
inactivated could be used to test this hypothesis. In mutant strains the status of H3K27me3
and DNA methylation of several loci which are marked by these two marks in wild type can
be checked. In this way, whether DNA methylation and H3K27me3 affect each other can be
revealed. If it is the case cooperation between these two marks, it is worth to be further

explored.

The positive correlation of H3K27me3 and DNA methylation was detected in the promoter
regions of cancer-specific methylated genesin tumor cells (Easwaran et al., 2012; Ohm et al.,
2007; Schlesinger et a., 2007). In human ESCs, H3K27me3 is also positively associated with
DNA methylation across a broad range of mCG outside of promoter regions (Hawkins et al.,
2010).

In P. tricornutum the correlation of H3K9me2 and H3K27me3 on the same regions is also
unusual. In A. thaliana, C. elegans, and Drosophila, the regions marked by H3K9me2 and
H3K27me3 tend to be dissimilar (Filion et a., 2010; Guo, Zhou, Elling, Charron, & Deng,
2008; T. Liu et a., 2011; J. Zhou et a., 2010). The cross-tak between H3K9me2 and
H3K27me3 has not been reported in other organisms yet, and so its function in P. tricornutum

will be important to resolve.

The direct correlation between H3K9 methyltransferases (HKMT) and DNA
methyltransferases (DNMTSs) has been detected in fungi, plants and animals (Jackson et al.,
2002; Lehnertz et a., 2003; Tamaru & Selker, 2001). In A. thaliana, small double-stranded
RNAs (dsRNA's) are processed to guide methylation to complementary DNA loci by the
RdDM (RNA-directed DNA methylation) pathway (Mahfouz, 2010). These dsRNAs are then
processed to direct histone 3 lysine 9(H3K9) methylation via Ago4 and the SUVH
(Suppressor of Variegation Homolog) histone methyltransferase family (Enke, Dong, &
Bender, 2011). This H3K9 dimethylation is then putatively bound by the cytosine
methyltransferase CMT3, which methylates CHG methylation (Cao et al., 2003). A high
correlation between H3K9m2 and CHG DNA methylation was detected in A. thaliana. The
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coding regions of genes that are associated exclusively with methylation in a CG context did
not contain H3K9M2 (Bernatavichute et a., 2008). However, in P. tricornutum, H3K9me2
does not have a direct correlation with DNA methylation, and it seems rather that H3K27me3
connects H3K9me2 and DNA methylation. The crosstalk between H3K27me3, H3K9me2 and
DNA methylation is therefore likely to be different from what is known in plant and animal
systems.

It is interesting that most of the heavily and completely methylated genes are co marked by
H3K9me2 and H3K27me3. Among them, some genes have no expression under normal
conditions but are expressed under other specific conditions. For example, gene Pt12452,
encoding a putative plasma membrane hydrogen ATPase, which is heavily methylated and co-
marked by H3K9me2 and H3K27me3, is not expressed under norma conditions but is
specificaly induced when P. tricornutum cells switch from fusiform to triradiate morphotype
(Figure 3.3). Gene Pt12452 may therefore encode a protein crucial for the morphotype
transition and it is possible that the cooperative regulation of H3K27me3, H3K9me2 and
extensive DNA methylation is also implicated init. So it will be very interesting to check the
status of H3K27me3, H3K9me2 and DNA methylation of gene Pt12452 of P. tricornutumin
triradiate morphytype cells.

3.5 Per spectives

The comparison of DNA methylation and histone modification profiles and further
combinatoria studies with gene expression and small RNAs at a genome wide scale between
P. tricornutum, animal and plant model systems will help us better understand the epigenetic
components in an evolutionary view and evaluate the impact of epigenetic components
studied in this work on adaptive evolutionary processes. Furthermore, P. tricornutum can
transit among four different forms: fusiform, oval, round, and triradiate. Interestingly, specific
environmental cues can trigger these morphotype transitions (De Martino et al., 2011).
Therefore, P. tricornutum appears as an excellent model to study the correlation between
epigenomic dynamics and morphological variationsin response to external stimuli.

Besides histone methylation, other histone modifications such as acetylation and
phosphorylation aso have great impacts on chromatin and further influence the transcriptional

activity of genes (Bannister & Kouzarides, 2011). In the future, genome wide distribution of
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more histone marks should be generated. A more comprehensive mapping of the
combinations of different histone marks, DNA methylation and small RNAs profiles will
draw a chromatin landscape on the whole genome, and may define structural and functional
domains on chromosomes such as centromeres. Because diatoms are so successful in ocean
environments, it is possible that epigenetic regulation, which is reversible and more flexible
compared to genetic regulation, plays a significant role in their adaptation to different
environments. It will be very intriguing to compare epigenomes under different stress
conditions such as high CO, and nitrate or iron depletion with normal conditions. In this way,
we can elucidate the dynamics of different epigenetic marks under different conditions. The
comparison of diatom chromatin landscapes with those of other model species will shed light
on the mechanisms underlying the ecological success of this evolutionary distinct eukaryotic

group in the context of epigenetic regulation.
3.6 Material and Methods
3.6.1 Growth conditions

Cultures of P. tricornutum Bohlin clone Pt1 8.6 (CCMP2561) were obtained from the
Provasoli-Guillard National Center for Culture of Marine Phytoplankton, Bigelow Laboratory
for Ocean Sciences, USA. Cultures were grown in artificial sea water medium (Vartanian, M.,
et a 2009). Cultures were incubated at 19°C under cool white fluorescent lights at
approximately 75 pumol.m-2.s-1 in 12h light: 12h dark conditions and maintained in

exponential phase in semi continuous batch cultures.
3.6.2 Peptide competition assay for antibody specificity test

The peptide competition assay (PCA) is a recommended procedure for confirming the specific
band reactivity of an antibody. Antibody is pre-incubated with the peptide prior to use in
immunoblotting assays. Different amounts (depends on different peptides and antibody) of
peptides were added to a 10 ml BSA solution containing antibody and incubated under light
agitation for 4 h at room temperature and additional 1 hour at 4 degree before immunoblotting
assays. The antibodies and peptides used in this work include H3K4me2 (Millipore Ref: 07-
030), H3K9me2 (Millipore, Ref: 17-681), H3K27me3 (Millipore, Ref: 07-449), H3K4mel
peptide (Abcam Ref: ab1340), H3K4me2 peptide (Abcam Ref: ab7768), H3K4me3 peptide
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(Abcam Ref: abl342), H3K9mel peptide (Millipore, Ref: 12-569), H3K9me2 peptide
(Millipore, Ref: 12-430), H3K9me3 peptide (Millipore, Ref: 12-568), H3K27mel peptide
(Millipore, Ref: 12-567), H3K27me2 peptide (Millipore, Ref: 12-566) and H3K27me3
peptide (Millipore, Ref: 12-565). Different concentrations of antibody and peptide
concentration were tried. The nuclear enriched protein used for immunoblotting was
extracted following chromatin extraction protocol with minor modifications: the culture was
not fixed by formal dehyde and sonication was not needed.

3.6.3 Chromatin immunopr ecipitation and sequencing

The culture at exponential phase was fixed with formaldehyde (the final concentration in
culture is 1%). The fixation was stopped by adding glycine into the culture (the final
concentration in culture is 0.125M) followed by 5min of shaking. The cells were washed with
PBS solution by centrifugation at 4 °C. The chromatin extraction and immunoprecipitation
were carried out following the protocol modified from Arabidsopsis thaliana chromatin
protocol (see Annexes). H3K4me2 (Millipore Ref: 07-030), H3K9me2 (Millipore, Ref: 17-
681) and H3K27me3 (Millipore, Ref: 07-449) were used for immunoprecipitation. Before
sending samples for sequencing, quantitative PCR on the DNA recovered from
immunoprecipitation and input DNA were conducted to guarantee the quality of DNA from
immunoprecipitation. The calculation and anayses of ChiP- g°PCR were done following
protocol described in material and methods section. DNA recovered from
immunoprecipitation by three histone modification antibodies and input DNA (chromatin
“input” without immunoprecipitation) was sent for Illumina sequencing by Beckman Coulter
Genomics. Sequencing was performed with a read length of 36 bp and sequencing coverage
of 5.6-5.9G. Annex part of this chapter shows the detailed protocol.

3.6.4 RNA sequencing

P. tricornutum clone Pt1 8.6 cells were harvested at exponential phase and total RNA was
extracted by Trizol. The culture for RNA extraction is the same batch for chromatin extraction
and immunoprecipitation. After being treated by Dnase (Invitrogen), 1 ug of total RNA was
used for first strand cDNA synthesis followed by double strand cDNA using Mint Universal
Kit from Evrogen (SK002). The quality of double stranded DNA was monitored using
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agarose gels. cDNA was used for non directiona cloning and cDNA library was constructed
for Illumina sequencing by Beckman Coulter Genomics. Sequencing was performed with a
read length of 75 bp and sequencing coverage of 1.5 Gb.

3.6.5 Computational analysis of histone modifications P. tricornutum by Chl P-

sequencing

Single-end sequencing of the three ChlP samples and Input in lllumina GAlIx with a read
length of 36 bp, yielded an average of approximately 37 million reads (H3K4me2:37,546,690;
H3K9me2:36,329,249; H3K27me3:35,973,625, Input:38,202,621). Reads obtained were
quality controlled with standardized procedure using FASTQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Data for all three ChIP samples

and Input were of good quality with mean quality score of 39, with 50 % mean GC content
and high duplication. We studied the distribution of these three histone modifications on
genes and TEs based on current genome annotation  (http://genome.jqi-

psf.org/Phatr2/Phatr2.home.html). The reads were mapped onto the P. tricornutum genome

V2.0 using Bowtie with mismatch permission of 2 bp along the reads. Unique mapping of
reads resulted in 62%, 43%, 52%, 84% for H3K4me2, H3K9me2, H3K27me3 and Input
respectively. Even distribution of reads in the genomic region was found. To identify regions
that were  dignificantly  enriched, we used MACS and SICER
(http://home.gwu.edu/~wpeng/Software.htm). MACS was designed to detect sharp peaks and
SICER works well on mapped reads with diffused peaks. MACS and SICER shown peaks
with similar peak-range with comparable overlapped genomic region. But for H3K9me2 and
H3K27me3, MACS showed very fewer peaks and in these two cases SICER showed
significant diffused peaks which overlaps on repeat regions. Enriched regions from SICER

were adopted for further analysis. Visualizing and analysis of genome-wide enrichment
profile were done with IGV. Peaks annotation on genes and transposons were performed
using PeakAnalyzer . Finally, GO based functional anaysis on enriched genes were
performed using BLAST2GO with a significant False Discovery Rate (FDR) cut-off of 0.05%
probability level. R and python were extensively used for data analysis. Results of the
anaysis were made avalable on Gbrowse based genome browser at:
http://ptepi.biol ogie.ens.fr/ptgb.html.
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3.8 Supplementary infor mation

3.8.1 Supplementary Figures
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Supp Fig 3.1 ChlP-seq signal peak size of enriched domains from three sets of histone
modification ChlP-Seq data (H3K4me2, H3K9me2 and H3K27me3 marks). Peaks were
detected using SICER, with awindow of 200 bp and a gap of 1 window for H3K4me2 and 3
windows for H3K9me2 and H3K27me3 (although change in window size does not affect
peak size). Average peak sizeis 175-250 bp for H3K4me2 and ~900bp-1kb for H3K9me2 and
H3K27me3.
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Supp Fig 3.2. Three different histone methylation modifications on Orthologous gene
groups in P.tricornutum. Four orthologous groups have been defined in P.tricornutum by
genome comparison (2887 Pt-specific putative encoding genes are present only in this diatom,
2,913 Core eukaryotic putative encoding genes are shared in al eukaryotes, 1,083 Diatom
specific putative encoding genes which are present in both sequenced diatoms but in no other
eukaryote, 587 Bacterial proteins). Each histone modification is found in equal proportion on

all four orthologous gene groups.
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A. CELLULAR COMPONENT
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B. FUNCTIONS
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C.CELLULAR PROCESSES
H3K4me2

~{catabolic process (48]
- et of locakzation (527)

[i corrpiex suburit -
exidation-reduction process (4801}
coll division (%)

reguation of biokgieal process (4351 /71

call cornrmurication (43 //
irmrrune responza (151
alidar developrmectal process (0]

primary et sboic process (19111} N

[organelle orgarization (164]
ragulation of molacdar funtion (67) —
rual raproduction (18)}~

colllar homeostasi (761}
\L plex suburit orgarization (70)

|macremolecule metabolic process (1267}

ko9 ompeund metabobs process (1952 |
rerponza ta charrcal stz (150)]
ot ceath (231 ',

feermiseane organization (42)]

celhiar component assambly (72)] |
cet-cell sgraing (1] )|

riborudeopr otein complex biogenesis (37)| = oo
[macramelecuie localzation (1381} . microtubule-based process (37

i) 8
[cehdar response ta stimuus (67117
[regulsion of mlecule forction 131/
calhiar homeostasis (16)] /1
[erganehe arganizaton (431] ///
[masromolecule localzation (23)]
[t o o]
[coondaton of biokogral aushty (28] _————
mscrornolecula mstabol pracess (3151

primary mek abol process (472]

respanse to chermical stimulus (351 —

calular developmental process (17)

eelhuls cor asservibly (1)} ."'-_———-____i

respanse to external stimulus (13}
cellia localization (24)

[axidation-reduction process (1081}

anatomical structure development (36)}————

——————— cellular metaboiic process (451),

2l malecul mstabol process (181
[response to abictic stimudus (15)],
microbubuie-based process (11, -

[astabishmert of locataation (1131]. .
mukicelular organismal development (451}

|cstular macromolecudar cornplex subunt organization (17)]

\ \ 1 /el comemunication (13)

Ireguiation of

resansato dress 39

H3K27me3

cellular response 10 stimulus (16)

"{regulation of biological process (32)
i process (30)]

nitrogen compound metabalic process (77)

biosynthetic process (63)

X ———{primary metabolic process (137)|
catabolic process (24—

establishment of localization (29)
multicellular organismal development (13)}———
response to stress (14—
small molecule metabolic process (62)f—————
~ macromolecule metabolic process (89)

cellular metabolic process (134)}

160|Page



Chapter III

Supp Fig3.3 Gene Ontology (GO) categories of genes marked by the three different
histone modifications. A. Cellular component category of gene ontology. B. Gene ontology
analysis of genes within this functional category reveals that H3K9me2 and H3K27me3 are
localized in genes with similar functions. C. GO cellular processes category shows a distinct
difference between these three histone methylation modified genes. H3K27me3 islimited to a
few genes within this category.
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Predicted gene model
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Supp Fig 3.4 Genome annotation for novel genes predicted. A. Comparison of gene
models, genes predicted using RNAseq data and H3K4me2 localized genes from ChiP-seq
data. At least 721 proteins could be predicted from RNAseq. 423 proteins from all three
methods could be further annotated. B. BLAST2GO annotation of the predicted proteins.
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3.8.1 Supplementary tables

Table S3.1 Validation of enriched and unenriched loci, including genes and TEs. Several loci
from different locations on the genome were chosen for validation. (a) H3K4me2 ChiP-
Qpcr vadidation. (b)H3K9me2 ChIP-Qpcr validation. (¢) H3K27me3 ChiIP-Qpcr
validation

(&) H3K4me2 ChiI P-Qpcr validation.

enrichment in ChlP-
loci for validation enrichment in ChlP-seq data | gpcr
37885 yes yes
40162 yes yes
44850 yes yes
45961 yes yes
47483 yes yes
49580 yes yes
49558 yes yes
55090 yes yes
21198 yes yes
40447 yes yes
46440 yes yes
10524 no yes low
12909 no yes low
43826 no yes low
45975 no yes
39237 no yes
9828 no yes

(b) H3K9me2 Chl P-Qpcr validation

enrichment in ChlP-
loci for validation enrichment in ChlP-seq data gpcr
TE chr_1:6090-6340 yes yes
TE chr_4:50601-50802 yes yes
TE chr_5:1074130-1074350 yes yes
TE chr_5:17100-17390 yes yes
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TE chr_7:15366-15571 yes yes
TE chr_8:999190-999440 yes yes
40338 yes yes

48357 yes yes

12366 yes yes

52547 yes yes

TE chr_25:443170-443400 yes yes
38048 yes yes

36992 yes yes

12909 yes yes

10524 no yes

9828 no yes

21988 no yes

TE chr_12:900460-900640 no yes
TE chr_18:178040-178240 no yes
14212 no yes

34971 no no

54330 no no

(c) H3K27me3 ChIP-Qpcr validation

enrichment in ChlP-

loci for validation enrichment in ChlP-seq data gpcr

40474 no but yesin MACS yes

34469 yes yes

11472 yes yes

TE Chr_1 :6050-6350 yes yes
TE chr_5:1074500-

1074740 yes yes

TE chr_8:22199-22354 yes yes

TE chr_3:94200-94500 yes yes

chr_7:15380-15670 yes yes

39885 yes yes

TE chr_12:900460-900640 yes yes

TE chr_18:178040-178240 yes yes

39237 yes yes

45975 yes yes

164 |Page



chr_5:17100-17390

Chapter III

yes

yes

chr_7:15366-15571

yes

yes

45041

no

no

165|Page



Chapter III

3.9 Annex-Chromatin immunopr ecipitation protocol

Chromatin immunoprecipitation coupled to detection by quantitative real time PCR to
study in vivo protein DNA interactions in two model diatoms Phaeodactylum
tricornutum and Thalasiossira pseudonana

Xin Lint, LeilaTirichine” and Chris Bowler™

Ecole Normale Supérieure, Institut de Biologie deI’ENS, IBENS, Paris, F-75005 France.
CNRS, UMR 8197, Paris, F-75005. 46 rue d’ UIm, 75005 Paris, France.

“Corresponding author
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Abstract

In this report we describe a chromatin immunoprecipitation (ChlP) protocol for two fully
sequenced model diatom species Phaeodactylum tricornutum and Thalasiossira pseudonana.
This protocol alows the extraction of satisfactory amounts of chromatin and gives
reproducible results. We coupled the ChlP assay with real time quantitative PCR. Our results
reveal that the two magjor histone marks H3K4me2 and H3K9me2 exist in P. tricornutum and
T. pseudonana. As in other eukaryotes, H3K4me2 marks active genes whereas H3K9me2
marks transcriptionally inactive transposable elements. Unexpectedly however, T.
pseudonana housekeeping genes aso show a relative enrichment of H3K9me2. We aso
discuss optimization of the procedure, including growth conditions, cross linking and
sonication. Validation of the protocol provides a set of genes and transposable el ements that
can be used as controls for studies using ChiIP in each diatom species. This protocol can be
easlly adapted to other diatoms and eukaryotic phytoplankton species for genetic and

biochemical studies.
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I ntroduction

Diatoms are a group of eukaryotic phytoplankton with a wide distribution and a large
diversity in marine and fresh water ecosystems. It is estimated that there are between 10,000
and 100,000 extant diatom species (Round, F. E., 1992). Diatoms play essentia roles in
globa biogeochemical cycles because they are believed to be responsible for 20% of global
carbon fixation and 40% of marine primary productivity (David M.Nelson, Paul Tréguer,
Mark A. Brzezinski, Aude Leynaert, 1995). Diatoms capture CO, through photosynthesis and
act as a critical buffer against global warming by sequestering organic carbon in the ocean
interior. They can live under different conditions in al oceans from the poles to the tropics,
and are often the first group of phytoplankton to benefit from sporadic nutrient upwelling

events, indicating their intrinsic adaptability to changing environments.

Completed whole genome sequences from three species, the centric diatom Thalasiossira
pseudonana, and the pennate diatoms Phaeodactylum tricornutum and Fragilariopsis
cylindrus are now available (Armbrust et a., 2004), (Bowler et a., 2008)(http://genome.jgi-
psf.org/Fracyl/Fracyl.homehtml). Another pennate species, the toxic Pseudo-nitzschia
multiseries is also being sequenced and will provide an additional source for comparative
genomics. T. pseudonana is widely distributed in marine environments and is of significant
ecologica importance. P. tricornutum on the other hand is considered to be of little ecological
relevance but is the representative of pennate diatoms because of a long history of
physiological experiments and the availability of a wide range of tools for reverse genetics
(Siaut et al., 2007)(De Riso et al., 2009). Furthermore, a digital gene expression database
(http://www.diatomics.biologie.ens.fr/EST3/index.php) is available for both species.

The whole genome sequences have revealed a wealth of information about diatom genes. It
was shown for example that diatoms have acquired genes both from their endosymbiotic
ancestors and by horizontal gene transfer from prokaryotes. But while DNA is the substrate
for mutations upon which natural selection can act, DNA sequence in itself may not explain
adequately their ability to adapt to changing environments, and more flexible mechanisms
based on epigenetic processes could provide additional control. These changes include DNA
methylation and histone tail post-translational modifications that alter chromatin structure.
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Study of diatom epigenomes can therefore provide a more in depth look at the regulatory

mechanisms underlying their natural phenotypic adaptability to environmental changes.

Severa tools for studying chromatin have been developed. Among them, chromatin immuno-
precipitation (ChiP) has become a powerful tool to detect in vivo interactions between a
DNA-associated protein and DNA fragments. ChlP combined with microarray or massively
paralel sequencing is used to study gene regulatory networks active during devel opment
and/or in response to the environment. ChiP is also a valuable tool for mapping genome wide
epigenetic modifications such as histone marks, and has been used to characterize several
eukaryotic genomes (Gendrel, Lippman, Martienssen, & Colot, 2005) (Grably M, 2010).
However, no ChiP protocol has been reported for marine phytoplankton. T. pseudonana and P.
tricornutum were therefore chosen to set up a ChiIP protocol in diatoms using two histone

marks known to characterize active and repressive chromatin states in other organisms.

The principle of a ChIP procedure includes: (1) Cross linking of DNA and protein with
formaldehyde to covalently combine DNA and attached proteinsin vivo, (2) Fragmentation of
the fixed chromatin to an average size of 500 bp ranging from 200 to 1000 bp, (3) Chromatin
extraction by a succession of extraction buffers, (4) Immunoprecipitation with specific
antibodies, (5) Purification of DNA after immunoprecipitation and reverse crosslinking, and
(6) Analysis of bound DNA by PCR which involves comparison of the intensity of PCR
signals from the precipitated template with positive and negative controls. Standard PCR on
immunoprecipitated DNA from a specific genomic region provides a direct assessment of
protein association with that region, whereas quantitative PCR can assess not only whether a
protein binds to that region, but aso further compare the relative abundance at different

genomic regions.

The protocol described in this work was optimized for each of the steps described above. It is
an adaptation of ChIP protocols used for yeast and Arabidopsis (Saleh, Alvarez-Venegas, &
Avramova, 2008)(Nelson, Denisenko, & Bomsztyk, 2006). It is therefore not new in its
principles but takes into consideration features inherent to diatoms such as their siliceous
frustule, a component that can make the simple extraction of chromatin a considerable

challenge.
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Results and discussion
Chromatin extraction and processing

ChIP is a very powerful technique for revealing association of specific DNA regions with
proteins of interest. However, it is not a trivia technique, and highly specific antibodies
against the protein of interest or a particular histone modification are required. Furthermore,
false-negative signals may originate from inefficient antibody binding, and the beads used in
ChIP can bind non-specific sites and cause background noise in negative controls. The
starting materials for immunoprecipitation are aso critica, and sample dilution can
effectively decrease background noise. To avoid saturation of antibody in ChIP assays,
calibration curves should be built before precipitation with the antibody to determine the
optimal amount of antibody to use.

The protocol described herein (Fig. 1) has taken into consideration these issues as well as the
particularities of diatoms. Diatoms have the unique ability to precipitate soluble silicic acid
into a finely patterned cell wall built from amorphous silica, and they aso possess
photosynthetic chloroplasts. Chromatin extraction buffers modified from Arabidopsis ChiP
protocols were used for P. tricornutum and T. pseudonana which have plant features, such as
chloroplasts and a cell wall. It isimportant in this protocol to use artificial seawater instead of
natural sea water in order to control the different components of the medium such as silica
Extraction of chromatin from diatom species can be very difficult because of the silica based
rigid cell wall (Kim et a., 2012), which can interfere with chromatin extraction because it
binds DNA. A compromise therefore needs to be found between an optimal growth of cells
permitted by low concentration of silica and satisfactory amounts of extracted chromatin. In
this study, we have chosen species that have different requirements for silicon. P. tricornutum
has a facultative requirement for silicic acid, whereas T. pseudonana needs a silicon source to
grow. A growth medium without silicic acid was used for P. tricornutum while T.

pseudonana grew in medium containing alow concentration (0.025 g/l).

To preserve cell integrity, diatom cells were fixed in the growth medium prior to any handling.
Formaldehyde was used to crosslink the proteins to the DNA. Cross linking is a time
dependent procedure and our trials have established 10 minutes as an optimal time for both P.

tricornutum and T. pseudonana. Excessive cross-linking might reduce antigen accessibility
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and sonication efficiency. For a different diatom species, we recommend 5 minutes for a start,
proceed with sonication, reverse cross-link and run a gel to see how much DNA is recovered
and whether the size is optimal. If not, we recommend trying longer or shorter times for cross

linking.

Sonication time was determined after trying three different times, 6 cycles of 30s ON and 1
minute OFF, 9 and 12 cycles. Nine cycles gave the best range of DNA sizes which is between
200 and 1000 bp with a maximum of DNA fragments at 500 bp (data not shown).

Peptide competition assay

The nuclear-enriched protein used for immunoblotting was extracted following a chromatin
extraction protocol with minor modifications (see Materials and Methods). Antibodies for two
histone marks H3K4me2 and H3K9me2 were used for validation of the ChiP protocol. A
peptide competition assay was performed to confirm the specific band reactivity of the
antibodies. This is an important issue especialy for genome wide studies as unspecific
antibody binding will lead to non-specific signals increasing background noise and the
occurrence of false positives. Both antibodies were pre-incubated with three different
concentrations of the corresponding peptides (see Materials and Methods) prior to
immunobloting. For the H3K4me2 histone mark, the peptide competition assay did not detect
the presence of aband for peptide H3K4me2 while a band was seen for the two other peptides,
indicating the absence of competition with the other modifications of lysine 4 (Fig. 2A).
Three different references of H3K9me2 antibodies from Millipore were tested in this assay.
Two of them were discarded because of a lack of specificity while the third one gave better
results (Fig. 2B).

H3K4me2 isenriched in genesin P. tricornutum and T. pseudonana

Quantitative real time transcriptase polymerase chain reaction (QRT-PCR) coupled with the
ChIP protocol described herein was used to investigate the enrichment of H3K4 and H3K9
dimethylation on two genes, histone H4 and diatom phytochrome (Dph), and four
transposable elements (TEs) in P. tricornutum and T. pseudonana. A clear enrichment of
genes in H3K4me2 shown by a set of primers spanning promoter and gene body was
demonstrated by QRT-PCR (Fig. 3A). Both histone H4 and Dph show significant differences
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in the enrichment in H3K4me2 between immunoprecipitated sample and mock which is the
no antibody control. However, no significant differences were observed for the five TEs
chosen in this study. Likewise, in T. pseudonana, the Dph and histone H4 show enrichment in
H3K4me2 in both promoter and gene body, whereas the four chosen TEs (C12, C4, C19 and
G1) show no enrichment in H3K4me2 (Fig. 3B). Additional genes and TEs were tested and
showed similar results (data not shown). Altogether, our data show a conservation of
H3K4me2 location between the two diatom species and multicellular organisms, because
severa genome wide studies in plants and mammals have indeed shown the presence of
H3K4me2 on genes (C. L. Liu et a., 2005)(Mikkelsen et a., 2007)(Xiaoyu Zhang et al.,
2009).

H3K9me2 shows a different enrichment profilein P. tricornutum and T. pseudonana

ChiP anaysis of H3K9me2 in P. tricornutum revealed that TES contain a significant
enrichment for this mark. We particularly focused on two previously characterized diatom-
specific copialike retrotransposable elements known as Blackbeard (Bkb) and Surcouf (Scf)
(Maumus et al., 2009b) Bkb was particularly enriched in H3K9me2 while Sf was the least
enriched. Intermediate levels were observed among the remaining TES (Fig. 4A). On the other
hand, the two protein-coding genes histone H4 and Dph were clearly depleted of H3K9me2 in
both promoter and gene body regions (Fig. 4A). Both genes were shown by us and others to
be transcriptionally active ((Siaut et al., 2007) unpublished results). It was previously shown
that Bkb and Scf are also transcriptionally inactive in normal growth conditions (Maumus et
al., 2009b). This is consistent with the primary function of H3K9me2 in repressing TEs in
order to maintain genome stability. In P. tricornutum, the ChIP assay shows that repressed
TEs are marked by H3K9me2 while active genes are depleted in this mark which is similar to
what has been observed in plants and mammals (J. Zhou et a., 2010)(Tachibana et a., 2002).

In T. pseudonana, a similar pattern of enrichment of TEs by H3K9me2 was observed (Fig.
4B). The four tested TEs were highly enriched for H3K9me2, indicating a conserved profile
for this mark among both diatoms. Surprisingly, some genes also showed a significant
enrichment for H3K9me2, particularly at promoter regions (Fig 4B). This unusual association
of H3K9me2 with active genes can be due to an intrinsic feature of the centric diatom T.

pseudonana which is believed to have diverged from its distantly related pennate diatom P.
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tricornutum 90 million years ago. Comparative genomics and analysis of molecular
divergence has shown indeed that both genomes are as different as those of mammals and fish
(Bowler et a., 2008). Furthermore, combinatorial patterns of antagonistic chromatin marks
are known to occur (Bapat et a., 2010; Bernstein et al., 2006; Roudier et a., 2011b;
Weishaupt, Sigvardsson, & Attema, 2010). In Drosophila S2 cells, clusters of
transcriptionally active genes were reported to be enriched in H3K9me2 (Riddle et ., 2011).
Similarly, differentiated mouse ES cells were reported to contain large domains of H3K9me2
(Wen, Wu, Shinkal, Irizarry, & Feinberg, 2009). A hypothesisis that combinatorial chromatin
marks can poise genes for transcription, creating more flexible chromatin states ready to
adjust for subtle changes in the microenvironment of regulated genes(Riddle et al.,
2011)(Lanzuolo, Sardo, Orlando, & Drosophila, 2012). The presence of chromatin marks
known to be silent on euchromatin regions or active genes is intriguing and future analysis

will be particularly important for elucidating this question.
Conclusions

The ChlIP protocol described herein provides reproducible results with two different diatom
species grown in different media. The quality of the procedure monitored by the no antibody
control is high as no or insignificant background noise was observed. This protocol is also
rapid, and can be completed within 3 days. The quantity and quality of eluted DNA from
immunoprecipitation are also satisfactory. Using the described ChIP method combined with
real time quantitative PCR, we have demonstrated the existence in diatoms of two types of
histone modifications, H3K4me2 and H3K9me2. The H3K4me2 mark is associated with
transcriptionally active genes in P. tricornutum and T. pseudonana. This result is consistent
with the distribution of H3K4me2in plants and mammals. H3K9me2 binds TEs whereas no
association with genes was detected in P. tricornutum. In T. pseudonana, H3K9me2 aso
correlated significantly with TEs, although it also appears to bind protein-coding genes. This
is different from the distribution pattern of H3K9me2 in P. tricornutum. The differences of
H3K9me2 distribution pattern between P. tricornutum and T. pseudonana may be inherent to
the genetic and/or epigenetic background of the two species which belong to pennate and
centric diatoms, respectively. Gene enrichment with H3K9me2 could be further confirmed by
a genome wide study of H3K9me2 distribution. Our results show that our experimental and

data analysis approach are indeed highly sensitive to detect differences between the two
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species if they do occur. The ChIP protocol we describe can be combined with microarray or
massively parallel sequencing for further genome-wide studies. This protocol has been indeed
successfully combined with [llumina sequencing for studies of global histone modificationsin
P. tricornutum (unpublished results). Furthermore, our ChIP assay can likely be easily
adapted to other eukaryotic phytoplankton species for in vivo protein DNA interaction studies.

Materialsand Methods
Harvesting cells and cross-linking

P. tricornutum and T. pseudonana cells were grown in 400 ml of artificial sea water
(Vartanian, Desclés, Quinet, Douady, & Lopez, 2009) under 12/12 light dark period at 19°C
until cell density reached around 1 million cell$ml. 11.27 ml of 36.5% of formaldehyde
(Fluka cat. No. 200018) were added to the culture to get a final concentration of 1% in the
medium. Cultures were then shaken for 10 min. Fixation was stopped by adding 2M glycine
(final concentration 0.125M, Sigma cat. No. 241261) followed by incubation for 5 min at
room temperature. Cells were washed twice with PBS solution. The supernatant was removed
after centrifugation at 4000 rpm for 5 min at 4°C. At this stage, the fixed pellet can be stored

at — 80°C for several months.
Chromatin extraction and sonication

5 ml of Extraction buffer 1 (0.4 M sucrose, 1 mini tablet Roche per 50 ml (Roche cat. No.
11873 580 001), 10 mM MgCl,, 5mM 2-mercaptoethanol, 10 mM Tris-HCI pH 8) were added
to 50 ml culture pellet. Tubes were left on ice for 5 min followed by centrifugation at 4000
rpm for 20 minutes at 4°C. The supernatant was removed gently and the pellet was suspended
in 1 ml of Extraction Buffer 1l (0.25M sucrose, 10mM Tris-HCI pH8, 10 mM MgCl2, 1%
Triton X-100, 1 mini tablet Roche diluted in 1 ml (for 10 ml), 5mM 2- mercaptoethanol) and
centrifuged at 10,000 rpm for 10 minutes at 4°C. The supernatant was removed and the pellet
was resuspended in 300 pl of Extraction Buffer 111 (1.7 M sucrose, 1 minitablet diluted in 1ml
(for 10 ml), 0.15% Triton X-100, 2 mM MgCI2, 5mM 2-mercaptoethanol, 10 mM Tris HCI
pHB8). 300ul of Extraction Buffer Il were added to a clean Eppendorf tube, and 300pl
solution (resuspended pellet from last step) was carefully added on the top of the clean 300l
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of Extraction Buffer 111. The Eppendorf tubes were then centrifuged at 13,000 rpm for 1 hour
at 4 degrees.

The supernatant was removed and the chromatin pellet was resuspended in 300ul (or 200ul if
small pellet) of Nuclel Lysis Buffer (50 mM Tris HCI pH 8, 10 mM EDTA, 1 mini tablet of
protease inhibitors diluted in 1ml (for 10 ml), 1% SDS). The pellet should be resuspended by

pipetting up and down and vortexing (keep solution cold between vortexing).

The chromatin solution was sonicated for 9 cycles, 30 seconds ON and 1 minute OFF for each

cycle on full power. 5 pl were kept for DNA extraction to check sonication efficiency.

DNA was extracted after reverse cross-linking and checked on a 1% agarose gel. The DNA
fragment should be around 200 bp-1000 bp. Sonicated chromatin can be frozen at -80°C for

several months or can be used directly for immunopreci pitation.
Immunopr ecipitation and rever se cross-linking

The chromatin solution was centrifuged at 13,000 rpm for 5 minutes at 4 degrees to pellet
debris, and the supernatant was transferred to a new tube. At this step, 20 ul were removed for
input control. The remaining volume of sonicated chromatin was measured and the volume
brought to up to 3ml with ChIP Dilution Buffer (1% triton, 1.2mM EDTA, 167 mM NaCl,
16.7 mM Tris HCl pH8). The chromatin solution was split into 3 tubes (1ml each). Tube 1
contains DNA A beads labeled H3K4me2, tube 2 contains DNA B beads labeled H3K9me2,
tube 3 contains DNA C beads |abeled No Antibody (mock).

For each IP, 45 pul of DNA beads A (Invitrogen cat. No. 100.02D) and 45 pl DNA beads G
(Invitrogen cat. No. 100.04D) were mixed in siliconized tubes, then washed twice with ChiP
dilution buffer and resuspended in 90 pl Chip dilution buffer.

For 1g capturing, 5 pl of each antibody were added to the siliconized Eppendorf tube that
contained the mixed 60 ul of beads. For preclearing, the diluted chromatin solutions were
added to the tubes that contained 30 pl mixed beads. All tubes were left with gentle rotation at
4°C for 2 hours. The beads-Ig complexes were washed once with 1 ml ChiP dilution buffer
and resuspended in 60 pl ChiP dilution buffer. The precleared chromatin was transferred into

the beads-1g complexes and tubes were left with gentle rotation at 4°C overnight. Four washes
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of DNA beads-lg-antigen complexes were performed in sequence using Low Salt Wash
(150mM NaCl, 0.1% SDS, 20mM Tris-HCI pH8, 2mM EDTA, 1% Triton X-100) Buffer,
High Salt Wash Buffer (500mM NaCl, 0.1% SDS, 1% Triton X-100, 20mM Tris-HCI pHS,
2mM EDTA), LiCl Wash Buffer (0.25M LiCL, 1% IGEPAL CA-630, 10Mm TrissHCL pHS,
1mM EDTA, 1% sodium deoxycholate) and TE Buffer (10Mm Tris-HCI| pH8, IMm EDTA).
Washes were done twice with 1 ml of each buffer. The first wash was quick without agitation

and the second one was for 5 min with gentle rotation at 4°C.

Immunoprecipitated complexes were eluted by adding 250ul of Elution Buffer (1% SDS,
0.1M NaHCO,) to the washed beads, followed by a brief vortex for mixing and incubated at
65 °C for 15 min (tubes were mixed during incubation). Tubes were then put on the magnet
DynaMag (Invitrogen) and the eluate was carefully transferred to another Eppendorf tube.
The elution was repeated and elaute combined to obtain 500 pl. Reverse cross-linking was
performed by adding 20 pl of 5M NaCl to the eluate including the total DNA (input) and
incubation at 65°C overnight.

DNA recovery

To resume reverse cross-linking, 10 pl of 0.5M EDTA, 20ul TrissHCI 1M (pH 6.5), 2ul of
10mg/ml proteinase K, and 1 pl of 10mg/ml RNase were added to the eluate and incubated
for one hour at 45°C. DNA was recovered by phenol and chloroform extraction (phenol;
phenol/chloroform 1:1; chloroform). DNA was precipitated with ethanol (2 volumes and 1/2)
and 1/10 volume sodium acetate (3M pH 5.3). 2ul of glycogen (20mg/ml) were added to the
ethanol precipitation step before incubation for 2 hours at -20°C. The tubes were centrifuged
at 4°C at 13,000 rpm for 30 min and pellets were washed with 70% ethanol, dried at room
temperature, and resuspended in 50l of distilled water.

Quantitative PCR

For both diatoms, specific primers were designed for two genes and a set of TEs. The input
DNA pulled out from ChIP was diluted 10 times before g-PCR. Quantitative PCR was
performed using a Roche LightCycler® 480 machine on IP, input and mock DNA which were
mixed to 5 ul LightCycler® DNA Master SYBR Green | 2X, 3 ul forward/reverse primers 1
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uM, and 1 uL H20. The PCR program was performed as follows: 10 minutes at 95°C; 45

cycles of 95°C for 15 seconds and 60°C for 1 minute.
Data analysis

The Ct value (number of cycles required for the fluorescent signal to cross the threshold) is
recorded in the experimental report after analysis by Roche LightCycler® 480 software. The
Ct values of the duplicates should show minimal variability, indicating that samples were
properly handled (ideally, it should be below 0.2). Ct values were used for performing the
calculation which consists on evaluating the fold difference between experimental sample and

normalized input.

ACt (normalized to the input samples) value for each sample. ACt [normalized ChIP] = (Ct
[ChIP] - (Ct [Input] - Log2 (Input Dilution Factor).

Where Input Dilution Factor = (fraction of the input chromatin saved)™ x Input dilution factor
before g PCR. Here the fraction of Input chromatin saved is 20ul and the fraction for each IP
is 90 pl. The IP fraction is 4.5 times the input fraction. For QPCR runs Input was diluted 10
times which makes the fina dilution factor of the Input fraction (Input Dilution Factor) = 4.5x
10 = 45. Then the equation above is as follows: ACt [normalized ChiP] = (Ct [ChIP] - (Ct
[Input] - Log2 (45). Finally, the percentage (Input %) value for each sample is calculated as
follows: Input %=100/ 2 At normalized ChiFl = Tha « | Nyt 04" value represents the enrichment of

certain histone modification on specific region.
Peptide competition assay and western blotting

The antibody was pre-incubated with the peptide prior to use in immunoblotting assays.
Different amounts (depends on different peptides and antibody) of peptides were added to a
10 ml BSA solution containing antibody and incubated under gentle agitation for 4 h at room
temperature and an additiona 1 hour at 4°C before the immunobl otting assays. The antibodies
and peptides used in this work include H3K4me2 (Millipore Ref: 07-030), H3K9me2
(Millipore, Ref: 17-681), H3K4mel peptide (Abcam Ref: abl1340), H3K4me2 peptide
(Abcam Ref: ab7768), H3K4me3 peptide (Abcam Ref: ab1342), H3K9mel peptide (Millipore,
Ref: 12-569), H3K9me2 peptide (Millipore, Ref: 12-430), H3K9me3 peptide (Millipore, Ref:

12-568). Different concentrations of antibody and peptide concentration were compared. The
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nuclear enriched protein used for immunoblotting was extracted following the chromatin
extraction protocol with minor modifications: the culture was not fixed by formaldehyde and

sonication was not needed.
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Table 1. Primer sequences used for QPCR analysis

Primer name Sequence

Tp H4 Promoter fw AGCCTGATGGAGAGAGTGGA
Tp H4 Promoter rev TACATCCAGGACCTCCGTTC
Tp H4 body fw TCGTAGAAAACGGTCCCATC
Tp H4 body rev CCTCCACTTGGAAGAAGCAG
Tp Phyto promoter fw CGATGTTGGTTGAGTGTTGG
Tp Phyto promoter rev GCGATGTGCTCTTTTTGACA
Tp Phyto body fwd TTTGGATTCCGTGAGAAAGG
Tp Phyto body rev GTCTCGTGCACTCATCTCCA
Tp EU432485 fw CCAGAGCTCGACAAACATGA
Tp EU432485 rev TCGTTTTCCCTACGTGGAAC
Tp EU432490 fw AGGAACTCGGAGACAAAGCA
Tp EU432490 rev ATGTGCCCTCTTCAACAACC
Tp EU432492 fw GCTCTGTCGTCGGAAAACTC
Tp EU432492 rev AGGACAGCCTGCGTAGAAAA
Tp EU432500 fw TGATGCAACAGGACGAAGAG
Tp EU432500 rev GCATTGTTGGCCTTGTACCT
Pt H4 promoter fw GTTGGTCGTCCATCGTTAGC
Pt H4 promoter rev CCGTGGACGTTCTTGGTAGT
Pt H4 body fw AATTACCAAGCCCGCTATCC

Pt H4 body rev GTTTCTGTGAAACGGCAGGT

Pt PHY promoter fw CTTGCCATGTCTTTGCAGTG
Pt PHY promoter rev GTCAACACGCAATCAAGCAC
Pt PHY bodyl fw CAGCGACGGAAATGGACTAC
Pt PHY bodyl rev TTAGCAAGCAAGTGCGTCAG
Pt BKB4022 fw CGAAGCTACTATGCCGGAAG
Pt BKB4022 rev AAGGACACGAGAGTCGAGGA
PTC30 fw CGGACTTCACCGAAGACAAT
PTC30 rev GAATGGCTTTGGCATCATCT

PTC66 fw AGCGATGGAACATTGGTTTATC

PTC66 rev AACGTATCGTGAGCCTGACC
PTC25 fw GCCTACCCCATGAAAACTGA
PTC25 rev AGGCTCACTCTGCCACTGAT
SCF Fw CAGCCTGAGGCGAAAGATAC

SCF rev TAGTTCTGACATGCGCCAAG
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P ircornuum
T pseudonana Culture (3-4 days) ﬂ

Cross-linking and Harvesting cells (20 minutes) / .-

Day 1 ; . — M
Y Chromatin extraction and sonication (2 hours)

Immunoprecipitation (overnight)

ChiP (2 hours)
wiashing
Day 2

Reverse crosslinking {overnight)

Fecovering DMNA (3 hours)
Oay 3

PCR and quantitative PCR (4 hours) {

Figure 1 Outline of the ChIP QPCR protocol. Timing for each step isindicated between
parentheses.
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Figure 2 Analysis of antibody specificity using peptide competition assays on western
blots of P. tricornutum nuclear extracts. (A) Upper lane contains from left to right 1 pg of
H3K4me2 antibody alone or with 0.25 pg of one of the different modified peptides,
H3K4mel, H3K4me2 and H3K4me3. Lower lane contains H4 antibody as internal loading
control. (B) Upper lane contains 1 pg of H3K9me2 antibody alone or with 0.25 pg of one of
the different modified peptides, H3K9mel, H3K9me2 and H3K9me3. Lower lane contains
H4 antibody as internal loading control.
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Figure 3 H3K4me2 histone modification on different regions of genes and TEs in P.
tricornutum (A) and T. pseudonana (B). % IP indicates the enrichment. H4 P: promoter
region of H4 histone gene. H4 B: body region of H4 histone gene. PHY P: promoter region of

Dph gene. PHY B: body region of Dph.
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Figure 4 H3K9me2 histone modification on different regions of genes and TEs in P.
tricornutum. (A) and T. pseudonana (B). % IP indicates the enrichment. H4 P: promoter
region of H4 histone gene. H4 B: body region of H4 histone gene. PHY P: promoter region of
Dph gene. PHY B: body region of Dph.
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Chapter IV

Putative epigenetic components and rever se genetic approach for

dissecting epigenetic machineriesin Phaeodactylum tricornutum.
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4.1 Introduction

DNA methylation and histone modifications are two major epigenetic components and the
machineries involved in their regulation in different organisms are extensively being studied
(Cedar & Bergman, 2009). The genome wide distributions of DNA methylation and several
histone modifications in P.tricornutum are described in Chapter 1l and Chapter Il1. In this
chapter, | focus on the epigenetic machineries of P. tricornutum, in particular the mainly
include C5-DNA methylation machinery, N6 adenine methylation machinery, C5-
demethylation machinery and histone lysine methyltransferases, with a focus on Polycomb
group proteins which play crucial roles in H3K27me3 deposition. | also utilize a reverse
genetic approach with severa C5-MTase genes and the Ez (Enhancer of Zester) gene for
exploring their roles in P. tricornutum which is a useful start point for dissecting the

epigenetic machinery of diatoms.
4.1.1 C5-DNA methylation and its machinery

DNA methylation is the most extensively studied epigenetic mark. DNA methylation was first
found to have amajor role in bacteria, defending against phage DNA by DNA methylation of
restriction sites that would otherwise be recognized and cleaved. DNA methylation was found
in different lineages of eukaryotes including fungi, plants, and animals. In bacteria, DNA
methylation includes N6-methyladenine (m6A) and N4-methylanine (m4A). However, only
C5 and N6 methylation are found in eukaryotes. Based on retrospective research, it seems that
C5 methylation has a more profound role than N6 in eukaryotes (lyer, Abhiman, & Aravind,
2011).

The context of DNA methylation in plants and animals is different. In animals, initialy only
CG context methylation was found. However, recent studies showed that non CG methylation
also existsin stem cells (Lister et a., 2009). In plants not only CG methylation but also CHG
and CHH methylation are found. The propagation of DNA methylation in plants and animals
is also different: in plants DNA methylation can propagate across generations, whereas in
animals the DNA methylation mark is removed during zygote formation and re-established
through cell division during development. Recently some studies showed that a “memory
system” probably regulates the re-establishment of DNA methylation during development.

However, how the “memory system” manipulates the whole process is still obscure. There are
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two types of DNA methylation mechanisms. de novo DNA methylation and maintenance
DNA methylation. De novo methylation mechanism acts by adding a methyl group to the
unmethylated DNA residues. Maintenance methylation mechanism is responsible for
maintaining the methylation status of the newly synthesized DNA strand during methylated
DNA replication. Mechanisms of DNA methylation in plants and animals are also not the
same. In plants, most of the de novoDNA methylation is guided by small RNAs in a process
known as RNA-dependent DNA methylation (RADM), while RADM machinery has not been
found in animals so far. The group of enzymes that can add methyl to the cytosine are called
cytosine DNA methyltransferases (C5-MTase). The mechanisms of C5-MTases have been
studied for along time. Application of forward and reverse genetic approaches on C5-M Tases
in model plant and animal species has greatly improved our understanding of the role of C5-
MTases in development and gene regulation.

C5-MTases involved in catalyzing DNA methylation vary from different kingdoms of life.
The first C5-MTase was found in Escherichia coli(Hermann, Gowher, & Jeltsch, 2004) but a
large number of eukaryotic DNA methyltransferase homologs have now been reported. Some
of them, especialy those from model species have been shown to methylate DNA in vitro or
be involved in cytosine methylation. So far, in mammals, at least five C5-MTases: DNMT1,
DNMT2, DNMT3a, DNMT3b, and DNMT3L have been identified. The first mammalian
MTase discovered was Dnmt1, which is conserved among eukaryotes and is responsible for
DNA maintenance methylation (Bestor, 2000). DNMT2 is highly conserved among all the
eukaryotes including the organisms that lack DNA methylation such as Schizosaccharomyces
pombe. DNMT2 has not been identified as an active C5-MTase though it has highly
conserved catalytic motifs. This is due to the insertion of a serine residue into a critical
prolinecysteine dipeptide that is essential for DNA methyltransferase activity(Schaefer et a.,
2010).

DNMT3a, DNMT3b encode highly related but different C5-MTases. de novo DNA
methylation catalytic activities of DNMT3a and DNMT3b in vivo have been detected (Hsieh,
1999; F Lyko et al., 1999). The DNMT3L gene encodes DNA (cytosine-5)-methyltransferase
3-like protein which does not contain the amino acid residues necessary for methyltransferase
activity. However, DNMT3L as a stimulatory factor can modulate de novo methylation by

DNMT3A and DNMT3B (Chedin et a., 2002).
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In the model plant A. thaliana, C5-MTases include methyltransferases 1 (MET1),
chromomethyltransferases3 (CMT3), domains rearranged methyltransferases (DRM) and
DNMT2. MET1 is the homolog of DNMT1 in mammals and considered to be responsible for
the CG maintenance DNA methylation required for most TEs and gene methylation. CMT3
and DRM are plant specific C5-MTases. CMT3 is presumed to maintain CHG DNA
methylation, while DRM appears to be the principal de novo methyltransferase implicated in
RdDM.

In fungus Neurospora, DIM-2 and RIP defective (RID) were found to have similar roles than
C5-MTases (Freitag, Williams, Kothe, & Selker, 2002). Besides the C5-MTases mentioned
above, two super families of C5-MTases, DNMT5 and DNMT6, were identified. DNMT5
was found in Aspergillus fumigates (Ascomycetes) and Cryptococcus neoformans
(Basidomycetes) (Ponger & Li, 2005).

C5-MTases can be divided into an N-terminal regulatory part and a C-terminal catalytic
domain (Figure 4.1). All these C5-MTases share the common structure of the catalytic
domain in both prokaryotes and eukaryotes characterized by 10 conserved amino acid motifs
involved in the catalytic function (Goll & Bestor, 2005). The classification of C5-MTases is
based on the sequence homology within their C-terminal catalytic domains. Dnmt1 contains a
large N-termina regulatory part which comprises different motifs such as PCNA-NLS
domain, DNA replication loci target sequence, a Cys-rich region and BAH (Bromo adjacent
homology) domain (Figure 4.1). In plants, MET1 contains a large N-terminal regulatory part
resembling its homolog DNMT1. All the DNMT2 homologues are much shorter because they
lack the N-terminal domains. DNMT3A and DNMT3B have similar structures toDNMT1 but
the protein length is shorter than DNMT1. DNMT3A and DNMT3B contain PWWP and Csy-
rich domain in N-terminal regions. DRM is confined to flowering plants based on current
research. The RNAI machinery involving DRM is also found in plants. DRM proteins show
an average of 28% amino acid identity to mammalian Dnmt3A and Dnmt3B protein in their
C-terminal part containing highly conserved catalytic motifs. CM T3, another plant specific
C5-MTase,is a chromomethylase characterised by the presence of a chromodomain (Bartee,
Malagnac, & Bender, 2001) (Figure 4.1). DIM-2 has a C-termina domain which is the
homolog of other C5-MTases and a novel N-terminal tail that bears a degenerate BAH

domain and an ATP/GTP-binding motif (Kouzminova & Selker, 2001). The catalytic C-
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terminus of DIM-2 shows distant similarity to MET1 and Dnmt1 proteins and is likely to be a

highly diverged member of the Dnmt1 family. DNMTS5 proteins share along C-terminal part
comprising a DEXDc domain and helicase domain (Figure 4.1).
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Figure 4.1 Organization and sequence relationships of DNA cytosine methyltransfer ases.
Classes of cytosine methyltransferases and cytosine methyltransferase homologues in mouse,

A. thaliana, and ascomycete fungus N. crassa. The positions of sequence motifs are indicated
(Goll & Bestor, 2005).
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The functions of C5-MTases in model animal and plant species have been extensively studied.
Mounting evidence has showed that C5-MTases play vital roles in biological processes.
DNMT1 deficient mice show a genome wide decrease of ~90% in DNA methylation and die
early in embryogenesis stage(Y. Li et a., 1992). Similarly DNMT1 deficient mouse
embryonic stem cells die when differentiation was induced. Inducible DNMT1 knockout
mouse fibroblast cells die within afew cell divisions after induction of DNMT1 knockout. All
these data indicate that DMNT1 is indispensable for cell division and proliferation(Dudley,
Revill, Whitby, Clayton, & Farrell, 2008). DNMT1 has also been found to bind p53 tumor
suppressor protein and to co-localize in the nucleus which indicates its role in some
checkpoint signaling mechanisms (Chin, Pradhan, & Este, 2005). Inactivation of DNMT3a
and DNMT3b lead to early embryonic lethality in mice which indicates the vital roles of
DNMT3aand DNMT3b in development (Okano et a., 1999). The disruption of DNMT3a and
DNMT3b in germ cells accomplished by conditional knockout technology showed that
DNMT3a and DNMT3L are required for DNA methylation on imprinted loc i(Ooi et al.,
2007). Human DNMT3L has been shown to cooperate with DNMT3a and enhance its activity,
which suggests that Dnmt3L is an important cofactor for Dnmt3a (Chedin et al., 2002).

A large body of plant C5-MTase functional research has been carried out in high flowering
plant A. thaliana by knocking down or knocking out the C5-MTases. MET1, which is
responsible for CG maintenance methylation in A. thaliana, is the most extensively studied
plant C5-MTase. Nearly 60% of the methylated regions became demethylated with
transcriptional activation of TEs and pseudo-genes residing in heterochromatic regions in A.
thaliana MET1 mutants (Xiaoyu Zhang et al., 2006). These results showed that CG
maintenance methylation mediated by MET1 has a curia role in maintaining the stability of
heterochromatic regions. As for the plant specific C5-MTase CMT3, CTM3 single mutant
shows little reduction in DNA methylation at CHG sites wherase the drm mutant showed
amost complete loss of asymmetric CHH DNA methylation and a partial loss of CHG
methylation. However, in the drml drm2 cmt3 triple mutant, CHG methylation was |ost.
These data demonstrated that CHH asymmetric DNA methylation is mediated by DRM (Cao
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et a., 2003). Both DRM and CMT3 act redundantly on CHG DNA methylation(Cao et a.,
2003). So far, knockdown and knockout of DNMT2 in different organisms did not lead to
disruption of DNA methylation, which implies that DNMT2 has no or very low C5-MTase
catalytic activity. Recently DNMT2 was found to be a RNA methyltransferase for tRNA
(Jurkowski et a., 2008).

The genome wide distribution of DNA methylation in P. tricornutum combined with gene
expression has been profiled, which revealed the characteristics of DNA methylation
distribution in P. tricornutum and eventually some hints on its putative role. However,
nothing is known about the mechanisms regulating DNA methylation in P. tricornutum. The
questions are: how do the putative methylases act, what does each methylase do in terms of
maintenance and de novo methylation and is DNA methylation function is conserved between
P. tricornutum and other species? In an attempt to help answering some of these questions, |
initiated a reverse genetic approach by knocking down some of the known putative C5-

MTasesin P. tricornutum. The generated knockdown mutants were characterized.
4.1.2 N6- adenine methylation

N6-methyladenine (m6A) is responsible for another DNA modification, which is the transfer
of an adenine on the NH, group attached to the 6™ position of the purine ring. This is the most
frequent DNA methylation after m5C and has been found in various eukaryotes and
prokaryotes. m6A was first found in Escherichia coli (Dunn & Smith, 1958), andthen in
lower eukaryotes such as Penicillium chrysogenum (Rogers, Rogers, Saunders, & Holt, 1986),
the green alga Chlamydomonas reinhardtii (Hattman, Kenny, Berger, & Pratt, 1978) and
several ciliates (Hattman, 2005). Interestingly, the nuclear genome of the ciliated protozoa
Tetrahymena thermophila contains N6-methyladenine but no C5-methylation (Karrer &
VanNuland, 2002). Unfortunately, the roles of m6A in lower eukaryotes are still not

characterized.

In higher plants, m6A was found in nuclear DNA, plastid DNA and heavy mitochondrial
DNA (one strand rich in guanine is referred to as the heavy strand). m6A in heavy
MtDNA (the guanine-rich strand) is also detected in archegoniates (mosses, fern etc)
(Vanyushin, 2005). The presence of m6A in heavy mtDNA which commonly exists in aging

plant organs and apoptotic cells indicates that it may play a role in regulating mtDNA
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replication and mt gene expression. Studies of m6A lag far behind those of mC5. The putative
genes coding N6-methylation could be detected in P. tricornutum, T. pseudonana and
F.cylindrus (Pt44651, Tp21517 and Fc216468), so N6-methylation might exist in diatoms.

4.1.3 C5-DNA demethylation machinery

Beside the m5C DNA methylatransferases, a system for removing methylation from cytosine
caled m5C demethylation is aso vital for keeping m5C in a dynamic balance. DNA
demethylation can be passive and active. Passive demethylation occurs both in plants and
animals when cells fail to maintain DNA methylation in both strands during DNA replication.
For active demethylation, it has been shown that plants use a family of 5SMc glycosylases
including DEMETER (DME), DEMETER-LIKE 2 and 3 (DML2 and DML3), and
REPRESSOR OF SILENCING 1 (ROS1) which remove m5C and create an abasic site.
The gap is then refilled with an unmethylated cytosine through a base-excision-repair (BER)
pathway (J.-K. Zhu, 2009; Ooi & Bestor, 2008). However, glycosylase homologs have not
been found in mammals and the active demethylation system in animals is still mysterious.
Active demethylation in mammals is proposed to result from mechanism different from the

ones known for plants.

It has been proposed that methyltransferases DNMT3A and DNMT3B mediate oxidative
deamination on 5Mc followed by repair of the guanine:thymine (G:T) mismatch by thymine
DNA glycosylase (TDG) and methyl-CpG-binding domain protein 4 (MBD4). The BER
machinery then returns the mismatch to an unmethylated guanine: cytosine (G:C) pair
(Kangaspeska et a., 2008; Métivier et a., 2008). The mechanism requires that DNMT3A and
DNMT3B are efficient m5C deaminases. However, the efficiency of deamination of m5C by
DNMT3A and DNMT3B is not good enough as it is proposed to make the reported rapid
cyclical methylation and demethylation (Ooi & Bestor, 2008).

Recently, studies on a small family of 5-methylcytosine hydroxylases (TET1, TET2, TETS;
“TET” refers to Ten-Eleven-Trandlocation) in mammals have reveded an oxidative
mechanism, implying that BER mechanism is preceded by oxidation and/or deamination for
demethylation (Gong & Zhu, 2011). Obviously, this demethylation pathway is different from
the glycosylase system in plants. The TET family enzymes, which are responsible for 5mC-

OH, was aso considered an important intermediate product of the demethylation system in
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mammals (Ito et a., 2010). 5mC-OH can be a substrate for deamination enzymes, and the
resultant hydroxymethyl uracil may be replaced by methyl cytosine through a threonine
dehydrogenase (TDG) and BER pathways (Gong & Zhu, 2011). Furthermore, 5mC-OH was
found to be involved in different biological processes such as DNA methylation fidelity,
embryonic stem cell maintenance and probably transcriptional regulation (Ficz et a., 2011;
Williams, Christensen, Pedersen, et a., 2011; Wu et al., 2011).

The Cytosine deaminases AID (activation-induced cytidinedeaminase) was found to be
involved in demethylation in lower vertebrates and heterocharyon (Fritz & Papavasiliou,
2010). Primordial germ cells of AID deficient mouse mice display hypermethylation which
showed that AID plays arole in erasing DNA methylation in mammals (Popp et al., 2010).
Cytosine deaminases AID and Apobecl (apolipoprotein B mRNA editing enzyme, catalytic
polypeptide 1) can deaminate 5meC both in vitro and in E. coli, suggesting deamination of
5meC followed by T:G base excision repair by glycosylases such as Tdg or Mbd4 as an
equivalent pathway for demethylation of DNA (Morgan, Dean, Coker, Reik, & Petersen-
Mahrt, 2004).

4.1.4 SET domain containing proteinsfor histone lysine methylation

SET domain containing proteins are responsible for histone lysine methylation. The SET
domain is folded in all the solved structures into several small  sheets surrounding a knot-
like structure by threading of the carboxyl terminus through an opening of a short loop
formed by a preceding stretch of the sequence. The two most-conserved sequence motifs in
SET domains are RFINHXCXPN and ELXFDY (Dillon, Zhang, Trievel, & Cheng, 2005).
MLL and ASH can methylate lysine 4 of histone H3 (H3K4). Suv 39 can add methyl to
lysined (H3K9). E(z) has the enzymatic activity for adding methyl on H3K27mel and
H3K27me2 turning to H3K27me2 and H3K27me3. The enzymes catalyzing H3K27 and
H3K4 methylation belong to Polycomb-group (PcG) and trithorax-group (trxG) protein
complexes, respectively, which can mediate gene expression patterns in multicellular

organisms (Schuettengruber, Martinez, lovino, & Cavalli, 2011).
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4.1.4.1 Polycomb group proteins

Polycomb group proteins, which are related to H3K27me3 deposition, have been extensively
studied in different organisms. H3K27me3 has novel distribution in P. tricornutum which
raised my interests in exploring the functions of Polycomb group proteins in diatom.
Polycomb group (PcG) proteins were initially discovered in Drosophila melanogaster. PcG D.
melanogaster mutants display improper body segmentation which suggests PcG proteins
regulate homeotic genes that are required for segmentation (Raphaél Margueron & Reinberg,
2011). Polycomb group proteins are mainly constituted by polycomb repressive complex 1
(PRC1) and 2 (PRC2). The core PRC2 complex, conserved from Drosophila to mammals,
contains four components: Enhancer of Zeste (E(Z)), Extra sex combs (ESC), Suppressor of
zeste-12 (SU(Z)12), and nucleosome-remodeling factor 55 (NURF-55) (Simon & Kingston,
2009). In plants, PCR2 complexes have evolved into more complicated conformations. In A.
thaliana, there are three homologs of E(z) (CURLY LEAF (CLF), MEDEA (MEA) and
SWINGER (SWN)), three homolog of Su(z)12 (EMBRYONIC FLOWER 2 (EMF2),
VERNALIZATION 2 (VRN2), and FERTILIZATION INDEPENDENT SEED 2 (FIS2)), the
ESC homology FERTILIZATION INDEPENDENT ENDOSPERM (FIE) and Nurf55
homolog MULTICOPY SUPPRESSOR OF IRA 1(MSI1) (Hennig & Derkacheva, 2009).

Compared to PCR2, PRC1 components are more variable. The components of PRC1 are not
evolutionarily conserved from plants to animals. In mammals, the PRC1 complex includes
two core components RING1A/B together with BMI1, MEL18 (PCGF2) or NSPC1 (PCGF1)
(Whitcomb, Basu, Allis, & Bernstein, 2007). In plants, LHP1 (Like heterochromatin protein)
and AtRING1la are considered as PRC1 components. LHP1 does not have a homolog in
Drosophila. Drosophila Pc is considered as a functional analogs but is not homologs to plant
LHP1 (Hennig & Derkacheva, 2009).

It has been proved that the PcG proteins play roles in deciphering chromatin mechanisms in
multicellular development, stem cell biology and cancer (Jaenisch & Young, 2008; Jones &
Baylin, 2007; Lechner et a., 2010; Rgasekhar & Begemann, 2007). The PRC 2 proteins are
important for early mouse development control. Mice with mutations in genes encoding
PRC2 proteins lead to early embryonic lethality (Raphaél Margueron & Reinberg, 2011).
Combined deletion of Ringlb and Ringla cause inhibition of ES cell proliferation (Endoh et
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al., 2008). In mouse embryonic stem (ES) cells, PRC2 is involved in maintenance of
pluripotency by regulating gene expression, possible by repressing numerous devel opmental
regulators inducing cell-lineage commitment or sustaining the expression of pluripotency
factors. The PRC2 complex may directly bind to H3K27me3, most likely through the WD40
domain of ESC and its homolog FIE (Xu et a., 2010), thus ensuring a semi-conservative

mode of maintaining the PRC2 mark.

Recent studies suggest that not only PRC2 but aso PRC1 is implicated in pluripotency
maintenance (Raphaél Margueron & Reinberg, 2011). In animals, the PRC1 complex
monoubiquitinates H2A after H3K27 trimethylation deposition mediated by PRC2 complex
and triggers compaction of the chromatin into a heterochromatin state that stably represses
expression. However, the mechanism of PRC1 complex monoubiquitination in plants is still

not clear (Holec & Berger, 2012).

The PcG machinery is aso deployed in X-chromosome inactivation and parent-of-origin
imprinting of epigenetic silencing in mammals. Both PRC1 and PRC2 proteins are recruited
to the inactive X in a manner that depends on the non coding Xist RNA that is transcribed
from the X chromosome locus that initiates X inactivation (Kerppola, 2009). The interaction
and cooperation between non coding RNA and PcG proteins has been found in both plants
and animals. In A. thaliana, a long intronic noncoding RNA termed COLD ASSISTED
INTRONIC NONCODING RNA (COLDAIR) was found to corporate with PRC2 for
triggering enrichment of tri-methylated histone H3 Lys27 at chromatin of the floral repressor,
FLOWERING LOCUS C (FLC), and to result in epigenetically stable repression of FLC after
a cold period (Heo & Sung, 2011). In humans, a 2.2 kilobase ncRNA residing in the HOXC
locus termed HOTAIR, which represses transcription in trans-across 40 kilobases of the
HOXD locus. HOTAIR interacts with PRC2 and is required for PRC2 occupancy and histone
H3 lysine-27 trimethylation of the HOXD locus (Rinn et a., 2007).

PcG proteins are appreciated as a crucia set of global chromatin regulators because of the
advances in understanding the molecular mechanisms and biological functions of PcG
proteins in silencing. In A. thaliana, PcG proteins control the expression of the main
transcrip- tional regulators of the central developmental switch: shoot apical meristems can be

vegetative and generate more leaves or become reproductive and generate flowers. (Koéhler &
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Hennig, 2010). PcG proteins also regulate flowering by repressing the flowering inhibitor
FLOWERING LOCUS C (FLC) after long periods of cold (vernalization) (Bastow et al.,
2004). The complete loss of PcG function in clf swn double mutants leads to loss of cell
differentiation and activation of the embryonic program (Chanvivattana et al., 2004). In moss
Physcomitrella patens, PcG proteins (FIS and CLF) were found to have an impact on the
between gametophyte-to-sporophyte transition (Chopra et al., 2011). Mosses have a
predominant vegetative gametophytic phase and short sporophyte phase. In the gametophyte,
FIS and CLF in P. patens have vital roles in repressing initiation of sporophytic pluripotent

stem cell devel opment.

The SET domain of E(z) (Enhancer of zeste), the component of PRC2, is the key domain for
methylating H3K 27. In metazoans, H3K 27 is primarily mono- and di- methylated by PRC2 in
vivo and H3K 27 tri-methylation is catalyzed by arelated complex (Pcl-PRC2), which contains
additional subunits such as Polycomb-like (Pcl. In A. thaliana, monomethylation of H3K27 is
carried out by ATXR5 and ATXR6 which are distinct from PRC2 and their homologues are
absent in mammals (Jacob et a., 2009). VEL1 in Arabidopsis is also considered as the
functional analog of Drosophila Pcl but not the homolog (Hennig & Derkacheva, 2009). It is

still not clear which enzyme deposits monomethylation on H3K27 in mammals.

PRC2 complex is responsible for methylation of (di or tri) of H3K27 (H3K27me2/3) through
EZH1 AND EZH2. In Arabidopsis seedlings, 15-24% of all genes are marked by H3K27me3
and most of them are repressed genes which implies the role of PcG proteins in gene silencing
(Xiaoyu Zhang et a., 2007b). In Xenopus, H3K27me3 is associated with spatia gene
regulation because H3K27me3 was found mainly deposited at promoters of genes that are
preferentially expressed at vegetal poles. This suggests that H3K27me3 deposition and PcG
proteins have crucia roles in gene regulation during development (Akkers et a., 2009).

It was initially believed that PcG proteins and Polycomb epigenetic mechanisms only exist in
multicellular organisms because PcG proteins are absent in unicelular fungi
Schizosaccharomyces pombe and Saccharolyces cerevisiae. However, the homology of PcG
were found in filamentous fungus Neurospora crassa which led to speculation that PcG
proteins may contribute to multicelluar developmental stages of this organism given that PcG
proteins are critical for cellular differentiation (Whitcomb et al., 2007). Later Shaver et a
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systematically demonstrated that PcG gene homologs exist in some unicellular organisms
belonging to Opisthokonta, Chromalveolata and Archaeplastida. This identification of PRC2
subunits and H3K 27methylation in extant unicellular organisms strengthened the hypothesis
that PcG proteins were present in their last unicellular common ancestor and were

subsequently lost in certain single-celled lineages (Shaver et a., 2010).

It is very intriguing to study the functions of PcG proteins in single celled eukaryotes. So far,
to our knowledge, only few reports related to PcG protein in unicellular organisms have been
published. In the unicellular ciliate Tetrathymena thermophila, the deposition of H3K27me3
is correlated with heterochromatin (Y. Liu et a., 2007). This suggests that PcG epigenetic
system can be traced back at least to this ancient unicellular ciliate. Shaver et a knocked
down the E(z) gene in Chlamydomonas reinhardtii by RNAi. They observed that E(z) RNAI
resulted in the release of transcriptional silencing of tandemly repeated genes and
retrotransposons. It was concluded that E(z) may be involved in a genomic defense response
against invading foreign sequences. H3K4me3 and H4 acetylation were increased both of,
which are mediated by depletion of E(z). Unfortunately, histone H 3 sequences around lysine
27 are not conserved in C. reinhardtii compared to plants and animals, so the commercid
H3K27 methyl antibody could not be used for further investigation. In diatoms, PcG protein
functions have never been explored. Here | investigate the putative PcG proteins in eukaryotic
unicellular algae species with focus on diatom species especialy P. tricornutum in which
genome wide H3K27me3 distribution has been profiled.The preliminary results demonstrate
that PcG proteins are widely distributed in unicellular organisms.

P. tricornutum as a single celled diatom model species with sequenced genome and molecular
tools is a suitable model to explore the role of PcG proteins in unicellular organisms.
Furthermore, P. tricornutum has the unique feature of possessing several ecotypes with
different morphotypes which makes it an attractive system for studying the underlying
mechanisms that govern morphological transition and whether PcG proteins have a potential

rolein P. tricornutum morphogenesis.

| therefore carried out a reverse genetic approach by knocking down the putative E(z) in P.
tricornutum Pt32817. Several knockdown transgenic lines have been generated and their

characterization is still under way. The amino acid sequence of H3 in P. tricornutum s highly
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conserved compared to human and plants, so the use of the commercial antibody H3K27me3
is applicable to P. tricornutum. The preliminary results using western blot show that E(2)
knock down strain showed decreased levels of H3K27me2 and H3K27me3 while H4
acetylation levels were increased. The most exciting and interesting phenotype of the E(z)
knockdown mutants is that the cell shape change from fusiform to oval or oval like shape

which suggests a putative role of E(z) in cell differentiation or morphtype transition.

4.2 Results
4.2.1 Putative C5-Methyl transferasesin diatoms

Genes encoding putative MTases can be detected in three fully sequenced diatoms T.
pseudonana, P. tricornutum, and F. Cylindrus. The highly conserved putative DNMT2 (Tp
22139, Fc139137 andPt 16674) were found in these three diatoms. Other putative DNA
MTases in diatoms are not easily classified into the well known DNA MTase classes.
Generaly the DNA MTases in diatoms have shorter N- terminal regulatory domains. Pt44453
does not contain a C5-MTase catal ytic domain but bromo-adjacent homology (BAH) domain
and a cysteine rich region (ZF_CXXX) two motifs characteristic of Dnmtl are present.
Pt46156 and Tp9575 belong to the Dnmt3 group but the similarity is not very high. In the
three diatom genomes, putative DNMT5 genes were aso detected (Pt45072, Pt45071,
Fc250902, and Tp3158). DNMTS5 is commonly found in Ascomycetes and Basidiomycetes
and later on detected in the Pelagophyte Aureococcusano phagefferens and the Prasinophycte
(green algae) Ostreococcus tauri, Ostreococcus lucimarinus, and Micromonas pusilla
(Maumus et al., 2011). In contrast to the long N-terminal regulatory domain found in DNMT1
and DNMT3, DNMT5 does not have a long N-terminal domain, but contains instead an
SNF2-type DEXDCc/HELICc helicase domain at the C-terminus. Interestingly, it seems that
putative MTases Pt47357, Tp2094 and Fc148014 with bacterial origin belong to a diatom
specific MTase group (Figure 4.2).
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Figured.2 Neighbor joining phylogenetic tree of C5-MTases from three diatom species
and several other model species (bootstrap is 1000 replicates).
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In order to begin to investigate the functions of putative DNA MTases in P. tricornutum, we
therefore carried out a reverse genetic approach by knocking down three putative DNA
MTases (46156, 47357 and 45072) in P. tricornutum. Antisense constructs were made for
each gene and transformed into Ptl cells (see Materials and Methods section for details).
Putative transformed lines were checked by PCR for the presence of the transgene. For each

gene, 10 transformed lines were retained for further analysis.

4.2.2 Genome wide DNA methylation quantification of wild type and C5-M Tases

mutants

To characterize the resulting knockdown C5-M Tasesmutants, the relative levels of mMRNA of
C5-MTases in wild type and C5-MTases were analyzed by performing RT-gPCR. The
reductions of mMRNA levels in C5-MTases were not observed. However, for some genes of
RNAI and antisense knockdown mutants, the reductions can be only observed in protein level
not in mMRNA level in P. tricornutum (De Riso et a., 2009). This is might be due to the
absence of silencing at the RNA level and its occurrence only at the post transcriptional level.
The best way to characterize the resulting knockdown DNA is anayze the protein levels of
C5-MTases in knockdown lines compared to wild type. Currently | do not have the antibodies
specific to these C5-MTases, so | used McrBC-gPCR to analyze the DNA methylation level
in different locus and | also performed a global quantification of DNA methylation using akit.

McrBC-Qpcer was performed after digestion of extracted DNA. McrBC can specifically
recognize and cut methylated DNA from Pt47357, Pt45072 and Pt 43156 antisense lines. The
extent of DNA methylation loss through digestion can be demonstrated through quantitative
PCR on McrBC digested and undigested genomic DNA. In this way, McrBC- gPCR r can
indicate the status and extent of DNA methylation of specific regions. Six sequences (three
genes and three TE regions) were chosen for McrBC- gPCR because they were shown to be
methylated in the wild type P. tricornutum based on McrBC-ChiP data (Chapter 11 and
http://ptepi.biol ogie.ens.fr/cgi-bin/gbrowse/Pt_Epigenome/). The Unmethylated H4 gene in
wild type P. tricornutum was used as the internal control for each digestion and gPCR.In 2-
45072-2, al the selected genes and TEs showed decreased DNA methylation level compared
to wild type. 47357-2 aso showed decreased DNA methylation levels of all the selected loci.
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For 47357-5, not all the selected loci showed decreased DNA methylation levels (Figure 4.3
Figure 4.4).
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Figure 4.3 McrBC-QPCR analyses of DNA methylationon genes and transposons. 2-
45072-2:45072 antisense strain, WT: wild type P. tricornutum.
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Figure 4.4 McrBC-QPCR analyses of DNA methylationon genes and transposons.
47357-5-2, 47357-5: 47357 antisense strains, WT: wild type P. tricornutum.
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In summary, the current experimental results are consistent with the hypothesis that putative
DNA MTase Pt45072 and Pt47357 seem to have DNA methylation catalytic activity in P.
tricornutum. However, it is still too early to conclude that putative DNA MTase Pt46156 has
no DNA methylation catalytic activity because the experiments are still in progress.
Additional transgenic lines of Pt46156 need to be screened and anayzed. Overexpression of
the three putative DNA MTasesis also in progress.

The further global DNA methylation analysis revealed that DNA methylation levelsin 45072
(AS2-45072-2) and 47357 anti sense mutant strains (AS-47357-2 and AS-47357-5) were
lower than in the wild type P. tricornutum. However the 46156 antisense mutants did not
show significant differencesin the level of DNA methylation with the wild type (Figure 4.5).
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Figure 4.5 Relative DNA methylation level (462nm absorbance) detection by Imprint®
Methylated DNA Quantification Kit.
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4.2.3 DNA demethylation machinery in diatoms

In P. tricornutum, genes encoding TET family homologs cannot be found while homologs
containing DNA glycosylase domains can be detected. This indicates that the demethylation
system in P. tricornutum is probably more similar to that of higher plants such as A. thaliana
(Figure 4.6). It is very interesting that the putative demethylases, Pt55285 or Pt53989 and
Pt51398 in P. tricornutum contain not only a DNA glycosylase domain and “heliex turn
heliex base-exersion DNA repair C-termina” domain, as in A. thaliana, but also another
domain called “8-oxogunine DNA glycosylase, N terminal” which usualy exists in 8-
oxoguanine DNA-glycosylases (OGG1). OGGL repairs oxidatively damaged DNA at sites of
7,8-dihydro-8-oxoguanine (8-oxoguanine) in metazoans and yeast (Mabley et al., 2004,
Sandigursky et al., 1997; Sheehan et al., 2005; Youn et a., 2007). The same situation is also
found in F. cylindrus. In T. pseudonana, the situation is different: putative demethylase
Tp2836 and Tp31979, like ROS1, DML2 and DML3 in A. thaliana, do not contain 8-
oxogunine DNA glycosylase while putative demethylase Tpl7626 contains the 8-oxogunine
DNA glycosylase domains as well as the N termina domain as in the putative demethylases

in P. tricornutum and F. cylindrus (Figure 4.7).
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Figure 4.6 Neighbor joining phylogenetic tree of demethylasesin plants and algae
(bootstrap is 1000 replicates).
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Figure 4.7 Schematic representation of putative demethylasesin P. tricornutum.
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4.2.4 | dentification of proteins containing SET domainsfor histone methylation in P.

tricornutum

SET domain-containing proteins are responsible for histone methylation. A wide range of
putative SET domain-containing proteins can be identified in P. tricornutum (Figure 4.8).
However, in most cases, it isimpossible to analyze specific putative functions because of their
sequence divergence with respect to known SET domain containing proteins involved in
histon methylation. In the future, it will be worth to manipulate by forward and reverse
genetic some of these putative genes to explore their functions and cross-talks between
different putative genes responsible for different histone modifications.
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Figure 4.8 SET domain containing proteinsin P. tricornutum.

MLL: Lysine Methyltransferase on H3K4

E(2): Lysine Methyltransferases on H3K 27

SETDZ2: Lysine Methyltransferases on H3K 36
ASH1/WHS5C1: Lysine Methyltransferases on H3K4

SMYD: Lysine Methyltransferases on H3K4
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4.2.5 Distribution of PRC2 core subunitsin diatoms and other eukaryotic algae

Genome comparison analyses have revealed that not only multicellular organisms but aso
unicellular organisms contain the homologs of PRC2 core subunits (Shaver et al., 2010). A
sequence similarity-based method between domainsg/motifs and full-length sequences of gene
models was used to identify PcG homologs. Here, | explored homologs of the PRC2
components in eukaryotic organisms with focus on unicellular agae. The amino acid
sequences of D. melanogaster were used to for BLAST analysis in different genomes. The
putative proteins with 50 amino acid similarity were considered as homologs. In order to
evaluate the taxonomic distribution of the PRC2 core components, E(z), ESC, Su(z)12 and
Nurf55, | surveyed the genomes from unicellular algae together with some model species.
Nurf55 is widely distributed in all the organisms | surveyed (Figure 4.9). This is not
surprising because this protein is shared not only by PcG complex, but also by severa other
distinct machineries such as HAT1 (histone acetyltransferasel) and histone deacetylase
complexessuch as CAF-1 (chromatin assembly factor-1), and ATP-dependent nucleosome-
remodeling complexes NURF and NuRD (Nowak et a., 2011; Suganuma, Pattenden, &
Workman, 2008). So in order to avoid confusing interpretations, only the taxonomic
distribution of E(z), ESC and Su(z) was considered when making inferences about the origin

of PRC2 complexes.

Shaver et d demonstrated that PRC2 appeared early in eukaryotic evolution and that the
advent of the PRC2 complex is unlikely to have been associated with the emergence of
multicellularity (Shaver et a., 2010). Here we examined the eukaryotic unicellular agae from
Stramenopiles, Chlorophyta (green algae), Cryptomonad, Chromalveolata and Rhodophyta
(Figure 4.9). The results demonstrate that the eukaryotic unicellular algae Bigelowiella
natans from Cryptomonad, Guillardia theta from Chromalveolata, the unicellular red
algaCyanidioschywon merolae, two diatom species P. tricornutum and F. cylindrus, two
picoplankton Prasinophyceae Ostreococcus tauri, and Bathycoccus also contain PRC2
components. It therefore seems evident that PCR2 components were lost in Excata,
Amoebozoa and budding yeast S. cerevisiae and S. pombe but retained in other lineages of life.

Our results further confirmed the irrelevance between mutlicellularity and PRC2 components.
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Figure 4.9 Distribution of PRC2 core subunits among eukaryotic organisms. The
phylogenetic tree was constructed based on NCBI taxonomy data.
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4.2.6 Phylogentic analyses of PRC2 component E(2)

E(z) is the key component of PRC2 complex because it is the catalytic unit for adding the
methyl group to H3K27mel and H3K27me2 for H3K27me2 and H3K27me3 formation. The
polypeptides corresponding to E(z) proteins are quite conserved in species where H3K27
methylation has been experimentally demonstrated in metazoans and higher plants.
Mammalian organisms have two E(z) homologs: Ezhl and Ezh2 whereas E(z) in plants (A.
thaliana) has expanded into three homologs. In mammals Ezhl and Ezh2 maintain repressive
chromatin through different mechanisms (Raphael Margueron et al., 2008). Single E(z2)
homologs were detected in the unicellular algae with fully sequenced genomes. This includes
the following species: green algae (Ostreococcus tauri, Bathycoccus, Micromonas, Chlorella
vulgaris, Volvox carteri, Chlamydomonas reinharditii), red agae (Cyanidioschyzon merolag),
brown algae (Ecocarpus siliculosus), diatoms (Phaeodactylum tricornutum, Thalassiosira
pseudonana, Fragilariopsis cylindrus), haptophyceae (Emiliana huxleyi), Cryptomonad
(Bigelowiella natans), and Cryptophyta (Guillardia theta). The wide distribution of E(z) in
unicellular algae suggests important potential roles of H3K27me3 in these species. The
putative E(z) proteins detected in different organisms are too diverse so the phylogenetic tree
cannot be well resolved. Therefore a phylogenetic tree was constructed based only on the SET
domains (Figure 4.10). However, this phylogenetic tree also did not allow me toresolve the
relationship among most of these proteins unequivocally. This implies that E(z) has a very
complicated evolutionary history. However, the usual problems of weakness of phylogenetic
signa, later gene transfers, hidden paralogy, tree reconstruction artifacts and incorrect
predicted genes should also be considered. Notwithstanding, comparative genome analyses
have reveded that putative E(z) homologs exist in the diatoms P. tricornutum (Pt32817), T.
pseudonana (Tp268872) and F. cydinrus (Fc181541). To our surprise, the putative E(z) SET
domain in the centric diatom T. pseudonana did not form a single clade with the pennate
diatoms P. tricornutum and F. cydinrus which further complicate interpretation of

evolutionary history
4.2.7 Phylogentic analyses of PRC2 components ESC

ESC is another key component of the Polycomb repressive complex 2 (PRC2).A phylogenetic
tree of ESC-like proteins, constructed by aigning the full length sequences, suggests a
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monophyletic origin for the polypetides found in all the organisms containing putative E(z)
homologs expect the unicellular organism Tetrahymena thermophila. The existence of
different forms of H3K27 methylation (H3K27mel, H3K27me2 and H3K27me3) has been
demonstrated by mass spectrometry in T. thermophila (Garcia, Shabanowitz, et al., 2007).
The absence of ESC in T. thermophila and the existence of different forms of H3K27
methylation imply therefore that ESC is not correlated with methylation deposition on H3K27.
All the unicellular algae examined here contain ESC components. The functions of ESC in
unicellular algae have not been explored yet. Compared to the SET domains of E(z),
aphylogenetic tree of ESC sequence treefor unicellular algae has better phylogentic
relationship resolution: three diatom species are clustered together and three prasinophytes are
also clustered together (Figure 4.11). However, the putative ESC in B. natans, G. theta and C.
merolae do not show close relationships as they do in the taxonomic phylogenetic tree.

4.2.8 Phylogentic analyses of PRC2 components Suz(12)

Su(z)12 proteins are not widely distributed like E(z) and ESC. They have been lost in most
green agae species, one diatom species (F. cylindrus), the brown algae E. siliculosus, and the
haptophyte E. huxleyi among the unicellular algae species we have examined here. In green
algae/Chlorophyta group, except Ostreococcus tauri which has Suz(12), Bathycoccus,
Micromonas pusilla, Chlorella vulgaris, Volvox carteri and Chamydomonas do not contain
Suz(12) which implies that the PRC2 component Suz(12) was lost in most green algae species
during evolution. In another important marine algae E. huxleyi, Suz(12) is absent. Among the
three diatom species P. tricornutum, T. pseudonana and F. cylindrus, P. tricornutum and T.
pseudonana contain Su(12) while F. cylindrus seems to have lost it. It is interesting to note
that the brown alga E. siliculosus closely relative group of diatoms aso lacks Suz(12). As we
can see from the Suz(12) phylogentic tree, the metazoan sequences are distinct from others,

but within the algae and plant the relationship cannot be resolved very clearly (Figure 4.12).
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Figure4.11 The phylogenetic NJ tree of putative ESC in different organisms (bootstrap is
1000 replicates).
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Figure 4.12 The phylogenetic NJ tree of putative Suz(12) in different organisms
(bootstrap is 1000 replicates).
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4.2.9 Distribution of PRC1 core subunitsin diatoms and other eukaryotic algae

PRC1 components are not very conserved in plants and metazoans. RING1A/B together with
BMI1, MEL18 (PCGF2) or NSPC1(PCGF1) or Pc (in Drosophila ) are considered as the
principal PRC1 components in metazoans (Whitcomb et a., 2007) where LHP1 and
AtRINGla are considered as the mgjor PRC1 components in plants. Among them, RING1A
and AtRING1a are homologs.

Firstly, | examined the presence of putative RING1A or AtRINGlain eukaryotic unicellular
algae anda constructed phylogenetic tree (Figure 4.13). The RING1A or AtRINGla
homologs were not widely distributed in eukaryotic unicellular algae we have examined. It is
missing in the green algae O. tauri and Bathycoccus, brown aga E. siliculosus, brown tide
algal A. anophagefferens, the diatom F. cylindrus and the red alga C. merolae. The homologs
of animal PRC1 components Pc BMI1 protein are not detected in the eukaryotic unicellular
algae we have examined here. As for the homomlogs of LHP1-like protein, which contains a
chromo domain, only one homolog was detected in E. huxleyi wherase putative chimeric
proteins containing not only a chromo domain but also a Jnjc domain were found in P.
tricornutum and T. peudonana (Pt 34913, Tpl1863) (Figure 4.14). It is very interesting that
the Jmjc domain which is responsible for histone demethylation while chromodomains are
commonly found in proteins associated with remodeling and manipulation of chromatin
(Flanagan et a., 2005; Klose, Kdlin, & Zhang, 2006; Xhemalce & Kouzarides, 2010). In A.
thaliana, the chromodomain-containing protein LHP1 colocalizes with H3K27me3 genome-
wide. The LHP1 chromodomain aso binds H3K27me3 with high affinity, suggesting that
LHP1 has functions like the Polycomb protein (Exner et a., 2009). In Drosophila, the
chromodomain containing protein heterochromatin protein 1 (HP1) is associated with
H3K9me2 modification for heterochromatin formation (Elgin & Grewal, 2003; LeRoy et al.,
2009). In diatom genomes, the chimera proteins which have putative dual functions are very
common (Bowler et a., 2008). However, the actual function of this chimeric diatom protein
containing Jmjc and chromo domains is yet to be determined.

The homologs of Drosophila Pcl and Arabidopsis VEL 1 protein could not be detected in any
of the eukaryotic algae examined here. Since D. melanogaster Pcl and A. thaliana VEL1

proteins are analogs not homologs, it is possible that these algae have another protein with
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distinct amino acid sequences which has similar functions as Pcl and VEL1 for H3K27me3

deposition.
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Figure 4.13 Phylogenetic NJ tree of AtRING1A in different organisms (bootstrap is 1000
replicates).
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Figure 4.14 Schematic r epresentation of Pt34913 L HP homolog.

4.2.10 Knockdown of E(z) homolog 32817 inP. tricornutum

According to RNA-seq data (data not shown), the putative E(z) gene Pt32817 gene expressed
in norma P. tricornutum cultures of the Pt1.8.6 which is composed of 90% fusiform cells P.

tricornutum has four morphytypes: fusiform, triradiate, oval and roundish. Under normal lab
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conditions, most cells are fusiform while others are triadiate, oval and round cells. Under
stresses, the cells tend to be oval and roundish. | aso utilized quantitative reverse
transcription (RT)-PCR to detect the expression level of EZ homolog 32817 wild type and
mutants in P. tricornutum under normal conditions. | did not observe a decrease in the
expression level of 32817 mRNA in mutant lines (data not shown, the mutant lines were
shown in Figure 4.15). Thisis might be due to the absence of silencing at the RNA level and
its occurrence only at the post transcriptiona level. To further investigate the silencing of the
mutants, we need to perform a western blot using an antibody against the protein itself, but

such an antibody is not yet available.
4.2.11 Effect of EZH down regulation on global post-transational histones modifications

In order to gain insight on the chromatin state aterations caused by down regulation of E(z),
we carried out western boltting using antibodies specific to certain histone modification. As
we know, E(z) mediates H3K27me2 and H3K27me3 in plants and animals, so firstly we
examined whether down regulation of Ez decreases global H3K27me3 and H3K27me2. |
observed that the levels of H3K27me3 and H3K27me2 were indeed decreased in Pt 32817
knockdown mutants compared to wild type. In contrast globa H4 acethyation level was
increased in As32817 (Figure 4.15).
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Figure 4.15 Western blotting detection of H3K27me3, H3K27me2 and ace H4 in wild
type (wt) and antisenselinesl, 2, 3, 4, 6, 7 and 13. A: western blotting detection of results
H3K27me3, B: red ponceau loading control for H3K27me3 and acethyl-H4 which recognizes
acetylated histone H4, C: western blotting detection results of acethyl-H4, D: western blotting
detection results H3K27me2, D: western blotting detection results of H4 (loading control for
H3K27me2). In F and G the relative value is calculated by Imagine J.
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4.2.12 Light microscopy observations of Ez antisencse strains

Interestingly, | found that the cell shape of P. tricornutum AS3217 strains was different from
wild type P. tricornutum cells. The wild type P.tricornutum Pt1 grown in the lab usualy
sustains the fusiform morphotype and the cells used for transformation are also fusiform.
However, the E(z) mutant strains showed a tendency to be oval instead of fusiform In
particular, the freshly inoculated cells become roundish and even form aggregates (Figure
4.16).
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Figure 4.16 Light microscopy pictures of wild type P. tricornutum and As32817 mutants.
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4.3 Discussion
4.3.1 C5-MTase knockdown in P. tricornutum

These preliminary results of C5-MTase knockdown in P. tricornutum are encouraging but
need further analysis before envisaging sophisticated studies genome wide. It will firt be
necessary to design antibodies specific for proteins 46156, 45072 and 47357 for western
blotting experiments to confirm decreased putative MTase protein levels in the mutants.
Secondly, as we know, budding yeast does not have DNA methylation which makes it a good
model for studying DNA methylation in vitro. Therefore, overexpression of the three putative
DNA MTases in budding yeasts may help us figure out which putative MTase has DNA
methylation catalytic activity. A next step will be genome wide profiling of DNA methylation
in selected lines by bisulfite sequencing. This approach will help figure out whether any of the
different contexts of methylation in P. tricornutum C5-MTase. Furthermore RNA-seq
analysis of the mutants will help understand how DNA methylation affects gene expression.
Small RNA profiling combined with other epigenetic key components such as histone
modifications will ultimately draw a clearer picture on the mechanisms underlying DNA
methylation in diatoms as thisis likely not to be an isolated phenomenon but acts under tight

regulation and is correlated to dynamic chromatin states.
4.3.2 Distribution of PcG componentsin algae and E(z) knockdown in P. tricornutum

Previous research showed evidence for the widespread existence of PRC2 components in
unicellular eukaryotes from the Opisthokonta, Archaeplastida and Chromalveolata
supergroups, which contradicts the idea of their presence only in multicellular organisms
(Shaver et a., 2010). Thus, it was proposed that the PRC2 components likely evolved in the
last unicellular common ancestor of all eukaryotes and were subsequently lost from certain
lineages. H3K27me2 and H3K27me3, the outcome of E(z) enzymatic activity, have been
extensively studied in multicellular organisms such as Arabidopsis and human. However, the
study on PcG protein and H3K 27methylation in unicellular organsims is very limited with the
exception of Chlamydomonas and Tetrahymena thermophila. The existence of H3K27
methylation in Chlamydomonas and Tetrahymena thermophila was identified by mass
spectrometry analyses (Garcia, Hake, et al., 2007). Moreover, investigation of PcG proteins

was carried out by knocking down the putative E(z) in Tetrahymena thermophila and
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Chlamydomonas. In T. thermophila, H3K27me3 was found associated with heterochromatin
formation and DNA eimination while in Chlamydomonas it has been reveadled that E(z) is
involved in transcriptional repression of repetitive transposons and retrotransposons (Y. Liu et
al., 2007; Shaver et al., 2010). Therefore, these studies confirmed that PRC2 indeed provide a
function in unicellular organisms. However, it seems that the functions of E(z) in unicellular
organisms are different from what have been found in multicelluar organisms. Thus, it is very
tempting to explore PcG protein functions in unicellular organisms. Here | focused on the
distribution of PcG proteins in unicellular algae. Thanks to the whole genome sequencing of
unicellular algae from different lineages, here | explored the putative PcG proteins in these
species. The results show that PRC2 proteins are widely distributed in unicellular agae.
Especially E(z), which has H3K27me3 methyltransferase enzymatic activity, appears in all
the unicellular algae examined here.

| further explored the distribution of PRC1 proteinsin these unicellular agae. The AtRING1A
or RING homologs were detected in some species. It seems alga PRC1 components are more
plant like. However, LHP homologs were detected in a few species. Because the components
of PRC1 complexes in metazoans and plants are not conserved, it is possible that unicellular
algae from different lineages have developed distinct system responsible for the job of PRCL.
T. thermophila contains only E(z) but not ESC. Different statuses of H3K27 methylation were
detected in T. thermophila (Garcia, Hake, et al., 2007) implying that E(z) is the core
component while other components of PcG proteins probably are not so indispensible in

unicellular organisms for H3K 27 methylation deposition.

It is not surprising that V. carteri, the primitive multicellular green algae, contains all the
PRC2 components. However, its relatives, the unicellular green agae C. wulgaris and C.
reinhardtii also have PRC2 components which indicate that the appearance of PRC2 is not
related to multicelluarity.

Stramenopiles and Prasinophytes are two out of four major eukaryotic phytoplankton lineages
(prymnesiophytes, alveolates, stra-menopiles, and prasinophytes) which are responsible for
close to half of marine photosynthesis (Cuvelier et al., 2010). Until now only Stramenopiles
(P. tricornutum, T. pseudonana, F. cylindrus, A. anophagefferenens, E. siliculosus) and

Prasinophytes (O. tauri, Bathycoccus, M. pusilla) have been sequenced. The wide distribution
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of PRC2 components in Stramenopiles and Prasinophytes emphasize the potential roles of
PRC2 in the context of the marine environment. Species from Parinophytes are very tiny and
called pico-phytoplankton (0.2 and 2 um). O. tauri is considered to be the smallest free living
eukaryote (Claude et al, 1994). In such small cells, the genomes are aso very small (about
12Mb). This tiny pico-phytoplankton is an important group of eukaryotic phytoplankton
which contributes to the marine photosynthesis and carbon cycling. The PRC2 proteins were
also detected in all three Prasinophytes.

Diatoms are the most diverse and abundant eukaryotic organisms in diverse oceanic
environments and also play critical role in carbon cycling. PRC2 proteins E(z), ESC and
Su(12) were detected in two diatom species P. tricornutum and T. pseudonana. It is known
that H3K27me3 and E(z) are involved in cell identity. P. tricornutum has four morphotypes:
fusiform, triradiate, oval and roundcells. The mechanism of cell morphotype transition is not
clear. It is tempting to speculate that E(z) and H3K27me3 might be involved in this process.
We found that the genome wide distribution pattern of H3K27me3 in P. tricornutum is
unorthodox: H3K27me3 mainly marks TEs not genes which is distinct from the organisms
where H3K27me3 distribution has been profiled so far (see Chapter I11). This has raised our
interests in the functions of E(z) and H3K27me3 in P. tricornutum and their putative
importance for living in a fluctuating environment such as the ocean. Forward and reverse
genetic manipulation systems have been well established in the Prasinophytes representative
species O. tauri and in the diatom P. tricornutum. It is therefore very interesting to see the

outcome of functional studies of PcG genes in these species.

The cdlls of E(z) 32817 P. tricornutum knockdown mutants tend to be roundish and ova in
contrast to what is found in cultures of which are different from wild type cells. It is therefore
possible that E(z) in P. tricornutum might be involved in the morphotype fate based on here
preliminary experimental results. In order to confirm this hypothesis, several experiments
need to be carried out: 1. western boltting experiment on mutants and wild type P. tricornutum
using a antibody specific to 32817; 2. Global profiling of H3K27me3 suchmutants together
with RNA seq to uncover the pathway of morphotype transition in P. tricornutum and to
identify which genes are regulated by polycomb complex in diatoms. These mutants need also
to be characterized for other histone marks and DNA methylation because Polycomb

components act in specific chromatin contexts which need to be defined and studied to dissect
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the existing crosstalk between different chromatin states. Furthermore, reverse genetic
analysis of the remaining P. tricornutum PRC2 and PRC1 components is envisaged as these
different components interact together for establishing silencing, differentiation and cell fate,

as shown by previous work.
4.4 Materialsand methods
4.4.1 Cé€ll culture

P. tricornutum Bohlin (CCMP632) was obtained from the Provasoli-Guillard National Center
for Culture of Marine Phytoplankton. Cells were grown in f/2 medium at 20 degrees under
white fluorescent lights (70 mmolm™ s™), 12 h: 12 h dark-light cycle. Analyses of the wild-
type and knockdown mutants have been performed on cells in exponential phase of growth

and collected simultaneoudly.
4.4.2 Antisense vector construction

The original FcpBp GUS —antisense vector (De Riso et al.) was digested by Xbal and EcoRI
enzyme. The original FcpBp GUS —antisense vector contains Shble gene which is for zeocin
or phleomycin selection.The digestion was done as follow: 2ul 10 X tango Buffer, 2ulXbal,
1ul EcoRI, Vector Sul (50ng/ul) and 10ul H,O to reach a volume of 20ul in total. The mixture
was incubated at 37 degrees for 2 hours. PCR fragments were amplified from gene Pt47357,
Pt46156, Pt45072. The primers are:

Pt45072antisenseFW: AACGGAATTCGTACAACGGTT
Pt45072antisenseREV: CTGGCACGTCTCTAGATCTCC
Pt46156antisense FW: GAATTCGGACACCTTATTCGT
Pt46156antisense REV: GTTTCTCGTTGCCAGCCC
Pt47357antisenseFW: TACTAGAATTCTGCGATA
Pt47357antisenseREV: TCCATCCTGTCTAGAAGT

32817 EcoRFw1: TTACTGAATTCCAAAAGATCCTTTG
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32817 Xbarevl: CAGCATCTAGAACGCTGGGTGGGGAT
32817 EcoRFw: AGCGGGAATTCGATCCGGACCTTTG
32817 Xbalrev: GTTCAATCTAGATTCGGAGACAGTTAT

The fragment length is around 250bp. The forward primer contains an EcoRI site and the
reverse primer contains a Xbal site). The PCR bands were cut and purified by GenElute PCR
clean-up Kit. In order to get the fragments in the antisense orientation, the PCR fragments
were then digested with EcoRI and Xbal, the digestion was done as follows: 15ul purified
PCR fragment, 2ul 10X tango buffer, 1plEcoRI, 2plXbal in total 20ul. The mixture was
incubated at 37 degrees for 2 hours. In order to introduce the fragment of interest into the
vector containing Shble, a ligation reaction was done as follow: 7ul PCR fragment digested
by EcoRI and Xbal, 1l vector digested by EcoRI and Xbal (25ng) and 1ul T4 ligase in total

of 10ul volume. The mixture was incubated at 14 °C overnight.
4.4.3 Genetic transformation of P. tricornutum

The vectors containing antisense fragments of 47357, 46156, 45072 three putative C5-MTase
were introduced into wild type P. tricornutumstrain by microparticle bombardment using a
Biolistic PDS-1000/He Particle Delivery System (Bio-Rad). Overexpressed vector constructs
were cotransformed with the pFCPFp-Shblevector, as previously described (Falciatore,
Casotti, Leblanc, Abrescia, & Bowler, 1999).Transformed colonies were first selected on 1%
agar plates (50% f/2 medium) containing 50 pg/mL phleomycin (Invitrogen). For the
antisense transformants, the presence of the fragment of interest was verified by both

performing PCR using the Sh blelfw and reverse primers and sequencing.
4.4.4 DNA methylation quantification

DNA was extracted from wild type P. tricornutum and mutant strains in exponential phase of
growth and collected simultaneously. Imprint® Methylated DNA Quantification (Sigma) was
used to detect DNA methylation. 2ul of 50ng/pl of DNA from wildtype and mutant (two
replicates for each sample) were added into 28ul dilution buffer provided by the kit. The
following procedure was performed according to the manusfracture's instruction. For each

sample, the absorbance value represents the relative value of DNA methylation. The final
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DNA methylation quantification analysis was based on the absorbance value of samples. Up
to 200 ng of purified DNA is bound to the wells of the assay strip. The methylated DNA is
detected using the Capture and Detection antibodies, then quantified colorimetrically. The
amount of methylated DNA present in the sampleis proportional to the absorbance measured.
A standard curve can be performed (range: 10-100 ng) or a single quantity of DNA can be

used as a positive control.
4.4.5 Analysis of DNA methylation by McrBC-qPCR

DNA was extracted from wild type P. tricornutum and mutant strains in exponential phase of
growth and collected simultaneously. The Rnase (Invitrogen) treatment was performed after
DNA extraction. McrBC (New England Biolabs) digestion was followed by quantitative PCR
(McrBC-gPCR). 500ng of genomic DNA is mixed with 2ul of McrBC 10U/uL, 2 uL Buffer
10X, 2 uL GTP 100mM, 2 uL BSA 100X and H20 for afina volume of 20uL. In parald,
the same mixture is prepared by replacing 2uL. GTP which is the cofactor for McrBC enzyme
by H20 (known as undigested sample). The digestion reaction has been tested in methylated
DNA provided with the kit. Both samples are incubated at 37°C for two hours, followed by
incubation at 65°C during 15 min to stop the reaction. Quantitative PCR is performed using a
Roche LightCycler® 480 machine on equal amounts of digested and undigested DNA
samples. 1 ul sample (2,5 ng of genomic DNA) is mixed to 5 plLightCycler® DNA Master
SYBR Green | 2X, 3 ul forward/reverse primers 1uM, and 1 uL H20. The PCR program is
performed as follow: 10 minutes at 95°C; 45 cycles of 95°C for 15 seconds and 60°C for 1
minute. Dissociation curves generated through a thermal denaturing step are used to verify
amplification specificity. Two technical replicates are performed for each sample. The list of
primers is shown in Tablel. Efficiency and specificity of primers have been tested by
quantitative PCR using seria dilutions of genomic DNA (5ng; 0,5ng; 0,1ng; and 0,05ng).

DNA methylation results are expressed as percentage of molecules lost through McrBC
digestion. The ACts (Cycle threshold) is calculated by “Ct of digested sample normalized by
internal control — Ct of undigested sample normalized by internal control”. The ACt is then
transformed into percentage of DNA methylation as follow: (1-2““Y) x 100. The analysis of
DNA methylation level of unmethylated regions is used as an internal control for each
digestion and for each gPCR experiment. Here H4 was also used as the housekeeping gene for
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normalization. Any deviation from the expected result for these sequences (i.e. ACt = 0)
invalids further analysis for other regions. It is nonetheless important to notice that pipetting
errors are an important issue when considering gPCR experiments. In this particular example,
lower level of DNA methylation (up to 30%) is produced by a ACt= 0,5, which isin the limit
of hand pipetting reproducibility. Therefore, DNA methylation levels inferior to 30% must be

considered as not significant.
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Table 4.1 Primer pairs used for RT-PCR and McrBC-gPCR analysis

chr

Position and size

Primer sequence

47034 |12 238135-238302 S ATAGTTATGTGCCCCGTTGG3I
168bp 5 CGTGGACTGAAGAGCAACAAZ
47839 |15 203290-203531 S'CTCGTCAATTCATCGGTCCTZ
242bp 5 GCCGGAAGTGTTAGTGTGGT3
47656 | 14 426617-426767 STCATTTCTGTCCGGAACCTC3
151bp 5 GTCGATGCCGAGAAGGAATAZ
Codi2z4 |1 2506134-2506291 5 CGACGTTGTTCAACTCGATG3
TE1l 159bp S TGCAATAAGGCCGACATAAAZ
Codi2z4 |1 2503705-2523863 STTGTCGACACAGCGTTTTTCS
TE2 160bp 5 GGCATGGAGAATCACATTCAZ
Codi4.1 | 8 20653-20830 5 AGACAAATGACCCGAGAGGAZ
TE3 1790p SCTTTCTGCATTGTTGCTTGC3
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4.4.6 Western blotting

Nuclear enriched protein was extracted by the protocol modified from chromatin extraction
protocol. The protein was quantified by BCA kit. 10 pg protein of each sample was used for
western blotting. 14% acrylamide Tris-Tricine gel was used for western blotting. The
references of antibodies used for western blot are as follows: H3K27me3 (Millipore 07-449),
H3K27me2 (Millipore: 07-452), H4 ace (Upstate: 06-598), H4 (Millipore: 07-108).

4.4.7 Phylogenetic analyse

The SMART database and the InterPro data were employed to identify conserved domains
present in Ez, ESC, Su(z)12 and Nurf55 from different organisms. Amino acid sequences
alignment and phylogenetic trees construction were made by MEGA program version 5. All
the phylogenetic trees were constructed by neighbor-joining (NJ) method and bootstrap is
support 1,000 replicates.
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The genome sequences of diatoms have to some extent provided insights that help explain the
great success and dominance of these organisms in marine environments by revealing their
novel and extraordinary metabolisc capacities Compared to the situation on land, the marine
environment is more fluctuating because of the presence of currents and turbulence. Marine
organisms have to dea with abiotic factors such as currents, tides, light and UV radiation,
temperature, nutrient limitation as well as many other biotic factors. Photosynthetic organisms
such as diatomsalso have to cope with changing light environments, such as fluctuating

intensities when they drift between different layers of seawater.

Although the melting pot genome of P. tricornutum has conferred novel metabolic
capabilities. But it is still not clear how these genes with different origins interact together in
the genome. Another question is whether the diatom epigenome is more similar to that in
plants or animals, or whether it has unique features which do not resemble other well studied
models. Investigating diatom epigenetic regulation can enhance our understanding of how

diatoms adapt to fluctuating oceanic environment and thrive in the oceans.

In this thesis, | explored the epigenetic world of a phytoplankton organism with evolutionary
and ecologica importance providing us with an opportunity to understand how an epigenome
is organized in a single celled marine alga, what the interactions between the different
epigenetic components are, and how this correlates with other well studied models. |
pioneered the diatom epigenome research by investigating P. tricornutum epigenome
specifically by determing genome-wide distribution profile of different histone marks
generated by ChiP-seq combined with DNA methylation .In my thesis, Chapter Il is about the
investigation of DNA methylation in P. tricornutum. DNA methylation is the most
extensively studied epigenetic component is widely distributed in different branches of life
such as mammals and plants, but essentialy absent in some model species such as
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Drosophila melanogaster and
Caenorhabditis elegans. Feng et a and Zilberman extended the list of methylomes from
model species to various species and investigated the characteristics of DNA methylation
distribution in an evolutionary context (Feng & Jacobsen, 2011; Zemach et a., 2010a).
However, all the whole genome methylomes that were reported were only confined to
Unikont and Archaeplastida. It was therefore worth exploring the methylome of a diatom

derived from an important eukaryotic group, the Stramenopiles, and of ecological significance
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of diatoms as well as evolutionary. Chapter Il reports the genome wide DNA methylation
distribution in P. tricornutum under normal conditions by utilizing McrBC-ChIP
methodology. In generalal P. tricornutum was found to have low DNA methylation with
relatively extensively methylated TEs and a few methylated genes. Copiatype TEs and longer
TEs tend be more methylated compared to other groups of TES which is not surprising
because these elements are likely to be young and active TEs and therefore easily mobilized
in the genome. Methylation on these TEs can control their mobility and maintain the stability
of the genome.

Furthermore, RNA-seq data was generated to evauate the correlation between gene
expression and gene DNA methylation. Even though gene methylation is not significant in P.
tricornutum (only around 3% of genes) compared to model plant species such as Arabidopsis
thaliana (about one third of genes are methylated) and mammals (Feng et al., 2010), | found
that genes with body methylation tend to be lowly or moderately. Thanks to the availability of
EST libraries under 16 conditions, we had a good opportunity to study the correlation
between gene methylation and gene expression under different conditions. One group of
methylated genes which have heavy and complete methylation attracted our attention: these
methylated genes have no expression under normal condition but some of them express under
certain specific conditions. In other words, these genes are under tight control and only
express when specific environmental cues occur. | speculate that the expression of these genes
probably is caused by demethylation or hypomethylation of these genes under specific
conditions which has to be confirmed by checking their DNA methylation status. If it is the
case, the heavily and completely methylated genes show that they are controlled and regul ated

by the hypermethylation in response to environmental cues.

It isinteresting that Ectocarpus silicul osus another Stramenopiles was found not to containing
any putative DNA methyltranferases based on its whole genome sequence and nor any
detectable DNA methyation when investigated by HPLC (Cock et al., 2010; Jarvis, Dunahay,
& Brown, 1992). It will be interesting in the future to explore why these two closely
evolutionary related organisms have distinct DNA methylation pattern. The P. tricornutum
methylome, which is the first methylome from Stramenopiles, will furthermore contribute to

our understanding of the evolution of DNA methylation in eukaryotes.
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In the future, additional methylomes of different organisms belonging to different lineages
can help better understand the evolutionary role of DNA methylation which is considered as
an ancient epigenetic mark. Furthermore, genome wide distribution of DNA methylation
under different conditions will shed light on whether gene methylation can dynamically
regulate gene transcription. Overal, my work established the foundation for further
investigation of DNA methylation under different relevant environmental conditions in P.

tricorntutum but also other diatoms and algae.

Although the genome wide distribution of DNA methylation in P. tricornutum has been
profiled, the McrBC- ChIP method | used cannot distinguish the different contexts of DNA
methylation: CG, CHG and CHH. Bisulfite sequencing, which can generate single base
resolution DNA methlyation maps and distinguish CG, CHG and CHH contexts, is now
considered as the gold method for investigating DNA methylation. Initially, CG methylation
was considered as the only context methylation in mammals, but recently in human stem cells,
non CG methylation was also detected (Lister et al., 2009). In plants, all three contexts of
DNA methylation have been detected on TEs but only CG methyation is found on genes. CG
methylation is the only context of DNA methylation on genes which is conserved among all
the organisms where methylomes have been examined. So far only CHG methylation on
genes was found in Chlamydomonas (Zemach, McDaniel, Silva, & Zilberman, 2010b). For
validation purposes, | carried out bisulfite sequencing on 28 loci evenly distributed on the
genome. Only CG methylation was found among all the loci | have examined. It therefore
seems that CG methylation is the dominant DNA methylation context in P. tricornutum.
However, among the chosen loci, most of them are genes.Whole genome bisulfite sequencing
should therefore be performed to give us a better picture of DNA methylation context in P.
tricornutm. However, bisulfite sequencing also has its drawbacks: it cannot distinguish 5mc
and 5mc-OH and because the unmethylated C is converted to U and finally becomes T, itisa
difficult chalenge for mapping the regions containing repeated sequences. So bisulfite
sequencing with McrBC-ChlP approach would compensate the drawbacks of each other and

provide more accurate DNA methylation patterns.

Another major epigenetic component is histone modification. Genome wide studies of
epigeneomic landscape have been conducted in yeast (Millar & Grunstein, 2006), C. elegans

(T. Liu et a., 2011), Drosophila (Filion et a., 2010; Kharchenko et al., 2011) Arabidopsis
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(Roudier et al., 2011a), rice (X. Li et al., 2008), maize (Elling & Deng, 2009), frog (Akkers et
al., 2009), and human cells (Ernst et al., 2011; Hawkins et al., 2010; Marks et a., 2012). All
these studies demonstrate that there is arelatively low combinatorial complexity of chromatin
marks. In D. melanogaster, the integrative analysis of distribution of chromatin marks
revealed five principal chromatin types (Filion et a., 2010). In Arabidopsis, 12 marks along
the genomic sequence define four main chromatin states: active genes, repressed genes, silent

repeat el ements and intergenic regions (Roudier et a., 2011a).

H3K4me2, H3K9me2 and H3K27me3, histone modifications were chosen for genome wide
distribution study because H3K4me2 is usually associated with genes while H3K9me2 is
associated with TEs and H3K27me3 is associated with repressed gene in plants and
metazoans. In P. tricornutum we found that these three histone modifications cover almost
half the genome which is not the case in plants and metazoans. The high coverage of three
histone marks might be due to the fact that the P. tricornutum genome is much smaller with

shorter gene size and intergenic lengths.

As expected, H3K4me2 marks genes without discrimination for gene expression level while
H3K9me2 is mainly associated with TEsS in P. tricornutum. To our surprise, H3K27me3,
which is closely associated with Polycomb protein, has a novel distribution in P. tricornutum:
it is mainly associated with TES and not repressed genes as observed in other organisms.
H3K27me3 and Polycomb group protein were considered only to exist in multicellular
organisms. Our work is the first genome wide investigation of H3K27me3 distribution in a
unicellular organism. The results not only demonstrated the existence of H3K27me3 in P.
tricornutum but also raised the question of its potential functions in unicellular organisms.
The majority of H3K27me3-marked regions are TEs, implying that H3K27me3 can probably
regulate the activity of TEs and may mark facultative heterochromatin regions. Beside TEs,
some genes are marked by H3K27me3. These genes are repressed and differentially expressed
under different conditions, a notion which is consistent with previous studies in plants and
metazoans. It seems that H3K27me3 in P. tricornutum might have a similar function on genes
as found in multicellular organisms. H3K27me3 is considered associated with devel opment
and cell identity in multicellular organisms. Although in single celled species, cell

differentiation does not exist, the transition from one cell type to another such as gametophyte
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and sporophyte is very common. It is therefore an interesting question to further investigate

the functions of H3K27me3 in unicellular organisms.

Another interesting phenomenon | found is that H3K27me3 and H3K9me2 tend to co-mark
heavily methylated genes and TES. Most of the heavily methylated genes which are marked
by H3K9me2 and H3K27me3 are not expressed under except under specific conditions. It
seems that these epigenetic marks may cooperatively regulate genes and TEs in P.
tricornutum. | speculate that in such a small genome, the histone marks probably tend to
highly overlap with each other. In such a compact genome, the patterns of combinatorial
marks rather than single epigenetic marks may serve like an epigenetic code exerting

profound impacts on chromatin states.

P. tricornutum not only has putative histone lysine methyltransferases but other putative
enzymes responsible for other histone modifications such as lysine acetylation. It will be of
great interest to conduct ChiP-seq studies in order to explore genome wide distribution of
different histone modifications. Recent studies show that not only histone modifications but
also histone variants can influence transcription (Stroud, Otero, Desvoyes, Ramirez-parra, &
Jacobsen, 2012). H3 of P. tricornutum has different variants (Pt11841 H3-1a, Pt50872 H3-1b
and Pt50695 H3-1c). In the future epigenetic studies in P. tricornutum, histone variants
should therefore a so be considered.

Although, the genome of P. tricornutumis small it contains complicated epigenetic regulation
systems that are lacking in budding yeast, such as DNA methylation and polycomb group
protein regulation systems. In the light of the fact that classical model species such as S
cerevisiae, D. melanogaster and C. elegans have no or very low DNA methylation, the
correlation of histone modifications and DNA methylation, cannot be assessed. However, P.
tricornutum, in spite of being as a unicellular organism displays complex epigenetics features.
and Being ploymorphic even more attractive for epigenetic studies. | therefore hope in the
future to see its emergence as a model for epigenetic studies in unicellular organisms.
Notwithstanding, a crucial step in the near future is to perform mass spectrometry anaylsis of
diatom nucleosomes in order to determine the extent of histone modifications in P.

tricornutum.
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The unorthodox distribution of H3K27me3, which is closely associated with Polycomb group
proteins, raises the question of their role in unicellular organisms which is discussed in the
next chapter. In Chapter 1V, | further investigated polycomb group protein components in
eukaryotic agae based on comparative genome analyses. The results further confirmed that
the PcG system does not only exist in multicellular organisms but aso in unicellular
organisms because all the unicellular eukaryotic algae | have examined contain putative PRC2
components. | further explored how PcG proteins function in unicellular organisms by
knocking down E(z) homolog gene (32817) in P. tricornutum. The preliminary results have
shown that P. tricornutum Ez (32817) knockdown lines have decreased H3K27me3 levels
compared to wild type. It isinteresting to profile the genome-wide distribution of H3K27me3
in E(z) knockdown line to further investigate the functions of E(z) and H3K27me3 deposition
in P. tricornutum. Furthermore, profiling other chromatin modifications in E(z) knockdown
mutants, such as DNA methylation and H3K4me3 which antagonizes H3K27me3, can help

better understand interactions between different chromatin modifications in P. tricornutum.

| also investigated the functions of putative DNA methyltransferases in P. tricornutum by
reverse genetic manipulation methodology. According to preliminary results, two putative
methyltransferases (Pt45072 and Pt47357) knockdown lines have shown decreased genome
wide DNA methylation and at several specific loci compared to wild type. In the future it will
be worth to explore genome wide distribution of DNA methylation in these mutants by
bisulfite sequencing to further dissect the functions of these DNA methyltransferases. This
will provide answers about which context of DNA methylation they are mainly responsible
for and whether they have preferences for genesor TEs.

All together my work as the first epigenome of a Stramenopile has shown novel
characteristics revealing some conserved and different mechanisms with respect to other
eukaryotic. | hope that my work on P. tricornutum epigenome will be the foundation for
future diatom epigenetic studies and a great opportunity for comparative epigenomics and the
elucidation of relationships between dynamic genome evolution and epigenetic regul ation.

Diatoms are also good models for epigenetic variation, genetic variation and their interaction
with the environment. It is known that diversity within and between species is primarily

driven by genetic variation. Epigenetic variation is due to DNA methylation or histone

255|Page



Chapter V

modification changes but of contribution of epigenetic variation to the phenotype is still not
clear. Three epigenetic alleles have been recently defined: obligate epialleles which display a
complete dependency on a genetic variant; the second class called facilitated epialleles is due
to the presence of a genetic variant such as a nearby transposon insertion, but their
maintenance is not necessarily dependent on this variant; the third class is pure epialleles
which are independent of any genetic variation (Schmitz & Ecker, 2012). The “ epigenotype”
refers to mitotically heritable patterns of DNA methylation at CpG dinucleotides and
modifications to chromatin proteins that package DNA (Whitelaw & Whitelaw, 2006). There
are still open questions. 1. How is epigenotype influenced by environment and genotype? 2.
Between epigenotype and genotype, which has greater impact on the phenotype? 3. How is
the epigenotype at any particular locus established and maintained? 4. How do genetic and
epigenetic regulations coordinate together in the real world? In this context and knowing that
diatoms live in various environments and deal with rapidly fluctuating conditions, reversible
and flexible epigenetic regulation is likely to be involved in the process of adapting and
coping with the environment. Thus, it will be exciting to explore epigenetic and genetic
variation in relation to the environment in diatoms together.

Nowadays, the changing climate greatly influences the global ecology, such as ocean
acidification and higher temperatures caused by increased CO, release. It will be very exciting
to mimic such environmental changes and to profile epigenomic map under such conditions.
It will be very interesting to examine the extent of epigenetic and genetic phenomena in
diatoms and the crosstalk between these two layers of soft and hard inheritance in natural
populations in areal world setting.

Eleven different P. tricornutum ecotypes from different locations have been obtained from all
over the world with different living conditions. Many previous studies only focused on the
genetic diversity of geographically isolated strains of the same diatom species without
consideration of epigenetic diversity. It can be envisaged that epigenotype studies on diatom
species can bring better understanding of epigenotype, genotype and phenotype in the context
of the marine environment. Genome wide distribution analyses of DNA methylation and
histone modification combined with SNPs analyses of these strains can enhance our
understanding of genetic and epigenetic variation, their crosstalk and relationship to the

environment.
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It is known that some epigenetic marks can mediate cell differentiation and development in
multicellular highly organized organisms (Ahmad et al., 2010; Meissner, 2010). P.
tricornutum cells, although unicellular, can exist in four different morphotypes, fusiform,
triradiate, round and oval. The cells can switch from “fusiform” to “ova” during biofilm
formation (Bowler, De Martino, & Falciatore, 2010). It is tempting to propose that epigenetic
mechanisms might be involved in morphotype transitions because they occur rapidly.
Comparing epigenome profiles of different morphotypes, combined with RNA-seq data may
detect expression variation of morphotype-specific genes, pinpoint different epigenetic
profiles of these genes, and revea the networks involved in morphogenesis regulation. It
might also provide clues on the degree of conservation of the epigenetic mechanisms involved

in cell type variation in unicellular diatoms and multicellular organisms.

Diatoms can form resting spores when the environment becomes inhospitable in order to
survive through stressful times. More than 130 diatom species have been found capable of
forming resting spores with more heavily silicified frustules compared to normal cells (Xie,
2006). These resting spores are dormant and can be buried in the bottom sediment for along
time until the nutrient conditions are amiable. 100 year old Skeletonema marinoi resting
spores can still revive (Harnstrom, Ellegaard, Andersen, & Godhe, 2011). During 100 years,
there are no traces at all of genetic impact from the open sea populations on the diatoms in
Mariager Fjord where these diatom spores were collected (Harnstrom et al., 2011). It will be
very exciting to compare not only genetic profiles but also epigenetic profiles between resting
spores 100 years ago with current populations and to investigate the diatoms genetic and
epigenetic adaptation to climate change. The mechanisms of transition from normal cells to
resting spores are still enigmatic. Epigenetic regulation may play avital role in this transition.
P. tricornutum may be a good diatom model species to study this because morphotype
transitions from fusiform or triradiate to oval may be similar with transitions from normal

cells and resting spores in other diatom species.

Although sexual reproduction has not yet been reported in P. tricornutum, it is very common
among diatom species. However, the frequency of sexua reproduction in diatoms is largely
unconstrained, with estimates ranging from once per year to once every 40 years
(Significance & Histories, 1997). It has been shown that sexual reproduction occurs when cell

size is too small, then the sexua reproduction will bring the diatom cells back to big size
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(Armbrust & Galindo, 2001). Sexual reproduction in diatoms may also involve epigenetic
regulation as in higher plants and animals. Epigenome studies can be expanded to other
diatom species especialy those with more ecological relevance. Nowadays, more diatom
species are being or will be sequenced. Pseudo-nitzchia multiseries (~250Mb), and
Fragilariopsis cylindrus (~81Mb) are being sequenced and will be completed soon by the
Joint Genome Institute. Amphora sp CCMP 2378 is also being sequenced (Maumus et al.,
2011). More fully sequenced diatom genomes will not only provide an opportunity for diatom
genome comparison studies but aso will build a basic foundation for diatom epigenome

studies.

Pseudo-nitzschia multiseries is a pennate diatom species capable of producing the
neurological toxin domoic acid (DA), which can accumulate through food chains and lead to
sickness and even mortality in seabirds, sea mammals and human. In 1987, the bloom caused
by P. multiseries led to the death of three people in Prince Edward in Canada (Mos, 2001). It
is still mysterious that DA production capability varies between strains isolated from different
locations. Although some studies showed that the interaction between extra bacteria and P.
multiseries can enhance DA production (Mos, 2001), the mechanism of DA production is still
unclear. We can speculate that the epigenetic regulation is implicated in DA production
because of the variability in DA production found among strains even though others specul ate
that this might be due to the presence of bacteriathat do the DA production. The coming fully

sequenced genome may shed light on these issues.

As my thesis work demonstrates, epigenetic in diatoms a fascinating research topic that is
likely to lead to new insights about its role during evolution. | hope my studies will lead the
way to further research aimed at exploring epigenetic phenomena in a truly environmnental

context.
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Abstract:

Diatoms are the most successful, diverse and abundant eukaryotic phytoplankton. They play a
vital rolein the global ocean primary productivity and are responsible for greater than 40% of
carbon sequestration in the ocean sustaining life on our planet. . The whole genome sequence
of three diatom species, Thalassiosira pseudonana, Phaeodactylum tricornutum and
Fragilariopsis cylindrus) reveals a wealth of information on their genes and how their
genome is structured. However, the plasticity of diatoms and the adaptation to different
environments implicate not only DNA sequence based regulation but also more reversible and
flexible epigenetic changes. DNA methylation and histone modifications are the two main
components of the epigenetic code. In my thesis, genome wide distribution of DNA
methylation and histone modifications, two major components of epigenetic were investigated

in the model pennate diatom P. tricor nutum.

DNA methylation is the most extensively studied and widely conserved epigenetic mark. Here
the first whole genome methylome from a stramenopile, the marine model diatom P.
tricornutum is reported. In P. tricornutum, around 6% of the genome was methylated in a
mosaic landscape. Extensive methylation in transposable elements (TEs), especidly in
recently amplified Copia-like elements was found. Over 320 genes were found methylated
occurring in three different genomic contexts: in the proximity of TES, in clusters of
methylated genes, and in single genes. Furthermore, genes extensively and completely
methylated correlated strongly with transcriptional silencing and differential expression under
specific conditions. Finally, it was found that genes likely acquired by horizontal gene transfer
from bacteria were preferentially inserted within TE-rich regions, suggesting a mechanism
whereby the expression of foreign genes can be buffered following their insertion in the
genome. In genera, P. tricornutum has low DNA methylation with relatively extensive DNA
methylation on TEs and a few methylated genes. This first Stramenopile methylome adds

significantly to our understanding of the evolution of DNA methylation in eukaryotes.

As for the histone modifications, genome wide distribution of H3K4me2, H3K9me2 and
H3K27me3 were examined in P. tricornutum. H3K4me2 is mainly associated with genes
while both H3K9me2 and H3K 27me3 marks target mainly transposable elements (TES). The
distribution of H3K27me3 is unusual and different from what have been profiled in model
species so far. The genes marked by H3K27me3 tend to be lowly and differentially expressed.
H3K27me3 and H3K9me2 tend to co-mark not only methylated TEs but also heavily



methylated genes, which appears to be important for maintaining the silencing of
differentially expressed genes. The combinatorial analysis of different histone marks and
DNA methylation gave us an overview of diatom chromatin landscapes, and will help to

define conserved structural and functional features.

Taken together, the work presented here on P. tricornutum epigenome significantly
contributes to our understanding of the organization of chromatin state of a diatom model
species and establishes a foundation for future studies on epigenetic mechanisms underlying
diatom adaptation to environmental changes and their ecological success.



Résumé

Les diatomées constituent le groupe d’ eucaryotes photosynthétiques le plus diversifié et le
plus important. Elles contribuent a environ 40% de la production primaire marine, et
produisent presque 1/4 de |’ oxygene que nous respirons jouant ainsi un role trés important
dans le maintien de la vie sur notre planéte. Le séquencage du génome entier de trois espéces
de diatomées, Thalassiosira pseudonana, Phaeodactylum tricornutum et Fragilariopsis
cylindrus révéle une mine dinformations sur leurs génes et comment leur génome est
structuré. Toutefois, la plasticité des diatomées et |'adaptation a différents environnements
impliquent non seulement la régulation basée sur la séquence dADN, mais aussi des
changements de nature plus souple et réversibles dits épigénétiques. La méthylation de I'ADN
et les modifications des histones sont les deux principales composantes du code épi génétique.
Dans ma these, la cartographie a |I’échelle du génome de la méthylation de I'ADN et des
modifications des histones, deux composants majeurs de |'épigénétique ont été étudiés chez la

diatomée modél e pennée P. tricornutum.

La méthylation de I'ADN est I'une des marques épigénetiques les plus étudiées et est
largement conservée. Mes travaux de thése présentent le premier méthylome d'une diatomée
marine P. tricornutum qui appartient a la famille des Stramenopiles. P. tricornutum présente
une méthylation d’ environ 6% qui est présente en mosaique sur |’ensemble du génome. Une
méthylation importante a été retrouvé chez les éléments transposables, en particulier les
déments amplifiés récemment de type Copia. L’analyse met en évidence plus de 320 genes
méthylés dans trois contextes génomiques différents : a proximité des é éments transposables,
en grappes de genes méthylés, et dans des genes uniques. En outre, les genes largement et
completement méthylés ont été trouve fortement corrélés avec le silencing transcriptionnel et
I'expression différentielle dans des conditions spécifiques. Enfin, il a été constaté que les
genes susceptibles d’avoir été acquis par transfert horizontal de génes bactériens étaient
préférentiellement insérés dans des régions riches en éléments transposables, ce qui suggere
un mécanisme par lequel I'expression de genes étrangers peut étre tamponnée ala suite de leur
insertion dans le génome. En résumé, P. tricornutum a une faible méthylation de I'’ADN et une
methylation relativement importante des ééments transposables et seulement quelques génes
meéthylés. Ce premier méthylome d'une diatomée Stramenopile goute de maniére
significative a notre compréhension de I'évolution de la méthylation de I'ADN chez les

eucaryotes. En ce qui concerne les modifications des histones, la distribution des marques



H3K4me2, H3K9me2 et H3K27me3 a été examinée chez P. tricornutum. H3K4me2 est
principalement associée a des genes aors que les deux marques H3K9me2 et H3K27me3
ciblent principalement des éléments transposables. La répartition de H3K27me3 est
inhabituelle et différente de ce qui a été observé chez les especes modeles éudiées a ce jour.
Les genes marqués par H3K27me3 ont tendance a étre faiblement exprimeés et de fagon
différentielle. H3K27me3 et H3K9me2 ont tendance a co-marquer non seulement les
éléments transposabl es méthylés, mais aussi des génes fortement méthylés, ce qui semble étre
important pour le maintien du silencing des genes différentiellement exprimés. L'analyse
combinatoire de différentes marques d histones et la méthylation de I'’ADN nous a donné un
apercu du paysage de la chromatine chez les diatomées, et aidera a définir les caractéristiques
structurales et fonctionnelles conservées. Considéré dans son ensemble, le travail présenté ici
sur I’ épigénome de P. tricornutum contribue de maniére significative a notre compréhension
de l'organisation de la chromatine chez une espece modéle des diatomées et établit une
fondation pour les éudes futures sur les mécanismes épi génétiques sous-jacents a |'adaptation

des diatomées aLx changements environnementaux et leur succes écol ogique.
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