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Abstract 

Large blocks of DNA repeats are commonly assembled into heterochromatin. 

Heterochromatic regions impose a transcriptionally repressive environment that 

can propagate over long distances stochastically silencing native genes as well 

as reporter genes inserted at these regions independently of DNA sequence. 

Heterochromatin, associated with repressive histone marks, not only down-

regulates transcription but also inhibits recombination at repetitive elements. 

This epigenetic regulation could be a key regulatory step in organisms, such as 

microbial pathogens, that have to adapt rapidly to different environments. Here 

for the first time, we analysed the chromatin state of C. albicans repetitive 

elements and addressed whether and how this epigenetic state controls C. 

albicans genome stability.  

The results show that classic SIR2-dependent heterochromatin is assembled at 

the rDNA and telomeres. Interestingly, heterochromatin at telomeres is plastic 

and remodelled upon environmental changes. Pericentromeric regions and 

MRS (Mayor Repeated Sequences) are assembled into permissive chromatin 

bearing features of both heterochromatin and euchromatin. Surprisingly, SIR2-

dependent heterochromatin does not control recombination at the rDNA. 

However, it inhibits recombination at the TRE (TLO Recombination Element) 

sequence associated with some TLO genes at subtelomeric regions. These 

results show that epigenetic factors promote differential genome stabitlity at 

different loci.  
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Chapter 1. Introduction 
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1. Epigenetics 

Conrad Waddington introduced the term Epigenetics in the early 1940s. In his 

definition epigenetics was described as ñthe branch of biology which studies the 

causal interactions between genes and their products which brings the 

phenotype into beingò (Waddington, 1942). The most established definition says 

that it refers to heritable changes within a cell that do not involve changes of the 

DNA sequence. Nowadays the term epigenetics covers a whole range of 

chemical modifications and molecules, ranging from DNA, RNA and non-coding 

DNA sequences to proteins and self-replicating prions (Bird, 2013). Epigenetics 

was firstly observed in the fruit fly Drosophila melanogaster which displays 

variegated expression of eye pigment due to the spread of repressive DNA 

organization into adjacent regions of the genome (Muller, 1930). Years later, 

around 1980, the field was established as an emerging discipline using genetics 

in this organism (Henikoff, 1990).  Epigenetics have been studied in many other 

organisms ranging from yeast and plants to humans. One famous example 

showing the influence of epigenetics is the Dutch Hunger Winter of 1944 during 

World War II. The Hunger Winter resulted from a blockade of food and fuel 

shipments into western Holland from September 1944 until the liberation of the 

country from Nazi rule in May 1945. The Hunger Winter was well documented 

and many studies of the effect of starvation on human health were recorded. 

Results showed a link between famine of the mother during pregnancy and the 

health of the offspring. Children were associated with diabetes, heart problems, 

obesity and schizophrenia compared to children of normally fed mothers. These 

illnesses were also observed in grandchildren of Hunger Winter mothers. This 

data suggested that the diet of the grandmother could affect the health of 
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several generations, which further implies that an adaptation to her environment 

produced a heritable trait. Surprisingly, these effects were observed not only in 

the offspring of mothers who suffered starvation but also they were associated 

with men who suffered famine. Hypomethylation of the insulin-dependent 

growth factor (IGF2) associated with male mass index was observed in the 

offspring of Hunger Winter individuals, and in subsequent generations. This 

shows how a heritable trait was acquired and inherited as a consequence of the 

nutritional state of the parents (Heijmans et al., 2008). 

2. Chromatin and the histone code 

DNA is packaged with specific proteins which help to condense the DNA into a 

small volume of space. This compact DNA-protein complex is called chromatin. 

Histones are the proteins around which the DNA is wrapped in a repetitive 

manner forming nucleosomes (Kornberg, 1974, 1977) (figure 1.1). Around 147 

base pairs of DNA are wrapped around an octamer of histones. The octamer is 

composed of two dimers of the histones H2A-H2B and the histone tetramer 

(H3)2(H4)2. Nucleosomes are organized into arrays linked by segments of linker 

DNA (Correll et al., 2012). The variation in length of the linker DNA between 

nucleosomes is associated with histone H1, this linker histone helps to promote 

folding of chromatin into a compact fibre (figure 1.1) (Kornberg, 1974).  

Histones are subject to post-translational modifications (PTMs). Highly basic 

histone amino (N)-terminal tails protrude from the nucleosome core and they 

can be post-translationally modified (figure 1.1). These modifications alter the 

chromatin structure to influence different processes such as gene expression, 

DNA repair, DNA replication or DNA recombination. These modifications are 
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thought to represent a code indicating the expression state of the underlying 

chromatin, in the so-called histone code hypothesis (Jenuwein and Allis, 2001; 

Strahl and Allis, 2000). This hypothesis states that multiple histone 

modifications acting in a combinatorial or sequential fashion on one or multiple 

histone tails specify unique downstream functions. This code is translated by 

effector proteins that bind specifically to particular modifications on the histones 

and, in turn, lead to further chromatin modifications that ultimately dictate 

particular expression states. Histone modifications also reinforce one another, 

with one modification affecting the likelihood of other modifications.  

The histone code in a given cellular context is brought about by a series of 

writing and erasing events carried out by histone-modifying enzymes. The writer 

of histone modification refers to an enzyme (for example, a histone 

methyltranferase) that catalyzes a chemical modification of histones in a 

residue-specific manner, and the eraser of histone modification refers to an 

enzyme (for example, a histone demethylase) that removes a chemical 

modification from histones. The reading of the histone code is accomplished by 

reader or effector proteins that specifically bind to a certain type or a 

combination of histone modification and translate the histone code into a 

meaningful biological outcome such as transcriptional activation, transcriptional 

repression or silencing and other cellular responses (Chi et al., 2010). 

There are several types of histone modifications: methylation, acetylation, 

phosphorylation, ubiquitylation, sumolyation, deimination, ɓ-N-acetyl-

glucosamination, histone proline isomerization, histone tail clipping and ADP 

ribosylation (Bannister and Kouzarides, 2011; Cosgrove and Wolberger, 2005; 

Weinhold, 2006). The histone code hypothesis provides a framework for 
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understanding the role of histone modifications in chromatin assembly into 

euchromatin or heterochromatin (Rusche et al., 2003). 

 

Figure 1.1. Histones wrapping DNA to form the nucleosome. (A) Nucleosome 

composition. Histones H3 and H4 assembled to form a heterotetramer containing two 

copies of H3 and two copies of H4, while histones H2A and H2B form heterodimers 

and then assemble into a tetramer. The (H3)2(H4)2 heterotetramer and the H2A-H2B 

heterodimer bind to DNA, wrapped in a left-manner to form the nucleosome. Histone 

H1, a linker histone, binds to the linker DNA that connects successive nucleosomes, 

facilitating the compaction of the chromatin. (N)-terminal tails of histones are subject to 

post-translational modifications (PTMs) which are required to compact or to relax 

chromatin architecture modifying its biological function. 
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Euchromatic regions are an open state of the DNA. The DNA wrapped around 

the histones is loose so it remains accessible and allows different processes 

such as transcription or DNA replication. In general euchromatin is associated 

with histone acetylation and certain types of methylation that are associated 

with actively transcribed genes. Some examples are methylation of lysine 4 and 

lysine 36 at histone 3 (H3K4, H3K36) which are associated with (Polymerase II) 

Pol II transcribed genes (van Steensel, 2011). 

Heterochromatin is a closed state of the DNA. Two types of heterochromatin 

can be distinguished: facultative and constitutive. Facultative heterochromatin is 

associated with a chromatin state that can change in response to cellular 

signals and gene activity. It is associated with cell differentiation and consists of 

regions of the genome that were expressed and that become silenced. The 

histone marks associated with this silence state are perpetuated to new 

generations so facultative heterochromatin is maintained. One example is the 

inactive X-chromosome present within female cells. One X chromosome is 

packed as facultative heterochromatin and silenced, while the other X 

chromosome is euchromatic and actively expressed (Bannister and Kouzarides, 

2011). Constitutive heterochromatin contains silenced genes in genomic 

regions common in all cells of the same species such as centromeres and 

telomeres (Bannister and Kouzarides, 2011; Grewal and Jia, 2007). 

Heterochromatin is associated in general with histones that are hypoacetylated 

and hypomethylated on specific histone residues. For example, heterochromatic 

regions contain low levels of methylation at lysines 4 and 79 of histone 3 (H3K4, 

H3K79). In fission yeast, fruit flies and higher eukaryotes, heterochromatin is 

not only hypoacetylated and hypomethylated at H3K4 and H3K79 but also 
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highly methylated at lysine 9 histone 3 (H3K9). Methylation at H3K9 is 

introduced by the histone methyltransferase (HMT) SU(VAR)3-9 (Clr4 in fission 

yeast). Histone methylation by SU(VAR)3-9 helps to recruit the chromodomain 

factor HP1. This is a good example of the histone code hypothesis. A histone 

modifier enzyme or writer (SU(VAR)3-9) creates an histone mark that 

subsequently tethers the effector reader (HP1). HP1 creates a platform for 

binding other chromatin-modifiers promoting compaction of the chromatin that is 

accompanied by gene repression (Bannister and Kouzarides, 2011; Bi, 2012; 

Kornberg, 1977). 

2.1.  Heterochromatin functions 

Heterochromatin governs different processes; such as gene expression, 

imprinting dosage compensation, chromosome condensation and 

recombination which are crucial for genome integrity and stability (Reik & Walter 

1998; Cavalli 2002; Grewal & Jia 2007; Politz et al. 2013). In this thesis 

concepts such as transcriptional silencing and inhibition of recombination 

mediated by heterochromatin, are explained in detail. 

2.1.1. Heterochromatin and transcriptionally silencing 

Heterochromatin influences gene expression independently of the DNA 

sequence. Heterochromatin usually nucleates at specific sites, termed 

nucleation sites, and spreads across domains leading to transcriptional 

silencing of associated genes (Grewal and Jia, 2007). Silencing is a stochastic 

process that can be conveniently monitored by insertion of marker genes into 

heterochromatic regions. At these regions marker genes show reduced 

transcriptional expression compared to an euchromatic position (Allshire et al., 
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1994; Bannister and Kouzarides, 2011; Freeman-Cook et al., 2005; Fritze et al., 

1997; Rusche et al., 2003; Thon and Verhein-Hansen, 2000; Weinhold, 2006). 

Silenced regions are less accessible to restriction nucleases and DNA 

methylases and display regularly spaced nucleosomes with a compact topology 

(van Steensel, 2011). While some histone modifiers act promoting silencing at 

specific gene promoters, heterochromatin assembly promotes a silenced state 

comprising a region of the genome. This compact state of the chromatin can be 

maintained and inherited to next generations during replication due to 

incorporation of epigenetically modified histones and newly synthetized histones 

which will be modified (Li and Zhang, 2012; Rusche et al., 2003). 

Heterochromatic regions also cause position effect variegation (PEV) or 

silencing of genes inserted close to these heterochromatic loci (Allshire et al., 

1995a; Gottschling et al., 1990; Schoeftner and Blasco, 2009; Stavenhagen and 

Zakian, 1998; Tham and Zakian, 2002; Yankulov, 2013).  

2.1.2. Heterochromatin and inhibition of recombination 

Heterochromatin can also repress recombination, which protects genome 

integrity by prohibiting illegitimate recombination between dispersed repetitive 

DNA sequences (Heringa, 1998). Heterochromatin protects genome integrity by 

rendering repetitive structures inert to recombination. At the rDNA, 

heterochromatin prevents an increase of recombination rates associated with 

the repeated nature of the cluster promoting genome stability (Gottlieb and 

Esposito, 1989a). Heterochromatin is also assembled at pericentromeric 

regions. At these positions heterochromatin prevents recombination events 

close to the centromere core which could impair correct kinetochore assembly 

and chromosome segregation (Ellermeier et al., 2010). At telomeres 
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heterochromatin protects them from telomere degradation and recombination 

events which could lead to end chromosomal fusions (Schoeftner and Blasco, 

2009). It also promotes silencing of parasitic transposable elements. Active 

transposons are highly mutagenic causing chromosome breakage, illegitimate 

recombination and genome rearrangements (Grewal and Jia, 2007; Henikoff, 

1990; Slotkin and Martienssen, 2007). 

3. Saccharomyces cerevisiae as a model system to study chromatin 

structure and function 

Budding yeast are an outstanding system for epigenetic studies by the use of 

the well characterized model organism: Saccharomyces cerevisiae. This yeast 

is an outstanding model system to investigate chromatin structure and function 

due to the presence of silencing regions at the mating type, telomeres and the 

rDNA. Genetic manipulation in yeast is easy and cheap and many epigenetic 

factors from higher eukaryotes have homologs in S. cerevisiae facilitating their 

study. 

3.1.  Euchromatin 

As mentioned before in this introduction, euchromatin is associated with high 

levels of acetylation and methylation. Histone acetylation is introduced by 

histone acetyltransferases (HATs) and histone methylation by histone 

methyltransferases (HMTs). Euchromatin in S. cerevisiae is associated with, 

among others, acetylation at lysine 16 histone 4 (H4K16), at lysines 9 and 36 

histone 3 (H3K9, H3K36) and at lysine 12 histone 4 (Bannister and Kouzarides, 

2011; Ryu and Ahn, 2014). H4K16 is acetylated by the HAT Sas2 (Choy et al., 

2011; Oppikofer et al., 2011). H3K36 and H3K9 are acetylated by the HAT 
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Gcn5 (Cieniewicz et al., 2014) and H4K12 is acetylated by the HAT Esa1 

(Chang and Pillus, 2009). Common methylation marks associated with 

euchromatin are methylation at H3K36, and lysine 79 histone 3 (H3K79). 

H3K36 is methylated by the HMT Set2 and H3K79 by HMT Dot1 (van Leeuwen 

et al., 2002; Morris et al., 2006; Ng et al., 2002). These marks are associated 

with active gene transcription. Of special interest in this thesis is methylation at 

H3K4. Set1 is the HMT introducing methylation at H3K4. The SET catalytic 

domain has high homology to Drosophila genes: Su(var) 3-9, Enhancer of 

zeste, and trithorax (Jenuwein, 2001) from which it took its name. In S. 

cerevisiae each modified lysine can exist in mono- (H3K4me), di- (H3K4me2), 

or tri-methylated (H3K4me3) form. Set1 deletion abolishes all H3K4 types of 

methylation. While H3K4me3 peaks at the beginning of the transcribed portions 

of genes, H3K4me2 is most enriched in the middle of genes, and H3K4me is 

found predominantly at the end of genes (Dehé and Géli, 2006; Ng et al., 2003).  

However, Set1 action remains controversial. Studies showed that Set1 is also 

required for repression of Pol II transcribed genes placed within the rDNA locus 

(Briggs et al., 2001; Ng et al., 2003; Williamson et al., 2013). A reduction in 

H3K4 methylation is associated with a loss of silencing not only at the rDNA 

locus but also at telomeres and the mating cassette (Dehé and Géli, 2006; 

Fingerman et al., 2005; Krogan et al., 2002; Nislow et al., 1997). One model 

suggests that this could be due to the different localization of heterochromatin 

factors associated with low methylation levels. Absence of methylation could 

produce the redistribution of silencing factors being responsible of the silencing 

defects observed at the different heterochromatic loci (Dehé and Géli, 2006). 
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3.2.  Heterochromatin 

In S. cerevisiae heterochromatin assembles at different repetitive regions of 

chromosomes: telomeres, ribosomal DNA locus (rDNA) and the mating type 

locus (Bühler and Gasser, 2009; Cam, 2010; Cam et al., 2005). 

Heterochromatin represses the cryptic mating type to maintain haploid cell 

identity. At the rDNA heterochromatin suppresses unbalanced recombination of 

the tandem repeated rDNA genes via association of cohesin and at the end of 

the chromosomes it regulates subtelomeric gene expression (Rusche et al., 

2003). 

The main structural proteins of silenced chromatin in budding yeast are known 

as silent information regulators or Sir proteins. The hallmark of the Sir protein 

family or Sirtuin family is a domain of approximately 260 amino acids that has a 

high degree of sequence similarity in all sirtuins. The family is divided into five 

classes (I-IV and U) on the basis of phylogenetic analysis of different 

organisms. Sirtuins have been found from bacteria to eukaryotes. Class I and 

class IV are further divided into three and two subgroups, respectively. The U-

class sirtuins are found only in Gram-positive bacteria. The S. 

cerevisiae genome encodes five sirtuins, Sir2 and four additional proteins 

termed 'homologs of sir two' (Hst1-4). Within this family, Sir2 is the main master 

silent regulator. Silenced domains consist of continuous distributions of Sir 

proteins that, together with  hypoacetylated nucleosomes, are thought to form 

an ordered, compact structure restrictive to transcription (Freeman-Cook et al., 

2005; North et al., 2004; Rusche et al., 2003).   
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3.2.1. Sir2:  Master silent regulator  

Sir2 (silent information regulator) is a histone deacetylase (HDAC) class III, 

member of a large protein family (Sirtuin family) that is conserved from bacteria 

to humans. Studies on the SIR2 bacterial homolog, cobB, led to the conclusion 

that this gene could substitute for another bacterial gene, cobT, in the pathway 

of cobalamin synthesis. cobT was known to encode an enzyme that transferred 

riboseïphosphate from nicotinic acid mononucleotide to dimethyl benzimidazole 

(Guarente, 2000). Class I HDACs share similarity in their catalytic cores. Class 

III HDACs are dependent on nicotinamide adenine dinucleotide (NAD+) and 

have no sequence similarity to class I and II HDACs (North et al., 2004). Sir2 

couples a deacetylation reaction to the hydrolysis of NAD+. In this reaction one 

molecule of NAD+ is cleaved into ADP-ribose and nicotinamide (NAM) per 

acetyl group removed. The acetyl group is transferred to ADP-ribose, forming 

the product 2´-O-acetyl-ADP-ribose (Imai et al., 2000) (figure 1.2). Sir2 is the 

most widespread and well conserved of the Sir proteins. In fact, unlike the rest 

of Sir proteins, which are restricted to budding yeast, Sir2 has homologs among 

all domains of life including eubacteria and archaea (Hickman et al., 2011; 

Rusche et al., 2003; Sauve et al., 2005; Yang and Seto, 2003).  
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Figure 1.2. Sir2 deacetylation activity. Sir2 in the presence of NAD+ removes acetyl 

groups from lysines at the (N)-terminus of histone tails. This reaction deacetylates 

lysine tails and releases the acetyl-group, to form NAM and 2´-O-acetyl-ADP-ribose.   

3.2.2. Sir2 heterochromatin at mating-type 

S. cerevisiae haploid cells are of one of two mating types, a or Ŭ or a/ Ŭ diploid 

by mating of opposite haploid types. The mating type is determined by the allele 

of the mating type locus MAT. The MAT locus consists of two alleles: MATa and 

MATŬ. Cells expressing the genes at MATa mate as a-type cells, cells 

expressing genes at MATŬ mate as Ŭ-type cells, and cells expressing the genes 

at both loci are unable to mate but are competent to go through meiosis. MATa 

encodes for a single protein, Mata1, a homeodomain protein, and MATŬ codes 

for another homeodomain protein (MatŬ2) and an alpha-domain protein 

(MatŬ1). The three transcriptional regulators, Mata1, MatŬ1, and MatŬ2, control 

mating type via a simple combinatorial circuit. In haploid Ŭ cells, MatŬ1 turns on 

Ŭ-specific genes while MatŬ2 represses a-specific genes, directing the cell to 

mate as an Ŭ cell. a-specific genes are constitutively expressed in the absence 

of MatŬ2 and Ŭ-specific genes are not transcribed in the absence of MatŬ1. 

Cells that have mated express both Mata1 and MatŬ2 proteins, and these form 

a heterodimer that represses many of the mating genes, thereby blocking 

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000635
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000636
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mating by the a/Ŭ cell but permitting meiosis under favorable environmental 

conditions. 

S. cerevisiae has the ability to convert some cells in a colony from one haploid 

mating type to the other. This process is called homothallism and the 

subsequent mating of the cells of the opposite mating type enables these 

homothallic organisms to self-diploidise. The diploid state provides evolutionary 

advantages, as the possibility to undergo meiosis and spore formation under 

nutritionally limiting conditions (Haber, 2012). 

Mating conversion is possible thanks to the presence of unexpressed copies of 

mating type genes at other loci: the hidden mating type left (HML) and the 

hidden mating type right (HMR) (figure 1.3 A). The two silent mating-type loci, 

HMR and HML, donate information to the MAT locus, and are responsible for 

the mating-type switch. The conversion of one mating type to the other involves 

the replacement at the MAT locus of a or Ŭ type cells by a gene conversion 

induced by a double strand break (DSB) by a HO endonuclease. The DSB will 

be repaired using the genetic information from the HML and the HMR. The 

HO endonuclease cannot cleave its recognition sequence at either HML or 

HMR, as these sites are occluded by nucleosomes in silenced DNA.  

The HM loci are flanked by 150 bp of cis-acting elements, the silencers E and I, 

both of which are located around 1 kb from the genes they regulate. The 

silencers function to initiate the assembly of the Sir complex. Silencers contain 

binding sites for the origin replication complex (ORC), Rap1 and the 

autonomous replication sequence binding factor (Abf1). Silencing at the HM loci 

requires the Sir complex, which is composed of Sir1, Sir2, Sir3 and Sir4. Sir3 

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002386
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002386
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029655
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and Sir4 are recruited by Rap1. The Sir complex is just present at S.cerevisiae. 

Sir4 is also recruited by Sir1 which binds ORC. Once bound to chromatin, the 

Sir complex is believed to spread over nucleosomes. Sir4 tethers Sir2 to 

deacetylate H4K16. Sir3 has high affinity for low H4K16. This process spreads 

the whole complex away from the nucleation site and silences the HML and 

HMR copies (figure 1.3 B) (Bi, 2014; Huang, 2002; Rusche et al., 2003). 

 

 

Figure 1.3. The assembly of Sir proteins at S. cerevisiae mating type locus. (A) Mating 

type cassette containing the MAT locus encoding for one of the mating types and the 

hidden mating cassettes encoding for silenced copies of both mating types. (B) Sir 

proteins are recruited by Rap1, Abf1 and ORC to silencers E/I. Sir2 deacetylates 

H4K16. Once nucleated, heterochromatin spreads via Sir3 and Sir4 binding with low 

acetylated H4K16 to silence the HMR and HML. 
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3.2.3. Sir2 heterochromatin at telomeres 

S. cerevisiae telomeres contain TG-rich repeats which have adjacent conserved 

subtelomeric sequences called core X and Y´ elements. While core X are 

present at all S.cerevisiae subtelomeres, Y´ elements are found in half of 

S.cerevisiae subtelomeres. Insertion of a URA3+ marker gene at subtelomeres 

was subject to transcriptional silencing (Marvin et al., 2009). Cells were able to 

grow in the presence of the drug 5-fluorotic acid (FOA), and when replica plated 

to media lacking uracil most cells were also able to grow. This reversible 

repression of URA3+ transcription is termed telomere position effect TPE 

(Gottschling et al., 1990; Tham and Zakian, 2002). However at S.cerevisiae, 

silencing is observed at some, but not all chromosome ends. Not only that, TPE 

is independent of ploidy number. Haploid cells showed as strong transcriptional 

silencing at telomeres as diploid cells. However, haploid cells showed lower 

level of telomeric reporter proteins compared to diploid cells (McLaughlan et al., 

2012). Moreover, silencing at subtelomeric regions is discontinuous. While there 

is strong repression at core X elements and it is also observed at telomeric TG-

rich repeats, silencing at Y´elements is weak (Marvin et al., 2009).   

At budding yeast subtelomeres, the SIR complex that contains Sir2, Sir3 and 

Sir4 is recruited by Rap1 and the yKu heterodimer. Every Rap1 molecule 

provides a binding site for Sir4. Sir2 reduces the acetylation levels of H3K9ac 

and H4K16ac, creating a high affinity binding site for Sir3. This results in the 

spreading of the complex outward from the nucleation start site. Sir4 enhances 

affinity of the SIR complex through its DNA binding domain while Sir3 

specifically recognizes hypoacetylated histones contributing to the spreading of 

nucleosomes via dimerization (Bühler and Gasser, 2009; Moretti et al., 1994; 
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Schoeftner and Blasco, 2009) (figure 1.4). Deacetylation of histone tails 

promotes the association of extra copies of Sir3, allowing Sir4 and Sir2 to bind 

successively. Sir4 is necessary for the recruitment of the entire SIR complex, 

although once nucleated, excess Sir3 can propagate along nucleosomes 

without Sir4. The core region of heterochromatin contains all three Sir proteins 

whereas surrounding regions contain mainly Sir3 (figure 1.4). Spreading of 

heterochromatin eventually stops due to the increase of acetylation levels in 

adjacent euchromatin at telomeres (Bühler and Gasser, 2009; Grewal and 

Moazed, 2003; Rusche et al., 2003; Xu et al., 2007). 

Deletion of members of the SIR complex abolishes silencing associated with 

TPE, causes shortening of telomeric repeats and mitotic instability associated 

with shortened chromosomes. Genome stability is kept in conjunction between 

the yKu heterodimer and Sir-dependent silencing. Interestingly, binding of the 

yKu heterodimer is Sir-independent at the core X element. However, stronger 

binding of the yKu heterodimer is associated with subtelomeres subject to 

silencing. For instance, the silenced subtelomere at the left arm of chromosome 

XI showed stronger yKu binding compared to the non-silenced subtelomere 

present at the right arm of chromosome III (Marvin et al., 2009). The yKu 

heterodimer binds the TG-rich repeats and the core X element mediating a 

protective fold-back structure at chromosome ends (Marvin et al., 2009; 

McLaughlan et al., 2012). Thus, subtelomeric heterochromatin promotes 

genome stability and integrity at telomeres (Huang, 2002; Tham and Zakian, 

2002). 
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Figure 1.4. The assembly of Sir proteins at S. cerevisiae telomeres. Sir proteins are 

recruited by Rap1 and the yKu heterodimer to telomeres. Sir2 deacetylates H3K9 and 

H4K16 in the heterochromatin assembly process. Deacetylated histones serve to 

recruit Sir3 and its dimerization. Sir3 dimers in complex with Sir2-4 result in spreading 

of heterochromatin from nucleation sites. 

3.2.4. Sir2 heterochromatin at rDNA  

S. cerevisiae rDNA array consist of tandem repeated units of 9.1 kb in size 

each. There are 100 to 200 copies located on chromosome XII. Each rDNA 

repeat contains the 35S rDNA transcribed by Polymerase I (Pol I), which is 

processed into the 25S, 18S and 5.8S. It also contains the 5S which is 

transcribed by Polymerase III (Pol III). 35S and 5S are separated by non-

transcribed spacers, NTS1 and NTS2 (figure 1.5 A). Pol II marker genes 

inserted at the NTS1 are transcriptionally silenced (Bryk et al., 1997; Fritze et 

al., 1997; Smith and Boeke, 1997; Smith et al., 1999). Silencing at the rDNA is 

SIR2-dependent. Sir2 forms part of the nucleolar RENT complex at budding 

yeast rDNA (Straight et al., 1999). The RENT complex is formed by Net1 

required for Sir2 binding to rDNA. It is also formed by Cdc14, a phosphatase 

required for mitotic exit (Cioci et al., 2003; Gottlieb and Esposito, 1989b; 
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Straight et al., 1999). It is not clear yet, the mechanism by which Sir2 regulates 

silencing at rDNA.  

Silent chromatin at the rDNA is essential for repression of genetic 

recombination via inhibiton of Pol II non-coding transcripts arising from NTS1 

independently of silencing at Pol I and Pol III rDNA genes (Ganley et al., 2005; 

Kobayashi, 2011). On the other hand, just a fraction of 35S and 5.8S genes are 

transcribed by Pol I and Pol III respectively at a given time, where inactive 

repeats seem to be associated heterochromatin (Grummt and Pikaard, 2003; 

Nazar, 2004). Psoralen cross-linking and electron microscopy imaging studies 

reveal that the coding regions of the active repeats are largely devoid of 

nucleosomes, whereas the inactive repeats are associated with nucleosomes 

(Rusche et al. 2003; Bhargava & Reese 2013; Hamperl et al. 2013). 

Surprisingly, reporter genes are more strongly silenced when inserted at rDNA 

genes in an active state associated with high Pol I transcription (Cioci et al., 

2003). This could inhibit Pol II transcription of endogenous transposable 

elements at the rDNA in favor of Pol I transcribed genes (Rusche et al., 2003). 

One of the main functions of SIR2- dependent heterochromatin is inhibition of 

recombination. The highly repetitive nature of the rDNA makes them highly 

prone to recombination events. This leads to the loss of copies after deleterious 

recombination events among repeats. Recombination between repeats of sister 

chromatids leads to the formation of a secondary structure which could block 

the DNA replication process. DNA replication blockage is repaired by 

recombination losing rDNA copies in the form of extra chromosomal rDNA 

circles (ERCs) (figure 1.5). These dynamic copy number variations make the 

rDNA locus a very fragile part of the genome. Reduced numbers of non-



20 
 

transcribed rDNA regions in low copy strains leads to improper chromatid 

segregation due to a lack of binding sites for cohesin (Ganley and Kobayashi, 

2011; Kobayashi, 2011). 

 A counteracting recombination mechanism is well studied in S. cerevisiae. 

During S phase, replication starts from replication origins and is inhibited at the 

replication fork barrier site (RFB) by the fork blocking protein, Fob1. This stalled 

replication fork makes the single-stranded region of the blocked structure a 

target for endonuclease activity. This leads to the formation of a double strand 

break (DSB). This DSB can be repaired by homologous recombination with a 

sister chromatid. Due to the repetitive nature of the rDNA, the broken end of a 

repeat may be also recombined with a neighbor repeat which increases the 

number of copies in one of the sister chromatids (Huang et al., 2006b; Wang et 

al., 2006). 

The amplification mechanism is mediated by E-pro, a bidirectional promoter 

directing transcription of non-coding transcripts. These transcripts may interfere 

with cohesin molecules and its ability to connect sister chromatids (Chan et al., 

2011; Gartenberg, 2009; Hirano, 2012; Kobayashi and Ganley, 2005). This 

impairment promotes unequal sister chromatid recombination and promotes 

recombination with neighboring repeats increasing the number of rDNA units 

(Ganley and Kobayashi, 2013; Salminen and Kaarniranta, 2009; Sinclair and 

Guarente, 1997). When the repeat number is around wild-type level, Sir2 may 

play its role binding E-pro promoter, promoting heterochromatin assembly and 

repressing non-coding transcript formation. This allows cohesin molecules to 

bind to rDNA repeats promoting correct chromatin recombination and rDNA 
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stability (Li et al., 2006a) (Figure 1.5 B). How a cell monitors rDNA copy 

number is still unclear (Ganley and Kobayashi, 2011; Kobayashi, 2011). 

 

Figure 1.5. Sir2 inhibition of recombination at S. cerevisiae rDNA. (A) rDNA tandem 

repeated units. Each unit is composed of the rDNA genes (18S, 5.8S, 25 S and 5S) 

and two non-transcribed regions (NTS1 and NTS2) flanking the 5S. NTS1 contains the 

bidirectional promoter E-pro and the replication fork barrier protein Fob1. NTS2 

contains an autonomous replication origin. (B) In the presence of Sir2, non-coding 

transcripts arising from E-pro are stopped. This allows cohesin to bind to the rDNA 

units and promote correct sister chromatid segregation. In the absence of Sir2, E-pro 

bidirectional transcription produces non-coding transcripts impeding the correct binding 

of cohesin and promoting recombination events leading to copy number variations of 

the rDNA units and the appearance of ERCs. 
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4. The role of heterochromatin in promoting genome stability 

4.1.  Heterochromatin and genome variability in eukaryotic pathogens 

Eukaryotic pathogens must adapt to environmental stimuli to successfully 

propagate within the host. Within the host, they need to avoid immune 

resistance and ensure transmission to the next host. This process often 

requires dramatic morphological changes, expression of virulence genes or 

DNA repair genes to repair possible DNA damage incurred during the host 

defense response. Many of these events involve chromatin alterations in order 

to adapt to the changing environmental stimuli (Haldar et al., 2006; Lopes da 

Rosa and Kaufman, 2012; Steinert, 2014). One well studied example of 

epigenetics and pathogenicity are subtelomeric regions of the eukaryotic 

pathogen Plasmodium falciparium. These regions are assembled into 

heterochromatin. They contain around 60 copies of VAR genes required for 

antigenic variation. Antigenic variation of VAR is an epigenetic survival 

mechanism. Only one VAR gene is transcribed in individual parasites, while all 

other members are silenced. Silenced VAR genes are associated with 

H3K9me3, low levels of acetylation associated with Sir2, low levels of H3K4me, 

and they are enriched in HP1. Active VAR genes contain high levels of 

acetylation and H3K4. Mitotic inheritance of these transcriptionally silent states 

prevents premature presentation of the full antigenic repertoire by the growing 

population. Furthermore, infrequent switches in mutually exclusive VAR genes 

give rise to subpopulations that can proliferate in the presence of adaptive 

immune responses (Voss et al., 2014). 
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4.2.  Plasticity at the human fungal pathogen Candida albicans 

Candida albicans is the most prevalent human fungal pathogen. It normally 

resides as a harmless commensal within the gut, genito- urinary tract and skin. 

It is an opportunistic pathogen as it is virulent in individuals with reduced 

immune systems like AIDS patients, or in situations of an imbalance of 

competing bacterial microflora (Berman, 2012). It can cause mucosal infections, 

such as oral thrush or vaginitis. More severe are blood stream infections or 

candidemia which are associated with high mortality rates. Due to its ability to 

develop drug resistance it is one of the most common causes of nosocomial 

infections (Berman, 2012; Pfaller and Diekema, 2007).  

C. albicans has different mechanisms to survive as a pathogen. One of which is 

morphological switching. It can grow in at least three different morphologies: 

yeast, pseudohyphae and hyphae.  While yeast form is the classical 

morphology of budding yeast, pseudohyphae consists of chains of elongated 

yeast cells with constrictions between adjacent compartments, hyphae form 

long tube-like structures. C. albicans hyphae formation is found during tissue 

invasion culture experiments, and cells that do not readily form hyphae have 

reduced virulence. Nevertheless, yeast form is also crucial for dissemination of 

the pathogen through the blood stream (Berman, 2012; Berman and Sudbery, 

2002). C. albicans also undergoes phenotypic switching. Yeast cells normally 

grow as smooth, white dome-shaped colonies known as white state but they 

can also switch to darker, flat colonies known as opaque. The importance of the 

opaque state resides in C. albicans ability to mate. White cells are unable to 

mate whereas opaque cells are mating-competent (Bennett and Johnson, 

2005). It is thought that the presence of ñpimplesò in the wall of opaque cells, 
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but not in white cells, facilitate the cell-cell interactions that occur during mating 

and the reception of pheromones in a mating quorum sensing response 

(Berman, 2012; Miller and Johnson, 2002). Frequency of switching between 

white and opaque states is affected by chromatin modifiers such as the HDAC, 

Hda1. Deletion of HDA1 increases the frequency of switching from white to 

opaque cells (Klar et al., 2001). Likewise, loss of the Set3/Hos2 HDAC complex 

and the HMT Set1 promotes the white phase. Set3/Hos2 HDAC complex is a 

key regulator of the master opaque switching WOR1. Increasing levels of Wor1 

drive the transition from the white to the opaque phase (Hnisz et al., 2009).  

Although being an asexual yeast and obligate diploid, C. albicans can mate at 

low frequencies when one of the mating alleles is present in homozygosis (Hull 

et al., 2000; Magee and Magee, 2000). Recombinants formed by the mating 

process contain the genetic material of both parents. It requires the parental 

strains to be homozygous and different at the MTL locus. The MAT locus 

encodes proteins similar to the three transcriptional regulators encoded by S. 

cerevisiae MTL locus (MATa, MATŬ1 and MATŬ2) although C. albicans has a 

fourth gene (MATa1, MATa2, MATŬ1 and MATŬ2). An ortholog of a2 is missing 

in S. cerevisiae. An important observation is that MATa and MATŬ are present 

in single copies ruling out the possibility of a silencing-like mating cassette 

(Bennett and Johnson, 2005; Hull et al., 2000). Most clinical isolates are 

heterozygous for the mating-type locus but a small proportion of them are 

homozygous, suggesting a potential to mate (Berman, 2012). 

Cells must undergo a phenotypic switch from the predominant white form to the 

opaque form to become mating competent. In S. cerevisiae diploid cells, the 

products a1 and Ŭ2 form a heterodimer that represses MATa or MATŬ specific 
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genes blocking mating. In C. albicans diploid cells, the a1/Ŭ2 heterodimer 

blocks mating by preventing switching from white to opaque cells. a2 activates 

the a-specific genes, Ŭ1 activates the Ŭ-specific genes, and a1ïŬ2 act together 

to repress haploid-specific genes, including mating genes and genes required 

for the whiteïopaque transition such as WOR1 (Huang et al., 2006a). Mating of 

diploid C. albicans cells generates tetraploid cells that must undergo a reducing 

DNA division back to the diploid state. In most fungi this process occurs by 

meiosis. However, in C. albicans this process occurs through chromosome loss 

during rounds of mitotic division, thereby forming a parasexual cycle. During 

mating process C. albicans switches from diploid state to a transitional 

tetraploid state. This tetraploid state reverts to a more stable diploid stable 

state. It is very frequent that aneuploidies and recombination events occur 

during the reversion from tetraploid to diploid. This process is known as 

parasexual cycle and it could generate the diversity that facilitates C. albicans 

adaptation within the host (Bennett and Johnson, 2005; Bennett et al., 2014; 

Berman and Sudbery, 2002). 

4.3.  Candida albicans genome instability 

The C. albicans genome is composed of 16 Mb of DNA (32 Mb diploid) divided 

into eight chromosomes. C. albicans belongs to the CTG fungi clade. Members 

of this clade reassigned the CUG codon from leucine to serine through 

decoding ambiguity which helps to generate genome evolution, phenotypic 

variation and ecological adaptation. C. albicans genome contains a large 

number of repeats which could contribute to the high genome instability 

associated to this human fungal pathogen (Bezerra et al., 2013; Santos et al., 

1999).  
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C. albicans is a highly successful pathogen due in great part to its genome 

plasticity and adaptability (Rustchenko, 2007; Selmecki et al., 2006, 2008, 

2010, 2009). C. albicans genetic diversity is driven by different events including 

translocations and chromosome rearrangements, chromosome truncations, 

supernumerary chromosomes (SNCs), whole-chromosome aneuploidy, loss of 

heterozygosity (LOH) and ploidy changes (Selmecki et al., 2010). Some 

examples of these events are chromosome truncations like the one observed in 

the extensively used laboratory strain BWP17 which suffered a chromosome 5 

break during disruption of HIS1, resulting in two separable size homologs 

(Noble and Johnson, 2005).  

The formation of aneuploidy is a rapid and flexible mechanism. It can confer a 

selective advantage under conditions of severe stress within one or two 

divisions. Once the stress condition is not exerted the extra chromosomes are 

often readily lost in a quick single step. Appearance of isochromosome 5 after 

fluconazole exposure is a well-studied example. Isochromosome 5, i(5L), is 

composed by two identical left chromosome arms flanking the centromere 

(figure 1.6). This isochromosome formation confers fluconazole resistance 

(FluR) and it does not have fitness cost in untreated cells (Ford et al., 2015; 

Selmecki et al., 2008, 2009).  

Fluconazole affects the production of ergosterol that is required for cell wall 

integrity. Fluconazole target is the ergosterol biosynthetic enzyme lanosterol 

demethylase encoded by ERG11. Fluconazole blocks the production of 

ergosterol and this blockage leads to the formation of secondary toxic sterols 

exerting severe membrane stress. ERG11 is located on Chr5L arm. In this 

same chromosome arm is located TAC1, its product is a transcriptional factor 
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that activates the transcription of the efflux pump genes CDR1 and CDR2 

located on chromosome 3. Cdr1 and Cdr2 are multidrug transporters that pump 

fluconazole and other drugs out the cell. Formation of i(5L) results in an 

increased copy number of ERG11 and TAC1. As a result, ergosterol 

biosynthesis is not completely blocked due to extra copies of ERG11 and 

fluconazole is pumped out more efficiently due to an increase in copies of TAC1 

(Shapiro et al., 2011) (Figure 1.6).  

 

Figure 1.6. Isochromosome i(5L) in C. albicans. One left arm replaces the 5R arm 

conferring an increase in the number of copies of certain genes included in the 5L, 

being of special importance ERG11 and TAC11. 

Loss of heterozygosity (LOH) is a very frequent mechanism promoting genetic 

diversity in C. albicans. Due to its diploid state, the major source of genetic 

variability is provided by the maintenance of heterozygous alleles. LOH occurs 

mainly through non-reciprocal break induced events (BIR) and one example of 

its biological consequences is increasing azole resistance due to homozygosis 

of the hyperactive alleles of ERG11 and the transcription factors for efflux 

pumps TAC1 and MRR1 (Forche et al., 2011; Rosenberg, 2011; Selmecki et al., 

2010). 
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4.4.  Candida albicans genomic repeats 

The C. albicans genome contains repeated DNA sequences: rDNA, telomeres, 

centromeres and MRS (Major Repeated Sequences) (van het Hoog et al., 

2007) (figure 1.7). Repeats are hotspots for genomic instability driven events. 

Across eukaryotes, heterochromatin assembled over repeats prevents 

recombination events as mentioned earlier in the introduction. Nothing was 

known about the chromatin status at C. albicans repeats and how chromatin 

could control recombination at this fungal pathogen. 

 

Figure 1.7. Schematic of Candida albicans repeats. The cluster of ribosomal DNA 

repeated genes (rDNA) is located on chromosome R. Major Repeated Sequences 

(MRS) are located in all chromosomes except chromosome 3. Telomeric repeats are 

present at the end of each chromosome (Freire-Benéitez et al., 2016a). 

4.4.1. Centromeres  

The C. albicans genome has an intermediate type of centromere between 

budding yeast point centromeres and fission yeast regional centromeres 

(Hegemann and Fleig, 1993; Henikoff and Henikoff, 2012; Steiner et al., 1993). 

Each of the eight centromeric DNA sequences is different and unique for every 

chromosome. They are enriched in the Histone 3 variant Cse4 (CnpA) across a 
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3 Kb core region (Figure 1.8). In most organisms, centromeric DNA is 

characterized by the presence of flanking DNA repeats. Seven of the eight 

chromosomes of C. albicans centromeres are near short repeat-like sequences 

(figure 1.8). Only centromere of Chr7 does not have any obvious repeated 

sequences nearby (Sanyal et al., 2004). This is in opposition to what is 

observed in C. tropicalis, where centromeres are flanked by inverted repeats 

(IR) whose sequences are conserved across centromeres and are determinant 

for CenpA loading. Repeat-associated centromeres in C. tropicalis share a high 

degree of sequence homology with each other (Chatterjee et al., 2016). 

At C. albicans chromosome fragments containing naked centromeric DNA 

sequences are unable to load Cse4 and fail to create an artificial centromere. 

This suggests the requirement of epigenetic marks associated with centromeres 

rather than DNA sequence (Baum et al., 2006). 
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Figure 1.8. Schematic of C. albicans centromeres. On each chromosome, black 

squares indicate centromere core regions (CENcore). Red squares indicate inverted 

repeats (IR). Orange empty squares indicate Long Terminal Repeats (LTRs). Empty 

arrows indicate tRNA codons. Grey arrows indicate ORF and their transcription 

orientation (Freire-Benéitez et al., 2016b). 

The epigenetic nature of C. albicans centromeres is also supported by the 

assembly of new functional neocentromeres at Chr5 when a native centromere 

is depleted. Neocentromere formation is independent of DNA sequence  (Ketel 

et al., 2009). Centromere core synteny is conserved among different C. albicans 

strains (Mishra et al., 2007; Padmanabhan et al., 2008). Cse4 enrichment at 

centromeres is proportional and dependent on the correct integrity of 

kinetochore formation, suggesting an underlying epigenetic mechanism 
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independent of DNA sequence for correct centromere function (Thakur and 

Sanyal, 2012). 

4.4.2. MRS 

The C. albicans genome contains a specific type of repeats, the Major Repeat 

Sequences, MRS, present in all chromosomes but chromosome 3. These 

repeats are also present in C. dublinensis but they are not observed in other 

members of the Candida family (van het Hoog et al., 2007; Jackson et al., 2009; 

Joly et al., 2002). Larger MRS affect chromosome stability increasing miotitc 

non-disjunction rates. A chromosome 5 homolog with a larger MRS has a 

higher rate of chromosome nondisjunction than the same chromosome 5 

homolog with a shorter MRS  (Lephart et al., 2005). MRS have also been 

shown to be hotspots for translocation events in C. albicans (Chibana et al., 

2000; Iwaguchi et al., 2004).  

MRS are composed by a region called RPS (around 2 Kb) flanked by HOK (8 

kbp) and RB2 (6 kbp) regions. The RPS are composed themselves by repeated 

sequences of around 172 bp called alts. Alts repeats contain at one end 

between 6-8 copies of a 29 bp conserved palindromic sequence called COM29 

and are very similar in all MRS. These repetitive sequences make them 

hotspots for interchromosomal recombination. As a result, alts repeats are 

responsible for RPS variability in length and MRS size expansion (Figure 1.9) 

(Chibana et al., 1994, 2000; Iwaguchi et al., 1992; Lephart et al., 2005).  MRS 

contain the FGR6 genes. These genes are present in several copies in the 

genome and are located within MRS repeats and are required for filamentous 
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growth (Uhl et al., 2003). Interestingly, S. cerevisiae lacks any possible ortholog 

suggesting a role specific for C. albicans pathogenicity. 

 

Figure 1.9. Schematic of C. albicans MRS. HOK, RPS and RB2 are the three units 

forming the MRS. The variable in size RPS unit, is composed by a repeated number (n) 

of alts subunits. Every alt subunit contains at one extreme the conserved palindromic 

sequence COM29. 

4.4.3. rDNA 

The rDNA cluster is located on chromosome R. It is composed by around 55 

copies of rDNA units. The size of each unit is around 12 Kb. Each unit contains 

the Pol I ribosomal gene 35S which is processed into 25S, 18S and 5.8S and 

the Pol III 5.8S. NTS1 and NTS2 separate the 5S from the 35S and the next 

rDNA unit. The overall identity of the mature rRNA sequences to S. cerevisiae 

and other organisms is very high due to the strong evolutionary pressure that 

has governed ribosome development (Pendrak and Roberts, 2011). In S. 

cerevisiae recombination between rDNA repeats leads to the appearance of 

rDNA extra chromosomal circles (ERCs). C. albicans accumulates linear and 

circular rDNA extrachromosomal plasmids (Ahmad et al., 2008; Huber and 

Rustchenko, 2001). The repetitive nature of the rDNA cluster makes it very 

variable in size in C. albicans both in clinical and laboratory strains (Hirakawa et 
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al., 2015; van het Hoog et al., 2007; Magee et al., 1987; Miletti-Gonzalez and 

Leibowitz, 2008; Rustchenko, 2007). 

4.4.4. Telomeres and subtelomeric regions  

C. albicans telomeres are composed of a 23-bp tandem repeated element 

(Sadhu et al., 1991). Subtelomeres are composed of two segments with 

different levels of repetitiveness and divergence. Telomere-proximal sequences 

include short tandem repeats, whereas, telomere-distal domains encode unique 

genes, gene families, and repetitive elements of varying frequency (Pryde et al., 

1997). Recombination operates extensively at subtelomeres in all eukaryote 

kingdoms (Louis et al., 1994). 

C. albicans subtelomeres contain the telomere-associated (TLO) gene family. In 

C. albicans there are 14 annotated TLO genes and one TLO pseudogene, 

compared to only two TLO genes in the closely related oral pathogen Candida 

dublinensis and a single TLO in most other candida species (Anderson et al., 

2012; Haran et al., 2014; van het Hoog et al., 2007). Tlo proteins function as 

transcriptional activators of the Mediator complex (Zhang et al., 2012). There 

are three clades of TLO genes: Ŭ, ɓ and the LTR retrotransposon containing ɔ 

clade. The TLO Ŭ clade has 6 members, the ɓ clade has one member and the ɔ 

clade contains 6 members which encode transcripts with two possible RNA 

isoforms, either a single exon or a spliced transcript. All of them encode a 

predicted Med2 domain but not in the case of the TLO pseudogene. TLO Ŭ 

clade has the highest levels of expression, while the TLO ɔ clade is much lower 

expressed. All Tlo proteins from the three clades are detected in the nucleus 

and the Tlo ɔ proteins also localize to mitochondria (Selmecki et al., 2009). 
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In S. cerevisiae genes at telomeres are subjected to telomere position effect 

(TPE). Marker genes inserted at telomere proximal positions are 

transcriptionally silenced (Allshire et al. 1995; Stavenhagen & Zakian 1998; 

Schoeftner & Blasco 2009). C. albicans subtelomeric TLO genes are subjected 

to TAGEN effect (telomere adjacent gene expression noise) dependent on the 

HDAC Sir2. In the absence of Sir2, TLO genes have more homogeneous gene 

expression. TANGEN effect at TLO genes is dependent on telomere proximity. 

TLO genes showed lower noise levels when they were inserted at an internal 

locus (Anderson et al., 2014).  Through subtelomeric recombination, TLO genes 

generate genotypic diversity. Recombination events are observed at some TLO 

genes, especially due to homology at (C)-terminal coding sequence. The 

majority of TLO members contain at this position the BTS sequence (Bermuda 

Triangle Sequence) which is a hotspot for LOH or crossover events (Anderson 

et al., 2015). 

4.5.  Chromatin factors and pathogenicity in C. albicans 

As a human fungal pathogen, C. albicans counteracts many stresses which 

promote genotypic and phenotypic changes. One example is the effect of innate 

immune system of the host to clear C. albicans infections (Cheng et al., 2012). 

One host defense mechanism is the generation of reactive oxygen species 

(ROS) such as hydroxyl radicals (.OH), superoxide anions (O-2) and hydrogen 

peroxide (H2O2) within the phagosome. In order to react to this attack, many C. 

albicans genes are up regulated such as oxidative response and repair genes. 

This happens along with a change in morphology from budding form to hyphal 

form to provoke mechanical rupture of the phagosome engulfing C. albicans 

cells (Krysan et al., 2014).  
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Histone post-translation modifications play a role in C. albicans pathogenicity. A 

notable example is acetylation of histone H3 at lysine 56 (H3K56ac), by the 

HAT RTT109 (Repressor of Ty-1 Transposition 109). The decay of this mark 

depends on Sir2, Hst3 and Hst4 in S. cerevisiae. Acetylation of H3K56ac 

promotes histone deposition onto DNA at the replication fork after DSB-induced 

DNA repair and at promoters during transcriptional activity (Wurtele et al., 

2010). Deletion of both alleles of RTT109 in C. albicans and consequent loss of 

H3K56ac reduces virulence of this pathogen and mortality in mice subjected to 

systemic candidiasis (Lopes da Rosa et al., 2010). This reduced pathogenicity 

is due to C. albicans cells being more susceptible to reactive oxygen species 

(ROS) produced by macrophage response due to DNA damage (Lopes da 

Rosa and Kaufman, 2012; Lopes da Rosa et al., 2010). 

White-opaque switching has been shown to be regulated by chromatin 

modifiers. Deletion mutants of the HMT SET3, the HDACs HOS2 and HST2 and 

the HAT NAT4 show reduced switching frequencies from white to opaque form 

(Hnisz et al., 2009) while the HDAC HDA1 deletion promotes the switching from 

white to opaque phase (Klar et al., 2001).  

The master silent regulator HDAC SIR2 and the HMT SET1 also play a role in 

C. albicans phenotypic and morphological response to adaptation. Sir2 

participates in the control of colony morphologies and karyotypic changes 

(Pérez-Martín et al., 1999) while Set1 is required for virulence in C. albicans. 

Disruption of Set1 resulted in complete loss of methylation of H3K4. This loss 

led C. albicans cells to hyperfilamentous growth in embedded agar, a reduction 

in negative cell surface charges, reduced adherence to endothelial cells and 

reduced virulence in murine infection models (Raman et al., 2006). 
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5. Thesis aim 

The aim of this Ph.D thesis is to analyze for the first time the chromatin state 

associated with C. albicans DNA repeats and to understand whether, and how, 

this chromatin environment controls C. albicans genome plasticity. C. albicans, 

like S. cerevisiae, lacks an ortholog to SU(VAR)3-9 and most likely H3K9me. S. 

cerevisiae SIR2 (ScSIR2) has a paralog, HST1 (ScHST1) (homolog of Sir two), 

which arose through gene duplication approximately 100 million years ago 

(Hickman et al., 2011). The mechanism of action of Hst1 differs from Sir2 as it 

represses single genes acting on promoters while Sir2 acts in larger scale 

promoting heterochromatin assembly (Mead et al., 2007). C. albicans Hst1 

(CaHst1) and Sir2 (CaSir2), both share homology with ScSir2. Interestingly, 

CaHst1 has a higher degree of homology to ScSir2 than CaSir2 (46% vs. 42% 

amino acid identity respectively) (Freire-Benéitez et al., 2016a). This raises the 

question as to whether CaHst1 and not CaSir2 could be the ortholog of ScSir2. 

Interestingly, C. albicans lacks any other members of the SIR complex of S. 

cerevisiae. The SIR complex acts at telomeres and the mating type locus via 

Sir2 deacetylation of H3K9 and H4K16 as mentioned in the introduction. The 

question at the beginning of this Ph.D was whether a homolog of Sir2 could 

promote heterochromatin assembly in C. albicans. On the other hand C. 

albicans genome could be devoid of heterochromatin (figure 1.10). The idea of 

C. albicans lacking heterochromatin is supported by the high genome instability 

associated with this organism.  

Heterochromatin suppresses recombination among DNA repeats and promotes 

genome stability (Grewal and Jia, 2007). Heterochromatin at centromeres 

promotes proper sister chromatid segregation. At rDNA, telomeres and mating 
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locus of S. cerevisiae heterochromatin transcriptionally silences marker genes 

inserted at these positions. In budding yeast, Sir2 is the master silent regulator 

responsible for heterochromatin assembly at these three loci (Bühler and 

Gasser, 2009). Furthermore, SIR2-dependent heterochromatin promoted 

genome stability at S. cerevisiae rDNA locus (Kobayashi and Ganley, 2005). C. 

albicansô genome is plastic and undergoes numerous genome rearrangements 

in order to promptly adapt to environmental stimuli. Whether heterochromatin 

was assembled at C. albicans DNA repeats and whether this chromatin status 

controlled recombination was not known (figure 1.10).   

We revealed that C. albicans rDNA and telomere repeats are assembled into 

transcriptionally silent heterochromatin. Heterochromatin at telomeres is plastic 

and remodeled upon environmental changes. Centromeres and MRS display an 

intermediate status of chromatin, bearing both features of euchromatin and 

heterochromatin. In addition, we show for the first time that SIR2-dependent 

heterochromatin is not required for rDNA stability whereas it has a major role 

inhibiting recombination at subtelomeric regions. 
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Figure 1.10. Model of hypothesis of chromatin status and function at C. albicans 

DNA repeats. Deacetylation of histones H3 and H4 by Sir2 is a well-known 

heterochromatic mark. Some of the aims of this thesis are to reveal if H3K9ac and 

H4K16 are the targets for Sir2 deacetylating activity and if Sir2 plays a role in 

heterochromatin assembly and control of recombination in C. albicans. Yeast 

eucrhomatin is characterized by high acetylation of histones H3 and H4 and high 

methylation of histone H3 at lysine 4. Set1 is the HMT in charge of increasing levels of 

H3K4me. The role of this HMT and its implications on heterochromatin is also studied 

during this work. 
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6. Thesis organization 

The work of this Ph.D thesis is published in the form of three papers in peer 

reviewed journals. The thesis includes six chapters.  

Chapter 1: Introduction. It includes key aspects of heterochromatin assembly 

in yeast and some of its roles. It also includes an analysis of C. albicans 

genome, genome instability and adaptability of pathogenic organisms. 

Chapter 2: Chromatin status at C. albicans DNA repeats. It contains the 

article: Freire-Benéitez, V., Price, R.J., Tarrant, D., Berman, J., and Buscaino, 

A. (2016a). Candida albicans repetitive elements display epigenetic diversity 

and plasticity. Sci. Rep. 6, 22989. 

Chapter 3: Chromatin status at C. albicans centromeres. It contains the 

article: Freire-Benéitez, V., Price, R.J., and Buscaino, A. (2016b). The 

Chromatin of Candida albicans Pericentromeres Bears Features of Both 

Euchromatin and Heterochromatin. Front. Microbiol. 7. 

Chapter 4: Heterochromatin and genome stability at C. albicans. It 

contains the article: Freire-Benéitez, V., Gourlay, S., Berman, J., and 

Buscaino, A. (2016c). Sir2 regulates stability of repetitive domains differentially 

in the human fungal pathogen Candida albicans. Nucleic Acids Res. gkw594. 

Chapter 5: Discussion. It includes a critical discussion of the goals and 

findings of the work. 

Chapter 6: Methods. It includes an extended version of all the methods used. 
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Chapter 2. Chromatin status at C. albicans DNA 

repeats 

 

It contains the article: Freire-Benéitez, V., Price, R.J., Tarrant, D., Berman, J., 

and Buscaino, A. (2016a). Candida albicans repetitive elements display 

epigenetic diversity and plasticity. Sci. Rep. 6, 22989. 

Author contributions 

VFB performed all the experimental work, new mutant construction, 

bioinformatics and result analysis show in figures 1 - 5 and supplementary 

figures 3 ï 9. VFB also made supplementary tables.  

JRP assisted with some H2O2 silencing assays. 

DT assisted in the second allele deletion of set1ȹ/ȹ strain. 

JB contributed intellectually to the manuscript and kindly contributed with 

strains: 20, 44, 45, 70, 83 

AB analyzed results, performed bioinformatics and wrote the manuscript. 
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1. Summary 

DNA is packed in nucleosomes, complexes formed by DNA and histones, which 

constitute the so called chromatin. Chromatin can be divided into 

heterochromatin, a transcriptionally repressive environment normally assembled 

over repeats, or euchromatin, transcriptionally active chromatin. In budding 

yeast, heterochromatin is characterized by nucleosomes that are 

hypoacetylated and are hypomethylated on lysine 4 of histone 3 (H3K4), while 

nucleosomes at euchromatin are acetylated and are methylated at H3K4. In this 

chapter, we address how chromatin is assembled at the DNA repeats of 

Candida albicans, the most common human fungal pathogen. 

We show that the rDNA locus and telomeric regions are assembled into 

transcriptionally silent heterochromatin. Sir2 is required for this silenced state by 

deacetylation of lysine 9 at histone 3 (H3K9) at rDNA locus and deacetylation of 

H3K9 together with lysine 16 at histone 4 (H4K16) at telomeres. RNA-

sequencing analyses revealed that coding and non-coding trascripts located at 

the rDNA locus, telomeric and subtelomeric regions are repressed in a SIR2-

dependent manner. In contrast, MRS (Major repeated sequences), a specific 

type of C. albicans DNA repeats, are assembled into transcriptionally 

permissive chromatin. This chromatin state is associated with high levels of 

acetylation and low levels of methylation. Silencing assays failed to detect 

transcriptional silencing at MRS. Only qRT-PCR assays detected low levels of 

transcription of a marker gene inserted at these repeats, defining a permissive 

state of the chromatin. Moreover, RNA-sequencing analyses confirmed that 

expression of genes located in proximity of MRS repeats is not regulated by 

Sir2.  
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One of the most remarkable findings showed that, SIR2-dependent 

heterochromatin at telomeres is plastic. Thermic switch from 30ºC to 39ºC 

enhances telomeric heterochromatin, reducing acetylation levels in a SIR2-

dependent manner and increasing transcriptional silencing of a marker gene 

inserted at these regions.  

In conclusion, in this chapter, we reveal the C. albicans repetitive elements are 

assembled into distinct chromatin states and that telomeric heterochromatin can 

be remodeled upon environmental changes. 
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2. Main article 
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Chapter 3. Chromatin status at C. albicans 

centromeres. 

 

It contains the article: Freire-Benéitez, V., Price, R.J., and Buscaino, A. 

(2016b). The Chromatin of Candida albicans Pericentromeres Bears Features 

of Both Euchromatin and Heterochromatin. Front. Microbiol. 7. 

Author contributions 

VFB performed all the experimental work, new mutant construction, 

bioinformatics and result analysis show in figures 1 ï 5A and 5B. VFB made all 

the figures, supplementary tables and wrote the first draft of the manuscript. 

JRP performed the work show in figure 5C. 

AB wrote the final manuscript and VFB made the final figures. 
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1. Summary 

Centromeres at chromosomes provide the anchor for kinetochore assembly and 

spindle attachment. At centromeric regions, histone 3 (H3) is replaced by the 

histone variant CenpA. Centromeric regions are often associated with repetitive 

sequences assembled into transcriptionally silent heterochromatin. This 

heterochromatin is SIR2-dependent and it is associated with low levels of 

acetylation on lysine 9 histone 3 (H3K9) and lysine 16 histone 4 (H4K16) and 

also with low levels of methylation at lysine 4 histone 3 (H3K4). In S. cerevisiae 

methylation at H3K4 is introduced by the histone methyltransferase Set1 and 

removed by the histone demethylase Jhd2. C .albicans centromeres have been 

proposed to have an epigenetic nature independent of the underlying DNA 

sequence. Centromere core sequences are all different and unique among all 

chromosomes. Moreover, not all centromeres are associated with inverted 

repeats (IR) or even the same type of IR. In this chapter we address if C. 

albicans pericentromeres are assembled into heterochromatin. 

We show that a URA3+ marker gene inserted at pericentromeric regions, both 

containing and lacking repeats, is not silenced. Silencing assays failed to detect 

transcriptional silencing, while RT-PCR analyses detected a reduced 

expression of this marker gene. Furthermore, ChIP studies showed that all 

centromeres tested are associated with high levels of histone acetylation but 

low levels of methylation. RNA-sequencing analyses revealed that most 

proximal genes to the centromere core are expressed to a lesser extent than 

the genome average. In addition, Set1 is required to increase methylation levels 

of H3K4 at centromeres. Surprisingly, Jhd1, the demethylase in charge of 
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reducing those levels in other organisms, has no effect at C. albicans 

centromeres.  

In conclusion, our analyses show an intermediate state of the chromatin 

associated with centromeres bearing both features of heterochromatin and 

euchromatin. This state reduces transcriptional levels associated with genes 

located in proximity to pericentromeric regions. 
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3. Main Article 
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