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The chromatin landscape plays a major role in defining cell phenotypes through 

transcriptional regulation and specification of the main features of chromosome, such as 

centromeres and pericentric heterochromatin. Studies of the chromatin landscape so far 

have been mostly confined to the protein-coding part of the genome. In this work I 

present a study of the chromatin landscape of two non-coding regions: centromeres in 

budding yeast Saccharomyces cerevisiae and pericentric repeat sequences of the fruit 

fly Drosophila melanogaster. I have shown that the centromere of budding yeast 

contains a nucleosome with a special structure, called a hemisome. This finding 

eliminated other previously proposed models of the centromeric nucleosome and 

reconciled previous conflicting observations. I also developed a method to quantify 

enrichment of repeat sequences in Chip-Seq experiments and used it to construct an 

epigenetic map of heterochromatin in D. melanogaster using public datasets Drosophila 

Genetic Reference Panel (DGRP) and modENCODE. This analysis yielded several 
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unexpected biologically interesting findings such as preferential association of HP1a 

protein with transposable elements and depletion of nucleosomes from AT-rich short 

repeats sequences.  
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1 Chapter 1 Introduction 

Eukaryotic organisms package DNA into nuclei by wrapping it around histone proteins. 

Canonical histone proteins H3, H4, H2A and H2B form an octameric complex and 147 

bp of DNA wraps this complex in a left handed orientation[1]. This protein/DNA complex 

is known as a nucleosome. This basic packaging mechanism is modified in various 

ways to permit or occlude access to DNA of DNA binding proteins involved in different 

cellular processes. Canonical histones can be replaced by their variants which are 

associated with specific functions[2]. All histone proteins have flexible ends, called tails 

that can be modified by covalent binding of different chemical groups, for example 

methyl or acetyl groups[3]. Modification of different residues on histone tails with 

chemical groups correlate with different regulatory functions. For example, methylation 

is often associated with transcriptional repression, while acetylation correlates with 

activation[4]. Nucleosome positioning, histone variants and histone tail modifications 

together make up the chromatin landscape of the cell. The chromatin landscape 

influences transcription and hence the phenotype of the cell. It also demarcates 

functionally distinct regions of chromosomes such as centromeres, telomeres and 

pericentric chromatin. The study and description of the chromatin landscape is crucial 

for our understanding of the inner workings of the cell.  

Most studies of the chromatin landscape have focused on the part of the genome 

containing the protein-coding genes, even though only a small fraction of DNA in the 

cell encodes protein (1.1% for human [5]).  Genomes also encode non-coding RNAs 

that have a variety of regulatory functions, as well as a role in immune response against 

foreign nucleic acids[6]. In addition to encoding for protein and regulatory molecules 
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genomes have elements that are necessary for the stable existence and propagation of 

the chromosome itself. Specifically, all chromosomes have telomeres that protect their 

ends, and centromeres that serve as points of attachment of microtubules during 

mitosis. In addition it has been suggested that pericentric chromatin plays a role in 

responding to the physical force produced by mitotic spindle[7]. Here I describe the 

chromatin landscape of the two noncoding regions: centromeres and pericentric 

heterochromatin. 

1.1 Centromeres 
Centromeres are specialized loci of the chromosome that serve as points of attachment 

for microtubules through a protein complex called the kinetochore. There is a 

considerable variation of centromere forms among eukaryotic organisms[8]. The 

smallest centromere is found in the budding yeast, where each of the chromosomes has 

exactly one nucleosome attaching to one microtubule[9]. Other organisms, including 

humans and flies, have so-called regional centromeres. In these organisms 

centromeres span kilobases of DNA and contain many nucleosomes and many 

microtubule attachments [10]. Another distinct form of centromere is the 

holocentromere, which spans the entire chromosome. While most studies of holocentric 

centromeres came from C. elegans, holocentricity has been found in many diverse 

organisms that include both plants and animals[11]. Although centromere forms vary 

considerably, the general mechanism of centromere specification is conserved. Despite 

the difference in size there is some evidence that the basic building block of the 

centromere – a centromeric nucleosome – is conserved in all these organisms [12],[13]. 

There is no particular DNA sequence that marks centromeres. Rather in all the 
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organisms studied centromeric nucleosomes are marked by incorporation of specialized 

histone variant cenH3 in place of canonical histone H3. The centromere is thus defined 

epigenetically by the presence of cenH3, rather than genetically by DNA sequence. 

Budding yeast and other members of Saccharomyces genus maintain some genetic 

definition component, and in that regard they differ from all other organisms. All 16 

chromosomes of the budding yeast contain a DNA sequence, the Centromere DNA 

Element (CDE) that is further divided into parts CDEI, CDEII and CDEIII [14], [15], [16], 

[17]. The CDEIII sequence is 26 bp long and contains a 6 bp sequence that is identical 

on all the chromosomes. Trinucleotide CCG from this common sequence has been 

shown to be essential for centromere function[18], [19]. CDEIII is a binding site of CBF3 

protein complex, which is necessary for centromere formation and function[20]. This 

special feature of budding yeast makes it a good model to study centromeres. Genetic 

definition of the centromere means that its position on a chromosome is precisely 

known. Knowledge of the exact position coupled with the ease of making genetic 

changes in yeast allows for manipulation of centromere and kinetochore components, 

DNA protection and supercoiling assays and the study of centromere function relative to 

transcription. Such studies are impossible in other organisms with the current level of 

technology. While there are differences in the kinetochore proteins and their 

organization between different organisms [21] there is considerable evidence that the 

molecular core that connects centromeres to the kinetochore is well-conserved [12]. 

Conclusions obtained in budding yeast will thus likely be informative for other 

organisms, including humans. 



12 
 

The presence of the histone variant cenH3 at the centromere is well-established and 

accepted, but the composition of centromeric nucleosomes has been debated [22]. 

Proposed models of the centromeric nucleosome include: an octameric particle similar 

to a canonical nucleosome, with the cenH3 histone variant replacing histone H3 [23], 

[24],[25]; a mixed octamer where one of H3 molecules is replaced with cenH3[26]; a 

hemisome – a particle that consists of a single copy of histones CenH3, H4, H2B and 

H2A [27], [28]; a H3/H4 tetramer[29]; and a hexasome – CenH3/H4 heterotetramer with 

two copies of non-histone protein HJURP (Scm3 in yeast) [30], [31] (Figure 1.1).  

The centromeric nucleosome is the point of contact between chromosome and 

kinetochore and hence its exact structure is of great interest. The unusual structure of 

this nucleosome has been proposed to alter higher chromatin folding [32, 33], thus 

creating a platform for kinetochore assembly. Knowledge of the centromeric 

nucleosome structure will help to answer fundamental questions regarding the 

chromatin segregation machinery: how does the kinetochore recognize the centromere; 

and how is centromere position propagated from one generation to the next? 

Two lines of evidence are usually cited in support of an octameric form of centromeric 

nucleosome: in vitro reconstitution studies of CenH3-containing nucleosomes [24] and 

sequential chromatin immunoprecipitation (CHIP) of differentially tagged CenH3 

histones [23]. In reconstitution experiments, nucleosomes are assembled using salt 

dialysis: histones and DNA are mixed in the presence of high salt and then dialyzed into 

lower salt. Particles obtained in such a way were shown to be octamers by measuring 

the size of DNA protected by nucleosome from micrococcal nuclease digestion and by 

visualizing it with the help of crystal structure. However it has never been shown that 
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these particles occur at centromeres in vivo. Recently it has been shown that by 

reducing the size of DNA fragments used for in vitro assembly it is possible to obtain 

Cse4 hemisome particles on yeast centromeric DNA as well [34].  

Another line of evidence for the octamer model comes from sequential chromatin IP 

experiments with differentially tagged CenH3 histones. In this experiment CenH3 

containing nucleosomes are first pulled down with an antibody to one of the tags, 

eluted, and then pulled down with antibody to another tag[23]. The conclusion that 

CenH3 nucleosome contains two molecules of CenH3 histone came from observing 

enrichment of the second IP signal relative to the control genomic region. However 

enrichment of the second IP signal at the centromere is expected even in the absence 

of a second molecule because the background that is present in any IP experiment 

follows the distribution of input material. This means that if the first IP was successful, 

the input material for the second IP already follows a non-random distribution and has 

enrichment at the centromere relative to control region. In the absence of knowledge 

about the relative efficiency of antibodies and expression levels of tagged histones, it is 

impossible to establish minimum enrichment in the second IP that is consistent with the 

presence of a second molecule. 

Hemisome model was first proposed for centromeric nucleosomes in Drosophila based 

on biochemical analysis and measurements of the size by Atomic Force Microscopy 

(AFM) [28]. Later by use of supercoiling assay budding yeast centromeric nucleosomes 

were shown to have right handed DNA wrap [27] in contrast to canonical nucleosomes 

that have left-handed wrap. Right handed DNA wrap is structurally impossible for 

octameric particle and is only consistent with hemisome or CenH3/H4 tetramer. 
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Proposed models can be most easily distinguished by measuring two properties of the 

centromeric nucleosome: length of the DNA wrap and presence or absence of histone 

H2A (Figure 1.2). In chapter 2 I present a study that measures these properties and 

establishes the composition of the centromeric nucleosome in budding yeast. 

1.2 Heterochromatin in D. melanogaster 

Another gene poor region of the chromosome region is heterochromatin. 

Heterochromatin is condensed and appears dark staining upon visualization under 

microscope[35]. It is located at the pericentric (around the centromere) regions, and 

while its full function is not established heterochromatin plays a role in formation and 

function of the centromere[7], [36]. While budding yeast does not have conventional 

heterochromatin, in higher eukaryotes a large portion of the genome is heterochromatic. 

Histone tail modifications are responsible for chromatin compaction. Specifically, H3 

histone tails are modified by addition of a tri-methyl or di-methyl group to lysine 9 of H3 

(H3K9me3). This modification is recognized by HP1 protein, which binds to 

nucleosomes that contain this modification and compacts them, creating a condensed 

structure [37].  Detailed studies of the chromatin landscape of heterochromatin have not 

been carried out so far. This is because a large fraction of heterochromatin is made up 

of highly repetitive sequences. The total proportion of repeat sequences in eukaryotic 

genomes is large, for example 44% in humans [38], [39]. Repeat sequences present 

problems for genome assembly and mapping of sequencing reads [40], which are the 

required steps for Chip-Seq, the most widely used method for the study of chromatin 

landscapes. In this work I have developed a method that allows quantification of Chip-

Seq signal in repetitive sequences without reliance on the genome assembly. This 
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method can be applied to other problems involving repeat sequences, for example 

finding centromere sequences in different organisms. 

D. melanogaster is a great model to study the problem of repeat sequences because it 

has been a model organism for more than 80 years and a large body of knowledge 

obtained by pre-sequencing methods is available. Such knowledge allows the unique 

comparison of quantification of sequencing datasets to the results obtained by other 

methods and allows validation of sequencing technologies. 

Heterochromatin in Drosophila was first observed by Heitz in 1934 [41] when he applied 

his perfected technique of chromosome preparation to Drosophila nuclei. He also 

observed that heterochromatin is depleted in cells from larvae – a unique 

developmental stage of Drosophila and related insects, which follows the embryonic 

stage. Later, analysis of DNA renaturation kinetics was widely used to estimate the 

amount of repetitive sequences in the genome [42]. In these experiments DNA is 

denatured by heat and then cooled down to the temperature that allows renaturation. 

The amount of renatured DNA is measured as a function of time, producing what is 

known as C0t curve. Because repetitive DNA renatures faster than single copy DNA, 

genomes with different percentages of repetitive sequences will have different 

renaturation kinetics. By fitting curves it is possible to precisely estimate the percentage 

of DNA with different renaturation propensities. In most genomes it was observed that 

there are two types of repetitive DNA: middle repetitive and highly repetitive [43]. In 

Drosophila the percentage of highly repetitive DNA sequence was estimated as 10-15% 

[44]. Later it was shown by the renaturation kinetic method that larval cells are depleted 

of repetitive sequences[45]. Another method used to study genome composition was 
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CsCl gradient centrifugation. During centrifugation in a CsCl gradient, DNA fragments 

separate according to their buoyant density, which depends on their GC content. 

Repetitive sequences have buoyant densities that are different from single copy DNA. 

When Drosophila DNA is centrifuged in a CsCl gradient it separates into four bands, 

one major band and three so-called satellite bands[46]. By extracting DNA from satellite 

bands it was possible not only to estimate the percentage of repeats but also to find 

specific repeat sequences[47]. It was found that satellite bands contain 11 short repeat 

sequences (repeat unit of 5-12 bp) and a larger 359 bp sequence. 

With the widespread use of high-throughput sequencing, comprehensive Drosophila 

sequencing datasets became available. One is called the Drosophila Genetic Reference 

Panel (DGRP) [48]. This dataset contains sequencing data from 200 inbred fly lines that 

were created from wild type populations. Another dataset is modENCODE, a collection 

of experiments profiling histone tail modifications, histone variants and DNA-binding 

proteins. So far analysis of these datasets was confined to the assembled part of the 

genome. Euchromatic microsatellite variability in wildtype fly populations was 

investigated [49] and combinatorial patterns of histone tail modification in cell lines [50], 

[51] were studied. In this work I employ genome mapping independent methods to 

quantify repeated sequences in public datasets from DGRP and modENCODE. I 

compare the repeat content of Drosophila melanogaster recovered in high-throughput 

sequencing datasets to that were obtained by classical studies and profile histone tail 

modifications and HP1 proteins associated with repeat sequences.  

  



17 
 

 

  

  

 

 

  

 

 

  

 

 

  

 

 

 

 

 

   
 Cse4 H4  H2A H2B Scm3 

Octamer Tetramer Hexamer Hemisome  

Histone composition of centromeric nucleosome is thought to be either an octamer, a 

particle which contains two copies of each of the histones Cse4, H4, H2A and H2B; a 

tetramer consisting of two copies of histones Cse4 and H4; a hexamer that includes two 

copies of histones Cse4 and H4 with the addition of two copies of nonhistone protein 

Scm3; or a hemisome containing one copy of each of the histones CenH3, H4, H2A and 

H2B. 

  

Figure 1.1 Proposed models of the centromeric nucleosome. 



18 
 

 H2A + H2A - 

DNA wrap long Octamer Hexasome 

DNA wrap short Hemisome Tetramer 

Figure 1.2 Two properties that distinguish proposed models of the centromeric 
nucleosome.  
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2 Chapter 2 Tripartite organization of centromeric chromatin 

in budding yeast1 

2.1 Introduction 

The centromere is the genetic locus that specifies the location of the kinetochore, the 

complex proteinaceous structure that attaches to spindle microtubules for regular 

segregation to the poles at mitosis and meiosis [52]. Every chromosome must have one 

and only one centromere, because acentric and dicentric chromosomes are lost leading 

to aneuploidy and cell death. This stringent requirement for a single centromere has led 

to the expectation that centromeres would be defined by DNA sequence, and indeed 

this is the case in the budding yeast, Saccharomyces cerevisiae, where each of the 16 

centromeres consists of a ~120-bp sequence that is entirely responsible for centromere 

specification [16]. However, a common feature of centromeres in multicellular 

eukaryotes is that they are embedded in highly repetitive satellite DNA, which has made 

their molecular study difficult [53]. Furthermore, the existence of neocentromeres that 

entirely lack centromeric satellites indicates that specific DNA sequences are not 

necessary for centromere function [54]. 

 Despite the fundamental differences between budding yeast and multicellular 

eukaryotes with respect to sequence determinants of centromere identity, there are 

common protein determinants. Most important is the histone variant, CenH3 (CENP-A in 

mammals and Cse4 in yeast) which replaces histone H3 in centromeric nucleosomes 

                                            
1
 This chapter appeared previously as Krassovsky, K., J. G. Henikoff and S. Henikoff (2012). "Tripartite 

organization of centromeric chromatin in budding yeast." Proc Natl Acad Sci U S A 109(1): 243-248. 
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and is essential for recruitment of the other structural components of the kinetochore 

[55]. It has been previously shown that the Cse4 nucleosome wraps DNA in a right-

handed orientation [27, 56], consistent with in vivo observations of heterotypic 

tetrameric nucleosomes in Drosophila [57] and humans [58]. However, several studies 

have shown that CenH3 nucleosomes are left-handed octamers in vitro [23, 59-62].  

To help reconcile these findings, we have mapped yeast centromeric particles at single 

base-pair resolution [63]. This revealed that the Centromere DNA Element (CDE) is well 

protected in intact particles that also contain H2A, but is preferentially cleaved internally 

at sites of binding for sequence-specific factors, termed CDEI and CDEIII, where we 

mapped distinct particles that respectively correspond to the known binding sites for the 

Cbf1 protein and the CBF3 complex [64]. Using a yeast strain containing multiple copies 

of Cse4, we found that Cse4-containing particles incorporate at canonical nucleosome 

positions throughout the genome, and are enriched at sites of rapidly turning over 

nucleosomes. The existence of two Cse4 nucleosomal species, a stable particle with a 

single DNA wrap at centromeres and an unstable octamer in chromosome arms 

supports a general model in which unstable CenH3 nucleosomes are rapidly turned 

over on chromosome arms to maintain one and only one centromere per chromosome. 

2.2 Results 

2.2.1 Cse4-containing chromatin particles map precisely to functional centromeres  

We performed MNase digestion of crude yeast nuclei from log-phase cells grown in rich 

medium according to a standard protocol [65], except that we included a needle 

extraction step to gently but thoroughly solubilize MNase-digested chromatin [63]. This 

procedure resulted in essentially complete recovery of MNase nucleosome ladder DNA 
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(Figure 2.1A) and solubilization of most of Cen3 by qPCR (Figure 2.8). In the 

experiment shown in Figure 2.1, we used MNase digestion times of 2.5', 5', 10' and 20', 

and followed this by ChIP of FLAG-Cse4. We applied a modified protocol for Solexa 

library preparation that results in recovery and sequencing of particles down to ~25 bp 

[63]. After paired-end library preparation and sequencing on an Illumina Hi-Seq 2000 

instrument, we obtained on average ~45 million mapped paired-end reads for 

solubilized chromatin (the input for ChIP). These showed two prominent size features: a 

broad distribution of fragments ranging in size from ~20-80 bp with a peak at ~30 bp, 

and a narrow distribution corresponding to nucleosome-sized DNA fragments (Figure 

2.1B). The nucleosomal peaks showed stepwise reductions in average size as expected 

for an MNase series, ranging from 163 bp (2.5') to 151 bp (20'). For the ChIP material, 

we obtained on average ~23 million mapped paired-end reads. These showed a 

broader size distribution with indistinct nucleosome-sized peaks, and a broad peak at 

~50 bp for 10' and 20' digestions (Figure 2.1C). A sharp peak at ~90-bp seen in the 10’ 

and 20’ samples for both the soluble chromatin input and the ChIP is attributable to 

internal cleavage of canonical nucleosomes [63]. In the analyses described below, we 

used all mapped fragments regardless of size. 

We first mapped the ratio of Cse4/Input using as metric the paired-end read count 

density [63]. For all 16 chromosomes, the maximum Cse4/Input occupancy was over 

the centromere, consistent with a previous genome-wide mapping study [66]. However, 

that study used cross-linking and sonication prior to immunoprecipitation (X-ChIP), 

resulting in a low resolution map, with enrichment extending >300 bp to either side of  

the center of functional centromeres (Figure 2.9). In striking contrast, our native 
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chromatin mapping of Cse4/Input at a centromere (Cen4) shows it to be confined 

primarily to the Cen4 CDE (Figure 2.2A and Figure 2.10). We attribute the broad 

distribution of Cse4 obtained by X-ChIP in part to the large size of sonicated fragments 

and in part to the cross-linking of centromeric nucleosomes to flanking nucleosomes 

and other proteins. The nearly precise mapping of Cse4 ChIP material to Cen4 that we 

observed using native chromatin delimits the span of the Cse4 nucleosome to the 

functional centromere sequence. Interestingly, the ChIP/Input signal is non-uniform, 

showing about twice the protection from MNase over CDEII than over CDEI and CDEIII 

for all samples. 

 To ascertain the generality of this result, we aligned ChIP/Input profiles for all 16 

yeast centromeres around the midpoint of each CDE and averaged the signal over each 

base pair. This confirmed that the clear pattern seen for Cen4 for all four samples in the 

MNase series is general, with nearly precise protection of the functional centromere. It 

also confirms a previous report of precise positioning of MNase-protected particles over 

all 16 CDEs [50]. The greatest ChIP signal was centered over CDEII, with distinct 

shoulders on either side corresponding to partial MNase protection of CDEI and CDEIII 

(Figure 2.2B). CDEI corresponds to the 8-bp consensus sequence for Cbf1, a 

conserved general transcription factor that is found at a large number of sites 

throughout the yeast genome, including centromeres [67, 68]. CDEIII corresponds to a 

26-bp consensus sequence that is the binding site for CBF3, a multisubunit complex 

that is specific for budding yeast centromeres [69]. CDEII is conserved for AT-richness 

and length (from 78-86 bp), but otherwise has no distinguishing features [16]. Owing to 

the documented presence of Cbf1 and the CBF3 complex at the CDE, we interpret the 
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higher ChIP signal for Cse4 over CDEII relative to CDEI and CDEIII as strong evidence 

for a well-positioned Cse4-containing particle precisely over CDEII. 

 

2.2.2 Distinct particles over CDEI and CDEIII flank the Cse4 nucleosome 

To obtain independent confirmation our ChIP/Input occupancy mapping of CDEs, we 

analyzed the size distribution of MNase-protected DNA around centromeres by plotting 

the length of each mapped fragment on the Y-axis versus the distance of its midpoint 

location from the midpoint of the CDE on the X-axis (a ‘V-plot’) [63]. Strikingly, we 

observed a clear V-shaped pattern centered precisely over the midpoint of the aligned 

CDEs from all centromeres (Figure 2.3 A). The sharp edges of the V map midpoints of 

fragments that are cleaved precisely at one edge of the CDE and extend beyond the 

opposite edge, and the vertex maps the midpoint of fragments that are cleaved 

precisely on both sides of the CDE (diagramed in Figure 2.3 B). The vertex corresponds 

to a fragment size of ~120 bp, which is the average size of annotated CDEs 

(http://www.yeastgenome.org), indicating that the CDE is almost perfectly protected 

from MNase digestion.  

 Each diagonal of a V-plot represents a single sharply defined cleavage on one 

side of a particle and random cleavage on the other side [63]. In the case of CDEs, we 

observed an additional pair of V-shaped patterns, one over CDEI and the other over 

CDEIII (Figure 2.3 A). These patterns were generated by cleavages between CDEI and 

CDEII and between CDEII and CDEIII, respectively. These internal cleavages were too 

rare to generate detectable numbers of CDEII-only fragments, which implies that each 

element of the CDE is protected by one of three closely packed particles that block 
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MNase from cleaving between them. Interestingly, these Vs in the Cse4 ChIPs fade 

below ~50 bp, suggesting that MNase digestion released these two protected particles 

from association with Cse4. Consistent with this interpretation, protected fragments of 

the expected size and in the expected position can be observed in total chromatin. 

Extrapolation of diagonals to the vertex of each V results in a minimum protected size of 

~10 bp directly over CDEI and of ~20 bp directly over CDEIII for both the Cse4 ChIP 

and the total chromatin (red dotted diagonal lines in Figure 2.3 A). The identification of 

distinct protected particles over both CDEI and CDEIII in soluble chromatin indicates 

that the distinct shoulders observed in the density plots (Figure 2.2) represent partial 

protection by Cbf1 and the CBF3 complex that is independent of association with Cse4.  

Centromeric sequences were recovered in the solubilized chromatin fraction used for 

ChIP at ~2/3 the level of that from total nuclei (Figure 2.4 A-B), as if kinetochore 

attachment rendered a subset of these sequences relatively insoluble. To investigate 

this possibility, we sequenced libraries made from pellet-extracted DNA [63] which we 

found to be enriched ~100-fold for the CDE in the 20’ digestion sample relative to the 

total nuclear DNA (Figure 2.4 A-B). To determine the minimally protected region of the 

insoluble kinetochore, we displayed the data from the pellet fraction as V-plots (Figure 

2.4 C and Figure 2.11 A). The patterns were nearly identical to those for Cse4 ChIP 

(Figure 2.11 B-C), which demonstrates that the tripartite structure of centromeric 

chromatin can be observed without ChIP, based exclusively on reduced kinetochore 

solubility. 

2.2.3 Loss of Cbf1 reduces the size and shifts the location of the centromere-

protected region 
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It remained formally possible that a single Cse4-containing particle spans the entire 

CDE, while Cbf1 protein and the CBF3 complex bind DNA that is exposed on the 

nucleosomal surface. Surface binding is unlikely considering that both Cbf1 and CBF3 

sharply bend DNA [70, 71], and also that Cbf1 binding excludes canonical nucleosomes 

[63, 68]. To directly test the possibility that the Cse4 nucleosome occupies the entire 

CDE, we asked whether loss of one of the flanking particles causes the expected loss of 

protection of the centromeric element that the particle occupies. The CBF3 complex is 

essential for viability and for Cse4 nucleosome localization, however, Cbf1 null 

mutations are viable. Previously, Kent and co-workers [68] had performed paired-end 

DNA sequencing on MNase-protected fragments in both wildtype and cbf1Δ strains. We 

remapped their raw data to the yeast genome such that all mappable fragment sizes 

were included, and constructed average centromere density plots. For analysis, we 

separated the paired-end reads into four size classes: ≤80 bp, 81-110 bp, 111-140 bp 

and >140 bp. We observed that loss of Cbf1 caused a striking reduction of 22 bp in the 

median size distribution of fragments that map to the CDE, with increases in ≤80 bp, 81-

110 bp and 111-140 bp size classes relative to the >140 bp size class (Figure 2.5 A-B), 

with no noticeable change in overall occupancy (Figure 2.5 C). We also observed a 

conspicuous shift of the median fragment center, 10 bp closer to the CDEIII side of 

CDEII, with encroachment of ≤80 bp particles into CDEI. It is possible that the continued 

occupancy of CDEI is caused by the presence of other DNA-binding proteins in yeast 

that bind to the same CACGTG consensus sequence as Cbf1 [72]. The reduction and 

shift in protection seen in most cells are as expected if Cbf1 protects CDEI in wildtype, 

but that loss of Cbf1 allows MNase better accessibility despite occupation of CDEI by 
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other small particles. Alternatively, loss of Cbf1, which helps to exclude H3 

nucleosomes in its vicinity [63, 68] might have reduced protection of the CDE, allowing 

transient occupancy by an H3 nucleosome in a small subset of cells. 

2.2.4 Small particles and well-positioned nucleosomes flank the CDE 

V-plots revealed moderate enrichment of subnucleosome-sized particles in total 

chromatin immediately flanking CDEs (Figure 2.3 A). In the Cse4 ChIP material, we also 

observed strong enrichment of ≤80 bp fragments centered ~50 bp on either side of the 

CDEs, which were rapidly depleted with increasing MNase digestion (Figure 2.12). Most 

subnucleosomal particles mapped elsewhere in the yeast genome are relatively stable 

to MNase digestion [63], which suggests that whatever is protecting CDE-flanking DNA 

on both sides might span the CDE. The subnucleosomal particles on either side of the 

CDE are themselves flanked by well-positioned H3 nucleosomes (Figure 2.3 and Figure 

2.11). The fact that all centromeres have these positioned nucleosomes at 

approximately the same distance from the CDE on both sides confirms and extends 

previous studies showing that centromeres are flanked by phased nucleosomes [65, 

73]. 

2.2.5 H2A is as abundant at centromeres as it is genome-wide 

Previous studies have reported depletion of H2A and H2B nucleosomes at yeast 

centromeres, suggesting that the only histones in the Cse4 nucleosome are Cse4 and 

H4 [30, 74]. To determine the composition of Cse4 nucleosomes in our chromatin 

preparations, we performed ChIP of FLAG-tagged H2A followed by paired-end DNA 

sequencing. If Cse4 nucleosomes were deficient in H2A, then we would expect that 

normalized counts for the H2A ChIP would be fewer than for the corresponding input 

DNA over centromeres. Rather, we found that at all 16 centromeres, the H2A ChIP 
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signal was equal to that for input DNA (Figure 2.6). The precise positioning of 

centromeric nucleosomes is evident from these profiles, insofar as flanking regions 

showed wide variations in H2A occupancy, with almost no variation within the CDE 

region and between centromeres for H2A occupancy over centromeres. 

To confirm that our measurements were sufficiently sensitive to detect differences in 

H2A occupancy, we examined the single nucleosome occupying the Gal4 UAS in cells 

grown in glucose, which had been shown to be depleted of H2A owing to the high 

relative abundance of the H2A.Z variant [75]. Our H2A ChIP data showed clear 

depletion of H2A from this nucleosome relative to neighboring nucleosomes, confirming 

the sensitivity of our profiling assay (Figure 2.13 A). For further confirmation of the 

abundance of H2A at centromeres, we similarly analyzed published X-ChIP-chip H2A 

data from the 6 centromeres represented on the microarray, and obtained a very similar 

profile to that for our native ChIP-seq data from all 16 centromeres (Figure 2.13 B). 

2.2.6 Misincorporated Cse4 particles are enriched at sites of rapid turnover 

To directly compare the incorporation of Cse4 to that of a canonical histone, we 

performed ChIP using a strain expressing both FLAG-tagged H2A and 5-6 copies of 

Myc-tagged Cse4 (Figure 2.14). Although FLAG-H2A yielded a nucleosomal size 

distribution expected for the degree of MNase digestion used (~155 bp), DNA from 

Cse4-Myc nucleosomes immunoprecipitated from the same solubilized chromatin 

displayed a broader size distribution, with a peak at ~135 bp that is not evident in 

control ChIPs from single-copy Cse4 strains (Figure 2.7 A). These ~135-bp protected 

Cse4 particles are phased at canonical nucleosomal positions in highly expressed 

genes (Figure 2.7 B), indicating that they correspond to mislocalized Cse4 
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nucleosomes. Notably, their size distribution matches that of partially unwrapped left-

handed CenH3 octamers produced in vitro from purified components (Figure 2.15 A) 

[59, 62]. Therefore, it is likely that excessive amounts of Cse4 led to the formation of 

conventional left-handed octameric particles in vivo that were deposited as 

nucleosomes genome-wide, in contrast to the much smaller Cse4 particle confined to 

the ~80-bp CDEII. 

We asked where the larger Cse4 particles in the overproduction strain were assembled 

by mapping them genome-wide. We found that Cse4-Myc and FLAG-H2A ChIP peaks 

precisely coincided, which implies that overproduced Cse4-Myc nucleosomes are 

incorporated in place of H3 nucleosomes genome-wide (Figure 2.7 C). However, the 

profiles were quantitatively different. For example, by taking the ratio of Cse4-Myc to 

FLAG-H2A over the SNT1-FEN1 region, which has been previously characterized with 

respect to its rate of turnover [76], we found that peaks of Cse4 incorporation 

corresponded closely to sites of rapidly turning-over ("hot") nucleosomes (Figure 2.7 C) 

and around 5’ ORFs genome-wide (Figure 2.15 B). We also compared Cse4 and H2A 

abundances to nucleosome turnover rates globally, and found that Cse4 was in general 

enriched at sites of high turnover, whereas H2A was depleted from these same sites 

(Pearson's r = 0.52, Figure 2.7 D). Similar findings of Cse4 misincorporation at sites of 

hot nucleosomes have been reported for strains that overproduce Cse4 as a result of 

mutations in components of the nucleosome assembly apparatus [77]. Despite the fact 

that Cse4-Myc is the only Cse4 copy present in this overproducing strain, the 

misincorporated particles have evidently not formed functional centromeres, as the 

strain grew normally. 
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2.3 Discussion 

We have used MNase mapping and paired-end sequencing to map Cse4 nucleosomes 

to centromeres at high resolution. We found that Cse4 nucleosomes are confined to the 

central ~80-bp CDEII region of functional centromeres, tightly flanked by distinct small 

particles over CDEI and CDEIII. This confirms that DNA wraps only once around a 

Cse4-containing core [78], as implied by our previous study showing that Cse4 

nucleosomes induce positive supercoiling at functional centromeres in vivo. Our findings 

are consistent with the observation that singly wrapped CenH3 particles also occupy 

Drosophila and human centromeres [57, 58], suggesting that this organization is a 

universal feature of centromeric nucleosomes. Singly wrapped tetrameric nucleosomes 

are universal for archaea [79], as if centromeres have retained the ancestral 

nucleosomal organization. 

Our native ChIP-seq analysis also showed that H2A is present at all 16 yeast 

centromeres at the same level as over the rest of the genome. We confirmed this result 

by analyzing X-ChIP data from a published study [80]. Because that study was 

performed on formaldehyde crosslinked chromatin by the same laboratory that 

previously reported deficiency of H2A over centromeres [30], we might attribute the 

different outcomes to the use of sonication in the first study to fragment and solubilize 

DNA, versus the use of MNase in the second study [80]. It is possible that sonication 

caused loss of poorly crosslinked nucleosomes, and differences in the degree of 

crosslinking of different histones [57] might have resulted in discrepant ChIP efficiencies 

between them. The excellent concordance between our study using native chromatin 

and that of Luk and co-workers using crosslinked chromatin confirms that H2A is as 
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abundant over centromeres as it is over the entire genome, as expected for a 

centromeric particle containing all four histones. Our findings are consistent with a 

report that the Mif2 kinetochore-specific protein co-immunopurifies with Cse4, H4, H2A, 

and H2B, but not detectably to H3, when purified without cross-linking or enzymatic 

DNA fragmentation [12]. 

 The low recovery of Cse4 nucleosomes isolated using standard MNase digestion 

protocols that is evident from our work and that of others [50] (Figure 2.16) confirms 

previous findings of centromere hypersensitivity to MNase digestion in S. pombe [81] 

and Drosophila [57]. It also raises questions about reports of what appear to be 

conventional CenH3 octameric nucleosomes isolated from diverse eukaryotes [22, 82], 

because these particles were extracted under conditions that led to depletion of yeast 

centromeric chromatin, which we might attribute to catastrophic loss by cleavage within 

the singly wrapped CenH3 particle. Our finding that non-functional octamer-like Cse4-

containing particles are present at non-centromeric sites of high turnover provides a 

possible alternative explanation for the immunoprecipitation of octameric nucleosomes 

in some studies [22, 82], but tetramers in others [57, 58]. The ~90% AT-richness of 

CDEII might be an adaptation to prevent formation of these aberrant particles at 

functional centromeres, which would explain why octameric Cse4 nucleosomes fail to 

assemble on CDEs in vitro [23, 61, 83]. 

 Misincorporation of Cse4 at sites of hot nucleosomes have been reported for 

strains that overproduce Cse4 as a result of mutations in components of the 

nucleosome assembly apparatus [77]. Cse4 nucleosomes are also enriched at 

promoters of highly transcribed genes in strains that do not overproduce Cse4 [23, 66] 
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(Figure 2.15 C), suggesting that high turnover is a normal mechanism for evicting 

misincorporated CenH3 from chromosome arms [60] (Figure 2.15 E). At centromeres 

multiple factors would favor incorporation of a single stable tetramer, including exclusion 

of H3 octamers by Cbf1 [63, 68], the 90% AT-richness of CDEII, which resists assembly 

of Cse4 octamers [23, 83], and the recruitment of Cse4 by the adjacent CBF3 complex 

[84]. In multicellular eukaryotes, heterochromatin condensation would help to stabilize 

CenH3 tetramers by preventing nucleosome turnover [85]. Our detection of two distinct 

forms of Cse4 particles, one at centromeres and the other on chromosome arms, thus 

reconciles seemingly conflicting reports of left-handed CenH3 octamers produced in 

vitro [23, 59-62] and of right-handed wrapping [27] and heterotypic CenH3 tetramers 

[57, 58] observed in vivo. 

2.4 Materials and Methods 

Strains used in this study are listed in Table 2-1. Preparation of yeast nuclei, MNase 

digestion and DNA extraction steps were performed as described [63]. ChIP was 

performed as described [65]. 

Paired-end libraries were prepared using either our modified protocol [63] or the 

standard Illumina protocol, followed by at least 20 rounds of paired-end sequencing in 

an Illumina Hi-Seq 2000 by the FHCRC Genomics Shared Resource. Data were 

processed and mapped using Novoalign as described [63]. SRA SRR058444 and 

SRR058445 data were mapped similarly with Bowtie using default parameters. Solexa 

data analysis was performed as previously described [63], except that the fraction of 

mapped reads spanning each base pair was multiplied by the total number of base pairs 

in the reference sample to give a normalized count for that base pair. To construct V-
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plots, a table of fragment midpoint and length pairs was displayed using the scatterplot 

function of Kaleidograph (version 4.1, Synergy Software, Inc.). 
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Figure 2.1. Paired-end sequencing of soluble chromatin and Cse4 ChIP yields distinct 
size classes of MNase-protected particles.  

(A) Agarose gel analysis of MNase time point samples showing DNA from whole nuclei 
extracted from strain SBY5146 after MNase digestion (Nuclear), DNA from soluble 
chromatin after needle extraction and pooling of extracts (Solubilized) and DNA from the 
insoluble residue after solubilization (Pellet). The gradual reduction in size of protected 
DNA fragments can be seen as jogs in the solubilized chromatin samples loaded out-of-
order (5', 2.5', 10' and 20') in the middle set of lanes. Size distributions of mapped 
paired-end reads for Solubilized chromatin (B) and FLAG-Cse4 ChIP (C), showing the 
size classes chosen for further analysis. 
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Figure 2.2. ChIP maps the Cse4 nucleosome to CDEII. 

Mapped paired-end reads for Cse4 ChIP displayed as ChIP/Input ratios at 1 bp 
resolution. (A) MNase series of FLAG-Cse4 ChIP for Cen4, (B) Same as A but for all 16 
centromeres aligned around the mid-CDE. See also Figure 2.8 for a comparison to 
Cse4 X-ChIP data. 
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Figure 2.3. V-plot mapping reveals subnucleosome particles at CDEI and CDEIII. 

(A) The distance from the midpoint of each fragment to the midpoint of the CDE that 
maps +/-300 bp of a mid-CDE is represented by a dot, where its position on the X-axis 
is the distance between its midpoint and the midpoint of the CDE, and its position on the 
Y-axis represents its fragment length. Cse4 IP (blue) and total soluble chromatin maps 
are shown for data from 2.5' and 5' MNase digestion time points (left) and from 10’ and 
20’ MNase digestion time points (right). The diagonals are marked with red lines in the 
right panel to show that they intersect at the same positions within CDEI and CDEIII for 
both Cse4 ChIP and Total soluble chromatin. (B) Diagram showing the position of dots 
placed on the V-plot (red arrows) for fragments of various sizes and map positions. 
Below is a model of particles that protect DNA from MNase digestion deduced from the 
midpoint maps. 
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Figure 2.4. Kinetochore enrichment in insoluble chromatin. 
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(A) Occupancy maps of total nuclei and soluble and insoluble (pellet) fractions for the 2-
kb region spanning Centromere 4 showing changes that occur between 2.5’ (magenta) 
to 20’ (green) MNase digestion. (B) An occupancy map for the same region showing the 
average of all 16 centromeres aligned at the midpoints of their CDEs. Based on the 
partitioning of total 20’ MNase-treated nuclear DNA into soluble and insoluble chromatin 
fractions, we estimate that ~1/3 of centromeric chromatin is insoluble and that insoluble 
centromeric chromatin is enriched ~100-fold relative to other insoluble chromatin in the 
pellet. (C) The central 300 bp of the V-plot for insoluble chromatin for all 16 aligned 
centromeres shows a V-plot that is nearly identical to those seen for ChIP from soluble 
chromatin (Figure 2.3). Dotted red lines indicate approximate extensions of diagonals, 
where each intersection maps the midpoint location of the protected region on the X 
axis and the minimal protected region on the Y-axis (solid red lines).  
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Figure 2.5. Loss of Cbf1 reduces the size and shifts the location of the centromere-
protected region 

(A-C) Occupancy maps of DNA size classes from MNase-protected particles using data 
obtained from SRA SRR058444 and SRR058445 (21), comparing wildtype to cbf1Δ 
strains to illustrate the reduction in size distribution with loss of Cbf1. 
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Figure 2.6. The Cse4 nucleosome contains H2A. 

ChIP-seq profile of the difference in normalized counts between H2A and Input over all 
16 centromeres after ChIP of H2A-FLAG from strain SBY2688, showing that H2A = 
Input (i.e. H2A-Input = 0). If H2A were absent from centromeres, H2A-Input would equal 
-1 (No H2A). Fragments larger than 200 bp were excluded to avoid any contribution 
from dinucleosomes. Similar centromeric results were obtained by plotting published 
data obtained using crosslinked chromatin followed by ChIP-chip (Figure 2.13B). The 
expected depletion of H2A at the H2A.Z-enriched Gal4 UAS is confirmed in Figure 
2.13A. The variability in flanking nucleosomes is likely due to the variable abundance of 
H2A.Z in canonical nucleosomes. 
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Figure 2.7. Overproduced CenH3 particles occupy canonical nucleosome positions and 
protect ~135 bp. 

Size distributions (A) of mapped fragments for FLAG-H2A (magenta) and Cse4-Myc 
(green) ChIPs, including a FLAG-Cse4 size distribution from a control (blue dotted line). 
See also Figure 2.15A. (B) V-plots show nucleosomal fragments from the 20 most 
highly expressed genes aligned at their 5’ ORF ends. Black lines indicate median 
fragment sizes. (C) Overproduced Cse4-Myc and H2A over the SNT1-FEN1 region 
showing enrichment of Cse4/H2A (top), an aligned hot nucleosome map reproduced 
from Ref. [76] (middle) and enrichment of Cse4 and H2A (below). (D) Scatterplot of 
ChIP signals versus turnover rates for Cse4/H2A. (E) Model in which CenH3 
hemisomes are stably held in place by Cbf1 and CBF3, whereas unstable CenH3 
octamers are rapidly evicted from chromosome arms and targeted for degradation. 
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Figure 2.8. qPCR measurement ratios showing relative abundance of Cen3 in 
chromatin fractions. 

PCR primers were designed to amplify the 125-bp Cen3 sequence (ChrIII:114383-
114404 and 114487-114508) using a 46oC annealing/extension temperature. Each 
qPCR measurement was divided by the total DNA level as determined by Picogreen 
fluorescence in the presence of RNAse A. Ratios are calculated as 
(qPCR2/Picogreen2)/ (qPCR1/Picogreen1) 
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Figure 2.9. Comparison between Native-ChIP and X-ChIP mapping profiles for all 16 
aligned yeast centromeres. 

A normalized enrichment profile for all 16 yeast centromeres was computed from 
triplicate Cse4 X-ChIP data obtained from GEO (Accession # GSE13322) [66]. This is 
shown superimposed over the N-ChIP profiles from Figure 2B. For X-ChIP data, plus 
and minus reads were offset by the maximum cross-correlation value for normalized 
counts around the mid-CDE (130 bp), and the average of offset plus and minus reads 
within each 20 kb window was plotted. 
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Figure 2.10. Cse4-containing particles are precisely positioned over the CDE  

Average Cse4 ChIP profiles for all centromeres and all mapped fragment sizes. The 
square signal over each CDE increases during digestion up to 10' then generally 
decreases, whereas the rounded signal to the left of Chr9 shows little if any change in 
signal, indicating that robustness of the profile regardless of the level of MNase 
digestion.  
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Figure 2.11. V-plots of DNA from insoluble chromatin for individual centromeres 

See the legend to Figure 2.3 for details on interpretation of V-plots. (A) All 16 
centromeres are shown either in groups of 4 or individually. (B-C) Direct comparison of 
Cse4 ChIP-seq (A) and pellet (B) from the same 20’ MNase sample, showing vertexes 
corresponding to ~10 bp for intersection of diagonals over CDEI, ~20 bp for intersection 
of the diagonals over CDEIII, and ~125 bp for intersection of the diagonals over the full 
CDE. 
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Figure 2.12. The CDE is closely flanked by subnucleosomal particles and phased 
nucleosomes 

(A) Mapped paired-end read counts of  ≤80 bp fragments show enrichment after Cse4 
ChIP and high sensitivity to MNase digestion on both sides of the centromere after 
ChIP. (B) Mapped paired-end reads for Cse4 ChIP at two MNase concentrations show 
subnucleosomal particles flanking the Cen3 CDE, where a square peak indicates nearly 
perfect protection of the 111-140 bp centromeric DNA segments. The ≤80 bp fragments 
are lost from the immunoprecipitated material with concomitant enrichment of 110-140 
bp fragments during MNase digestion. Below are densities for Cse4 IP (brown) and 
>140 bp soluble chromatin fragments lined up to illustrate the relative locations of the 
different MNase-protected particles after 20' digestion. 
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Figure 2.13. Depletion of H2A at the H2A.Z-enriched nucleosome over the Gal4 UAS 

(A) Positive control for the experiment shown in Figure 2.5A, showing the 2.5’ MNase-
digestion profile for total chromatin at the Gal4 region, where the well-positioned 
nucleosome over the Gal4 UAS was reported to wrap only ~135-bp, and to be depleted 
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for H2A and enriched for H2A.Z, in contrast to flanking nucleosomes which showed the 
opposite enrichment [75]. Note that there is high occupancy of input for this nucleosome 
but lower occupancy of H2A relative to the genome as a whole (H2A-Input < 0) and to 
flanking nucleosomes. (B) X-ChIP data showing that the Cse4 nucleosome contains 
H2A. Data are converted from the sum of scaled intensities from ‘AA’ and ‘AZ’ (total 
H2A-containing) nucleosomes [80]. See the legend to Figure 2.6 for details. 
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Figure 2.14. Multiple copies of CSE4-Myc in strain SBY8796 

The plasmid pSB246 was searched using the first one million single-end 36-bp reads 
either not mapped to the yeast genome (364160) or mapped uniquely (635840). The 
1736 hits with an exact match for 36 bases (834+ and 902-) are displayed, using the left 
end of the mapped segment in all cases. Copy number estimate based on read density: 
(1,736 plasmid reads/6 kb per plasmid)/(635,840 genomic reads/12,000 kb per genome) 
= 5.5 copies per plasmid. This value was confirmed by average URA3 and CSE4 
normalized peak heights for the whole dataset (~120/20 = 6). The map of pSB246 
shows Escherichia coli sequence in grey, Ura3 sequence in red, Cse4 and upstream 
Elm1 sequence in blue, and 11 tandem Myc sites in green. Sequence assembly 
revealed that three of the 11 Myc sites have been deleted from all copies (bracketed 
region). 
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Figure 2.15. Overproduced Cse4 nucleosomes deposit at ‘hot’ nucleosome positions 

(A) Length distributions of mapped fragments genome-wide, showing a comparison to 
lengths of MNase-protected fragments extracted from purified nucleosomes assembled 
in vitro and measured on agarose gels [62]. The results from two separate experiments 
are shown, where little difference is seen in the degree of MNase digestion based on 
the slight offset in input peak position. (B)  To confirm that ‘hot’ nucleosomes are 
generally enriched for Cse4 nucleosomes relative to H2A nucleosomes around 
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promoters (Figure 2.7B), we aligned all yeast genes at their 5’ ORF ends and plotted 
the total number of normalized counts at each base pair. Strong enrichment is seen for 
overproduced Cse4-Myc and depletion of FLAG-H2A relative to Input from the -1 to +1 
nucleosome positions. (C) In a single-copy control strain, Cse4 enrichment is seen over 
highly active promoter regions, as previously reported [23, 66]. 
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Figure 2.16. Centromeric DNA is depleted from both native and cross-linked chromatin 

Regions around Cen2 and Cen3 are shown. For midpoint landscapes from single-end 
reads, an offset of 75 bp was added to each plus end and subtracted from each minus 
end. A Gaussian kernel density function with bandwidth = 10 and window = 5 was 
applied to both single-end and paired-end reads. 
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Table 2-1 Yeast strains used in this study 

Strain* Genotype 

SBY8796 MATa leu2-3,112 his3-11,15 trp1-1 lys- RAD5 hta2-htb2::NAT HTA1-
L3FLAG-kanMX cse4ΔKAN ura3-1:CSE4-myc12:URA 

SBY5146 MATa leu2-3,112 his3-11:pCUP1-GFP12-LacI12:HIS3 trp1-
1:256lacO:TRP1 can1-100 ade2-1 Δlys2 Δbar1 cse4ΔKan ura3-1:pCse4-
3xFLAG-CSE4 + 500bp 

SBY2688 MATa leu2-3,112 his3-11,15 trp1-1 LYS2 RAD5 hta2-htb2::NAT HTA1-
L3FLAG-kanMX ura3-1:CSE4-myc12:URA 

*All strains were derived from W303. 
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3 Chapter 3 Distinct chromatin features characterize different 

classes of repeat sequences in Drosophila melanogaster2 

3.1 Background 

A large fraction of almost all eukaryotic genomes consists of tandemly repeated 

sequences, often called satellite DNA [86]. Because satellite DNA repeat units are short 

and vary little if at all in sequence, they are mostly excluded from genome assemblies 

[87]. This is unfortunate, because some satellite sequences are known to have 

important functions. For example centromeres – chromosome loci that form microtubule 

attachment sites during mitosis - are known to be positioned on repeat sequences in 

many organisms [86]. Another example is telomeres – sequences that cap chromosome 

ends. Also, changes in satellite sequences can play roles in evolution and disease [88]. 

Satellite sequences might have other functions: For example, they have been shown to 

be important for meiotic recombination [89]. 

Whole genome sequencing has become a widely used tool for the discovery of genetic 

variation, nucleosome position, chromatin modifications and DNA binding proteins.  

Analysis of such experiments relies on the alignment of individual sequence segments 

to the reference genome. Because it is impossible to uniquely align satellite sequences 

they are usually excluded from the genome assembly. Thus alternative methods for 

analysis of repeats in sequencing data are required. 

                                            
2
 This chapter appeared previously as Krassovsky, K. and S. Henikoff (2014). "Distinct chromatin features 

characterize different classes of repeat sequences in Drosophila melanogaster." BMC Genomics 15(1): 
105. 
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Several groups have used methods independent of the alignment to the reference 

genome to analyze repeat content. Parker et al. [88] used direct counting of telomere 

repeat sequences to estimate changes of telomere repeats in tumor cells. Hayden and 

Willard [90] used k-mer analysis and repeat library alignment to describe canine 

centromere sequences. In this study we adapt these approaches with some 

modifications to study the repeat content of Drosophila melanogaster. Drosophila is a 

particularly attractive model because of previous extensive characterization of its 

satellite repeat content by methods other than sequencing. This provides a unique 

opportunity to verify recovery of satellites in sequencing data. 

Drosophila repeat families were initially discovered by detection of satellite bands that 

form during CsCl equilibrium gradient centrifugation [91, 92]. When centrifuged at high 

force CsCl creates a gradient of Cs+ ions. While moving through this gradient long DNA 

fragments separate into distinct bands based on the buoyant density, which depends 

primarily on GC content. Tandem arrays of short repeat units typically have biased base 

composition [e.g. (AAGAG)n is 60% A+T and 40% G+C)], so that they effectively 

separate from long DNA fragments of average base composition comprising single-copy 

DNA. The bands can then be extracted, cloned and sequenced. Three of four of such 

bands were shown to consist of short (5 to 10 bp) repeats, while the fourth one 

consisted of longer (359 bp) repeat sequences [47]. Both classes of these tandem 

repeats are highly abundant in the genome and map primarily to centromeric and 

pericentric regions of chromosomes. Another class of repeats is derived from 

transposable elements, found in all eukaryotic genomes. These are DNA sequences 

that have inserted copies of themselves into new positions in the genome, and are 
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interspersed with single-copy or satellite sequences. Transposons have been shown to 

comprise ~15% of the Drosophila melanogaster genome [93]. 

Most of the repeated sequences are packaged into heterochromatin – condensed and 

mostly transcriptionally silent chromatin identified cytologically as being more refractile 

and more densely staining [35]. Heterochromatin can be divided into constitutive, 

chromatin that is permanently condensed and is found in pericentric and telomeric 

regions, and facultative, gene-containing chromatin where condensation is associated 

with repression of gene expression [94]. It is thought that this condensation and gene 

repression is achieved partly by posttranslational histone modifications, which are 

known to be enriched at different functional elements. For example, H3K4me3 is found 

at promoters of active genes [95] in a variety of organisms. In flies it has been shown 

that constitutive heterochromatin is associated with H3K9me2 while repressed genes in 

facultative heterochromatin are enriched in H3K27me3 [96].  

Associations of specific DNA binding proteins with histone modifications are currently 

studied by chromatin immunoprecipitation followed by sequencing (Chip-Seq). Analysis 

of such experiments has thus far been limited to single-copy sequences and 

interspersed repeats. Studies of tandemly repeated sequences in heterochromatin by 

Chip-Seq are impeded by the inability to uniquely align repeat-containing reads to the 

reference genome. 

Recently two large-scale initiatives generated comprehensive D. melanogaster 

sequencing datasets. One is the Drosophila Genetic Reference Panel (DGRP) which 

included sequencing of 200 inbred fly lines generated from wild caught flies [48]. Data 
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generated by DGRP were used to study phenotype-genotype associations and 

evolution of the subset of repeat sequences that could be mapped uniquely. The other 

large-scale initiative is modENCODE, which included Chip-Seq experiments for a 

number of DNA binding proteins and histone tail modifications from different 

developmental stages of Drosophila. In this study we used these publicly available 

resources to analyze the repeat content of the D. melanogaster genome and to identify 

histone tail modifications and DNA binding proteins associated with satellites.  

3.2 Results and Discussion 

3.2.1 Strategy for quantifying repeats 

We used three independent metrics to describe repeat content: (1) alignment to the 

libraries of known repeats; (2) estimation of the proportion of low complexity sequences; 

(3) classification of the most frequent k-mers (Figure 3.1).  

Repeat libraries were constructed for short repeats (FlyBase), 359 bp repeats [97] and 

transposons (FlyBase) by extraction from existing genome assemblies including 

unassembled contigs. A complexity score similar to the DUST score used by the BLAST 

program to exclude low-complexity sequences was calculated for each sequenced 

fragment. Short repeat units have low complexity scores. This means that finding the 

number of sequences with a low complexity score allows us to estimate the percentage 

of short repeats independent of alignment programs.  

Another alternative to alignment to reference libraries is k-mer analysis. A k-mer is a 

sequence of length k found in the sequencing dataset. For example, the 5-mer AAGAG 

is one of the 5-mers found in the sequence AAGAGAAGAG. By counting all k-mers we 

can find sequences that occur very frequently in the genome. Satellites result in k-mers 
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that have a much higher count than the rest of the genome. K-mer and low complexity 

analyses provide an estimation of the completeness of repeat libraries and find 

abundant sequences not included in the libraries.  

To find the overall fold enrichment of satellites in the ChIP-seq experiments we 

calculated fold enrichment of each k-mer present at least twice in both ChIP and input 

samples. We then grouped k-mers by their enrichment value and classified each k-mer 

as being in one of the repeat families, in the euchromatin, or not previously mapped, by 

aligning to each of the repeat libraries and the whole annotated genome. Classification 

and grouping of k-mers in this manner allows visualization of enrichment or depletion of 

a particular repeat family. 

DGRP datasets include multiple sequencing runs for the same fly line, which allowed us 

to distinguish variability introduced by experimental variation from biologically relevant 

variation that occurred due to differences between individual flies in the wild population. 

We calculated the percentage of reads that mapped to each of the repeat families as 

well as the percentage of low complexity sequences (Figure 3.2) and averaged the 

percentages between experiments of the same fly line. To determine whether variation 

is statistically significant we performed ANOVA tests (Table 3-1) and found that short 

repeats and 359 bp repeats did not differ significantly between DGRP fly lines. Low 

complexity sequences and transposons changed slightly but significantly overall. These 

findings imply that sequence variation is confined to interspersed, but not tandem repeat 

sequence families. 

3.2.2 All repeat classes are depleted in larval relative to adult and embryonic 

developmental stages 
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An unusual feature of the Drosophila genome is changes in the repeat content for some 

cells of the organism. The best-known example is the polytene chromosomes of larval 

salivary glands [45, 98]. During larval stages of development rapid growth of the 

organism requires high levels of gene expression. To efficiently accommodate this need 

cells undergo multiple rounds of replication without mitoses or cell divisions. This 

process results in banded polytene chromosomes, which are composed of multiple 

precisely aligned copies of sister chromatids and homologs. Chromosomes in most 

larval tissues are polytene, with salivary gland chromosomes being the most extremely 

polytenized. Polytene chromosomes are depleted of heterochromatin, especially 

satellite sequences. Another cell type that is depleted of satellite DNA is nurse cells, 

which produce yolk that is stored in the egg and consumed during embryonic 

development [99]. Unlike salivary glands and other larval tissues, nurse cell nuclei lack 

polytene structure. 

We took advantage of the sequencing datasets from different development stages 

available from modENCODE. In order to determine the abundance of different repeat 

families in the genomes of embryos, larvae and adults, we mapped sequences from 

input datasets to the repeat libraries and calculated the percentage of mapped reads. 

We also calculated the percentages of low complexity sequences in each dataset 

(Figure 3.3). To determine whether repeat sequence abundance changes between 

developmental stages, we compared the median percentage abundance between 

sequences from the same developmental stage to that across all sequences (Table 

3-2). As expected, we found that all repeat families are significantly depleted in larvae 

relative to embryos and adults (Table 3-3). 
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The percentage of short repeats has been previously estimated at 5-10% [44] using cot 

curves and at 18-22% [47, 92] using CsCl gradients for embryos of the Oregon R wild-

type lab strain. In the datasets examined the short repeat content is 3% on average for 

DGRP flies, 12% for embryos and adult heads and 3% for larvae of modENCODE flies. 

The lower repeat content in DGRP samples might be explained by the use of whole flies 

in these experiments, where nurse and follicle cells that make up most of the mass of 

healthy adult female flies in uncrowded cultures [100] will lower the satellite repeat 

content. 

Multiple experimental replicates available in both modENCODE and DGRP datasets 

present an opportunity to examine the reliability of modern sequencing methods for 

recovery of repeated sequences. On the one hand, the abundance of short repeats 

varies only slightly between distinct DGRP fly lines and replicate datasets derived from 

the same fly line. On the other hand, there is considerable variation between 

modENCODE replicate datasets. This variability is unlikely to be due to alignment bias 

because we obtained similar estimates using an alternative method of finding short 

repeat sequences based on sequence complexity. High variation might be due to 

random loss or amplification of repeats by PCR during Illumina library preparation and 

flow cell cluster generation. PCR is known to have biases in amplification due to 

composition [101]. Alternatively, variation might be due to real sequence heterogeneity 

among individuals of the same laboratory strain, as has been previously suggested for 

satellite sequences [89]. This possibility is consistent with our observation that short 

repeat recovery is less variable for embryos than adult flies. It is possible that fewer 

adult flies are needed for the recovery of material necessary for constructing Illumina 
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sequencing libraries compared to embryos, where there are fewer cells per individual, 

making inter-individual heterogeneity more evident in adult than embryo samples. 

Another possibility is that the differences arose from the DNA preparation method used. 

Unlike DGRP samples where DNA was extracted from flies directly, modENCODE 

samples were prepared for ChIP by extraction of cross-linked chromatin. Sonication of 

chromatin as opposed to sonication of naked DNA might produce additional variability 

between the experiments. 

3.2.3 The most frequent k-mers in the fly genome are known short repeats and 

transposons 

We wanted to find the most abundant repeat sequences of the fly genome independent 

of the mapping to the known repeat libraries. Such an estimation is important to 

ascertain the completeness of existing annotations and libraries. We found the 

occurrence of all k-mers of length 31 in all samples of DGRP. This k-mer length was 

chosen to be large enough to allow distinguishing unique from repeated sequences by 

BLAST searching (22 bp, Ref. [102]) but smaller than the minimum read length (45 bp). 

We then divided all k-mers of length 31 into equal quintiles based on their count and 

classified them by repeat family, if known. The classification of repeats averaged across 

all datasets of 10 DGRP fly lines is shown in Figure 3.4. The most frequent k-mers 

belong to the short repeat class. Almost all of the frequent k-mers are classified as 

belonging to one of the known repeat families. 

We noticed that ~2% of the fly genome in DGRP datasets can be classified as low-

complexity sequences that are not present in the short repeat library. Two-thirds of the 

low-complexity sequences represent imperfect short repeats, i.e. runs of short repeats 

interspersed with a small number of changes. By manual scrutiny we observed that 
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many of the remaining sequences contained long runs of single nucleotides of which the 

large majority consisted of stretches of As or Ts, with a small percentage with stretches 

of Gs or Cs. Examples of such sequences together with their proportion of the total 

genome are presented in Figure 3.5. Occurrences of tracks of ‘T’ and ‘A’ were 

previously examined in several genomes [103] and found to be more abundant than 

expected by chance. Such sequences have been previously described near promoters 

of some genes and have been shown to effectively exclude nucleosomes [104].  

Previous studies of fly repeats using cloning and sequencing of satellite bands isolated 

from CsCl gradients showed that satellite DNA in Drosophila includes 11 individual short 

sequences [47]. A limitation of this approach recognized by the authors is the instability 

of repeats when cloned into Escherichia coli and hence possible biases against them, 

as well as co-sedimentation of repeat-containing fragments with single-copy DNA. We 

wanted to compare this previous result with sequences obtained by modern high 

thoughput sequencing. To do so we counted the number of reads mapped to each 

sequence entry in the short repeat library in DGRP and modENCODE input datasets. 

We then grouped individual repeats by their frequency (Figure 3.6a and Figure 3.6b). 

We found that although our short repeat library contains more than 200 individual 

repeats, only 13-14 of them make up ~90% of the short repeat satellite reads. We also 

identified the most abundant short repeats and compared them to the sequences 

identified previously by cloning and sequencing CsCl gradient bands (Figure 3.6c and 

Figure 3.6d) [47]. Out of 11 sequences identified in previous work we found that 4 

(“AATAACATAG”, “AAGAGAG”, “AAGAG”, “AAGAC”) are among the most abundant 

repeats in DGRP flies and 6 (“AATAACATAG”, “AAGAGAG”, “AAGAG”, “AATAT”, 
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“AAGAC”, “AATAGAC”) in modENCODE flies. Interestingly, some of the short repeats 

differ only in the interchange of two nucleotides, such as “AATAACATAG” and 

“AATAAGATAC”.  Such sequences would have the nearly same buoyant density and 

will band together in a CsCl gradient. 

In both DGRP and modENCODE samples we found repeat sequences that were not 

previously identified as abundant repeats. We might attribute this discrepancy to 

differences in the method of DNA extraction or to evolutionary changes that occurred in 

the Oregon R strain, which has been maintained in various laboratories for several 

decades. Abundances of specific repeat sequences among the DGRP fly lines are very 

similar, indicating strong homogeneity of the satellites among individual flies in the wild 

outbred population. We did not find four of the previously reported repeats (“AACAA”, 

“AATAAC”, “AATAC” and “AATAG”) among the top repeats in modENCODE samples, 

although they are present at very low abundance in both modENCODE and DGRP 

samples.  

3.2.4 Histone H3 modifications are differentially associated with short repeat 

sequences 

Histone tails can have various post-translational modifications that are associated with 

different states of the chromatin. For example, di- and tri-methylated H3K9 are known 

markers of heterochromatin, trimethylated H3K27 is found at facultatively silenced 

genes, and trimethylated H3K4me3 is associated with gene activity. All of these marks 

have been studied in the mappable single-copy segments of the genome. We wanted to 

investigate associations of these marks with different classes of repeated sequences. 

To do so we identified k-mers that are present in both input and IP samples obtained 

from embryos in the modENCODE datasets and for each k-mer we calculated its 
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enrichment relative to the input. We then separated these k-mers into groups based on 

their fold enrichment (Figure 3.7 left). As expected, the distribution of k-mer enrichment 

resembles a normal distribution, with a majority of the sequences neither enriched nor 

depleted. We then mapped k-mer groups to each of our repeat libraries or to the 

genome assembly. In this way each k-mer was classified as either one of the repeat 

types, part of the genome assembly, or unmapped. We then plotted the percentage of 

each repeat type in each group as well as the percentage of unmapped k-mers in each 

group (Figure 3.7 middle). Such k-mer classification allows a visualization of enrichment 

of particular histone modifications in each repeat class. As expected, H3K4me3 is 

virtually absent from all the repeat types and H3K9me3 and H3K9me2 are enriched for 

some short repeats and transposons. Surprisingly, we found H3K9me1 to be depleted 

from short repeats but enriched in the 359 bp repeats. H3K9me1 has been shown to be 

a substrate for a histone methyltransferase that catalyzes di- and tri-methylation in 

mouse and Arabidopsis [105], [106], but the specificity of chromatin association of this 

modification in Drosophila has not been reported previously. H3K27me3 is depleted 

from short and 359 bp repeats but enriched in transposons, which is consistent with it 

being a mark of facultative heterochromatin. As described below, some short repeats 

are also depleted for all histone modifications examined. 

Posttranslational histone tail modifications are known to be involved in transposon 

silencing. Transposons are classified into groups based on their structure and 

mechanism of transposition. Retrotransposons, which mobilize via an RNA 

intermediate, are further divided into LTR (long terminal repeats) and non-LTR classes. 

Previous studies investigated whether some transposon families are preferentially 
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associated with specific histone modifications. For example, a screen of 100 transposon 

sequences by microarray analysis found that retrotransposons have higher enrichment 

in H3K9me2 than other elements [94]. In contrast, roo retrotransposons, which are 

abundant in euchromatin, were found to have lower H3K9me2 association. Four 

families of LTR retrotransposons (roo, tirant, 412 and F) were also screened for 

preferential association with H3K9me2 and H3K27me3 in different strains of D. 

melanogaster and were found to have large variations in enrichment between the 

strains. However, our systematic investigation based on classification of Illumina 

sequencing reads both by k-mer analysis and direct counting of reads mapped to 

different transposon groups detected no preferential association of LTR, non-LTR or IR 

transposon classes with histone modifications (Table 3-6).  

3.2.5 All three HP1 proteins localize to transposons 

We also examined ChIP datasets of Heterochromatin-associated Protein 1 (HP1) for 

association with different repeat classes. HP1 has been implicated in the formation of 

heterochromatin by the binding of its “chromodomain” to di- and tri-methylated H3K9 

[37, 107] and by dimerization of its “chromo-shadow” domain, bringing neighboring 

nucleosomes together to condense chromatin [62]. Drosophila has three closely related 

HP1 proteins, HP1a, HP1b and HP1c, each of which has been shown to have a 

different localization pattern by cytology [108]. HP1a has been shown to be required for 

silencing of transposons and is exclusively localized to heterochromatin [109, 110]. 

HP1c localizes to euchromatin and HP1b localizes to both euchromatin and 

heterochromatin. However, k-mer analysis shows that all three of the HP1 proteins are 

enriched in transposons and depleted in other types of repeats (Figure 3.8 middle). This 
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is unexpected because HP1a has not been shown to have preferential localization with 

different classes of heterochromatin, such as transposons versus satellites.  

3.2.6 AT-rich repeats are depleted of nucleosomes 

We noticed that even for the H3K9me3 and H3K9me2 heterochromatic marks that are 

enriched in short repeats a few specific repeat sequences are depleted of these marks. 

This prompted us to look for a common property of short repeats that are depleted of 

heterochromatic marks and HP1 proteins. We first classified each repeat by the length 

of the repeat unit but detected no consistent trends. However, when we classified 

repeats by AT content, we observed that the short repeats that are depleted of HP1 

family proteins and histone modifications are also very AT rich (Figure 3.7 and Figure 

3.8 right panels; Table 3-7). 

We hypothesized that the consistent depletion of short AT-rich repeats from ChIP 

datasets of histone modifications and chromatin proteins that bind them is due to the 

depletion of nucleosomes themselves. To test this possibility we performed k-mer 

analysis on sequences enriched by ChIP-seq of H3 and H4 histones. We found that 

these histones are also depleted of short AT-rich repeats (Figure 3.9; Table 3-7). Hence 

depletion of histone modifications and HP1 proteins from AT-rich short repeat 

sequences is not due to selectivity against these chromatin features but rather is 

explained by the overall depletion of nucleosomes from AT-rich short repeats.  

Highly AT-rich DNA has a narrow minor groove and reduced flexibility, which disfavors 

the tight wrapping of the double helix around the nucleosome core and results in 

preferential exclusion of nucleosomes [104, 111]. As the (AATAT)n, (AATATAT)n and 

other long arrays of pure AT sequences are predicted to be especially stiff [112], they 
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would be expected to prevent nucleosome formation. Alternatively, nucleosomes might 

be actively excluded by competing DNA-binding proteins. For example, D1 protein is a 

highly abundant nuclear protein that is preferentially bound to the narrow minor groove 

of AATAT Drosophila satellite arrays [113, 114]. With ~1 D1 protein per 10 

nucleosomes, and ~0.7% of the genome consisting of AATAT-containing satellites, 

there is enough chromatin-bound D1 to occupy ~1/2 of all the AATAT sites [(1 D1/10 

nucleosomes)/(30 AATAT sites in a 150 bp span) = 0.0033% of the genome]. These 

alternative possibilities are not mutually exclusive, as expansion of an AATAT array 

would both exclude nucleosomes and promote D1 binding, consistent with the 

possibility that D1 protein has evolved to package stiff AT-rich satellites. 

3.3 Conclusions 

We have shown that enrichment of repeated sequences can be quantified in Chip-Seq 

experiments despite being largely excluded from genome assemblies. The strategy of 

calculating k-mer enrichment relative to the input allows direct comparison of repeat 

sequences to single-copy regions of the genome. The strategy presented here can be 

applied to study other chromatin features known to be located in heterochromatin, for 

example centromeres. 

We also have presented the first analysis of the chromatin landscape of repeat 

sequences in a genome-wide context. Different heterochromatic regions of D. 

melanogaster have distinct chromatin features. Satellite sequences associate with 

specific histone modifications such as H3K9me2 and H3K9me3. All three HP1 

homologues are enriched at transposons and do not show preferences for particular 

types of transposons. AT-rich short repeats are depleted of nucleosomes and hence all 
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histone modifications. We conclude that ChIP-seq datasets can be mined to provide 

unexpected insights into chromatin landscapes of repetitive sequences.  

3.4 Methods 

3.4.1 Datasets 

modEncode datasets listed in Table 3-4 were downloaded from 

http://data.modencode.org. DGRP datasets listed in Table 3-5 were downloaded from 

http://www.ncbi.nlm.nih.gov/sra?term=DGRP. For each fly line only sequences 

generated by the Illumina platform were used. 

3.4.2 Repeat Libraries 

The short repeats library was downloaded from 

http://hgdownload.cse.ucsc.edu/goldenPath/dm3/bigZips/chromTrf.tar.gz. It was 

converted to a fasta file format and purged of duplicate entries. The 359 bp library was 

the one produced in [97] and obtained directly from Dr. Gustavo Kuhn. 

The transposon library was downloaded from FlyBase r5.48 

ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_5.48_FB2012_06/fasta/d

mel-all-transposon-r5.48.fasta. 

3.4.3 Determining repeat abundances 

Sequences were mapped to a short repeat and 359 bp repeat library using BWA [101] 

and to transposons using Novoalign (www.novocraft.com). The number of sequences 

mapped to the library was divided by the total number of sequences to find the 

percentage abundance. 

3.4.4 K-mer analysis 

http://data.modencode.org/
http://hgdownload.cse.ucsc.edu/goldenPath/dm3/bigZips/chromTrf.tar.gz
ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_5.48_FB2012_06/fasta/dmel-all-transposon-r5.48.fasta
ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_5.48_FB2012_06/fasta/dmel-all-transposon-r5.48.fasta
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K-mers were obtained using Jellyfish [115] with the command “jellyfish count -m 31 -o 

output -c 3 -s 10000000 -t 12 -L 2”. K-mers were split into quintiles using a custom script 

and aligned to repeat libraries using BWA (short repeats and 359 bp repeats) and 

Novoalign (transposons). 

3.4.5 Finding low complexity sequences 

The percentage of low complexity sequences was found by running Prinseq [116] with 

the command “perl  prinseq-lite.pl -fastq FileName.fastq -verbose -graph_data -

out_good null -lc_method dust -lc_threshold 7”. This command separates sequences 

with a complexity score above 7 and records that number in the log file. 

3.4.6 K-mer analysis of the ChIP-seq datasets 

A k-mer count table was constructed for both Input and ChIP samples using Jellyfish 

and then merged using a custom R script. For each k-mer, enrichment was calculated 

by dividing the number of counts in the ChIP dataset by the number of counts in the 

corresponding Input dataset and normalized by multiplying by the ratio of the total 

number of sequences in input and ChIP samples. K-mers then were split into 16 groups 

based on enrichment. K-mer sequences from each group were aligned to repeat 

libraries and the genome assembly using BWA and Novoalign. The number of k-mers in 

each group mapped to a particular library was noted and then plotted using an R script. 

For experiments with two replicates the median number of k-mers in each bin is shown. 
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Table 3-1. Abundance of different repeat families in DGRP flies 

 

  

Repeat Family % of total genome 
(mean between 
lines) 

Standard 
deviation 
between lines 

p-value (significance of 
the difference between 
lines) 

Total low 
Complexity 

5.2 0.44 6.968e-06*** 

Low complexity, 
not short repeats 

2.21 0.32 0.19 

Short Repeats 2.98 0.33 0.03128* 

359 bp Repeats 1.31 0.24 0.01315* 

Transposons 11.3 0.88 1.613e-05*** 
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Table 3-2 Abundance of different repeat families in fly genome by developmental stage 
(modENCODE dataset) 

Developmental stage Repeat Family % of total genome (median) 

Embryo (12-14 hr) Low Complexity 10.22 

 Short Repeats 7.75 

 359 bp Repeats 3.00 

 Transposons 16.0 

Larvae Low Complexity 6.13 

 Short Repeats 3.90 

 359 bp Repeats 1.43 

 Transposons 11.6 

Adult Head Low Complexity 12.45 

 Short Repeats 9.8 

 359 bp Repeats 2.20 

 Transposons 15.8 
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Table 3-3. p-values that indicate significance of the difference between the 
developmental stages 

Developmental stage Repeat Family p-value   change 

Embryo/Adult Low Complexity 0.07273 2.23 

 Short Repeats 0.2209 2.05 

 359 bp Repeats 6.087e-06*** 0.8 

 Transposons 0.627 0.2 

Adult/Larvae Low Complexity 0.0003176*** 6.32 

 Short Repeats 0.001056** 5.9 

 359 bp Repeats 0.002137** 0.77 

 Transposons 0.0002104*** 4.2 

Embryo/Larvae Low Complexity 1.281e-05*** 4.09 

 Short Repeats 1.922e-06*** 3.85 

 359 bp Repeats 2.677e-09*** 1.57 

 Transposons 7.374e-07*** 4.4 

 

  



76 
 

Table 3-4. DGRP datasets used in the study 

Fly Line Experiment ID 

DGRP-313 SRR018517, SRR018518, SRR018519 

DGRP-357 SRR018285, SRR018286 

DGRP-358 SRR018574, SRR018575, SRR029943, SRR034277, SRR034278 

DGRP-362 SRR029164, SRR029166 

DGRP-365 SRR018579, SRR034281, SRR034282, SRR034283 

DGRP-375 SRR018287, SRR018288, SRR018289, SRR018290, SRR018291 

DGRP-379 SRR018582, SRR018583, SRR018584 

DGRP-380 SRR018591, SRR018592, SRR018593 

DGRP-391 SRR018292, SRR018293, SRR018294, SRR060098 

DGRP-399 SRR018295, SRR018296, SRR018297 
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Table 3-5. modENCODE datasets (http://data.modencode.org) used in this study.  

Assay Factor Development Stage Experiment ID* 

H3K9me1 Embryo 4123 

H3K9me2 Embryo 4940 

H3K9me3 Embryo 4939 

H3K4me3 Embryo 5096 

H3K27me3 Embryo 3955 

H3 Embryo 5079 

H4 Embryo 5107 

HP1a Embryo 3956 

HP1b Embryo 5111 

HP1c Embryo 5587 

H3K9me2 Larvae 4958 

H3K9me3 Larvae 4952 

H3K4me3 Larvae 5097 

H3K27me3 Larvae 5089 

HP1a Larvae 4936 

HP1b Larvae 5110 

HP1c Larvae 5112 

H3K9me2 Adult 5259 

H3K9me3 Adult 4933 

H3K4me3 Adult 5098 

H3K27me3 Adult 5583 

HP1a Adult 5592 

HP1b Adult 5590 

HP1c Adult 5591 

*Each experiment contains both input and IP sequences and one or more replicates. 
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Table 3-6. Total enrichment of histone tail modifications by transposon family group 

Percentage of reads mapped to each of the groups was calculated in both input and IP 
datasets. Enrichment was calculated as the ratio of percentage of reads in the Input 
dataset to IP dataset. Values were averaged between experiment replicates and mean 
values together with standard deviations are presented in the table. 

Modification LTR Non LTR SINE IR 

H3K9me1 0.91 ± 0.02 1.04 ± 0.01 0.77 ± 0.08 1.06 ± 0.03 

H3K9me2 2 ± 0.07 2.23 ± 0.1 2.5 ± 0.13 1.79 ± 0.06 

H3K9me3 1.82 ± 0.01 2.18 ± 0.01 2.79 ± 0.1 1.76 ± 0.01 

H3K4me3 0.31 ± 0.19 0.41 ± 0.23 0.36 ± 0.19 0.35 ± 0.24 

H3K27me3 0.72 ± 0.04 0.79 ± 0.02 0.72 ± 0.04 0.75 ± 0.02 
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Table 3-7. Sequences of 5-12 mer repeats identified as enriched (top 4 bins) or 
depleted (bottom 4 bins) in histone modifications IP samples 

Only the most abundant sequences (top 90% of k-mer from each group) are shown for 
brevity. Percentage indicates portion of the k-mers from selected bins that map to 
particular sequence. 

Chromatin 
feature 

Enriched 
sequences % 

Depleted 
sequences % 

H3K9me1 GGTCCCGTACTC 26.96 AATAAGATAC 30.34 

  CAGTACGGGAC 16.94 AATAT * 19.45 

  CCGTACTGGTC 16.28 
AATAACATAG 
* 11.63 

  AAGAG * 5.95 AATAC * 5.79 

  AGTACGGAACCG 4.78 AAGAT 4.08 

  ACAAC 4.54 TGTAT 3.75 

  CCTCT 4.28 ATATAAT 2.96 

  AAGAGAG * 1.51 AATAG * 2.69 

  AAGAC * 1.21 ATATAATA 2.22 

  CAAACACAAACA 1.17 AATAGAC * 1.62 

  GTACGGGACCGA 1.03 TAATAAA 1.48 

  CGTACTCGGTTC 0.87 ATATATAA 1.44 

  TGCTGCTGC 0.78 ATATTTT 1.34 

  GGAACCAGTAC 0.76     

  AAGAGAGAAGAG 0.65     

  GACAC 0.64     

  AAGACATGAC 0.62     

  CAAGG 0.62     

H3K9me2 AAGAG * 33.59 AATAAGATAC 48.88 

  AAGAGAG * 12.14 
AATAACATAG 
* 17.92 

  CCTCT 9.32 AATAT * 10.64 

  ACAAC 7.35 AATAC * 8.16 

  AAGACA 3.85     

  AAGAA 3.76     

  AAGACATGAC 3.42     

  AAGAC * 3.42     

  CTTCTC 3.08     

  TCTTCTCTTT 2.39     

  AAGAGAGAAGAG 2.14     

  TCTTTG 1.88     

  CAGTACGGGAC 1.45     

  AGAAAG 1.37     

H3K9me3 AAGAG * 34.53 AATAT * 78.43137 
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  AAGAGAG * 12.48 TAATAAA 15.68627 

  ACAAC 7.56 TTTATTTA 5.882353 

  CCTCT 6.85     

  AAGACA 3.95     

  AAGAA 3.87     

  AAGACATGAC 3.51     

  AAGAC * 3.51     

  CTTCTC 3.16     

  TCTTCTCTTT 2.46     

  AAGAGAGAAGAG 2.2     

  TCTTTG 1.93     

  CAGTACGGGAC 1.49     

  AGAAAG 1.41     

H3K27me3 AAGAG * 34.53 AATAT * 34.18 

  AAGAGAG * 12.48 AATAAGATAC 29.11 

  ACAAC 7.56 AAGAT 13.08 

  CCTCT 6.85 
AATAACATAG 
* 8.44 

  AAGACA 3.95     

  AAGAA 3.87     

  AAGACATGAC 3.51     

  AAGAC * 3.51     

  CTTCTC 3.16     

  TCTTCTCTTT 2.46     

  AAGAGAGAAGAG 2.2     

  TCTTTG 1.93     

  CAGTACGGGAC 1.49     

  AGAAAG 1.41     

H3K4me3 AAGAG * 34.53 AATAAGATAC 50.37 

  AAGAGAG * 12.48 
AATAACATAG 
* 18.47 

  ACAAC 7.56 AATAC * 8.41 

  CCTCT 6.85 AATAT * 8 

  AAGACA 3.95     

  AAGAA 3.87     

  AAGACATGAC 3.51     

  AAGAC * 3.51     

  CTTCTC 3.16     

  AGAAGAGAAA 2.46     

  AAGAGAGAAGAG 2.2     

  TCTTTG 1.93     

  CAGTACGGGAC 1.49     

  AGAAAG 1.41     
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HP1a AAGAG * 32 AATAAGATAC 38.39 

  AAGAGAG * 11.56 AATAT * 19.83 

  CCTCT 11.4 
AATAACATAG 
* 14.31 

  ACAAC 7 AATAC * 6.19 

  AAGACATGAC 4.4 TGTAT 4.37 

  AAGAA 3.75 ATATAAT 3.03 

  AAGACA 3.66 ATATAATA 2.91 

  AAGAC * 3.58     

  CTTCTC 2.93     

  AGAAGAGAAA 2.28     

  AAGAGAGAAGAG 2.04     

  TCTTTG 1.79     

  CTTGTCATGT 1.55     

HP1b AAGAG * 32 AATAAGATAC 38.32 

  AAGAGAG * 11.56 AATAT * 19.98 

  CCTCT 11.4 
AATAACATAG 
* 14.29 

  ACAAC 7 AATAC * 6.17 

  AAGACATGAC 4.4 TGTAT 4.36 

  AAGAA 3.75 ATATAAT 3.03 

  AAGACA 3.66 ATATAATA 2.91 

  AAGAC * 3.58     

  CTTCTC 2.93     

  AGAAGAGAAA 2.28     

  AAGAGAGAAGAG 2.04     

  TCTTTG 1.79     

  CTTGTCATGT 1.55     

  CAGTACGGGAC 1.38     

HP1c AAGAG * 32 AATAAGATAC 38.29 

  AAGAGAG * 11.56 AATAT * 20.02 

  CCTCT 11.4 
AATAACATAG 
* 14.28 

  ACAAC 7 AATAC * 6.17 

  AAGACATGAC 4.4 TGTAT 4.36 

  AAGAA 3.75 ATATAAT 3.02 

  AAGACA 3.66 ATATAATA 2.9 

  AAGAC * 3.58     

  CTTCTC 2.93     

  AGAAGAGAAA 2.28     

  AAGAGAGAAGAG 2.04     

  TCTTTG 1.79     

  CTTGTCATGT 1.55     
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  CAGTACGGGAC 1.38     

H3 AAGAG * 32 AATAAGATAC 37.66 

  AAGAGAG * 11.56 AATAT * 20.35 

  CCTCT 11.4 
AATAACATAG 
* 14.04 

  ACAAC 7 AATAC * 6.07 

  AAGACATGAC 4.4 TGTAT 4.28 

  AAGAA 3.75 ATATAAT 2.97 

  AAGACA 3.66 ATATAATA 2.86 

  AAGAC * 3.58     

  CTTCTC 2.93     

  AGAAGAGAAA 2.28     

  AAGAGAGAAGAG 2.04     

  TCTTTG 1.79     

  CTTGTCATGT 1.55     

  CAGTACGGGAC 1.38     

H4 GGTCCCGTACTC 26.96 AATAAGATAC 30.44 

  CAGTACGGGAC 16.94 AATAT * 19.38 

  CCGTACTGGTC 16.28 
AATAACATAG 
* 11.66 

  AAGAG * 5.95 AATAC * 5.81 

  AGTACGGAACCG 4.78 AAGAT 4.09 

  ACAAC 4.54 TGTAT 3.76 

  CCTCT 4.28 ATATAAT 2.97 

  AAGAGAG * 1.51 AATAG * 2.7 

  AAGAC * 1.21 ATATAATA 2.23 

  CAAACACAAACA 1.17 AATAGAC * 1.63 

  GTACGGGACCGA 1.03 TAATAAA 1.49 

  CGTACTCGGTTC 0.87 ATATATAA 1.44 

  TGCTGCTGC 0.78 ATATTTT 1.35 

  GGAACCAGTAC 0.76     

  AAGAGAGAAGAG 0.65     

  GACAC 0.64     

  AAGACATGAC 0.62     

  CAAGG 0.62     
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Figure 3.1. Strategy for quantifying repeats in sequencing datasets 

Three independent approaches were used to quantify repeats: 1) map to repeat 
libraries; 2) count frequent k-mer; 3) extract and analyze low complexity sequences. 
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Figure 3.2. Percentage of four repeat classes in the genomes of 10 DGRP wild-caught 
fly lines 

Paired-end reads from individual sequencing experiments were mapped to short repeat, 
359 bp and transposon libraries and the percentage of total reads was calculated. The 
percentage of “low complexity, not short repeats” sequences was found by subtracting 
the percentage of short repeat sequences from the percentage of sequences with a low 
complexity score. Each value represents a median for a single fly line. 
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Figure 3.3. Percentage of four repeat classes in the genomes of embryo, larvae and 
adult modENCODE Oregon R flies 

See the legend to Figure 3.2. Values for each sequencing experiment are shown, 
grouped by developmental stage. 
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Figure 3.4. Averaged k-mer distribution for DGRP flies grouped by repeat class 

K-mer frequencies were computed for each sequencing experiment. K-mers were split 
into quintiles by frequency, with quintile 5 being the most frequent. Each k-mer in the 
quintile was classified as mapping to short repeat, 359 bp repeat, transposon, and 
genome assembly or unmapped classes. The median number of k-mers that belonged 
to each of the repeat classes or that were unmapped for the 10 fly lines is plotted in 
each quintile. Numbers above indicate the percentage of the total number of k-mers 
falling into each quintile. 
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Figure 3.5. Examples of low complexity sequences that are not classified as short 
repeats 

Sequences with a low complexity score were separated using Prinseq and mapped to 
the short repeat library. Low complexity sequences that did not map to the short repeat 
library were separated and some representative examples are shown. 
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Figure 3.6. The most frequent short repeats in the fly genome 

modENCODE A) and DGRP C) reads that mapped to a particular short repeat 
sequence were counted. Repeats were split into groups based on the number of reads 
that mapped to them. Repeat sequences in each group and the percentage of each 
group relative to the whole genome are indicated. B) and D) Repeats from the top 
groups shown in A) and C), respectively. The percentage of total reads mapped to each 
repeat over multiple experiments is shown in form of boxplots. An asterisk (*) marks 
each repeat group identified in previous studies based on cloning and sequencing of 
CsCl gradient bands. 
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Figure 3.7. Association of epigenetic marks with repeat classes 
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For each Chip-Seq replicate k-mer frequencies were determined for both input and IP 
sequences. For each k-mer present in both input and IP least twice, the enrichment of 
IP over input was calculated. K-mers were grouped by enrichment. Left: Distribution of 
counts in each group. Middle: K-mers in each group were classified as short repeats, 
359 bp, transposons, assembled genome or unmapped. The percentage of k-mers 
classified in each repeat class is shown. Some k-mers were classified as both short 
repeats and transposons, and they are included in both groups. Right: Percentage of 
A+T in short repeat k-mers. For all graphs the median between experimental replicates 
is shown. The number of replicates was two for all modifications. 
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Figure 3.8. Association of HP1 proteins with repeat classes 

Same analysis as in Figure 3.7 but for HP1 proteins. The number of replicates was 4 for 
HP1a, 1 for HP1c and 2 for HP1b.  
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Figure 3.9. Association of histones H3 and H4 with repeat classes 

Same analysis as in Figure 3.7 but for H3 and H4 histones. The number of replicates 
was 2 for both H3 and H4. 
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4 Future directions 

In the work presented here I have analyzed chromatin landscape of the centromeres of 

S. cerevisiae and repeat sequences of D. melanogaster. Results obtained in chapter 2 

allowed distinguishing between the models of centromeric nucleosomes that were 

recently proposed. Specifically, each centromere of S. cerevisiae consists of a single 

nucleosome which has a distinct form called hemisome. It incorporates one copy of the 

histone H4, H2A, H2B and H3 histone variant Cse4. Interestingly, histone Cse4 is also 

found in chromosome arms at low levels but doesn’t form the hemisome structure there.  

Instead it forms an octameric particle which is likely unstable and is quickly removed. In 

order to quantify association of repeat sequences of D. melanogaster with specific 

chromatin features I have developed a new analysis scheme. Repeat sequences were 

found to associate with specific histone modifications such as H3K9me3 and H3K9me2. 

Surprisingly, AT-rich short repeat sequences were found to be depleted of 

nucleosomes. It is expected that this new analysis scheme will be useful in other studies 

of unassembled parts of the genomes such as identification of centromeric sequences 

and changes of repeats in diseases. 

Centromeres and pericentric chromatin are examples of non-coding regions of the 

genome that nevertheless are crucial for cell proliferation. Knowledge of the structure of 

centromeric nucleosomes is necessary for our understanding of the mechanisms of 

centromere formation, propagation and recognition by kinetochore complex. Analysis of 

consequences of the hemisome structure of centromeric nucleosome will be the subject 

of future research. Several ways that unique structure of this nucleosome specifies 
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centromere might be envisioned. For example, the right-handed wrap and unusual 

structure might alter the three-dimensional folding of chromatin at centromere creating a 

platform that is required for kinetochore assembly. In addition to that, hemisomes likely 

expose unique binding sites that are recognized by inner kinetochore proteins. It is also 

possible that the high proportion of A and T nucleotides that is common to many 

centromeres might favor formation of hemisomes instead of octamers, as such 

sequences are known to be stiff.  

Since publication of the chapter 2 several studies concerning the structure of 

centromeric nucleosomes appeared. They employed various methods to investigate 

both yeast and human cells but arrived at different models. Measurement of DNA wrap 

in Cenp-A containing nucleosomes using chromatin IP followed by long read paired end 

sequencing showed trimodal distribution of fragments sizes[25]. These results were 

interpreted as evidence for partially unwrapped octameric particles at human 

centromeres. High resolution microscopy combined with fluorescence counting methods 

such as FRET and photobleaching were used to determine the number of cenH3 

molecules at centromeric nucleosomes in yeast [29],[117] and human [118],[57] cells. 

Perhaps reflecting technical difficulties of these methods conflicting results were 

obtained. Two studies reported a single cenH3 molecule at the centromere through 

most of the duration of the cell cycle, with two molecules appearing at anaphase [117] 

or directly at S phase [57]. Other studies [29],[118] showed two molecules present 

throughout the cell cycle. Atomic force microscopy (AFM) was also employed to 

measure the height of cenH3 containing nucleosomes to infer stoichiometry. Previously 

cenH3 containing nucleosomes isolated from Drosophila cells were shown to have 
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smaller heights than H3 containing nucleosomes as measured by AFM [28] suggesting 

that they contain half the number of histones of the octamer. Recently, the height of in 

vitro reconstituted cenH3 octamers was measured by AFM and it was reported that it 

was about 30% smaller than H3 containing octamers[119]. This report challenged 

previous results, because it implied that reduced height is consistent with octameric 

form. However, the same measurements performed in two other independent 

laboratories did not show this size reduction[120],[121] of CenH3 containing octamers. 

Later examination of AFM results from many laboratories showed a wide variation in 

these types of measurements implying that AFM results alone cannot be used to infer 

stoichiometry[122]. 

To get a definitive answer on the structure of centromeric nucleosome a new method 

based on H4 anchored cleavage with localized hydroxyl radicals was used[123]. This in 

vivo method yields highly reproducible results and has the advantage over Chip-Seq 

method in that it doesn’t require solubilization of chromatin and doesn’t depend on the 

specificity of antibodies. Tightly localized hydroxyl radicals are produced around the 

unique residue in histone H4 at position 47, which was mutated to cysteine, and cleave 

DNA in the immediate proximity. CenH3 octamers and tetramers contain two H4 

molecules, while the hemisome has only one. This means that these particles produce 

different cleavage patterns. Analysis of cleavage patterns at centromeres showed that 

they contain one molecule of H4. These patterns also showed that hemisome is present 

in two distinct rotational phases relative to CDE in equal proportions. Thus this study 

confirms results presented in chapter 2, and provides new details on rotational position 

of centromeric nucleosome. 
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Chip-seq remains the method of choice for the study of chromatin landscape. Analysis 

of repeat sequences in such datasets will be useful in the study of several problems. 

For example, centromeric sequences in various organisms can be identified using Chip-

seq with antibodies against cenH3 histones and quantification of the enrichment of 

repeated sequences. Recently, a systematic study of epigenetic marks in healthy and 

cancerous human cells was carried out by the ENCODE project [124].This  analysis 

was, however, performed only for the non-repetitive part of the genome. Quantification 

of repeat sequences in these experiments could produce unexpected findings and 

identify new roles of repeated sequences in disease. 

Repeat sequences of different classes are abundant in eukaryotic organisms but 

specific knowledge of their role in the life of an organism remains absent. Roles of 

transposons in evolution [125] and gene regulation have been described [126], as well 

as expansion and contraction of trinucleotide repeat sequences in disease[127]. 

However, the role of the large stretches of satellite DNA remains relatively unexplored. 

The prevailing view is that simple repeat sequences result from slippage during DNA 

replication resulting in spontaneous expansion of such repeats [128], and that they don’t 

perform any specific functions. While so far no function of satellite DNA has been shown 

experimentally, it is hard to accept its uselessness. After all, maintenance of such large 

quantities of DNA sequences involves replication and then compaction with epigenetic 

marks which requires substantial energetic resources. At the same time, at least some 

organisms are adapted to reducing amount of satellite DNA at some developmental 

stages, such as Drosophila larvae. I know of only one study undertaken in the last 40 

years that systematically explored this problem[89]. In this study flies with deletions of 
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90% of heterochromatin on chromosome X were constructed. Flies exhibited no obvious 

phenotype, and they also produced viable progeny. However the authors observed 

lower genetic diversity that resulted from fewer recombination events during meiosis. 

They proposed that the function of noncoding heterochromatin was to space 

centromeres and gene regions, so that suppression of recombination near centromere 

(the “centromere effect”) does not affect protein-coding regions. Using modern genome 

editing technologies such as CRISPR [129] it will soon be possible to systematically 

delete large stretches of satellite DNA. It is likely that the consequences of such 

deletions will be slight, with no immediately observable cell phenotype.  

Satellite sequences might play a role in the spatial organization of the genome. Repeat 

sequences are occupied by very well-positioned nucleosomes (Figure 4.1), and this can 

perhaps influence motions and mechanical properties of mitotic chromosomes, or, as 

proposed, affect meiotic recombination. Modern techniques such as 3D chromosome 

capture (Hi-C) and high resolution microscopy such as STORM can be used to study 

these effects. 
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Figure 4.1 Nucleosomes are well phased on 359 bp repeat sequences 

DNA from nuclei digested with MNase of S2 Drosophila cells was sequenced and 

aligned to tandem of three 359 bp repeat units and plotted as midpoint map (Top). 

Nucleosomes are well-positioned on 359 bp repeats as evident from clusters of dots. 

This phasing is not due to an MNase sequence bias because the phased pattern is not 

present in the naked DNA digestion control (Bottom). 
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