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Mitosis 

Mitosis is a form of eukaryotic cell division that gives rise to two daughter cells with 

identical genetic makeup as the parent cell. The mitotic cell cycle is broadly divided into two 

major phases: interphase and mitosis. During interphase, a cell prepares itself for division by 

increasing its size and synthesizing necessary components required for its division. Interphase 

is further divided into three stages: gapl (Gl), synthesis (S) and gap2 (G2) phase. In Gl and 

G2 phases, a cell grows by increasing its cytoplasmic content, synthesizes a number of 

proteins and also duplicates organelles for the division. In the S phase, each chromatid is 

duplicated by DNA replication. The mitotic (M) phase is the stage when duplicated sister 

chromatids segregate equally into daughter cells. The M phase is subdivided into prophase, 

metaphase, anaphase, and telophase. Once chromosomes completely segregate, cytokinesis 

takes place which physically divides a single cell into two separate identical daughter cells. 

This event also marks the end of the cell cycle. Though the outcome of the mitotic cell cycle 

is the same in yeasts and metazoans, many subtle differences exist (Wang et al. 2003). The 

stages of the cell cycle have clear boundaries in metazoans but not in yeasts. Unlike 

metazoans, G2 and mitotic phases are overlapping and usually defined as the G2/M stage in 

yeasts. Many yeast species undergo "closed" mitosis as the nuclear envelope (NE) never 

breaks down unlike "open" mitosis in metazoan cells where the NE completely breaks down 

at the onset of mitosis. Moreover, yeast chromosomes do not condense as much as those of 

metazoans during mitosis. In addition, formation of the metaphase plate where chromosomes 

align on one plane is absent in yeast. 

The foundation for the process of chromosome segregation is provided by a 

specialized chromatin structure, the centromere, upon which > 80 proteins assemble to form 

the kinetochore. The kinetochore connects chromosomes to the mitotic spindle through 

centromeric chromatin (Figure 1.1). The mitotic spindle, nucleated by the microtubule 
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Figure 1.1 Organization of chromosome segregation machinery during mitosis. (A) A cartoon 
depicting the key protein complexes involved in chromosome segregation. During the early stages 
of mitosis, centromeres recruit kinetochore proteins. The kinetochore fwins the attachment site for 
spindle microtubules. During metaphase, both kinetochores of all sister chromatid pairs are stably 
and correctly attached to microtubules, and form metaphase plate. The sister chromatids are then 
segregated during anaphase to two opposite poles. (B) Centromeric chromatin consists of 
specialized nucleosomes containing the histone H3 variant centromere protein (CENP-A). This is 
followed by assembly of a network of kinetochore proteins that are collectively known as the 
constitutive centromere associated network (CCAN). Kinetochore paroteins, specifically recruited 
on the CCAN for mitosis, attach to spindle microtubules. [Figure adapted from (Westhorpe and 
Straight 2014)] 

organizing centres (MTOCs), is a bipolar array of microtubules (MTs) that provides the force 

required to segregate chromosomes. The unequal rate of MT polymerization and 

depolymerization provides the push-pull forces that mediate pole-ward movement of 

segregated chromosomes into two daughter cells (See section 1.6 for details). Any defects in 

proper chromosome segregation can cause various types of complications leading to the onset 

of diseases (Potapova and Gorbsky 2017). Most of these defects because of improper 



kinetochore-microtubule attachments and are sensed by the spindle assembly checkpoint 

resulting in delay for the cell cycle completion. This delay leads to either resolution of the 

defects or cell death by apoptosis in case the damage is not repairable. Cells with 

chromosome segregation errors that escape the spindle assembly checkpoint gives rise to 

progeny with altered chromosome content causing aneuploidy or micronuclei formation. 

Aneuploidy affects cellular fitness and hence acts as driver for genomic and chromosomal 

instability. Aneuploidy is correlated with a number of cancers in humans and has been 

implemented in development of drug resistance in pathogenic fungi (Kwon-Chung and 

Chang 2012, Giam and Rancati 2015, Wertheimer et al. 2016, Sansregret and Swanton 2017). 

Thus, precise chromosome segregation is crucial for proper accomplishment of the cell cycle 

and survival of an organism. 

Centromere 

The centromere is a specialized chromosomal locus that helps in separation of sister 

chromatids during the mitotic cell division. The centromere was first defined as the primary 

constriction of a metaphase chromosome that holds the sister chromatids together and binds 

to spindle MTs to bring about the movement of chromatids to opposite poles during 

anaphase. At the molecular level, the centromere is defined as a site of a chromosome on 

which a large number of proteins assemble to form the kinetochore to help in faithful 

chromosome segregation. The first functional centromere DNA sequence was identified 

several decades ago in the budding yeast Saccharomyces cerevisiae (Clarke and Carbon 

1980). It was described as a region whose presence on a plasmid with a replication origin 

allows it to be stably propagated both in mitosis and meiosis. In humans, anti-centromere 

antibodies could be isolated from a human patient with an autoimmune disease called CREST 

(Moroi et al. 1980, Eamshaw and Rothfield 1985). These studies led to the identification of 



several centromere-associated proteins lilce CENP-A, CENP-B, and CENP-C. Discovery of 

centromeres in a large number of species over the last few years revealed that the length of 

centromere DNA is highly variable and ranges from 125 bp to a few megabases. 

Types of centromeres 

Centromeres usually form on a localised place to form a eukaryotic monocentric 

chromosomes (Figure 1.2). Ocassionally in some plants and animals, centromeres can be 

diffuse and run along the entire chromosomomal length to form holocentric chromosome 

(Mandrioli and Manicardi 2012, Melters et al. 2012). However, holocentric chromosomes are 

not yet reported in fungi. Localized centromeres can be further classified into point and 

regional, based on the length of centromere DNA (Figure 1.2). 

Point centromere 

Point centromeres form on a short stretch of DNA (usually <400 bp) and are found in 

some budding yeast species, belonging to the subphylum of Hemiascomycota. The 

characteristic feature of the point centromere is the presence of conserved DNA sequence 

motifs, which are essential for centromere formation and thus, are known as genetically 

defined centromeres (Talbert et al. 2009, Roy and Sanyal 2011). The best studied organism 

harbouring point centromere is S. cerevisiae with a 125 bp centromere DNA. The budding 

yeast centromere DNA comprises of three consensus Centromeric DNA Elements (CDEs). 

The first domain, CDEI, is an evolutionarily conserved 8 bp DNA sequence and is not 

absolutely essential for the centromere function (Cumberledge and Carbon 1987). The central 

element CDEII is a nonconserved, AT-rich (>86%) 78-86 bp long DNA sequence 

(Fitzgerald-Hayes et al. 1982, Hieter et al. 1985). The AT-richness and the length of CDEII 

have been shown to be important for the centromere function. The third element, CDEIII is a 

25 bp long imperfect palindromic sequence. This element is the most conserved one, and a 

deletion or substitution of a single base in the central CCG sequence completely disrupts 



centromere formation in this organism (McGrew et al. 1986, Ng and Carbon 1987). The 

centromeres with similar CDEI, CDEII and CZ)£///elements have also been identified and 

isolated in several other budding yeasts, such as Saccharomyces bayanus, Saccharomyces 

mikatae, Saccharomyces paradoxus, Candida glabrata, Kluyveromyces lactis, Ashbya 

gossypii etc (Heus et al. 1993, Heus et al. 1993, Meraldi et al. 2006, Lynch et al. 2010). 

However, the centromeres of K. lactis and A. gossypii comprise of an atypical longer CDEII 

element (160 bp in length). Other hemiascomycetous budding yeasts, Naumovozyma castellii, 

Candida maltosa and Yarrowia lipolytica, also possess point centromeres which comprise of 

slightly different features. In N. castellii, the centromeres are defined by an 110 bp consensus 

sequence and do not have conventional conserved CDEI, II and /// elements (Kobayashi et al. 

2015). Rather it is made up of a novel set of conserved domains, defined as NaCDEI, II and 

///. Centromeres in C. maltosa are 325 bp in length, which is sufficient to confer mitotic 

stability. However, the centromere in this organism strikingly lacks point centromere specific 

and essential CDEIII element (Ohkuma et al. 1995). The centromere of Y. lipolytica spans 

200 bp which provides centromere function but does not possess the consensus CDEI and 

CDEIII elements (Foumier et al. 1993, Vernis et al. 2001). 

Regional centromere 

The centromeres of most other organisms are longer (often few kb to Mbs long) and 

are usually repetitive and heterochromatic in nature (Figure 1.2). The centromere formation 

in this class is primarily governed by epigenetic factors (see section 1.2.3). In fungi, 

pathogenic budding yeasts Candida albicans, Candida tropicalis, Candida lusitaniae and 

Candida dubliniensis harbour short regional centromeres with varying length ranging from 4 

to 18 kb (Sanyal et al. 2004, Padmanabhan et al. 2008, Kapoor et al. 2015, Chatterjee et al. 

2016). In C. albicans, C. lusitaniae and C. dubliniensis, each centromere is unique and 

different in DNA sequence. While the centromeres in these three species are mostly repeat-
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Figure 1.2 Organization of centromeres in various organisms. The chromosome can be 
monocentric and polycentric based on the number of functional kinetochore formation sites. The 
centromeres in monocentric chromosomes are classified further into "point" or "regional" 
centromeres based on the length of centromere DNA. [Figure modified from (Buscaino et al. 
2010)] 

less, they do not show any sequence similarities between centromeres of the same or the other 

species. It is important to note that some chromosomes show the presence of chromosome-



specific short repeats or remnants of transposable elements in C. albicans and C. dubliniensis 

(Padmanabhan et al. 2008). In contrast, C. tropicalis harbours repeat-rich centromeres. Each 

of the seven centromeres in C. tropicalis consists of a mid-core flanked by inverted repeats 

on both sides (Chatterjee et al. 2016). Both the mid-core and inverted repeats are highly 

homogeneous among different centromeres, unlike other Candida species. These studies 

show that centromere DNA properties can significantly differ between species of the same 

complex. A distantly related ascomycete, the fission yeast Schizosaccharomyces pombe, has 

centromeres that are repeat-rich, similar to C. tropicalis. Centromeres in S. pombe are 40-110 

kb long and composed of the non-repetitive central core (cnt) flanked by pericentric repeats 

(Clarke et al. 1986, Chikashige et al. 1989, Clarke and Baum 1990, Steiner et al. 1993, Wood 

et al. 2002). The pericentric repeats are longer than the ones in C. tropicalis and are further 

divided into innermost (imr) and outer (otr) repeats. The otr includes two distinct elements -

dg and dh (Chikashige et al. 1989, Pidoux and Allshire 2004). The cnt sequences of 

chromosome 1 and chromosome 3 share a considerable homology, whereas cnt of the third 

chromosome, chromosome 2, is heterogeneous in sequence. The imr in all three centromeres 

is unique while the dg and dh repeats are 97% and 48% identical in sequence among 

centromeres (Grewal and Klar 1997, Wood et al. 2002). The centromeres of a filamentous 

ascomycete Neurospora crassa are AT-rich, ~ 150-300 kb long and composed of repetitive 

DNA elements (Cambareri et al. 1998, Smith et al. 2011). The repeats at CEN7 are mostly a 

cluster of inactive retrotransposable-like elements {Teen, Tgll, Tgl2, and Tad). Similarly, the 

centromeres of another fungus, Aspergillus niger, are found to be enriched with two 

degenerate LTR retrotransposable elements (Danel and Dane!) in CEMV (Aleksenko et al. 

2001, Nielsen et al. 2001). Enrichment of retrotransposable elements at centromeres in higher 

fungi is one of the characteristic features, perhaps to protect host genome against the foreign, 

selfish retrotransposable elements. Besides fungi, the centromeres of the higher eukaryotes 



are highly repetitive in nature and in many cases, these comprise of transposons or satellite 

DNA. 

The centromere in Drosophila melanogaster comprises of tandem repeats of 

pentameric AATAT and TTCTC sequences, interspersed with more complex transposable 

elements (Sun et al. 1997). However, the simple repeats or transposable elements are neither 

centromere specific nor universal to all the centromeres. The centromeres of most 

chromosomes in chicken contain homogeneous arrays, which are largely chromosome-

specific (Shang et al. 2010). However, the centromeres in chromosome 5, chromosome 27 

and chromosome Z are strikingly non-repetitive in nature. The centromeres in the mouse are 

composed of two tandemly arranged conserved elements known as major and minor satellite 

DNAs. The minor satellite DNAs are AT-rich, comprised of 120 bp monomers, and arranged 

over a 300-600 kb centromeric region. Adjacent to these minor repeats are the major satellite 

DNA repeats that can span up to 2 Mb. Each unit of this major satellite DNA is of 234 bp 

long, and tandemly arranged and has a role in heterochromatin formation (Wong and Rattner 

1988, Vissel and Choo 1989, Zeng et al. 2004). The centromeres in humans and primates 

span over a few Mb and are composed mostly of nearly one nucleosome-length long 171 bp 

sequence arrays known as alpha satellite DNA (Giannuzzi et al. 2012). The average length of 

the satellite monomer varies between 168 to 172 bp. However, it can go upto 340 to 550 bp in 

length as seen in certain primates. Despite the difference in length, this satellite element is 

arranged in a head to tail orientation in tandem, but the number of repeats is chromosome-

specific. 

Like metazoan centromeres, the centromeres of most plants harbour highly repetitive 

DNA elements and span 420 kb to 4 Mb in length. The repeats in most cases are derived from 

transposable elements. The 155 bp CentO repeat of rice, Oryza sativa, (Cheng et al. 2002), 

the 156 bp CentC repeat of maize, Zea mays, (Zhong et al. 2002) and the 178 bp repeat of 



Arabidopsis thaliana (Arabidopsis Genome 2000, Simon et al. 2015) are all a nucleosome 

length long. This conservation of the repeat length in both animal and plants has been 

proposed to be important for uniform nucleosome phasing and subsequent propagation of 

centromeric chromatin. In contrast to widespread belief of repeat conservation among the 

centromeres in a species, a recent study in potato (Solanum tuberosum) showed the presence 

of both repetitive and repeatless centromeres in the same species. The authors found that 

while half of the centromeres harbour repeats, the remaining centromeres are devoid of any 

higher order architecture (Gong et al. 2012). One of the centromeres was found to have a mix 

of single copy sequences and repeats. Another study indicated that the centromere length is 

actively regulated in a species. Wang and co-workers transferred nine maize centromeres into 

oat by performing inter-species cross between maize (Zea mays) and oat (Avena sativa) 

(Wang et al. 2014). The authors found that maize centromeres expand themselves to 

encompass a larger area in oat background and attain the size of a typical oat centromere. 

Holocentromere 

In several eukaryotes, an entire chromosome may serve as a site for the kinetochore 

formation (Figure 1.2). These chromosomes, known as the holocentric chromosomes, are 

found in nematodes, insects and a few plant species (Melters et al. 2012, Cuacos et al. 2015). 

The most studied organism with holocentric chromosomes is a nematode, Caenorhabditis 

elegans. It was considered for a long time that the kinetochore proteins localize along the 

entire length of a chromosome in this organism (Talbert et al. 2009). However, a recent study 

proposed that the holocentric chromosomes in C. elegans are polycentric in nature with 

discrete centromeric sites along the chromosomes (Steiner and Henikoff 2014). Similarly in a 

sedge, Rhyncospora pubera, multiple centromeric units assemble along the chromosome 

instead of a diffuse organization (Marques et al. 2015). These studies indicate that the 

holocentromeric chromosomes are probably polycentric in nature with multiple centromeres 
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forming along the chromosome. 

Rapid evolution of centromeres among closely related species 

Centromeres are the fastest evolving loci in the genome despite having a conserved 

function, a phenomenon termed as the 'centromere paradox' (Henikoff et al. 2001). A recent 

study analyzed the centromere sequences in 282 species of plants and animals and showed 

the divergence of the centromeric repeat sequences among these organisms (Melters et al. 

2013). This rapid evolution of the centromere DNA is not limited to centromeres between 

two distantly related organisms, but even closely related species can have different types of 

centromeres. Two of such well studied species complexes belong to the Ascomycota group of 

fungi, Schizosaccharomyces, and Candida. The centromeres in three species of 

Schizosaccharomyces clade, S. pombe, Schizosaccharomyces japonicus and 

Schizosaccharomyces octosporus, show divergence in organization of DNA sequence 

elements (Rhind et al. 2011). S. japonicus contains mostly transposons in the centromere 

whereas S. pombe and S. octosporus contain repeat-rich centromeres and have lost most of 

the active transposons (Rhind et al. 2011). Two CTG clade species C. albicans and C. 

dubliniensis, which diverged from a common ancestor around 50 million years ago (MYA) 

harbour repeat-less centromeres. These two species differ in their centromere DNA sequences 

while the rest of genome is well-conserved and syntenous between two species 

(Padmanabhan et al. 2008, Jackson et al. 2009). Further, C. albicans and C. dubliniensis 

differ from another related species, C. tropicalis, which diverged 150 MYA and contains 

repetitive centromeres (Chatterjee et al. 2016). These studies show that the centromere 

evolves rapidly among closely related species in fungi. This rapid evolution of centromeres is 

also seen in plants and animals. Multiple studies described the evolution of centromeric 

regions among closely related species of plants like rice, maize, and potato (Zhang etal. 

2014, Gao et al. 2015, Schneider et al. 2016). Similarly, a number of closely related primates 
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show the divergence in the sequence, length, and arrangement of centromeric alpha-satellites 

repeats (Giannuzzi et al. 2012). 

Determinants of centromere identity 

The loss of a centromere or the presence of more than one centromere in a 

chromosome (barring holocentric chromosomes) may lead to genome instability. Thus, 

formation and maintenance of a centromere at a specific location as well as prevention of 

more than one centromere on a chromosome is critical for chromosome stability. The factors 

that maintain the site of the kinetochore formation on a specified locus are not well 

understood and may differ among organisms. Broadly, these factors can be classified into two 

groups, genetic and epigenetic (Figure 1.3). 

Genetic centromeres 

As the name suggests, genetic centromeres are defined by the presence of a specific 

DNA sequence which acts as the binding sites of kinetochore proteins (Talbert et al. 2009, 

Roy and Sanyal 2011). Typically, point centromeres have specific DNA sequence motifs that 

make these centromeres genetically defined. When cloned into a plasmid with an 

autonomously replicating sequence (ARS), a genetically defined centromere could stabilize 

these ARS plasmids as minichromosomes both in mitotic and meiotic division (Talbert et al. 

2009, Roy and Sanyal 2011). Centromeres of S. cerevisiae is an ideal example of a point 

centromere. 

Epigenetic centromeres 

In most organisms, centromeres are not defined by the underlying DNA sequence but 

specified by the presence of CENP-A - the centromere specific histone H3 variant. The 

factors required for the assembly of CENP-A at a locus differ among organisms studied 

(Dawe and Henikoff 2006, Gieni et al. 2008, Roy and Sanyal 2011). While point centromeres 

are genetic in nature, all studied regional centromeres are defined epigenetically with a little 
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Figure 1.3. A flowchart showing key molecular players involved in centromere identity and 
maintenance. Centromeres can be defined in either genetic or epigenetic manner. The position of 
genetically defined centromeres is defined by DNA sequence element/s whereas the epigenetically 
defined centromere formation is regulated by a number of factors. Some of the well studied 
epigenetic determinants include centromere transcription, presence of specific histone 
modifications and spatial localization of centromeres. 

or no contribution from the centromere DNA sequence. The important epigenetic factors 

studied in this aspect include centromeric transcription, chromatin modifications, and spatial 

localization of centromeres (Figure 1.3). 

Centromere transcription 

For a very long time, the centromere was considered to be heterochromatic in nature, and it 
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was assumed to be transcriptionally inert. However, landmark studies in the fission yeast, S. 

pombe, showed that siRNA derived from pericentromeric regions {dg-dh repeats) are 

necessary for the centromere function (Hall et al. 2002, Volpe et al. 2002, Volpe et al. 2003). 

These studies indicated that the centromere transcription is permissible and has functional 

significance. Later studies probing the origin of these siRNAs showed that the 

pericentromeric repeats are transcribed by RNA polymerase II to generate double stranded 

RNA, a substrate for the RNAi machinery (Figure 1.3 and section 1.3) (Reinhart and Bartel 

2002, Volpe et al. 2(K)3). Since then, centromere transcription has been studied in several 

organisms and was found to be essential for the centromere function (Chan and Wong 2012, 

Hall et al. 2012, Scott 2013). In budding yeast, S. cerevisiae, Cbfl, a transcription factor, 

binds to the centromere DNA and required for centromeric transcript production (Hemmerich 

et al. 2000, Ohkuni and Kitagawa 2011). Loss of Cbfl along with its regulatory proteins 

Stel2 and Digl leads to chromosome instability. In S. pombe, a GATA-type zinc finger 

transcription factor, Ams2, was found to be necessary for CENP-A association at the 

centromere (Chen et al. 2003). Another study in S. pombe also reported ncRNA emanating 

from the centromere core regions (Choi et al. 2011). In maize, transcripts from CentC repeats 

as well as CRM (centromeric retrotransposons of maize) retrotransposons are tightly bound to 

maize CENP-A (Topp et al. 2004). However, these transcripts did not resemble siRNA, and 

their exact function is not yet well understood. Similarly, in mouse cell lines, centromere core 

minor satellite transcripts were found to be a part of centromere core chromatin (Bouzinba-

Segard et al. 2006). These studies suggest the centromere core derived ncRNA as the critical 

determinant of centromeric chromatin assembly. Centromeric RNA has also been shown to 

interact with other kinetochore proteins besides CENP-A. A few studies in mouse and human 

cells depicted the necessity of centromere core transcripts for loading of CENP-C and 

chromosome passenger complex (CPC) (Wong et al. 2007, Ferri et al. 2009). Studies using 
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the human artificial chromosome depicted that a dynamic balance between permissive and 

repressive chromatin maintains proper centromere function (Nakano et al. 2008). A 

completely open or closed conformation for transcription can lead to loss of kinetochore 

function resulting in chromosome mis-segregation. Overall, these studies provide evidence 

that a low level of centromeric transcription is essential for centromere function in almost all 

organisms. Indeed, active genes have been found to be present in rice centromeres suggesting 

centromeric chromatin is not transcriptionally silent in nature (Nagaki et al. 2004). 

Chromatin modiflcations 

Centromeres were identified as a darkly stained region of the chromosome indicating its 

heterochromatic nature (Flemming 1882). A series of studies across several organisms 

confirmed the heterochromatic nature of centromeres. Recent studies on the presence of 

histone marks in centromeres in S. pombe and N. crassa revealed their association with 

heterochromatin marks H3K9diMe and H3K9triMe, respectively (Volpe et al. 2002, Cam et 

al. 2005, Smith et al. 2011). A study in Drosophila melanogaster revealed that centromeric 

H3 is not methylated at H3K9 but are instead H3K4 di-methylated, a modification associated 

with transcriptionally silenced euchromatin (Sullivan and Karpen 2004). By contrast in 

maize, instead of H3K4diMe, H3K9diMe was found to be present in centromeres (Jin et al. 

2008). In humans and D. melanogaster, both H3 and H4 at the centromere were shown to be 

hypoacetylated, as observed in heterochromatin (Gieni et al. 2008). All these modifications 

corroborate with a low level of transcription from the centromeres. More studies in a number 

of model systems revealed several post-translational modifications of histone H3, H4 and 

CENP-A, and their roles in the centromere specification to kinetochore assembly (Fukagawa 

2017). Apart from histones, DNA methylation has also been observed at the centromeres in a 

few organisms (Chen et al. 2003, Zhang et al. 2006, Yamagata et al. lOQTI, Smith et al. 

2011). Centromeres in maize and A. thaliana show hypomethylation in centromere 
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chromatin as compared to hypermethylation in flanking pericentromeres (Zhang et al 2008, 

Koo et al. 2011). The level of DNA methylation at centromeres is also found to be directly 

related to H3K9di-methylation in these organisms. Despite this long known presence of DNA 

methylation at centromeres, its role at the centromere is not well understood in any organism. 

Spatial localization 

In most of the yeast species studied, centromeres are clustered at one location within the 

nucleus (Figure 1.3 and section 1.5.5) (Jin et al. 2000, Sanyal and Carbon 2002, Anderson et 

al. 2009). It has been proposed that this clustering of centromeres aids in determining the site 

of centromere formation in these organisms. According to this hypothesis, a part of the 

nucleus is enriched with a pool of CENP-A protein to form a CENP-A cloud (Shang et al. 

2013, Thakur and Sanyal 2013, Fukagawa and Earnshaw 2014, Scott and Bloom 2014). It 

was proposed that the region of a chromosome that is in close proximity to this CENP-A 

cloud would attract a higher level of CENP-A and thus serves as a preferred site for 

centromere formation. Evidence for this hypothesis stems from studies in C. albicans and 

chicken cells where neocentromere formation was found to be close to the native centromere 

when the native centromere was deleted or inactivated (Shang et al. 2013, Thakur and Sanyal 

2013). 

RNA interference (RNAi) 

RNA interference (RNAi) is a post-transcriptional gene silencing mechanism 

mediated by small RNAs. RNAi regulates gene expression by inhibiting either translation or 

directly degrading the target transcripts (Dumesic and Madhani 2014, Villalobos-Escobedo et 

al. 2016). RNAi is mediated by small non-coding RNAs with a size range of 20-32 

nucleotides. This mechanism allows fast but specific changes in gene expression essential for 

processes such as development and immunity. 
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Figure 1.4 Schematic describing the key events in RNA interference (RNAi). Double stranded 
RNA generated from repeats or transposons or hairpin structures is processed by Dicer (Dcr) to 
produce small RNAs. These small RNAs are recognised by Argonaute (Ago) along with other 
adapter proteins (shown here in light blue). The complex thus formed (RISC complex) cleaves the 
passenger strand and recognises the target mRNA with the help of the guide strand. The target 
mRNA is then cleaved into smaller pieces and thus inhibiting the translation of the mRNA. In most 
cases, RNA-dependent RNA polymerase (RdRP) helps in amplification of the signal for RNAi 
machinery by producing more double stranded RNAs from the target RNA. 

RNAi requires the dsRNA as a template to work on and successfully silence a region 

(Figure 1.4). This process involves a few key proteins along with their accessory proteins. 

RNAi acts on dsRNAs that are produced in a cell as a result of bidirectional transcription of a 

region or by formation of the hairpin structure by long ncRNA (Ghildiyal and Zamore 2009, 

Fellmann and Lowe 2014). The first step of RNAi is the cleavage of dsRNA or hairpin RNA 

in smaller dsRNA moieties. This step is carried out by an RNase-HI like endonuclease 

protein Dicer (Dcr) to produce small RNAs of 20-25 nucleotides in length. These small 

RNAs bind to Argonaute (Ago), which is part of the RNA-induced transcriptional silencing 
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(RITS) complex consisting of Tas3 and Chpl. One strand from these small RNA duplex 

molecules directs silencing and is called the guide strand. The other strand, that is eventually 

destroyed, is called the passenger strand. The RITS complex recognizes the target RNA or 

DNA based on the complementarity of the guide RNA strand. The complex also includes 

proteins that redirect the target mRNA to the site of degradation. Another enzyme, RNA-

dependent RNA polymerase (RdRP), amplifies the signal by producing more dsRNA from 

precursor RNA using small RNA as the primers. This cascade of events leads to degradation 

of target mRNAs resulting in transcriptional silencing. In some cases, the RNAi machinery 

also recruits heterochromatic proteins onto the target DNA and causes further repression at 

the post-transcriptional level (Matzke and Birchler 2005, Volpe and Martienssen 20II). 

Small RNAs can be classified into small interfering RNA (siRNA), microRNA 

(miRNA), and Piwi-interacting (piRNA) based on the precursor long RNA (Ghildiyal and 

Zamore 2009). Though the overall process of RNAi remains conserved, the biogenesis of 

these small RNAs shows some differences in the proteins involved in this process. 

piRNA 

piRNAs are the most recently discovered small RNAs and have been found only in animals. 

These are also the longest small RNAs with a length of 26-31 nucleotides (Aravin et al. 2001, 

Vagin et al. 2006). The piRNAs have emerged as a complex population of small RNAs that 

are highly enriched in the germline tissues of the majority of metazoans (Weick and Miska 

2014, Iwasaki et al. 2015). piRNAs regulate the activity of transposons and hence preserving 

normal gametogenesis and reproduction. However, the mechanisms by which piRNAs play 

their role in germ cell development remain largely unknown. 

miRNA 

miRNAs are encoded within the genome and are transcribed to give rise to a hairpin structure 

which is then processed by Dcr. Many miRNAs are known to reside in introns of their pre-
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mRNA host genes and share their regulatory elements. The final small RNAs are -22 

nucleotides in length and are involved in processes like normal development, host pathogen 

interactions and stress tolerance (He and Hannon 2004, Wienholds and Plasterk 2005, Cai et 

al. 2009). Unlike other small RNA species, miRNAs can target and regulate a set of mRNAs 

instead of a specific mRNA substrate. Also, a single mRNA can be targeted by multiple 

miRNAs providing additional level of complexity to their biology. The miRNA regulation is 

not well understood in fungi and was considered absent in fungi until recent studies proved 

otherwise (Lee et al. 2010, Zhou et al. 2012, Zhou et al. 2012). 

siRNA 

siRNAs are derived from dsRNAs originating from transposons, DNA repeats or viral DNA 

sequences integrated into the host genome. Thus, siRNAs are usually involved in the genome 

protection and prevention of viral infection (Obbard et al. 2009, Dumesic and Madhani 

2014). The length of siRNAs varies from 20 to 25 nucleotides and are well studied in fungi, 

animals, and plants. Due to their nature of degrading the target mRNA, these RNAs have also 

been exploited as a tool to study gene function by lowering the gene expression levels and for 

developing the siRNA based therapeutics (Kim and Rossi 2008, Ambesajir et al. 2012, Chery 

2016). 

RNAi in fungi 

The process of RNAi, mediated by siRNAs, has been well studied in all three 

kingdoms of life: fungi, animals, and plants. While RNAi is shown to be present in all 

animals and plants studied till date, fungal kingdom presents a scenario where RNAi was lost 

multiple times during evolution (Figure 1.5) (Drinnenberg et al. 2009, Billmyre etal. 2013). 

In fungi, RNAi-mediated gene silencing was first studied in a filamentous fungus, N. 

crassa (Romano and Macino 1992, Shiu et al. 2001). Two of the well characterized 

processes, quelling and meiotic silencing by unpaired DNA (MSUD), are employed by this 
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Figure 1^ Phytogeny showing the status of RNAi machinery across fungi. The species listed in 
red colour have lost fiinctional RNAi while it is retained in the species listed in black. The species 
in blue possess a cryptic RNAi machinery. 

organism for genome defence (Nakayashiki 2005, Billmyre et al. 2013). Both these processes 

involve a molecular mechanism similar to the RNAi silencing. All the key RNAi proteins 

namely Dcr, Ago, and RdRP, have been shown to play a major role in both quelling and 

MSUD. Another fungal species where RNAi has been well studied is the fission yeast, S. 

pombe. In this organism, RNAi plays a critical role in centromere ftmction and 

heterochromatin formation (Volpe et al. 2003, Volpe and Martienssen 2011). The loss of 

20 



RNAi proteins in S. pombe leads to chromosome mis-segregation and abnormal centromere 

function. In the past decade, RNAi has been studied in Magnaporthe oryzae, Cryptococcus 

neoformans, Mucor circinelloides and Aspergillus nidulans (Kadotani et al. 2003, Mouyna et 

al. 2004, Janbon et al. 2010, Torres-Martinez and Ruiz-Vazquez 2016). In all these fungi, 

RNAi was found to be involved in regulation of transposons and hence plays a critical role in 

genome defence. 

Despite having such an essential function, RNAi machinery has been lost in some 

fungal species (Billmyre et al. 2013). A landmark study explored the status of proteins 

involved in RNAi among ascomycetes, basidiomycetes, and zygomycetes (Nakayashiki et al. 

2006). The study revealed that a few species like S. cerevisiae, C. glabrata, and Ustilago 

maydis have lost all the proteins required for functional RNAi. Another class of organisms 

including C. albicans, C. tropicalis and Â . castellii harbour some of the proteins (Ago and 

Dcr), but have lost others (RdRP) indicating the presence of cryptic RNAi machinery in these 

species. However, the cryptic RNAi machinery was shown to be functional to give rise to 

small RNAs (Drinnenberg et al. 2009). Since the loss of RNAi was found to be in 

taxonomically distinct species, it was proposed that the loss of RNAi took place a few times 

during evolution. The loss of RNAi in the fungal species was further correlated with the 

presence of "killer" virus, an endemic viral system that is cytoplasmically inherited as a 

double stranded RNA (Drinnenberg et al. 2011). The "killer" virus was found to be present in 

S. cerevisiae and its close relatives that have lost RNAi but not in N. castellii, a budding 

yeast, which has the functional RNAi machinery. The "killer" positive cells kill the 

neighbouring "killer" negative cells, including the RNAi positive cells, providing clear 

growth advantage in the environment. It has been suggested that maintenance of "killer" virus 

led to evolution of RNAi-deficient fungal species, not just in Ascomycota but also in 

Basidiomycota like in U. maydis, a species that has lost RNAi but harbours the killer virus. 
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RNAi and centromere function 

Study by Volpe et al. in the fission yeast, S. pombe, revealed that the siRNA derived 

from pericentromeric regions are necessary for the centromeric heterochromatin formation 

(Figure 1.3) (Volpe et al. 2003). This study indicated that the centromere transcription was 

permissible and has functional significance. The pericentromere in S. pombe comprises of dg-

dh repeats. These repeats are transcribed by RNA polymerase II and generate pre-siRNA 

transcripts. These dsRNA transcripts are cleaved and processed by the RNAi machinery to 

suppress the transcription from these regions (Reinhart and Bartel 2002, Djupedal et al. 

2009). The RNAi machinery also recruits heterochromatic proteins like Clr4, Swi6 (homolog 

of heterochromatin protein 1, HPl) leading to further transcriptional suppression of these 

regions (Volpe and Martienssen 2011). Though the role of RNAi in pericentric 

heterochromatin assembly in S. pombe is well established, the same is less explored in 

vertebrates. Since Dcr is essential for survival in vertebrates, studies are limited to cell culture 

based systems. A study in DT40 chicken cells showed Dcr is required for normal 

chromosome segregation (Fukagawa et al. 2004). Similar to S. pombe, pericentric transcript 

accumulation was observed along with the loss of HPl binding from these regions. However, 

a few studies in mouse embryonic stem (ES) cells showed varying results regarding 

essentiality of Dcr/RNAi for heterochromatin assembly in these cells (Kanellopoulou et al. 

2005, Murchison et al. 2005). While these studies indicate a role of Dcr in repression of the 

pericentric region, no aneuploidy is observed in Dcr depleted cells. 

Transposons 

Transposons or transposable elements (TE) are ubiquitous genetic elements that occur 

both in prokaryotes and eukaryotes. These elements are considered to be selfish, 

independently replicating entities in the host genome (Hua-Van et al. 2005). They constitute 
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significant part of the genome in many organisms accounting for as high as 85% of the 

genome in maize (Schnable et al. 2009). While transposons amount to 40-45% of the human 

genome, only 3% of the S. cerevisiae genome represents transposons (Hua-Van et al. 2005). 

In the past two decades, numerous studies suggested both positive and negative impacts of 

TEs on the genome structure evolution (Goodier and Kazazian 2008, Chuong et al. 2017). 

These studies imply that transposons can play important roles in a cell contrary to the belief 

that they are "junk DNA" (Biemont 2010). One of the most widely understood roles of TEs is 

in the regulation of gene expression by providing transcription factor binding sites. Two other 

well known functions of transposons include telomerase activity and immunoglobulin 

recombination. As transposons act as insulators, they have also been proposed to play a 

significant role as a barrier element to mark the genome into distinct chromatin loops 

domains (Hua-Van et al. 2005). The process by which TEs move from one place to the other 

in the genome is known as transposition. Based on the mode of transposition, the transposons 

can be broadly divided into two classes - retroelements or RNA transposons (Class II) and 

DNA transposons (Class I) (Figure 1.6) (Hua-Van et al. 2005, Piegu et al. 2015). 

RNA transposons 

Retrotransposons involve an intermediate RNA moiety and use the "copy-paste" mechanism 

for transposition (Goodier and Kazazian 2008, Muszewska et al. 2011). These elements are 

transcribed from the donor site followed by reverse transcription to give rise to double 

stranded molecules which are then inserted into the target locus. Most of the retroelements 

belong to either LTR retrotransposons or LINEs. These elements differ from each other in 

their structures. Retroelements consist of three ORFs - Gag, Pol, and Env. The role of Gag

like protein is not well understood, and the env is not found in most of these elements. The 

'Pol' ORF codes for a polypeptide consisting of four domains - PR (protease), RT (reverse 

transcriptase), RH (RNase H) and IN (Integrase). LTR retroelements comprise of two or three 
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Figure 1.6 Types of transposons and their mode of mobilization. (A) DNA transposons are 
flanked by inverted terminal repeats (ITRs) and encode a transposase. These transposons mobilize 
by a 'cut and paste' mechanism. The transposase binds at the ITRs, excises the transposon from its 
existing genomic location (light grey bar) and pastes it into a new genomic location (dark grey bar). 
(B) Class II transposons also known as retrotransposons mobilize by replicative mechanisms that 
require the reverse transcription of an RNA intermediate. They are of two types - LTR 
retrotransposons and non-LTR retrotransposons. LTR elements contain two long terminal repeats 
(LTRs) and encode Gag, protease (PR), reverse transcriptase (RT) and integrase (INT) proteins. 
The 5' LTR contains a promoter and produces the mRNA using the host RNA polymerase II. The 
reverse transcriptase copies the TE mRNA into a full-length cDNA. In the second step, integrase 
inserts the cDNA into the new target site (dark grey bar). Non-LTR retrotransposons lack LTRs 
and encode either one or two ORFs. Similar to LTR retrotransposons, the transcription of non-LTR 
retrotransposons generates a full-length mRNA. Further, these elements mobilize by target-site-
primed reverse transcription. In this mechanism, an endonuclease generates a single-stranded 'nick' 
in the genomic DNA that is used to prime reverse transcription of the RNA. Many a times, the 
integration events are not complete and end up with truncated integration of non-LTR 
retrotransposon. The new element shown here (dark blue rectangle in grey bar) is 5' truncated and 
is retrotransposition-defective. It is important to note that some non-LTR retrotransposons lack 
polyA tails at their 3' ends. 
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of these ORFs flanked by LTR elements on both sides. The LTR regions provide binding 

sites for some transcription factors and hence play a significant role in the transposition of 

these elements. LINE elements consist of two ORFs with a 5' UTR and 3' UTR. The 5' UTR 

provides binding sites for the transcription factors. Due to the presence of conserved domains 

in all these elements, a high level of similarity exists at the DNA sequence level making them 

prone to recombination. A study also proposed that recombination among retroelements leads 

to truncation of these elements rendering them inactive for further transposition (Devos et al. 

2002). 

DNA transposons 

Unlike retroelements, DNA transposons are not able to copy themselves from the target site, 

rather they jump from one place to other in the "cut-paste" mode (Sinzelle et al. 2009). The 

only encoded protein, transposase, excises these elements from the donor site and integrates 

into the target site. DNA transposons are structurally more homogeneous than retroelements 

and usually flanked by inverted terminal repeats (ITRs). The excision involves recombination 

between ITRs leaving a copy of ITR in the donor site as the footprint of the transposon. DNA 

transposons are usually shorter (less than 3 kb) than retroelements (5 kb or more) (Hua-Van 

et al. 2005) and are also the less abundant type of TEs than retroelements. The difference in 

the relative abundance of these two elements could be due to a larger size and copy-paste 

based mechanism of retroelements. 

Transposons distribution across genome and their regulation 

Transposons, contributing a considerable proportion of a genome, may or may not 

have a preferred site of accumulation. Many of the TEs seem to have evolved mechanisms 

that favor their integration into those regions which maximize their chances of survival and 

propagation (Servant and Deininger 2015, Sultana et al. 2017). While some elements target 

gene-poor, heterochromatic regions, others prefer transcriptionally active 5' UTR regions of 
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genomes. The distribution of TEs also differs based on the type of elements and the host 

organism under study. While in some organisms they are limited to a specific region like the 

centromere or telomere, they can be present throughout the genome in others (Fedoroff 2012, 

Biscotti et al. 2015, Chuong et al. 2017). Overall, in most organisms, TEs are more abundant 

within the heterochromatin including centromeres. Based on a number of studies in a diverse 

group of organisms, three different models have been proposed to explain the accumulation 

of TEs in heterochromatic regions (Hua-Van et al. 2005). The first model states that low 

recombination rates in heterochromatin provide safety to TEs. According to the second 

model, low gene density in heterochromatic regions makes these regions more successful 

targets since the chances of interfering with the host machinery are minimal. A third model 

suggests that a low level of expression in the heterochromatin allows them to replicate and 

hence helps in the proliferation of these elements. 

Transposons and centromere evolution 

Centromeres, including pericentromeres, in most organisms (including plants, 

animals, and fungi) are enriched with TEs (Dawe 2003, Wong and Choo 2004, Neumann et 

al. 2011). A number of hypotheses have been proposed suggesting a role of transposons in 

the evolution of centromeres (Wong and Choo 2004). Some of the TEs are exclusive to the 

centromeres and form the basis of the first hypothesis. For example, some grass species 

harbour Ty3-gypsy elements specifically at their centromeres (Cheng et al. 2002, Neumann et 

al. 2011). These elements show more than 80% identity among different species. Further, 

these are also found at centromeres of cereals. The second hypothesis suggests that TEs are 

used as a template to evolve centromeric and pericentromeric repeats. Evidence for this 

hypothesis comes from studies showing that centromere repeats in some organisms show 

similarity to retroelements (Heikkinen et al. 1995, Kapitonov and Jurka 1999, Cheng and 

Murata 2003). The third school of thoughts towards the role of retroelements in centromere 
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evolution stems from the presence of kinetochore proteins like CENP-B that show homology 

to transposases. CENP-B associates directly with a-satellites in humans and dg-dh repeats in 

S. pombe (Sullivan and Glass 1991, Kipling and Warburton 1997, Nakagawa et al. 2002, 

Masumoto et al. 2004). Both these types of repeats show similarities to transposons 

indicating the presence of a remnant system consisting of transposons and their binding sites. 

Further evidence towards the role of transposons in the centromere evolution comes from 

neocentromere studies. Human neocentromeres form ectopically in euchromatin regions that 

have a high level of LINEs (Lo et al. 2001, Alonso et al. 2003, Saffery et al. 2003). In certain 

cases, the transposons present in the centromeres are essential for the centromere function. 

For example, retrotransposons present in cereal centromeres, known as CR retroelements, 

interact strongly with CENP-A (Zhong et al. 2002). Reactivation of the otherwise suppressed 

centromere transposons leads to meiotic failure in mice (Bourc'his and Bestor 2004). These 

studies are complemented by the observations that the heterochromatin formation constitutes 

an important part of centromere assembly and function. The double-stranded RNA generated 

from retrotransposons is an ideal target for the RNAi machinery leading to dsRNA 

degradation and in some cases causing heterochromatinization through repressive histone 

modifications (such as H3K9 dimethylation as seen in 5. pombe) and/or DNA methylation 

(Volpe and Martienssen 2011, Matzke and Mosher 2014). The deployment of such a system, 

such as TEs, to initiate heterochromatin formation at the centromere could have happened 

during evolution. Also, it is speculated that by regulating transposons at centromeres, RNAi 

may play an important regulatory role in the structural evolution of centromeres. However, 

such studies to explore the role of RNAi and its effect on the centromere structure/function 

have not been attempted. 
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Kinetochore / 

The kinetochore is a complex macromolecular structure that assembles on the 

centromere DNA to facilitate attachment of chromosomes to the mitotic spindle. It consists of 

more than 80 proteins which form a compact complex structure onto DNA (Table 1.1). These 

proteins are largely conserved from yeasts to humans except a few which are species specific. 

Based on electron microscopy and their closeness to centromeric DNA, all the proteins are 

placed into two distinct layers in the kinetochore. The proteins which directly interact with 

centromere DNA form the inner layer and the proteins which interact with microtubules 

constitute the outer layer (Figure 1.7A) (Brinkley BR and Stubblefield 1966, Cleveland et al. 

2(X)3, Cheeseman 2014, Musacchio and Desai 2017). 

Inner kinetochore 

The proteins in the inner layer interact directly with specialized centromeric 

chromatin and are known as constitutive centromere associated network (CCAN). The 

foundation for CCAN is laid by the presence of CENP-A, followed by CENP-C, two of the 

evolutionary conserved kinetochore proteins. The remaining proteins are grouped in 4 

different sub-complexes: the CENP-LN complex, the CENP-HIKM complex, the CENP-

OPQRU complex and the CENP-TWSX complex (Westermann and Schleiffer 2013, 

Musacchio and Desai 2017). Most of the CCAN proteins have their orthologs in the budding 

yeast S. cerevisiae and are identified as the Ctfl9 complex. 

CENP-A is a histone H3 variant and the hallmark of centromere identity (Meluh et al. 

1998, Takahashi et al. 2000, Sanyal and Carbon 2002). Human CENP-A homologs are 

known as Cse4 in S. cerevisiae, Cnpl in S. pombe and CID in D. melanogaster. CENP-A has 

a centromere targeting domain (CATD) and a conserved histone fold domain (HFD) (Figure 

1.7B) (Malik and Henikoff 2003, Roy and Sanyal 2011, Musacchio and Desai 2017). The N-
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Table 1.1 Kinetochore proteins/protein complexes in yeasts. 
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Figure 1.7 Kinetochore proteins in yeasts. (A) A cartoon depicting various proteins present in the 
budding yeast kinetochore. The constituent proteins of the CENP-T complex, the Ctf 19 complex 
and the Daml complex are shown separately. [Figure adapted from (Roy et al. 2013)] (B) Line 
diagrams showing the presence of conserved domains of CENP-A and CENP-C. Presence of 
CATD and diverged N-terminal tail defines the identity of CENP-A and separates it from canonical 
histone H3. CENP-C harbors two conserved domains, CENP-C box and a DNA binding domain 
"cupin" domain. These two domains can be used to identify the CENP-C in a species. 

terminal of this protein is hyper-variable and its exact role is not yet defined though it is 

essential in S. cerevisiae (Henikoff and Dalai 2005). Since CENP-A forms the foundation of 

the kinetochore in most of the organisms, its depletion results in cell death. Assembly of 

CENP-A is regulated by other kinetochore proteins in some of the organisms like S. 
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cerevisiae and C. albicans but not in others (Ortiz et al. 1999, Tanaka et al. 2009, Thakur and 

Sanyal 2012). A chaperone known as Scm3 in yeast or HJURP in humans helps in the 

recruitment of CENP-A at the centromere (Camahort et al. 2007, Stoler et al. 2007, Pidoux et 

al. 2009, Williams et al. 2009, Bamhart et al. 2011, Zhou et al. 2011). 

The other evolutionarily conserved inner kinetochore protein is CENP-C. The CENP-

C protein family includes CENP-C in humans, Mif2 in S. cerevisiae, Cnp3 in S. pombe, and 

many others. This protein family contains a -25 amino acid long conserved region, known as 

the CENP-C box, which is essential for its kinetochore localization (Figure 1.7B) (Meluh and 

Koshland 1995, Milks et al. 2009). The presence of C-terminal "cupin" domain helps in 

dimerization for CENP-C, which is important for its recruitment onto the kinetochore. CENP-

C interacts with the C-terminal of CENP-A, an essential prerequisite for its recruitment onto 

the kinetochore (Westhorpe and Straight 2013, Musacchio and Desai 2017). 

Among the other complexes present in CCAN, the CENP-TWSX complex has been 

well characterized and is proposed to form a nucleosome-like structure (Nishino et al. 2012). 

All four proteins belonging to this complex possess histone fold domain. CENP-T has a long 

N-terminal tail which can directly interact with the Ndc80 complex present at the outer layer 

of the kinetochore. Unlike CENP-A and CENP-C, which are conserved in most organisms, a 

group or all other proteins of the CCAN complex are lost in a number of organisms 

(Westermann and Schleiffer 2013, Drinnenberg et al. 2016, Freitag 2016). Since the loss of 

these proteins is tolerated, the exact structural and functional contributions of these CCAN 

complexes remains to be understood. In organisms with point centromeres, the inner 

kinetochore also includes the point centromere specific CBF3 complex which also binds to 

the centromere DNA using one of its subunits, NdclO (Lechner and Carbon 1991, McAinsh 

etal. 2003). 
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Outer kinetochore 

The outer kinetochore layer includes the proteins which interact with microtubules. 

Some of these proteins interact with inner kinetochore proteins and form a scaffold on to 

which the microtubule binding proteins assemble. These proteins include the KNL1-MIS12-

NDC80 (KMN) network, the Daml complex and the Ska complex. 

KMN network 

It includes the NdcSO complex, the Mis 12 complex and the SpclOS complex in yeast. In 

metazoans, this is formed by KNL1-MIS12-NDC80 (KMN) network. The Ndc80 complex is 

a hetero-tetrameric complex consisting of four conserved subunits: NdcSO, Nuf2, Spc24, and 

Spc25 (Wigge and Kilmartin 2001). These subunits arrange themselves in a long X-shaped 

structure which interacts with the proteins from the inner kinetochore on one side and the 

MTs on the other side (Ciferri et al 2008, Musacchio and Desai 2017). The N-terminal tails 

of NdcSO and Nuf2 comprises of the calponin-homology (CH) domain which directly binds 

to microtubules (Wei et al. 2007, Valverde et al. 2016). On the other hand, C-terminal tails of 

Spc24 and Spc25 bind to the inner kinetochore protein, CENP-T. The Ndc80 complex also 

binds to another outer kinetochore complex, the Misl2/MIND complex. The Mis 12 complex 

is also comprised of four evolutionary conserved and essential kinetochore proteins: 

Misl2/Mtwl,Dsnl/Misl3, Nsll/Misl4, andNnfl (Goshima ef a/. 1999, Venkei era/. 2011, 

Petrovic et al. 2016). Among these proteins. Mis 12 in 5. pombe and its homolog Mtwl in S. 

cerevisiae, have been studied more extensively than other proteins. Sequence analysis 

predicted the presence of two conserved amino-acid stretches at the N-terminal of this 

protein. These two conserved motifs are present in the Mis 12 family proteins in all studied 

organisms ranging from yeasts to humans (Meraldi et al. 2006). The SpclOS complex 

consists of a conserved protein SpclOS (S. cerevisiae) or Spc7 (S. pombe). KNLl present in 

humans is homologous to yeast SpclOS protein. In S. cerevisiae, the SpclOS protein interacts 
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with another protein Kre28 which is a point centromere-specific protein while in S. pombe, 

Spc7 interacts with Sos7, a recently identified protein in the complex (Nekrasov et al. 2003, 

Pagliuca et al. 2009, Jakopec et al. 2012). In humans, KNLl is found to be associated with 

Zwint-1, the functional homolog of Sos7 (Starr et al. 2000, Jakopec et al. 2012, Varma and 

Salmon 2012). 

Daml complex 

The Daml complex or DASH complex directly interacts with MTs, and is formed by a ten-

subunit protein complex. A number of biochemical and genetic screens identified 10 proteins 

in this complex: Daml, Duol, Dadl, Dad2, Dad3, Dad4, Spc34, Askl, Spcl9, and Hsk3. 

These proteins have been shown to be conserved and fungus specific (Hofmann et al. 1998, 

Cheeseman etal. 2001, Enquist-Newman etal. 2001, Liu et al. 2005, Sanchez-Perez et al. 

2005, Burrack et al. 2011, Thakur and Sanyal 2011). Though this complex is found in all 

fungi, the essentiality of this complex differs. This complex is essential in S. cerevisiae and 

C. albicans but not in S. pombe. This complex also differs in the timing of its recruitment at 

the kinetochore. It is present onto the kinetochore throughout the cell cycle in 5. cerevisiae 

and C. albicans, but most of the proteins of the Daml complex are recruited onto the 

kinetochore only during mitosis in S. pombe (Hofmann et al. 1998, Cheeseman et al. 2001, 

Liu et al. 2005, Sanchez-Perez et al. 2005, Thakur and Sanyal 2011). While the in vivo 

structural assembly of the Daml complex remains unknown, this complex has been shown to 

form a ring around MTs in vitro in S. cerevisiae (Miranda et al. 2005). 

Ska complex 

In humans, the Daml complex is replaced by the Ska complex which comprises of three 

subunits and shares no sequence similarity with proteins of the Daml complex. It consists of 

three subunits; Skal, Ska2, and Ska3. All these proteins interact with the MTs and the Ndc80 
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complex (Hanisch et al 2006, Schmidt et al. 2012, Ye and Maresca 2013). This complex in 

humans is thought to be a functional homolog of the Daml complex in yeasts. 

Kinetochore assembly 

Most of the proteins at the various layers of a kinetochore are conserved but steps that 

lead to their assembly vary. In S. cerevisiae and C. albicans, the proteins from both layers are 

present throughout the cell cycle (Meluh et al. 1998, Goshima and Yanagida 2000, Sanyal 

and Carbon 2002, Roy et al. 2011, Thakur and Sanyal 2011). In fission yeast, S. pombe most 

of the Daml complex proteins are loaded onto the kinetochore only during mitosis (Liu et al. 

2005, Sanchez-Perez et al. 2005). The process of kinetochore assembly is completely 

different in humans where most of the outer kinetochore proteins are loaded onto the 

kinetochore only during mitosis in an ordered manner (Liu et al. 2006, Cheeseman and Desai 

2008). The regulation of assembly of kinetochore proteins also differs among the yeasts. In S. 

cerevisiae, assembly of a kinetochore is regulated by a point centromere specific protein, 

NdclO which is not present in C. albicans and S. pombe. In S. pombe, the outer kinetochore 

proteins like Spc7 and Mis6 sub-complexes play important roles in the assembly of the 

complete kinetochore. This regulation is different in C. albicans, where the complete process 

of assembly is an interdependent process in which proteins from multiple complexes affect 

each other (Roy et al. 2013). This basic difference in the presence of kinetochore proteins 

onto the centromere DNA between metazoans and yeasts is related to many cytological 

events in these organisms. The presence of the outer kinetochore is a prerequisite for the 

kinetochore-MT interaction to take place, hence assembly of the outer kinetochore 

determines the timing of the kinetochore-MT attachment. 

Kinetochore - microtubule attachment 

The kinetochore-MT interaction is a conserved process which is essential for proper 

chromosome segregation. The process of kinetochore-MT attachment depends on forces 
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Figure 1.8 A cartoon representing the process of spindle assembly checkpoint (SAC). In 
prometaphase, unattached kinetochores form the base for the formation of the mitotic checkpoint 
complex (MCC) leading to inhibition of the APC/C. This results in halting the cell cycle and allows 
the cell to perform necessary actions to correct the kinetochore microtubule attachment. Once all 
the chromosomes are attached and aligned (metaphase), Cdc20 activates the APC/C leading to the 
ubiquitylation and degradation of securin and cyclin Bl. Degradation of securin releases separase 
which then cleaves the Sccl kleisin subunit of the cohesion ring structure. This allows sister 
chromatids to separate during anaphase. [Figure adapted from (Lara-Gonzalez etal. 2012)] 

generated by MT pulling on the kinetochore (Tanaka 2010). First, the MTs emanating from 

the spindle pole bodies (SPBs) attach to the kinetochores by a search and capture mechanism. 

This initial attachment is mediated by proteins from the outer kinetochore like the Daml 

complex, the Ska complex and the NdcSO complex. The capturing of one side of a 

kinetochore by the spindle MTs generates force imbalance due to one-sided pulling force. 

The force is balanced when MTs emanating from the opposite pole capture the other side of 

the monopolar chromosome. The kinetochore capturing by MTs from both sides balances 

tension and stabilizes the chromosomes movement. The poleward forces on the chromosome 

are stabilized by inward forces exerted by cohesins that prevent poleward movement and thus 
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separation of chromosomes until the onset of anaphase. In the absence of the bipolar 

attachment of each chromosome, the cell cycle halts for correcting the attachment. The force 

imbalance is sensed by the checkpoint proteins belonging to spindle assembly checkpoint 

(Figure 1.8) which arrests the cell cycle progression until errors are corrected (Lara-Gonzalez 

etal. 2012, Foley and Kapoor 2013). Most often, the regulatory proteins present in the cell, 

including the proteins from the spindle assembly checkpoint, help in achieving the 

biorientation. Once chromosomes are bi-oriented and tension on the chromosome is balanced, 

checkpoint proteins allow the cell cycle to continue which leads to proper chromosome 

segregation. The kinetochore-MT interaction depends on the presence of a fully assembled 

kinetochore and also the dynamics of the NE (Guttinger et al. 2009). 

Kinetochore clustering 

Centromeres/kinetochores are clustered at the nuclear periphery in yeasts (Figure 1.9). 

The kinetochore clustering helps in organization of yeast chromosomes in the Rabl 

configuration so that chromosome arms lie freely in the nucleoplasm (Taddei and Gasser 

2012). This arrangement facilitates compartmentalization such as repair foci, high 

transcription foci etc. in the interphase nucleus (Taddei et al. 2010, Zimmer and Fabre 2011, 

Taddei and Gasser 2012). In budding yeast, S. cerevisiae, kinetochores are always clustered 

(Jin et al. 2000, Anderson et al. 2009). However, in S. pombe, kinetochores are clustered in 

interphase cells but de-cluster during mitosis (Takahashi et al. 2000). This phenomenon aids 

in the kinetochore attachment to MTs during the onset of mitosis in both the yeast species 

(Jin et al. 2000, Hou et al. 2012, Richmond et al. 2013). Several studies revealed a diverse 

group of proteins playing an important role in kinetochore clustering and helping in proper 

chromosome segregation. In S. cerevisiae, where clustered kinetochores are always attached 

to the SPB directly through MTs (Tanaka et al. 2010); the presence of Slkl9 is required even 

when MTs are depolymerized (Richmond et al. 2013). Whereas in S. pombe, the kinetochores 
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Figure 1.9 Kinetochore clustering dynamics in fungi. Kinetochores are clustered in most of the 
fungi studied as shown here for the budding yeast 5. cerevisiae (Ndc80), C. albicans (CaMtwl) 
and the fission yeast S. pombe (Misl2). The kinetochores remain clustered through the cell cycle in 
both S. cerevisiae and C. albicans whereas they uncluster during mitosis in 5. pombe. [Figures 
modified from (Aoki et al. 2006, Roy et al. 2011, Suzuki et al. 2016)] 

are held close to the SPB by an indirect link involving proteins like Csil (Hou et al. 2012). 

Deletion of Csil leads to defects in clustering and chromosome segregation. However, MTs 

disruption directly does not show any defects in the kinetochore clustering in this organism 

(Castagnetti et al. 2010). A recent report in S. pombe revealed that another protein Sadl, an 

inner nuclear envelope protein, also plays an important role in the kinetochore clustering 

(Fernandez-Alvarez et al. 2016). Sadl forms a link between the SPB and the kinetochore 

cluster. Using a specific mutant of this protein, authors provided evidence that an interaction 

between the kinetochore and the SPB is required for normal spindle nucleation (Fernandez-

Alvarez etal. 2016). The kinetochore clustering in also seen in mitotic cells of Drosophila 

where they are present close to the nucleolus and play an impK)rtant role in heterochromatin 

organization (Marshall et al. 1996, Padeken et al. 2013). A nucleoplasmin homolog, NLP, is 

required for maintaining the kinetochore cluster close to the nucleolus in this organism 
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(Padeken et al. 2013). During Drosophila meiosis, the kinetochore cluster also helps in 

proper synapse formation at early stages (Takeo et al. 2011, Tanneti et al. 2011). Metazoans 

do not show kinetochore clustering at any stage of the cell cycle where the metaphase plate, a 

mitotic structure analogous to the kinetochore cluster, is present. 

Microtubules and microtubule organizing centres 

Microtubule organizing centres (MTOCs) are the primary MT nucleating centres and 

consist of a core complex consisting of three proteins namely y-tubulin, Spc98 and Spc97 

(KoUman et al. 2008). These three proteins form a small complex known as y-tubulin small 

complex (y-TuSC), which can then associate with more proteins to form the y-tubulin ring 

complex, y-TuRC (Figure I.IOA) (Lin et al. 2015). The ring complex also forms the 

foundation for the assembly of a-P tubulin dimers and initiate polymerization of MTs. By 

nucleating MTs, the y-tubulin complex determines the tracks along which different cellular 

components are transported. In most organisms including S. pombe, Drosophila and other 

animals, proteins like GCP4-6 (y-TuRC specific proteins) associate with y-TuSC and form a 

part of y-TuRC (Gunawardane etal. 2000, Murphy et al. 2001, Anders etal. 2006). While the 

exact role of GCP4-6 remains largely unknown, these proteins are found to be important for 

microtubule nucleation from y-tubulin complex. In all these organisms, MTOCs are present 

in the cytoplasm during interphase. These MTOCs cluster during mitosis onto a structure 

known as the spindle pole body (SPB) in yeast and the centrosome in animals (Figure I.IOB 

and C) (Luders and Stearns 2007, Bettencourt-Dias 2013). In contrast, budding yeast 5. 

cerevisiae harbors only y-TuSC, which organizes itself in a ring structure and thus works as 

y-TuRC as well (Kollman et al. 2010). Interestingly, the genes coding of GCP4-6 are absent 

from S. cerevisiae genome. Also there is only one MTOC in S. cerevisiae, which duplicates 

to form SPBs during mitosis. Spcl 10 and Spc72 present in the SPB act as the binding site for 
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Figure 1.10 Microtubule organizing centre and microtubules. (A) A model showing the 
assembly of y-tubulin ring complex (y-TuRC). y-tubulin small complex (yTuSC) like complexes 
are assembled by replacement of GCP2 and/or GCP3 with GCP4, GCP5 and/w GCP6. Sometimes, 
half complexes are observed that contain a single molecule of GCP4, GCP5 or GCP6 interacting 
with y-mbulin. Microtubule polymerization from yTuRC involves interactions of a-p-tubulin 
heterodimers with y-tubulin in the yTuRC.[Figure adapted from (Teixido-Travesa et al. 2012)] (B) 
A schematic representation of spindle pole body showing all major components including the y-
tubulin complex. (C) A simplified view of centrosomes describing microtubule nucleation. While 
the y-tubulin complex remains conserved in centrosomes, rest of the constituents components are 
different. (D) A cartoon repffesenting the various types of microtubules present in a mitotic cell. 
The centrosome or spindle pole body is the nucleation centre for various microtubules which 
interact with kinetochore (kinetochore microtubules) or cortex (astral microtubules) or 
microtubules originating from other poles (interpolar microtubules). The microtubules interact with 
each other with help of motor proteins (brown circles). 
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Y-TuSC and initiate MT nucleation (Lin et al. 2014). 

MTs are polarized, hollow cylinders that are formed by polymerization of a/p-tubulin 

heterodimers. The plus end of these polar MT strands is highly dynamic and undergo growth 

as well as shrinkage at a faster rate than the less dynamics minus end. The minus end is 

anchored to MTOCs. In non-proliferating cells, MTs carry out a variety of processes 

including cell motility, organelle trafficking, cell signalling and adhesion. MTs are 

synergistically modulated by motor proteins: the plus-end directed kinesins, the minus-end 

directed dyneins, and MAPs which dynamically alter the rate of MT stability (Mallik and 

Gross 2004, Wade 2009). During interphase, MTs are largely localized to the cytoplasm in 

most organisms. The cytoplasmic microtubules (cMTs) along with motor proteins influence 

nuclear positioning and movement (Lee et al. 2000, Fink et al. 2006, Ten Hoopen et al. 

2012). Upon the onset of mitosis, cMTs reorganize themselves to form the mitotic spindle 

between the two poles (SPBs in yeast or centrosomes in metazoans). The minus ends of MTs 

are anchored to the SPBs, while the more dynamic plus ends radiate outward to facilitate 

interactions with other cellular components (Figure 1. lOD). Some of these MTs interact with 

kinetochores to become kinetochore microtubules (kMTs) and provide the pulling force on 

chromosomes during anaphase. Astral MTs make contact with the cell cortex aiding in 

spindle positioning, while inter-polar microtubules (ipMTs) are formed when the plus ends of 

MTs originating from opposite poles interact via sliding, resulting in an anti-parallel array at 

the mid-zone. The combination of pushing force provided by ipMTs on SPBs along with the 

pulling force from kMTs and astral MTs aids in segregation during anaphase. 

Combined together, MTs and MTOCs lead to mitotic spindle formation and its proper 

alignment during mitosis. The spindle positioning is not only crucial for proper chromosome 

segregation but also defines the site of nuclear division. In general, the spindle is positioned 

centrally in a dividing cell and thus a mother cell gives rise to two identical daughter cells by 
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the fission mode of division. While most organisms undergo this type of division, few others 

show variations in spindle positioning and hence give rise to cell polarity (Horvitz and 

Herskowitz 1992, Neumuller and Knoblich 2009). This type of division is observed during 

developmental stages of multicellular organisms and in stem cells (Knoblich 2008, 

Neumuller and Knoblich 2009). Budding yeasts also undergo a similar unequal cell division 

where the site of the division is defined prior to spindle positioning (Fraschini et al. 2008). 

Some studies have been carried out to identify the factors to understand the dynamics of 

spindle positioning. Some of these regulatory factors are shown to be different between 

budding yeasts and multicellular organisms (Fraschini et al. 2008, Neumuller and Knoblich 

2009). 

Nuclear envelope 

The nuclear envelope (NE) is a hallmark of all eukaryotic cells. It is formed of an outer 

nuclear membrane (ONM) and an inner nuclear membrane (INM) (Figure 1.11) (Guttinger et 

al. 2009, Hetzer 2010). The outer membrane is in continuation with the endoplasmic reticulum 

(ER) and plays a major role in maintaining the integrity of the NE. The ONM also harbors 

ribosomes - the site for protein synthesis. The INM is in direct contact with chromosomes. In 

metazoans, chromatin is separated from the inner membrane by a layer of lamin proteins which 

are absent in yeast. The NE is a house of various proteins which play important roles in 

transport, genome maintenance and regulation of transcription. Most of the proteins involved 

in transport are assembled into nuclear pore complexes (NPCs) in the NE and are called as 

nucleoporins (Nups). The INM hosts a group of proteins, known as SUN domain proteins, 

which interact with lamins and chromatin. These proteins play roles in chromatin organization, 

chromatin dynamics, folding and replication of DNA. A group of proteins located on the ONM 
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Figure 1.11 Connections between cliromatin and the nuclear envelope. Key components of the 
NE are shown including the inner and outer nuclear membrane (INM and ONM), which enclose 
the perinuclear space (PNS). Nuclear pore complexes (NPCs) span the NE and are formed from 
several unique subcomplexes of nucleoporins (zoomed image). Linker of nucleoskeleton and 
cytoskeleton (LINC) complexes are made up of 'SUN' and 'KASH' domain containing proteins 
(described below). [Figure adapted from (Guttinger et al. 2009)] 

interact with cytoskeletal proteins and maintain the nuclear positioning (Hetzer 2010). These 

proteins mainly include spectrin repeat containing proteins known as nesprins. 

Nuclear pore complex (NPC) 

The NPCs are structures formed by 30 distinct types of nucleoporins (Figure 1.11). 

The NPC is a transporter which selects and regulates the movement of many proteins across 

the NE. Electron microscopy imaging revealed the NPC as a cylindrical structure with 100-

150 nm diameter and 50-70 nm thickness (Hoelz et al. 2011). The proteins present in the 

NPC are arranged in many layers to form this structure. The core proteins forming the 

luminal ring are in direct contact with INM and ONM and make the foundation of the NPC. 

The major proteins present in this layer are Ndcl, Pom 152, and Pom34. This is followed by 

proteins arranged in two layers; the iimer and the outer layer. The inner layer is mainly 

composed of the Nupl70 or Nupl55 sub-complex while the outer layer includes the Nup84 

or NuplOT sub-complex. These two layers are connected to the linker Nups and the FG Nups. 

The FG Nups contain phenylalanine - glycine repeats and act as a dh-ect mediator of transport 

as they are loosely hanging in the central pore area of the NPC. These proteins allow free 
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diffusion of small molecules like sugar, ions, and water. Larger molecules like proteins are 

transported using the active transport process in a regulated fashion. These NPCs are stable 

complexes but are reversibly disassembled during mitosis. The de novo assembly of NPCs 

takes place during interphase through ER which is in direct contact with the ONM (Wente 

and Rout 2010, Hoelz et al. 2011). 

LINC complex 

The linker of nucleoskeleton and cytoskeleton (LrNC) complex forms a bridge across 

the NE in most eukaryotes and is responsible for force transfer between the cytoplasm and 

nucleoplasm (Simon and Wilson 2011, Chang et al. 2015). The LINC complex consists of 

KASH (Klarsicht, ANC-1, and Syne Homology) domain proteins present in the ONM and the 

SUN (Sadl and UNC-84) domain proteins in the INM (Figure 1.12). The SUN domain is a 

highly conserved motif across evolution whereas the KASH domain is comprised of a highly 

variable stretch of 50-60 aa that typically ends with "PPPX" (Razafsky and Hodzic 2009, 

Zhou et al. 2015, Meier 2016). The KASH and the SUN domain interact with each other in 

the perinuclear space. The KASH proteins extend into the cytoplasm and interact with 

cytoskeletal elements and the SUN proteins interact with lamins, chromatin associated 

proteins in the nucleoplasm. Due to its capability of mechanical force transfer across the NE, 

the LINC complex plays important roles in the movement of the nucleus, signal transduction 

and chromatin organization (Starr 2009, Kim et al. 2015). Their role in nuclear anchorage 

and dynamics, nuclear structure maintenance is well studied in C. elegans (Bone et al. 2014, 

Cain et al. 2014). In yeasts, SUN-KASH proteins are closely associated with the SPB. In S. 

pombe, these proteins link the SPB with centromeres during mitosis and telomeres during 

meiosis and facilitate in centromere or telomere clustering (Fennell et al. 2015, Klutstein et 

al. 2015). In budding yeast, S. cerevisiae, the SUN protein, Mps3, interact with a sub

structure called the half-bridge. This interaction between Mps3 and the half-bridge is 
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Figure 1.12 The Linker of Nucleoskeieton and Cytoskeleton (LING) complex. The 
evolutionarily conserved interaction between SUN (orange) and KASH (green) domain-containing 
proteins physically interact to form the LINC in the perinuclear space. These proteins connects the 
nuclear lamina to essential cytoskeletal elements such as the actin and microtubule networks. 
[Figure adapted from (Razafsky and Hodzic 2009)] 

essential for the SPB function, and play a role in the SPB duplication (Hagan and Yanagida 

1995, Jaspersen et al. 2006). SUN-KASH proteins are also shown to play a critical role in 

meiotic chromosome pairing and synapsis formation in both yeast and mammals (Chikashige 

et al. 2006, Sato et al. 2009, Shibuya and Watanabe 2014). A recent study suggested their 

role in DNA repair as well (Swartz et al. 2014). 

Types of mitosis 

During mitosis, the NE undergoes remodelling to a great extent. Based on the 

dynamics of the NE, mitosis can be categorised broadly into two types: open and closed 

mitosis (Figure 1.13) (De Souza and Osmani 2007). 
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Open mitosis 

Open mitosis is the type of mitosis where the NE breaks down completely and 

nucleoplasm mixes with the cytoplasm. This type of mitosis occurs mostly in metazoans. 

During mitosis, the NE undergoes dramatic changes beginning with disassembly of the 

NPCs. The Unker layer disassembles first which is followed by the Nupl07 complex. This 

reduces the integrity of the NE and facilitates its break down (Kutay and Hetzer 2008, De 

Souza and Osmani 2009). The lamin proteins are phosphorylated and removed from the NE. 

The disassembled NE is reserved into the ER in the form of small vesicles. This disassembly 

of the NE is well coordinated with the formation of a mitotic spindle. When mitosis is 

complete, the vesicles containing the NE interact with chromatin structures and starts fusing 

with each other to form the NE (Beck and Hurt 2017, Ungricht and Kutay 2017). The 

Nuclear envelope 

S. cerevisiae 
Closed mitosis 

S. japonicus A. nidulans 

U. maydis Drosophila embryo Humans 
Open mitosis 

Figure 1.13 A diagram showing the types of mitosis observed in various organisms. The 
budding yeast, 5. cerevisiae, undergoes completely closed naitosis where the nuclear envelope does 
not break during mitosis. On the contrary, humans undergo open mitosis where the nuclear 
envelope disintegrates completely diuing mitosis. Intermediate forms of mitosis are seen in other 
organisms where the nuclear envelope breaks during anaphase (5. japonicus), only the nuclear pore 
complexes disassemble (A. nidulans), the nuclear envelope breaks only at one locus (U. maydis) or 
near the two poles {Drosophila embryo) during mitosis. It is important to note that nuclear pore 
complexes are compromised either partially or completely in all cases except in the closed mitosis. 
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re-establishment of the NE is initiated with the reversal of phosphorylation of NE 

components followed by re-emergence of the INM proteins embedded in the ER. The cellular 

machinery ensures that the NE reassembly includes all chromosomes into the reforming 

nucleus. The compactness of anaphase chromosomes plays a key role in this process. The 

dense configuration of anaphase chromosomes helps in preventing invasion of membranes 

into chromatin, which could otherwise cause post-mitotic aberrations and in extreme cases, 

leads to deleterious micronucleus formation. 

Closed mitosis 

Closed mitosis refers to the type when the NE does not break down and chromosome 

segregation occurs inside the closed intact nucleus. The NE undergoes remodelling in its 

membrane structure to facilitate the transport of proteins required during mitosis. This occurs 

in budding yeast, S. cerevisiae and fission yeast S. pombe (De Souza and Osmani 2007). In 5. 

pombe, the NE undergoes additional changes near the SPBs which allow the entry of SPBs 

into the nucleus without breaking the NE (Ding et al. 1997, Asakawa et al. 2010, Asakawa et 

a/. 2011). 

Divergent strategies of mitosis 

Apart from the two conventional types of mitosis found in budding yeast, fission yeast 

and metazoans, various other strategies are adopted by various organisms to execute the 

process of mitotic division (Figure 1.13) (De Souza and Osmani 2(X)9). The first example is 

the embryo of D. melanogaster where the NE breaks near centrosomes until chromosome 

segregation starts when it breaks down further (Kiseleva et al. 2001). A fungus, A. nidulans, 

undergoes another type of mitosis where EG repeats containing proteins from the NPCs 

disassemble. The rest of the NE remains intact during the whole process (De Souza et al. 

2004). Ustilago maydis shows a different type of NE dynamics during mitosis. The NPCs 

disassemble completely and the NE breaks down near SPBs. After the NE breakdown, the 
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chromatin alone is pulled to the daughter cell by MTs. The nuclear division takes place in 

daughter cell which is followed by movement of half of the chromatin back to the mother cell 

while the remaining half is retained into the daughter cell. A new NE formation takes place 

around the daughter nuclear mass (Straube et al. 2005, Theisen et al. 2008). Recently, 

another type of mitotic process has been shown to occur in a fission yeast, S. japonicus (Aoki 

et al. 2011, Yam et al. 2011). In this fission yeast, the NE along with the NPCs remains intact 

during most of mitosis and breaks in the middle of the NE during anaphase. This variety in 

dynamics of the NE suggest that the basic process of chromosome segregation is conserved in 

all organisms but the strategies adopted to carry out the process have evolved. 

Cryptococcus species complex 

Cryptococcus species complex is a polyphyletic complex consisting of both 

pathogenic and non-pathogenic species. All the pathogenic species cluster together in 

Filobasidiella clade, proposed to have emerged from Tremella (Findley et al. 2012). These 

pathogenic species include Cryptococcus neoformans and Cryptococcus gattii. Other 

saprobic, non-pathogenic species are Cryptococcus amylolentus, Filobasidiella depauperata, 

and Tsuchiyaea wingfieldii (Figure 1.14A). The pathogenic species C neoformans and C. 

gattii have been proposed to diverge approximately 37 million years ago (MYA) (Lin 2009). 

C neoformans has been further split into two species, C. neoformans and C. deneoformans, 

estimated to have diverged from each other around 18.5 MYA. C. gattii has also been 

proposed to be a group of 5 species, C. gattii, Cryptococcus bacillisporus, Cryptococcus 

deuterogattii, Cryptococcus tetragattii and Cryptococcus decagattii (Hagen et al. 2015). 

Life cycle of Cryptococcus 

Cryptococcus species life cycle has been well understood with respect to C. 

neoformans (Figure 1.14 and 1.15). C. neoformans is a dimorphic fungus that switches 
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between two morphological forms - yeast and hyphal forms (Lin and Heitman 2006, 

Kozubowski and Heitman 2011). Cryptococci cells reside in a diverse ecological niche like 

plants and secondary hosts like amoeba or animals. It undergoes both sexual and asexual life 

cycle. The vegetative form is a single cellular yeast which is usually found in soil mixed with 

pigeon guano or decaying wood (Lin and Heitman 2006, Kozubowski and Heitman 2011). 

This form of C. neoformans grows by budding and usually found more frequently in the 

environment than its hyphal form (Figure 1.14B). It also forms pseudohyphal structures 

which are rarely found in the natural conditions (Lin 2009). The presence of a and a mating 

types in C. neoformans allows it to have a sexual cycle. C. neoformans shows both opposite 

as well as same sex mating leading to the formation of dikaryon, a characteristic feature of 

the Basidiomycota group (Figure 1.14C). The dikaryon develops into filaments and 

undergoes nuclear fusion in the clamp cell which is followed by meiosis and formation of 

spores. The spores are called as basidiospores and are the infectious propagules for the 

disease. The spores enter into the host body through the respiratory tract and infect lungs as 

the primary infection site (Kronstad et al. 2011). The spores can also stay in a dormant form 

in lungs and infect when the immunity of the host is compromised. These spores move to 

other parts of the body through the blood stream and cause infections (Figure 1.15). The 

spores can also pass through the blood-brain barrier and cause infection in the brain leading 

to cryptococcal meningitis. The transmission from human to human or animals to human is 

not observed in cryptococcal infections. Apart from spores, C. neoformans has many 

characteristic features which enhance its infectious capacity (Kronstad et al. 2011, Srikanta et 

al. 2014, May et al. 2016). These features include its ability to grow at high temperatures, the 

polysaccharide capsule which protects it within the host immune cells, morphological and 

phenotypic switches. While non-pathogenic species like C. amylolentus follow a similar life 

cycle except the infectious part, F. depauperata does not have any yeast form in its life cycle. 
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Figure 1.14 Life cycle of Cryptococcus neoformans. (A) A phylogram showing the number of 
species present in Cryptococcus species complex. The species marked with blue line are saprobic 
in nature while the ones marked in red are pathogenic in nature. (B) A cartoon depicting the 
asexual cell cycle of C. neoformans. C. neoformans grows by budding giving rise to the daughter 
cell. (C) A model describing the sexual life cycle of C neoformans. Under starvation conditions, a 
and a cells undergo cell-cell fusion in response to pheromone signalling and form dikaryons. This 
triggers the filamentous growth which ultimately gives rise to basidium. The two nuclei fuse in the 
basidium giving rise to single diploid nucleus. The diploid nucleus undergoes meiosis and gives 
rise to 4 haploid nuclei which are then released in the form of spores. The spores germinate as yeast 
cells in favourable condition. [Figure adapted from (Idnurm 2010)] 

Cryptococcosis 

Infections of Cryptococcus species are known as Cryptococcosis and were identified 

in 1894. However, the human infections came to prominence with the onset of HTV infections 

in the 1980s. The severe form of Cryptococcus infection, Cryptococcal meningitis is the most 

common infection of the central nervous system (CNS) around the world. It is also the third 
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Figure 1.15 Infection cycle of Cryptococcus neoformans. The fungus survives in the environment 
within soil (commonly contaminated with bird guano) and trees. The fungus infects various animal 
hosts and can also survive environmental predators such as insects, worms, and amoeba. The 
fiingus establishes a human pulmonary infection through inhalation of its spores or desiccated yeast 
cells from environmental sources. When the host becomes immunocompromised, the fungus can 
enter the central nervous system (CNS) causing the most severe form of human cryptococcosis. 
[Figure adapted from (Lin and Heitman 2006)] 

most neurological complications in AIDS patients. A recent study estimated the number of 

deaths due to AIDS-related cryptococcal meningitis at a little more than 1,80,(X)0 people per 

year, accounting for 15% of AEDS-related mortality (Rajasingham et al. 2017). However, the 

mortality rate can be as high as more than 75% in the Sub-Sahara African countries. The 

major reason for its more prevalence in African and South-East Asian countries is the lack of 

preventive measures in these countries. Although Cryptococcus infections are predominant in 

immunocompromised people like HIV-AIDS patients, they occasionally do infect 

immunocompetent patients. Cryptococcal infection is also prevalent in patients with solid 

organ transplants who are under steroid and immunosuppressive medication. Due to recent 

outbreak of Cryptococcosis in otherwise healthy individuals in North America and Canada 

(f)opularly known as Pacific Northwest outbreak), the focus has been shifted to certain 

lineages that may act as primary pathogens (Kidd et al. 2004). The main species involved in 

this outbreak was found to be C. deuterogattii (earlier known as C. gattii VGII). 
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Cryptococcus species complex in genomics era 

The first species whose genome was sequenced from the Cryptococcus species 

complex was C. deneoformans (earlier known as C. neoformans var. neoformans) (Loftus et 

al. 2005). The sequencing data revealed that C. deneoformans has a 20 Mb haploid genome 

with over 6,500 genes which are rich in introns. The genome spans over 14 chromosomes of 

sizes ranging between 700 kb to 2.3 Mb. Approximately 5% of the genome is occupied with 

transposons, most of which were proposed to cluster near telomeres and putative 

centromeres. Based on the bioinformatics analysis, the centromeres in C. deneoformans are 

predicted to be large regional centromeres spanning a size range of 15-60 kb. Recently, 

genomes of C. neoformans (earlier known as C. neoformans var. grubii) and C. gattii (earlier 

known as C. neoformans var. gattii) were sequenced (D'Souza et al. 2011, Janbon et al. 

2014). A comparison of C. neoformans and C. deneoformans genomes revealed 85-90% 

similarity and high level of collinearity. Comparison of C. deneoformans with C. gattii 

genome showed 85-87% similarity among these two species with few major rearrangement in 

the genome with respect to each other (D'Souza et al. 2011). The genome sequencing of the 

three Cryptococcus species revealed certain differences between these species. One of the 

main differences found was the absence of genes essential for functional RNAi in C. 

deuterogattii (Feretzaki et al. 2016). These genes are present in all other species of the 

Cryptococcus species complex. Genome level studies also revealed the presence of a 

tetrapolar mating type {MAT) locus in non-pathogenic species of Cryptococcus species 

complex and a bipolar MAT locus in pathogenic species (Findley et al. 2012). The tetrapolar 

mating system comprises of two MAT loci, one encoding pheromones and pheromone 

receptor genes (the P/R locus) and the other encoding transcription factors that govern sexual 

development (the HD locus). These two MAT loci are located on different chromosomes and 

segregate independently during sexual reproduction (Ni et al. 2011, Heitman et al. 2013). On 
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the other hand, in bipolar mating system, the two MAT loci (HD and P/R) are physically 

linked and located on the same chromosome. 

Ustilago species complex 

Ustilago species complex also belongs to the phylum Basidiomycota and consists of 

major plant pathogens like Ustilago maydis, Ustilago hordei and Ustilago bromivora. All 

these three species infect grass family plants (maize, barley etc.) causing smut diseases and 

are of considerable economic importance. Among the three species, U. maydis has been 

studied extensively with respect to its pathogenesis as well as the cell biology aspects (Perez-

Martin et al. 2006, Brefort et al. 2009, Snetselaar and McCann 2017). The 20.5 Mb genome 

of U. maydis is distributed in 23 chromosomes and was sequenced in 2005 (Kamper et al. 

2(X)6). Unlike Cryptococcus species, the yeast-like form of U. maydis is unable to cause 

disease (Brefort et al. 2009, Lanver et al. 2017). The infectious stage is generated when two 

cells of opposite mating type {a and b) come together to form dikaryons. These dikaryons 

germinate into hyphae on maize leaves initiating the infection, and hence establish a 

biotrophic interaction with host. The genome of U. hordei, the fungus causing covered smut 

of barley, was sequenced in 2012 that revealed a number of differences with that of U. 

maydis (Laurie et al. 2012). One of the striking observations was the selective loss of the 

functional RNAi machinery genes in the U. maydis genome (Laurie et al. 2008, Laurie et al. 

2012). The comparison also revealed that U. maydis has lost most of the transposons from its 

genome that are significantly enriched in the U. hordei genome (Laurie et al. 2012). More 

recently, the genome sequencing of U. bromivora (fungus infecting Brachypodium species of 

grass) was performed which suggested its evolutionary closeness to U. hordei than U. maydis 

(Rabe et al. 2016). Similar to U. hordei, U. bromivora was also found to harbour genes 

required for functional RNAi and a significant level of transposons. Thus, this group of three 
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Figure 1.16 Life cycle of UstUago maydis. The shaded area indicates processes that are absolutely 
dependent on the presence of the plant. The red and blue nuclei represents different mating types (a 
and b). After mating, Ustilago forms dikaryon structures which generates hyphae and invades the 
plant leaves. Karyogamy and meiosis takes place within the plant tissue. In the centre of the 
diagram an infected com ear with typical disease symptoms is shown. In the lower part the tumour 
is ruptured and reveals massive amounts of black teliospores representing the diploid spores. These 
diploid spores germinate and undergo meiosis to produce haploid sporidia. [Figure adapted from 
(Feldbrugge^ra/. 2004)] 

species presents a case where two species harbour functional RNAi machinery while it was 

lost in the third one, a scenario similar to Cryptococcus species complex. 

Summary of the current work 

In this work, we identified and characterized centromeres and studied their structural 

organization in a group of Cryptococcus species of the fungal phylum Basidiomycota. 
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Further, we examined the spatio-temporal dynamics of the centromere-kinetochore complex 

in one of these species, Cryptococcus neoformans, an opportunistic pathogen that infects 

immunocompromised as well as immunocompetent people worldwide. 

Since centromeres have been shown to be evolving rapidly, we were interested in 

studying centromere evolution in closely related Cryptococcus species. Thus, we sought to 

identify centromeres in four species of the Cryptococcus species complex (Table 1.2). 

Chromatin immunoprecipitation (ChIP), with conserved kinetochore proteins CENP-A and 

CENP-C, followed by next generation sequencing (ChlP-seq) or qPCR was used to identify 

and/or validate the centromeres. This analysis led to the identification of large regional 

centromeres in all four Cryptococcus species. In all cases, each centromere resides in a long 

ORF-free and transcriptionally silent region on the respective chromosome. Sequence 

analysis of centromere DNA sequences revealed that they are enriched with retrotransposons. 

Retrotransposons present in the pathogenic species of the Cryptococcus species complex 

differ from those present in the non-pathogenic species hinting that centromeres are evolving 

rapidly in the Cryptococcus species complex. 

Among the pathogenic species in Cryptococcus species complex, one of the species 

was known to be RNAi-deficient (R265) whereas the other two are RNAi-proficient (H99 

and JEC21). We discovered a correlation between the presence of the RNAi machinery in the 

genome and the length of the centromere of the respective species - the centromere length in 

the RNAi-deficient species is significantly reduced as compared to the RNAi proficient 

strains. Comparison of retrotransposons present in centromeres of the three pathogenic 

species revealed that RNAi proficient species harbour a set of full-length retroelements; the 

RNAi-deficient species, on the other hand, completely lacks them. Using an experimental 

evolution based approach, we showed that in the RNAi mutants of H99, that usually 

possesses long retrotransposon-rich centromeres, undergo structural alterations across the 
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Species Host Genome size Number of RNAi 
chromosomes ^̂ ^̂ ĵtatuiŝ  

C.amylolmtus None 20.3 Mb 14 Present 

C neofortnaris 

C. detieofortnaus 

C. deiiterogattii 

U. viaydis 

U. hordei 

U. broniivora 

Human 

Human 

Hiunan 

Maize 

Bailey 

Brachvpodiutii 

18.9 Mb 

18.5 Mb 

18.5 Mb 

19.8 Mb 

21.1Mb 

20.5 Mb 

14 

14 

14 

23 

23 

23 

Present 

Present 

Absent 

Absent 

Present 

Present 

species 

Table 1.2 Tlie fungal species under study. The fungal species studied in this report along with 
their hosts, genome size, number of chromosomes and status of RNAi is mentioned. 

centromere regions. Using in silico analysis based on a specific set of properties of 

centromeres, we also identified centromeres in three Ustilago species - another 

basidiomycetous species complex which are major plant pathogens. Like Cryptococcus, 

RNAi is lost in one of the three species in Ustilago species complex. Comparison of putative 

centromere length in the three Ustilago species revealed that the RNAi-deficient species ((/. 

maydis) has shorter centromeres than those of the RNAi-proficient species (U. hordei and U. 

bromivora). Taken together, we could identify centromeres in six pathogenic basidiomycetes 

belonging to two different species complexes. Both species complexes consist of one RNAi-

deficient species with shorter centromeres compared to those of the RNAi-proficient species. 

Based on these observations, we conclude that RNAi components may be shaping up the 

structure of the centromere in basidiomycetous yeast species. 

Subsequently, we explored the basic organization of components of the mitotic 

machinery in C. neoformans. Some of the evolutionarily conserved constituent proteins of the 

chromosome segregation machinery were chromosomally tagged with either GFP or mCherry 
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and their localization dynamics were studied using live-cell imaging. These experiments 

showed that in C. neoformans nuclear division occurs in the daughter bud unlike in other 

budding yeasts where it takes place in the mother cell. Our experiments also revealed that 

microtubules in C. neoformans are cytoplasmic during interphase but they were mostly 

nuclear localized during mitosis. Real-time imaging of multiple kinetochore proteins revealed 

a step-wise assembly of kinetochore complex in this organism. To understand the difference 

in the site of the nuclear division - at the mother cell in most ascomycetous budding yeasts (5. 

cerevisiae) versus the same in the daughter cell in a basidiomycetous yeast (C neoformans), 

we developed a computational model to simulate mitosis in both fungal phyla using the 

published data. The model correctly predicted that the number of cytoplasmic microtubules 

(cMTs) defines the site of nuclear division in budding yeasts, which was validated 

experimentally by counting numbers of cMTs in both groups of fungi. 

Kinetochores in C. neoformans were found to be unclustered during interphase and 

they begin to cluster as a cell begins to enter mitosis. The MT depolymerisation experiments 

indicated that microtubule integrity is essential for kinetochore clustering in this organism. 

However, the absence of nuclear microtubules during interphase hinted towards an indirect 

interaction between the kinetochores and microtubules. Hence, the possible role of the SUN-

KASH protein complex, which forms a bridge across the nuclear envelope, was examined in 

kinetochore clustering. Co-localization of the SUN-domain protein, Sadl, with a kinetochore 

protein (CENP-A) revealed their close association at all stages of the cell cycle. A null 

mutant of Sadl in C. neoformans could be generated but almost 50% of the sadl null cells 

remained inviable. These cells also showed gross chromosome segregation defects (in 

approximately 50% cells) and a significant delay in kinetochore clustering compared to the 

wild type. Together, these results uncover a novel function of the SUN domain proteins in 

mediating spatio-temporal dynamics of kinetochore clustering in C. neoformans. 

56 



RlSULTi 

57 



2 . Evolution of centromeres in the Cryptococcus 

species complex 
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Centromeres form the site of the kinetochore formation in all organisms. In most 

organisms, the site of kinetochore formation is defined by the presence of the centromere 

specific histone H3 variant, CENP-A. Hence, identification of CENP-A binding sites should 

reveal the centromere locations in an organism. Along with CENP-A, CENP-C is also known 

to localize at the functional centromeres in most organisms. Here, we identified centromeres 

in four different species of Cryptococcus species complex by performing chromatin 

immunoprecipitation (ChIP) using CENP-A or CENP-C or both. The species chosen include 

a non-pathogenic species, Cryptococcus amylolentus (CBS6039) and three pathogenic 

species - Cryptococcus neoformans (H99), Cryptococcus deneoformans (JEC21) and 

Cryptococcus deuterogattii (R265) (Figure 2.1). Once identified, the underlying DNA 

sequences were analysed for the presence of repeats or transposons in them. This study 

revealed that centromeres in Cryptococcus species are large regional and enriched with 

retrotransposons. The retroelements present in non-pathogenic species were found to be 

different from the one in pathogenic species. 

Among the pathogenic species, R265 lost key components of the functional RNAi 

machinery (Feretzaki et al. 2016). We found that RNAi-deficient R265 harbours significantly 

shorter centromeres as compared to the RNAi-proficient species H99 or JEC21. We also 

predicted centromeres in the Ustilago species complex, a group of plant pathogens in 

C. amylolentus {CQS6039} 

C. neoformans {H99) 

C. deneoformans (iECll) 

18.5 MYA 

37MYA 

C deuterogattii(R2es) 

Figure 2.1 A phylogram showing the Cryptococcus species studied. 
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Basidiomycota, and observed a similar correlation between the loss of RNAi and shortening 

of centromeres. Overall, this study provides evidence of the structural evolution of the 

centromere in an RNAi-dependent manner in two groups of pathogenic species. 

C. amylolentus harbours large regional centromeres 

CENP-A is the centromere specific histone H3 variant and has been widely used to 

identify centromeres (Sanyal et al. 2004, Kapoor et al. 2015, Chatterjee et al 2016). First, we 

performed CENP-A ChlP-seq analysis using strains derived from CBS6039 where CENP-A, 

a conserved kinetochore protein, was tagged with mCherry. Specifically, we identified 

CENP-A in C. amylolentus (Figure 2.2A) and then randomly inserted a genetic construct 

expressing an mCherry-CENP-A fusion protein into the CBS6039 genome. Live cell imaging 

at different stages of mitosis revealed that CENP-A localized as multiple puncta in unbudded 

cells and appears as a single puncta in dividing cells (Figure 2.2B). ChIP pull-down using 

anti-mCherry (CENP-A) antibodies in CBS6039, and subsequent sequencing of the ChIP 

DNA was performed using the Illumina platform. ChlP-Seq reads were then mapped back 

onto the CBS6039 genome. In most cases only one region of -10-20 kb in length was found 

to be significantly enriched on each of the 14 chromosomes, suggesting that these regions are 

centromere regions on their respective chromosomes (Figure 2.2C and D). We observed a 

region with only modestly enriched ChlP-seq reads on CBS6039 chromosome 1. This is 

likely due to the fact that the chromosome 1 scaffold was artificially fused together from two 

individual scaffolds based on evidence from chromoblot analysis and the presence of 

repetitive elements at one end of each of the two initial scaffolds. Thus, it is possible that the 

centromere DNA sequence of chromosome 1 is not completely annotated in the current 

assembly of CBS6039. We also observed an additional minor CENP-A enrichment peak on 
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03810 M A R T V T S P N R A G G R S S L N D A G R P R A G P S G G G K I T S 

WTARKSTGGKAP 
KKTARKSTGGKAPR 
BTARKSTGGKAP 

20 
I 

K^LAJIJK 
IK 

Gjai 
KQlLA 

GP 

3 0 

00732 
03427 
03810 

00732 
03427 
03810 

TTAAAAGGV 

APSQVSGGV 

. . . P N D P A P 

9 0 

ASAD|AQE| 

KHDJ 

K i i D I 

1 0 0 1 1 0 1 2 0 1 3 0 

gWtAjGLG 

mCh-CENPnA c 
— 
"-

( am n 

i" 
— 

• ^ 
-. 
-

U 

Ctirl 

Chr« 

^ ^ . 
Chr11 

Chr2 

Chr7 

. . . 1 . 
CMMjtaaJI 

Chr12 

Chr4 ChrS 

• • - ^ ' - * ^ 

Chr8 ChrS ChrlO 

-1 
Chrn 

L 
ICENP-A 

Input 

1280000 1270000 1280000 

P B | ^ ^ P c B a a M 9 j d < r o i n _ 4 

200H kJ 

0 -i I ,..J-MBiBlg|fc-B;-5^-!j 

129O0MDOOO 990000 1000000 

CBS6039 chfom S 

1050000 1080000 

CaS6039_chiom 6 

1070000 

J-A. 
280000 270000 

CBS6039_ct<nini_7 

350000 380000 

C8S8039_c»ironi_8 

370000 800000 810000 820000 830000 

CaSSOaS ctmni 9 V 

610000 630000 640000 

CBS6039_chrom_13 CeS6039 d«em 14 
400-
300-
200-
100-

0 - T - ilL^ 
' " ^ ICENP-A 

Input 

810000 620000 630000 640000 
Position 

650000 570000 

Figure 2.2 Identification of centromeric regions in the CBS6039 genome. (A) Sequence alignment 
of C. amylolentus CENP-A protein sequence with histone H3 sequences. (B) Live cell direct 
fluorescence microscopy images of centromere binding protein CENP-A at three different stages of 
the mitotic cycle. (C) Dlustration of read depth of the mCherry-CENP-A ChlP-seq data along each 
of the 14 chromosomes in the CBS6039 genome. (D) Plots of read depths when mCherry-CENP-A 
ChlP-seq data were mapped against the CBS6039 genome assembly are presented. All of the 
centromeric regions identified in the CBS6039 genome (except for chromosome 1, see Results for 
more details) showed significantly enhanced read depth when compared to flanking non-
centromeric regions. Red plots (chipD) are based on signals obtained from ChlP-seq analysis, 
while blue plots (contD) indicate the input DNA control. 
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chromosomes 9 and 10 (Figure 2.2C). However, the minor peak on chromosome 9 was 

located at the end of the chromosome, lilcely in the telomeric region. Additionally, in both 

cases the minor peaks overlapped with signal enrichments in the reads of total DNA controls, 

suggesting these peaks are likely false positives due to unique features of those chromosomal 

regions (e.g. telomeric repeats). Thus, our ChlP-seq data provide evidence that the 

centromeres in C. amylolentus are regional. 

C. amylolentus centromeres contain centromere specific retrotransposons 

To further define the C. amylolentus centromeric loci, we pursued a second approach 

to apply bioinformatics to identify the longest region on each of the chromosomes in the 

CBS6039 genome that is ORP-free and contains repetitive elements. One such region was 

identified on each of the 14 chromosomes in the CBS6039 genome. The length of these 

bioinformatically predicted centromeric regions ranged between 22,371 bp and 48,379 bp, 

and their locations overlapped with the chromosomal regions that showed the most 

significant enrichments in the ChlP-seq analysis, strengthening the assignment of these 

regions as centromeres (Table 2.1). We also identified six different retrotransposons in the 

CBS6039 genome that are specific for these centromeric regions, which are named as 

transposons in centromeres 1 - 6 (Tcenl - Tcen6; Figure 2.3A). While Tcenl contains only 

long terminal repeats, all of the other five Teen elements (Tcen2 - Tcen6) contain genes 

typically found in retrotransposons, such as those encoding RNaseH, reverse transcriptase, 

and integrase (Figure 2.3A). Each of these six Teen elements could be found in an apparently 

complete sequence in at least one centromere. Moreover, all of the centromeres contained 

multiple additional fragments of different Teen elements (Figure 2.38). We also examined 

the transcriptional status of centromeres by analysing the polyA RNA. The RNA-seq analysis 
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CENl 

CEN2 

CEN3 

CEN-t 

CEN5 

CEN6 

CENT 

CENS 

CEN9 

CENIO 

CENll 

CEN12 

CEN13 

CENI4 

CEiV flanking Left 
ORF (coordinates) 
CRAM_01_00527 
1259704-1261928 
CRAiM_02_01330 

979876-981299 
CRAM_03_02287 
1036140-1037292 
CRAM_04_02687 

227481-229236 
CR-\M_05_03401 

330603-332936 
CRAM_06_04254 

787089-788876 
CRAM_07_05012 
1122672-1123409 
CRAM_08_05536 

894669-897481 
CRAM_09_06076 

821096-822472 
CRAM_10_06607 

864022-866478 
CRAM_11_06993 

610980-612932 
CR.\M_12_07424 

467138-468905 
CRAM_13_07946 

601369-603529 
CRAM_14_08367 

567428-570174 

ORF-free region 
(length in bp) 

1261929-1292020 
(30.091) 

981300-1003798 
(22.498) 

1037293-1069522 
(32.229) 

229237-277616 
(48.379) 

332957-371191 
(38.234) 

788876-828761 
(39.884) 

1123410-1157926 
(34.516) 

897482-919853 
(22.371) 

822473-859020 
(36.547) 

866479-897364 
(30.885) 

612543-649121 
(36.578) 

468906-513539 
(44.634) 

603530-642666 
(39.136) 

570175-602631 
(32.456) 

CEiVflanldng Right 
ORF (coordinates) 
CRAM_01_00532 
1292021-1293761 
CR,AM_02_01332 
1003799-1005713 
CRAM_03_02295 
1069523-1072581 
CRAM_04_02698 

277617-281635 
CRAM_05_03407 

371192-372988 
CRAM_06_04263 

828760-831955 
CRAM_07_05014 
1157927-1159434 
CIL^I_08_05544 

919854-923991 
CRAM_09_06084 

859021-860507 
CRAM_10_06614 

897365-902058 
CRAM_11_07006 

649122-650987 
CRAM_12_07432 

513540-516248 
CRAM_13_07951 

642667-654553 
CRAM_14_08371 

602632-603681 

Table 2.1 Coordinates of the centromere and its flanking ORFs in C. amylolentus. Some ORFs 
present in centromere regions were not considered for analysis due to tiieir similarities with 
transposons or dubious nature of ORFs. ORFs which are < 200 aa long are not taken into 
consideration. 

of the CBS6039 whole transcriptome revealed the absence of polyA RNA from all 14 

centromeric regions identified in the CBS6039 genome (Figure 2.3C). 

Combined together, we conclude that these are bona fide centromere regions on each 

chromosome in CBS6039. Each of these regions is the binding site of the centromeric histone 

CENP-A, is depleted of ORFs and enriched with retrotransposons and their remnants, and 

showed significantly reduced levels of transcription (Figures 2.2 and 2.3). 
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Figure 2.3 Identification and characterization of centromeric regions in the CBS6039 
genome. (A) The diagram depicts the structures of the six unique centromere specific LTR 
retrotransposons, Teen (Transposons in centromeres) 1 - 6, identified in the C amylolentus 
centromeric regions. While Tcenl contains only Long Terminal Repeats (LTRs, shown in grey), all 
of the other five Teen elements consist of various genes/domains found in retrotransposons (RH, 
RNaseH; RT, Reverse Transcriptase; INT, tategrase). On the far right are the corresponding 
centromeres in the CBS6039 genome within which the full-length Teen elements have been 
identified. (B) Schematic illustrating the distributions of the six Teen elements, as well as their 
remnants, on the identified centromere regions in the CBS6039 genome. These intervals were 
defined as the longest ORF-free regions on the respective chromosomes and contain mostly 
retrotransposons or their remnants, and show enrichment of CE^JP-A binding based on ChlP-seq 
analyses. (C) RNA-seq analysis reveals that the identified CBS6039 centromere regions also had 
significantly reduced levels of transcriptional activity when compared to flanking non-centromeric 
regions. The blue bars indicate RNA-seq read depth. 
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Pathogenic Cryptococcus species harbour large regional centromeres 

Next, we sought to identify the centromeres experimentally in three pathogenic 

species (represented by H99, JEC21, and R265) of the Cryptococcus species complex 

including verifying centromere locations predicted earlier in JEC21 (Loftus et al. 2005). 

To achieve this goal, two of the evolutionarily conserved inner kinetochore proteins, 

CENP-A and CENP-C, were identified in each of the three species (Figure 2.4A and B). Both 

the proteins were tagged with mCherry and showed localization patterns same as C. 

amylolentus (Figure 2.4C and D). To identify functional centromeres in H99, we performed 

CENP-A and CENP-C chromatin immunoprecipitation (ChIP) followed by deep sequencing 

(ChlP-seq). ChlP-seq analysis revealed overlapping binding of both proteins at a single locus 

on each of the 14 chromosomes of H99 (Figure 2.4E). The binding patterns of both the 

proteins were identical and spanned across the ORF-free regions in most chromosomes 

(Figure 2.5A). The length of the CENP-A and CENP-C bound regions varied from 20 kb to 

40 kb in H99 unlike centromeres of other fungi where the CENP-A-bound region remains 

nearly constant across chromosomes (Roy and Sanyal 2011). It is important to note here that 

centromeres in H99 are not yet completely assembled and contain a few sequence gaps in the 

current assembly. We attempted to close these gaps by PacBio as well as Sanger sequencing 

(see Materials and Methods for detail). This resulted in a significant improvement of the 

genome assembly as we could close the sequence gaps in 11 out of 14 centromeres leaving 

only CEN3, CENll, and CEN14 with remaining sequence gaps. 

The H99 genome shares a high level of gene synteny with that of JEC21 (Figure 

2.5B) (Janbon etal. 2014). By performing synteny analysis across centromere flanking 

regions of H99, we were able to predict putative centromeres in JEC21 (Table 2.2). The 

predicted regions were large ORF-free and map to regions earlier predicted as centromeres in 

JEC21. CENP-C ChlP-qPCR confirmed authenticity of each of these regions as functional 
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Figure 2.4 Identification of centromeres in H99. (A) Alignment of CENP-A proteins in R265 
(ORF no. CNBG_0491), H99 (CNAG_00063), and JEC21 (CNA00540). The C-terminal region of 
CENP-A carries the conserved his tone fold domain (HFD). (B) Multiple sequence alignment of 
CENP-C proteins in R265 (CNBG_4461), H99 (CNAG_05391) and JEC21 (CNH0O580) revealed 
conservation of the CENP-C box and the DNA binding "Cupin" domain in these three species. (C 
and D) The sub-cellular localization patterns of two conserved kinetochore proteins, CENP-A and 
CENP-C, at various cell cycle stages in H99, JEC21, and R265. Bar, Sum. (E) ChlP-seq analysis 
by CENP-A or CENP-C identified the location of the centromeres on each chromosome of H99. 
The additional CENP-A IP peak, appearing on chromosome 2, is probably an experimental artifact 
because any enrichment for CENP-C was not detected in the same region. 

centromeres in all 14 chromosomes in JEC21 (Figure 2.5C). We obtained a significant 

enrichment of CENP-C using two distantly placed primers on each of the 14 centromeres 
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Figure 2.5 The Cryptococcus species complex lias large regional type centromeres. (A) 
Overlapping binding of CENP-A (red) and CENP-C (green) on each of the 14 chromosomes of 
H99 as revealed by ChlP-seq analysis of these proteins. An 80 kb DNA sequence harbouring the 
centromere is shown here for each of the 14 chromosomes. (B) A circular map showing synteny 
between the H99 and JEC21 genomes. (C) CENP-C (mCherry)-ChlP-qPCR analysis confirmed 
enrichment of CENP-C on the predicted centromeres in JEC21. Fold enrichment was normalized to 
a non-CfA' region, the level of which is marked by the dotted line in the graph. Error bars represent 
standard error of mean (SEM). 

as compared to a non-centromeric locus. 

R265 is the C. deuterogattii strain used as a representative of the third species in this 

study from the Cryptococcus pathogenic species complex (Lin and Heitman 2006). Although 
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C. neoformam 
(H99) 
Chrl: 

970169-1006931 
(36763) 

Chr2: 
835384-889427 

(54044) 
Chr3: 

1378288-1409632 
(31345)# 

Chr4: 
708804-752337 

(43534) 
Chr5: 
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Chrl3: 
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Chrl4: 

441845-477986 
(36141)# 

C. deneoformam 
(JEC21) 

NC_06670: 
937505-998182 

(60677) 
NC_06684: 

855280-905374 
(50094) 

NC_06680: 
139615-178627 

(39012) 
NC_06681: 

129330-176311 
(46981) 

NC_06686: 
220960-273717 

(52757) 
NC_06687: 

777728-854403 
(76675) 

NC_06691: 
863695-936334 

(72639) 
NC_06692: 

882181-912116 
(29935) 

NC 06694: 
323826-388577 

(64751) 
NC_06679: 

802162-882405 
(80243) 

NC_06685: 
801507-911882 

(110375) 
NC_06682: 

122048-182012 
(59964) 

NC_06683: 
569940-644450 

(74510) 
NC 06693: 

706065-761098 
(55033) 

r. deuterogattii(R265)* 
GenBank assembly 

SC2.1: 
549793-562116 

(12323) 
SC2.3: 

1245675-1264837 
(19162) 
SC2.10: 

161351-172304 
(10953) 

SC2.12: 0-8787 
-SC2.25:0-9197 

(17984) 
SC2.2:0-394 

^SC2.21:0-9330 
(9724) 

SC2.9:0-7641 
+ SC15:577279-579555 

(9917) 
SC2.4: 

804895-822827 
(17932) 
SC2.5: 

820773-828700 
(7927) 
SC2.6: 

400001-411645 
(11644) 
SC2.17: 

225860-239542 
(13682) 

SC2.7: 1115845-1125223 
-̂  SC2.8:0-4505 

(13883) 
SC2.13: 

88902-104251 
(15349) 
SC2.14: 

98814-112148 
(13334) 
SC2.11: 

341109-350585 
(9476) 

PacBio assembly 
tigOOOOOOOS: 

912944-925244 
(12300) 

tig00000007: 
^03965-722663 

(18698) 
tig00000035: 

163633-177826 
(14193) 

tigOOOOOOOl: 
1470842-1484371 

(13529) 
tig00000040: 

198793-218003 
(19210) 

tig00000020: 
580177-593699 

(13522) 
tig00000017: 

487975-505882 
(17907) 

tig00000023: 
821976-830744 

(8768) 
tig00000016: 

814298-825988 
(11690) 

tig00000031: 
204951-218719 

(13768) 
tigOOOOOOOO: 

1120186-1141240 
(21054) 

tig00000022: 
92971-107066 

(14095) 
tig00000038: 

105649-120839 
(15190) 

lig00000033: 
360990-370343 

(9353) 

Table 2.2 The centromere coordinates in the H99, JEC21, and R265 isolates. 
*in the absence of a chromosome-wise genome assembly of R265, supercontig (SC) numbers are 
noted for the GenBank assembly and scaffold numbers (tig...) are noted for the PacBio assembly. 
The numbers in brackets denote the length of the centromere in basepair (bp). 
# Centromeres with gaps and hence the actual length may be longer than estimated here. 

there are 14 chromosomes, CENP-C (mCherry)-ChlP-seq analysis yielded 16 binding peaks 

in the publicly available genome assembly of 27 supercontigs in R265 (Figure 2.6A). In our 
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Figure 2.6 Identification of centromeres in R265. (A) CENP-C (mChen7)-ChIP-seq analysis 
identified locations of centromeres in R265. (B) Synteny analysis between the H99 and R265 
assemblies showed a number of breaks in the current R265 assembly. As is evident, only 5 of the 
H99 orthologous chromosomes are entirely covered in the R265 assembly. (C) A synteny map 
showing a comparison of two R265 genome assemblies: one firom GenBank and the other a de 
novo PacBio assembly. 

analysis, we found that 4 centromeres were broken in the current assembly (Table 2.2). 

Whole genome comparison between H99 and R265 revealed a number of rearrangements, 

possibly due to poor assembly of R265 (Figure 2.6B). To improve the genome assembly for 
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Figure 2.7 PacBio sequencing revealed 14 centromeres in R265. (A) A comparison of the R265 
PacBio assembly with the H99 genome. (B) A diagram showing the 9 orthologous chromosomes 
of H99 that were completely assembled in the PacBio assembly of R265 with either no gap or a 
single gap. (C) CENP-C ChlP-seq analysis using the PacBio assembly revealed the locations of 14 
centromeres in the R265 genome. Scaffold numbers are noted in the brackets. 

R265, and also to obtain better coverage for centromeric regions, we performed PacBio 

sequencing for the R265 genome. The de novo assembly for R265 using PacBio sequencing 
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Figure 2.8 R265 harbours smaller centromeres than H99 and JEC21. (A) CENP-C (mCherry)-
ChlP-seq identified 14 binding regions among 27 scaffolds in R265 PacBio assembly. Only 
scaffolds with significant CENP-C binding are shown. A 30 kb region spanning the CENP-C-
bound region is shown for each scaffold. (B) The length of each centromere of the respective 
species was plotted. Each dot represents one centromere, and the horizontal red line depicts the 
mean centromere length of the corresponding species. (C) The presence of various 
retrotransposons across the centromeres in H99, JEC21, and R265. The diagrams are drawn to 
scale. Scale bar, 10 kb. 

generated 27 scaffolds. However, these scaffolds exhibited a number of disagreements with 

the current GenBank assembly (Figure 2.6C). Further, a comparison with the H99 genome 

revealed a number of rearrangements, similar to what we obtained with H99 genome 

comparison to the GenBank assembly (Figure 2.7A). Nevertheless, the PacBio assembly 

yielded fewer rearrangements than the GenBank assembly and provided completely 
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assembled homologous chromosomes/scaffolds for 9 out of the 14 H99 chromosomes (Figure 

2.7B). Previously, a report predicted that the H99 and R265 genomes have undergone an arm 

exchange involving chromosomes 1 and 2 (Janbon et al. 2014). The new PacBio assembly 

provides compelling evidence towards the proposal (Figure 2.7A and B). Next, we analysed 

our CENP-C ChlP-seq data using the PacBio assembly and obtained 14 binding peaks that 

each lie on a scaffold (Figure 2.7C, 2.8A and Table 2.2). Similar to H99, all of the 14 peaks 

mapped to ORF-free regions in the R265 genome as well. 

A comparative analysis revealed that the centromeres in R265 are significantly shorter 

with an average length of around 14 kb compared to those of H99 or JEC21, which have an 

average length of 44 kb and 62 kb respectively (Figure 2.8B and Table 2.2). Consequently, 

the CENP-C bound regions were also found to be shortened in R265 (5 to 15 kb) compared to 

H99 (20 to 40 kb). Thus, we conclude that the Cryptococcus species have CENP-A/CENP-C-

rich regional centromeres of varying length. 

Centromeric retrotransposons in pathogenic Cryptococcus species are 

different from C. amylolentus 

C. amylolentus centromeres are found to be enriched with retrotransposons. A 

previous study had predicted presence of retrotransposons (Ten 1, Tcn5 and Tcn6) in putative 

centromeres of JEC21 (Goodwin and Poulter 2001, Loftus et al. 2005). Thus, we sought to 

analyse the centromeric sequences of the experimentally identified centromeres in the 

pathogenic Cryptococcus species. Sequence analysis of the CENP-A/CENP-C bound ORF-

free centromere regions in all three species revealed the presence of retrotransposons, Tcnl-

Tcn6, of the Tyl/Ty3 family (Figure 2.8C). Based on these results, we conclude that 

centromeres in the pathogenic Cryptococcus species are large regional and rich in same 

retroelements. Combined together with synteny conservation, these results suggest that 
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Figure 2.9 Centromeric retrotransposons are diverged between pathogenic and non
pathogenic Cryptococcus species. (A) Schematic showing the structural architecture of the 
retroelements present in centromeres of C. neoformans (TCN1-TCN6) and C. amylolentus (Tcenl-
Tcen6). The maps are drawn to scale and some of the identified conserved ORFs are depicted. (B) 
Centromeric retrotransposons of C. neoformans (TCN1-TCN6) and that of C. amylolentus (Tcenl-
Tcen6) were subjected to multiple sequence alignment and the evolutionary history was inferred 
using the Neighbor-Joining method. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) is shown next to the branch. The tree is 
drawn to scale, with branch lengths in the units of the number of base substitutions per site. (C) 
The sequences of the centromeric retroelements present in C. neoformans and C. amylolentus were 
subjected to multiple sequence alignment using Clustal and the identity matrix was generated. 

neither the location nor the sequence elements of the centromeres diverged significantly 

among these closely related fungal species. However, these elements differ from the 

centromeric retroelements of C. amylolentus (Figure 2.9A). To further analyse the divergence 

among these retroelements, we performed multiple sequence aligimient of six elements of 

each group. Both the groups (pathogenic and non-pathogenic species) contain elements 

belonging to Tyl (INT-RT-RH) and Ty3 (DSfT-RH-RT) classes of retroelements. Two of the 

elements in C. amylolentus, Tcenl and Tcen3, could not be classified as Tyl or Ty3 since 
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they lack all the functional domains. While most of the elements of pathogenic species cluster 

together, two of them (Tcnl and Tcn6) align closer to retroelements of C. amylolentus 

(Figure 2.9B). This could mean that these two elements evolved from a common ancestral 

element while the others were acquired later once the two species diverged from each other. 

A pairwise alignment of each of the 12 elements with each other revealed very limited 

identity among these elements with a few exceptions (Tcen4- TcenS, Tcn3- Tcn4) (Figure 

2.9C). We believe that this low level of identity corresponds to identity of conserved ORFs 

which are present in these retroelements. Overall, these results confirm that centromere 

sequences between the pathogenic and non-pathogenic species of the Cryptococcus species 

complex diverged significantly. 

Loss of the RNAi machinery and shortening of centromere are correlated 

inR265 

Ago, Dcr and Rdp - the key proteins of the RNAi machinery are all present in H99 

and JEC21 but all are absent in R265 (Feretzaki et al. 2016). It was previously shown that 

RNAi suppresses transcription and transposition of retrotransposons including the Ten 

elements in the RNAi-proficient species H99 and JEC21 (Janbon et al. 2010, Wang et al. 

2010). A complete loss of RNAi in R265 might have led to an elevated level of transcription 

of retroelements leading to an increased transposition throughout its genome, including the 

centromeres. A recent study reported that putative centromeres of H99 are methylated at the 

DNA level (Huff and Zilberman 2014). Combining the available bisulfite sequencing results 

with our ChlP-seq results revealed that indeed centromeric DNA sequence of H99 is 

extensively methylated (Figure 2.10A). It was intriguing to find that the only DNA methylase 

coding gene, DNMT5, is found to be truncated in R265 (Figure 2.1 OB). To validate the 

absence of centromere DNA methylation, we performed genomic DNA restriction with 
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Figure 2.10 DNA methylation at the centromere is lost in R265. (A) Bisulfite sequencing 
analysis revealed DNA methylation at the centromeres of H99. Bisulfite sequencing data was 
obtained from a previous study (Huff and Zilberman 2014). (B) The DNMT5 ORF is truncated in 
R265 at the syntenic locus to that of H99 and JEC21. (C) Diagram to show the rationale of the 
assay used to determine DNA methylation status at the centromere. (D) PCR analysis revealed a 
lack of methylation at the centromere DNA in R265 unlike that of H99.'+' or ' - ' refers to the 
presence or absence of the restriction site of a specific enzyme respectively. Enzymes in red letters 
are CpG methylation-sensitive while others are not. One centromeric region {CEN6 for H99 and 
CEN9 for R265) and one non-centromeric region (Chrl: 1726512-1727921 for H99 and SC6: 
376524-377415 for R265) was subjected to the assay in H99 and R265. 

methylation sensitive as well as non-sensitive enzymes followed by PCR amplification 

(Figure 2. IOC). The methylation specific PCR results confirmed that DNA methylation is 

indeed absent at centromeres in R265 but present at H99 centromeres (Figure 2. lOD). It is 
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Figure 2.11 R265 harbours only truncated retroelements. (A) Distribution of retrotransposons, 
Tcnl- Tcn6, in centromeres and across the genome in H99, JEC21, and R265 is shown. (B) A bar 
diagram showing the distribution of full-length versus truncated retrotransposons at the 
centromeres in all three species. (C) A comparison of retrotransposon elements present in 
centromeres of RNAi-proficient and RNAi-deficient species. While both RNAi-proficient species 
(H99 and JEC21) possess a significant number of full-length retroelements, Tcnl- Tcn6, at the 
centromeres, the RNAi-deficient species (R265) harbours only truncated forms of the same in its 
genome. 

important to note that DNA methylation is known to suppress recombination in some 

organisms (Maloisel and Rossignol 1998, Mirouze et al. 2012, Yelina et al. 2015). 

To further investigate alterations in the centromere length observed, we performed a 

detailed analysis of the retrotransposons, Tcnl- Tcn6, in all three species. These 

retroelements are specifically enriched and mostly restricted (>95%) to centromeric regions 

in both H99 and JEC21 (Figure 2.11 A). In contrast, while 50% of the retroelements lie within 

the centromeres, the rest are found across the length of the chromosomes in R265. The most 

striking observation is that the centromeres in H99 and JEC21 harbor a significant proportion 

of full-length retroelements (20-30%), whereas the R265 genome is completely devoid of 

such elements (Figure 2.11B). Instead, retroelements present in R265 are only 

remnants/footprints of transposons (Figure 2.11C). They lack one or more of the essential 

domains (LTRs, reverse transcriptase, integrase) required for transposition activity, rendering 

them non-functional for further transposition. Thus, this analysis reveals that loss of RNAi in 
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Figure 2.12 RNAi provides stability of retrotransposon-rich genomic loci. (A) Schematic of 
experimental evolution performed using H99 wild-type (RDPl AGOl), rdplA and agolA mutants. 
(B) Chromoblot analysis revealed genomic rearrangements at the centromeres when RNAi mutant 
(rdpIA and agolA) strains were passaged for 1000 generations. Red stars indicate the length of 
Not! fragments expected in the wild-type strain H99. EtBr refers to ethidium bromide stained gels 
while CEN2, CEN7, CEN6, and CEN8 refer to blots developed using probes against the 
corresponding centromere fragment. 

R265 is correlated with the loss of full-length retrotransposons leading to an overall reduction 

in the length of the centromeres. 

By comparison with H99, genome of R265 can be seem to have lost additional genes 

besides key enzymes in the RNAi pathway (D'Souza et al. 2011, Feretzaki et al. 2016). To 

address specifically the effect of RNAi on centromere length regulation, we performed 

experimental evolution experiments. H99 and its derived RNAi mutants (rdplA or agolA) 

were grown for 1000 generations under standard laboratory conditions (Figure 2.12A). Next, 

we probed alterations of the centromere length by Pulsed-Field Gel Electrophoresis (PFGE) 

of genomic DNA isolated from the passaged strains and digested by rare-cutting restriction 

enzymes followed by Southern hybridization (This part of the work was done in collaboration 
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with Sheng Sun in Joseph Heitman's lab, Duke University, USA). By using chromosome-

specific probes, this analysis revealed frequent centromere length alterations in passaged 

RNAi mutants but not in the wild-type strain grown under similar conditions (Figure 2.12B). 

We analysed four different centromere regions and observed alterations in the centromere 

length in the independent single colonies isolated from the passaged mutants. Hence, the 

results of these experimental evolution studies suggest that centromeres are prone to 

structural alteration in the absence of regulatory factors, such as RNAi. Because centromeric 

transposons and RNAi are present in many organisms, it is possible that RNAi acts as a 

critical determinant of centromere evolution in other organisms as well. 

Centromeres in Ustilago species complex also show evidence of RNAi 

mediated length regulation 

To further strengthen our hypothesis towards the role of RNAi in the centromere 

evolution, we also identified centromeres in another basidiomycete species complex, the 

Ustilago species complex. Similar to the Cryptococcus species complex, the Ustilago species 

complex harbors three species where one species, U. maydis, has lost RNAi and DNMT5 

while U. hordei and U. bromivora harbour both the RNAi machinery as well as DNMT5 

(Laurie et al. 2012, Rabe et at. 2016). In Cryptococcus, centromeres are present in large 

ORF-free and poorly transcribed regions of the genome (Janbon et al. 2014). The 

centromeres in three Cryptococcus species are also syntenic with each other. Based on these 

parameters, we predicted centromeres in all three species of Ustilago complex by in silico 

analysis. A previous study in U. maydis has predicted its centromeres based on the presence 

of transposons and plasmid stability assays (Kamper et al. 2006). We combined those 

predictions with RNA-seq analysis and identified one ORF-free region in every chromosome 
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Figure 2.13 Centromeres in the Ustilago species complex. (A) Centromeres were predicted in U. 
maydis through parameters including the presence of transposons, lack of transcription and a long 
stretch of an ORF-free region. All the predicted centromeres are rich in HobS retroelements but 
poorly transcribed as revealed by the absence of polyA RNA. (B) Centromeres were identified in 
U. bromivora by synteny analysis with the U. maydis genome. The putative centromeres in U. 
bromivora are also poorly transcribed as shown by the lack of PolyA RNA from these regions. (C) 
The strategy adopted to estimate the length of centromeres in U. hordei was based on synteny with 
U. maydis centromere flanking regions. The synteny analysis was performed with the selected 
BAC clones of U. hordei since the current genome assembly is incomplete (See Materials and 
Methods for detail). The length of 18 of 23 centromeres was determined in the way as shown 
{CEN7 is shown as an example here). (D) A comparison of the putative centromere length in U. 
maydis, U. bromivora, and U. hordei. Only 18 centromeres are plotted for U. hordei whUe all 23 
are shown for both U. maydis and U. bromivora. Each dot represents one centromere, and the 
horizontal line depicts the mean value. 
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U. mavrfii co-ordinates 

Chrl: 672652-681079 
(8428) 

Chr2: 1723075-1739353 
(16279) 

Chr3: 446528-483667 
(37140) 

Chr4: 67583-79380 
(11798) 

Chr5: 627251-639414 
(12164) 

Chr6: 921977-929042 
(7066) 

Chr7: 838836-845933 
(7098) 

Chr8: 171427-191010 
(19584) 

Chi9: 142767-149931 
(7165) 

ChrlO: 131074-139218 
(8145) 

Chrll: 258406-267040 
(8635) 

Chrl2: 73829-95366 
(21538) 

Chrl3: 368081-397514 
(29434) 

Chrl4: 357506-373488 
(15983) 

Chrl 5: 262492-270546 
(8055) 

Chrl6: 410262-420966 
(10705) 

Chrl7: 90877-106428 
(15552) 

Chrl8: 70385-89661 
(19277) 

Chrl9: 526864-545420 
(18557) 

Chr20: 475200-479322 
(4123) 

Chr21: 321332-331632 
(10301) 

Chr22: 169493-183956 
(14464) 

Chr23: 232483-260749 
(28267) 

v. bromivora co-ordinates 

Chr2: 452858-488889 
(36032) 

Chr3: 1503289-1530560 
(27272) 

Chr4: 1374332-1396569 

aim) 
Chr5: 1889935-1915550 

(25616) 
Chrl: 480046-509128 

(29083) 
Chr6: 977201-998292 

(21092) 
Chr7; 76047-109059 

(33013) 
ChrS: 705381-726397 

(21017) 
ChrlO: 115367-133510 

(18144) 
Chrl4: 100466-137856 

(37391) 
Chrl5: 418425-445473 

(27049) 
Chrl2: 26281-53109 

(26829) 
Chrll: 263218-289903 

(26686) 
Chrl3: 352996-384709 

(31714) 
Chrl9: 238674-268065 

(29392) 
Chrl7: 109402-139667 

(30266) 
Chrl6: 63155-78285 

(15131) 
Chr20: 55817-83227 

(27411) 
Chrl8: 506603-548848 

(42246) 
Chr9: 707407-732237 

(24831) 
Chr21: 317190-350653 

(33464) 
Chr22: 160000-185505 

(25506) 
Chr23: 31187-58282 

(27096) 

U. hordei co-ordinates* 

Sc2: 1461689-1494602 
(32914) 

Sc3: 132303-174333 
(42031) 

N.D 

Scl2: 396214-427879 
(31666) 
K.D. 

Sc4: 1238539-1273654 
(35116) 

Sc6: 993198-1027945 
(34748) 

Scl4: 188704-2295 86 
(40883) 

Scl6: 576749-612953 
(36205) 

Scl2: 1237939-1276412 
(38474) 

Sell: 1148546-1180655 
(32110) 
N.D. 

N.D. 

SclO: 306600-340267 
(33668) 

Sell: 259150-294933 
(35784) 

Se29: 197725-223379 
a^6^^) 

Se7: 138981-170485 
(31505) 

Scl5: 76204-115173 
(38970) 

Scl8: 503310-570065 
(66756) 
N.D. 

Sc20: 385526-421512 
(35987) 

Se22: 300552-345151 
(44600) 

Se24: 324255-362781 
(38527) 

Table 2.3 The centromere coordinates in U. maydis, U. bromivora and U. hordei. 
Um and Ub chromosome numbei^ are as per available in NCBI genome assemblies. Uh 
coordinates are as per our Pac-Bio assembly. 
*in the absence of a chromosome-wise genome assembly of U. hordei, scaffold (Sc) numbers are 
mentioned. The numbers in brackets denote length of the centromere in basepair. 
N.D., Not determined 

as candidate centromere (Figure 2.13A, Table 2.3). The transcriptome data for U. maydis is 

available from a previous study (Kellner et al. 2014). For U. bromivora, we performed 
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synteny analysis with U. maydis genome and combined it with RNA-seq analysis of U. 

bromivora (Rabe et al. 2016). Both analyses revealed one region as putative centromere in 

each chromosome (Figure 2.13B). U. hordei BAC clone library along with PacBio 

sequencing was used to identify the centromeres and measure their length (Linning et al. 

2004, Bakkeren et al. 2006). Both these approaches revealed locations and lengths of 18 

putative centromeres in U. hordei (Figure 2.13C). Identification of centromeres in all three 

species revealed that RNAi-deficient U. maydis has shorter centromere (average length 12 

kb) compared to RNAi-proficient U. hordei (average length 36 kb) and U. bromivora 

(average length 27 kb) (Figure 2.13D, Table 2.3). Previous studies have reported that U. 

maydis harbours a lesser number of transposons than U. hordei and U. bromivora (Laurie et 

al. 2012, Rabe et al. 2016). These observations further confirmed the correlation between the 

loss of RNAi and a reduction in the centromere length. Overall, our study provides strong 

evidence towards the role of RNAi in maintaining the structure of centromeres. 
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3 . Organization of chromosome segregation 

machinery in C neoformans 
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The process of chromosome segregation is poorly studied in basidiomycetes. To 

better understand this process in basidiomycetes, we explored the basic organization of 

components of the mitotic chromosome segregation machinery in C. neoformans. Two major 

components of this machinery are a large macromolecular complex the kinetochores that 

assemble on the centromere DNA and the microtubules (MTs) that originate from the 

microtubule organization centers (MTOCs). Some of the constituent proteins of the 

chromosome segregation machinery were chromosomally tagged with either GFP or mCherry 

and expressed as fusion proteins to study their localization dynamics by time-lapse imaging. 

To achieve better understanding of the process, we also developed a mathematical model to 

simulate mitosis in basidiomycetous budding yeasts and compared them with that of 

ascomycetous as well. The model successfully replicated the key mitotic events in both 

classes of fungi. Predictions obtained by simulating the model were successfully validated by 

performing relevant experiments. 

Nuclear division in C. neoformans takes place in daughter cell 

First, we studied the dynamics of nuclear division in C. neoformans. The nucleus was 

marked by an ectopically expressed GFP histone H4, and its subcellular localization was 

studied. Histones are a constitutive component of chromatin and hence tracking them through 

the stages of cell division allows one to investigate the dynamics of chromatin. Live cell 

imaging with GFP-H4 revealed that, during mitosis, GFP-H4 signals transitioned entirely 

from the mother into the daughter cell through the mother-daughter neck (Figure 3.1 A). In 

the daughter cell, the area covered by the GFP-H4 signals was reduced by 66% as compared 

to the signals before GFP-H4 migrated through the neck suggesting significant chromatin 

condensation during mitosis. This was followed by the arrangement of the GFP-H4 signals in 

a double layered structure separated by a zone of no fluorescence (t= 25'20"). After staying 
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Figure 3.1 Chromatin dynamics in C. neoformans. (A) Dynamics of GFP-H4 in a live cell 
during the cell cycle. Initially, the signal was visible only in the mother cell. With progression of 
the cell cycle, the GFP-H4 moved to the daughter cell and arranged itself in a double layer 
structure which ultimately divided in two halves, one of which traversed back to mother cell and 
other half remained in the daughter cell. (B) Co-localization of the NE marked by GFP-Ndcl with 
a chromatin marker H4-mCherry at different stages of cell cycle showed that chromatin was 
enclosed into the NE throughout the cell cycle. Bars, 5 \xm. 

in that arrangement for 5-10 min, the nuclear division took place in the daughter cell. One 

part moved back to the mother cell while the other remained in the daughter cell. To follow 

localization of the nuclear envelope (NE) and chromatin together, we co-expressed mCherry-

tagged histone H4 and GFP-tagged Ndcl, a nuclear pore complex protein that localizes 

throughout the NE making it a tool to study dynamics of the nuclear membrane in most 

organisms (Stavru etal. 2006). In C. neoformans, GFP-Ndcl signals localized primarily to 

the NE while a small fraction of the fusion protein localized to other organelles such as the 

endoplasmic reticulum (Figure 3. IB). We speculate that the extra cytoplasmic signals might 

be a consequence of overexpression of the fusion protein GFP-Ndc 1. The co-localization of 

GFP-Ndcl and H4-mCherry showed the presence of the NE encircling chromatin throughout 
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the cell cycle (Figure 3.IB). During mitosis, GFP-Ndcl signals localized to both the mother 

and the daughter cell in a dumb-bell shaped structure. Thus, unlike chromatin, the nuclear 

envelope did not move entirely to the daughter cell, and half of it always remained in the 

mother cell itself. This observation is different with respect to another basidiomycetous yeast 

U. maydis where the NE does not surround chromatin during mitosis and chromatin alone 

moves to the daughter cell leaving behind the NE in the mother (Straube et al. 2005). 

Microtubule dynamics in C. neoformans 

Next, we sought to study the dynamics of MTs and MTOCs, two complexes essential 

for spindle formation during mitosis, in C. neoformans. We identified and epitope tagged a-

tubulin to track MTs and Spc98, the y-tubulin complex component, to study MTOCs in a 

strain in which chromatin was marked by H4. In interphase cells, MTs formed long strands in 

the cytoplasm and were seen to be excluded from the area covered by H4 (the nucleus) 

indicating that the MTs are absent from interphase nucleus. MT tips were arranged in an 

oriented direction towards the bud emergence site at the onset of mitosis (Figure 3.2A). This 

was followed by movement of both GFP-tubulin and H4-mCherry to the daughter cell. 

During mitosis, the MTs accumulated in the daughter cell and appeared as a bright rod-like 

structure in the middle of the chromatin doublet. With further progression of mitosis, the rod

like structure elongated to turn into a long spindle segregating chromatin into two halves 

(Figure 3.2A). MTOCs, marked by Spc98, showed similar localization patterns as puncta in 

the cytoplasm during interphase (Figure 3.2B). At the onset of mitosis, most of the Spc98 

signals coalesced and partially co-localized with the nuclear mass. The clustering of the 

Spc98 signals at the nuclear periphery represents activation of the spindle pole body (SPB) in 
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Figure 3.2 The dynamics of spindle structure in C neoformans. (A) Snapshots showing relative 
dynamics of microtubules and chromatin at various cell stages of the cell cycle in C. neoformans. 
The microtubules, marked by tubulin, formed a mesh in cytoplasm in interphase cells and do not 
localize with the nucleus, marked by H4. During mitosis, the microtubules were not visible in 
cytoplasm and show close association with chromatin. The spindle elongates to divide the 
chromatin during anaphase. (B) Co-localization of Spc98-GFP and H4-mCherry at various stages 
of the cell cycle. Spc98-GFP signal is present as multiple puncta in cytoplasm during interphase 
and interacts with chromatin only during mitosis. Bars, 5 jim 

this organism. In later stages, Spc98 signals clustered further onto the SPB and was seen 

leading the movement of the nuclear mass to the daughter cell. The Spc98 cluster then 

divided into two dots during mitosis, which further segregated during anaphase. Similar to 

chromatin, one clustered mass of Spc98 migrated back to the mother cell while the other half 

remained in the daughter cell. The dynamic localization patterns of MTs and MTOCs are 

similar to what has been reported in another basidiomycetous yeast, U. maydis (Steinberg et 

al. 2001, Straube etal. 2003). 

Identification and localization of kinetochore proteins 

To further study key mitotic events in this pathogenic basidiomycetous yeast, we 

identified and fluorescently tagged proteins with homology to known kinetochore subunits 

representing three functional layers of the kinetochore. The kinetochore proteins chosen for 
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Figure 3.3 Localization of kinetochore proteins in C. neoformans. (A) Evolutionarily conserved 
proteins representing three layers of fungal kinetochores were identified in C. neoformans. (B) 
Representative kinetochore proteins indicated in A were fluorescently tagged with mCherry 
(CENP-A, CENP-C, Mtwl and Dad2) or GFP (Dadl) and their localization was studied by 
confocal microscopy. Each protein shows typical kinetochore localization pattern as described 
previously in budding yeasts. Bar, 5 }im. 

this analysis included: 1) two inner kinetochore components, the centromere-specific histone 

CENP-A/Cse4 and CENP-C/Mif2; 2) the outer kinetochore proteins Misl2/Mtwl and two 

constituents, Dadl and Dad2, of the Daml complex (Figure 3.3A). In large budded cells 

(with the budding index of 0.8-0.9) in which nuclear division would have already occurred, 

each of these five fluorescently tagged proteins exhibited typical localization signals of a 

yeast kinetochore protein - two single dots: one in the mother and one in the daughter cell -

each representing clustered centromeres (Figure 3.3B). These results indicated that these 

proteins are indeed localized at the kinetochore in C. neoformans. 

Kinetochore assembly is a step-wise process in C. neoformans 

Next, we performed time-lapse imaging to follow the localization of the kinetochore 

proteins from all three kinetochore layers in C. neoformans. The persistent localization of the 

mCherry-CENP-A suggests that this protein is constitutively present at the centromere. 

CENP-C-mCherry showed nearly complete co-localization with GFP-CENP-A in all 

examined cells irrespective of the cell cycle stage (Figure 3.4A and B). Thus, the inner 
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Figure 3.4 Ordered kinetochore assembly in C. neoformans. (A) Two inner kinetochore 
proteins, GFP-CENP-A and CENP-C-mCherry, co-localized at all stages of the cell cycle. Both 
proteins co-localized as separate dots in unbudded cells (first column), and soon after cytokinesis 
(last column) but remained clustered during mitosis (middle three columns). (B) A 3-D 
reconstruction based on Z-stack images of an unbudded cell shows a complete overlap of GFP-
CENP-A and CENP-C-mCherry. (C) A middle kinetochore protein Mtwl-mCherry was not visible 
in cells where the inner kinetochore protein GFP-CENP-A was found as multiple non-clustered 
signals (the first and the last column). However, Mtwl-mCherry co-localized with clustered GFP-
CENP-A (middle three columns). (D) An outer kinetochore component GFP-Dadl became visible 
prior to mitosis when it co-localized with the inner kinetochore protein CENP-C-mCherry in a 
single cluster. (E) Co-localization of an outer (GFP-Dadl) and a middle (Mtwl-mCherry) 
kinetochore protein showed that GFP-Dadl was loaded onto the kinetochore later than Mtwl-
mCherry. GFP-Dadl was visible during mitosis (t=16 to 27 min) and disappeared soon after 
chromosome segregation while Mtwl-mCherry remained present (t=32 min). (F) Schematic 
showing ordered assembly of kinetochore proteins. Bars, 5 ̂ m (A, C, D, E) and 1 ^m (B) 

kinetochore in C. neoformans appeared to be centromere-associated throughout the cell cycle. 

In contrast, the outer kinetochore protein Mtwl-mCherry did not co-localize with GFP-

CENP-A in cells that showed unclustered GFP-CENP-A (Figure 3.4C). The Mtwl-mCherry 

signals were visible and co-localized with GFP-CENP-A at the time when GFP-CENP-A 

signals became a single dot in the mother cell prior to mitosis and the two proteins remained 
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co-localized until telophase (Figure 3.4C). Examination of cells expressing the inner 

kinetochore component CENP-C-mCherry and the outer kinetochore protein GFP-Dadl 

revealed that the timing of appearance of GFP-Dad 1 was similar to that of Mtw 1 -mCherry 

and coincided with clustering of CENP-C-mCherry (Figure 3.4D). Further investigation of 

the relative localization of the GFP-Dadl and the Mtwl-mCherry in the same cells revealed 

that the GFP-Dadl signals became visible later as compared to the appearance of Mtwl-

mCherry (Figure 3.4E). The signals of the GFP-Dadl were visible as a single dot co-

localizing first with Mtwl-mCherry in the mother cell, and remained until the division of the 

signals between the daughter and mother cell. Notably, while the Mtwl-mCherry dot signals 

were clearly visible in the mother and daughter cells later after nuclear division, GFP-Dadl 

was no longer visible at this stage (Figure 3.4E). Taken together, these data suggest that the 

assembly of the kinetochore in C. neoformans is an ordered process in which the CCAN 

proteins are assembled throughout the entire cell cycle. Components of the KMN network are 

incorporated prior to mitosis concomitant with centromeric clustering. Final assembly of the 

Daml complex occurs after centromeres are clustered and are ready to translocate into the 

daughter cell for the subsequent division of the genetic material (Figure 3.4F). To further map 

the timing of the KMN network and the Daml complex proteins assembly, we calculated the 

budding index of cells when proteins of different complexes showed a single cluster in the 

mother cell. Comparison of the KMN and the Daml complex proteins showed a significant 

difference in the appearance of these two complexes (Figure 3.5). While both CENP-A and 

Mtw 1, representing the CCAN and KMN complexes respectively, localized at the 

kinetochore when the budding index was around 0.4, Dadl, a Daml complex protein, was 

visible in cells only with a budding index of more than 0.6. This result along with microscopy 

shows that Mtwl localizes earlier than Dadl confirming that the kinetochore assembly in C. 

neoformans is a step-wise process. 
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Figure 3.5 Budding index analysis revealed difference in loading of the outer kinetochore 
proteins. A Daml complex component GFP-Dadl assembles at the kinetochore (B.I. 0.6) later 
than the KMN network protein Mtwl-mCherry (B.I. 0.4). Budding index was calculated for cells 
expressing either GFP-Dadl, Mtwl-mCherry or mCherry-CENP-A (n=100). In cells with the 
clustered kinetochore before mitosis budding index was significantly higher for GPT-Dadl as 
compared to Mtwl-mCherry (p=0.0001). 

The nuclear envelope partially disassembles during mitosis in C. 

neoformans 

Ordered kinetochore assembly and open mitosis are hallmarks of the metazoan 

mitosis. In order to probe the status of mitosis (open versus closed) in C. neoformans, we 

employed several approaches to determine the structural integrity of the NE during mitosis in 

C. neoformans. First, we followed the localization of the fluorescently tagged core nuclear 

pore protein Nupl07 (Boehmer et al. 2003) (This part of the work was done in collaboration 

with Lukasz Kozubowski in Joseph Heitman's lab, Duke University, USA). GFP-Nupl07 

showed dot-like punctate signals that outlined the NE (Figure 3.6A), similar to its localization 

as described in other fungal species but unlike the uniform dispersal of NPCs in metazoans 

(D'Angelo and Hetzer 2(X)8, Theisen et al. 2008). Interestingly, in non-dividing cells 

fluorescent dots of mCherry-CENP-A were often observed at or near the NE, as determined 

based on their proximity to the GFP-Nupl07 signals confirming that centromeres are 
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Figure 3.6 Dynamics of tlie nuclear envelope during mitosis in C. neoformans. (A) 
Localization of tiie nuclear pore complex protein Nupl07 tagged with GFP and mCherry-CENP-A 
indicates that centromeres are present at the nuclear periphery. (B) A 3D reconstruction of images 
of two cells from A and the model show that GFP-Nupl07 and mCherry-CENP-A do not co-
localize at the NE. (C) Time-lapse analysis of GFP-Nupl07 and mCherry-CENP-A revealed that 
GFP-Nupl07 is not present on the NE during mitosis (time 9 to 11.15), suggesting that NPCs 
disassemble at the time of mitosis. After centromere separation, GFP-Nupl07 is again visible on 
the NE marking the reassembly of NPCs after mitosis. (D) A discontinuous GFP-Nupl07 signal 
(arrow), led by mCherry-CENP-A, invaginates into the daughter cell (E) GFP-Ndcl, a marker for 
the nuclear membrane, was used to examine nuclear membrane localization during the course of 
mitosis, which showed that it was present throughout the cell cycle. Bars, 5 [im (A, C, D and E) 
and 1 |am (B). 

peripherally localized (Figure 3.6A). Strikingly, the dot signals of mCherry-CENP-A almost 

never co-localized with dots of GFP-Nupl07 suggesting that NPCs and centromeres occupy 

different region of the NE (Figure 3.6A and B). Prior to mitosis mCherry-CENP-A was 

clustered primarily near or at the NE, and the final single bright dot of mCherry-CENP-A was 

always positioned closely associated with the NE (Figure 3.6C). During the initial transition 

of mCherry-CENP-A into the daughter cell, GFP-Nupl07 formed a narrow invagination that 

appeared to be pulled by mCherry-CENP-A (Figure 3.6 C and D). Z-section time-lapse 

microscopy revealed that at the time when the mCherry-CENP-A single dot migrated into the 
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daughter cell, the signals of GFP-Nupl07 that outlined the NE decreased gradually and were 

no longer visible after mCherry-CENP-A rearranged from a single dot into the doublet 

structure in the daughter cell (Figure 3.6C). This structural change was concomitant with a 

significant increase in the cytoplasmic signal of GFP-Nupl07, such that the mean intensity of 

the GFP-Nupl07 was nearly 3 times higher at 10 min as compared to at 4 min. When 

mCherry-CENP-A signals divided between the two cells, GFP-Nupl07 appeared arch-like, 

closely surrounding a dot of mCherry-CENP-A (Figure 3.6C). Ultimately, GFP-Nupl07 

formed a circle with a few brighter dots that suggested a clustering of NPCs and reformation 

of the NE. Taken together, the analysis of the GFP-Nupl07 dynamics suggests complete 

disassembly of the NPCs occurs during metaphase, consistent with possible disintegration of 

the NE during mitosis in C. neoformans. 

Next, we followed the localization of the integral NE protein Ndcl, which is essential 

for the assembly of NPCs (Stavru et al. 2006, D'Angelo and Hetzer 2008). GFP-Ndcl 

outlined the NE uniformly (Figure 3.6E). In striking contrast to GFP-Nupl07, a bright GFP-

Ndcl signal largely persisted throughout the entire duration of nuclear division (Figure 3.6E). 

Similar to GFP-Nupl07, during the initial movement of mCherry-CENP-A into the daughter 

cell, GFP-Ndcl signals appeared as a stretched narrow invagination into the daughter cell that 

was pulled by the leading dot of mCherry-CENP-A (Figure 3.6E). The GFP-Ndcl fluorescent 

signal immediately adjacent to mCherry-CENP-A appeared somewhat weaker or 

discontinuous in all of the stages (Figure 3.6E). A large portion of the GFP-Ndcl signal that 

likely outlined the NE remained in the mother cell while mCherry-CENP-A rearranged into a 

doublet inside the daughter cell. During the subsequent chromosomal division, mCherry-

CENP-A appeared to be continually surrounded by a membrane marked by GFP-Ndcl in the 

daughter cell. These data suggest that the NE remains largely intact during mitosis in C. 

neoformans and only a partial breakage of the NE takes place near the clustered centromeres. 

92 



Figure 3.7 TEM analysis of mitosis in C neoformans. (A and G) Gl - S phase, (B and H) G2 
phase, (C and I) Prophase, (D, J and K) Prometaphase, (E and L) Metaphase, (M) Anaphase, (F, 
N and O) Telophase. The nuclear envelope (ne) was closed at Gl though prophase, bffoke near 
spindle pole body (arrow) at prometaphase, and closed at the end of telophase. Nucleolus (nu) was 
visible at Gl through prophase, stayed in the mother cell at prometaphase, disappeared at metaphase, 
and reappeared after telophase. Spindle pole body resided on the nuclear envelope as one duplicated 
form at Gl though G2 phase, separated into two at prophase, entered the nuclear region by breaking 
the nuclear envelope at prometaphase, located at the spindle poles at metaphase and anaphase, and 
was extruded back to the cytoplasm from the nuclear region at telophase. Microtubules (arrowheads) 
were distributed in the cytoplasm at Gl through prophase, appeared in the nucleus (n) at 
prometaphase through middle of telophase. Bars, 1 (im (A-F), 250 nm (G-O). 

To investigate the NE status in even greater detail, we analysed mitotic events in C. 

neoformans using transmission electron microscopy (TEM) (Figure 3.7) (This work was done 
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in collaboration with Masashi Yamaguchi, Grand Fellow, Chiba University, Japan). TEM 

analysis revealed that while the NE stays largely intact during mitosis in C. neoformans, it did 

rupture at prometaphase, the point at which the spindle breaks through the NE during the 

migration of the spindle into the daughter cell (Figure 3.7). Taken together, our analyses of NE 

dynamics during mitosis strongly suggest that at prometaphase nearly half of the NE that 

surrounds chromatin migrates into the daughter cell and is led by clustered centromeres/SPBs. 

This pulling event appears to be preceded by a rupture of the NE by the spindle MTs already 

in the mother cell. The remainder of the NE persists in the mother cell, together with the 

nucleolus, and is devoid of chromatin. At metaphase, NPCs completely disassemble, the 

nucleolus disappears, and centromeres rearrange. At this step, the spindle breaks through the 

NE near SPBs/clustered centromeres. During spindle elongation, centromeres rearrange in the 

daughter cell and surround the spindle throughout its length. After the segregation of sister 

chromatids in the daughter cell and the migration of half of the nuclear mass from the daughter 

back to the mother cell, NPCs reassemble and the nucleolus reappears. 

Nuclear/spindle dynamics depends on the number of cMTs and dynein 

activity 

Our results on the nuclear segregation and MT dynamic in C neoformans, a 

basidiomycete, revealed certain key differences from that of well-studied ascomycetous 

budding yeasts. The most significant difference is the site of nuclear division - the mother 

cell in ascomycetes and the daughter cell in basidiomycetes (Heath 1980, Straube et al. 2005, 

Gladfelter and Berman 2009, Kozubowski et al. 2013). To study the basis of this difference 

we developed a mathematical model for budding yeasts belonging to both ascomycetes and 

basidiomycetes (Sutradhar et al. 2015) (This part of the work was done in collaboration with 

Raja Paul's lab, lACS, Kolkata, and Shreyas Sridhar in my lab). Having developed the 
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Figure 3.8 Dependence of nuclear migration on the number of cytoplasmic MTs and dyneins 
activity in ascomycetes and basidiomycetes. (A) In silico measurements of the neck to spindle 
distance upon altering cMT numbers per cell during mitosis. We observed that, for a fixed density 
of cortical dynein, a higher number of cMTs leads to a deeper penetration of the spindle into the 
daughter cell. (B) Mean distance of the spindle from neck is plotted as observed in simulation 
(n=100) and experiment (n=30) for both C. albicans and C. neoformans. Experimental 
measurements were carried out in a strain that had MTOCs tagged with GFP. DIG was used as a 
reference point for calculating spindle mid to neck distance. (C) The spindle migration can also be 
affected by an alternative pathway involving cortical dyneins. An increase in the cortical dynein 
density, for a fixed number of cMTs, results in similar nuclear dynamics obtained previously by 
altering the cMT number. Standard error of mean (SEM) is shown in red bars. (D) and (E) C. 
albicans and C. neoformans strains expressing Tub 1-GFP were used to monitor and estimate 
cMTs. cMTs in all stacks were taken into consideration. Two different views over the y axis (0°, 
top panels, and 160", bottom panels) of the 3D rendered images are shown to improve the visibility 
of cMTs that may be masked by others in a given orientation. Bar, 2(im. (F) The number of cMTs 
were counted in large number of cells of C. albicans and C. neoformans. These values were plotted 
and the calculated mean of cMTs per cell in each case was represented by a grey line. 

model, we probed for the underlying variation in nuclear migration observed between 

ascomycetes and basidiomycetes. Differential migration patterns and a large deformation of 

the nucleus during migration suggested that the magnitude of force pulling SPBs towards the 

bud is greater in basidiomycetes as compared to ascomycetes (Straube et at. 2005, Fink et al. 

2006, Kozubowski et al. 2013). The larger force generated could either be due to an increased 

population of cMTs and/or a higher dynein activity at the cortical region. It is widely believed 

that ascomycetes nucleate ~4 cMTs (Kosco et al. 2001), whereas the number of cMTs in 
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basidiomycetes was unknown. A previous study using U. maydis showed that the number of 

MTs in this organism is 10-15 indicating a higher number of cMTs in basidiomycetes 

(Straube et al. 2003). Considering a conserved cMT-cortex interaction, our model revealed 

that the size of the cMT population must be > 8 for producing sufficient force to pull the 

nucleus into the daughter cell (Figure 3.8A). Assigning the number of cMTs as 4 for 

ascomycetes and 8 for basidiomycetes, simulations predicted the mean distances between the 

neck and the spindle as -0.90 ^m and +0.83 fi,m, respectively. These values are close to the 

experimental measurements (Figure 3.8B). Further, an increase in the density of cortical 

dyneins engaged in pulling the cMTs also provided enough pulling force for the migration of 

the nucleus into the daughter cell in the basidiomycetes model when other parameters are 

kept constant (Figure 3.8C). To test the model's prediction of requiring a greater number of 

cMTs in basidiomycetes for migration of the nucleus into the daughter cell, we counted the 

number of cMTs in C. albicans (representative of ascomycetes. Figure 3.8D) and C. 

neoformans (representative of basidiomycetes. Figure 3.8E). Our experiments revealed that 

C. neoformans has approximately at least 2 times higher number of cMTs than the C 

albicans (Figure 3.8, D- F). It was observed that approximately 6 - 1 5 cMTs formed a dense 

mesh-like network in C. neoformans, with an average number of cMTs per cell being ~9 

(Figure 3.8F), while each C. albicans cell has 3-5 cMTs with an average of ~4 cMTs per cell 

(Figure 3.8F). The results presented above confirm the importance of cMT and dynein in 

positioning the spindle. Disruption of any of these components leads to severe mitotic defects 

(Markus and Lee 2011, Laan et al. 2012, Xiang 2012, Best et al. 2013). Thus, our model 

prediction supported by experimental validation confirms that an increased number of cMTs 

is required for migration of the nucleus/SPB into the daughter cell. 
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4 . Kinetochore clustering in C. neoformans is 

mediated by a SUN domain protein, Sadl 
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Similar to many yeast species, kinetochores cluster together near the nuclear 

periphery throughout the mitotic cell cycle in C. neoformans. However, chromosomes are 

linearly aligned to form the metaphase plate in metazoans. During chromosome segregation, 

kinetochore clustering in yeast may facilitate their capture by the MTs and thus may play a 

function similar to that of the metaphase plate in metazoans. In C. neoformans, kinetochores 

are unclustered in interphase cells but they begin to cluster during mitosis. Thus the dynamics 

of kinetochore clustering is different in C. neoformans from other studied budding yeasts 

where kinetochores are clustered throughout the cell cycle. The unique kinetochore clustering 

dynamics prompted us to explore importance of this process in chromosome segregation in C. 

neoformans. As mentioned, live-cell imaging with the inner kinetochore proteins revealed 

that the kinetochore clustering occurs during the onset of mitosis. MT depolymerisation 

experiments revealed that the MTs are essential for the kinetochore clustering. However, 

localization dynamics of the kinetochore and MTs, when studied together in the same cell, 

indicated an indirect interaction of MTs with the kinetochores. We then examined the 

possible roles of the SUN-KASH protein complex, that is known to form a bridge across the 

nuclear envelope (Razafsky and Hodzic 2009, Kim et al. 2015), in spatio-temporal regulation 

of the kinetochore clustering in C. neoformans. This study identifies a novel role of the SUN 

domain protein Sadl in mediating the kinetochore clustering at the right time and space 

during the mitotic cell cycle in C. neoformans. 

Kinetochores cluster only during mitosis in C. neoformans 

We examined the dynamics of kinetochores with respect to each other during the 

mitotic cycle by time-lapse imaging of cells expressing fluorescently tagged CENP-A, 
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Figure 4.1 Kinetochore clustering in C. neoformans. (A) Cells expressing GFP-tubulin and the 
inner kinetochore protein mCherry-CENP-A were studied by time-lapse Z-section microscopy and 
single focal planes are shown. Initially non-clustered mCherry-CENP-A converges into a single dot 
in the mother cell. Li the daughter cell, mCherry-CENP-A rearranges into a doublet that surrounds 
a single rod of GFP-tubulin, a putative spindle (t=40, arrow). At this stage cytoplasmic GFP-
tubulin cables are no longer visible. After mCherry-CENP-A divides between the daughter and 
mother cell, mCherry-CENP-A unclusters and the GFP-tubulin cytoplasmic cables reappear (t=90). 
(B) Co-localization of CENP-A with histone H4 showing the nuclear peripheral localization of the 
kinetochore. During mitosis, the kinetochore is seen in between the two chromatin masses, also the 
place where spindle formation is observed. Bars, 5 \im.. 

mCherry-CENP-A. To better discern stages of the cell cycle, the spindle was visualized with 

GFP-tagged a-tubulin (GFP-tubulin). Signals of mCherry-CENP-A were punctate and 

appeared as multiple distinct dots in non-dividing cells, including unbudded cells and cells 

with small buds (budding index < 0.4) (Figure 4.1 A). The circular arrangement of mCherry-

CENP-A dot-like signals in most non-dividing cells suggested kinetochores localize adjacent 

to the nuclear periphery. Peripheral localization of kinetochores was further confirmed in 

cells that co-expressed GFP-H4 (Figure 4. IB). The number of dot-like signals of mQierry-

CENP-A gradually decreased until ultimately in a subset of large budded cells (budding 

index = 0.4-0.55) the mCherry-CENP-A signals were visible as a single bright dot that 

subsequently migrated into the mother-daughter neck (Figure 4.1). Interestingly, when 
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clustering was nearly complete, mCherry-CENP-A signals appeared to contact a bundle of 

GFP-tubulin cables, suggesting that clustering of kinetochores and the attachment of MTs to 

the kinetochore cluster occur concomitantly (Figure 4.1 A). The kinetochore cluster was 

always localized at the vicinity of the NE, similar to ascomycetous budding yeasts (Anderson 

et al. 2009, Duan et al. 2010, Thakur and Sanyal 2012, Thakur and Sanyal 2013). In the 

daughter cell, a dot-like signal of GFP-tubulin underwent a transition into an elongated rod 

which was surrounded by two bars of mCherry-CENP-A when observed at a single focal 

plane (Figure 4.1 A). While the significance of this MT- kinetochore arrangement remains to 

be determined, it may be functionally analogous to the metaphase plate of metazoans. At this 

stage, the cytoplasmic MTs were no longer visible. Within <1 min after cytoplasmic/astral 

MTs became visible, the clustered kinetochore signal divided into two separate dots with one 

migrating back to the mother cell. After the division of the kinetochore cluster, cytoplasmic 

MTs reappeared, and the kinetochores began to uncluster forming dot-like signals like those 

observed in non-dividing cells. 

Microtubules are necessary for clustering of the kinetochores prior to 

mitosis 

The concomitant localization of kinetochores and tubulin when kinetochores were 

clustered prompted us to examine if MTs play a role in clustering of the kinetochores (This 

part of the work was done in collaboration with Lukasz Kozubowski in Joseph Heitman's lab, 

Duke University, USA). To test this, we used nocodazole (Noc) to depolymerize MTs in a 

strain that co-expressed mCherry-CENP-A (to assess the position of kinetochores) and GFP-

Ndcl (to assess the state of the NE and the stage during the cell cycle) (Figure 4.2A). First, 

we obtained a population of mostly unbudded cells (96% unbudded) by limiting oxygen 

during growth (Ohkusu et al. 2004). In this starting population, kinetochore signals were not 
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Figure 4.2 Clustering of kinetochores requires microtubules in C. neoformans. (A) Cells 
expressing mCherry-CENP-A and GFP-Ndcl were synchronized in G1/G2 and released from the 
arrest in the presence of nocodazole (1 ^g/ml) or DMSO as a control. At 70 min after the release 
the majority of nocodazole-treated cells showed non-clustered mCherry-CENP-A, while in the 
control sample, majority of cells either showed clustered kinetochores or progressed through 
mitosis. (B) The quantification of cells with respect to the stage of the cell cycle and % of 
kinetochore clustering. Bar, 5 pm. 

clustered (Figure 4.2A). Approximately 70 min after the release from the arrest, both the 

control and nocodazole (Noc)-treated cells were mostly budded, indicating a resumption of 

synchronized growth and confirming that Noc treatment did not affect the establishment of 

cell polarity and the subsequent growth of the bud. While 47% of the control cells had the 

kinetochore signals either in the daughter cell or divided between the mother and the 

daughter, no such cells were found in the Noc-treated sample at 70 min (Figure 4.2B). As 
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expected, a significant portion of the control cells (21 %) showed clustered kinetochores. The 

average ratio of the daughter/mother size in these cells was 0.6. Based on this information 

we examined Noc-treated cells with daughter/mother size ratio >0.62 for clustering of 

kinetochores. Strikingly, we found that 39% of all Noc-treated cells had the average 

daughter/mother size ratio of 0.72, and non-clustered kinetochores in the mother with no 

signal in the daughter. No Noc-treated cells with the clustered kinetochore signals were found 

at 70 min except for a small percentage (9%) of cells with aberrant localization of the NE. In 

these cells, the NE either formed a tight ring surrounding a small cluster of kinetochores 

and/or formed a bright cluster away from the kinetochore cluster (Figure 4.2A). We 

hypothesize that in these cells a process of chromatin condensation bypassed the requirement 

for MTs without hindering the formation of the tri-layered kinetochore structure and resulted 

in bringing centromeres in close proximity. These results suggest that MTs are involved in 

clustering of kinetochores prior to mitosis in C. neoformans. 

Depletion of MTOCs lead to chromosome mis-segregation and aberrant 

kinetochore localization 

MTs nucleate from MTOCs. Hence, disintegration of MTOCs in a cell will have 

impact on MT stability and may mimic the situation of nocodazole treatment. The effect of 

MTOC depletion can be examined by depleting a y-tubulin complex protein using either the 

conditional knock-out or knock-down approach. In C. neoformans, one such method used is a 

conditional expression of genes by the GAL7 promoter (Wickes and Edman 1995, Ruff et al. 

2009). The GAL7 promoter drives expression of the downstream gene in the presence of 

galactose as the carbon source and shuts down expression in the presence of glucose. Usage 

of the GAL7 promoter thus allows one to study the effects of depletion of a protein just by 

changing the growth media from galactose to glucose. To investigate the effect of MTOC 
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Figure 4.3 Depletion of a MTOC component leads to aberrant kinetochore localization. (A) 
Spc98, a component of MTOC, was placed under the GAL7 promoter and the growth of this strain 
was determined in both permissive (galactose) and repressive (glucose) conditions. The strain 
grows in galactose containing media but not in glucose containing media hinting that Spc98 may be 
essential for viability. (B) Spc98 conditional mutant was grown in both permissive and repressive 
media for 12 h. The cells were harvested and studied for the status of chromatin (marked by GFP-
H4) localization. The cells depleted of Spc98 showed massive chromosome segregation errors. (C) 
GFP-CENP-A localization revealed aberrant kinetochore localization pattern upon depletion of 
Spc98. 

depletion, we replaced the native promoter of SPC98, which codes for a component of the y-

tubulin complex, with the GAL7 promoter using homologous recombination. The resultant 

strain carrying GAL7p-SPC98 did not grow in glucose containing media as exjjected but grew 

well in galactose (Figure 4.3A). This result shows that Spc98 is an essential protein in C 

neoformans like other studied organisms (Lin et al. 2015). The conditional mutant cells were 

grown separately in either galactose or glucose containing media for 12 h and the status of 

chromatin and the kinetochore clustering was studied. The cells grown in glucose, i.e. the 
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absence of Spc98, showed mostly large budded cells with massive nuclear segregation 

defects as opposed to proper nuclear segregation observed in cells grown in galactose (Figure 

4.3B). In most cells lacking Spc98, GFP-H4 signals marking chromatin was stretched and 

fragmented. The localization pattern of the kinetochores, marked by GFP-CENP-A, in the 

absence of Spc98 revealed a linear array of distinct GFP-CENP-A dots in large-budded cells 

instead of a single clustered dot seen in the presence of Spc98 (Figure 4.3C). Taken together, 

these results confirm that MTs play a major role in the kinetochore clustering and nuclear 

division. The presence of individual unclustered GFP-CENP-A dots in the absence of 

MTOCs suggests that the kinetochore clustering is affected in the absence of MT. 

MTOCs localize close to the kinetochore 

The kinetochores in S. pombe and S. cerevisiae are clustered and localized close to the 

SPB, which is embedded in the nuclear membrane (Mcintosh and O'Toole 1999). The direct 

interaction of kinetochores with SPBs helps in holding the clustered kinetochores close to the 

NE. A previous report in C. neoformans suggested that SPBs are not embedded in the NE but 

are present in the cytoplasm, close to the outer nuclear membrane (Yamaguchi et al. 2009). 

To understand the association of MTOCs/SPBs with the kinetochores in C. neoformans, we 

localized Spc98-GFP, an MTOC marker, and mCherry-CENP-A, the kinetochore marker, in 

the same strain. In unbudded cells, MTOC puncta seem to be localized in the region excluded 

from the kinetochore localization area (Figure 4.4A). Upon detailed examination, we found 

that some of the Spc98 puncta localized very close to the CENP-A dots in interphase cells 

indicating that the kinetochores and MTOCs might be present in close proximity (Figure 

4.4B). However, lack of colocalization between the two suggests that they probably do not 

have physical interaction. As the cell cycle progressed, the Spc98-GFP signals clustered and 

localized close to clustered kinetochores and moved to the daughter cell. Following this, both 
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Figure 4.4 Kinetochores localize close to MTOCs in C. neoformans. (A) Cell cycle stages 
showing localization pattern of the kinetochore (CENP-A) and MTOC (Spc98) in C. neoformans. 
(B) The kinetochore (false coloured as purple) and MTOCs (false coloured as cyan), during 
interphase, show partial co-localization when visualized as the Z-projected image. However, they 
do not show any co-localization when observed as single plane images. While signals of Spc98-
GFP are occasionally in close proximity to the kinetochore, often Spc98 signals are distinct 
indicating MTOCs presence throughout the cytoplasm. Bar, 5 |im. 

MTOC and the kinetochore clusters segregated into two halves during mitosis, one of which 

then returned to the mother cell while the other is retained in the daughter cell. The 

concomitant clustering of MTOCs and kinetochores, along with MT depolymerisation 

suggests the existence of a possible indirect interaction between the kinetochore and 

MT/MTOCs in pre-mitotic cells. However, a direct interaction between these complexes 

during interphase is least expected due to the presence of the NE as a barrier. Thus, we 

hypothesize that the connection between MTOCs/MT and the kinetochores probably involves 

an active component of the NE. 
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Figure 4.5 Sadl localizes close to the kinetochore througitout tlie cell cycle in C neoformans. 
(A) The domain architecture of C. neoformans Sadl (CnSadl) and its comparison with S. pombe 
Sadl (SpSadl). TM represents transmembrane domain, cc stands for coiled coil region and SUN 
represents SUN domain. (B) Co-localization of CnSadl with CENP-A, a kinetochore marker, 
reveals close association between two proteins at all cell cycle stages. Bar, 5 nm. 

Sadl, a SUN-domain protein in C. neoformans, localizes close to 

kinetochore 

The linker of nucleoplasm and cytoplasm (LINC) complex, provide an ideal candidate 

for coimecting the nuclear element to cytoplasmic counterparts. The LINC complex 

comprises of the SUN domain proteins localized at the inner nuclear membrane and the 

KASH domain proteins localized at the outer nuclear membrane. These two groups of 

proteins interact with each other in the nuclear lamina. KASH domain containing proteins 

interact with cytoskeletal elements, like MTOCs, in the cytoplasm and SUN domain proteins 
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interact with nuclear components, like lamins and chromatin present in the nucleoplasm 

(Chang et al. 2015, Kim et al. 2015). An in silico search through the BLAST analysis led to 

the identification of a well-conserved SUN domain containing protein, Sadl in C. 

neoformans. However, no KASH domain protein was found in our analysis probably due to 

lack of an evolutionary conserved sequence motif among this group of proteins. In silico 

domain prediction for Sadl revealed the presence of a coiled-coil region and a 

transmembrane domain along with the signature SUN domain, similar to S. pombe Sadl 

(SpSadl) protein (Figure 4.5A). We tagged Sadl with GFP and studied its relative 

localization with the kinetochore marker, mCherry-CENP-A, which revealed a close 

association between the two proteins in C. neoformans strain H99 (Figure 4.5B). During 

interphase, both proteins localized as multiple puncta close to each other. Unlike Spc98-GFP, 

localization of Sadl-GFP dot-like signals were restricted only to the nuclear periphery, close 

to kinetochore signals, and no cytoplasmic localization was observed. During mitosis, both 

the kinetochore and Sadl signals clustered and partially co-localized until the nuclear 

division was completed. Based on these observations, we envisioned a possible mechanism 

where kinetochores connect with MT/MTOCs through a possible SUN-KASH link in 

interphase cells. It was suggested that SpSadl might interact with outer kinetochore proteins 

through Csi 1 and hence keeps the clustered kinetochore close to the NE in S. pombe (Hou et 

al. 2013, Fernandez-Alvarez et al. 2016). It is notable that the kinetochore is not entirely 

assembled in interphase cells in C. neoformans and only the inner kinetochore proteins are 

present. 

Sadl is required for timely clustering of kinetochores 

The SUN domain proteins are essential for viability in most organisms studied 

including the fission yeast, S. pombe and the budding yeast, S. cerevisiae (Hagan and 
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Figure 4.6 Kinetochore clustering is delayed in Sadl null mutant (A) A time-lapse image 
showing kinetochore clustering in both wild-type and sadl A mutant cells; n=5. (B) Snapshots 
displaying the status of kinetochore clustering in the mutant and wild-type cells of similar budding 
index. (C) The kinetochore clustering status was correlated with the bud size of the cells (B.I.) for 
both the wild-type and the mutant. The budding index was then plotted for cells with the clustered 
kinetochore signals; n=50. As seen, kinetochores clustered later in the mutant, i.e. when cells 
attained BI of 0.7. (D) A cartoon depicting the kinetochore clustering dynamics in both the wild-
type and sadl A mutant. 

Yanagida 1995, Jaspersen et al. 2006). The direct role of a SUN domain protein in the 

kinetochore dynamics is not explored in any organism. C. neoformans, with unique cell cycle 

stage dependent kinetochores clustering, provides an excellent model to study role of SUN 

proteins in kinetochore dynamics. To study this, we generated a null mutant for Sadl to 

examine its role in the kinetochore clustering. Unlike S. pombe and S. cerevisiae, the Sadl 

deletion mutant is viable in C. neoformans. Real-time live-cell imaging of GFP-CENP-A, a 

kinetochore marker, was performed in both the wild-type and the Sadl null mutant cells with 

small bud size (budding index of 0.2). The wild-type cells showed complete kinetochore 

clustering <25 min, whereas the null mutant cells required >40 min for the same (Figure 

4.6A). Earlier, we showed that CENP-A signals cluster by the time a cell attains the budding 

index of 0.4. This allowed us to quantify the extent of delay in kinetochore clustering in the 
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absence of Sadl. We measured the budding index of cells with clustered CENP-A signals in 

both wild-type and mutant cells. As expected, the wild-type cells with clustered kinetochore 

were observed with a minimum budding index of 0.4; the mutant cells on the other hand had 

clustered kinetochores with a budding index of >0.7 (Figure 4.6B and C). These results 

suggest that Sadl plays an important role in timely clustering of kinetochores in C. 

neoformans. Interestingly, the kinetochore localization at the nuclear periphery in pre-mitotic 

cells was not altered in the mutant indicating that Sadl may be dispensable for the 

kinetochore peripheral localization. 

Sadl is required for proper spindle localization to ensure equal nuclear 

division during mitosis 

Defects in kinetochore clustering lead to abnormal chromosome segregation in most 

yeast species (Hou et al. 2012, Richmond et al. 2013). Sadl null mutant cells suffer a 

significant delay in the kinetochore clustering in C. neoformans. To assess the effect of delay 

in kinetochore clustering on chromosome segregation, sadl mutant strain was generated 

where the nucleus is marked with GFP-H4. Analysis of GFP-H4 signals in the mutant 

revealed a high rate (-50%) of chromosome mis-segregation compared to the wild type cells 

(Figure 4.7A). The most common abnormal phenotype observed was the presence of multiple 

nuclear masses in a single cell. This result suggests that the nuclear dynamics is altered in the 

mutant cells leading to defective nuclear division. We previously demonstrated that the 

nuclear dynamics during mitosis in C. neoformans is dependent on the number and integrity 

of cMTs (Figure 3.8 and 4.2). In addition, the mutant cells exhibited a higher level of 

sensitivity to the microtubule-depolymerizing drug, benomyl, compared to the wild-type 

(Figure 4.7B) suggesting the role of Sadl in a kinetochore-MT mediated process of 

chromosome segregation. Thus, we next studied the MT dynamics in the mutant. 

109 



A GFP-H4 

YPD + DMSO YPD + 1 (jg/ml Ben YPD + 2.5 pg/ml Ben 

Figure 4.7 Sadl null shows spindle mislocalization. (A) A graph showing the status of 
chromosome segregation (marked by GFP-H4) in the wild-type and sadJA. mutant. Most of the 
phenotype observed in the mutant shows presence of two or more nuclei in the mother cell. (B) 
Plate images showing the sensitivity of sadl A mutant to a microtubule depolymerizing drug, 
benomyl (Ben), as compared to the wild-type cells. The mutant grows slower even in control (only 
DMSO) plate since a percent of cells lose viability in the mutant. (C) A graph depicting 
localization pattern of the mitotic spindle in sadl A mutant compared to the wild-type cells. 

Examination of the mitotic spindle in the sadl null mutant revealed a significant number of 

mutant cells (approx. 40%) with the mitotic spindle positioned in the mother cell (Figure 

4.7C). The wild-type cells always showed the mitotic spindle formation in the daughter cell 

as expected. Also, the population of cells having the nuclear defect (-50%) and mitotic 

spindle defect is similar (-40%) (Figure 4.7A and C). These results also explain the slow 

growth of the sadl mutant in the control media, YPD with DMSO (Figure 4.7B). Based on 

these results, we concluded that abnormal chromosome segregation in sadl mutant arises due 

to improper nuclear migration to the daughter cell. A similar phenotype was observed in the 

U. maydis mutant of dynein, a motor protein, and the defect was attributed to a lack of force 

on chromatin that is exerted by the MTs through dynein (Fink et al. 2006). SUN-KASH 

proteins also interact with MTs through various motors including dynein (Luxton and Starr 
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2014). Thus, it is possible that, in the sad! null mutant, chromatin fails to experience enough 

force required for its movement and cannot reach to the daughter cell which is the site of 

nuclear division. This would then lead to division of the nucleus in the mother cell giving rise 

to two nuclei in the same cell. 
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Centromeres are rapidly evolving in the Cryptococcus species complex 

Centromeres are the rapidly changing loci in the genome despite having a conserved 

function, a phenomenon termed as the "centromere paradox" (Henikoff et al. 2001). A 

number of studies indicated that centromeres are evolving rapidly even among very closely 

related species. This process of rapid evolution of centromeres is well studied in 

ascomycetous fungal species (Bensasson et al. 2008, Padmanabhan et al. 2008, Rhind et al. 

20 U, Chatterjee et al. 2016). Multiple studies described the evolution of centromeric regions 

among closely related species of plants and animals as well (Giannuzzi et al. 2012, Melters et 

al. 2013, Zhang et al. 2014, Gao etal. 2015, Schneider et al. 2016). In this report, we 

identified centromeres in three pathogenic and one non-pathogenic species of the 

Cryptococcus species complex, the first experimental identification of centromeres in 

basidiomycetes. 

We find that centromeres in all four species are rich with retrotransposons and they 

are large regional in nature. However, the retroelements present in the centromere show 

divergence between pathogenic versus non-pathogenic species. The three pathogenic species, 

C. neoformans, C. deneoformans and C. deuterogattii harbor retroelements Ten 1-6, whereas 

the non-pathogenic species, C. amylolentus, contains elements Tcenl-6 (Figure 5.1). All 

these elements are LTR-retrotransposons, but they share only 20-30% of identity between 

two groups, one each present in pathogenic and non-pathogenic species. Moreover, the 

conserved identity blocks are restricted to the conserved domains (like RT, RH and INT) 

found in these elements. These elements account for most of the centromeric DNA in 

Cryptococcus species. Thus, divergence in retroelements sequences suggests that centromere 

sequences in pathogenic Cryptococcus species have diverged from their non-pathogenic 

counterpart. The three pathogenic Cryptococcus species also provided an opportunity to test 

the role of RNAi in centromere evolution. We find that centromeres in the RNAi-deficient 
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Figure 5.1 Schematic showing the length and composition of centromeres in various 
Cryptococcus species. Status of functional RNAi machinery of each strain is shown. The species 
marked with red lines are pathogenic while the one marked with blue is non-pathogenic in nature. 

species are shorter as compared to the RNAi proficient species. Analysis of the centromere 

DNA sequence revealed that the RNAi-deficient species R265 possesses lesser and truncated 

retrotransposons than the RNAi-proficient species, H99 and JEC21 (Discussed below in 

detail). Taken together, our results reveal that centromeres evolve rapidly among closely 

related species in the fungal phylum of Basidiomycota. 

RNAi-mediated evolution of centromeres in pathogenic Cryptococcus 

species 

Transposons play a major role in shaping the evolution of genomes, including the 

centromere, in multiple ways (Fedoroff 2012, Biscotti etal. 2015, Chuong etal. 2017). It was 

proposed that the centromeric repeats present in fission yeast, maize and alpha-satellite 

repeats in human centromeres evolved from transposable elements (Dawe 2003, Wong and 

Choo 2004). Transposons also have been shown to play an active role in centromere 

evolution among closely related species in plants (Gao et al. 2015). Based on a study in the 

Schizosaccharomyces group, it was proposed that loss of transposons in S. pombe 

centromeres occurred due to recombination between LTRs of retrotransposons in the S. 
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japonicus genome (Rhind et al. 2011). The loss of retrotransposons was also correlated with a 

shift in transposon regulation from RNAi to Cbpl (homolog of CENP-B). In this study, we 

show structural changes in centromeres mediated by retrotransposons. The centromeres in 

RNAi-proficient species, H99 and JEC21, harbor full-length retrotransposable elements, 

whereas RNAi-deficient R265 has centromeres that contain only footprints of the same. 

While these elements are present mostly in centromeres in both H99 and JEC21, they are 

spread throughout the genome in R265. We propose that the truncation of retrotransposons 

could have occurred due to recombination among retroelements rendering them inactive. One 

example of illegitimate recombination mediated retrotransposon truncation is reported in 

Angiosperms where it causes genome size reduction (Devos et al. 2002, Vitte and Panaud 

2005). 

The key proteins essential for a functional RNAi machinery were lost in R265 

(Feretzaki et al. 2016), indicating that transposon regulation observed in RNAi-proficient 

species, H99 or JEC21, must have been lost in this species. Further, we find that centromere 

DNA is not methylated in R265 as the only DNA methylase coding gene, DNMT5, is found 

to be truncated in this species. It is important to note that DNA methylation is known to 

suppress recombination in some organisms (Maloisel and Rossignol 1998, Mirouze etal. 

2012, Yelina et al. 2015). Based on these observations, we propose that loss of RNAi in these 

species might have led to amplification of retroelements which in turn would have integrated 

into the genome including the centromeres. Consequently, the presence of retroelements in 

close vicinity to each other would have enhanced the rate of recombination between these 

elements (Figure 5.2). Recombination would cause shortening of these regions and any 

illegitimate recombination event might render retrotransposons inactive. The absence of 

RNAi and DNA methylation can contribute to enhancing the rate of recombination between 

these elements (Maloisel and Rossignol 1998, Ellermeier et al. 2010, Mirouze et al. 2012, 
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Figure 5.2 A model for centromere evolution in the Cryptococcus species complex. A possible 
sequence of events that might have occurred due to loss of RNAi machinery and/or DNA 
methylation in an RNAi-proficient strain (H99 or JEC21) that led to a genome with truncated 
retrotransposons that are unable to transpose in an RNAi-deficient strain (R265). 

Yelina et al. 2015). Hence, we hypothesize that retrotransposon-rich centromeres in 

Cryptococcus species are prone to undergo expansion (transposition) and contraction 

(recombination) in the absence of a regulatory factor like RNAi (Figure 5.2). Both these 

events might have occurred in succession leading to alterations in the centromere length. Our 

experimental evolution with cells lacking key RNAi proteins in an otherwise RNAi-proficient 

species indicated that centromeres are indeed prone to undergo both increase as well as 

decrease in length upon loss of RNAi. It is notable that both transposition and recombination 

can be damaging to the genome if they associate with loss of essential genes or a 

chromosome fragment. Thus, only those cells with no essential region lost will survive. Since 

the partial loss of a centromere may not affect its function, the probability of such events 

being tolerated at the centromere will be higher. Illegitimate recombination may also cause 

truncation of retroelements accumulated in these regions. Thus, cells with a stabilized 

genome will probably have shorter centromeres with truncated retroelements, similar to 

R265, while the intermediate population during evolution might have possessed longer 
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centromeres. Overall, our study provides strong evidence towards the role of RNAi in 

maintaining the structure of centromeres. 

Kinetochores in C. neoformans assemble in an ordered manner 

The kinetochore assembly is a dynamic process that is required for timely execution 

of high fidelity chromosome segregation during mitosis. The kinetochore structure and its 

protein complexes are largely conserved from yeasts to humans but the process of its 

assembly has significantly diverged (Roy et al. 2012). The budding yeasts S. cerevisiae and 

C. albicans have a completely assembled kinetochore throughout the cell cycle (Meluh et al. 

1998, Goshima and Yanagida 2000, Sanyal and Carbon 2002) while the fission yeast 5. 

pombe recruits a part of the outer kinetochore only during mitosis (Liu et al. 2005, Sanchez-

Perez et al. 2005). Metazoans follow a different pattern where the inner kinetochore, 

containing CENP-A, CENP-B, and CENP-C, is present throughout the cell cycle but the 

entire outer kinetochore only assemble during mitosis (Foltz et al. 2006, Liu et al. 2006, 

Przewloka et al. 2007). In C. neoformans, the inner kinetochore proteins (CENP-A and 

CENP-C) are constitutive and KMN network proteins localize only when clustering of 

centromeres begins (Figure 5.3). It is possible that bringing inner kinetochores of various 

chromosomes in close proximity is necessary for the outer kinetochore to assemble. The 

Daml complex, marked by Dadl and Dad2, only assembles during mitosis and is probably 

concomitant with the initial disassembly of NPCs. In metazoans, the outer kinetochore 

assembles only during mitosis when the NE breaks down and chromosome congression 

occurs. In C. neoformans, though the NE remains largely, intact except for a transient 

opening near the SPBs, disassembly of the NPCs commences with the onset of mitosis. This 

disassembly of NPCs can facilitate entry of the outer kinetochore proteins into the nucleus, 

their recruitment on the kinetochore, and finally the interaction between the fully assembled 
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Figure 53 Key events during mitotic cell cycle in C. neoformans. A model showing clustering 
of centromeres, a gradual change in kinetochore architecture, and the nuclear envelope dynamics 
during the progression of the cell cycle in C neoformans. The budding index at each stage was 
calculated by measuring relative bud sizes of at least 100 cells. 

kinetochore and the newly formed mitotic spindle in a process that is strikingly similar to 

metazoans but not yet shown in any other yeast. Considering all our data, we propose that 

clustering of centromeres, disassembly of NPCs, and ordered assembly of kinetochores are 

highly coordinated events in C. neoformans. 

C. neoformans undergoes semi-open mitosis 

Two extreme variations in NE dynamics represent closed and open mitosis in 

ascomycetous budding yeasts and metazoans, respectively. In organisms where the NE only 

partially breaks down, classification of mitosis as open or closed is debatable. Our studies in 

C. neoformans demonstrate a breakdown of the NE near the SPBs during mitosis when the 
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nuclear spindle begins to appear (Figure 5.3). Moreover, localization of GFP-Nupl07 suggests 

a complete disassembly of NPCs. Nup 107 localized to the cytoplasm after disassembling from 

NPCs and the after some time, localizes to chromatin. This localization pattern of Nup 107 is 

similar to U. maydis, where this complex localizes to chromatin before returning to the NE 

(Theisen et al 2008). In mammals, NPCs disassemble and the Nup 107-160 complex is almost 

entirely localized to kinetochores in mitosis (Belgareh et al. 2001, Loiodice et al. 2004). 

However, our study does not show such localization in C. neoformans indicating that it may be 

different from mammalian cells. 

Though the NE remains intact, based on Ndc 1 localization, it does undergo structural 

deformations. Complete breakdown of NPCs and partial disassembly of the NE have been 

reported in, U. maydis, and were classified as an open mitosis (Straube et al. 2005). Live cell 

imaging study in C. neoformans reveals stretching of the NE with a leading edge tipped by 

SPBs/clustered centromeres from the mother to the daughter cell. Therefore, it is possible that 

the NE breakdown in C. neoformans is a consequence of the stretching of the NE by SPBs, 

similar to the events described in U. maydis. Our data and previous studies suggest that 

partial opening of the NE during mitosis is common among all basidiomycetes. Recently 

semi-open mitosis was reported to occur in the fission yeast 5. japonicus (Aoki et al. 2011, 

Yam et al. 2011), illustrating that various forms of NE breakdown may have evolved 

independently in different groups of fungi. The NE breakdown in C. neoformans may be 

more similar to metazoans in that it occurs early during mitosis, is accompanied by a 

complete disassembly of NPCs, and correlates with an ordered assembly of the kinetochore. 

Number of cytoplasmic microtubules defines the site of nuclear division 

In this study, we describe a model that accurately simulates the events of mitosis in 

distantly related budding yeasts belonging to the phyla Ascomycota and Basidiomycota. We 
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also sought to understand the basis behind the differences in mitotic events observed in these 

two phyla. A universal model was developed for the budding mode of division following 

which mitotic events were simulated and modeled both for ascomycetes and basidiomycetes 

by obtaining parameters either from literature or through experimental measurements. When 

compared, we observed that variations in the MT organization, orientation and dynamics 

account for most of the variations in mitotic events observed between these two classes of 

yeasts. The cytoskeletal elements, primarily MTs and their accessory network of proteins, 

have been shown to influence nuclear migration (Hwang et al. 2003, Straube et al. 2003, 

Martin et al. 2004, Fink et al. 2006, Gladfelter and Berman 2009, Markus et al. 2012, 

Kozubowski et al 2013). Model simulations also predicted that at least 8 cMTs are required 

to provide the necessary force to migrate the entire nucleus to the daughter cell in 

basidiomycetes. This was in agreement with our experimental observations that show each C. 

neoformans cell nucleates an average of ~9 cMTs. Thus, a greater number of cMTs in 

basidiomycetes (~9 cMTs/cell) as compared to ascomycetes (~4 cMTs/cell) provides a larger 

pulling force on the SPB towards the emerging daughter cell resulting into a deeper 

penetration of the SPB in basidiomycetes. However, our model also predicts a redundant 

pathway in which an increased activity (population) of dynein motors present at the cortical 

region of the daughter cell could also provide sufficient force to pull the nucleus/SPB into the 

bud. 

Although we focused solely on the role of MTs in this study, the model can also be 

used to address other contributing factors and their roles among these systems. For example, 

using this model we aim to further analyse the role of motor proteins during mitosis and 

define their roles more specifically. The model also has certain limitations which include 

consideration of only mechanical forces, absence of the nuclear envelope dynamics and lack 

of regulation by the mitotic checkpoint. DNA replication was considered as an instantaneous 
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process and MT dynamics was taken as constant throughout the cell cycle further adding to 

the model constraints. Nevertheless, this model lays the foundation for follow-up work which 

will help make a more refined and comprehensive model. It is important to mention here that 

the above said limitations/assumptions do not affect the quantitative conclusions presented in 

this study. The predictive nature and robustness also remain unaltered when model 

parameters were varied within a permissible window. 

Sadl mediates kinetochore clustering in C. neoformans 

MTs play an important role in chromosome segregation by forming the spindle during 

mitosis. MTs are also known to affect clustering of kinetochores in S. pombe as well as in S. 

cerevisiae (Wargacki et al. 2010, Richmond et al. 2013). Perturbation of the kinetochore 

clustering in both these organisms has been shown to cause chromosome mis-segregation 

(Wargacki et al. 2010, Hou et al 2012, Richmond et al. 2013). Our findings suggest that 

MTs are involved in clustering of kinetochores prior to mitosis in C. neoformans. In addition, 

MTs are not directly involved in the kinetochore clustering in this organism. The role of a 

SUN-domain protein, Sadl, was probed which revealed that Sadl is required for the 

kinetochore clustering. Based on these results, we propose that an interaction between Sadl 

and chromatin leads to kinetochore clustering and ensures nuclear dynamics is proper for 

high fidelity chromosome segregation (Figure 5.4). It is important to note that the nuclear 

division takes place after the entire nuclear mass is transferred to the daughter cell through a 

biased, directed dynamics of MTs in C. neoformans (Sutradhar etal. 2015). In a wild-type 

cell, MTs transfer their forces to chromatin through the centromere- kinetochore complex via 

Sadl, a part of the SUN-KASH bridge (Figure 5.4). In the absence of Sadl, the connection 

between chromatin and MTs is lost, and force is restricted to the NE and not transferred to the 

chromatin mass. This could give rise to multiple scenarios - i) the NE along with chromatin 
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Figure 5.4 A model showing the role of Sadl protein in the kinetochore clustering in C. 
neoformans. LINC, linker of nucleoskeleton and cytoskeleton; MTs, microtubules, MTOC, 
microtubule-organizing center. 

migrates to the daughter cell, ii) the NE ruptures due to excess force, or iii) the nucleus is 

unable to move to the daughter cell due to lack of enough force. The experiments in sadl 

mutant revealed that approximately 50% of the mutant population harbours defects in nuclear 

migration and the spindle localization. These results reflect the occurrence of all the possible 

scenarios which could arise due to lack of Sadl. Overall, we describe a novel role for a SUN 

domain protein with respect to its role in the kinetochore dynamics. No KASH protein in this 

organism could be identified through in silico analysis and will require more biochemical 

studies. 

A recent report in S. pombe also investigated the direct role of Sadl in the kinetochore 

clustering and found that the Sadl- kinetochore interaction is required for the kinetochore 

cluster to be maintained (Fernandez-Alvarez et al. 2016). It was shown that in the absence of 
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this interaction, cells show defective spindle formation which was rescued when the SPB-

kinetochore connection is restored artificially. Unlike S. pombe, kinetochores are unclustered 

in C. neoformans in interphase and cluster only during mitosis. However, in the absence of 

Sadl, kinetochores fail to cluster timely leading to chromosome mis-segregation. Also, in 

contrast to S. pombe, the mitotic spindle formation is not perturbed in C. neoformans sadl 

mutant; though the location of the spindle was altered in a large population in the mutant. 

Further, SpSadl was proposed to interact with outer kinetochore complexes earlier (Asakawa 

et al. 2005, Hou et al. 2012). In C. neoformans, the outer kinetochore proteins are not present 

onto the kinetochore in interphase indicating that Sadl may interact with some inner 

kinetochore proteins. Hence, though the process of kinetochore clustering is affected in both 

these organisms due to lack of Sadl protein, the underlying mechanism varies. This may be 

attributed to fundamental differences in the process of mitotic division in these two 

organisms. 
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Strains and primers 

All yeast strains and plasmids used in this study are listed in Table 6.1. The 

oligonucleotide primers used in this study are listed in Table 6.2. 

Media, growth conditions and transformation 

Various Cryptococcus strains were grown in YPD (1% yeast extract, 2% peptone and 

2% dextrose) media with shaking at 180 rpm, at 30°C unless specified. Cryptococcus cells 

were transformed using biolistic as described previously (Davidson et al. 2000) with certain 

modifications. Single colony of the strain was inoculated in 5 ml of YPD and grown at 30°C 

for 15-16 h. Cells were pelleted at 4,000 rpm for 5 min and media was discarded. The pellet 

was resuspended in 300-500 îl of autoclaved dHiO and was plated on YPD agar media 

containing IM sorbitol (recovery media). The plates were allowed to dry for 15-20 min in the 

laminar flow hood. Meanwhile, the DNA-gold particle mix was prepared by mixing 10 |a,l of 

0.6 micron gold beads (BioRad, prepared in 50% glycerol as per the directions of 

manufacturer), 5 [xl of DNA (equivalent to 1-3 \ig of DNA), 10 fxl of 2.5 M CaCh and 2 [xl of 

1 M Spermidine free base (Sigma-Aldrich) in a 1.5 ml microfuge tube. The mixture was 

vortexed for 1 min and then allowed to stand at RT for 10 min. The gold beads were pelleted 

by centrifuging at 13,000 rpm for 10 s. The supernatant fraction was discarded and beads 

were washed with 500 |xl of 100% ethanol by vortexing for 10 s. The beads were again 

pelleted down, supernatant was discarded. The beads were then resuspended in 10 îl of 100 

% ethanol and spotted onto ethanol sterilized macrocarrier membrane. The spot was allowed 

to dry and used for biolistic transformation. The YPD sorbitol plate with cells was placed 

open at target distance of 6 cm with 1300 psi rupture disks. The DNA macrocarrier 

membrane was placed in biolistic delivery system and the setup was operated as per the 

manufacturer's instructions (BioRad). After bombarding with DNA, the plates were closed, 
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removed from the chamber and kept at 30°C for 5-6 h. The cells were then scrapped from the 

recovery plate and resuspended in 1 ml of dHiO. The resuspension was plated onto the YPD 

agar media containing either 200 ng/ml of G-418 (Sigma-Aldrich), or 100 fig/ml 

nourseothricin (Werner BioAgents), or 200 fig/ml of hygromycin (Invitrogen). Transformants 

were obtained after 4-5 days which were then patched onto secondary plates with respective 

selection drugs. Only those colonies that grew on secondary selection plate were used to 

further experiments. 

Construction of strains 

CENP-A tagging with mCherry in H99, JEC21 and R265: 

To tag CENP-A with mCherry at the N-terminus in C. neoformans (H99), CENP-A 

ORF followed by 477 bp of the 3' UTR was PCR amplified using primers VYP147 and 

VYP148. The PCR product was cloned into pLKB49 and pLKB55 using restriction enzymes, 

Nhel and Pad to obtain pLKB70 and pLKB71, respectively. pLKB49 contains the neomycin 

resistance gene and pLKB55 harbours a gene that encodes for the hygromycin resistance 

protein. These plasmids are used to express mCherry-tagged chimeras from a constitutive 

GPDl promoter (Kozubowski et al. 2011). Subsequently, the GPDl promoter in pLKB70 

and pLKB71 was replaced with the native CENP-A promoter to generate pLKB74 and 

pLKB75, respectively. For this purpose, CENP-A promoter region, a fragment of 530 bp 

upstream of CENP-A ORF, was amplified using primers, VYP149 and VYP150, and cloned 

into Xhol and Fsel sites of pLKB70 and pLKB71. These constructs were utilized to generate 

strains CNVYlOl, CNVY184, CNVY501 and CNVY701. The strains were confirmed by 

western blot analysis using anti-mCherry antibody. 
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CENP-A tagging with mCherry in C. amylolentus: 

To tag CENP-A with mCherry at N-terminus in C. amylolentus, the promoter region 

of the CENP-A ORF (784 bp), the mCherry gene sequence (708 bp) and the CENP-A ORF 

along with its 3' UTR as the terminator (1216 bp) were fused using the overlap PCR method 

(primers VYP901 - VYP906). The promoter, ORF, and terminator regions were amplified 

from the genomic DNA of C. amylolentus strain CBS6039 whereas the mCherry sequence 

was amplified from the pLK25 plasmid (Kozubowski and Heitman 2010). The full length 

PCR product was finally amplified using primers (VYP901 and VYP 906) containing 

flanking Xbal and Xhol restriction sites. The amplified product was cloned into pLK25 using 

Xbal and Xhol to generate pVY50. C. amylolentus strain, CBS6039, was then transformed 

with the plasmid DNA using biolistic transformation to generate strain CNVY902. 

mCherry-tagging ofCENP-C, Mtwl, Dad2 and H4: 

C-terminal tagging with mCherry for CENP-C, Mtwl, Dad2 and H4 was done at the 

native locus by homologous recombination. The cassette for mCherry tagging was generated 

using the overlap PCR strategy (Kozubowski and Heitman 2010) as follows. Approximately 

1 kb of the desired gene sequence up to the penultimate codon (US) and 1 kb sequence 

downstream of the stop codon (DS) was amplified from the respective genome. A 3.3 kb long 

sequence fragment containing mCherry along with neomycin gene (mCh-Neo) was amplified 

from a plasmid, pLK25 (Kozubowski and Heitman 2010). These three amplified DNA 

fragments (US, mCh-Neo, and DS) were purified separately and then mixed in an equimolar 

ratio. The mix was used as a template for the final overlap PCR. The overlap product of 

approximately 5 kb was used for transformation. The transformants were screened by PCR 

to confirm the integration of mCherry-encoding sequence at the 3' end of the target gene. 

This strategy was used to generate CNVY102 (CENP-C-mCherry), CNVY103 (Mtwl-

mCherry), CNVY105(Dad2-mCherry) and CNVY109 (H4-mCherry), CNVY502 (CENP-C-
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mCherry) and CNVY702 (CENP-C-mCherry) strains. Primers used in these experiments are 

listed in table 6.2. 

GFP-tagging ofCENP-A, H4, Dadl, Tubulin andNdcl under H3p: 

N-terminal GFP fusion proteins expressing constructs (pVYl, pVY2, pVY3, pVY4 

and pLKB35) were generated by cloning the corresponding ORF in vector pCN 19 

(Kozubowski and Heitman 2010). The ORP along with -300 bp 3' UTR was amplified from 

the genome of C. neoformans strain H99 and cloned into the vector pCN19 using either 

BamHI alone or BamHI and Spel. Transformation of the resulting plasmid in C. neoformans 

leads to expression of N-terminally GFP tagged protein under the constitutive histone H3 

promoter. pVYl was transformed to generate CNVYl 13 (GFP-CENP-A), CNVYl 15 

(CENP-C-mCherry + GFP-CENP-A) and CNVYl 16 (Mtw 1-mCherry + GFP-CENP-A). 

pVY2 was used to obtain CNVYl04 (GFP-Dadl), CNVYl 17 (Mtw 1-mCherry + GFP-Dadl) 

and CNVYl 18 (CENP-C-mCherry + GFP-Dadl) strains. pVY3 was used to generate strains 

CNVYl08 (GFP-H4), CNVYl 14 (mCherry-CENP-A + GFP-Dadl). pVY4 was used to 

obtain CNVYl 10 (GFP-Ndcl), CNVYl 1 l(mCherry-CENP-A -i- GFP-Ndcl) and 

CNVYl 12(H4-mCherry + GFP-Ndcl). pLKB35 was transformed to get CNVYl06 (GFP-

Tubulin), CNVYl07 (mCherry-CENP-A -i- GFP-Tubulin),, CNVYl09 (H4-mCherry -I- GFP-

Tubulin). The strains were confirmed by western blotting analysis using anti-GFP antibody. 

GFP-tagging ofCENP-A under native promoter: 

To express GFP-CENP-A with its native promoter, Sacl-Apal fragment containing 

from pVYl was subcloned into pBlueScriptll KS (-) plasmid to generate pVY8. The CENP-A 

promoter (702 bp upstream of CENP-A ORF) was then amplified using VYP105 and 

VYP106 and cloned into Sacl-Ncol sites of pVY8 to generate pVY22. The plasmid was then 

transformed to generate CNVY156 and CNVYl65. 
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GAL7-SPC98 strain construction: 

The construct to replace the native promoter of SPC98 with GAL7 promoter was 

generated by overlap PCR. A 1 kb region from 5' UTR as upstream sequence or US (primers 

VYP123-VYP124) and 1 kb region of ORF, including ATG, as downstream sequence or DS 

(primers VYP127-VYP128) was amplified from H99 genome. The middle fragment, 

approximately 2 kb, containing hygromycin resistance gene and GAL7 promoter region (~2 

kb) was amplified from the plasmid pSHG7 using VYP125 and VYP126 (M.S. Thesis, 

Shreyas Sridhar, 2014). Three products were purified and used for overlap PCR using 

primers VYP129 and VYP130 to give rise to the full length cassette. The cassette was 

transformed and transformants were selected on YPG (1 % yeast extract, 2% peptone and 2% 

galactose) containing 200 x̂g/ml of hygromycin to give rise to CNVY152, CNVY161 and 

CNVY175. The integration of the cassette in the genome was confirmed by PCR. 

GFP tagging of Sad 1 and Spc98: 

Sadl and Spc98 were tagged at C-terminal with GFP using the constructs generated 

by the overlap PCR strategy. For this purpose, 1 kb each of the 3' part of gene (without stop 

codon) and 3' UTR after stop codon was amplified from the H99 genome. A GFP-NAT 

fragment (approximately 3 kb) was amplified from pCN19 and all three fragments were fused 

by overlap PCR, generating the cassettes. The resulting cassettes were transformed in H99 

using biolistics to genearate CNVY149 (Sadl-GFP), CNVY138 (mCherry-CENP-A + Sadl-

GFP), CNVY176 (GAL7p-SPC98-GFP) and CNVY177 (GAL7p-SPC98-GFP + mCherry-

CENP-A). The integrations were confirmed by PCR., 

Generation of Sadl null mutant: 

Sadl deletion cassette was generated by overlap PCR strategy. For this, 1 kb region 

upstream of ATG and 1 kb region downstream of stop codon were amplified separately using 

primer sets VYP138-VYP139 and VYP142-VYP137, respectively. Third fragment of 2 kb 
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containing Neomycin gene was amplified from pLK25 using primers, VYP140 and VYP141. 

The three parts were purified and fused together using primers, VYP143 and VYP144, to 

generate the final construct of 3.8 kb. The final construct was transformed to generate 

CNVY191, CNVY192, CNVY194, CNVY200 and CNVY210. The deletion mutants were 

confirmed by PCR. 

Cryptococcus genomic DNA preparation 

Overnight grown 5-10 ml Cryptococcus culture was pelleted and the pellet was 

resuspended in 0.5 ml extraction buffer (50mM Tris-Cl, pH 8.0/ 20mM EDTA, pH 8.0/1% 

SDS). The cell suspension was transferred to a 2 ml tube with 0.5 ml glass beads (Sigma-

Aldrich). The tubes with cell-beads mix were subjected to either 3 rounds of vortexing of 2 

min each with 1 min ice incubation in between or 15 min vortexing in cold room (4°C). The 

tubes were transferred to heating block at 65°C for 10 min followed by another round of 

vortexing for 2 min. Next, 200 |il 5 M potassium acetate and 150 |il 5 M NaCl were added to 

the tube, mixed by inverting and incubated on ice for 20 min. The tubes were centrifuged for 

20 min at 13,000 rpm at room temperature (RT) and supernatant was transferred to a fresh 1.5 

ml tube. Next, 450 \i\ chloroform was added, mixed by brief vortexing, and centrifuged at 

13,000 rpm for 10 min at RT. The upper aqueous layer was transferred to a fresh 1.5 ml tube, 

200 1̂1 of 30% PEG8000 (Sigma-Aldrich) was added and mixed by inverting the tube. The 

tubes were incubated on ice for 10 min and centrifuged at 13,000 rpm for 10 min at RT. The 

supernatant was discarded, the pellet was resuspended in 50 |4,1 sterile water containing 10 

(j,g/ml RNase (Sigma-Aldrich) and incubated at 37°C for 30 min. After that, 5 iil 3 M sodium 

acetate (1/lOth volume) and 150|a,l ethanol (3 volumes) were added and mix was incubated at 

-20°C for 30 min to 2 h. The tubes were centrifuged for 10 min at 13,000 rpm at 4°C to obtain 

130 



the DNA pellet. The supernatant was discarded, the pellet was air dried and finally resuspended 

in 50 |j.l sterile water. 

Alternatively, a short protocol was also developed to isolate genomic DNA. Cells were 

pelleted and vortexed as described above. After vortexing, 500 \i\ 

phenol:chloroform:isoamylalcohol mix (HiMedia) was added into cell-beads mix. The mix was 

briefly vortexed to mix and centrifuged at 13,000 rpm for 10 min at RT. The upper aqueous 

layer was transferred to a fresh tube and 1 ml of 100% ethanol was added, mixed and incubated 

at -20°C for 1 h. The tubes were centrifuged at 13,000 rpm for 10 min at 4°C. The pellet was 

washed with 0.5 ml 70% ethanol, centrifuged at 13,000 rpm for 5 min at 4°C. The pellet was 

air dried and finally resuspended in 50 \x\ of sterile water containing 10 |xg/ml RNase. 

Western blot analysis 

Cryptococcus strains were grown overnight in respective growth conditions as 

mentioned above and 3 ODeoo corresponding cells were harvested by centrifugation at 4,000 

rpm for 5 min. Cells were washed with 1 ml of dHiO and resuspended in 400 [xl of 15% 

Trichloroacetic acid (TCA) solution. The cell suspension was frozen in -20 overnight. Next 

day, the cells were thawed on ice and equal volume of glass beads were added. The cells 

were vortexed 3 times, 2 min each with 5 min interval. The liquid fraction was transferred to 

a fresh tube. The cells were pelleted at 13,000 rpm, 4°C for 15 min. The pellet was washed in 

80% acetone solution followed by pelleting at 13,000 rpm for 5 min. After two rounds of 

washing, the pellet was air dried and resuspended in 50 [xl of lysis buffer (1%SDS + O.IN 

NaOH) with IX loading dye. The lysates mix was incubated in boiling water bath for 10 min. 

A part of the lysates (15-20 \k\) were electrophoresed on 12% or 15% SDS-PAGE and blotted 

onto a nitrocellulose membrane in a semi-dry apparatus (Bio-Rad). The blotted membranes 

were blocked by 5% skim milk containing PBS (pH 7.4) for 30 min at room temperature and 
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then, were incubated with 1:2000 dilutions in 2.5% skim milk containing PBS of anti-RFP 

(Chromotek) or anti-GFP (Roche) primary antibodies at 4°C overnight with constant shaking. 

Next, the membranes were washed thrice with PBST (0.1% Tween-20 in IX PBS) solution. 

Anti-rat or anti-mouse HRP conjugated antibodies (Bangalore Genei) were added at a 

dilution of 1:5000 in 2.5% skim milk PBS solution and incubated for 1-2 h at RT. The 

membranes were then washed thrice with the PBST solution. Signals were detected using the 

chemiluminiscence method. 

C. neoformans and C. deuterogattii PacBio sequencing and assembly update 

The C. neoformans (H99) and C. deuterogattii (R265) genomes were sequenced using 

PacBio sequencing to improve sequence coverage for centromeric regions. The sequencing 

and PacBio analysis was performed in collaboration with Blake Billmyre and Sheng Sun in 

Joseph Heitman's lab, Duke University, USA. PacBio filtered subreads were used for a 

higher order scaffolding using SSPACE-LongRead vl-1 (Boetzer and Pirovano 2014), 

requiring 5 linking reads (-1 5) and a 200 base gap between scaffolds (-g 200). The de novo 

assembly of the PacBio reads led to generation of 20 and 27 scaffolds for H99 and R265, 

respectively. The centromere flanking gene sequences from the available GenBank assembly 

for H99 (GCA_000149245.3) and R265 (GCA_000149475.3) were searched using the 

BLAST analysis against the newly assembled PacBio assembly to identify the centromere 

locations. This analysis led to mapping of 10 centromeres (out of 14) in the newly assembled 

H99 genome with good read depth and no sequence gaps. These completely assembled 10 

centromeres are CENl, CEN2, CEN4, CEN6, CEN7, CEN8, CEN9, CENW, CEN12, and 

CEN13. One of the four centromeres that remained incomplete even after using PacBio reads 

was CEN5 with two sequence gaps. Using a chromosome walking approach followed by 

Sanger sequencing, both of these sequence gap regions were closed to obtain a complete 
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sequence coverage of CEN5 as well. The sequences of these 11 centromere regions in the 

current GenBank assembly were replaced by the newly assembled sequences as described 

above. The updated assembly was used for all of the analysis conducted in this study. 

Similarly, the new PacBio assembly of R265 now covered all the 14 centromeres and was 

used for the genome analysis. The comparative synteny analysis was performed using 

"SyMAP". 

Chromatin-immunoprecipitation(ChlP) 

Desired Cryptococcus tagged strain was grown in 100 ml YPD until the exponential 

phase (ODeoo = 1) and was cross-linked with 1% formaldehyde at room temperature for 30 

min for CENP-A and 40 min for CENP-C tagged strain. The reaction was quenched by 

adding glycine to a final concentration of 125 mM. The cells were harvested and resuspended 

in 10 ml of distilled water containing 0.5 ml P-mercaptoethanol and incubated for 1 h in a 

shaker incubator at 150 rpm at 30°C. Cells were pelleted and resuspended in 10 ml 

spheroplasting buffer (1 M sorbitol/0.1 M sodium citrate, pH 5.8, and 0.01 M EDTA, pH 8.0) 

with 40 mg of lysing enzyme from Trichoderma harzianum (Sigma-Aldrich) and incubated 

for 4-5 h at 37°C. Spheroplasts were subsequently washed with ice-cold IX PBS, Buffer I 

(0.25% TritonX-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Na-HEPES, pH 6.5), Buffer II 

(200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Na-HEPES) and finally resuspended 

in 1 ml of extraction buffer (50 mM HEPES, pH 7.5/140 mM NaCl/1 mM EDTA/0.1% Na-

deoxycholate/1% Triton-X) containing 10 ^1 of protease inhibitor cocktail (Sigma-Aldrich). 

The lysates were sonicated using Bioruptor (Diagenode) for 17-24 cycles of 15 s on and 15 s 

off bursts at the high level intensity to obtain chromatin fragments of size of 300-500 bp. 

After centrifuging (13,000 rpm, 10 min, 4°C), chromatin fraction was distributed to obtain 

total and IP DNA (with or without antibodies) preparations as described below. 
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Total DNA (I): 

Approximately 100 |xl of lysate were added to 0.4 ml of eiution buffer (1% SDS/0. IM 

NaHCOs) with 20 \i\ of 5M NaCl. The reaction was incubated at 65''C overnight to reverse 

the crosslinking. DNA was isolated using phenol: chloroform extraction followed by ethanol 

precipitation and resuspended in 25 îl of MilliQ water containing 25 fig/ml RNase (Sigma-

Aldrich). 

Immunoprecipitated material (IP): 

The remaining lysate (900 [xl) was distributed into two 1.5-ml tubes (450 ^1 in each). 

In one of the tubes, 20 \i\ of RFP-TRAP beads (ChromoTek) were added and used as IP DNA 

with antibodies (+). In another tube, 20 \i\ of control beads were added to serve as a negative 

control (-). Both tubes were incubated overnight at 4°C on a roller. The IP materials were 

processed as described previously with some modifications (Dubin et al. 2010). The washing 

step with low salt buffer (0.1% SDS/ 1% Triton X-100/ 2 mM EDTA/ 20 mM Tris, pH 8.0/ 

150 mM NaCl) and high salt buffer (0.1% SDS/ 1% Triton X-100/ 2 mM EDTA/ 20 mM 

Tris, pH 8.0/ 500 mM NaCl) were done twice, while the LiCl buffer ( 0.25 M LiCl/ 1% 

NP40/ 1% deoxycholate/ 1 mM EDTA/ 10 mM Tris, pH 8.0) washing was done only once. 

The beads were pelleted by centrifuging at 5,400 rpm for 2 min. Both the fractions (+ and -) 

were eluted in 500 [xl of eiution buffer, decrosslinked overnight and DNA was isolated using 

phenol: chloroform extraction followed by ethanol precipitation. The precipitated DNA was 

air dried and dissolved in 25 [xl of MilliQ water containing 25 [xg/ml RNase (Sigma-Aldrich). 

The IP samples (I, + and -) were subjected to PCR amplification using primers from 

centromeric and non centromeric regions to determine the efficiency of ChIP experiment. 

Once confirmed, I and + samples were subjected to ChlP-sequencing (For mCherry-CENP-

A, CENP-C-mCherry in H99; mCherry-CENP-A in CBS6039, and CENP-C-mCherry in 

R265) to identify centromere regions across the genome. For JEC21, all three samples (I, + 
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and -) were subjected to qPCR with centromere-specific primers along with a non-

centromeric primer set. The fold enrichment for the same was calculated and plotted using 

GraphPad Prism. All the primers used for ChIP assays are mentioned in Table 6.2. 

ChlP-sequencing, bisulfite sequencing and RN A-sequencing analysis 

The ChlP-sequencing for H99 mCherry-CENP-A and CENP-C-mCherry was done at 

Genotypic Technology Pvl Ltd, Bangalore. Both Input and IP (+) san\ples fron^ ChIP 

experiments were quantified using Qubit before processing for Library preparation. Library 

preparation was performed at Genotypic Technology's Genomics facility following certified 

protocols from NEXT Flex. ChlP-Seq libraries for sequencing were constructed according to 

the NEXTflex™ ChlP-Seq library protocol outlined in NEXTflex^M ChlP-Seq Kit - 5143-01. 

Briefly, DNA was subjected to a series of enzymatic reactions that repair frayed ends, 

phosphorylate the fragments, add a single nucleotide A overhang and ligate adaptors 

(NEXTflex Chip Barcodes-48 kit). The libraries are enriched using PCR (5 cycles), 

fragments were size selected using a 2 % Low melting agarose gel and purified using 

MinElute Gel Extraction Kit (QIAGEN). The libraries were further enriched using PCR (13 

cycles), post PCR cleanup was performed using Agencourt AMPURE XP beads (Beckman 

Coulter #A63881). The prepared libraries were quantified using Qubit fluorometer and 

validated for quality by running an aliquot on High Sensitivity Bioanalyzer Chip (Agilent). 

The DNA from prepared libraries was denatured and sequenced on the Illumina Genome 

Anayzer IIx by Sequencing by synthesis method to read 36 bases single end (CENP-C) or 

100 bases paired end (CENP-A). Sequencing was performed by synthesis (SBS) technology 

using four fluorescently labelled nucleotides to sequence each cluster on the flow cell surface 

in parallel. During each sequencing cycle, a single labelled deoxynucleotide triphosphate 

(dNTP) was added and clusters were imaged. The fluorescent dye and blocker was cleaved 
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off and the next complementary base was added to the nucleic acid chain and imaged. 

Individual bases were called directly from signal intensity measurements during each cycle. 

Once sequencing was completed, the raw data was extracted from the server using the 

proprietary Illumina pipeline software to obtain FASTQ files. In total, 6 million single-end 36 

nt reads (for CENP-C) or 10 million paired-end 100 nt reads (for CENP-A) were generated. 

Raw reads were processed using SeqQC (version 2.2). The processed reads were aligned to 

the target C neoformans genome using Geneious R9 software (http://www.geneious.com) 

(Kearse et al. 2012). About 90% of the aligned reads were obtained per sample. All 

alignments for a particular read or pair were suppressed if more than 1000 reportable 

alignments exist for it. The alignments were further sorted into bam files. 

For R265 CENP-C-mCherry and C. amylolentus mCherry-CENP-A ChlP-seq, 

the data was generated using a HiSeq 2500 instrument to perform a 48 bp paired-end run at 

Genomics sequencing facility at University of North Carolina, Chapel Hill, USA. Reads were 

then aligned to either R265 genome or C. amylolentus genome using the short read 

component of the BWA aligner (Li and Durbin 2009). The resulting alignment was 

converted, cleaned, and sorted using SAMtools (Li et al. 2009) and Picardtools 

(https://broadinstitute.github.io/picard/). Peaks were identified using the broad peaks setting 

of MACS2 (Zhang et al. 2008). 

Bisulfite data of C. neoformans, acquired from a previously published study 

(PRJNA201680) (Huff and Zilberman 2014), was aligned to the H99 genome using Bismark 

vO.16.3 (Krueger and Andrews 2011) in order to determine the proportion of methylation 

present at sites across the genome. All the chromosome-wise read distribution and read depth 

graphs were generated using Integrative Genomics Viewer (IGV) (Robinson et al. 2011, 

Thorvaldsdottir et al. 2013). 
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The RNA-seq reads obtained for C. amylolentus (from Joseph Heitman's lab), 

Vstilago maydis (Kellner et al. 2014) and Ustilago bromivora (Rabe et al. 2016) were 

aligned to respective genomes by Geneious R9 software (http://www.geneious.com) (Kearse 

et al. 2012). The centromere regions with 10-30 kb flanking on each side were probed for the 

presence/absence of polyA RNA reads. 

Methylation-specific PCR assay 

Genomic DNA was isolated from overnight grown H99 and R265 using the glass 

beads method described earlier. The DNA was digested separately with CpG methylation-

sensitive or insensitive enzymes overnight with a no enzyme control reaction. The digested 

DNA was diluted 1:40 and used for PCR amplification. For PCR, two pairs of primers were 

designed for each H99 and R265 - one pair amplifying centromere DNA (VYP75-VYP76 for 

H99 and VYP741-VYP742 for R265) and another one for non-centromeric {non-CEN) region 

(VYP79-VYP80 for H99 and VYP743-VYP744 for R265). The PCR products obtained were 

visualized by gel electrophoresis using 0.8% agarose gel. 

Identification of intergenic regions and transposon mapping 

The genomes of C. neoformans (H99), C. deneoformans (JEC21), and C. 

deuterogattii (R265) were scanned using the genome browser feature available in the 

FungiDB database (http://fungidb.org/fungidb/). The largest ORF-free regions with CENP-A 

or CENP-C binding on each chromosome were identified. For Cryptococcus species, the 

DNA sequence of each of the retrotransposons (Tcnl- Tcn6) has been previously reported 

(Goodwin and Poulter 2001). The nucleotide sequences of these Ten elements were used as 

query sequences in a BLASTn analysis against C. neoformans, C. deneoformans and C. 

deuterogattii genomes at fungiDB database (http://fungidb.org/fungidb/) to identify the 
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transposable elements present in the genome. The BLAST hits against each of the 

transposons in all chromosomes were obtained and mapped on each of the identified ORF-

free regions. Gene synteny analysis across the centromere regions among the three species 

was carried out using the synteny tool available in fungiDB (http://fungidb.org/fungidb/). 

Whole genome synteny analysis was carried out using SyMAP v4.2 

(http://www.agcol.arizona.edu/software/svmap/index.htmn. 

For C. amylolentus, we scanned the genome of CBS6039 using the Geneious R9 

software (http://www.geneious.com) (Kearse et al. 2012) to identify the intergenic regions. 

The largest intergenic (ORF-free) regions were identified on each chromosome. Some of the 

predicted ORFs were not considered authentic ORFs because they were either transposon-

like or dubious in nature. The ORFs that were smaller than 200 amino acids were also not 

considered for this analysis. The LTR-retrotransposons in C. amylolentus centromeric regions 

were identified using the LTR-finder program (http://tlife.fudan.edu.cn/ltr finder/. (Xu and 

Wang 2007)). Six LTR elements were identified in different centromeres. The sequences of 

these LTR elements were retrieved from the genome and subjected to sequence analysis for 

motif/domain analysis using CD-search 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Next, BLASTn analysis was 

performed to determine occurrence of full length/traces of these elements in the genome 

including centromeres. BLAST results were mapped onto the genome and we found that 

these elements clustered exclusively at the centromeres and hence these six elements were 

named Teen 1 through Tcen6. 

Experimental evolution 

Experimental evolution was performed using wild-type (H99) and RNAi mutant 

derivatives {rdplts. and agolA. mutants). The strains were inoculated in 5 ml of YPD broth 
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from a single colony and grown for 20-24 h at 30°C with shaking at 180 rpm. The next day, 

OD600 of the overnight culture was measured, and the required amount of cells were 

transferred into 5 ml of fresh YPD to achieve the initial ODeoo of 0.1. The culture was then 

further grown for 20-24 h, following which ODaoo was again measured. The number of 

generations was calculated for each of the strains from their initial (0.1) and final OD. On the 

next day, the overnight culture was again sub-cultured in fresh media starting with an initial 

OD600 of 0.1. Sub-culturing was continued on a daily basis until 1000 generations were 

completed for each strain. DMSO stocks of each of the passaged cultures were made at 

regular intervals of 2 weeks, i.e. every 80-90 generations 

Pulsed-field gel electrophoresis and chromoblot analysis 

For experimentally evolved strains, single colonies were streaked out from the starting 

culture, and 1000th generation passaged strains of wild type, ago] A, and rdplA. mutants. 

Plugs were prepared from single colonies as previously described (Findley et al. 2012), and 

two running conditions with different switching times were applied to separate large (200 -

400 s) and small (120 - 280 s) chromosomes, respectively. The electrophoresis was 

performed using 1% agarose gel in 0.5X TBE at 14°C with 120° fixed angle for 110 hours. 

For chromoblot analysis, plugs prepared from single colonies were first digested 

overnight with restriction enzyme Notl-HF (NEB) and then run with switching time 7 - 60 s 

using a CHEF apparatus. The enzyme was chosen such that the entire centromere region is 

released as a single fragment along with flanking sequences that can be used as a probe. The 

DNA was then transferred to a membrane, and hybridized with probes targeting 

chromosomal regions flanking the centromeres, as previously described (Findley et al. 2012). 
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Centromere prediction in Ustilago species 

A previous study in U. maydis has predicted its centromeres based on the presence of 

a transposon (HobS)-rich sequence as well as plasmid stability assays (Kamper et al. 2006). 

We performed RNA-seq analysis for U. maydis using the transcriptome data available from a 

previous study (Kellner et al. 2014). For RNA-seq analysis, the reads were aligned to the U. 

maydis reference genome using Geneious R9 software and plots for each chromosome were 

generated. Combining the earlier prediction with the lack of PolyA RNA reads, one region in 

each chromosome was identified as the putative centromere. Synteny with the U. maydis 

genome and RNA-seq (Rabe et al. 2016) analysis were performed using Geneious R9 

software to predict putative centromeres in U. bromivora as well. 

For U. hordei, both RNA-seq and synenty analysis could not be performed due to the 

lack of a suitable chromosome-wise assembly as well as RNA-seq data. Thus, as an 

alternative approach, the U. hordei BAG clone library was utilized to measure the length of 

putative centromeres (Linning et al. 2004, Bakkeren et al. 2006). First, a BLAST analysis 

with end sequences of BAG clones against U. maydis genome was performed. Considering 

that centromere flanking regions between all the three Ustilago species are syntenic, we 

identified the BAG clones that harbour the putative U. hordei centromeres. Based on the size 

of the BAG clones, the length of the cloned syntenic region in every BAG clone was 

estimated. The length of the sytenic region (based on BLAST hits) in U. maydis genome was 

also measured, and the difference between the length of syntenic regions from U. maydis and 

U. hordei was calculated. Since the genie content between two species is similar, the 

difference in length was attributed to increased centromere length in U. hordei. By this 

approach, the length of 17 centromeres out of 23 in U. hordei was predicted. Next, PacBio 

sequencing was performed for U. hordei and was followed by de novo assembly of U. hordei 

genome. Synteny analysis was performed using the refined genome, and 18 putative 
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centromeric regions were identified. Fifteen of these identified putative centromeres were the 

same as the ones predicted using BAC based approach and showed consensus on the 

centromere length. Two regions identified using the BAC clone approach are broken in our 

current PacBio assembly whereas three regions identified using PacBio approach lack 

equivalent BAC clones. Thus combining the data of BAC clone inserts and PacBio assembly, 

we could determine length of 18 centromeres in U. hordei. 

Syntenic regions in U. hordei were identified using the synteny tool available in 

PEDANT public database (http://pedant.gsf.de/genomes.isp?categorv=fungal) whereas we 

used Geneious tool to perform synteny analysis between U. maydis and U. bromivora 

genomes. 

Fluorescence microscopy 

Cells were grown in the YPD broth with shaking at 180 rpm for 14-16 h and pelleted 

at 4,000 rpm. Cells were then washed once with distilled water and finally resuspended in 

distilled water. Cells were observed under microscope. 

For live cell imaging, an overnight YPD or synthetic complete medium-grown culture 

was diluted in fresh synthetic complete growth medium and grown for 3 h. Next, ~0.5 |a,l of 

cell suspension was placed on a slide containing a thin complete growth medium 2% agarose 

patch and a coverslip was placed on top. Images were captured at lOOX using either confocal 

laser scanning microscope, LSM 510 META or LSM880 (Carl Zeiss, Germany) or the 

DeltaVision system (Applied Precision). The Image processing was done using either Zeiss 

image processing software LSM 5 Image Examiner, Image J, Image Pro-plus or Photoshop 

(Adobe Systems). 
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Counting of cytoplasmic microtubules 

The number of cMTs per cell was determined by the mediod described previously 

(Kosco et al. 2001, Straube et al. 2003). The GFP tagged Tubl strain of Candida albicans 

(YJB12856) or C. neoformans (CNVY106) was grown till log phase, harvested and mounted 

on an 2% agarose pad containing synthetic complete media (2% dextrose, 0.67% YNB w/o 

amino acids, 0.2% amino acid mix and 100 mg/1 of uridine or uracil for C. albicans or C. 

neoformans, respectively). GFP-tagged tubulin images of C. albicans and C. neoformans 

cells were captured with identical settings using Carl Zeiss LSM 510 META confocal 

microscope (Carl Zeiss). Images were 3D rendered using Image J. cMTs were tracked 

manually using 3D rendered images across aU planes. Bright clustered signals of Tubl-GFP 

which represented MTOCs were excluded from the counting. Subsequent processing was 

performed using Image J and Adobe Photoshop (Adobe systems). Cell number vs cMTs/cell 

was plotted using Prism (GraphPad Prism), with the calculated mean drawn for both C. 

albicans and C. neoformans. 

Budding index calculation for kinetochore assembly 

Budding index was calculated for 100 cells with respect to each kinetochore layer 

protein. The diameter of the mother cell (y. Figure 6.1) and the daughter cell (x, Figure 6.1) 

Figure 6.1 A cartoon to represent the budding index measurements. 
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was measured using either the Image Pro-plus software or LSM software. The diameter value 

of the daughter cell was then divided by the mother cell diameter value to obtain the ratio 

(x/y). This ratio was defined as the budding index. 

Microtubule depolymerisation assays 

To determine the effect of MT depolymerisation on the kinetochore clustering, the 

cells were grown overnight in YPD and synchronized to get unbudded cells as described 

previously (Ohkusu et al. 2004). The culture was divided in two halves. One part was treated 

with DMSO solution, and the remaining was treated with DMSO + nocodazole at the final 

concentration of 1 fig/ml. Initially cultures were treated for 1 h under low oxygen conditions 

to maintain the unbudded state. Subsequently, cultures were diluted into fresh medium and 

grown with aeration for 70 min either in the presence (DMSO+Noc) or absence (DMSO) of 

nocodazole. The cells were collected and placed on a 2% agarose patch (supplemented with 

either DMSO or DMSO+Noc) on the microscope slide and imaging was performed. 

Table 6.1 Strains and Plasmids used in this study. 

C. neoformans strains 

H99 

KN99 

CNVYlOl 

CNVY102 

CNVY103 

CNVY104 

CNVY105 

CNVY106 

CNVY107 

CNVY108 

CNVY109 

CNVYllO 

CNVYlll 

CNVY112 

CNVY113 

a (Perfect ef a/. 1993) 

a (Nielsen et al. 2003) 

a KN99::mCherry-CENP-A-NEO (pLKB74) 

a CENP-C::CENP-C-mCherry-NEO 

a MTWl ::MTWI-mCherry:NEO 

a }i99::GFP-DADl-NAT (pVYl) 

a DAD2::DAD2-mCherry:NEO 

a H99::GFP-TUBULIN-NAT (phKB35) 

a KN99::GFP-TUBULIN-NAT ipLKB?,5) + mCherry-CENP-A-NEO (pLKB74) 

a H99::GFP-H4-NAT (pWY3) 

a H4::H4-mCherry-NEO, H99:. GFP-TUBULIN-NAT {pLKB35) 

a H99::GFP-NDC1-NAT {pWY4) 

a KN99.;GFP-A'DC/-A^Ar(pVY4) + mCherry-CENP-A-NEO (pLKB74) 

a GFP-NDCI:NAT/pVY4, H4::H4- mCherry-NEO 

a H99::GFP-CENP-A:NAT (pVY 1) 
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CNVY114 

CNVY115 

C^FVY116 

CNVY117 

CNVY118 

CNVYI38 

CNVY149 

CNVY152 

CNVY156 

CNVY161 

CNVY165 

CNVY175 

CNVY176 

CNVY177 

CNVY184 

CNVY191 

CNfVY192 

CNVY194 

CNVY200 

CNVY210 

a KN99::mCherry-CENP-A-NEO (pLKB74) + GFP-H4-NAT{pVY?>) 

a KN99::GFP-CENP-A-NAT{pVYl), CENP-C::CENP-C- mCherry-NEO 

a KN99.-.GFP-C£A'P-A-A'/^7(pVYl), MTW1::MTWI- mCherry-NEO 

a KN99.:GFP-DAD1-NATipWYl), MTWl.-.MTWl- mCherry-NEO 

a KN99.;GFP-Z)/\D/-A'/i7'(pVY2), CENP-C::CENP-C- mCherry-NEO 

a KN99::mCherry-CENP-A-NEO (pLKB74), SADl::SADl-GFP-NAT 

a SAD1::SAD1-GFP:NAT 

a SPC98p::GAL7p-SPC98-HYG 

a E99::CENP-Ap-GFP-CENP-A-NAT (pWYS) 

a SPC98p::GAL7p-SPC98-HYG, W99::GFP-H4-NAT (pVY3) 

a KN99:. CENP-Ap-GFP-CENP-A-NAT (pVY8) 

a H99::CENP-Ap-GFP-CENP-A-NAT (pVY8), SPC98p::GAL7p-SPC98-HYG 

a SPC98p::GAL7p-SPC98-HYG, SPC98::SPC98-GFP-NAT 
a SPC98p::GAL7p-SPC98-HYG, SPC98::SPC98-GFP-NAT, H99::mCherry-CENP-A-
NEO (pLKB74) 
a KH99::mCherry -CENP-A-HYG (pLKB75) 

aSADl::sadl-NEO 

a K^99::mCherry -CENP-A-HYG (pLKB75), SADl::sadl-NEO 

a U99::GFP-TUBULIN-NAT{pLKB?,5), SADl::sadl-NEO 

a Y^99::CENP-Ap-GFP-CENP-A-NAT{pWY%), SADl::sadl-NEO 

a H99::GFP-H4-NATipWYJ), SADI::sadI-NEO 

C. deneoformans strains 

JEC21 

CNVY501 

CNVY502 

(Heitman ef a/. 1999) 

a mC2\::mCherry-CENP-A-HYG (pLKB75) 

a CENP-C::CENP-C-mCherry-NEO 

C. deuterogattii strains 

R265 

CNVY701 

CNVY702 

(Kidd et ai 2004) 

a R265::mCherry-CENP-A-NEO (pLKB75) 

a CENP-C::CENP-C-mCherry-NEO 

C. amyiolentus strains 

CBS6039 

CNVY902 

(Findley et ai 2009) 

CBSbQ39::mCherry-CENP-A-NEO (p\Y50) 

Plasmids 

pVYl 

pVY2 

pVY3 

pVY4 

pVYB 

pVY50 

pVY22 

pLKB35 

pLKB70 

pLKB71 

pLKB74 

pLKB75 

pCN19 + CENP-A (BamHI-BamHI) 

pCN19 + Dadl (BamHI-BamHI) 

pCN19 + H4(BamHI-SpeI) 

pCN19 + Ndcl (BamHI-Spel) 

GFP-CENP-A-NAT from pVYl into pBSII KS using Sacl-Apal 

CRAM CENP-A in pLK25 

CENP-Ap replaced H3p in pVY8 

pCN19 + a-tubulin (BamHI-BamHI) 

pXLI + mCherry-CENP-A (NEO) 

pXLI -1- mCherry-CENP-A (HYG) 

pXLI + CEA'P-A/7-mCherry-CENP-A (NEO) 

pXLI -1- CENP-Ap-mC\\QTxy-CE^-K (HYG) 
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Table 6.2 Primers used in this study. 

Primer 
name 

VYPl 

VYP2 

VYP3 

VYP4 

VYP5 

VYP6 

VYP7 

VYP8 

VYP9 

VYPIO 

VYPll 

VYPl 2 

VYP13 

VYPl 4 

VYPl 5 

VYPl 6 

VYPl 7 

VYPl 8 

VYPl 9 

VYP20 

VYP21 

VYP22 

VYP23 

VYP24 

VYP25 

VYP26 

VYP27 

VYP28 

VYP29 

VYP30 

VYP31 

VYP32 

VYP33 

VYP34 

VYP35 

VYP36 

VYP37 

VYP38 

VYP39 

VYP40 

VYP41 

VYP42 

VYP43 

Alias 

CN-1 FP 

CN-1 RP 

CN-2FP 

CN-2 RP 

CN-3FP 

CN-3 RP 

CN-4FP 

CN-4 RP 

CN-5FP 

CN-5 RP 

CN-6FP 

CN-6 RP 

CN-7FP 

CN-7 RP 

CN-8FP 

CN-8 RP 

CN-9FP 

CN-9 RP 

CN-IOFP 

CN-IORP 

CN-ll FP 

CN-11 RP 

CN-12FP 

CN-12RP 

CN-13FP 

CN-13RP 

CN-14FP 

CN-14RP 

CN-15FP 

CN-15RP 

CN-16FP 

CN-16RP 

CN-17FP 

CN-17RP 

CN-18FP 

CN-18RP 

CN-19FP 

CN-19RP 

CN-20 FP 

CN-20 RP 

CN-21 FP 

CN-21 RP 

CN-22 FP 

Sequence (5'-3') 

H99 primers 

GAACAATCCAGTCTCATCCATG 

GGAGATTAGATTAGTGAAGAGG 

GGACTTCACCACGATCTGTG 

GTTCGAGAATGCGTCGAGA 

GGTGATGCTACCTCGGT 

CCCGACGACTGTATCAGTTA 

TGCTCTTCGTTGTAGTGGTC 

GGTAGTTAACGAGGCCGAG 

CATTACGTAACTCTCTCCTATG 

CTCTGTCCTCGATCTTGAC 

TTCCTTGCTTGACTACAATC 

GTGTCAATTGCCAGAGATG 

GCAAATGCAGGCAATATCA 

GAGGGAAATCCAGTGATG 

TGTCTGTGTTAGGCTTATG 

GCTCTCGTCTTACCTTGCAC 

GATTGTAGAATAGTTTCCATG 

ATGCTTCAGGGTGTATGATC 

ATTGCTCATGCTCTCTGTC 

AAGGGAGAGGTGTCTTTGC 

AATCAGAGATGTGGGTAGTC 

TGAGCCAGAGCAGCTTG 

GCTCAACGAACGCTGTCC 

GACAACCACTAACCGCTCTG 

AAAGGTGATAATACACCTTGG 

CGGATTTGGTTGGGTTAGG 

AAATGTCATGCATAGGACAG 

GGTCGATGTGTAGATTGAAAC 

CTCAAGCCATATGTCACCTC 

CAGTTCGTCTGGTCCATC 

GATGTCATCGAGGCAGCATC 

TCTGCCCTGGATGAAGAGG 

GTCTGGTATGAGTTAACCAG 

GGTCAATGGCAGCATGG 

CCATTGTCCATTCGCTCG 

GGTGCGAGAATACAATTGTC 

CGTGACAAATTCGACGATATTGC 

TGTTTCTCCCATAGTGTTATCCAG 

CGTGGTCGGTCATGACATG 

CCTCTTTCCCATGATGCTGTTC 

GGCAAGTGACCATGAGGAG 

GCCTTTCTCGGCAGCATC 

GGTACTCATTGTGCTTCTGTG 

Purpose 

Chip PCR 
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VYP44 

VYP45 

VYP46 

VYP47 

VYP48 

VYP49 

VYP50 

VYP75 

VYP76 

VYP79 

VYP80 

VYP83 

VYP84 

VYP85 

VYP86 

VYP87 

VYP88 

VYP89 

VYP90 

VYP9I 

VYP92 

VYP93 

VYP94 

VYP95 

VYP96 

VYP97 

VYP98 

VYP99 

VYPIOO 

VYPlOl 

VYP102 

VYP103 

VYPI04 

VYP105 

VYP106 

VYP107 

VYP108 

VYP109 

VYPllO 

VYPlll 

VYP112 

VYP113 

VYPU4 

VYP115 

VYPI16 

VYP117 

CN-22 RP 

CNLEU2 FP 

CNLEU2 RP 

CNCENI4R15FP 

CNCEN14R15RP 

CNCEN14L15FP 

CNCENI4L15 RP 

H99.CEN6.Me.FP 

H99.CEN6.Me.RP 

H99.Ctrll.Me.FP 

H99.Ctrll.Me.RP 

CNH4FP 

CN H4 RP 

CN-H4 FP 

CN-H4-mCh RP 

CN-H4-mCh FP 

CN-Neo-H4 DS RP 

CN-Neo-H4 DS FP 

CN-H4 DS RP 

CNNdcl FP 

CNNdcl RP 

CN-Spc98 FP 

CN-Spc98-mCh RP 

CN-Spc98-mCh FP 

CN-Neo-Spc98 DS RP 

CN-Neo-Spc98 DS FP 

CN-Spc98 DS RP 

Spc98GFP.P2 

Spc98GFP.P3 

Spc98GFP.P4 

Spc98GFP.P5 

CN Cse4-GFP FP 

CN Cse4-GFP RP 

Cse4-GFP pr. FP 

Cse4-GFP pr. RP 

CENP-C-mCh.Pl 

CENP-C-mCh.P2 

CENP-C-mCh.P3 

CENP-C-mCh.P4 

CENP-C-mCh.P5 

CENP-C-mCh.P6 

SB054 

SB056 

SB055 

SB058 

SB057 

GCGCAGGAACTCATCGAC 

TCAGCCGTTCTCAAGGATGAG 

ACTTGAGATCAAGCTTGAGATCAG 

TCCTGCCAACGGCAGAGC 

CCTTTCTTCACACGATTCAC 

TACACTACCGTCCATAACAC 

AGGTTGTGGTTGCGTCAG 

AGTCTCGTGTGGCTATGATT 

GGATCTGCTTGACAGTGTCA 

CCAACCGAAGCCCAAGACAA 

TTGAAGGATGATCCGGCCGA 

CGCGGATCCATGTCTGGTCGAGGAAAAGGTG 

GGACTAGTAGAAGAAGGGGAAGAAGAAGTAGATAC 

GATCAGCAAATCCTCGTATGTACTTC 

CTCGCCCTTGCTCACCATAGCACCGAAACCGTAAAGG 

CCTTTACGGTTTCGGTGCTATGGTGAGCAAGGGCGAG 

GCTGCAAAAATCCACAAATGCCCAAGCTTGGTACCGAGCT 
C 

GAGCTCGGTACCAAGCTTGGGCATTTGTGGATTTTTGCAGC 

CCCGAAAATCTCCTCAAGG 

CGCGGATCCATGCCGGTACTACAACCACG 

TCCATCAGCGGGTGATTGTATGCCTCAC 

ATTAGCCTCTACCGCCACCACC 

CTCGCCCTTGCTCACCATAGCCCTCGCCGACCTTGATG 

CATCAAGGTCGGCGAGGGCTATGGTGAGCAAGGGCGAG 

CAGCCACACGTATGAGGCCCCAAGCTTGGTACCGAGCTC 

GAGCTCGGTACCAAGCTTGGGGCCTCATACGTGTGGCTG 

CACACCCTTGTACAACAGGGACG 

CTCGCCCTTGCTCACCATAGCCCTCGCCGACCTTGATG 

CATCAAGGTCGGCGAGGGCTATGGTGAGCAAGGGCGAG 

CAGCCACACGTATGAGGCCGCCTCTTCGCTATTACGC 

GCGTAATAGCGAAGAGGCGGCCTCATACGTGTGGCTG 

CAAGGATCCGCTATGGCAAGAACAGTAACGAG 

CTAGGATCCCATTGTCACCAAGCCTTGG 

GCGCGAGCTCAGTAAGCGATTGTCAGCG 

CATGCCATGGTATTCCTTCCGATTGTTTCGCG 

CCCGGTGACGACGGCTACCACGG 

CTCGCCCTTGCTCACCATTCTCCTACTCTTCCCCTT 

AAGGGGAAGAGTAGGAGAATGGTGAGCAAGGGCGAG 

CTTCTTTCTCCTGCCAGCCCAAGCTTGGTACCGAGCTC 

GAGCTCGGTACCAAGCTTGGGCTGGCAGGAGAAAGAAG 

TCACCAGATAGAAAGAGTCTAGG 

GCATGATGCCCACAGGTAAATAAG 

CTCGCCCTTGCTCACCATTTTATTATCCCTGAGTGACCC 

GGGTCACTCAGGGATAATAAAATGGTGAGCAAGGGCGAG 

CCTCCTAACATCGGCTATAATCCCAAGCTTGGTACCGAGCT 
C 
GAGCTCGGTACCAAGCTTGGGATTATAGCCGATGTTAGGA 
GG 

Methylation-specific 
PCR 

GFP-H4 tagging 

H4-mCherry tagging 

GFP-Ndcl tagging 

Spc98-GFP/mCherry 
tagging 

Spc98-mCherry 
tagging 

Spc98-GFP/mCherry 
tagging 

Spc98-GFP tagging 

GFP-CENP-A 
tagging 

CENP-C-mCherry 
tagging 

Mtwl-mCherry 
tagging 
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VYP118 

VYP119 

VYP120 

VYP123 

VYPI24 

VYPI25 

VYPI26 

VYP127 

VYP128 

VYP129 

VYP130 

VYP131 

VYPI32 

VYP133 

VYP134 

VYPI35 

VYP136 

VYP137 

VYP138 

VYPI39 

VYP140 

VYP141 

VYP142 

VYP143 

VYPI44 

VYP145 

VYP146 

VYP147 

VYP148 

VYP149 

VYPI50 

VYPI51 

VYP152 

VYP153 

VYP154 

VYP155 

VYP156 

VYP157 

VYP158 

VYP159 

VYP160 

VYP161 

VYP162 

VYP163 

VYP164 

SB059 

CnDADIFP 

CnDADlRP 

CNGal7-Spc98.Pl 

CN Gal7-Spc98.P2 

CN Gal7-Spc98.P3 

CN Gal7-Spc98.P4 

CN Gal7-Spc98.P5 

CN Gal7-Spc98.P6 

Gal7-Spc98 FP 

Gal7-Spc98 RP 

Gal7-FP (confirm) 

CNSadl-GFP.Pl 

CNSadl-GFP.P2 

CNSadl-GFP.P3 

CNSadl-GFP.P4 

CNSadl-GFP.P5 

CNSadl-GFP.P6 

CN3781 del PI 

CN378I delP2 

CN378I delP3 

CN378I delP4 

CN3781 delP5 

CN3781 del final.FP 

CN 3781 del final.RP 

CN3781 del.confFP 

CN3781del.confFP 

Nhel 

Pad 

Xhol 

Fsel 

Cn DAD2 FP 

Cn DAD2-mCh UP RP 

Cn DAD2-mCh-Neo FP 

Cn DAD2-mCh-Neo RP 

Cn DAD2-mCh down 
FP 

Cn DAD2 DS RP 

mCh-conf. RP 

Full.PI 

Full.P2 

Full.P3 

Full.P4 

Full.P5 

Full.P6 

PI.F2.N1.FP 

CGATCTCCGCCTGACCCTGACCTC 

CAAGGATCCGCTATGTCTTTATCAAGACCATCG 

CTAGGATCCTCGTCGAATGACAAATACG 

CGCGGATCCCGAGAGCGAATGTAGGGTG 

GCAGATATCCATCACACTGTTCAGAGCGCACGTGTGC 

GCACACGTGCGCTCTGAACAGTGTGATGGATATCTGC 

CCTGACACCATTTCATCATCATTCTCAGGAGAGAATTGAGT 
GC 
GCACTCAATTCTCTCCTGAGAATGATGATGAAATGGTGTCA 
GG 

CGGGGTACCGTCAAGTTCATTTTGCGCAG 

CTTGGCAAGCTACGATAAGTGCAG 

CACTCCATCCTAGTGCCTGTCAGC 

ATACGCGAGTCCAACTTCGC 

CACGAGCTCGATGAGCACAAGGTAGTGGA 

CTCGCCCTTGCTCACCATAGCATTCCCATGCACGCGAA 

TTCGCGTGCATGGGAATGCTATGGTGAGCAAGGGCGAG 

TCATGGTATCAAATCTGCCGCCTCTTCGCTATTACGC 

GCGTAATAGCGAAGAGGCGGCAGATTTGATACCATGA 

CCCATCGATCGGTGTCGCTGCTTCCATCT 

GCGCGGATCCGAAGAGAGAGGAGCATTCCG 

GCACACTGGCGGCCGTTTGCTAATATGGGATGGAAGG 

CCTTCCATCCCATATTAGCAAACGGCCGCCAGTGTGC 

CACTATACATTGTGAAACCCCTGCAGAATTCGCCCTTGC 

GCAAGGGCGAATTCTGCAGGGGTTTCACAATGTATAGTG 

AGAACGAGGATGCTGCCTCTGC 

CGGAACTACGTTCACCATGGC 

TTGTTGTTACCATCATCCTCTC 

CGGTGTCGCTGCTTCCATCT 

GCAGCTAGCTATGGCAAGAACAGTAACGAG 

GACTTAATTAAGCTCAAATCGTAATCCTTC 

GTACTCGAGTCATGGAGAAGATAGATTG 

CTAGGCCGGCCATTCCTTCCGATTGTTTCG 

GCTCTAGACTATCAATCGCCAATCGCTTC 

CTCGCCCTTGCTCACCATTTGTTGTTTTGTTTTATCAGATGC 
G 

CTGATAAAACAAAACAACAAATGGTGAGCAAGGGCGAG 

CTATTGGTCGTCATCAGCAGGCCAAGCTTGGTACCGAGCTC 

GAGCTCGGTACCAAGCTTGGCCTGCTGATGACGACCAATA 
G 

CCCAAGCTTCTCCATATCGTGTCTCAATTTCATCTC 

CTTGTACAGCTCGTCCATGC 

TAGCTTTCTGGATCCAAGAGGTTCC 

GAAAATATCATGCATAGGACAAAGGC 

ATGCATAGGACCGGCAATTGC 

TGCTGTGGGTCCATTGGAGGTC 

CACATCCCCAATCCAAAAATGCACTC 

CATCATCCACTAGTCTCCAAAGCC 

ACTCTTGAGCTCAGCAATGTC 

GFP-Dadl tagging 

Replacing SPC98p 
with GAL7p 

Sad l-GFP tagging 

Sadl-GFP 
tagging/deletion 
construct 

SadI deletion 
construct 

mCherry-CENP-A 
tagging 

Dad2-mCherry 
tagging 

mCherry tagging 
confirmation primer 

CEN5 sequencing 
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VYP165 

VYPI66 

VYP167 

VYP168 

VYP169 

VYP170 

VYP171 

VYP172 

VYP173 

VYP174 

VYP175 

VYP176 

VYP177 

VYPI78 

VYPI79 

VYP180 

VYP181 

VYPI82 

P1.N2.FP 

P1.N2.RP 

P1.S4.FP 

PI.S5.FP 

P1.S6.FP 

PI.SIO.FP 

Pl.SII.RP 

PlTr.FP 

Pl.Tr.RP 

P2.N2.FP 

P2.S6.FP 

P2.S8.RP 

P2.S1I.FP 

P2.Trl.FP 

P2.Trl.RP 

P2.Tr2.FP 

P2.Tr2.RP 

P3.SI2.RP 

ATGCCCACTGATGAGTGCATC 

GAACACAATCCGTCCATCAGCTG 

CACCTTGTGACCAATGTCG 

GTTGTTCGGTCTGTCTTAAC 

GCTATTCGCCTCAATAAACTCC 

CCTTCGCGATGAACAATACC 

CAAGTTCATAGTAACAGCCAC 

GTGGCTGTTACTATGAACTTGATTTCC 

GAGGAGTTTATTGAGGCGAATAGC 

CAATCATATTGCGAGACTTGAGC 

AGCTCTTGCAAGCTCTGCC 

GTTGCCTGCTGAGTTAAAC 

CAAGTTCATAGTAACAGCCAC 

GCACAGACAACCGAGGACCGTATAGAAGG 

CCTTCTATACGGTCCTCGGTTGTCTGTGC 

CCTCAGTAGAGTTCCTAGGTTTCATTGTCAGC 

GCTGACAATGAAACCTAGGAACTCTACTGAGG 

AGGTGCAAGAAGCTAATCCTGC 

JEC21 primers 

VYP501 

VYP502 

VYP503 

VYP504 

VYP505 

VYP506 

VYP507 

VYP508 

VYP509 

VYP510 

VYP5I1 

VYP512 

VYP513 

VYP514 

VYP515 

VYP516 

VYP517 

VYP518 

VYP519 

VYP520 

VYP521 

VYP522 

VYP523 

VYP524 

VYP571 

VYP526 

VYP572 

VYP528 

JEC-Mif2-mCh.Pl 

JEC-Mif2-mCh.P2 

JEC-Mif2-mCh.P3 

JEC-Mif2-mCh.P4 

JEC-Mif2-mCh.P5 

JEC-Mif2-mCh.P6 

JEC-Mit2-mCh.final FP 

JEC-Mif2-niCh.final RP 

JEC.CENl.l.FP 

JEC.CENl.l.RP 

JEC.CEN1.2.FP 

JEC.CEN1.2.RP 

JEC.CEN2.1.FP 

JEC.CEN2.1.RP 

JEC.CEN2.2.FP 

JEC.CEN2.2.RP 

JEC.CEN3.1.FP 

JEC.CEN3.I.RP 

JEC.CEN3.2.FP 

JEC.CEN3.2.RP 

JEC.CEN4,l.FP 

JEC.CEN4.1.RP 

JEC.CEN4.2.FP 

JEC.CEN4.2.RP 

JEC.CENS.l.qFP 

JEC.CEN5.1.RP 

JEC.CEN5.2.qFP 

JEC.CEN5.2.RP 

GGATAGAGCAAGATCTGCTAGGTC 

CTCGCCCTTGCTCACCATTCTCCTGCTCTTCCCCTTAC 

GTAAGGGGAAGAGCAGGAGAATGGTGAGCAAGGGCGAG 

GCTTCGTTACTGACAACAATATATCCCAAGCTTGGTACCGA 
GCTC 
GAGCTCGGTACCAAGCTTGGGATATATTGTTGTCAGTAACG 
AAGC 

TGAGGCAGGAATCATGTAGTC 

GGCTGCGCTGTTATCAAGGAGATC 

CTTGGGAGGGACGAATACATTGACCTG 

GTGCAACTGCTATGTAGCTG 

TGTGGAACGTCTGACAGTG 

CTTATGCTCCTTCAAGTGC 

ACCCAGCCTTGCTACTCAC 

CT ACCTTCTTCG AC ATTGGC 

CCATCAAGTCGCCAAGTGC 

ATCGGCAAGCACTAGTAGC 

ACGTCATGACAGACCATGC 

GTGGTCAATACGCAAGTCG 

ACCGACCACTTCACTCTC 

CAGTAGACTGATCAGCAAGC 

GCCACAATGACATACGAGC 

CGTCTTCGCTATTCCAGTTC 

CGTGACATTGTTCAGAGC 

CAACAAGGGGAATAGGAAGG 

GCTGATCGATGGACTCTTG 

TCGTCGAGCCGCATATGC 

ACACTCCAGCGAAAATTGC 

GTGTTGCTTGCGTCGGTG 

TGAAGGAAATGGTGGCACG 

CENP-C mCherry 
tagging 

Chip PCR 
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VYP529 

VYP530 

VYP531 

VYP532 

VYP533 

VYP534 

VYP535 

VYP536 

VYP537 

VYP538 

VYP539 

VYP540 

VYP541 

VYP542 

VYP543 

VYP544 

VYP545 

VYP546 

VYP547 

VYP548 

VYP569 

VYP550 

VYP55I 

VYP570 

VYP553 

VYP554 

VYP555 

VYP556 

VYP557 

VYP558 

VYP559 

VYP560 

VYP561 

VYP567 

VYP563 

VYP568 

VYP573 

VYP566 

VYP701 

VYP702 

VYP703 

VYP704 

VYP705 

VYP706 

VYP707 

JEC.CEN6.I.FP 

JEC.CEN6.1.RP 

JEC.CEN6.2.FP 

JEC.CEN6.2 RP 

JEC.CEN7.1.FP 

JEC.CEN7.1.RP 

JEC.CEN7.2.FP 

JEC.CEN7.2.RP 

JEC.CEN8.1.FP 

JEC.CEN8.1.RP 

JEC.CEN8.2.FP 

JEC.CEN8.2.RP 

JEC.CEN9.I.FP 

JEC.CEN9.I.RP 

JEC.CEN9.2.FP 

JEC.CEN9.2.RP 

JEC.CENIO.I.FP 

JEC.CENlO.l.RP 

JEC.CEN10.2.FP 

JEC.CEN10.2.RP 

JEC.CENll.l.qFP 

JEC.CENll.l.RP 

JEC.CEN1I.2.FP 

JEC.CEN11.2.qRP 

JEC.CEN12.1.FP 

JEC.CEN12.1.RP 

JEC.CEN12.2.FP 

JEC.CEN12.2.RP 

JEC.CENI3.1.FP 

JEC.CEN13.1.RP 

JEC.CEN13.2.FP 

JEC.CEN13.2.RP 

JEC.CEN14.1.FP 

JEC.CENH.l.qRP 

JEC.CENI4.2.FP 

JEC.CEN14.2.qRP 

JEC.Ctrl.qFP 

JEC.ChlP.ctrl.RP 

R265-Mif2-mCh.Pl 

R265-Mif2-mCh.P2 

R265-Mif2-mCh.P3 

R265-Mif2-mCh.P4 

R265-MiC-mCh.P.'i 

R265-Mif2-mCh.P6 

R265-Mif2-mCh.final 
FP 

ACCAGCACCAGTCGCTTC 

GTCTCAGACTTCATTCTCATC 

CATAACTCGACTTCAACTCG 

CCTTGACATCCGCACCAG 

AACATCTTGGTGACTGTCG 

AAACCATCTATCTTGAAGCAC 

AGCACGGAAATCGCAGAC 

TGAATGCAGGACGTCTTCG 

TGCATCACATTGTGTCATGC 

GTTTCAGGTCAATAGCAGAC 

ACTCTTGCATGGAGTAGAATC 

CATATGCATGACTTTCAACC 

AATTGATAGGAACACTGATCAG 

TACAGTCACAAGTACCTTGC 

ACAACGCAGTAGTTCAAGTG 

CCCCGAAGTACTAACCTTGC 

TCAGACCCATCGTCAATCATG 

CGAAGCCGATGCTGAGTAC 

TCGGTTGAATTCCCTCCTG 

ATGACTGTCTTGTTAGATCG 

TCACTGGATTCTTTGACAAGG 

CTGCTCTTGGATGATATAGGAC 

GTCTAGAGAGAGCTTGAGC 

CCAGAACACTTACAATATCGAAAC 

GTCGAGTAGGCGAGGAAC 

ACCTCAACACAGTCGACG 

TAGGCGGTGTTGACGACAG 

TCATTGGTGACACTACCTAC 

AGTCACACGTCATACAAGTC 

AACCTAGGAACTCTACTGAG 

ACGACAATCGTAGCATCG 

CTATGTCCTACTATCACGAC 

CGTTCGTGGTATAGGTCTAGAG 

CCATTGCTAGTTTCGCATC 

CATCCTTCCCCCATATGATG 

TCAACAGCGTCGCATTAATG 

CTACTCATACAACGACACCTC 

TGAGTGAGCCACCTATAACG 

R265 primers 

ACGTCCGTCCGAACTTGG 

CTCGCCCTTGCTCACCATTCTCCTACTCTTCCCTTTACTTTT 
TCTC 
GAGAAAAAGTAAAGGGAAGAGTAGGAGAATGGTGAGCAA 
GGGCGAG 

CATCTTCCCCCTGCCAGTCCAAGCTTGGTACCGAGCTC 

GAGCTCGGTACCAAGCTTGGACTGGCAGGGGGAAGATG 

AGCCGCCAGGTAGATGAGG 

CACTATCCCTGAAGATCCACCTATACC 

CENP-C mCherry 
tagging 
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VYP708 

VYP709 

VYP710 

VYP711 

VYP7I2 

VYP713 

VYP714 

VYP715 

VYP7I6 

VYP717 

VYP718 

VYP719 

VYP720 

VYP727 

VYP728 

VYP729 

VYP730 

VYP741 

VYP742 

VYP743 

VYP744 

R265-Mif2-mCh.fmal 
RP 

R265.CEN7.ChIP.I.FP 

R265.CEN7.ChIP.l.RP 

R265.CEN7.ChIP.2.FP 

R265.CEN7.ChIP.2.RP 

R265.CEN8.ChIP.l.FP 

R265.CEN8.ChIP.l.RP 

R265.CEN8.ChIP.2.FP 

R265.CEN8.ChlP.2.RP 

R265.CEN14.ChIP.l.FP 

R265.CEN14.ChIP.l.RP 

R265.CEN14.ChIP.2.FP 

R265.CEN14.ChIP.2.RP 

R265.ChIP.ctrl4.FP 

R265.ChlP.ctrl4.rP 

R265.ChIP.ctrl5.FP 

R265.ChlP.ctrl5.RP 

R265.CEN9.Me.FP 

R265.CEN9.Me.RP 

R265.Ctrl.Me.FP 

R265.Ctrl.Me.RP 

CGATTGCCTGTTTCACTTCACTC 

GTTTTGGATATAGTGGGAAAGTTC 

GGTTGTTAACGGATACAAATTCC 

CTCTGCATTCCTGACATCG 

AATCCAGGGTGATATCATCG 

CGTGGCGTGAATACATACAC 

TTGCAAAAGAAGGGAGGCTG 

CTGAGTCCACAATGAAGGTG 

CCAAGGTAACAAGCACAATG 

GAATCAAGTCTGAGGCACTAC 

GTAATCTGGTCTCCACAAGC 

GCAGTTTCCATGTATAAGCTG 

TAGACTACTGTAGGCACTGG 

GGACGGGCTGAGGAAAGTC 

GAAGCCCTATGAGGAACAAG 

CTCTCCTTTCCTTGCACCAGC 

ACTTTCTATCTGACCATTTCTCC 

CTGACCTCTAGTTGCAGGAGC 

CCAGATGATGTGGCATTCAAG 

CTTGTCTCGGCGTCCCAAAC 

AAAACGCTCAAAGCCTCTACG 

Chip PCR 

Methylation specific 
PCR 

C. amylolentus primers 

VYP901 

VYP902 

VYP903 

VYP904 

VYP905 

VYP906 

VYP907 

VYP908 

VYP909 

VYP910 

VYP911 

VYP912 

VYP913 

VYP914 

VYP915 

VYP916 

VYP917 

VYP918 

VYP9I9 

VYP920 

VYP921 

VYP922 

CRAM.mCh-CENP-
A.Pl 
CRAM.mCh-CENP-
A.P2 
CRAM.mCh-CENP-
A.P3 
CRAM.mCh-CENP-
A.P4 
CRAM.mCh-CENP-
A.P5 
CRAM.mCh-CENP-
A.P6 

CRAM_SC9.I.FP 

CRAM_SC9.1.new.RP 

CRAM_SC9.1.new.FP 

CRAM_SC9.1.RP 

CRAM_SC9.2.FP 

CRAM_SC9.2.new.RP 

CRAM_SC9.2.new.FP 

CRAM_SC9.2.RP 

CRAM_SC9.3.FP 

CRAM_SC9.3.new.RP 

CRAM_SC9.3.new.FP 

CRAM_SC9.3.RP 

CRAM_SC9.4.FP 

CRAM_SC9.4.RP 

CRAM_SC9.ctrl.FP 

CRAM_SC9.ctrl.RP 

GACCTCTAGAGTTGCCTGTCGTTGCGAGTG 

CTCCTCGCCCTTGCTCACCATTGCGCTTGCTTCTCCTGTTCT 

AGAACAGGAGAAGCAAGCGCAATGGTGAGCAAGGGCGAG 
GAG 

GGACGTGACTGTTCGGGCCATCTTGTACAGCTCGTCCATGC 

GCATGGACGAGCTGTACAAGATGGCCCGAACAGTCACGTC 
C 

GACGCTCGAGCCAAATCGGTATCGTCCTTGCTG 

GTCAAACCCGTTGCTCGTTC 

CCATTTTTGCAAACACCTTGC 

GTTCATGAGAAGGAGCTCCTTG 

GCCATACGCTCCAAGAACTCT 

CTCGAAACGACCAAGTCGTG 

GCATATACTTGTCACATAGACAGAC 

GACGAGGATGGAAATGCTATCAC 

AGCTCAGCTTGGTTGCGATG 

CAGGAGTGTGGCATTGTTGG 

ATGCTAGATTGGTCCTCTAACC 

GATTACTTGTCAATAACCCATCC 

TGGAAACTCTGGGGCTCAA 

CTTCTCTTTTAGTAGGGCTGTCC 

AAATAAGGGTACAAGTTGACCAG 

TCTCCCTCTCACAATCTACC 

GGTTGTAGAGAGCTTTCAGTG 

mCherry-CENP-A 
tagging 

Chip PCR 
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Appendix 1. Software, tools and websites used in this study. 

s. 
no. 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Name 

Geneious 
R9 

FungiDB 
database 

LTR-
finder 
program 

CD-
search 

PEDANT 
public 
database 

Pfam 

Clustal 
Omega 

ESPript 

SyMAP 

Website 

http://www.geneious.com 

httD://fungidb.org/fungidb/ 

http://tlife.fudan.edu.cn/ltr finder/ 

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi 

http://pedant.gsf.de/genomes. isp?category=fungal 

http://pfam.xfam.org/ 

http://www.ebi.ac.uk/Tools/msa/clustalo/ 

http://espript.ibcp.fr/ESPript/ESPript/ 

http://www.agcol.arizona.edu/software/svmap/index.html 

Purpose 

For sequence 
alignments, 
synteny 
analysis, 
genome view 

For 
Cryptococcus 
sp. genome 
sequence 
retrieval and 
access 

For 
identification 
ofLTR 
elements in 
the genome. 
For domain 
identification 
in proteins 
For Ustilago 
sp. genome 
sequence 
analysis 
For domain 
prediction in 
proteins 
Multiple 
sequence 
alignment 
For 
generating 
alignment 
figures 
For 
generating 
whole 
genome 
circular 
synteny maps 
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Abstract 

High fidelity chromosome segregation is essential for efficient transfer of the 
genetic material from the mother to daughter cells. The kinetochore (KT), 
which connects the centromere DNA to the spindle apparatus, plays a pivotal 
role in this process. In spite of considerable divergence in the centromere DNA 
sequence, basic architecture of a KT is evolutionarily conserved from yeast to 
humans. However, the identification of a large number of KT proteins paved 
the way of understanding conserved and diverged regulatory steps that lead to 
the formation of a multiprotein KT super-complex on the centromere DNA in 
different organisms. Because it is a daunting task to summarize the entire spec
trum of information in a minireview, we focus here on the recent understand
ing in the process of KT assembly in three yeasts: Saccharomyces cerevisiae, 
Schizosaccharomyces pombe and Candida albicans. Studies in these unicellular 
organisms suggest that although the basic process of KT assembly remains the 
same, the dependence of a conserved protein for its KT localization may vary 
in these organisms. 

Introduction 

The precise transmission of the genetic information from 
one generation to the next during the mitotic cell cycle 
is extremely important for a eukaryotic organism. This 
process involves faithful duplication of the whole genome 
during S phase followed by segregation of the duplicated 
genome with high fidelity during mitosis. The molecular 
mechanisms that ensure equal distribution of duplicated 
chromosomes in mitosis require proper assembly of a 
large multiprotein complex at the centromere (CEN), 
known as the kinetochore (KT). The primary function of 
a KT is to attach the chromosome to the dynamic plus 
ends of spindle microtubules (MTs), a crucial step in seg
regation of chromosomes. KTs are also associated with 
the formation of heterochromatin at the centromeric/ 
pericentric regions and maintenance of cohesion between 
sister chromatids till anaphase onset (Cleveland et al., 
2003; Cheeseman & Desai, 2008). Additionally, a KT is 
involved in the recruitment of the spindle assembly 
checkpoint machinery that monitors the KT-MT attach
ment and initiates signals to prevent cell cycle progression 
if an error persists. Once all the chromosomes are 
bi-orientated, separation of two sister chromatids marks 

the onset of anaphase. Any defect in the KT structure can 
disrupt KT-MT interaction that may result in an unequal 
distribution of chromosomes leading to aneuploidy. 

Cellular events associated w i th the 
mitotic cell cycle 

In metazoan cells, the nuclear envelope breaks down 
during mitosis that allows KT-MT interaction to facilitate 
bi-oriented chromosomes to arrange on a plane known as 
the metaphase plate (Nasmyth, 2001; Guttinger et al, 
2009). In contrast, the nuclear envelope never breaks 
down in budding yeasts and thus cells undergo closed 
mitosis without formation of a metaphase plate (Straight 
et al, 1997; Sazer, 2005; De Souza & Osmani, 2007). 
Existence of a metaphase plate is unlikely in Schizosac
charomyces pombe and Candida albicans as well. Interest
ingly, a semi-open mitosis has been reported recently in 
fission yeast Schizosaccharomyces japonicus (Aoki et al, 
2011; Yam et al, 2011). The nuclear envelope breaks 
down only during anaphase in this organism. The nuclear 
envelope virtually breaks down by increasing its perme
ability during both mitosis and meiosis in S. pombe as 
well (Asakawa et al, 2010, 20U), These studies indicate 
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ABSTRACT Kinetochores facilitate interaction between chromosomes and the spindle apparatus. The formation of a metazoan 
trilayered kinetochore is an ordered event in which inner, middle, and outer layers assemble during disassembly of the nuclear 
envelope during mitosis. The existence of a similar strong correlation between kinetochore assembly and nuclear envelope 
breakdown in unicellular eukaryotes is unclear. Studies in the hemiascomycetous budding yeasts Saccharomyces cerevisiae and 
Candida albicans suggest that an ordered kinetochore assembly may not be evolutionarily conserved. Here, we utilized high-
resolution time-lapse microscopy to analyze the localization patterns of a series of putative kinetochore proteins in the basidio
mycetous budding yeast Cryptococcus neoformans, a human pathogen. Strikingly, similar to most metazoa but atypical of yeasts, 
the centromeres are not clustered but positioned adjacent to the nuclear envelope in premitotic C neoformans cells. The centro
meres gradually coalesce to a single cluster as cells progress toward mitosis. The mitotic clustering of centromeres seems to be 
dependent on the integrity of the mitotic spindle. To study the dynamics of the nuclear envelope, we followed the localization of 
two marker proteins, Ndc 1 and Nup 107. Fluorescence microscopy of the nuclear envelope and components of the kinetochore, 
along with ultrastructure analysis by transmission electron microscopy, reveal that in C. neoformans, the kinetochore assembles 
in an ordered manner prior to mitosis in concert with a partial opening of the nuclear envelope. Taken together, the results of 
this study demonstrate that kinetochore dynamics in C. neoformans is reminiscent of that of metazoans and shed new light on 
the evolution of mitosis in eukaryotes. 

IMPORTANCE Successful propagation of genetic material in progeny is essential for the survival of any organism. A proper 
kinetochore-microtubule interaction is crucial for high-fidelity chromosome segregation. An error in this process can lead to 
loss or gain of chromosomes, a common feature of most solid cancers. Several proteins assemble on centromere DNA to form a 
kinetochore. However, significant differences in the process of kinetochore assembly exist between unicellular yeasts and multi
cellular metaozoa. Here, we examined the key events that lead to formation of a proper kinetochore in a basidiomycetous bud
ding yeast, Cryptococcus neoformans. We found that, during the progression of the cell cycle, nonclustered centromeres gradu
ally clustered and kinetochores assembled in an ordered manner concomitant with partial opening of the nuclear envelope in 
this organism. These events have higher similarity to mitotic events of metazoans than to those previously described in other 
yeasts. 
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H igh-fidelity chromosome segregation is essential for faithful While the trilaminar architecture of the KT is conserved from 

propagation of genetic information. The process of chromo- yeast to humans, structural and functional evolution of some of 
some segregation is powered by the dynamic interaction between the KT proteins is evident (4). Among the three layers of the KT, 
the chromosomes and the spindle microtubules. The chromo- the components of the inner layer that interact directly with DNA 
somal attachment site of spindle microtubules is a multimeric are conserved in organisms with regional centromeres (centrom-
proteinaceous structure formed on the centromere DNA, termed ere DNA is > 3 kb in length) (5). The centromere-specific histone 
the kinetochore (KT) {1). An error in the KT-microtubule inter- H3 of the CENP-A/Cse4 family and CENP-C/Mif2 are two such 
action can result in improper chromosome segregation, leading to evolutionarily conserved inner KT proteins (6). Several middle 
aneuploidy, a hallmark of several cancers (2, 3). KT proteins, such as Misl2/Mtwl and Nuf2, are present in most 
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Abstract 

Cryptococcus neoformans is a pathogenic basidiomycetous yeast responsible for more than 600,000 deaths each year. It 
occurs as two serotypes (A and D) representing two varieties (i.e. grubii and neoformans, respectively). Here, we sequenced 
the genome and performed an RNA-Seq-based analysis of the C. neoformans var. grubii transcriptome structure. We 
determined the chromosomal locations, analyzed the sequence/structural features of the centromeres, and identified 
origins of replication. The genome was annotated based on automated and manual curation. More than 40,000 introns 
populating more than 99% of the expressed genes were identified. Although most of these introns are located in the coding 
DNA sequences (CDS), over 2,000 introns in the untranslated regions (UTRs) were also identified. Poly(A)-containing reads 
were employed to locate the polyadenylation sites of more than 80% of the genes. Examination of the sequences around 
these sites revealed a new poly(A)-site-associated motif (AUGHAH). In addition, 1,197 miscRNAs were identified. These 
miscRNAs can be spliced and/or polyadenylated, but do not appear to have obvious coding capacities. Finally, this genome 
sequence enabled a comparative analysis of strain H99 variants obtained after laboratory passage. The spertrum of 
mutations identified provides insights into the genetics underlying the micro-evolution of a laboratory strain, and identifies 
mutations involved in stress responses, mating efficiency, and virulence. 
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ABSTRACT High-fidelity chromosome segregation during cell division depends on a series 

of concerted interdependent interactions. Using a systems biology approach, we built a ro

bust minimal computational model to comprehend mitotic events in dividing budding yeasts 

of two major phyla: Ascomycota and Basidiomycota. This model accurately reproduces ex

perimental observations related to spindle alignment, nuclear migration, and microtubule 

(MT) dynamics during cell division in these yeasts. The model converges to the conclusion 

that biased nucleation of cytoplasmic microtubules (cMTs) is essential for directional nuclear 

migration. Two distinct pathways, based on the population of cMTs and cortical dyneins, dif

ferentiate nuclear migration and spindle orientation in these two phyla. In addition, the 

model accurately predicts the contribution of specific classes of MTs in chromosome segrega

tion. Thus we present a model that offers a wider applicability to simulate the effects of 

perturbation of an event on the concerted process of the mitotic cell division. 
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INTRODUCTION 
Mitosis is a fundamental cellular process that enables faithful trans
mission of genetic material to the subsequent generation in eu-
karyotes. This process is well coordinated and requires the cumula
tive effort of several macromolecular machineries, including the 
centromere-kinetochore complex, the mitotic spindle, microtubule 
organizing centers (MTOCs), molecular motors, and microtubule-
associated proteins (MAPs). The foundation for this process of 
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chromosome segregation is provided by a specialized chromatin 
structure, the centromere, upon which 60-80 proteins assemble to 
form the kinetochore (KT). The KT connects centromeric chromatin 
to the mitotic spindle. The mitotic spindle, nucleated by MTOCs, is 
a bipolar array of microtubules (MTs) that provides the force re
quired to segregate chromosomes. This mitotic spindle is synergis-
tically modulated by motor proteins (Mallik and Gross, 2004), the 
plus end-directed kinesins and the minus end-directed dyneins, 
and MAPs, which dynamically alter the rate of MT stability. The 
unequal rate of MT polymerization and depolymehzation provides 
the push-pull forces that mediate poleward movement of segre
gated chromosomes into two daughter cells. Apart from requiring 
the assembly of the segregation machinery on the centromere and 
push-pull forces to enable chromosomes to segregate, proper 
spindle positioning and orientation is crucial for carrying out faith
ful segregation of chromosomes (Segal and Bloom, 2001; Kusch 
eta/., 2002). 

In most organisms, MTs are largely localized to the cytoplasm 
until spindle formation begins during mitosis. These cytoplasmic 
MTs (cMTs) emanate from either multiple cytoplasmic MTOCs, as in 
metazoans, or from a single nuclear envelope (NE)-embedded 
MTOC, as in the budding yeast Saccharomyces cerevisiae. The 
cMTs, along with motor proteins, influence nuclear positioning and 
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Abstract 

Species within the human pathogenic Cryptococcus species complex are major threats to 

public health, causing approximately 1 million annual infections globally. Cryptococcus amy-

lolentus is the most closely known related species of the pathogenic Cryptococcus species 

complex, and it is non-pathogenic. Additionally, while pathogenic Cryptococcus species 

have bipolar mating systems with a single large mating type {MAT) locus that represents a 

derived state in Basidiomycetes, C. amylolentus has a tetrapolar mating system with 2 MAT 

loci (P/Rand HD) located on different chromosomes. Thus, studying C. amylolentus w\\\ 

shed light on the transition from tetrapolar to bipolar mating systems in the pathogenic Cryp

tococcus species, as well as its possible link with the origin and evolution of pathogenesis. 

In this study, we sequenced, assembled, and annotated the genomes of 2 C. amylolentus 

isolates, CBS6039 and CBS6273, which are sexual and interfertile. Genome comparison 

between the 2 C. amylolentus isolates identified the boundaries and the complete gene 

contents of the P/Rand HD MAT\oc\. Bioinformatic and chromatin immunoprecipitation 

sequencing (ChlP-seq) analyses revealed that, similar to those of the pathogenic Crypto

coccus spec\es, C. amylolentus has regional centromeres (CENs) that are enriched with 

species-specific transposable and repetitive DNA elements. Additionally, we found that 

while neither the P/R nor the HD locus is physically closely linked to its centromere in C 

amylolentus, and the regions between the MAT\oc\ and their respective centromeres show 

overall synteny between the 2 genomes, both MAT\oc\ exhibit genetic linkage to their re

spective centromere during meiosis, suggesting the presence of recombinational suppres

sors and/or epistatic gene interactions in the /W/47"-CEA/intervening regions. Furthermore, 
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