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Chapter 1

Introduction



Genome evolution and adaptation

Comparison of genomes of closely related species or different isolates within a species show
variations at the DNA sequence level or in their structural organization in a chromosome (BARRACLOUGH
et al. 2003). The generation of genetic diversity is imperative for an organism to adapt and survive in
diverse environmental conditions (EICHLER AND SANKOFF 2003). The outcome of these rearrangements
could be beneficial or detrimental to the cell. Based on the nature of this outcome, they get selected for,
or lost in the population by natural selection. Meiotic recombination is one of the well-known drivers of
genome evolution mediated by recombining genetic material from both parents (HOLLIDAY 1984).
However, several asexual/ mitotic mechanisms can also result in such rearrangements. Signs of
polymorphisms or rearrangements in the genomes of species with rare or no observed sexual cycle
suggests that alternate mechanisms mediating chromosomal rearrangements (CRs) exist (SEIDL AND
THOMMA 2014). Generating genetic diversity through such modes is considered to assist asexual
organisms in adapting and growing in different niches.

Modes of genome evolution
Duplications/ gene amplification

Over 50 years ago, Ohno proposed that the duplication of genetic material as an easy and
effective way of generating large scale genetic diversity rather than creating genes de novo (OHNO 1970).
Duplication of genetic material, the most explored drivers of genome evolution (EICHLER 2001), is
classified into two types based on the scale of duplication- whole-genome duplication (WGD) and

segmental duplication.

WGD has been reported independently in several eukaryotic lineages, from fungi up to
vertebrates (WOLFE AND SHIELDS 1997; MCLYSAGHT et al. 2002). As the name implies, the process
involves duplication of the entire genetic material, after which further rearrangements and loss of
redundant gene copies stabilize the genome. In this process, the genes or gene families that provide any
fitness advantage enabling the extant species to adapt to specific environmental conditions are retained
(OTTO AND WHITTON 2000). In some cases, the duplicated genes can also diverge to acquire novel
function such that they can provide an adaptive edge to the organism- a process termed as
neofunctionalization (LYNCH AND CONERY 2000). Among fungi, ancient WGD events are proposed to
have shaped the genomes of the basal fungi like Rhizopus, Mucor, and Phycomyces species (MA et al.
2009; CORROCHANO et al. 2016). The expanded gene families that were retained include those involved
in signal transduction, cell wall biogenesis, secreted proteases. Evidence for the specialization of genes

related to phototropism was also identified in these species. Among the Ascomycota, WGD was



evidenced in the Saccharomycetes (WOLFE AND SHIELDS 1997; KELLIS et al. 2004). Analysis of the
duplicated gene families suggested that the increase in copy number of glycolytic genes conferred a
selective advantage for growth in glucose-rich environments to all the post-WGD species through rapid
glucose fermentation (CONANT AND WOLFE 2007). At least a single round of WGD in early chordate
evolution resulting in diversification/ amplification of signaling pathways has been proposed in the
vertebrates (ABI-RACHED et al. 2002; GU et al. 2002; MCLYSAGHT et al. 2002). The extant Arabidopsis
genome is also a consequence of a WGD event during the evolution from Brassicaceae species (VISION
et al. 2000; BOWERS et al. 2003).

Segmental duplications involve duplications of shorter segments of the genome that are either
juxtaposed such that they form tandem repeats or get interspersed in the genome by subsequent non-
allelic recombination (Figure 1-1). Rearrangements between such duplicated segments resulting in rapidly
evolving stretches have been identified in human genomes, wherein 5% of the genome consists of such
duplications (BAILEY et al. 2002). Closely related Caenorhabditis species C. elegans and C. briggsae are
separated by 14 segmental duplications since their divergence from a common ancestor (COGHLAN AND
WoLFE 2002). Insecticide resistance in Anopheles gambiae was ascribed to duplication of the loci
harboring genes that include cytochrome P-450, glutathione transferases, and carboxylesterases (RANSON
et al. 2002). Another form of segmental duplication observed in pathogenic fungus Candida albicans is
the formation of isochromosome in response to azoles. Isochromosome formation involving the left arm
of Chr5, resulting in an increased copy number of ERG11 and TAC1, was observed upon treatment with
azoles (SELMECKI et al. 2006; SELMECKI et al. 2008). Similarly, the trisomy of Chr4 was also implicated
in resistance to fluconazole (ANDERSON et al. 2017). In another human fungal pathogen, Cryptococcus

neoformans, the disomy of Chrl is associated with fluconazole resistance (SioNoV et al. 2010).

Amplification of gene families is another mechanism that helps species adapt to an ecological
niche. For instance, the amplification of gene families such as glycosyl hydrolases, peptidases, and
transporters are the signatures of pathogenic lifestyle in many plant-pathogenic fungal and comycete
genomes (TYLER et al. 2006; SPANU et al. 2010; KLOSTERMAN et al. 2011; SEIDL et al. 2012). Members
of the Malassezia species complex, a lipophilic group of yeasts show amplification of genes essential for
assimilating lipids and fatty acids, enabling their survival on animal skin (XU et al. 2007; WU et al.
2015). Gene amplification as an adaptive response to external stress conditions is also known in fungi.
The genes responsible for sugar assimilation such as HXT6, HXT7 are amplified upon nutrient starvation
in Saccharomyces cerevisiae (BROWN et al. 1998; GRESHAM et al. 2008). Similar adaptive means for
assimilation of copper and arsenite have been reported in S. cerevisiae and C. neoformans respectively
(CHow et al. 2012; HULL et al. 2017; ZHAO et al. 2017).



Recombination through repetitive sequences- deletions, inversions, and translocations

Most eukaryotic genomes are characterized by the presence of various forms of repetitive
elements that are substrates for recombination events. The outcome of these recombination events are
diverse and includes deletions, inversions, translocations based on the orientation of repeat units
(reviewed in (FIERRO AND MARTIN 1999; GUSA AND JINKS-ROBERTSON 2019)). Commonly observed
repeat elements in eukaryotic genomes include long-interspersed nucleotide elements (LINES), short-
interspersed nucleotide elements (SINEs), DNA- and retro-transposons, rDNA repeats, sub-telomeric

repeats, and other species-specific repeat elements (BiscoTTi et al. 2015).

The presence of direct repeats is one of the primary sources of deletions in the genome. When
present in the same chromosome, recombination between direct repeats can result in the excision of the
intervening DNA sequence (Figure 1-1). When present in nonhomologous chromosomes, such repeats
can facilitate reciprocal translocation of sequences through these repeats (Figure 1-1). Such translocations
have been observed in various organisms studied to date. Breakpoints of conserved gene order (also
known as gene synteny) between human and mouse chromosomes mapped to L1 repeats and LTR
retrotransposon elements indicative of translocation at these loci (DEHAL et al. 2001). The translocations
observed between closely related worm species C. elegans and C. briggsae coincided with the dispersed
repeats present in these genomes (COGHLAN AND WOLFE 2002). Similar rearrangements have been
reported in fungi as well. For instance, different types of repeats have been implicated in the
rearrangements observed between S. cerevisiae and its related species Saccharomyces paradoxus,
Saccharomyces mikatae, and Saccharomyces bayanus (KELLIS et al. 2004). Reciprocal translocations
were mapped to the Ty class transposons and the highly similar rRNA genes present in the genome.
Rearrangements mediated by transposable elements in the Magnaporthe genome accounted for the loss of
conserved gene synteny observed during the evolution in Sordariomyecetes that includes filamentous fungi
such as Magnaporthe, Neurospora, and Fusarium species (THON et al. 2006). The genome of C. albicans
contains unique repeat elements called as the major repeat sequences (MRS) that are present in almost all
the chromosomes. Rearrangements mediated by the MRS account for the majority of karyotype diversity
observed among C. albicans isolates and between Candida dubliniensis (CHIBANA et al. 1994;

CHINDAMPORN et al. 1998; LEPHART AND MAGEE 2006).

Recombination between repeat blocks that are present in inverted orientation can result in
inversion of the intervening sequences (Figure 1-1). Besides the translocations described above between
S. cerevisiae and related species, several inversions were detected upon the comparison of these genomes.
These inversion breakpoints were mapped to highly similar tRNA genes present in an inverted orientation

in the genome (KELLIS et al. 2004).
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Figure 1-1. Different modes of eukaryotic genome evolution.

Schematic representation of the recombination between direct and inverted repeats in the genome
resulting in the deletion and inversion of the intervening DNA sequences respectively is present in the
top panel. Segmental duplication in a chromosome, interchromosomal recombination resulting in
translocation of chromosome fragments, and chromosome number reduction by telomere-telomere
fusion of chromosomes are schematically depicted in the bottom panel.

The comparison of gene order between S. cerevisiae and C. albicans revealed over 1100 single
gene inversions between them since their divergence (SEOIGHE et al. 2000). Similarly, over 70 inversions
were detected when the genomes of A. gambiae and Anopheles funestus, two closely related malaria
vectors that diverge about five million years ago, were compared (SHARAKHOV et al. 2002). While these
inversions are fixed in the population, the fitness advantage and the cause of such inversions remain

elusive.



The subtelomeric region is another known recombination hotspot that facilitates translocations
between nonhomologous chromosomes through the repeats present in these regions. In S. cerevisiae, the
recombination between subtelomeric regions is proposed as the mechanism leading to the amplification of
the SUC gene family that is related to the assimilation of sucrose (Louis et al. 1994; NESS AND AIGLE
1995). Comparative analysis of Plasmodium genomes revealed significant homogenization at the sub-
telomeric regions indicative of the exchange of genetic material at these loci. These telomere-associated
repeat elements (TARES), along with rRNA repeats, are the primary drivers of inter-chromosomal
exchanges in these species (CARLTON et al. 2002; GARDNER et al. 2002). Recombination between
subtelomeric repeats and a homologous sequence present in the chromosome arm was shown to result in
terminal chromosome translocations and terminal deletions in Aspergillus nidulans and Neurospora

crassa respectively (NEWMEYER AND GALEAZZI 1977; SEXTON AND ROPER 1984).
Variation in chromosome number

Apart from the rearrangements mentioned above, closely related species from several eukaryotic
lineages have also been found to contain different numbers of chromosomes. Indeed, observations on
differences in chromosome numbers were one of the earliest data available to support genetic variation
between species. The well-known mechanisms that were shown to result in chromosome number

variations in different organisms are discussed below.

Telomere-telomere fusion is a common mode of chromosome number reduction that has been
observed in several systems (Figure 1-1). Examples of this type include the formation of extant human
chromosome 2 by fusion of two chromosomes in a common ancestor shared with the great apes (JDO et
al. 1991), karyotype reduction identified in the post-WGD lineage of Saccharomycotina that includes
Candida glabrata, Vanderwaltozyma polyspora, Kluyveromyces lactis, and Zygosaccharomyces rouxii
(GORDON et al. 2011), Robertsonian translocation/fusion of acrocentric chromosomes resulting in the
formation of a metacentric chromosome in Arabidopsis and related Brassicaceae species, and in several

mouse races (HAUFFE AND PIALEK 1997; LYSAK et al. 2006).

Nested chromosome insertions (NCls), wherein an entire donor chromosome is ‘inserted’ into or
near the centromere of a nonhomologous recipient chromosome, is another mode of chromosome number
reduction most commonly observed in grasses (LUO et al. 2009; MURAT et al. 2010) and sporadically in
other lineages like cucumber and other Brassicaceae genera (LYSAK et al. 2006; YANG et al. 2014).
Similar to telomere fusions, NCls also result in the formation of dicentric chromosomes when the

insertion occurs outside the centromere of the recipient chromosome.

Polyploidy, a consequence of WGD, is another common mechanism of chromosome number
evolution in plants. Independent WGD events- one in the common ancestor of all seed plants and another
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in the common ancestor of angiosperms were proposed to have driven the evolution of these species (JIAO
et al. 2011). Many extant plant genomes like those of cereals and grapevines are polyploidy in their
genetic content. In animals, incidences of inter-species hybridization resulting in duplicated gene content,
also known as allopolyploidy, exist in diverse eukaryotic lineages. Known examples of allopolyploids
include the Xenopus laevis (amphibians; (SESSION et al. 2016)), Carassius auratus (fishes; (CHEN et al.
2019)), and Ambystoma salamanders (reptiles; (MCELROY et al. 2017)).

In the case of holocentric chromosomes, many chromosomal regions can associate with the
microtubules, resulting in faithful inheritance during cell division (DERNBURG 2001). Consistent with this
property, runaway chromosome number expansions by chromosome fission are predominantly observed
in organisms that have holocentric chromosomes. Most extreme examples of such chromosome number
variations are observed in insects. In the case of Apiomorpha (Hemiptera), haploid chromosomal
complement ranging from n=2 to 96 was reported (Cook 2000). Among lepidopterans, examples of such
variations include the species of Godyris (n=13-120; (BROWN et al. 2004)), Leptidea (n=28-103;
(SICHOVA et al. 2015)), and Lysandra (n=24-93; (TALAVERA et al. 2013)). The Agrodiaetus butterflies
show karyotype variations ranging from n=10-134 (VERSHININA AND LUKHTANOV 2017). Outside of the
insect lineages, similar expansion in the karyotype variation were reported in Scorpions (MATTOS et al.
2018; UBINSKI et al. 2018), and in angiospermous plant genus Carex (Sedges, (Hipp 2007))

Studying chromosome number variations

In the 1970s, karyotypic variation in diverse organisms such as those among species of bats,
muntjacs, new-world monkeys, and fishes was well established (EGOzCUE 1969; FREDGA 1977; BAKER
AND BICKHAM 1980). Observations on variations in the number and structure of chromosomes were one
of the earliest known markers for genetic variation. Such karyotypic changes and other forms of CRs
discussed earlier are potential drivers of speciation. Such changes can obstruct the pairing of homologous
sequences during meiosis, which upon recombination can result in unbalanced progeny with reduced
fitness, thereby preventing gene flow between them (WHITE 1969; WHITE 1978). CRs can also create
regions of suppressed recombination during meiosis, accumulating specialization genes that eventually
drive populations to speciation (NOOR et al. 2001; RIESEBERG 2001). In organisms lacking a conventional
sexual cycle, CRs can assist in overcoming the limitations of lack of sex in generating diversity to adapt
to a given niche or stress (EICHLER AND SANKOFF 2003; SEIDL AND THOMMA 2014; GUSA AND JINKS-

ROBERTSON 2019).

Differences in chromosome number and structure were primarily estimated by G-, C-banding
techniques, fluorescence in situ hybridization (FISH), and by pulsed-field gel electrophoresis (PFGE)

based karyotyping in case of smaller genomes like those of fungi. While these methods reveal the
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differences in chromosome number and size, additional resources like centromere identity, genome

sequences are required for an understanding of the mechanisms that resulted in the karyotypic change.

The centromere is an essential genetic and structural component of every eukaryotic
chromosome. Any evolutionary change in chromosome number should be accompanied by a concomitant
gain/ loss of centromeres (DARLINGTON 1937). Also, chromosome number changes usually occur when
recombination results in a fusion product with two centromeres, of which one centromere gets inactivated,
as in the case of telomere-fusions or NCls described earlier. Thus, knowledge on centromere identity of
an organism and the factors governing centromere function is critical for understanding karyotype
evolution. When used in conjunction with a well-assembled genome sequence information, one can
identify and trace the synteny blocks between rearranged genomes that resulted in the karyotypic
variation. Another important aspect of studying karyotype variation is to understand the path of evolution,
the ancestral state from which the variation ensued. Estimates of chromosome numbers from several
closely related organisms along with their phylogenetic relationship can help one identify the ancestral

state, critical to study the direction of evolution.

Centromeres

Centromeres, identified as the primary constriction on chromosome spreads, are unique locus on
each chromosome that physically associates with the microtubules to drive chromosome segregation
(FLEMMING 1882). The distinct feature of this locus, when compared to the bulk chromatin, is the
presence of a variant histone H3 called CENP-A that is incorporated into the nucleosomes instead of
canonical histone H3 (PALMER et al. 1991; SULLIVAN et al. 1994). Indeed, CENP-A is called as the
epigenetic mark of centromeres. A remarkable diversity in both sequence and the organization of these
sequence elements has been observed at the centromeres to perform an essential, conserved function like

chromosome segregation (MCKINLEY AND CHEESEMAN 2016).
Diversity in centromere structure

Chromosomes are either monocentric or holocentric based on the attachment of microtubules to a
single locus on it or across the length of the chromosome (STEINER AND HENIKOFF 2015). Among the
monocentric chromosomes, different configurations have been identified based on the size and the nature

of sequences present in the centromere (Figure 1-2).
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Figure 1-2. Structural diversity observed in centromeres from diverse organisms.

Monocentric chromosomes are classified into point, small regional, and large region centromeres based
on length of centromere DNA. A representative of each of these centromere types is schematically
represented with their size, constituent nucleosomes and other sequence features.

In fungi

Much of the structural diversity in centromeres are known among the ascomycetes of fungi (Roy

AND SANYAL 2011). The centromeres of budding yeast S. cerevisiae was the first centromere to be

identified and cloned. These centromeres spanning <200 bp in length are called as point centromeres and



have been identified in related budding yeasts of the family Saccharomycetaceae (CLARKE AND CARBON
1980; GORDON et al. 2011; KOBAYASHI et al. 2015). These centromeres are organized into conserved
DNA elements I, I1, and 11 (CDEI- 111) that span 125 bp in length and are recognized by a cognate
kinetochore protein complex called the CBF3 complex, making them genetically defined centromeres.
Small regional centromeres, identified in several Candida species, form the second category (SANYAL et
al. 2004; PADMANABHAN et al. 2008; KAPOCR et al. 2015; CHATTERJEE et al. 2016) and have a 2 to 5 kb
region enriched by kinetochore proteins. These centromeres can either have unique DNA sequences as
observed in C. albicans, C. dubliniensis and Candida lusitaniae or have a homogenized core that is
flanked by inverted repeats as reported in Candida tropicalis and Komagataella phaffii. The third type of
centromere structure is the large regional centromere, often repetitive in sequence and spanning longer
than 15 kb. Large regional centromeres can be transposon enriched as in N. crassa, and Magnaporthe
oryzae or organized into repeat structures around a central core as in Schizosaccharomyces pombe and
related species (CHIKASHIGE et al. 1989; CLARKE AND BAUM 1990; SUN et al. 2017; YADAV et al.
2018b).

In the Basidiomycota, the centromeres of Cryptococcus species are of the large regional type
enriched with transposon sequences reminiscent of those observed in M. oryzae and N. crassa (SUN et al.
2017; YADAV et al. 2018b). Centromeres of similar features were predicted in the Ustilago species
complex that is closely related to Cryptococcus species (YADAV et al. 2018b). From the whole genome
assembly, clusters of retrotransposons were proposed to be the centromeres of Coprinopsis cinerea
(STAJICH et al. 2010).

The centromeres of an early divergent, basal fungi Mucor circinelloides of phylum
Mucoromycota, were found to harbor a short kinetochore bound region flanked by regions enriched with
retroelements (NAVARRO-MENDOZA et al. 2019). This organization was described as a ‘mosaic’

centromere bearing features of both point and regional centromeres.
In animals and plants

Other than fungi, the centromeres from species representative of other kingdoms such as fruit fly,
chicken, primates, humans, and different phyla of plants are also known. In all of the cases, the
centromeres are large-regional type, consisting of species-specific repetitive elements or transposons
(CHOO 1997; PLOHL et al. 2014). Examples include the primate centromeres built over arrays of 171 bp
monomer alpha-satellite DNA (RUDD et al. 2003; ALKAN et al. 2007), Mus musculus centromeres with a
homogenized core containing 120 bp minor satellite repeats flanked by major satellite repeats (JOSEPH et
al. 1989), and the centromeres in Arabidopsis and rice with 178 bp and 155 bp repeat monomers (NAGAKI
et al. 2003; LEE et al. 2005).
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Holocentromeres

Holocentricity has been proposed to have independently evolved in various taxa at least 13 times
(Melters et al. 2012). Of the known holocentromeres, C. elegans is relatively well studied, and the
centromeres are considered as ‘dispersed point centromeres’ given the occurrence of CenH3 nucleosomes
at accessible regions such as transcription factor hotspots (Steiner and Henikoff 2014). In specific insect
lineages, the transition to holocentricity is associated with loss of CENP-A and associated kinetochore
proteins that specify the site for kinetochore assembly (Drinnenberg et al. 2014). Notable exceptions to
this include the case in Trypanosomes (Akiyoshi and Gull 2014; Garcia-Silva et al. 2017) and M.
circinelloides (Navarro-Mendoza et al. 2019), which lost CENP-A but retained monocentric

chromosomes.

Determinants of centromere identity and function
DNA-sequence elements

Point centromeres of the budding yeast is a classical case where DNA sequence governs
centromere function (CLARKE AND CARBON 1980). The contribution of DNA sequence elements in
centromere function was elegantly demonstrated by constructing stable minichromosomes in which the
centromeres were cloned. A replicative plasmid that contains sequences for initiation of replication (ARS)
were not stably inherited in a population of cells. However, the addition of a centromere sequence
conferred mitotic stability to these plasmids. This suggested that the cloned centromere sequence enabled
functional kinetochores assembly that facilitated the proper segregation of these plasmids. This also
served as a powerful tool to dissect the critical domains within the ~125 bp centromere, such as the CCG
motif present in CDEIII. A single base substitution in this motif to CTG abolished centromere activity in
the plasmids or when introduced in the chromosome (MCGREW et al. 1986; NG AND CARBON 1987). The
CBF3 complex was identified as a centromere associated protein complex that binds specifically through
CDEI and CDEIII (LECHNER AND CARBON 1991). This provided a direct link between the centromere
sequence and its function (Figure 1-3A) (CAI AND DAVIS 1989; CAl AND DAVIS 1990; JEHN et al. 1991;
LECHNER AND CARBON 1991). The proteins Ndc10, Cep3, and Ctf13 of the CBF3 complex were found
restricted to organisms containing point centromeres (MERALDI et al. 2006). It should be noted that the
deposition of CENP-AC* to these centromeres is achieved with the assistance of Ndc10, forming the

genetic basis of centromere function (CAMAHORT et al. 2007; STOLER et al. 2007).

Similar minichromosome based assays were used to dissect the functionally critical domains
within the S. pombe centromeres that are of the large regional type (HAHNENBERGER et al. 1989; CLARKE

AND BAUM 1990; MATSUMOTO et al. 1990; BAUM et al. 1994). As mentioned earlier, the centromeres in
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this species contain a central core region (cnt) that is flanked by inverted repeat structures called the
innermost repeats (imr, also called B repeats). This central region (cnt and imr repeats) is flanked by outer
repeats (otr) that contain dg and dh elements (also called K and L repeats) (CHIKASHIGE et al. 1989;
CLARKE AND BAUM 1990). Testing the requirement of each of these elements using a CEN1 or CEN2
containing minichromosome suggested that the central region with the K- type repeat was sufficient for
mitotic stability (HAHNENBERGER et al. 1989; CLARKE AND BAUM 1990; BAUM et al. 1994). However,
the otr corresponding to the pericentric heterochromatin was essential for proper segregation in meiosis |
(HAHNENBERGER et al. 1989). Unlike the case in S. cerevisiae, no cognate kinetochore complex that
recruits CENP-A to the centromeres are present in S. pombe. However, the DNA sequences facilitate

centromere function by alternate mechanisms described in the next section.

The short regional centromeres in C. albicans were one of the first fungal centromeres that were
found to have unique DNA sequences in each of its chromosomes (SANYAL et al. 2004). Unlike the cases
described above, cloned centromere DNA sequences failed to recruit CENP-A to minichromosomes when
exogenously introduced into C. albicans. Further, a chromosome was truncated in vivo to generate an 85
kb mitotically stable chromosome fragment in this diploid organism. This fragment with a functional
centromere, when isolated and reintroduced into C. albicans failed to recruit CENP-A, rendering the
chromosome fragment unstable (BAUM et al. 2006). This suggested that the centromeres are specified by
an unknown epigenetic means in this organism. Interestingly, the centromeres of another closely related
Candida species C. tropicalis could impart stability to an ARS plasmid (CHATTERJEE et al. 2016). The
implications of this divergent behavior of centromere sequences is discussed later in the context of

centromere evolution.

DNA sequence directed binding of centromere proteins have been shown in repetitive
centromeres of humans as well. An example of such sequence-specific binding is CENP-B that
recognizes a specific repeat element called the CENP-B box, a 17-mer sequence present on the higher-
order repeats of alpha-satellite DNA in primate and rodent centromeres (MASUMOTO et al. 1989; MURO
et al. 1992; HAAF et al. 1995; KIPLING et al. 1995). The alpha satellite DNA sequence was shown to
recruit CENP-A de novo in a CENP-B dependent manner, enabling stable inheritance of human and yeast
artificial minichromosomes in human cell lines (HARRINGTON et al. 1997; IKENO et al. 1998; OHZzEKI et
al. 2002).

Epigenetic factors

While the genetic basis of centromere function represents a straightforward mechanism to
perform this conserved function, several lines of evidence described below highlight the DNA sequence-
independent epigenetic regulation of centromere function (MCKINLEY AND CHEESEMAN 2016).
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Experimental or spontaneous deletion of a centromere has been shown to form centromere on another
locus (neocentromere) in the chromosome with sequences unrelated to the deleted centromere
(VOULLAIRE et al. 1993; SHANG et al. 2013; THAKUR AND SANYAL 2013). In cases like Chrl7 in
humans, two alpha satellite arrays, each capable of stabilizing a human artificial chromosome are present
in tandem. However, CENP-A was found associated with only one of the two blocks, establishing an
epiallele like behavior (MALONEY et al. 2012). Studies on primate centromeres reveal that a centromere
can reposition itself in short evolutionary time scales to a new locus with less/no sequence similarity,
forming evolutionarily new centromeres (TOLOMEO et al. 2017; SCHUBERT 2018). These observations
allude towards the fact that the centromere DNA sequence is neither sufficient nor essential for

centromere function.

However, the unifying feature of all functional centromeres is the presence of CENP-A
(EARNSHAW AND MIGEON 1985; STOLER et al. 1995; WARBURTON et al. 1997; THAKUR AND SANYAL
2013). Across taxa, CENP-A is essential for a functional kinetochore (HOwMAN et al. 2000; MOORE AND
ROTH 2001; OEGEMA et al. 2001; LIu et al. 2006; THAKUR AND SANYAL 2012; FACHINETTI et al. 2013;
LOGSDON et al. 2015), and tethering of CENP-A or its assembly factors to non-centromeric loci has been
shown to impart centromere activity in different systems (VAN HOOSER et al. 2001; BARNHART et al.
2011; MENDIBURO et al. 2011). In the following section, the epigenetic factors that regulate CENP-A
dynamics at the centromeres and their effects on centromere propagation and centromere function are

discussed.
Transcription and RNAI

Studies over the last two decades on several model organisms have uncovered a significant role
of transcription in regulating the identity and function of centromeres, conventionally thought to be a
heterochromatic region in the genome. A classic case highlighting the role of transcription on centromere
function is from the pericentric repeats of S. pombe (Figure 1-3B) (HALL et al. 2002; VVOLPE et al. 2002;
VOLPE et al. 2003; FoLco et al. 2008). The RNAPII generated transcripts from the dg and dh repeats of
these pericentric regions are processed by dicer into siRNAs, which then attracts the argonaute containing
RITS complex into these pericentric regions (REINHART AND BARTEL 2002; MOTAMEDI et al. 2004;
VERDEL et al. 2004). The RITS complex then recruits the CLRC complex that contains Clr4 (the
methyltransferase for H3K9) and other chromodomain containing proteins like Swi6/HP1, the SHREK
complex, and the HDAC ClIr3, which facilitate the formation of repressive chromatin (LACHNER et al.

2001; ZHANG et al. 2008). The interaction between Dcrl and RDRC amplifies this signaling cascade by

13



further production of siRNAs from the pericentric regions (SUGIYAMA et al. 2005).
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Figure 1-3. Genetic and epigenetic determinants of centromere identity.
(A) Centromeres of S. cerevisiae schematically depicted as a representative of genetically defined
centromeres. The association of centromere DNA sequence in S. cerevisiae by a cognate CBF3
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complex facilitates exclusive loading CENP-A®* at the centromeres [adapted from (BIGGINS 2013)].
(B-C) Known epigenetic factors that were reported to govern centromere function in diverse systems
are schematically depicted. These include the role of pericentric transcription and RNAI in S. pombe
centromere function (B), and other known roles of transcription at core centromeres in CENP-A
deposition, kinetochore assembly, and Aurora B kinase function (C).

Any defects in this cascade of events impaired de novo deposition of CENP-AC"! onto
minichromosomes. The studies on the impact of pericentric transcription in other systems were based on
mutants of proteins that process these transcripts, like Dicer. Ablation of Dicer in Chicken-human hybrid
cells led to mitotic defects, including precocious sister chromatid segregation as a consequence of loss of
HP1 binding (FUKAGAWA et al. 2004). Similar to the case in S. pombe, dicer deficiency in the vertebrate
cells mentioned above and in mouse embryonic stem cells resulted in the accumulation of pericentric
transcripts highlighting a role in maintaining the heterochromatic state (FUKAGAWA et al. 2004;
KANELLOPOULOU et al. 2005). While the pericentric transcription primarily contributes to the formation
of heterochromatin, transcription at the core centromere is associated with kinetochore assembly and
function (Figure 1-3C).

Transcripts from the core centromeres have been detected in several systems like the budding and
fission yeasts (CHol et al. 2011; OHKUNI AND KITAGAWA 2011), Plasmodium falciparum (LI et al. 2008),
flies (Rosic et al. 2014; BoBKoV et al. 2018), mouse (COHEN et al. 1973), and in human centromeres and
neocentromeres (WONG et al. 2007; CHUEH et al. 2009). Indeed chromatin remodelers and RNAPII
interacting proteins have been shown to facilitate the deposition of CENP-A in Drosophila (CHEN et al.
2015) and S. pombe (CARLSTEN et al. 2012) highlighting a role for both transcription and the resulting
transcripts in centromere homeostasis. In the genetically defined point centromeres of S. cerevisiae,
RNAPII derived cenRNA was shown to be critical for proper kinetochore assembly (OHKUNI AND
KITAGAWA 2012). The transcription factor Cbfl bound to centromere DNA (HEMMERICH et al. 2000)
and was shown to be essential for producing CEN transcripts. Loss of function of Cbfl or factors that
regulate Cbfl activity such as Stel2 or Dig1 resulted in chromosomal instability (OHKUNI AND
KITAGAWA 2011). Similar to the above case, a GATA-binding factor Ams2 was reported to regulate the
levels of CENP-AC™! in S. pombe by its association with the CEN core sequences (CHEN et al. 2003). In
humans, the physical association of a IncRNA from centromeres with pre-nucleosomal CENP-A/HJURP
complex was shown to be critical for CENP-A deposition (CHAN AND WONG 2012; QUENET AND DALAL
2014). Another kinetochore protein CENP-C also binds to cenRNA and is critical for its localization and
for proper kinetochore function in different organisms (WONG et al. 2007; Du et al. 2010; CHAN et al.

2012a; RoslIc et al. 2014). While the above examples highlight the importance of transcription at the
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centromere core, over-expression of centromere transcripts was found to be counter-productive, inhibiting
kinetochore assembly in both S. cerevisiae and in humans (HiLL AND BLOOM 1987; BERGMANN et al.
2012). Taken together, these results suggest that a balanced and regulated level of transcription is critical

for centromere function.

Besides kinetochore assembly, centromere transcription is also implicated in the recruitment of
the chromosome passenger complex (CPC) to the inner centromeres and activation of Aurora B kinase
that phosphorylates several kinetochore proteins essential for regulating microtubule attachments (IDEUE
et al. 2014; BLOWER 2016; HINDRIKSEN et al. 2017). Recently a novel mechanism of Aurora B kinase
activation, mediated by the formation of R-loops at the centromeres during mitosis was proposed
(KABECHE et al. 2018). This finding adds another function to centromere transcription as a sensor for

chromosomal attachments with the microtubules (PEREA-RESA AND BLOWER 2018).
Chromatin state

The distinct roles of transcription at the core centromere and the pericentromere is also evident by
distinct chromatin signatures in the form of post-translational marks added to the histone H3 nucleosomes
in these regions (see Figure 1-2) (SULLIVAN AND KARPEN 2004). The pericentric regions are often found
to be heterochromatic, containing histone marks such as H3K9 hypermethylation (EYMERY et al. 2009;
BERGMANN et al. 2012). As described in the previous section, the pericentric regions in S. pombe are
enriched with H3K9me2 marks. Abrogation of the pericentric H3K9me2 marks has been shown to
compromise CENP-A deposition and impaired mini-chromosome stabilization (VOLPE et al. 2002;
VOLPE et al. 2003; FoLco et al. 2008; ZHANG et al. 2008). On the other hand, signhatures of
transcriptionally active regions such as H3K4me2 and H3K36me2 have been detected at the core
centromeres in humans and flies, and H3K4me2 at the core centromeres in S. pombe, suggesting a role of
fine-tuned centromere transcription for the stable inheritance of centromeres (BLOWER et al. 2002;
NAKANO et al. 2008; RIBEIRO et al. 2010; CHol et al. 2011; OHzEKI et al. 2012). However, studies on
several fungi identified repressive chromatin marks on repetitive centromeres (FRIEDMAN AND FREITAG
2017). In the case of N. crassa and Fusarium fujikuroi, the centromeric chromatin was found to be
enriched in H3K9me3 mark (SMITH et al. 2011; SMITH et al. 2012; WIEMANN et al. 2013). While the loss
of this mark was shown to result in shortening of CENP-A enriched regions in N. crassa, several
developmental defects were observed in the case of F. fujikuroi (SMITH et al. 2011; WIEMANN et al.
2013). The H3K9me2 mark was found enriched at the centromere, pericentromere, and in sub-telomeric
regions in C. neoformans (DUMESIC et al. 2015; YADAV et al. 2018b). The repetitive centromeres in

chicken were also found to be enriched with H3K9me3 (HoRI et al. 2014). The non-repetitive
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centromeres in this organism are also heterochromatic, but alternative mechanisms were proposed for

heterochromatin formation (FUKAGAWA 2017).

Besides histone H3, post-translational modification of other histones at the centromeres have also
been reported. For instance, H4K5ac and H4K12ac are correlated with maintenance of CENP-A levels in
chicken centromeres (HORI et al. 2014; SHANG et al. 2016; FUKAGAWA 2017). These marks were found
predominantly in the pre-nucleosomal CENP-A complexed with its deposition machinery. Similarly,
H4K20 mono-methylation, a transcription activation mark found commonly in CENP-A nucleosomes has
been implicated in kinetochore assembly in both humans and chickens (SULLIVAN AND KARPEN 2004;
WANG et al. 2008b; HoRI et al. 2014). In S. pombe, mono-ubiquitination of H2A at K119 was shown
essential for transcription at the centromere core (SADEGHI et al. 2014). Several modifications to CENP-
A in humans have also been reported. These include ubiquitination and acetylation of K124, tri-
methylation at G1, phosphorylation of S7, S16, and S18 (ZEITLIN et al. 2001; BAILEY et al. 2013;
NIIKURA et al. 2015). However, the mechanistic details of their contribution to centromere function

remain unclear.

Centromeres: rapidly evolving sites performing a conserved function

Analyses of centromere DNA sequences of closely related groups of species revealed that the
centromeres show an enhanced rate of sequence divergence as compared to any other non-coding regions
in the genome (MERALDI et al. 2006; BENSASSON et al. 2008; PADMANABHAN et al. 2008). This rapidly
evolving nature of centromere sequences is commonly known as the ‘centromere paradox’ (HENIKOFF et
al. 2001). In the point centromeres of S. cerevisiae, the DNA sequences corresponding to CDEII showed
accelerated evolution as compared to other sequences (BENSASSON et al. 2008). Similar observations
were derived by the comparison of centromere sequences from C. albicans and C. dubliniensis
(PADMANABHAN et al. 2008). Both organisms have unique DNA sequences at the centromeres, even
among its chromosomes. Strikingly, the centromeres of a related Candida species C. tropicalis that
diverged 50 MY A from a common ancestor were found to contain homogenized core regions flanked by
inverted repeats, marking a major transition in both sequence and structure at the centromere
(CHATTERJEE et al. 2016). Among the fission yeast Schizosaccharomyces species, Schizosaccharomyces
japonicus harbor transposon enriched centromeres while two related species S. pombe and
Schizosaccharomyces octosporus lost transposons and contain repeats at the centromeres (RHIND et al.
2011).

This phenomenon is not restricted to fungal centromeres. One of the early reports on the rapid
evolution of centromeres were based on the comparison of satellite repeat sequences between
homologous centromeres of humans and chimpanzee (HAAF AND WILLARD 1997). Large scale analysis of
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about 282 plant and animal centromere repeat elements identified variations in the centromeric tandem
repeat monomer composition and length (MELTERS et al. 2013). The cultivated potato Solanum
tuberosum contains both repetitive and repeatless centromeres in its chromosomes of which the satellite
DNA sequences were found to have diverged from that present in the ancestral wild species Solanum
verrucosum (GONG et al. 2012; ZHANG et al. 2014). Similarly, closely related rice species Oryza sativa
and Oryza brachyantha harbor 155 bp and 154 bp long centromere repeat monomers respectively that do

not share any sequence homology (LEE et al. 2005; Y1 et al. 2013).

Centromeres and species boundary

Much similar to the evolving nature of centromere DNA sequences, the kinetochore proteins that
bound them were also found to show signatures of sequence evolution (MALIK AND HENIKOFF 2001,
TALBERT et al. 2004; BAKER AND ROGERS 2006; MERALDI et al. 2006; SCHUELER et al. 2010). This
adaptive evolution of centromeres and cognate kinetochore proteins have been proposed to result in
reproductive isolation/ hybrid sterility in crosses between independently evolving populations (HENIKOFF
et al. 2001; MALIK AND HENIKOFF 2009). In light of such an effect, speciation has been proposed to be an
inevitable consequence of centromere evolution. Centromeres were indeed found to be species-specific,
centromeres from one species are non-functional even in related species (ROACH et al. 2012). Functional
incompatibilities in the centromere-kinetochore association have been shown to result in uniparental
genome elimination in several interspecies plant hybrids (RAvI AND CHAN 2010; SANEI et al. 2011,
WANG et al. 2014a) and proposed as an alternative method to produce haploid lines (COMAI 2014; WANG
et al. 2019). In the case of viable hybrids of maize in the genetic background of oat, it was observed that
maize centromeres expanded in size to match that of the other so that it can effectively associate with the

mitotic spindle for proper segregation (WANG et al. 2014a).

Centromere dysfunction

Defects in pathways that regulating centromere assembly or function can lead to structural or
numerical changes in the genome (MCKINLEY AND CHEESEMAN 2016). Structural changes typically
include the rearrangements involving breaks at or adjacent to the centromeres. Indeed, an analysis of over
8000 cancer genomes revealed whole arm translocations, commonly derived from breakage and
recombination at the centromere loci, suggestive of a compromised centromere structure (Kim et al.
2013). Centromere integrity can be compromised due to features like complex topological forms,
secondary structure formation, and unfinished DNA replication (reviewed in (BARRA AND FACHINETTI
2018). Also, breakage at the centromeres results when imbalanced microtubule attachments are formed,

leading to unequal forces from opposite poles during chromosome segregation (GUERRERO et al. 2010a;
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GUERRERO et al. 2010b). Kinetochores mediate the attachments between centromeres and microtubules
by physically linking them. Defects in the centromere/kinetochore assembly and function can
compromises microtubule association and lead to massive chromosome segregation defects
(SANTAGUIDA AND MUSACCHIO 2009). In unicellular organisms like fungi, eliciting chromosome
segregation defects can be lethal and are attractive targets for therapeutic intervention. In the following
section, the composition of the kinetochores complex, their association with the dynamic microtubules,

and its significance in chromosome segregation are discussed.

The kinetochore complex

The kinetochore is an ensemble of several protein sub-complexes that assembles on a defined
locus on a chromosome and anchors the mitotic spindle in a spatiotemporally regulated manner to
facilitate segregation of chromosomes (CHEESEMAN 2014). Early understanding of the kinetochore was
derived from the attempts to understand this locus that specifically attaches to the mitotic spindle, and
dates back to the early 19" century. The kinetochore, implying movement place, was defined as ‘the
specialized region in the chromosome where the property of active mobility on the spindle is manifested,
irrespective of number or extensions of these regions in the chromosome body and other properties that
can be associated with the region of active mobility’ (LIMA-DE-FARIA 1949). The terms centromere and
kinetochore were used synonymously until the 1980s, owing to a lack of clear understanding of the
kinetochore structure (BATTAGLIA 2003). This ambiguity was subsequently resolved to consider the
kinetochore as the ultrastructural element that precisely attached to the spindle microtubules and
centromeres, less precisely as the region on the chromosome the kinetochore is associated with (RIEDER
1982; BATTAGLIA 2003).

Initial insights into the kinetochore structure were primarily based on electron micrographs that
could identify an inner and outer plate in the kinetochore separated by a translucent layer (RIEDER 1982).
Studies over the past two decades have identified over 100 kinetochore proteins that are classified
similarly: the chromatin-associated inner kinetochore and the microtubule-associated outer kinetochore
(PESENT!I et al. 2016; MUSACCHIO AND DESAI 2017) (Figure 1-4). Besides these structural components,
the kinetochore ensemble also includes a regulatory module consisting of kinases and phosphatases that
act as checkpoints to orchestrate error-free chromosome segregation in each cell cycle (FOLEY AND

KAPOOR 2013; LONDON AND BIGGINS 2014).
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Figure 1-4. The kinetochore architecture in yeasts.

(A) Schematic representation of the yeast kinetochore ensemble with the constituent subcomplexes
categorized into the inner and outer kinetochore. (B) Electron micrograph of in vitro purified S.
cerevisiae kinetochore particles in association with microtubules (GONEN et al. 2012). (C) A model of
yeast kinetochore associated with microtubules based on the structures known for the Mis12C, Ndc80C,
and the Dam1C (DIMITROVA et al. 2016).
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Structural organization of the kinetochore

The foundation to our present understanding of the composition and structure of the kinetochore
was laid by a serendipitous discovery employing the use of serum from individuals with auto-immune
syndrome CREST (Calcinosis, Reynaud’s syndrome, Esophageal dysmaotility, Sclerodactyly,
Telangiectasia) that localized to the kinetochores (MOROI et al. 1980; MoRoI et al. 1981). Seminal
studies by Bill Earnshaw’s lab and Don Cleveland’s Lab using these anti-centromere antibodies (ACA)
identified three antigens that were detected by these antibodies- CENP-A, B, and C (centromere
proteins), marking the first identification of a centromere/kinetochore proteins (GULDNER et al. 1984;
EARNSHAW AND MIGEON 1985; EARNSHAW AND ROTHFIELD 1985; PALMER et al. 1987; SAITOH et al.
1992; SULLIVAN et al. 1994; EARNSHAW 2015).

The Inner kinetochore layer
CENP-A - laying the foundation for the kinetochore

Coincidentally, the protein identified and named CENP-A was later found to be the hallmark of
centromeric chromatin, earmarking centromeres as the sites for the assembly of kinetochore complex.
Analysis of CENP-A identified it to be a histone H3 variant that is conserved from yeasts to humans
(PALMER et al. 1991; SULLIVAN et al. 1994; STOLER et al. 1995).

At the sequence level, CENP-A shares a conserved histone fold domain with Histone H3 but
contains additional features that distinguish it from the canonical one. CENP-A sequences contain a 22
amino acid-long insertion within the histone fold domain called CENP-A targeting domain (CATD),
comprising the loop 1 and alpha-helix 2 of CENP-A (Figure 1-5). This region was found to impart
centromere specificity to CENP-A, replacing canonical H3 nucleosomes with CENP-A nucleosomes at
the centromeres (BLACK et al. 2004; BLACK et al. 2007). Strikingly, the canonical H3, when expressed as
a chimeric Histone H3 that included CATD, could be localized to the centromeres as well (BLACK et al.
2007). Another distinguishing feature in the CENP-A sequence is the presence of a highly variable N-
terminus and a hydrophobic C-terminus as compared to the canonical H3 (MUSACCHIO AND DESAI 2017).
In all of the systems studied till date, CENP-A localization has been a prerequisite for localization of any
other kinetochore protein, placing it on the very top of the localization hierarchy (HOwWMAN et al. 2000;
MOORE AND ROTH 2001; OEGEMA et al. 2001; Liu et al. 2006; THAKUR AND SANYAL 2012; FACHINETTI
et al. 2013; LOGSDON et al. 2015).
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Figure 1-5. The domain architecture of CENP-A and CENP-C.

The sequence variations in CENP-A are depicted in comparison with histone H3. The loop1 and the
alpha-helix2 constitute the CENP-A targeting domain (CATD) in CENP-A. The proteins known to
interact with different regions of CENP-A are indicated below the line diagram. The motifs present in
CENP-C (Mif2) along with the function of each of these regions is schematically represented.

This makes it critical to understand the factors and mechanisms involved in loading CENP-A
(MELLONE et al. 2009; STELLFOX et al. 2013). This essential function is performed by the CENP-A
chaperone HJURP along with the Mis16 and Mis18 complex in several different systems (CAMAHORT et
al. 2007; STOLER et al. 2007; DUNLEAVY et al. 2009; FOLTZ et al. 2009; PIDOUX et al. 2009; WILLIAMS
et al. 2009; BERNAD et al. 2011). The mode of action of this deposition machinery is dependent on the
nature of centromere. For instance, HJURP interacts with the CBF3 complex proteins to load CENP-ACs
at the genetically defined point centromeres in the budding yeast (CAMAHORT et al. 2007). In the case of
fission yeast, Scm3 recognizes and complexes with the Mis16, Mis18, and Mis6 to localize and deposit
CENP-A®™! at the kinetochores (P1DOUX et al. 2009; WILLIAMS et al. 2009). The protein Call was found
to be the homolog of Scm3 in flies wherein it was shown to be sufficient to recruit CENP-AC'®! upon
tethering to an ectopic locus (CHEN et al. 2014). The deposition pathway in humans is proposed to be
through a di-nucleosome model in which CENP-C, another inner kinetochore protein, plays a critical role
in attracting the deposition machinery to the CENP-A nucleosomes. It is proposed that upon dilution of
CENP-A during S- phase, H3.3 acts as a placeholder. A di-nucleosome of CENP-A/H3.3, along with the
associated CENP-C, is recognized by the deposition machinery containing HJURP-Mis18 complex that

chaperones prenucleosomal CENP-A into these regions (MUSACCHIO AND DESAI 2017).
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Across different kingdoms of life, sporadic loss of CENP-A has been reported (DRINNENBERG et
al. 2014; VAN HOOFF et al. 2017a; NAVARRO-MENDOZA et al. 2019). Despite this loss, organisms like
trypanosomes and Mucor circinelloides retained monocentricity. Studies on such non-conventional model
systems will shed light on the variations naturally seen in a conserved process such as chromosome
segregation (AKIYOSHI AND GULL 2014; NAVARRO-MENDOZA et al. 2019).

The constitute centromere associated network (CCAN)

The identification of CENP-A, B, and C in the early 1990s was followed by the identification of
two other proteins CENP-H and CENP-I, the latter being the homolog of fission yeast protein Mis6
(SAITOH et al. 1997; SUGATA et al. 1999; NISHIHASHI et al. 2002). Subsequent studies to identify the
interactome of CENP-A, -H, and -1 in vertebrate cells uncovered a group of about 20 proteins (CENP-K,
CENP-L, CENP-M, CENP-N, CENP-O, CENP-P, CENP-Q, CENP-R, CENP-S, CENP-T, CENP-U,
CENP-W, and CENP-X) that localized closely to the centromeric chromatin (FOLTZ et al. 2006; I1ZUTA et
al. 2006; HorlI et al. 2008). Based on biochemical reconstitutions and localization dependencies, these
proteins were grouped into smaller subcomplexes- CENP-LN complex (POT et al. 2003; HINSHAW AND
HARRISON 2013; MCKINLEY et al. 2015), CENP-HIKM complex (MEASDAY et al. 2002; DE WULF et al.
2003; OKADA et al. 2009; KLARE et al. 2015), CENP-OPQU complex (DE WULF et al. 2003; HORI et al.
2008), and CENP-TWSX complex (HoRI et al. 2008; AMANO et al. 2009; NISHINO et al. 2012;
SCHLEIFFER et al. 2012), which together constitute the CCAN (Figure 1-6) (PERPELESCU AND
FUKAGAWA 2011). The homologs of most of these proteins are found in both budding yeast (Ctf19
complex and Cnnl complex) and fission yeasts (Sim4, Mal2, and Fta (Four two associated) proteins)
(FLEIG et al. 1996; DE WULF et al. 2003; PIDoux et al. 2003; Liu et al. 2005; BIGGINS 2013).

Of the known kinetochore proteins, only CENP-C and CENP-N can exclusively associate with
CENP-A nucleosomes over H3 nucleosomes (CARROLL et al. 2009; CARROLL et al. 2010; KATO et al.
2013). These specific associations have functional significance in terms of recruitment of CENP-A to the
kinetochores and linking the centromeric chromatin to the microtubule-binding module: the KMN
network. The budding yeast homolog of CENP-N is Chl4, a protein known to be essential for de novo
loading of CENP-A, but dispensable for propagation of previously established centromeric chromatin
(MYTHREYE AND BLOOM 2003; POT et al. 2003).

CENP-C was identified along with CENP-A with the use of ACA as described earlier and was
shown to localize to the kinetochore by immune electron microscopy (SAITOH et al. 1992). The gene was
found to be conserved across eukaryotes, known as Mif2 in the budding yeast (MELUH AND KOSHLAND
1995). CENP-C/Mif2 is known to have an N-terminal domain that interacts with and recruits the

Mis12/Mtw1 complex that subsequently forms the outer kinetochore and the CENP-HIKM complex that
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recruits other members of CCAN (Figure 1-5) (GUSE et al. 2011; SCREPANTI et al. 2011; KLARE et al.
2015). The C- terminal half of CENP-C contains a central domain that directly interacts with the
hydrophobic tail of CENP-A and a CENP-C motif that can bind to nucleosomes (GUSE et al. 2011,
FACHINETTI et al. 2013; KATO et al. 2013; LOGSDON et al. 2015). According to the di-nucleosome model
for CENP-A loading, these two domains of CENP-C recognize a CENP-A: H3.3 di-nucleosome and
labels these sites for deposition of CENP-A (MUSACCHIO AND DESAI 2017). HIURP and Mis18 complex
along with prenucleosomal CENP-A binds to the cupin domain of one such CENP-C, facilitating CENP-
A loading at these marked sites. CENP-C is also known to interact with the acidic patches in H2A and
H2B, helping stabilize the CENP-A nucleosomes (COHEN et al. 2008). In yeasts, Mif2 is one of the only
three essential components of the Ctf19 complex (the yeast equivalent of the CCAN). Mutants of Mif2
show compromised levels of CENP-A and elevated levels of chromosome segregation defects (MELUH
AND KOSHLAND 1995; MELUH AND KOSHLAND 1997; WESTERMANN et al. 2003). Mif2 forms one
pathway of Mtw1 recruitment in the budding yeast kinetochore through an N-terminal Mtw1 binding
motif (HORNUNG et al. 2011; HORNUNG et al. 2014; KILLINGER et al. 2020). Further, this association
between Mif2 and Mtw1 is facilitated only when Mif2 is associated with centromeric nucleosomes,
highlighting an autoinhibitory regulation of this interaction (KILLINGER et al. 2020).

The cooperative binding of CENP-C and CENP-LN, along with the CENP-HIKM complex, has
been proposed to specifically recognize CENP-A nucleosomes and bridge it to the KMN network,
forming the structural base for centromere function (WEIR et al. 2016). Knockdown of CENP-HIKM
complex proteins showed defects in the localization of other CCAN proteins suggesting that these
proteins function as an interdependent network (MCKINLEY et al. 2015). These proteins collectively
bridge adjacent CENP-A nucleosomes, thereby imparting modularity in the kinetochore-microtubule
interactions in higher eukaryotes (NAGPAL AND FUKAGAWA 2016; WEIR et al. 2016).

The CENP-OPQU complex, also known as the Ctf19 or COMA complex in yeasts, requires other
CCAN proteins like CENP-C and CENP-HIKM for its kinetochore localization (ORTIZ et al. 1999;
FoLTz et al. 2006; HORNUNG et al. 2014; SAMEJIMA et al. 2015). Diverse functions have been ascribed
for these proteins in different systems studied. In humans, CENP-Q and -U have been implicated in
chromosome congression and recruitment of Plk1 that monitor kinetochore-microtubule attachments
(AMARO et al. 2010; BANCROFT et al. 2015). In the budding yeast, Ctf19 and Mcm22 of the Ctf19
complex are not essential for viability, but mutants of these genes show defects in chromosome
segregation and pericentric cohesion (FERNIUS AND MARSTON 2009). Additionally, mutants of Ctf19
result in spores with very poor viability indicative of an essential role in meiosis (AGARWAL et al. 2015).
The two other subunits Okpl and Amel, are essential for viability in mitosis and are known to interact
with Mis12/Mtw1, providing a second link between the inner and outer kinetochore apart from the link
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provided by Mif2— Mtw1 interaction (Figure 1-6) (HORNUNG et al. 2014). Recently, it was shown that the
region of Mtw1 recognized by Mif2 and Okp1/Amel were identical, but they do not compete for the
binding site. This was suggestive of independent/parallel pathways to assemble Mtw1 and other outer
kinetochore subunits (KILLINGER et al. 2020).

A third connection between the inner and outer kinetochore exists, in the form of CENP-TWSX
complex, also known as the Cnnl complex in budding yeasts (Figure 1-6) (HORI et al. 2008; AMANO et
al. 2009; NiIsHINO et al. 2012). All four subunits of this tetrameric complex contain histone fold like
domains that can form nucleosome like structure upon oligomerization (NISHINO et al. 2012). Indeed this
complex was shown to bind inter-nucleosomal DNA upon incubation with dinucleosomes of CENP-A or
H3 (TAKEUCHI et al. 2014; THAKUR AND HENIKOFF 2016). Localization of the CENP-T complex in
humans is dependent on other CCAN proteins like CENP-C and CENP-HIKM, in addition to DNA
binding (MCKINLEY et al. 2015; SAMEJIMA et al. 2015). Also, the ablation of CENP-TWSX resulted in
defects in the outer kinetochore structure due to compromised KMN protein levels (HORI et al. 2008;
SAMEJIMA et al. 2015). Indeed CENP-T was shown to recruit Ndc80 directly and indirectly through
recruitment of additional Mis12 in line with the previous observations, forming the third linker between
inner and outer kinetochore (RAGO et al. 2015; HuIS IN 'T VELD et al. 2016).

In the case of yeast kinetochore, de novo kinetochore assembly studies revealed that Cnnl was
dependent on all the CCAN subunits tested (includes Cse4, Mif2, Mcm22, Okpl, and Chl4) (LANG et al.
2018). This suggested that Cnn1 was the most distal component among the CCAN subunits. The N-
terminus of Cnnl has been shown to compete with the Mtw1 complex for anchoring the Ndc80 complex
(MALVEZzI et al. 2013; PEKGOZ ALTUNKAYA et al. 2016). The transition from metaphase to anaphase is
also marked by a switch from an Mtw1-anchored Ndc80 complex to a Cnnl-anchored Ndc80 complex.
The anaphase enrichment gains relevance when the phosphorylation of Dsn1 is removed as cells progress
through mitosis (LANG et al. 2018). However, the non-essential nature of Cnnl suggests that the Mis12

and Okpl/Amel pathway recruit the majority of the Ndc80 complex in yeasts (HORNUNG et al. 2014).
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Figure 1-6. Multivalent attachments to the KMN network by CCAN.

One of the CCAN functions in forming multiple linker pathways between the KMN and inner
kinetochore proteins is schematically represented. The three linker pathways are formed by CENP-C,
CENP-O and CENP-Q of the CENP-OPQU complex, and the CENP-TWSX complex respectively.

The outer kinetochore layer
The KMN network

The KMN network is an ensemble of three complexes that include the Knl1C, Mis12C, and the
Ndc80C (CHEESEMAN AND DESAI 2008; MUSACCHIO AND DESAI 2017). The KMN network forms the
principle microtubule-binding module of the kinetochore with Ndc80C as the primary anchor point for the
microtubules (CHEESEMAN et al. 2006). In line with this function, mutants of the KMN network fail to
make microtubule attachments and exhibit mitotic arrest/delay phenotype (NEKRASOV et al. 2003; WEI et
al. 2005; PINSKY et al. 2006; PAGLIUCA et al. 2009).

The Mis12C is a 4-protein complex comprised of Mis12/Dsn1/NsI1/Nnfl that does not bind
microtubules but anchors the other two complexes that directly binds to microtubules (DE WULF et al.
2003; PINSKY et al. 2003; WESTERMANN et al. 2003; CHEESEMAN et al. 2006; MASKELL et al. 2010;
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HORNUNG et al. 2011). The structure of the yeast and human Mis12 complexes were identified recently
and was found to be an elongated structure with two globular heads (MASKELL et al. 2010; HORNUNG et
al. 2011; DIMITROVA et al. 2016; PETROVIC et al. 2016). The Mis12/Mtw1 shows direct interaction with
CENP-C and CCAN complex proteins, facilitating the kinetochore localization of the Mis12 complex.
The C-termini of Dsnl and Nsl1 was shown to anchor Ndc80C and Knl1C through interactions with
Spc24-Spc25 and C-terminus of Knll respectively (WEI et al. 2005; MASKELL et al. 2010). The binding
of Mis12C to the kinetochores is dependent on the phosphorylation of an autoinhibitory motif in Dsnl by
Aurora B kinase in both yeasts and humans (DIMITROVA et al. 2016; LADURNER AND STRAIGHT 2016).

The Knl1C, comprising of Knll and Kre28, forms one arm of kinetochore-microtubule
interactions. The Knl1C was less studied in vitro owing to its poor stability until it was found to be
stabilized upon co-expression with Mis12C (CHEESEMAN et al. 2006; PAGLIUCA et al. 2009). Knl1 and
its yeast homolog Spc105 show a weak microtubule-binding activity, primarily mediated by the N-
terminus of Knll. The C-terminus is required for interactions with the Mis12C as mentioned earlier
(MASKELL et al. 2010). Rather than force transduction, the primary role of Knl1C is to host the members
of the spindle assembly checkpoint that monitors and regulates the kinetochore-microtubule interactions
(KryomiTsu et al. 2007; Liu et al. 2010; KiyomITsU et al. 2011; LONDON et al. 2012; YAMAGISHI et al.
2012). A series of MELT repeats in Knl1 are phosphorylated by the mitotic kinases to regulate
microtubule attachments (CALDAS AND DELUCA 2014).

The Ndc80C forms the other arm of kinetochore-microtubule interaction (CHEESEMAN et al.
2006; WEI et al. 2007; CIFERRI et al. 2008; ALUSHIN et al. 2010). The complex consists of two
heterodimers, Spc24-Spc25 and Ndc80-Nuf2, that tetramerize to form a dumb-bell shaped structure in
vitro (CIFERRI et al. 2005; WEI et al. 2005; WEI et al. 2006; WEI et al. 2007; CIFERRI et al. 2008). The
contacts with inner kinetochore proteins and Mis12C are mediated by the Spc24-Spc25 end, and the
interactions with microtubules are mediated by the Ndc80-Nuf2 end through the calponin homology
domains in these subunits. Besides these two defined structures, Ndc80 contains two additional
domains/motifs that influence its function. First, the N-terminus of Ndc80 contains a tail/ extension that
has been shown to improve microtubule-binding efficiency (GUIMARAES et al. 2008; MILLER et al.
2008). The second structural feature is the internal Ndc80 loop region that interrupts the coiled-coil
regions of Ndc80. While the function of the Ndc80 loop is not explicitly clear, it is shown to be critical
for interactions with the Dam1/Ska complex proteins (WANG et al. 2008a; MAURE et al. 2011; VARMA et
al. 2012).
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The couplers for kinetochore-microtubule interactions: Dam1/Ska complex

While the KMN network constitutes the core microtubule-binding module of kinetochores, its
efficiency is augmented by accessory complexes such as the Dam1 complex and the Ska complex in
different organisms (Figure 1-7A) (LAMPERT et al. 2010; TIEN et al. 2010; HELGESON et al. 2018).

The Dam1 complex

The Dam1 complex is a heterodecameric complex consisting of Dadl, Dad2, Dad3, Dad4, Daml,
Duol, Askl, Spcl9, spc24, and Hsk3 that has been shown to form a ring-like structure in vitro and in vivo
(HOFMANN et al. 1998; JONES et al. 1999; CHEESEMAN et al. 2001a; CHEESEMAN et al. 2001b; ENQUIST-
NEWMAN et al. 2001; JANKE et al. 2002; MIRANDA et al. 2005; WESTERMANN et al. 2005; NG et al.
2019). The Dam1 complex subunits are essential for viability in most of the organisms where it has been
characterized, with mutants showing mitotic arrest and defects in maintaining proper microtubule
attachments (THAKUR AND SANYAL 2011; CHATTERJEE et al. 2016; SRIDHAR et al. 2019). These proteins
were found non-essential in M. oryzae and S. pombe, but the mutants showed elevated levels of
missegregation (LIU et al. 2005; SHAH et al. 2019).

The ability to co-express and purify all the ten subunits of the Dam1 complex paved the way for
the identification of a ring-like structure and its contribution towards microtubule association (Figure
1-7B) (MIRANDA et al. 2005). Each monomer of the Dam1 ring is 160 A long rod that is made of two
coiled-coil arms that merge in the middle from which a protrusion emerges perpendicular to the arms
(Figure 1-7C) (JENNI AND HARRISON 2018). The Arms | and Il are composed of Dad2-Dad4-Ask1-
Spc19-Hsk3 and Dad1-Dad3-Dam1-Duol-Spc34 respectively. The protrusion is formed by the extended
C-terminus of Spc19 and Spc34. The junction where the two arms merge and the protrusion emerge forms
the central domain that contains buried hydrophobic amino acids of the subunits. Truncations or
perturbation of the subunits that can expose the hydrophobic residues in the central domain can result in
disassembly or degradation of the Dam1 ring structure. Of the ten subunits, interactions with tubulin
monomers have been detected only for Dam1 and Duol. Interactions with Ndc80 complex subunits have

been detected at the Ask1 C-terminus and the Spc19-Spc34 protrusions.
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Figure 1-7. Structural organization of the outer kinetochore Dam1 and Ska complex.

(A) Hlustration of functional similarities between Skal and Dam1 complex at the kinetochore-
microtubule interface. (B) A cross-section view of the Dam1 complex rings encircling microtubules. (C)
The subunit organization of the Dam1 complex monomer indicating the two coiled-coil arms and the
protrusion domain. (D) The structure of the Ska complex dimer forming a wedge-like structure with the
open ends of the dimer interacting with microtubules. [Figures adapted from (SANDALL AND DESAI 2007,
JEYAPRAKASH et al. 2012; VAN HOOFF et al. 2017b; JENNI AND HARRISON 2018)]

Studies on the Dam1 complex rings in vivo suggested that the association with microtubules was
critical for Dam1 ring formation (NG et al. 2019). The experimental ablation of microtubule association
resulted in the accumulation of partial rings in vivo. The microtubule-binding by Dam1 and Duol forms
an interaction bridge between the Dam1 complex and the kinetochores (LEGAL et al. 2016; JENNI AND
HARRISON 2018; NG et al. 2019). When the underlying microtubule protofilament disassembles, the
interaction bridge is broken, enabling the Dam1 complex to diffuse away from the depolymerizing ends.

Despite depolymerization, the stable association of the Dam1 complex is ensured by curved protofilament
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ends that trap the Dam1 complex on one side along with the formation of transient interaction bridge
between the complex and the curved microtubule. Once the diffused Dam1 complex finds a linear
protofilament, the interaction bridge is reestablished. Cycles of dissociation and reassociation of the
interaction bridge between the Dam1 complex and microtubules are proposed to enable stable
attachments with the microtubule plus ends (NG et al. 2019).

The Ska complex

The function of Dam1 complex in higher eukaryotes is taken over by a three subunit Ska complex
(WELBURN et al. 2009; ABAD et al. 2014; ABAD et al. 2016; VAN HOOFF et al. 2017b). Unlike the Dam1
complex that forms rings, analysis of Ska complex structure revealed it to be W- shaped with Skal and
Ska3 exhibiting microtubule-binding activity (Figure 1-7D) (JEYAPRAKASH et al. 2012; ABAD et al.
2014). While the Ndc80 complex can associate only with linear protofilaments, the Ska complex can
remain stably associated with both linear and curved protofilaments. This is suggestive of a role for the
Ska complex in retaining microtubule attachments at the depolymerizing ends (ABAD et al. 2014).

The Dam1 and Ska complexes are dependent on the Ndc80 complex for kinetochore localization.
Both these complexes can bind microtubules in vitro, track depolymerizing ends of microtubules, remain
stably associated with both linear and curved protofilaments, and can transport cargo with this property.
The microtubule-binding of both these protein complexes are electrostatic and is under the surveillance of
Aurora B kinase. Based on these lines of evidence, the Ska complex was proposed to be functionally
analogous to the Dam1 complex (WELBURN et al. 2009; ABAD et al. 2014).

Kinetochore function

The kinetochore ensemble, in conjunction with the microtubules, must perform each of the
following functions to segregate chromosomes between cells faithfully. These functions can be broadly
categorized as (i) to facilitate the attachment of chromosomes to microtubules and couple the microtubule
dynamics to the movement of chromosomes, and (ii) to monitor the kinetochore-microtubule interactions

to detect and reset any aberrant associations (HINSHAW AND HARRISON 2018).

Kinetochore-microtubule attachments

Prior metaphase, one sister kinetochore of each chromosome makes a lateral attachment with the
mitotic spindle such that it binds to the microtubule side/wall. The lateral attachment is one of the earliest
attachments that occur between the chromosome/kinetochore and microtubules with which chromosome

congression occurs, enabling the chromosomes to align at the metaphase plate (TANAKA et al. 2005g;
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KAPOOR et al. 2006; MAGIDSON et al. 2011). This process is facilitated by additional proteins like CENP-
E and dynein (MCEWEN et al. 2001; LI et al. 2007; YANG et al. 2007).
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Figure 1-8. Types of kinetochore-microtubule attachment and their regulation.

Lateral association with the kinetochores is converted to end-on attachments by end-on conversion.
Defective attachments in the form of monotelic, syntelic, or merotelic attachments, which do not
generate tension, place the kinetochore cluster within the Aurora B kinase gradient (red halo). This
enables the phosphorylation of substrates like Ndc80 and Dam1 by Aurora B kinase resulting in
unattached kinetochores that are allowed to form proper bivalent attachments/ amphitelic attachments.
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By a process called end-on conversion (SHRESTHA AND DRAVIAM 2013; SHRESTHA et al. 2017),
the chromosomes reorient such that the unbound sister kinetochore takes a geometrically favorable
position to encounter and bind microtubule from the opposing spindle pole (Figure 1-8). When such an
attachment occurs (also called amphitelic attachment), the chromosome is said to be bi-oriented and is
poised for the transition to anaphase (TANAKA et al. 2005b). However, cases of no attachment or less
favored modes of attachment can also occur at this stage. These include (i) monotelic attachment in which
only one sister kinetochore is attached to a microtubule while the other one remains unattached (ii)
syntelic attachment wherein both the sister kinetochores capture microtubules emanating from the same
spindle pole, and (iii) merotelic attachment in which one of the sister kinetochores makes an attachment

with microtubules from both the spindle poles (Figure 1-8) (TANAKA 2010; GREGAN et al. 2011).

Whenever an erroneous attachment occurs, the cell senses and destabilizes these attachments
providing another chance to make amphitelic attachment. One form of correction is based on the stability
of kinetochore-microtubule attachments that is consequential of a balanced tension across the sister
kinetochores (L1 AND NICKLAS 1995; GRISHCHUK et al. 2005; FRANCK et al. 2007; AKIYOSHI et al.
2010). Any of the above-mentioned defective attachments does not create tension, rendering these
attachments unstable and resulting in dissociation. However, additional sensors in the form of mitotic
kinases such as Mps1 and Aurora B/Ipl1 identify such tension-defective attachments (BIGGINS AND
MURRAY 2001; TANAKA et al. 2002; TANAKA 2010).

Tension sensors and the spindle assembly checkpoint

The Aurora B kinase is a tension sensor that localizes to the inner centromere as a part of the
chromosomal passenger complex (CPC) (CARMENA et al. 2012; KRENN AND MUSACCHIO 2015). The
microtubule-binding proteins in the kinetochore, including KMN network and Dam1/Ska complex
proteins, harbor Aurora B phosphorylation sites (CHEESEMAN et al. 2002; CHEESEMAN et al. 2006; TIEN
et al. 2010; WELBURN et al. 2010; DELUCA et al. 2011; ABAD et al. 2014). The spatial separation model
was proposed to explain the tension sensing roles of Aurora B kinase at the kinetochores (LAMPSON AND
CHEESEMAN 2011). In case of a bi-oriented state, the tension generated by the opposing spindles stretch
the kinetochore proteins such that the outer kinetochore proteins fall outside the zone where they can be
phosphorylated by Aurora B. In case of a defective attachment that fails to create tension, the force
imbalance retains outer kinetochore closer to the centromere, facilitating phosphorylation of target sites.
Given the electrostatic nature of KMN/Dam1/Ska complex interactions with the microtubules,
phosphorylation results in detachment from microtubules that sends a ““stop anaphase” signal by the

activation of spindle assembly checkpoint (SAC).
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Initial insights on the molecular composition of SAC complex and their function were derived
from genetic screens in yeasts that identified budding uninhibited by benzimidazole (Bub mutants: BUBL,
BUB2, BUB3) proteins and mitotic arrest deficient (Mad mutants: MAD1, MAD2, MAD3) proteins.
(HovT et al. 1991; LI AND MURRAY 1991). These proteins are recruited to the kinetochores in the event
of unattached kinetochores that result in phosphorylation of MELT repeats of Knl1 by Mps1 kinase
(LoNDON et al. 2012; YAMAGISHI et al. 2012). Upon kinetochore localization and association with Mad1,
Mad?2 undergoes a structural transition from an open state to a closed state. Subsequently, these proteins
form a mitotic checkpoint complex (MCC) that sequesters Cdc20 that is required for the function of the
anaphase-promoting complex (APC/cyclosome) (Figure 1-9). The resulting anaphase delay forms the
time window by which proper kinetochore-microtubule attachments are allowed to occur (reviewed in
(LONDON AND BIGGINS 2014) and the references therein).

Once bi-orientation is achieved, the checkpoint is ‘silenced’ by various means such as dynein-
mediated removal of checkpoint subunits (HOWELL et al. 2001), sequestering Mad2 by p31 (XIA et al.
2004), and the phosphatase activity of PP1/Glc7 and Cdc14 counteract phospho-regulation (PINSKY et al.
2009; MIRCHENKO AND UHLMANN 2010). At this juncture, the checkpoint is said to be satisfied, resulting
in the release of Cdc20 followed by degradation of Securin/Pdsl, activation of Separase, and anaphase
onset.

Unattached kinetochore

£ g Ndc80C Mps1
Ci
....... Knl1C

Anaphase APC/C —
onset Cdc20

Mitotic checkpoint complex
(MCC)

Figure 1-9. Activation of the spindle assembly checkpoint.

The stepwise assembly of a functional checkpoint-signaling complex initiated by the phosphorylation of
Knl1 by Mps1 at the unattached kinetochores is schematically represented. Formation of the mitotic
checkpoint complex sequesters Cdc20 and inhibits APC/C function, resulting in mitotic arrest.
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Introduction to the model organism: The Malassezia species complex

Phylum : Basidiomycota

Subphylum : Ustilagomycotina

Class : Malasseziomycetes

Order : Malasseziales

Family : Malasseziaceae

Genus : Malassezia
Etiology

The Malassezia yeasts have been known to humans for over 150 years as a part of human
cutaneous microflora that was thought to be the etiological agents of certain skin disorders (EICHSTEDT
1846). One of the first reports of identification of Malassezia came as early as in 1856 when the fungal
nature of pityriasis versicolor (PV), as observed by the presence of yeast and filamentous cells in the
lesions was recognized (EICHSTEDT 1846). Presently, the Malassezia species complex consists of 18
species that belong to the Malasseziomycetes of the Basidiomycota (Figure 1-10) (THEELEN et al. 2018).
However, the journey to arrive at this taxonomic classification was chaotic, filled with contradicting

reports mainly due to their fastidious nature for in vitro culturing.

The species was first named in 1853 as Microsporon furfur by Robin, which was later changed by
Baillon in 1889 as Malassezia furfur when he created a new genus Malassezia (reviewed in (ASHBEE AND
EVANS 2002; BOEKHOUT et al. 2010)). Later in 1902, Sabouraud placed the yeast forms- oval and
spherical cells, into one genus Pityrosporum (SABOURAUD 1902). While he observed similarities between
the yeast cells associated with PV and seborrheic dermatitis/dandruff (SD/D), the presence of filaments in
the lesions associated with PV and not on the skin associated with SD/D prevented him unify Malassezia
furfur and Pityrosporum species under a single genus. Subsequent studies by Panja in 1927, wherein
preliminary methods to culture these species were reported, identified similarities between the M. furfur

and Pityrosporum species and suggested a single genus, Malassezia, for these yeasts (PANJA 1927).

However, this nomenclature was not widely accepted until the late 1970s when similarities
between these species were shown by several means such as morphology, ultrastructure, immunological
properties, and the ability of the Pityrosporum species to exhibit filamentous growth upon induction in
culture (STERNBERG AND KEDDIE 1961; BARFATANI et al. 1964; PIERARD AND DOCKX 1972; DORN AND

ROEHNERT 1977; PORRO et al. 1977; TANAKA AND IMAMURA 1979).
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Figure 1-10. Cladogram based on multi-gene phylogenies depicting major classes of fungi.
The position of Malasseziomyctes is indicated by the blue arrowhead. [Figure adapted from (NARANJO-
ORTIZ AND GABALDON 2019)]

Identification of new Malassezia species

In a seminal work by Guillot and Gueho in 1995, about 100 species of Malassezia and
Pityrosporum that included most of the species described till then, were compared using LSU rRNA
sequences and nuclear DNA complementarity (GUILLOT AND GUEHO 1995). Their analysis identified
eight species clusters that included M. furfur, M. sympodialis, and M. pachydermatis, with the rest being
named as Malassezia species 1-5. In the following year, the same group described four new taxa that
included M. globosa, M. restricta, M. slooffiae, and M. obtusa (GUEHO et al. 1996). The advent of pulsed-
field gel electrophoresis (PFGE) based karyotyping, random amplification of polymorphic DNA (RAPD),
restriction fragment length polymorphism (RFLP) analysis, and sequencing technology along with several
culture-based assays paved the way for the classification of novel Malassezia species that were
subsequently identified (BOEKHOUT AND BOosBOOM 1994; BOEKHOUT et al. 1998; SENCZEK et al. 1999).

By 2011, the number of species in the Malassezia genus rose to 14, including new species like
M. japonica (SUGITA et al. 2003a), M. dermatis (SUGITA et al. 2002), M. yamatoensis (SUGITA et al.
2004), M. nana (HIRAI et al. 2004), M. caprae (CABANES et al. 2007), M. equina (CABANES et al. 2007),
and M. cuniculi (CABANES et al. 2011). In the last decade or so, four more species, M. psittaci (CABANES
et al. 2016), M. brasiliensis (CABANES et al. 2016), M. vespertilionis (LORCH et al. 2018), and M.
arunalokei (HONNAVAR et al. 2016), identified from diverse sources were included in this genus making

a total of 18 species in the Malassezia species complex at present.

Phylogenetic classification

The Malassezia species were placed under the polyphyletic class Exobasidiomycetes, which
along with classes Ustilagomycetes and Entorrhizomycetes, formed the subphylum Ustilagomycotina of
the Basidiomycota (Figure 1-10 and Figure 1-11). Multi-gene phylogenetic analysis identified these
species to form a highly supported deep lineage with conserved features within the members and showed
distinct genomic features and gene repertoire when compared to the closely related Ustilago species that
are well-known plant pathogens (BEGEROW et al. 2006; WANG et al. 2014b). Further, the exclusion of
Malassezia species from the phylogenetic analysis rendered the Exobasidiomycetes as a monophyletic
class. Based on these analyses and phenotypic comparisons, a new class Malasseziomycetes was

proposed within the Ustilagomycotina (WANG et al. 2014b)
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Figure 1-11. The Malassezia species complex.

(A) A cladogram depicting the phylogenetic relationship between 17 Malassezia species along with their
classification into clades is represented [adapted from (THEELEN et al. 2018)]. (B) Scanning electron
micrograph of M. japonica indicating cylindrical yeast-like cells along with buds (HONNAVAR et al.
2015).

Ecology and clinical relevance
Association with the human skin

Traditional culture bases studies of microbes associated with human hosts yielded an incomplete
list owing to lack of appropriate culture conditions that ensure equal representation of all resident species
including Malassezia. Analysis of the human skin microbiome using culture-independent, sequencing-
based methods identified Malassezia species as the most abundant microbe detected in the human skin
(Figure 1-12) (FINDLEY et al. 2013; FINDLEY AND GRICE 2014; OH et al. 2014). A total of 11 Malassezia
species were identified in the study that constituted ~50-80% of the total skin mycobiome, with M.
restricta and M. globosa being the most dominant ones followed by M. sympodialis to a lesser extent.

Colonization of human skin with Malassezia is detected soon after birth albeit at low levels, but their rise
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shows a strong association with the onset of puberty and the activation of sebaceous glands, the secretions
of which provide a suitable habitat for these lipid dependent yeasts (NAGATA et al. 2012; Jo et al. 2016).
Besides healthy skin, these species are also detected in the lesions or regions affected by various skin
disorders such as PV, SD/D, and atopic dermatitis, making the establishment of a causal relationship
between Malassezia and these disorders complicated (FINDLEY et al. 2013; PROHIC et al. 2016; DE HOOG
et al. 2017; THEELEN et al. 2018). Several independent reports suggest that M. globosa, M. restricta, M.
sympodialis along with M. obtusa and M. furfur to a smaller extent are predominantly detected in skin/

lesions associated with the above disease conditions (DE HOOG et al. 2017).

Beyond the human skin

Besides their known contributions in skin disorders, Malassezia species such as M.
pachydermatis, M. furfur, and M. sympodialis were also reported from systemic infections, especially in

neonates receiving exogenous lipid supplementation through implants like catheters.

Recent studies on humans and mouse models suggest a role for Malassezia in the onset and
progression of conditions such as Crohn’s disease and pancreatic cancer. M. restricta and M. globosa
were found to be the two predominant fungi present in the gut-associated with Crohn's disease and
showed a strong association with individuals carrying a polymorphism S12N in the CARD9 gene (LIMON
et al. 2019; SPARBER et al. 2019; WRIGHTON 2019). This provides a direct link between Malassezia
colonization and inflammatory response in the gut. Also, M. restricta could singly exacerbate colitis in
mouse models. More recently, pancreatic tissues associated with pancreatic ductal adenocarcinoma were
found to have microbiota distinct from the healthy ones, dominated by M. globosa and M. restricta
(AYKUT et al. 2019). These organisms activate the complement cascade and pro-inflammatory response,

exacerbating pancreatic cancers.

Association with animals and other sources

Many of the 18 Malassezia species described to date have been isolated from animals both from
healthy and disease states. Common examples include cats, dogs, horses, rabbits, pigs, cattle, goats, and
others from which several Malassezia species have been isolated, without any host specificity (CABANES
2014; THEELEN et al. 2018). M. psittaci and M. brasiliensis were isolated from parrots, and a new
thermo-tolerant species M. vespertilionis was isolated from migrating bats (CABANES et al. 2016; LORCH

et al. 2018). This suggests a specific association of Malassezia with mammalian hosts.
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Figure 1-12. Malassezia on the human skin.
Pie charts indicating the relative consensus abundance of fungal and bacterial species across four major
representative microenvironments in the human body (BYRD et al. 2018).

However, culture-independent metagenomic studies have detected sequences highly similar to the
Malassezia species that infect humans, from extreme terrestrial and marine ecosystems such as
hydrothermal vents, Antarctic soils, deep-sea sediments, and also in association with nematodes, sponges,
and corals (ARENZ et al. 2006; LAI et al. 2007; LE CALVEZ et al. 2009; AMEND 2014). The prevalence of
Malassezia species in such diverse host niches makes it an interesting system to understand the forces that

shape their genomes to facilitate adaptation to these niches.
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Genomic features

Most of the early sequencing efforts on Malassezia were restricted to regions that were routinely
used for phylogenetic classification of the species (GUILLOT AND GUEHO 1995; GUEHO et al. 1996). The
foundation for a genomics approach towards understanding the biology of these species was laid by a
report in 2007 that described for the first time the features of dandruff associated M. globosa and M.
restricta genomes (Xu et al. 2007). This was followed by the analysis of the M. sympodialis genome
predominantly associated with atopic eczema (G10TI et al. 2013). Both studies estimated the genome
sizes of the above species to be under 9 Mb, the smallest known for free-living fungi. A striking and
defining feature of all the three species was the loss of genes encoding fatty acid synthases, and the
amplification of genes coding for lipases, phospholipases, sphingomyelinases, and proteases. This
observation was suggestive of a niche-specific evolution of these genomes, adapted to life on the skin
where lipids are the primary source of energy. This also explained the requirement of supplementation of
culture media with lipids and fatty acids to support the axenic growth of these species.

The above features were subsequently proved to be common to the Malassezia genus by a
comparative genomics study that analyzed about 14 Malassezia species (WU et al. 2015). All of the
Malassezia genomes analyzed were compact (<9 Mb) in line with the previous findings (Table 1-1).
Functional analysis of these genomes identified 13 protein families/PFAM domains that are exclusive to
Malassezia species and about 700 PFAM domains that were lost in the common ancestor. The Malassezia
specific domains are yet to be characterized and are of unknown function. However, the set of genes lost
encompasses a wide variety of functions, including carbohydrate metabolism, hydrolysis, and fatty acid
synthases, supporting niche-specific evolution of these genomes. Besides the genes related to metabolic
processes, the ones encoding the RNAi machinery were also lost in Malassezia species. This is supported

by a significant reduction in the transposon density in these genomes.

The Malassezia genomes also show signatures of the presence of Horizontally Transferred Genes
(HTGs) indicated by the presence of PFAMs absent in related fungi but detected in several bacterial
species (WU et al. 2015; IANIRI et al. 2020). About six genes were proposed to be HTGs, predominantly
associated with the oxidative stress response. Of these, three gene families were proposed to represent
gain-of-function in Malassezia which include (i) a putative secreted glycosyl hydrolase (PF06742) that is
detected in common pathogenic bacteria like Mycobacterium tuberculosis and Listeria monocytogenes,
(ii) a bacterial catalase gene (PF00199), and (iii) a putative PrsW family protease (PF13367) that was
detected in Malassezia species resident on human skin, which is required in bacteria and protists for
response against anti-microbial peptides. While the expression of these genes is validated, their role in

Malassezia biology will help understand better the evolution of these species.
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Table 1-1. Genome sizes and chromosome number variations in the Malassezia species complex.

Reference indicates the study which reported these species. The number of scaffolds/contigs for each
species is from the NCBI genomes portal. An asterisk indicates the genomes assembled as a part of this
study. The chromosome number estimate provided is based on PFGE based karyotyping (references

included in the text).

Species Reference Qenome Genome assembly Chromosorr_\e
size number estimate
M. cuniculi (CaBANES et al. 2011) | 7.46 Mb 76 scaffolds X
M. slooffiae (GUEHO et al. 1996) 8.3 Mb Complete*, 9 Chr 9
M. restricta (GUEHO et al. 1996) 7.29 Mb Complete, 9 Chr 9
M. globosa (GUEHO et al. 1996) 9.1 Mb Complete*, 9 Chr X
M. pachydermatis (WEIDMAN 1925) 8.15 Mb 91 contigs 6
M. equina (CABANES et al. 2007) | 7.65 Mb 117 scaffolds X
M. dermatis (SuGITA et al. 2002) 7.55 Mb 18 scaffolds X
M. sympodialis (1%%';"0'\‘5 ANDGUEHO | 7 75 My | Complete, 8 Chr 8
M. caprae (CABANES et al. 2007) | 7.58 Mb 229 scaffolds X
M. nana (HIRAI et al. 2004) 7.57 Mb 13 scaffolds X
M. obtusa (GUEHO et al. 1996) 7.84 Mb 1709 scaffolds 7
M. japonica (SuGITA et al. 2003b) 8.3 Mb 16 scaffolds X
M. yamatoensis (SUGITA et al. 2004) 8.1 Mb 49 scaffolds X
M. vespertilionis (LORCH et al. 2018) 7.58 Mb 14 scaffolds X
M. furfur (JLPK23) | (BAILLON 1889) 8.31 Mb Complete*, 7 Chr 7
M. psittaci (CaBANES et al. 2016) | x X X
M. arunalokei (ZBIE)GN)NAVAR etal X X X
M. brasiliensis (CaBANES et al. 2016) | x X X

Chromosome number variations

Molecular characterization and genetic variations within different isolates of a species were

studied mainly with techniques such as RAPD, RFLP, and AFLP in conjunction with PFGE analyses to
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detect gross chromosomal changes (BOEKHOUT AND BOSBOOM 1994; BOEKHOUT et al. 1998; SENCZEK
et al. 1999). This provided initial insights into the number of chromosomes present in several Malassezia
species, and also revealed variations in the chromosome number between different Malassezia species
that ranged between 6 and 10 (Table 1-1). The electrophoretic karyotyping analyses suggested that M.
pachydermatis contained 6 chromosomes, M. sympodialis contained 8 chromosomes, and M. slooffiae
along with M. restricta contained 9 chromosomes respectively. The estimates for M. obtusa and M.
globosa were ambiguous, predicted to contain 7 and 8 chromosomes respectively. Analysis of M. furfur
isolates revealed polymorphisms in both length and the number of chromosomes (BOEKHOUT AND
BosBooOM 1994; SENCZEK et al. 1999). This is supported by sequence-based studies that observed
genome sizes for some M. furfur isolates that were double the size of other haploid Malassezia genomes,
hinting at whole-genome duplication-like events or other hybridization events leading to heterogeneity
(Wu et al. 2015).

Recent efforts to develop whole-genome assemblies of these species with the help of long-reads
based technologies (such as PacBio SMRT sequencing approach) helped in validating the chromosome
number estimated previously. Such complete assemblies are presently available only for M. restricta
(confirming the presence of 9 chromosomes), M. sympodialis (confirming the presence of 8
chromosomes), and M. pachydermatis (confirming the presence of 6 chromosomes)(Kim et al. 2018; CHo
et al. 2019; MORAND et al. 2019). Besides these, the genomes of few other strains such as M. nana, M.
dermatis, M. vespertilionis, and M. japonica available with the NCBI are assembled to less than 14
scaffolds, making them useful for comparative genomics and other studies including prediction of
chromosome numbers. However, the cause and the role of such variations in the biology of these species

remain elusive.

Genetic manipulation of Malassezia

Functional analyses of these candidate genes in Malassezia was hampered by the lack of genetic
manipulation methods. This was ascribed mainly to its fastidious nature of growth in vitro and the failure
of conventional methods used to engineer yeasts (IANIRI et al. 2016). An Agrobacterium-mediated
transformation system could successfully integrate desired DNA fragments cloned within T-DNA border
sequences into Malassezia (IANIRI et al. 2016; CELIS et al. 2017; IANIRI et al. 2017a). However, only
three species, viz. M. furfur, M. sympodialis, and M. pachydermatis have been successfully engineered
with this method. The advent of this method along with tools such as the development of CRISPR,
Agrobacterium-mediated insertional mutagenesis, development of mouse models for infections enables
functional genetics research in this medically relevant fungal species (AYKUT et al. 2019; IANIRI et al.
2019; LIMON et al. 2019; SPARBER et al. 2019; IANIRI et al. 2020).
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Sexual cycle

The genomic locus that determines the sex/mating-type in fungi is called the MAT locus,
containing genes or transcription factors that are required to regulate mating and post-mating
developmental processes (NI et al. 2011). Mating is governed by two sets of mating-type specific genes-
the first being the locus that encodes the pheromone or the cognate receptor (P/R) and the other encoding
homeodomain transcription factors (HD) that regulate post-mating processes (CASSELTON AND
OLESNICKY 1998; HSUEH AND HEITMAN 2008; SUN et al. 2019). Based on the arrangement of these two
loci in the genome, two mating-type configurations were initially described for the basidiomycetes-
bipolar and tetrapolar (BAKKEREN AND KRONSTAD 1994; HSUEH AND HEITMAN 2008). In the bipolar
mating type, the regions containing the P/R and HD genes are present as a genetically linked single MAT
locus. On the other hand, the two regions are genetically unlinked and segregate independently in mitosis
in case of a tetrapolar configuration. Compatibility at both the loci is a prerequisite for mating in this case.
A variation from these two configurations termed ‘pseudo-bipolar’ mating type was also identified within
the basidiomycetes, wherein the P/R and HD loci appear to be linked like the case of bipolar systems;
however, they exhibit features of tetrapolar systems such as multiallelism for HD locus and evidence for
recombination between the P/R and HD loci (COELHO et al. 2010).

The Malassezia species were long thought to be devoid of a sexual cycle as it has not been
observed to date. However, searches for circumstantial evidence for mating in these species shed light on
the following features. The regions containing P/R and HD loci were found to be about 150 kb apart from
each other in both M. globosa and M. sympodialis hinting at a possible bipolar mating system (Xu et al.
2007; CoELHO et al. 2013; GIOTI et al. 2013). However, sequencing several M. sympodialis isolates
revealed a potential triallelism for HD locus and possible recombination between these loci. In line with
these observations, a pseudo-bipolar mating configuration was assigned to M. sympodialis. Besides these,
analysis of gene complement required for meiosis is also suggestive of a possible sexual cycle in the
Malassezia species complex (COELHO et al. 2013; GIOTI et al. 2013). With the advent of genetic
manipulation protocols, functional analysis of MAT loci, optimization of the right combination of strains,
culture conditions to score for mating structures, will further our insights on the presence of an extant

sexual cycle in Malassezia

Introduction to the model organism: Candida albicans

Phylum : Ascomycota
Subphylum : Saccharomycotina
Class : Saccharomycetes
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Order : Saccharomycetales

Family : Debaromycetaceae
Genus : Candida
Species - albicans

C. albicans is a diploid budding yeast belonging to the fungal phylum of Ascomycota. C.
albicans and related Candida species constitute the CUG clade in which the tRNA corresponding to CUG
codes for serine instead of leucine most of the time (MASSEY et al. 2003). It is known to be an
opportunistic pathogen that survives as a harmless commensal in healthy individuals as a part of the
microflora in the skin, gut, oral cavity, and urogenital tract (SoLL 2002). C. albicans is responsible for
superficial infections like thrush, oropharyngeal and vaginal candidiasis, and systemic infections in
hospitalized patients with debilitated immunity (SoLL 2002; BERMAN 2012). It is one of the most
common fungal infections detected worldwide, with about 4 million cases reported every year (BROWN et
al. 2012). C. albicans is known to be an obligate commensal of warm-blooded animals. However, a free-

living form from oak trees was recently isolated as well (BENSASSON et al. 2019).
Phenotypic plasticity

C. albicans cells have the exceptional ability to switch between different morphogenetic states,
and this ability has been attributed to successful colonization and infection (Figure 1-13) (MERSON-
DAVIES AND ODDS 1989; SUDBERY et al. 2004). In routine laboratory growth conditions in rich media, C.
albicans grows as an ellipsoid budding yeast. These cells are also referred to as white cells (described
below in the context of mating). Under specific conditions, these yeast cells undergo a transition to true
hyphal cells or pseudohyphal cells, each with distinct modes of division (BERMAN 2006). Pseudohyphal
cells undergo cell cycle similar to the yeast cells. These cells exhibit unipolar budding and do not separate
following cytokinesis resulting in a chain-like appearance. True hyphae result when the cells are grown at
37°C in the presence of external stimuli such as the presence of serum in growth media. The polarized
germ tube is a characteristic feature of hyphal cells. During division, the nuclear mass migrates to and
divides across the preseptum. Several factors regulate the switching and growth in these forms (BERMAN
2006). Besides pseudohyphae and true hyphae, another polarized growth form called the elongated large
budded cells exists in C. albicans. This phenotype is consequential of persistent arrest at any stage of the
cell cycle or due to conditions of stress (BACHEWICH et al. 2003). Another yeast form called the ‘opaque’
form was first identified in the strain WO-1. The opaque form is the mating-competent form of yeast cells
and is characterized by large oblong cells with pimples in the cell surface (MILLER AND JOHNSON 2002).

The phenotypic switching to opaque cells is favored by conditions such as the presence of N-acetyl
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glucosamine, CO,, and acidic pH. Besides the opaque form, a gray phenotype was also reported to be an
intermediate mating competent form of yeast cells (TAO et al. 2014). Together, the three yeast forms were
proposed to be a part of a tristable phenotypic switching system playing critical roles in commensal and
pathogenic traits. Passage of wild-type C. albicans cells through the mammalian gut resulted in the
transition to another phenotypic form termed as the GUT (gastrointestinally induced transition)
phenotype, which was transcriptionally poised to survive as a commensal in the gastrointestinal tract
(PANDE et al. 2013).

White Biofilm

Pseudohyphae

Chlamydospore

True hyphae

Opaque

Figure 1-13. Morphological forms of C. albicans.

(A) White cells are essential for establishing systemic infections and dissemination. Elongated forms of
pseudohyphae and true hyphae enable tissue penetration and evasion from the host immune system.
Opaque cells are the mating competent yeast form of C. albicans. The gut form resembles opaque cells
in shape and is adapted for commensal growth in the gastrointestinal tract. Chlamydospores arise in
response to stress, but the role in vivo is unclear. (B) Schematic representation of a biofilm structure
comprising of yeast and elongated cells along with an extracellular matrix. [figures adapted from (Gow
2013; NOBILE AND JOHNSON 2015)]

In response to harsh environmental conditions, C. albicans cells switch to the chlamydospore
form, which are large spherical cells with a thickened cell wall (WHITEWAY AND BACHEWICH 2007).
Besides these solitary growth forms, C. albicans cells can also transit to community-dwelling by the
formation of biofilm structures (NOBILE AND JOHNSON 2015). These structures consist of several forms of
C. albicans cells encapsulated in an extracellular matrix. These biofilms show drug resistance and can

cause secondary seeding of the infection by dispersing cells from the biofilms, making it difficult to treat.
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Genome plasticity

The size of the diploid C. albicans genome is about 32 Mb, distributed into 8 pairs of
chromosomes. The observed variations in the genome include copy number variations, SNPs, segmental,
or whole chromosome ploidy changes, each of which contributes to fitness advantage in diverse stress
conditions. About 30% of clinical isolates show altered electrophoretic mobility indicating the presence of
gross chromosomal changes in the genome (ASAKURA et al. 1991). Different forms of repetitive loci in
the genome are thought to contribute to the genomic variations. Major Repeat Sequence present at least in
part in each chromosome consists of RPS repeats flanked by HOK and RPB-2 elements (CHIBANA et al.
1994; LEPHART AND MAGEE 2006). These sequences mediate inter and intra-locus rearrangements
generating polymorphisms in chromosome length and chimeric chromosome arms (SELMECKI et al.
2010). The 23 bp telomeric repeats and the telomere-associated gene families present in the subtelomeric
regions can mediate telomere-telomere fusions. Centromeres in three chromosomes are flanked by
inverted repeat structures (SANYAL et al. 2004). In the event of breakage within this region, mechanisms
like break-induced replication can result in the formation of isochromosomes (discussed below), a form of
trisomy (SELMECKI et al. 2010). Besides these, the C. albicans genome also contains LTRs and
retrotransposons, which show variations in the copy humber across different isolates (GOODWIN AND
POULTER 2000; ToDD et al. 2019). Short tandem repeats like trinucleotide repeats have also been
detected in ORFs involved in traits such as commensalism and virulence wherein they can contribute to
phenotype plasticity by introducing errors in alleles due to recombination or slippage between the repeat
units (BRAUN et al. 2005).

Stress conditions are known to augment the genetic variations in the C. albicans genome, as
evidenced by the loss of heterozygosity and aneuploidy (FORCHE et al. 2011). These LOH events are
primarily effected by non-disjunction or by recombination/repair pathways. A classic example is the
formation of isochromosome 5L or trisomy chromosome 4 upon exposure to fluconazole (SELMECKI et
al. 2006; ANDERSON et al. 2017). Amplification of ERG11 and TAC1 as a consequence of this
phenomenon is said to impart fluconazole resistance (SELMECKI et al. 2008; SELMECKI et al. 2009).
Similarly, growth on media containing L- sorbose or D- arabinose as the sole carbon source is known to
result in loss of a homolog of chromosome 5 and gain of chromosome 6 respectively (JANBON et al.
1998).

Mating

Analysis of the genome of C. albicans, thought to be devoid of sex for a long time (GRASER et al.

1996; BOUGNOUX et al. 2008), suggests that this organism is competent for mating with a conserved
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mating-type like locus (MTL locus) encoding for transcription factors or regulators of mating specific
genes (HULL AND JOHNSON 1999; MAGEE AND MAGEE 2000; BUTLER et al. 2009). However, no meiosis
has been observed experimentally or in nature. Homologs of genes like Ime3 and Spo13 that are critical
for the completion of Meiosis 1 are yet to be detected in this organism (BUTLER et al. 2009). Divergence
in the function of meiosis-specific genes has also been proposed. For instance, a meiosis-specific
transcription factor Ndt80 is involved in regulating the biofilm gene circuit in C. albicans (NOBILE AND
JOHNSON 2015). Another such gene product Ume6 is implicated in autophagy and hyphal growth
regulation in C. albicans (BANERIJEE et al. 2008).

C. albicans is well-known for an alternative mode of mating, the parasexual cycle (BENNETT AND
JOHNSON 2003; LACHKE et al. 2003; DUMITRU et al. 2007). Strains with homozygosity in the MTL locus
were shown to mate with those containing the opposite mating type to generate tetraploid progeny, which
undergoes a form of ploidy reduction called concerted chromosome loss. These two steps together
constitute the parasexual cycle (BENNETT 2015). Serval aneuploidies, rearrangements, and recombination
between homologous chromosomes have been reported to be a consequence of the parasexual cycle and is
proposed to confer fitness advantages in diverse niches (FORCHE et al. 2008; HICKMAN et al. 2015;
BERMAN 2016).

Centromeres structure and regulation

The centromeres of C. albicans is one of the first examples of epigenetically short regional
centromeres. The CENP-A® enriched regions span about 3-4.5 kb in length that maps to an ORF free
regions of up to 14 kb in the genome (SANYAL et al. 2004). Unlike the stabilization of ARS plasmids
upon introduction of centromere DNA sequences observed in S. cerevisiae or S. pombe, no functional
significance could be attributed to the underlying DNA sequence (BAUM et al. 2006). The requirement of
a preexisting centromere-associated CENP-AC®* for centromere function is suggestive of epigenetic
regulation of centromere function in this species. The clustered nature of centromeres in this organism
and the resulting CENP-A cloud at the vicinity was proposed to make the centromere-proximal regions as
favorable sites for neocentromere formation (THAKUR AND SANYAL 2013; SREEKUMAR et al. 2019a). It
was also observed that the activated neocentromere subsequently reorganized in space to be a part of the
centromere cluster in this species (BURRACK et al. 2016). The centromere identity is maintained across
cell cycles by a concerted effort of the CENP-A chaperone HIURP™ and the members of
replication/repair machinery such as Orc4, Mcm2, and the Rad51-Rad52 complex (MITRA et al. 2014;
SREEKUMAR et al. 2019b). The loss of function of any of the above components resulted in reduced

CENP-A levels at the centromere cluster.
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With a cryptic RNAI pathway and a lack of conventional heterochromatin marks, the
pericentromeres were poorly defined in this organism. The centromere flanking regions show features of
both euchromatin and heterochromatin (FREIRE-BENEITEZ et al. 2016). By combining the results from Hi-
C and reversible silencing assays, the pericentromere was defined based on the presence of CEN-flanking
compact chromatin that spans 25 kb clustered around the centromere (SREEKUMAR et al. 2019a). The
presence of enhanced cis- and trans- chromosomal contacts segregated this region from the bulk

chromatin.

Kinetochore assembly

Similar to the observations in the budding yeast S. cerevisiae, the kinetochore proteins are
localized in a clustered manner throughout the cell cycle and are constitutively associated with the
microtubules (SANYAL AND CARBON 2002; RoY et al. 2011; THAKUR AND SANYAL 2011). The homologs
of the core kinetochore ensemble found in S. cerevisiae remains conserved in C. albicans, barring the
CBF3 complex. In both the budding and fission yeasts, a master regulator for the assembly of kinetochore
subcomplexes has been identified- Ndc10 in S cerevisiae and Mis6 in S. pombe (TAKAHASHI et al. 2000;
HAYASHI et al. 2004; CAMAHORT et al. 2007; CHO AND HARRISON 2011). These proteins are known to
dictate the localization of CENP-AC*and all other kinetochore proteins. On the contrary, an
interdependent regulation of kinetochore protein localization was observed in C. albicans with no single
protein forming the base of localization hierarchy (THAKUR AND SANYAL 2012). While the inner
kinetochore proteins are essential for the recruitment of the outer kinetochore subunits, the localization of
outer kinetochore proteins was also found essential for the localization of inner kinetochore proteins
including CENP-AC**, Further, perturbation of any of the kinetochore subunits resulted in the
disintegration of the kinetochore ensemble, followed by proteasome-mediated degradation of CENP-ACs4
(Figure 1-14).
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Figure 1-14. Regulation of kinetochore protein localization in C. albicans.

(A) Schematic representation of localization dependencies of inner and outer kinetochore proteins as
reported in C. albicans. (B) Depletion of any of the proteins from the inner, middle or outer kinetochore
results in declustering of the kinetochores followed by disassembly of the kinetochore ensemble.
Disassembled kinetochores fail to protect the centromeric chromatin. CENP-A®** molecules that are no
longer assembled into centromeric chromatin eventually get degraded by the proteasomal mediated
pathway (THAKUR AND SANYAL 2012).
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The core kinetochore proteins- CENP-A®* Mif2, Mtw1, and the members of the Dam1
complex, have been found essential for viability and chromosome segregation (SANYAL AND CARBON
2002; BURRACK et al. 2011; Roy et al. 2011; THAKUR AND SANYAL 2011). The depletion of any of these
proteins resulted in mitotic arrest consequential an active SAC. Mutants show aberrant spindle structures
such as short spindles in most cases with hyper elongated spindles in a smaller proportion in specific
mutants. Despite harboring a larger CENP-AC*4 enriched region as compared to S. cerevisiae, both these
species have one microtubule per kinetochore (JOGLEKAR et al. 2008). The essentiality of the Dam1
complex in C. albicans was found reduced when multiple microtubule associations per kinetochore were
promoted, suggesting that the essentiality of Dam1 complex is correlated with one MT/kinetochore

association (BURRACK et al. 2011; THAKUR AND SANYAL 2011).
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Rationale and objectives

The primary objective of the first half of this study was towards understanding the mechanisms
that could result in the observed karyotypic diversity within the members of the Malassezia species

complex.

It is known that the genomes of all known Malassezia species are under 9 Mb, one of the smallest
known for free-living fungi, and are distributed into 6 to 9 chromosomes in the known 18 species of the
complex (BOEKHOUT et al. 1998; SENCZEK et al. 1999; WU et al. 2015). The Malassezia yeasts are
ubiquitous skin commensals that have been isolated from diverse animals ranging from humans to bats
(CABANES 2014; FINDLEY AND GRICE 2014; THEELEN et al. 2018). Besides the human skin, Malassezia
species were also found to exacerbate disease conditions like Crohn's disease and pancreatic cancers
(AYKUT et al. 2019; LIMON et al. 2019). Further, sequences closely related to the Malassezia species
have been detected from extreme environmental niches such as corals, hydrothermal vents, and deep-sea
sediments(AMEND 2014). Genomic rearrangements are known to facilitate the adaptive evolution of
species, enabling them to thrive in diverse conditions (EICHLER AND SANKOFF 2003; GUSA AND JINKS-
ROBERTSON 2019). The significance of such rearrangements is profound in organisms that have no
observed or a rare sexual cycle wherein they can also aid in speciation (NOOR et al. 2001; RIESEBERG
2001). While the analysis of Malassezia genomes indicate that these species are mating competent, no
mating has been observed in nature or laboratory conditions (Xu et al. 2007; COELHO et al. 2013; GIOTI
et al. 2013; ZHu et al. 2017). This makes it important to understand the mechanisms that result in genetic

diversity (chromosome number variation in this case) within these species.

The most commonly observed mode of chromosome number variation is the telomere-telomere
fusion of chromosomes. Well known examples include the formation of extant human chromosome 2 by
fusion of two ancestral chromosomes (YUNIS AND PRAKASH 1982; JDO et al. 1991) and the reduction in
karyotype observed within the members of the Saccharomycotina in the case of fungi (GORDON et al.
2011). Breakage at the centromere has been suspected of having driven the evolution of Ashbya gossypii
from the pre-WGD ancestor of S. cerevisiae (GORDON et al. 2011). Insertion of an entire chromosome

into another, termed nested chromosome insertions are commonly observed in plants(MURAT et al. 2010).

To identify if any of the above or alternate mechanisms resulted in rearrangements and
chromosome number variations in the Malassezia species, we sought to identify centromeres in species
with different numbers of chromosomes and trace the evolutionary trajectory of changes in the karyotype.

The results pertaining to these objectives are presented in Chapter 2 of this thesis.
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In the following part of the thesis, we studied the role of Dad2, a Dam1 complex subunit, in
mediating interactions with microtubules in human fungal pathogen C. albicans.

The outer kinetochore, comprising the KMN (KNL1C-MIS12C-NDC80C) network, forms the
primary microtubule-binding module of the kinetochore ensemble (CHEESEMAN et al. 2006; CHEESEMAN
AND DESAI 2008). The efficiency of this association is further enhanced by another outer kinetochore
complex called the Dam1 complex (LAMPERT et al. 2010; TIEN et al. 2010). The Dam1 complex is
detected exclusively in fungi and is replaced by a functional homolog called the Skal complex in higher
eukaryotes (VAN HOOFF et al. 2017b). The Dam1 complex subunits were shown essential for viability in
many pathogenic fungi such as C. albicans, C. tropicalis, and C. neoformans, as the conditional mutants
show severe viability defects and massive chromosome missegregation (THAKUR AND SANYAL 2011;
CHATTERIEE et al. 2016; SRIDHAR et al. 2019). This makes the Dam1 complex subunits an attractive

target for the development of safe and potent antifungals.

Dad2, a subunit of the Dam1 complex, is essential for viability in C. albicans, with the mutants
showing elevated levels of chromosome missegregation (THAKUR AND SANYAL 2011). Multiple sequence
alignment of various Dad2 sequences led us to identify a conserved 10-amino acid long stretch in the C-
terminus that we labeled as the Dad?2 signature sequence (DSS). The presence of conserved positively
charged residues in this domain is reminiscent of the microtubule-interacting domains of other
kinetochore proteins like Ndc80, Dam1, and Skal (CHEESEMAN et al. 2002; CHEESEMAN et al. 2006;
ABAD et al. 2014). We surmise that the DSS could be a previously unknown microtubule-binding motif
in Dad2/Dam1 complex.

We aimed to dissect the role of this conserved 10-amino acid stretch in Dad2, in mediating
kinetochore-microtubule attachments in C. albicans. A brief introduction to how kinetochore
subcomplexes cooperatively associate with the microtubule attachments is provided at the beginning of

Chapter 3, followed by our findings related to this objective.
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Chapter 2

Loss of centromere function drives karyotype

evolution in closely related Malassezia species
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Results
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Chromosome number varies in the Malassezia species complex

Previous reports based on pulsed-field gel electrophoresis (PFGE) have suggested that
chromosome number varies within the Malassezia species complex. The early diverged species M.
slooffiae of Clade C was reported to have 9 chromosomes (BOEKHOUT et al. 1998). Clade B Malassezia
species are reported to have 9 (M. globosa and M. restricta), 8 (M. sympodialis), or 6 chromosomes (M.
pachydermatis). Among the Clade A species, M. obtusa and M. furfur CBS14141 were reported to have 7
chromosomes each (BOEKHOUT AND BOSBOOM 1994; ZHU et al. 2017). A high-quality reference genome
is a prerequisite to understanding the rearrangements associated with chromosome number variation.
Additionally, this will also assist in resolving ambiguities in PFGE-based estimates of chromosome
number when similar-sized chromosomes are present. Complete genome assemblies were not available
for many of the species with reported numbers of chromosomes. To obtain better-assembled reference
genomes, we sequenced the genomes of M. slooffiae and M. globosa as representatives of the 9-
chromosome state, and M. furfur as a representative of the 7-chromosome state using the PacBio SMRT
sequencing technology.

The M. globosa genome was completely assembled into 9 contigs with telomeres on both ends
(BioSample accession SAMN10720087). We validated these by assigning each band on the pulsed-field
gel with the sizes from the genome assembly and further confirmed these by chromoblot analysis
following PFGE. This analysis shows that chromosome 5 contains the rDNA locus and migrates higher
than the expected size of 902 kb, as a diffuse ensemble of different sizes along with chromosome 3
(Figure 2-1A). The assembled genome of M. slooffiae has 14 contigs of which 9 contigs have telomeres
on both ends, indicative of 9 chromosomes (BioSample accession SAMN10720088). Each of the 9
contigs could be assigned to the bands observed in the pulsed-field gel (Figure 2-1B). For M. furfur, the
final genome assembly consisted of 7 contigs with telomeres on both ends and matched the expected
chromosome sizes obtained from an earlier PFGE analysis of CBS14141 (Figure 2-1C). The complete
genome assembly of M. sympodialis reported earlier is distributed into 8 chromosomes with telomere
repeats on both ends (Figure 2-1D) and serves as a representative of an 8-chromosome state in this study.

The assembly statistics are described in Table 2-1.
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Figure 2-1. Genome assembly and karyotype diversity in representative Malassezia species.

The genomes of M. globosa (A), M. slooffiae (B), and M. furfur (C) were sequenced and assembled in
this study, while the genome assembly of M. sympodialis (D) was reported earlier (Zhu et al., 2015) and is
shown for comparison. In each panel, bar plots represent the assembled chromosomes of the indicated
Malassezia species, with the telomeres and the ribosomal DNA (rDNA) marked as dark grey and blue
bars, respectively. Telomere-repeat motifs are shown at the 5'- and 3'-ends of the Chrl in each species.
Electrophoretic karyotypes of M. globosa (Mg) and M. sloffiiae (Msl), are shown in (A) and (B)
respectively, with chromosome sizes estimated from the genome assembly. Chromosomes of S. cerevisiae
(Sc) served as size markers. The chromosome containing the rDNA (marked with an "r"), in M. globosa,
co-migrates with Chr3. This was assessed by chromoblot hybridization using unique sequences from
Chr3, Chr4, Chr5, and Chr6 as probes (regions indicated by red arrowheads). Chromosomes of similar
size (denoted in red) migrate together in the gel and appear as a doublet band (i.e., MgChr3-MgChr5,
MsIChr2-MsIChr3, and MsIChr5-MsIChr6).

The genome sequencing and assembly were obtained from Tom Dawson as a part of a collaboration for
this project. The chromoblot analysis to validate the chromosome number was performed in collaboration

with Joe Heitman's Lab (by Sheng Sun, Duke University).

Changes in chromosome number are always associated with birth or loss of centromeres to
stabilize the karyotype in organisms with monocentric chromosomes. To understand the transitions
between these different karyotypic states observed in the Malassezia species complex, we sought to

validate centromeres in species representative of each karyotype experimentally.
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Table 2-1. Statistics of the genome assemblies of M. globosa, M. slooffiae, and M. furfur generated in this
study.

M. globosa M. slooffiae M. furfur

Strain CBS7966 CBS7956 CBS14141
Sequencing PacBio PacBio PacBio
platform

No. of reads 122,622 92,622 57,425
Coverage 90X 140X 64X
Size (bp) 9,119,538 8,938,001 8,311,773
GC content (%) 52.08 66.31 64.9

Assembly status

Total contigs 10 14 8
Nuclear genome Complete Complete Complete
9 contigs 9 contigs 7 contigs
telomere on telomere on telomere on
both ends both ends both ends
Gaps none none none
Assembly polished No No No

with lllumina reads

Identification of kinetochore protein homologs in M. sympodialis

Kinetochore proteins, by their exclusive centromere localization, serve as useful tools in the
identification of centromere DNA sequences. To experimentally identify centromeres in this species, we
looked for conserved kinetochore proteins in M. sympodialis by BLAST analysis. Protein sequences of
homologs from C. neoformans were used as the query for most proteins unless stated otherwise.
Schematic representation of the conserved kinetochore proteins we detected in M. sympodialis is shown
(Figure 2-2A, Table 2-2).

Point centromere-specific proteins viz. Ndc10, Cep3, and Ctf13 of the Cbf3 complex initially
identified in S. cerevisiae were not detected in M. sympodialis. Their absence suggested that despite small
compact genomes, it was less likely to possess point centromeres. However, we could detect homologs of
CENP-A, CENP-C, and most of the outer kinetochore proteins of the KMN network in the genome of M.
sympodialis. Similar to the observation in C. neoformans, no proteins from the constitutive centromere

associated network (CCAN) were detected in this species as well (Table 2-2).
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Table 2-2. Identification of kinetochore proteins in M. sympodialis by BLAST.

Sequences of C. neoformans homologs were used as the query for BLAST. Asterisk (*) indicates cases
where sequences from Ustilago maydis homologs were used as query. For the CBF3 complex, sequences
of S. cerevisiae homologs were used as the query. ND- not detected

Protein ID
Sub Query % ldentity E- value Query
Complex (SHOXXXXX.X) coverage
Askl 79565.1 27.4 4.84e-22 65.64
Dadl 75772.1 47.1 4.44e-01 27.36
Dad2* 79986.1 40 9.9e-23 82.89
Dad3 77770.1 425 3.62e-10 78.75
Damil Dad4 79701.1 39.1 1.24e-09 95.83
complex Dam1 79667.1 437 6.44e-08 45.45
Duol 76611.1 27.4 1.19e-04 17.63
Spcl9 N.D.
Spc34 N.D.
Outer -
Kinetochore Hsk3 77065.1 41.9 1.6e-15 92.68
Ndc80 79901.1 25.6 1.15e-36 80.33
Ndc80 Nuf2 78898.1 258 7.64e-14 74.59
complex Spc24 N.D.
Spc25 78263.1 25.8 1.1e-07 42.18
Mis12 76526.1 25.1 5.67e-09 70.91
Mitwl Dsnl 78762.1 24.4 3.94e-08 24.05
complex Nnf1* 777151 40.8 2.10E-19 35.9
Nsl1* 79581.1 28.3 1.68E-06 42
KNL1 Spcl05 75936.1 19.9 5.36e-11 40.59
Cnnl/Wipl/
N.D.
Mhf1/Mhf2
Constitutive Mcm16/Mcm22/
Centromere ND.
Associated Ctf3
Inner Network
kinetochore | (CCAN) Okpl/Amel/ ND.
Ctf19/Mcm21
Chl4/Imi3 ND.
CENP-C Mif2 79930.1 35.8 5.77e-29 22.67
CENP-A Csed 76408.1 70.8 2.77e-46 66.67
Point CEN Ndc10 ND.
specific Cbf3
complex complex Cepl6 N.D.
Ctf3 N.D.
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While CENP-AC* is an ideal candidate to identify centromeres in an organism, it is often
rendered non-functional upon epitope tagging. To avoid such technical shortcomings, especially in a
haploid species like M, sympodialis, we resorted to tagging the Mis12 homolog Mtw1. The Mis12
complex subunits are evolutionarily conserved kinetochore proteins that link the chromatin-associated
inner kinetochore proteins to the microtubule-associated outer kinetochore proteins. Members of the
Mis12 complex localize to centromeres in many yeasts (GOSHIMA et al. 1999; GOSHIMA et al. 2003;
WESTERMANN et al. 2003; Roy et al. 2011). Recent studies suggest that the protein domains associated
with the Mis12 complex members are exclusive to kinetochore proteins and are not detected in any other

proteins making them attractive tools to identify centromere sequences (TROMER et al. 2019).

We functionally expressed an N-terminally GFP-tagged Mtw1 protein (Protein ID: SHO76526.1)
from its native promoter, and the expression of the fusion protein was confirmed by western blotting
(Figure 2-2B). Upon staining with anti-GFP antibodies and DAPI (4',6-diamidino-2-phenylindole), we
could detect punctate localization of Mtw1 at the nuclear periphery (Figure 2-2C) consistent with the
clustered kinetochore localization observed in other yeasts (GOSHIMA et al. 1999; EUSKIRCHEN 2002;
Roy et al. 2011). Live-cell images of MSY001 (GFP-MTW1) cells revealed that the kinetochores (GFP-
Mtw1) remained clustered throughout the cell cycle, starting from unbudded G1 cells in interphase to
large budded cells in mitosis (Figure 2-2D). The GFP-Mtw1 tagged M. sympodialis strain was generated
in Joe Heitman's lab (by Giuseppe laniri) as a part of our collaboration on this project.

Mtw1 is localized to a single region at the GC minima of each M. sympodialis
chromosome

Having identified Mtw1 as an authentic kinetochore protein, we performed ChIP-sequencing
using the GFP-Mtw1 expressing strain of M. sympodialis (MSY001). Mapping the reads to the reference
genome of M. sympodialis strain ATCC42132 (ZHu et al. 2017) identified one significantly enriched
locus on each of the eight chromosomes (Figure 2-3A). The length of the Mtw1-enriched centromere
regions identified from the ChIP-seq analysis ranges between 3167 bp and 5143 bp with an average

length of 4165 bp (Table 2-3). However, the region of maximum Mtw1 enrichment on each chromosome
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Figure 2-2. Kinetochores cluster and localize at the nuclear periphery in M. sympodialis.

(A) Schematic of the kinetochore organization of M. sympodialis. Gray boxes indicate proteins absent
in M. sympodialis. The outer kinetochore protein Mtw1 (a component of Mis12C) served as the
kinetochore marker in the present study. (B) Line diagram representation of Mtw1 tagged with GFP at
the N-terminus. Immunoblot analysis of whole-cell lysates prepared from the untagged M. sympodialis
strain (ATCC42132) and GFP-Mtw1 expressing cells (MSY001) probed with anti-GFP antibodies and
anti-PSTAIRE antibodies. PSTAIRE served as a loading control. Relative intensity values normalized
to PSTAIRE are indicated below each lane. (C) Logarithmically grown MSY001 cells expressing GFP-
Mtw1 were fixed and stained with DAPI (blue) and anti-GFP antibodies (pseudo-colored in red). Scale
bar, 2.5 um. (D) Cell cycle stage-specific localization dynamics of GFP-Mtw1. Scale bar, 2.5 pum.

(based on the number of sequenced reads aligned) mapped to the intergenic region harboring the
GC trough (approximately 1 kb long), which was previously predicted to be the centromeres of M.
sympodialis (Figure 2-3B) (ZHu et al. 2017). The regions of Mtw1 enrichment span beyond the core
centromeres and include active genes located proximal to these troughs (Figure 2-3B and 2-3C).
However, these ORFs do not show consensus features such as the orientation of transcription or
functional classification. We validated this enrichment by ChIP-qPCR analysis with primers homologous

to the predicted centromeres compared to a control region distant from the centromere (Figure 2-4A).
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Histone H3 is depleted at the core centromere with active genes at the pericentric
regions in M. sympodialis

The presence of CENP-A nucleosomes at the kinetochore should result in reduced histone H3
enrichment at the centromeres when compared to a non-centromeric locus. To test this, we performed
ChlIP with anti-histone H3 antibodies and analyzed the immunoprecipitated (IP) DNA by gPCR. As
compared to a control ORF region unlinked to the centromere (190 kb away from CENL1), the pericentric
regions flanking the core centromere showed a marginal reduction in histone H3 enrichment that was
further reduced at the core that maps to the GC trough with the highest enrichment of the kinetochore
protein Mtw1. That the core centromere region showing the maximum depletion of histone H3 coincided
with the regions most enriched with Mtw21 further supports that histone H3, in these regions, is possibly
replaced by its centromere-specific variant CENP-A (Figure 2-4B).

Table 2-3. Coordinates of centromeres and their GC content in M. sympodialis.
Coordinates and length of Mtw1-enriched regions in comparison with that of the core centromeres in M.
sympodialis. Genome average GC content (in %): 58.5

Core centromere Full-length centromere
C;E;?Q; ?some Coordinates Length |, Coordinates
(bp) %GC Length (bp)
Start End Start End

1 786541 787061 520 16.4 784833 788599 3767
2 355760 355841 81 20 354218 357486 3269
3 237534 238686 1152 15.6 235615 239940 4326
4 418202 418728 526 15.2 415985 420656 4672
5 125056 125220 164 18 123219 127284 4066
6 101950 102502 552 144 100342 105251 4910
7 431542 431987 445 13.2 430028 433194 3167
8 24694 25564 870 18.4 22334 27476 5143
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Figure 2-3. Localization of Mtw1 to single-peaks identifies centromeres on each of the eight
chromosomes of M. sympodialis.

(A) ChIP-seq reads obtained after immunoprecipitation with GFP-trap beads were mapped to each
chromosome. The x-axis indicates chromosomal coordinates (in kb), and the y-axis indicates read
depth. Input: reads from total DNA; IP: reads from the immunoprecipitated sample; CEN, Mtw1-
enriched regions derived by subtracting input reads from those of the IP sample (peak values 0-2500).
Additional peaks observed in both IP and input tracks on Chr5 are from the rDNA locus. (B) A 13 kb-
window of Mtw1 enrichment profile (CEN, represented as peaks and heat-map in two different tracks,
red) plotted along with the GC content (%GC, blue) and regions of transcription (RNA-seq, green). The
numbers mentioned in the topmost track in every panel indicate chromosomal coordinates (in kb). The
scales in the y-axis are as follows: CEN (0-8000), %GC (0-75), RNA-seq reads (0-1500). Gray arrows
in each panel indicate the predicted ORFs based on RNA-seq data with arrowheads pointing the
direction of transcription of the corresponding gene (also marked as '+' and '-' in the axis label). (C)
Normalized read counts (RPKM) for transcripts from ORFs flanking the centromere as compared with
the genome average RPKM value calculated from RNA-seq data of M. sympodialis (ATCC42132). The
x-axis represents ORFs labeled L1 - L5 and R1 - R5, with L1 and R1 being proximal to the GC trough
of the centromere. The genome average considered for comparison is labeled as global. The y-axis
represents Log> RPKM values.
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Figure 2-4. Mtw1-enriched regions in M. sympodialis show reduced histone H3 levels.

(A) ChIP-gPCR assays validating the enrichment of Mtw1 at the centromeres identified by ChIP-
sequencing analysis. The x-axis indicates individual CEN regions assayed with primers mapping to the
chromosomal GC troughs, and the y-axis indicates enrichment of Mtw1 over a centromere unlinked
control region as "normalized % input immunoprecipitated”. Values from three experiments, each
performed with three technical replicates were used to generate the plot. Error bars indicate the
standard deviation (SD). (B) Fold difference in Mtw1 and histone H3 enrichment at CEN8 as
compared to a non-centromeric control region (190 kb away on the right of CEN1) by gPCR analysis.
Schematic of a 4 kb region of Chr8 with CEN8 core (yellow box) is depicted below the graph. Blue
lines indicate regions assayed by PCR: core-region corresponding to the GC trough, L1 and R1- 750 bp
away from the core, L2- 1500 bp away from the core, and non-centromeric control region (190 kb
away from centromere in Chrl). The x-axis indicates regions across the CEN8 probed by PCR and y-
axis indicates fold difference in the enrichment of Mtw1 and histone H3 as compared to the control
region. Error bars indicate the standard deviation (SD). Values from three experiments, each performed
with three technical replicates were used to generate the plot.
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The short regional centromeres of M. sympodialis are enriched with a 12 bp long
AT-rich consensus sequence motif

To understand the features of M. sympodialis centromeres, we analyzed the centromere DNA
sequences for the presence of consensus motifs or structures such as inverted repeats. PhyloGibbs-MP
(SIDDHARTHAN et al. 2005; SIDDHARTHAN 2008) predicted a 12 bp long AT-rich motif common to all of
the centromere sequences of M. sympodialis (Figure 2-5A). We swept the Position Weight Matrix
(PWM) from the PhyloGibbs-MP output across each chromosome of M. sympodialis and counted the
number of motif predictions in sliding 500 bp window, sliding by 100 bp at a time. Sites with log-
likelihood-ratio (LLR) of >7.5 were counted as motif predictions. The LLR is the natural logarithm of the
ratio of the likelihood of the 12 bp substring arising as a sample from the PWM to the likelihood of it
being generic "background"”. In each case, the global peak coincides with the centromere (Figure
2-5B). In each chromosome, the centromere region shows between 7 and 13 motif matches, while no
other 500 bp window shows more than 3 matches. This suggests that the AT-rich motif is more enriched
at the centromeres than at any other region in the M. sympodialis genome (Figure 2-5B). To ensure that
this is not an artifact of the GC-poor nature of the centromere, we repeated the analysis with a synthetic
shuffled PWM, created by scrambling the order of the columns of the original PWM (that is, scrambling
the positions in the motif while keeping the corresponding weight vectors the same). This shuffled motif
showed more matches in the centromeres than what is seen in the non-centromeric genomic sequence, but
significantly fewer than the authentic centromeric sequences in most chromosomes (Figure 2-5C). A dot-
plot analysis was performed to detect the presence of any direct or inverted-repeat structure associated
with the centromeres in M. sympodialis. Analysis of all of the centromere sequences along with 5 kb

flanking sequences using SyMap confirmed the lack of direct/inverted repeat structures (Figure 2-5D).

Figure 2-5. Sequence features of centromeres in M. sympodialis.

(A) Logo of the consensus DNA sequence identified from M. sympodialis centromeres, graphically
represented with the size of the base corresponding with the frequency of occurrence. (B)The genome
of M. sympodialis was scanned for matches to the 12 bp AT-rich motif using a 500 bp sliding window.
Hit counts (y-axis) were plotted against the chromosomal coordinates (x-axis, in kb). Red asterisks near
the line corresponding to maximum enrichment in every chromosome mark the regions predicted as
centromeres. (C) Comparison of the maximum motif counts in a 500 bp window in each M.
sympodialis chromosome (y-axis) estimated with the PWM of the 12 bp motif (blue bars, labeled real)
and a scrambled version of the matrix (orange bars, labeled scrambled). The x-axis indicates individual
chromosomes in M. sympodialis (D) Dot-plot generated by plotting sequences that include 5 kb
flanking the Mtw1-enriched regions in M. sympodialis against themselves is depicted. The coordinates
of regions used in M. sympodialis are CEN1: 781716-791716, CEN2: 350852-360852, CEN3: 232777-
242777, CEN4: 413320-423320, CEN5: 120251-130251, CEN6: 97796-107796, CEN7: 426611-
436611 and CEN8: 19905-29905.
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Figure 2-6. Putative centromeres of M. furfur, M. slooffiae, M. globosa, and M. restricta map to
global GC troughs in each chromosome.

(A-D) Graphs indicating GC content (red lines) and GC3 content (black lines, corresponding to the
GC content at the third codon position in genes) of each chromosome of M. furfur, M. slooffiae, M.
globosa, and M. restricta. The position of putative centromeres mapping to chromosomal GC
minima are marked in blue. The x-axis indicates chromosomal coordinates in Mb.
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Figure 2-7. The 12 bp AT-rich motif is enriched at the putative centromeres of M. furfur, M.
slooffiae, M. globosa, and M. restricta.

(A-D) The genomes of M. furfur, M. slooffiae, M. globosa, and M. restricta were scanned for matches
to the 12 bp AT-rich motif using a 500 bp sliding window. Hit counts (y-axis) were plotted against the
chromosomal coordinates (x-axis, in kb) for each of the above species. Red asterisks near the line
corresponding to maximum enrichment in every chromosome or scaffold mark the regions predicted as
centromeres in each species.

In the absence of any centromere exclusive DNA sequence, the unique and distinguishing
features of centromere regions in M. sympodialis are an AT-rich core region of <1 kb (average AT
content of 78% as compared to the genome average of 41.5%) enriched with the 12 bp motif in a
kinetochore protein-bound region of 3 to 5 kb. As expected, the kinetochore bound region contains a
reduced level of histone H3. The motif count plots and the GC/GC3 plots in the following pages were
generated by Rahul Siddharthan and Rakesh Netha (IMSc, Chennai), as a part of a collaboration for this

project.

Centromeres in M. furfur, M. slooffiae, and M. globosa map to chromosomal GC

minima

Using the unique centromere features identified in M. sympodialis, we predicted one centromere
locus on each of the 7 M. furfur chromosomes, and these all map to chromosomal GC troughs (Figure
2-6A, Table 2-4). Similar to M. furfur, we predicted the centromeres in M. slooffiae, M. globosa, and M.
restricta, each of which contains 9 chromosomes (Figure 2-6B to 2-6D, Table 2-4). Each of the predicted
centromeres showed enrichment of the 12 bp AT-rich motif identified with M. sympodialis centromere

sequences as compared to other regions in the genomes (Figure 2-7).

To experimentally validate the centromeric loci in M. furfur, we functionally expressed the
centromeric histone H3 variant CENP-A with a 3xFLAG tag at the C-terminus (Figure 2-8A). We
performed ChIP in strain MF001 (CENP-A-3XFLAG) and analyzed immunoprecipitated DNA by gPCR
using primers specific to each of the seven predicted centromeres and a centromere-unlinked control locus
1.3 Mb away from CENL. Enrichment of CENP-A at all seven centromeres over the control locus
confirmed that the regions predicted are indeed centromeres in M. furfur CBS14141 (Figure 2-8B and 2-
8C).

Given the lack of genetic manipulation methods for M. slooffiae and M. globosa, we tested the
enrichment of histone H3 at the predicted centromeres in these two species. All of the nine centromeric
loci in these two species showed a reduced histone H3 level when compared to a control locus unlinked to

centromeres (Figure 2-8D and 2-8E). Furthermore, upon analyzing the enrichment profile at one
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centromere (CEN1) in M. slooffiae, we observed a reduction in the enrichment levels of histone H3 at the
GC troughs as compared to the flanking regions (Figure 2-8F). In the case of M. globosa, the regions
spanning a centromere (CEN2) also depicted a similar reduction in the histone H3 levels (Figure 2-8G).
Taken together, the significant reduction in the histone H3 levels at the predicted centromeres, indicative
of the presence of CENP-A, suggests that these putative centromere regions are indeed bona fide

centromeres in these species.
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Figure 2-8. Centromeres in M. furfur, M. slooffiae, and M. globosa map to global GC troughs on
each chromosome.

(A) Schematic of epitope tagging of CENP-A with 3XFLAG at the C-terminus is shown. (Bottom)
Immunoblot analysis using whole-cell lysates prepared from the untagged wild-type M. furfur
(CBS14141) cells and CENP-A-3XFLAG expressing cells (MF001) probed with anti-FLAG antibodies
and anti-PSTAIRE antibodies. PSTAIRE served as the loading control. (B) The abundance of CENP-A
at each of the predicted M. furfur centromeres by gPCR analysis of DNA immunoprecipitated with
anti-FLAG affinity gel in MF0O1 cells expressing CENP-A-3XFLAG. The x-axis indicates individual
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CEN regions assayed with primers homologous to the GC troughs on each chromosome that were
predicted as centromeres. The non-centromeric control maps to a region 1.3 Mb away from predicted
CENL1. The y-axis indicates enrichment of CENP-A estimated as the percentage of input
immunoprecipitated. (C) The abundance of CENP-A across MfCEN7 by ChIP-gPCR analysis in
MFO00L1 cells. A schematic representation of a 2 kb region is shown below the graph. The yellow bar
indicates the centromere core of CEN7 corresponding to the GC trough. Blue bars indicate regions
analyzed by qPCR: L1 and R1- 750 bp away from the centromere core. 'Control’ refers to a region 1.3
Mb away from CEN1. The CENP-A enrichment is plotted along the y-axis as the percentage of input
immunoprecipitated. (D, E) Comparison of relative abundance of histone H3 compared to histone H4
at the predicted centromeres to a non-centromeric control locus in M. slooffiae and M. globosa
respectively. Enrichment was estimated as the percentage of input immunoprecipitated with histone H3
and histone H4 antibodies, and their ratio, as indicated in the y-axis, is plotted as relative enrichment.
The x-axis indicates centromeres in each species, and these were assayed with primers homologous to
GC troughs in each chromosome that were predicted as the centromeres. The control region unlinked to
the centromere corresponds to a locus 630 kb away from CENL1 in M. slooffiae and 416 kb away from
CENZ2 in M. globosa respectively. (F) The relative abundance of histone H3 compared to histone H4
across MsICEN1 by gPCR analysis of the DNA immunoprecipitated using histone H3 and histone H4
antibodies. The schematic of MsICENL1 locus is shown below the graph. The yellow bar indicates the
CENZ1 core region corresponding to the GC trough. Blue bars indicate regions analyzed by gPCR: L1
and L2 map to regions 750 bp and 1.5 kb to the left of the CEN1 core; R1 maps to a region 750 bp to
the right of the CENL1 core. The control region corresponds to a locus 630 kb away from the CEN1
core. The ratio of enrichment of histone H3 to that of histone H4 is plotted as the relative enrichment in
y-axis. (G) The relative abundance of histone H3 compared to histone H4 across MgCEN2 by qPCR
analysis of the DNA immunoprecipitated using histone H3 and histone H4 antibodies. The schematic
of a 5 kb region containing MgCEN?2 is shown below the graph. The yellow bar indicates the CEN2
core region corresponding to the GC trough. Blue bars indicate regions analyzed by gPCR: L1 and L2
indicate regions 750 bp and 1.5 kb to the left of the CEN2 core; R1 and R2 indicate regions 750 bp and
1.5 kb to the right of the CEN2 core. The control region corresponds to a locus 416 kb away from the
CEN2 core. The ratio of enrichment of histone H3 to that of histone H4 is plotted as the relative
enrichment in the y-axis. Values from three experiments, each performed with three technical replicates
were used to generate the plots in figures B-G. Error bars indicate the standard deviation (SD).
Statistical significance was tested by one-way ANOVA: * significant at P < 0.05, *** significant at P <
0.001.

Table 2-4. Coordinates, length, and GC content (in %) of the centromeres predicted in M. furfur,
M. globosa, M. slooffiae, and M. restricta.

Chr./Scaffold | CEN Core centromere % GC
Start End Length P46 GC | Genome
(bp)

M. furfur Chrl CEN1 2,850,135 | 2,850,402 | 268 5.7 64.9
CBS14141 Chr2 CEN2 68,763 68,931 168 5.4

Chr3 CEN3 717,557 718,084 528 r2.9

Chr4 CEN4 155,897 156,301 405 18.3

Chrb CEN5 342,885 343,372 488 1.5

Chré CENG6 86,112 86,832 721 27

Chr7 CEN7 56,894 57,339 445 0.9
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M. globosa Chrl CEN1 081894 982242 349 7.7 52.05
CBS7966 Chr2 CEN2 362480 362807 327 25.9

Chr3 CEN3 219647 220121 474 R7.2

Chr4 CEN4 152635 152994 359 18.3

Chrb CEN5 215437 215595 158 n7

Chr6 CEN6 464007 464114 107 32.4

Chr7 CEN7 736701 737015 314 18.1

Chr8 CENS8 59472 59817 345 9.7

Chr9 CEN9 114080 114535 455 23.5
M. slooffiae Chrl CEN1 138,919 | 139,465 547 26 66.31
CBS7956 Chr2 CEN2 132,717 | 133,193 477 3.1

Chr3 CEN3 367,665 | 368,177 513 23.8

Chr4 CEN4 130,942 | 131,501 560 R7

Chrb CENS5 183,442 | 183,981 540 28.5

Chr6 CEN6 411,984 | 412,552 569 R7.4

Chr7 CEN7 54,307 54,889 583 30

Chr8 CENS8 497,637 | 498,149 513 R4

Chr9 CEN9 55,948 56,479 532 6.7
M. restricta Chrl CEN1 347,813 | 348,406 594 9.7 55.73
CBS877 Chr2 CEN2 87,190 87,806 617 33.3

Chr3 CEN3 1,101,494 | 1,102,083 | 590 33.9

Chr4 CEN4 754,356 | 754,989 634 34.2

Chrb CENG6 621,177 | 621,863 687 31.7

Chr6 CEN7 390,657 | 391,286 630 35.1

Chr7 CENS8 362,842 | 363,381 540 32

Chr8 CEN9 117,021 | 117,603 583 32.8

Chr9 CENR 70,306 70,913 608 36.3

71




Centromere loss by breakage resulted in chromosome number reduction in M.
sympodialis

Synteny of genes across centromeres is mostly conserved in closely related species (BYRNE AND
WoOLFE 2005; PADMANABHAN et al. 2008; YADAV et al. 2018b). To understand the transition between
different chromosome number states, we analyzed the conservation of gene synteny across centromeres in
these species. By mapping gene synteny at the centromeres of M. globosa and M. slooffiae (each carries 9
chromosomes), compared with M. sympodialis (containing 8 chromosomes), we found complete gene
synteny conservation in 8 of the 9 centromeres (Figure 2-9A and 2-9B). Thus, syntenic regions of all 8 M.
sympodialis centromeres are present in the genomes of M. globosa and M. slooffiae. In the case of M.
restricta, 7 putative centromeres are completely syntenic with M. sympodialis centromeres while one
centromere retained partial gene synteny (Table 2-5). However, no gene synteny conservation was
observed at the centromere of Chr2 in M. globosa, Chr5 in M. slooffiae, or Chr8 in M. restricta (Table
2-5). This was indicative of the loss of a centromere during the transition from a 9-chromosome state to

an 8-chromosome state.

The GC trough corresponding to MgCEN2/MsICENS is flanked by genes that map to MsyChr2
on one arm and MsyChr4 on the other (Figure 2-9C and 2-9D). The centromere region in each of MgChr2
and MsIChr5 marks a synteny breakpoint showing no homologous region in the M. sympodialis genome
indicative of a loss of this centromere DNA sequence. We also observed that the genes flanking the
breakpoint are conserved in M. sympodialis, suggesting that the specific intergenic region was involved
(Figure 2-9E and 2-9F). Evidence for internalization of telomere adjacent ORFs or the presence of
interstitial telomere repeats indicative of telomere-telomere fusions was not detected in the M.
sympodialis genome. These observations strongly support our hypothesis that breakage of
MgCEN2/MsICENS (or the orthologous ancestral CEN) and fusion of the two acentric arms to other
chromosomes resulted in the chromosome number reduction observed between these species. The circos
plots and chromosome bar plots indicating synteny break in figures 2-9 to 2-11 were generated by Marco
Coelho as a part of a collaboration with Joe Heitman's lab (Duke University).
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Figure 2-9. MgCEN2 and MsICEN5 map to a synteny breakpoint in M. sympodialis.

(A, B) Circos plots depicting the conserved gene synteny blocks between M. globosa and M.
sympodialis chromosomes and M. slooffiae and M. sympodialis chromosomes. Tracks from outside to
inside represent positions of centromeres and telomeres, GC content (plotted as blue and red lines
indicating GC content below or above genome average, calculated in 0.4 kb non-overlapping
windows), and colored connectors indicate regions of conserved gene synteny between the two species.
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(C, D) Linear chromosome plots depicting syntenic regions between Chr2 of M. globosa and Chr5 of

M. slooffiae, respectively, with chromosomes of M. sympodialis. GC content (in %) is shown as

red/blue lines above each chromosome. Labels in black circles mark the gene synteny breakpoints.
Synteny breakpoint at MgCEN2 and MsICENS is marked as I11. The regions on MsyChr2 and MsyChr4
where the homologs of ORFs flanking the breakpoint are located are marked Il and IV respectively.
Labels I and V indicate gene synteny conservation on the other side of the fusion points Il and IV on
MsyChr2 and MsyChr4 as compared to M. globosa and M. slooffiae chromosomes respectively. (E, F)
Zoomed-in image of the gene synteny breakpoint at MgCEN2 and MsICENS representing the
conservation of genes flanking these centromeres in M. sympodialis chromosomes at the ORF level.

Table 2-5. Synteny of centromeres across all of the Malassezia species analyzed in this study.

'‘BP" indicates the presence of a gene synteny break, 'Inactivated' indicates centromere inactivation due to

sequence divergence and erosion of AT-richness.

Clade C Clade B1 Clade B2 Clade A

M. M. M. nana |s mhﬂodiali M. M. veslvélrtili M. M.
slooffiae | dermatis ' y ps globosa | restricta opnis japonica | furfur
9 Chr 8 Chr 8 Chr 8 Chr 9 Chr 9 Chr 9 Chr 9 Chr 7 Chr

CEN5
CEN2 CEN1 CEN1 CEN1 CEN3 partial CEN6 CEN8 CEN4
CENG6 CEN2 CEN2 CEN2 CENG6 CEN7 CEN9 CEN4 CEN2
partial partial
CEN3 CEN3 CEN3 CEN3 CEN1 CEN3 CEN? CENG6 CEN3
partial partial partial
CEN7
CEN4 CEN4 CEN4 CEN4 CEN4 CEN1 CEN1 CEN2 partial
CEN1 CEN6 CEN6 CEN5 CEN5 CEN2 CEN4 CEN7Y CEN1
CEN7 CENS CENS CEN6 CEN7 CENG CEN5 CENS CENG
partial partial
CEN8 CEN7 CEN7 CEN? CEN9 CEN4 CEN2 CEN9 In-
partial activated
CEN9 CENS8 CENS8 CENS CENS8 CEN9 CENS8 CEN1 In-
activated
CEN5 BP BP BP CEN2 CEN8 CEN3 CEN3 CENS
partial partial
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Centromere inactivation by sequence divergence and loss of AT-richness resulted in
chromosome number reduction in M. furfur

To understand the basis of the change in chromosome number from 9 to 7 in Malassezia species,
we compared the synteny of ORFs flanking the M. slooffiae or M. globosa centromeres with that of M.
furfur. Of the 9 centromeres in M. slooffiae, three centromeres belonged to conserved gene synteny
blocks, and four other centromeres showed partial gene synteny conservation in M. furfur (Figure 2-10A).
A similar pattern of gene synteny conservation was observed between M. globosa and M. furfur (Figure
2-10B, Table 2-5).
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Figure 2-10. Inactivation of CEN8 and CEN9 of M. slooffiae and M. globosa in MfChr3 resulted
in chromosome number reduction in M. furfur.

(A, B) Circos plots depicting the conserved gene synteny blocks between the M. slooffiae and M.
globosa chromosomes respectively with M. furfur chromosomes. Tracks from outside to inside
represent positions of centromeres and telomeres, GC content (plotted as blue and red lines indicating
GC content below or above genome average, calculated in 0.4 kb non-overlapping windows), and
colored connectors indicate regions of conserved gene synteny between the two species. (C) Linear
chromosome plot depicting the syntenic regions between chromosome 3 of M. furfur and
chromosomes 3, 4, 7, 8, and 9 of M. slooffiae. GC content (in %) is shown as red/blue lines above
each chromosome. Regions corresponding to MSICEN8 and MsICEN9 in MfChr3 are marked | and 11
respectively. (D) Linear chromosome plot depicting the gene synteny conservation between
chromosome 3 of M. furfur and chromosomes 1, 4, 8, and 9 of M. globosa. Regions corresponding to
MgCEN9 and MgCENS in MfChr3 are marked I and |1 respectively.
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Figure 2-11. Loss of AT-content in regions corresponding to CEN8 and CEN9 of M. slooffiae and
M. globosa in MfChr3.

(A, B) Zoomed-in view of regions marked I and Il in figure 2-10C, corresponding to inactivated
MsICENS8 and MsICEN9 in M. furfur along with the regions of gene synteny is represented. GC content
(in %) is shown as a red/blue line diagram above each chromosome. (C, D) Zoomed-in view of the
regions marked I and 11 in figure 2-10D, corresponding to inactivated MgCEN9 and MgCENS in M.
furfur along with the regions of gene synteny is represented. GC content (in %) is shown as red/blue
lines above each chromosome. (E) The change is GC content observed during inactivation of MgCENS8
and MgCEN? is tabulated.
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The genes flanking the remaining two centromeres (CEN8 and CEN9) in M. slooffiae were
present in conserved gene synteny blocks in the two arms of MfChr3 (see synteny blocks corresponding
to labels I and Il in Figure 2-10C). However, the intergenic regions corresponding to CEN8 and CEN9 in
M. slooffiae, marked as I and 11 in the ORF-level synteny plots, appear to have evolved to decreased AT-
richness in M. furfur (Figure 2-11A and B). A similar centromere inactivation mechanism was observed
when CEN8 and CENO9 of M. globosa were compared to the corresponding syntenic regions in M. furfur
(Figure 2-10D, Figure 2-11C and D). The extent of change in %GC when the intergenic region is present
as a centromere (MgCENS, MgCEN9, MsICENS, and MsICEN9) as compared to the sequence when they
are at the arms of MfChr3 is suggestive of centromere inactivation by changes in the centromeric DNA

sequence in these species (Figure 2-11).
The common ancestral Malassezia species contained 9 chromosomes

To trace the ancestral karyotype in Malassezia, we predicted centromeres and inferred
chromosome numbers in other species of clades A and B based on GC troughs and gene synteny. We
identified putative centromeres in M. dermatis and M. nana in Clade B because of their relatively better-
assembled genomes distributed in 18 and 13 scaffolds respectively. Of these, we could predict 8
centromeric regions marked by GC troughs that were also enriched with the 12 bp motif in each species
(Figure 2-12A, 2-12B, Figure 2-13A, 2-13B, and Table 2-6). Furthermore, in both of these species, the 8
putative centromeres shared complete gene synteny conservation with the regions spanning M.
sympodialis centromeres, indicating that their common ancestor had 8 chromosomes (green circle in
Figure 2-14). To map the common ancestor in Clade B Malassezia species, we analyzed regions flanking
centromeres of Chr2 of M. globosa and Chr8 of M. restricta, both of which mapped to the gene synteny
breakpoint of the genome of the Malassezia species with 8 chromosomes suggesting their common
ancestor, named as Ancestor B (Anc. B), also had 9 chromosomes (Figure 2-14, Table 2-5). Based on our
centromere predictions in Clade B species and synteny analysis, we propose that centromere breakage
would have occurred in the common ancestor of M. sympodialis, M. nana, and M. dermatis after
divergence from the common ancestor of M. globosa and M. restricta which retained a 9-chromosome

configuration (Figure 2-14).

As mentioned earlier, M. furfur and M. obtusa of Clade A contain 7 chromosomes each
(BOEKHOUT AND BosBoOM 1994; BOEKHOUT et al. 1998). To further understand the karyotype
variations within this clade, we predicted the chromosome number in Malassezia vespertilionis and
Malassezia japonica as their genomes are relatively well assembled (SUGITA et al. 2003a; LORCH et al.

2018). In both of these species, we could predict 9 GC troughs indicative of centromeres of 9
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Figure 2-12. Putative centromeres of M. dermatis, M. nana, M. vespertilionis, and M. japonica map
to global GC troughs in each chromosome.

(A-D) Graphs indicating GC content (red lines) and GC3 content (black lines) of each chromosome of
M. dermatis, M. nana, M. vespertilionis, and M. japonica. The position of putative centromeres
mapping to chromosomal GC minima are marked in blue. The x-axis indicates chromosomal
coordinates in Mb.
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Figure 2-13. The 12 bp AT-rich motif is enriched at the putative centromeres of M. dermatis, M.
nana, M. vespertilionis, and M. japonica.

(A-D) The genomes of M. dermatis, M. nana, M. vespertilionis, and M. japonica were scanned for
matches to the 12 bp AT-rich motif using a 500 bp sliding window. Hit counts (y-axis) were plotted
against the chromosomal coordinates (x-axis, in kb) for each of the above species. Red asterisks near
the line corresponding to maximum enrichment in every chromosome or scaffold mark the regions
predicted as centromeres in each species.

chromosomes (Figure 2-12C and 2-12D). The 12 bp motif was found to be enriched in all of the predicted
centromeres of M. vespertilionis (Figure 2-13C). In the case of M. japonica, all of the predicted
centromeres (except the centromere of scaffold 7) showed enrichment of the 12 bp motif (Figure 2-13D).
The presence of species with 9 chromosomes in Clade A suggests that the ancestral state in this clade,
named Ancestor A (Anc. A), also contained 9 chromosomes (Figure 2-14).We identified 9 centromeres in
M. slooffiae, the only species in Clade C with a well-assembled genome. The presence of species with 9
chromosomes in each of the three clades of Malassezia species, the conservation of gene synteny across
orthologous centromeres, and the similar centromere features shared by all 9 species analyzed in this
study suggest that Malassezia species diverged from a common ancestor that had 9 chromosomes with
short regional centromeres enriched with the 12 bp AT-rich DNA sequence motif. The phylogenetic tree
was provided by Marco Coelho from Joe Heitman's lab (Duke University) as a part of a collaboration on
this project.

- Chrs. Clade

‘ g .
| M siocily Figure 2-14. Karyotype evolution by loss of

centromere function in Malassezia species.
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8 M. . . . .
e Phylogenetic relationships between the Malassezia
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—® _ . i
8 M. dermatis B2 their chromosome numbers shown. Species
i representing each clade are color-coded based on
Anc. B L
\ 8 M. sympodialis previous reports (Theelen et al. 2018). The

chromosome numbers for M. slooffiae and M.
globosa are based on results from this study. In the
9 M. globosa case of M. sympodialis, M. restricta, and M. furfur,
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Table 2-6. Coordinates, length, and GC content (in %) of the centromeres predicted in M. nana, M.
dermatis, M. vespertilionis, and M. japonica.

Chr./Scaffold CEN Core centromere % GC
Start End Length | % GC Genom
(bp) °

M. nana BCLAOL00000L.1 (Scfl) | CEN1 | 715,036 | 715,592 | 557 278 | 57.95

JCM12085  "BCI A01000002.1 (Scf2) | CEN2 | 349,428 | 350,120 | 693 33
BCLA01000003.1 (Scf3) | CEN3 | 220,773 | 221,345 | 573 279
BCLAOL000004.1 (Scf4) | CEN4 | 410,504 | 411,387 | 794 332
BCLA01000005.1 (Scf5) | CEN5 | 524,594 | 525,105 | 512 248
BCLAOL000006.1 (Scf6) | CEN6 | 133,647 | 134,324 | 678 33.6
BCLA01000007.1 (Scf7) | CEN7 | 408,363 | 409,067 | 705 342
BCLAOL000008.1 (Scf8) | CEN8 | 398,756 | 399,423 | 668 325

M. dermatis | BCKX01000001.1 (Scfl) | CENL | 711,456 | 711,978 | 523 228 | 59.05

JCM11348  "BCKX01000002.1 (Scf2) | CEN2 | 1,014,281 | 1,014,977 | 697 317
BCKX01000003.1 (Scf3) | CEN3 | 232,065 | 232,795 | 731 29.3
BCKX01000004.1 (Scf4) | CEN4 | 409,839 | 410,631 | 793 295
BCKX01000005.1 (Scf5) | CEN5 | 94,520 95,018 499 18.2
BCKX01000006.1 (Scf6) | CEN6 | 473,487 | 474,334 | 848 304
BCKX01000007.1 (Scf7) | CEN7 | 76,361 76,975 615 26
BCKX01000008.1 (Scf8) | CEN8 | 17,893 18,540 648 26.4

M. KZ454987.1 (Scfl) CENL | 410,820 | 411,340 |521 157 | 566

‘c’:e;gelf;gz”is KZ454988.1 (Scf2) CEN2 | 1,275509 | 1,276,238 | 730 2538
KZ454989.1 (Scf3) CEN3 | 322361 | 323277 |O917 38.2
KZ454990.1 (Scf4) CEN4 | 583,450 |584,319 | 870 28.9
KZ454991.1 (Scf5) CEN5 | 802,843 | 804,042 | 1,200 | 288
KZ454992.1 (Scf6) CEN6 | 739,896 | 740,558 | 663 223
KZ454993.1 (Scf7) CEN7 | 268,699 | 269,626 | 928 28.8
KZ454994.1 (Scf8) CEN8 | 10,985 11,865 881 28
KZ454995.1 (Scf9) CEN9 | 19,047 19,724 678 29.1

M. japonica | BCKYO01000001.1 (Scfl) | CENL | 1068050 | 1068614 | 564 251 | 6235

JCM11963  "BCKY01000002.1 (Scf2) | CEN2 | 139423 | 139920 | 497 203
BCKYO01000003.1 (Scf3) | CEN3 | 350068 | 350603 | 535 243
BCKY01000004.1 (Scf4) | CEN4 | 380877 | 381439 | 562 242
BCKYO01000005.1 (Scf5) | CENS | 507632 | 508230 | 598 245
BCKY01000006.1 (Scf6) | CEN6 | 240968 | 250550 | 582 237
BCKYO01000007.1 (Scf7) | CEN7 | 286711 | 287234 | 523 24.9
BCKYO01000008.1 (Scf8) | CENS | 87314 87873 550 23.9
BCKY01000010.1 (Scf10) | CEN9 | 230906 | 231456 | 530 24.1
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Discussion
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In this study, we experimentally validated the chromosome number in M. slooffiae and M.
globosa by PFGE analysis. We sequenced and assembled the genomes of M. slooffiae, M. globosa, and
M. furfur and compared each one with the genome of M. sympodialis to understand the karyotype
differences observed in members of the Malassezia species complex. These species represent each of the
three major clades of Malassezia species, with chromosome numbers ranging from 7 to 9. Because
centromere loss or gain directly influences the chromosome number of a given species, we experimentally
identified the centromeres of these representative species to understand the mechanisms of karyotype
diversity. Kinetochore proteins are useful tools in identifying the centromeres of an organism.
Localization of the evolutionarily conserved kinetochore protein Mtw1 suggested that kinetochores are
clustered throughout the cell cycle in M. sympodialis. The ChlP-sequencing analysis identified short
regional (< 5 kb long) centromeres in M. sympodialis that are depleted of histone H3 and are enriched
with an AT-rich sequence motif. Identification of centromeres in M. slooffiae, M. globosa, and M. furfur
further suggested that centromere properties are conserved across these Malassezia species. By predicting
putative centromeres in five other species along with four species with experimentally mapped
centromeres described above across three clades of Malassezia, we concluded that an AT-rich centromere
core of < 1 kb in length enriched with the 12 bp sequence motif is a potential signature of centromeres in
nine Malassezia species analyzed in this study. Comparative genomics analysis revealed two mechanisms
of centromere inactivation resulting in karyotype change. The presence of a 9-chromosome state in each
of the three clades along with conserved centromere features and conserved gene synteny across these
centromeres, helped us to infer that the ancestral Malassezia species had 9 chromosomes with short

regional centromeres with an AT-rich core enriched with the 12 bp sequence motif.

Centromeres in the Malassezia species complex represent the first example of short regional
centromeres in basidiomycetes. Centromeres reported in other basidiomycetes, such as those in
Cryptococcus and Ustilago species, are of the large regional type (YADAV et al. 2018b). Malassezia
species analyzed in this study have a significantly smaller genome (< 9 Mb) as compared to other
basidiomycetes and lack RNAI machinery. The occurrence of short regional centromeres in RNAI-
deficient Malassezia species is in line with a previous finding wherein a reduction in centromere size was
observed in RNAI-deficient basidiomycete species as compared to their RNAi-proficient relatives
(YAaDAV et al. 2018b). With the presence of clustered kinetochores across cell cycle stages, and the
absence of key genes encoding the RNAI machinery, these Malassezia species resemble ascomycetes
such as many of the CTG clade species with short regional centromeres (SANYAL et al. 2004;
NAKAYASHIKI et al. 2006; PADMANABHAN et al. 2008; KAPOOR et al. 2015; CHATTERJEE et al. 2016;

YADAV et al. 2018a), rather than the basidiomycetes with large regional centromeres. By combining these
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features, we conclude that the genome size and the presence of complete RNAi machinery could be the
determinants of the centromere type of a species irrespective of the phylum it belongs to.

Based on the binding patterns of the kinetochore protein across the M. sympodialis genome, the 3
to 5 kb long region can be divided into two domains: (a) an AT-rich CEN core that maps to the intergenic
region containing the GC trough showing maximum kinetochore binding (< 1 kb) and (b) the regions
flanking the core that shows basal levels of kinetochore protein binding. We observed conservation of the
12 bp AT-rich motif in the centromere core across the nine Malassezia species. It should also be noted
that the 12 bp motif is significantly enriched at the centromeres but not exclusive to the centromeres as it
is detected across the chromosomes at a lower frequency. Also, it is evident from the sequence logo of the
motif that it is not a unique sequence, rather, degeneracy is observed in almost all positions in this 12 bp
motif. This makes it difficult to ascribe a genetic basis of centromere specification (sequence directed
kinetochore protein recruitment) as observed in S. cerevisiae where the centromere DNA sequences are
bound by a cognate CBF3 complex. Taken together with the loss of AT-richness in the inactivated
centromeres in M. furfur, these results highlights AT-richness as a defining, centromere exclusive feature
in Malassezia species. The functional significance of the AT-rich core, the motif or the flanking
sequences can be dissected by testing their ability to confer mitotic stability to minichromosomes.
Alternatively, centromeres can be experimentally deleted, and the fate of the chromosomes can be
monitored to detect the formation of neocentromeres. Such systems will enable us to understand the

requirements of a functional centromere in Malassezia.

However, testing these domains for centromere function in various Malassezia species is
challenging at present due to technical limitations. Other than M. sympodialis, M. pachydermatis, and M.
furfur, no other Malassezia species have been successfully transformed (IANIRI et al. 2016; CELIS et al.
2017; 1ANIRI et al. 2017b). Moreover, in all of these cases, the genetic manipulations are performed by
Agrobacterium-mediated transconjugation, which is not amenable for the introduction of circular
plasmids. Deletion of centromeres in a haploid species can be challenging given the lack of tools like Cre-
lox or Flp-frt system that enable conditional deletion. Hence, the functional significance of the 12 bp
motif and other domains remain as important questions to be addressed towards understanding the

centromere function in these species in the future.

While the presence of the 12 bp motif at non-centromeric loci makes it unlikely to be a direct
kinetochore protein recruitment site, it can facilitate centromere function by other modes as described
below. The centromeres in M. sympodialis contain transcribed ORFs, as documented in centromeres of
rice, maize, and Zymoseptoria tritici (NAGAKI et al. 2004; WANG et al. 2014a). In contrast to these cases,

our read count analysis did not reveal any significant difference in the transcription (RPKM values) of
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centromere associated ORFs to that elsewhere in the genome of M. sympodialis. We posit that the 12 bp
AT-rich motif sequences could facilitate the transcription of these sequences by recruiting transcription
factors having a possible role in kinetochore assembly/function. This hypothesis stems from the following
observations. A GATA- type transcription factor Ams2 was found to regulate centromere function in S.
pombe (HEMMERICH et al. 2000). This zinc finger domain containing protein binds to a GATA-core
consensus DNA sequence, which were detected at the central core in S. pombe centromeres apart from
gene promoters. This sequence directed association of Ams2 to the centromere DNA was proposed to
regulate recruitment of CENP-A either by direct association or indirectly by modulating the
transcriptional status of the centromeres. (HEMMERICH et al. 2000; CHEN et al. 2003). A similar role for
transcriptional modulators in regulating the genetically defined S. cerevisiae centromere function have
been identified. Proteins like Cbhfl, Stel2 associate with the centromeres and were found essential for
generation of transcripts from this region (OHKUNI AND KITAGAWA 2011; LING AND YUEN 2019). In line
with this function, binding sites for these factors were found in the centromeres (for Cbf1) and adjacent
pericentric regions (for Ste12) in addition to other regions of the genome. Neither these proteins or their
cognate binding sites are exclusively present at the centromere, but were still shown to modulate
chromosome segregation fidelity (OHKUNI AND KITAGAWA 2011; LING AND YUEN 2019). While these
studies reinforce the role of transcription in centromere function irrespective of the centromere structure,
they also act as a precedence towards identifying a functional role for the 12 bp AT-rich motifs which are

enriched but not exclusive to the centromeres.

In this study, we report three high-quality chromosome-level genome assemblies and identified
centromeres in nine Malassezia species, representing all of the three Malassezia clades with differing
numbers of chromosomes. This will serve as a rich resource for comparative genomics in the context of
niche adaptation and speciation. Analysis of gene synteny conservation across centromeres using these
genomes revealed breakage at the centromere as one of the mechanisms resulting in a karyotype change
between closely related species - those with 9 chromosomes, such as M. slooffiae and M. globosa, and
those with 8 chromosomes like M. sympodialis (Figure 2-15). Gene synteny breakpoints adjacent to the
centromeres have been reported in C. tropicalis that has seven chromosomes - one less than C. albicans
(CHATTERJEE et al. 2016). Centromere loss by breakage was proposed to have reduced the Ashbya
gossypii karyotype by one when compared to the pre-whole genome duplication ancestor (GORDON et al.
2011). Breakpoints of conserved gene synteny between mammalian and chicken chromosomes were also
mapped to the centromeres (INTERNATIONAL CHICKEN GENOME SEQUENCING 2004). Similar
consequences in the karyotype have been reported in cases where centromeres were experimentally
excised. Besides neocentromere formation, survival by fusion of acentric chromosome arms has been
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shown in S. pombe (IsHII et al. 2008). Such fusions are detected upon deletion of centromeres in another
basidiomycete, C. deuterogattii (SCHOTANUS AND HEITMAN 2019). By comparing the ancestral state (M.
slooffiae) and other Malassezia species with either the same number or fewer chromosomes, we observed
gene synteny breaks adjacent to centromeres (indicated by partial synteny conservation) apart from the
break observed at MgCEN2 or MsICENS5. Is this suggestive of the fragile nature of Malassezia

centromeres? We advance the following hypothesis to explain the observed breaks at centromeres.

Studies of the common fragile sites in the human genome suggest different forms of replication
stress as a major source of instability and subsequent breakage at these sites (HELMRICH et al. 2011;
LETESSIER et al. 2011; OzeRI-GALAI et al. 2011). The resolution of the resulting replication fork stall is
critical for the stability of these fragile sites (SCHWARTZ et al. 2005). Studies on the fragile site FRA16D
in humans show that the AT-rich DNA (Flex1) results in fork stalling as a consequence of cruciform or
secondary structure formation (ZHANG AND FREUDENREICH 2007). Centromeres are natural replication
fork stall sites in the genome (GREENFEDER AND NEWLON 1992; SMITH et al. 1995; MITRA et al. 2014).
The AT-rich core centromere sequence in M. globosa is also predicted to form secondary structures,
which can be facilitated by the inherent replication fork stall at the centromeres. Whenever these
secondary structures are unresolved and the fork restart fails, DSBs can occur at the centromeres.
Chromosomal breakage and aneuploidy resulting from such defects are known in cancers (Kops et al.
2005). In mammals, centromeric DSBs are repaired efficiently compared to regions elsewhere in the
genome, primarily due to the presence of several homology tracts in the form of repetitive DNA
sequences and the stiffness provided by the inherent heterochromatic state to facilitate ligation (RIEF AND
LoBRICH 2002). Malassezia species are haploid in nature and lack typical pericentric heterochromatin
marks. While the efficiency of centromeric DSB repair in the absence of long tracts of homologous
sequences is not known in this species complex, we propose that the AT-rich core sequences, by
secondary structure formation during DNA replication, could occasionally undergo DNA breakage at the

centromere in Malassezia species.
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Figure 2-15. Mechanisms of chromosome number reduction in Malassezia species.

Schematic of the centromere loss by breakage and the resulting reduction in chromosome number as
observed in M. sympodialis (represented as the current state). A karyotype with 9 chromosomes (as
shown for M. globosa) is depicted as the ancestral state. (C) Proposed model of centromere
inactivation observed in M. furfur. The fusion of AnChr8 and AnChr9 to the AnMfChr3 equivalent,
resulting in a 7-chromosome configuration is depicted. The fusion product corresponding to extant
MfChr3 is represented as the current state

The second mechanism of chromosome number reduction based on our comparative analyses of
the M. furfur genome with genomes of M. slooffiae or M. globosa involves the inactivation of
centromeres in the process of transition from a 9-chromosome state to a 7-chromosome state (Figure
2-15). Centromere inactivation occurs in cases involving the fusion of centric chromosomal fragments,
stabilizing the fusion product, and generating a functionally monocentric chromosome, as seen in case of

the origin of human Chr2 from the shared ancestor with the great apes (YUNIS AND PRAKASH 1982; JDO
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et al. 1991). A larger proportion of known centromere inactivation events were shown to be mediated by
epigenetic modification wherein inactivated centromeres are enriched with marks such as H3K9me2/3,
H3K27me2/3, or DNA methylation, emphasizing the role of heterochromatin in this process (ZHANG et
al. 2010; Koo et al. 2011; SATO et al. 2012). Deletion of the centromere sequence corresponding to
kinetochore binding has also been reported as an alternate mechanism, albeit less frequent, in both
humans and yeasts (STIMPSON et al. 2010; GORDON et al. 2011; SATO et al. 2012). Unlike the above two
modes, we observed divergence in the sequences corresponding to the inactivated centromeres (CEN8 and
CENQ of both M. slooffiae and M. globosa) in the arms of M. furfur Chr3, resulting in the loss of AT-
richness of these centromere core regions (Figure 2-15). This is also suggestive of a functional role for

AT-rich DNA in centromere function in these species.

A change in chromosome number between two closely related species like C. albicans and C.
tropicalis is associated with a change in centromere structure, between unique short regional centromeres
in C. albicans that are epigenetically regulated, as compared to a genetically defined homogenized
inverted repeat-associated centromere in C. tropicalis (CHATTERIEE et al. 2016). Strikingly, in both the
transitions described above for Malassezia species, we did not observe any change in the centromere
structure. The emergence of evolutionarily new centromeres, as seen in the case of primates, was not
detected in Malassezia species (RoccHI et al. 2009; KALITSIS AND CHOO 2012). This is particularly
striking in the absence of conservation of any specific centromere-exclusive DNA sequence. This
suggests that a strong driving force helps maintain the highly conserved centromere properties in closely
related Malassezia species descended from their common ancestor, even after extensive chromosomal
rearrangements involving centromeres that might have driven speciation. Furthermore, centromere
inactivation/loss of centromere function seems to be a conserved theme mediating chromosome number

variation from unicellular yeast species to metazoans, including primates.
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Chapter 3

Functional analysis of a conserved motif in an
outer kinetochore protein Dad2 in Candida

albicans
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The Dam1 complex and kinetochore-microtubule interactions

The kinetochore complex physically links the replicated sister chromatids to spindle microtubule
polymers for the proper segregation of sister chromatids into daughter cells. Kinetochores need to sustain
contacts with the microtubules through constant cycles of polymerization and depolymerization at the
microtubule ends. This interaction helps the separation of the sister chromatids. From a mechanical
standpoint, such stable associations with the dynamic microtubule ends can be better achieved with a

cooperative effect of multiple low-affinity contacts as compared to high-affinity/low turnover binding.

Studies across eukaryotic systems identified the KMN network as the principal microtubule-
binding component of the kinetochore (CHEESEMAN et al. 2006; CHEESEMAN AND DESAI 2008). The
Ndc80 complex, from both yeasts and humans, bind to and shows biased diffusion along microtubules in
vitro. The ability of Ndc80 complex to remain stably associated and track the depolymerizing ends in the
presence of cargo required an array of Ndc80 molecules instead of a single Ndc80 complex (MCINTOSH
et al. 2008; POWERs et al. 2009; UMBREIT et al. 2012). In line with these observations, about 6-20
molecules of the Ndc80 complex was estimated to be present at the kinetochores. However, the efficiency
of Ndc80 in each of the above assays diminished upon raising the salt concentrations to physiologically
relevant levels, suggestive of the requirement for additional couplers to achieve this process in vivo.

The Dam1 complex in yeasts was initially identified as a regulator of the mitotic spindle and its
attachment with kinetochores (BUTTRICK AND MILLAR 2011). The complex adopts a ring-like structure
around the microtubules in vitro and in vivo, a conformation favorable to glide along the microtubule
walls and remain attached to under the curved protofilaments at the plus end of the microtubules. In
isolation, the purified Dam1C can bind to microtubules, track, and transport cargo along with the
depolymerizing ends (MIRANDA et al. 2005; WESTERMANN et al. 2005; WESTERMANN et al. 2006).
Indeed, tethering of this outer kinetochore complex was sufficient for stable inheritance of an acentric
plasmid (KIERMAIER et al. 2009; LACEFIELD et al. 2009). The redundancy of an additional microtubule-
binding entity was resolved when it was found that the addition of the Dam1 complex enhanced the
efficiency of Ndc80C- microtubule interactions. In the presence of the Dam1 complex, Ndc80C remained
stably associated with the microtubules for a longer time and showed tip-tracking ability even in the
absence of external oligomerization (LAMPERT et al. 2010; TIEN et al. 2010). While the Dam1 complex is
not essential for the establishment of initial attachments to microtubules (which requires the Ndc80C), it
is essential for bi-orientation consistent with its ability to impart stability in the presence of tension. These
factors make the Dam1 complex function more relevant in systems that harbor a single microtubule

attachment per kinetochore.
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In line with the above in vitro findings, mutants of any of Dam1 complex subunits in several
fungi show delayed mitotic progression, defects in the spindle structure, and massive nuclear
missegregation (CHEESEMAN et al. 2001b; JANKE et al. 2002; LIu et al. 2005; THAKUR AND SANYAL
2011; CHATTERJEE et al. 2016; SHAH et al. 2019). The essentiality of the Dam1 complex proteins, along
with their fungus-exclusive presence, makes them attractive targets for therapeutic intervention.

Dad2 in C. albicans

As mentioned above, proteins of the Dam1 complex, including Dad2, were found to be essential
for viability in C. albicans (THAKUR AND SANYAL 2011). The depletion of Dad?2 resulted in a mitotic
arrest mediated by the spindle assembly checkpoint. Strikingly, persistent depletion resulted in the
morphogenetic transition of yeast cells to elongated large budded cells that eventually lost viability.
Analysis of cells arrested at large-budded stage revealed defects in the spindle structure in the form of
short spindles in the majority of cells and long, broken spindles in a minor fraction of the population. An
increased frequency of nuclear missegregation, similar to the case of Dad2 mutants in S. cerevisiae, was
also observed. The depletion of Dad?2 also resulted in the disintegration of the kinetochore ensemble and
the proteasomal degradation of CENP-A®** (THAKUR AND SANYAL 2012). Additionally, of the Dam1
complex subunits studied, only Dad2 was found to localize to the spindle mid-zone in C. albicans, in a
lower proportion of cells. Upon overexpression, the localization of Dad2 along the entire mitotic spindle
was also detected in some cells. The molecular basis of this localization and its functional significance
remains elusive (THAKUR AND SANYAL 2011), given no interaction between Dad2 and tubulin subunits

has been mapped to date (LEGAL et al. 2016; JENNI AND HARRISON 2018).

In this study, we identified a 10 amino acid- long motif at the C-terminus of CaDad2 consisting of
conserved arginine residues that we propose to be the microtubule-binding domain of Dad2. Despite poor
sequence identity between fungal Dad2 sequences, this motif that we named the Dad2 signature sequence
(DSS) remains conserved. In the following part of the thesis, we discuss the results from mutagenesis
based genetic and biochemical assays towards understanding the role of this conserved DSS in mediating
CaDad2 function.
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Identification of Dad?2 signature sequence

To test the microtubule-binding ability of Dad2, we analyzed the primary amino acid sequence of
Dad?2 from several fungal species belonging to the phyla Ascomycota and Basidiomycota. From the
multiple sequence alignment of 32 Dad2 sequences, we identified a conserved N-terminal region that
corresponds to the Hidden Markov Model (HMM) profile of the Dad2 family of proteins (black bar below
the alignment, Figure 3-1A). In addition to this, we detected a second conserved region spanning 10
amino acids near the C-terminus of Dad2 protein sequences (red bar below the alignment, Figure 3-1A)
that could not be detected in a pairwise alignment of Dad2 sequences from C. albicans and S. cerevisiae.
The amino acid logo of this sequence motif is highlighted (Figure 3-1B). This region in CaDad2 consists
of one highly conserved proline and arginine residues (P87 and R92) and another arginine residue (R94)
that is relatively less conserved but majorly represented by positively charged or neutral residues at this
position (Figure 3-1B). The presence of conserved positively charged residues in this region provided the
first hint at a possible microtubule-binding role of this region. This stems from two observations made
from biochemical and cell biological studies on the microtubule-binding proteins of the kinetochores.
First, the tubulin monomers are known to contain a stretch of negatively charged glutamate residues at
their C-terminus (commonly known as E-hooks). These regions are known to mediate electrostatic
interactions between microtubules and complexes such as the Dam1C and the Ndc80C, which form the
load-bearing module of the kinetochore ensemble (WESTERMANN et al. 2005). Second, the two subunits
of the ternary Ska complex-Skal and Ska3, the functional ortholog of the Dam1 complex in metazoans,
were found to contain conserved positive charged residues composed of arginine and lysine that were
shown to mediate the binding of the Ska complex to microtubules (WELBURN et al. 2009; ABAD et al.
2014; ABAD et al. 2016).

To experimentally address the function of the conserved DSS motif, we developed a reintegrant
system based on a conditional mutant of Dad2 in C. albicans (J108: dad2/PCK1pr-DAD2) (Figure 3-2A)
(THAKUR AND SANYAL 2011). The transcription of the only allele of DAD2 is regulated by the PCK1
promoter that transcribes when J108 cells are grown in the presence of succinate and repressed when

grown in the presence of dextrose (Figure 3-2B).
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Figure 3-1. Identification of a conserved Dad?2 signature sequence (DSS) at the C-terminus of
Dad2.

(A) A maximum-likelihood phylogenetic tree and multiple sequence alignment of Dad2 from 32
fungal species are collectively represented. Species from different fungal sub-phyla are color-coded
and labeled as A (Ascomycota), B (Basidiomycota), and M (Mucoromycota). Two conserved blocks
were identified- the Dad2 domain at the N-terminus (in the black bar, marked for CaDad2 residues 3-
74 based on HMM for Dad2 family), and Dad2 Signature Sequence (DSS, the gray bar below the
alignment marked for CaDad2 residues 87-96) at the C-terminus. (B)The amino acid logo of DSS
based on the MSA, with the size of each amino acid indicating the probability of occurrence. Amino
acids are color-coded based on the inherent charge contributed by the side chain: Black- neutral, blue-
positive, and red- negative. (C) Schematic representation of CaDad2 polypeptide in its linear form
highlighting the position and sequence of DSS in this species.

At an ectopic but neutral RPS1 locus in this strain background, we reintegrated a Protein A-
tagged (TAP-) Dad2 that either contains the DSS motif (CaSR100- dad2/PCK1pr-DAD2 RPS1/ RPS1
(DAD2pr-DAD2--TAP-NAT)) or lacks it (CaSR101- dad2/PCK1pr-DAD2 RPS1/ RPS1 (DAD2pr-
DAD2/PSS-TAP-NAT)). The reintegrant strains, when grown in media containing dextrose, will shut down
the expression of endogenous Dad2 and express only the protein A-tagged Dad2 (Dad2™ in CaSR100 or
Dad22P%S in CaSR101) from the RPS1 locus (Figure 3-2B and 3-2C). Based on previous studies, the
reintegrant strains were grown in dextrose for 8 h in all of the following experiments, to ensure maximum

depletion of endogenous Dad?2.

A B
Growth media YP-Succinate  YP-Dextrose
— Endogenous +
lired — PCK1pr-DAD2
dad2/PCK1pr-DAD2
Chr1 — Ectopic . .
DAD2pr-Dad2*-TAP
RPS1/RPS1 J108
(Dad2 mutant, parent) c
87 98

1 — 2 5
DSS

- Strain 87 92 94 Dad2*
dadZ/PCzpr_DADE CaSR100 ----P E P L VR V R V G--- Dad2""

Chr1 — CaSR101 ----x x x x x x x x x X--- Dad2¢"
RPS1/
DAD2pr-DAD2*-TAP
CaSR100-104
(Reintegrant)

Chr2

Figure 3-2. Schematic of the experimental setup to study DSS function in C. albicans.

(A) Schematic of Dad2 genomic locus (Chr2) in the parent strain J108 and the reintegrant strains in
which Protein-A tagged Dad2™2PSS will be expressed from the RPS1 locus (Chrl). (B) Expression
state of the endogenous Dad2 under the PCK1 promoter as present in J108 (dad2/PCK1prDAD?2) in the
presence of succinate or dextrose as the carbon source is schematically shown. Conditional repression
of endogenous Dad?2 using dextrose in the reintegrant strains will facilitate the analysis of ectopic Dad?2
(either FL/ADSS). (C) The green bar represents a linear form of Dad2, 125 amino acid (aa) long. Gray
bar indicates the region corresponding to DSS (87-96 aa). The conserved proline and arginine residues
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present in wild type Dad2 is shown below (red). CaSR100 and CaSR101 correspond to strains
expressing Dad2™ and Dad2PSS tagged with protein-A epitope respectively.

DSS is not essential for viability but delays cell cycle progression in C. albicans

The depletion of Dad2 has been shown to result in loss of viability in C. albicans. To study the
role of the conserved DSS region in Dad2 function and its essentiality, we compared the ability of the
strain CaSR100 (dad2/PCK1pr-DAD2 RPS1/ RPS1 (DAD2pr-DAD2--TAP-NAT)) or CaSR101
(dad2/PCK1pr-DAD2 RPS1/ RPS1 (DAD2pr-DAD24PSS-TAP-NAT)) generated as described above, to
grow on the non-permissive media containing dextrose as the sole carbon source. The ability of both the
strains to grow and form colonies when the expression of endogenous Dad2 was repressed suggested that
the conserved DSS region is not essential for viability in C. albicans (Figure 3-3A). Phenotypic analysis
of the CaSR101 cells expressing Dad2PSS upon depletion of endogenous Dad2 expressed from its native
locus for 8 h revealed the presence of cells from all stages of the cell cycle, similar to the case of
CaSR100 cells expressing Dad2™ (Figure 3-3B). We observed a very modest increase in the number of
cells at the large budded stage indicative of a transient arrest at metaphase or a delay in the cell cycle in
these mutants. The distribution of cells at different budding stages was quantitated from the microscopic
images and plotted (Figure 3-3C). In the case of the control strain JI08EV (dad2/PCK1pr-DAD2 RPS1/
RPS1(NAT)), where all Dad2 alleles are repressed, about 90% of cells are in the large budded stage. In the
case of CaSR100 cells expressing Dad2™, about 45% of cells are in this stage. However, in CaSR101

cells expressing Dad24PSS, 64% of cells remained large budded.
Kinetochore integrity is unperturbed upon deletion of DSS in C. albicans

Depletion of outer kinetochore proteins resulted in the disintegration of the kinetochore ensemble,
loss of CENP-A®* |ocalization, and its subsequent proteasomal degradation in C. albicans (THAKUR AND
SANYAL 2012). This suggested that a clustered localization of any kinetochore protein was indicative of
an intact kinetochore ensemble. To score for the integrity of the kinetochore ensemble, we tagged Ndc80
with mCherry at the C-terminus in the strains JLIO8EV, CaSR100, and CaSR101 resulting in the strains
J108N (dad2/PCK1pr-DAD2 RPS1/ RPS1(NAT) NDC80/NDC80-mCherry), CaSR200 (dad2/PCK1pr-
DAD2 RPS1/ RPS1 (DAD2pr-DAD2™--TAP-NAT) NDC80/NDC80-mCherry), and CaSR201
(dad2/PCK1pr-DAD2 RPS1/ RPS1(DAD2pr-DAD24PS-TAP-NAT) NDC80/NDC80-mCherry)
respectively. As reported previously, depletion of Dad2 for 8 h resulted in the loss of clustered
localization of Ndc80 in the vector control strain JI08N without any ectopic Dad2 expression

(representative image in Figure 3-3D). Analysis of mean fluorescence intensity of Ndc80-mCherry per
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kinetochore cluster in CaSR200 cells (expressing Dad2f-, Ndc80-mCherry) and CaSR201 cells
(expressing Dad2P5S, Ndc80-mCherry) after depletion of endogenous Dad2 in non-permissive media for
8 h showed no significant difference (Figure 3-3D). Wild-type like localization of Ndc80-mCherry in the
absence of DSS suggested that this region is not involved in the Dam1 complex assembly, which
otherwise would have resulted in the loss of localization of other kinetochore proteins including Ndc80
(as observed for the vector control strain JLO8N). These observations suggest that the DSS is dispensable

for the kinetochore integrity in C. albicans.

A C
— 100~
+Dad2:"o° J108 80 +
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(Dextrose) S 20 4
J108
04

No Dad2 Dad2f- Dad2°ss

B D (n=220) (n=289) (n=307)
Dad2™ Dad240ss
J108-EV a
: (CaSR10) (CaSR101) 400~ Ndc80-mCherry Ndc80 mCherry
n.s
. 300 No dad2
" °
2004 t:‘q &

Dad2™ Dad2+0ss

100+ .‘oo:‘.
.

Fluoresscence intensity per
kinetochore cluster (A.U)

Growth in dextrose

<

Dad2f  Dad2:°ss
(n=86) (n=60)

Figure 3-3. DSS is not essential for viability in C. albicans.

(A) Cells from the parent strain J108 along with reintegrant strains CaSR100 (Dad2™) and CaSR101
(Dad22PsS) were streaked on plates containing media permissive and non-permissive for PCK1
promoter regulating the expression of endogenous Dad?2. Plates were imaged post-incubation at 30°C
for 48 h. (B) Light microscopic images of the indicated strains grown in the non-permissive medium
for 6 h and 9 h after they were seeded from an overnight grown starter culture in permissive media (0
h). Scale bar, 5 um. (C) Distribution of cells in different stages of budding (in percentage, y-axis) in
strains J108, CaSR100, and CaSR101 when grown in YPDU for 6 h. (D) Kinetochore integrity in Dad2
mutants measured by the localization of Ndc80-mCherry in CaSR200 cells (Dad2™, Ndc80-mCherry)
and CaSR201 (Dad2P%S, Ndc80-mCherry) cells. Fluorescence intensity per kinetochore cluster in
each strain is plotted, ‘n.s.” indicates no significant difference. Representative images from both these
strains are shown on the right. Scale bar, 5um.
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Deletion of DSS results in improper nuclear segregation

We next investigated the role of DSS in the process of nuclear segregation. We scored for the
percentage of cells showing defective nuclear segregation when endogenous Dad2 was depleted for 8 h
and complemented with ectopic expression of Dad2f- or Dad22PS8 (Figure 3-4A). More than 90% of cells
in the vector control strain JLOBEV (no ectopic Dad2) showed defective segregation in the form of nuclear
mass stuck at the mother-daughter bud neck. Ectopic expression of Dad2™ in CaSR100 (dad2/PCK1pr-
DAD2 RPS1/ RPS1 (DAD2pr-DAD2--TAP-NAT)) rescued this effect, showing defective segregation in
21% of the large-budded cells. On the other hand, in the strain CaSR102 expressing Dad24PSS
(dad2/PCK1pr-DAD2 RPS1/ RPS1 (DAD2pr-DAD2/P-TAP-NAT)), about 84% of the large-budded cells
showed defective segregation, a four-fold increase in the frequency of defective segregation as compared
to CaSR100. While an undivided nuclear mass at the bud-neck was predominantly observed, a stretched
nucleus in the mother bud and unsegregated nucleus in the mother bud was also observed in the DSS
mutants in 23% and 5% of the large budded cells respectively (Figure 3-4B). The increase in the nuclear
missegregation frequency despite the presence of an intact kinetochore suggested that the kinetochore-
microtubule interactions could be compromised in the DSS mutants.

DSS mutants show abnormal spindle structure

To understand the spindle structure in DSS mutants, we tagged the alpha-tubulin subunit (Tubl)
of the microtubules with mCherry at the C-terminus in the strains CaSR100, CaSR101, and J108EV. We
compared the spindle structure in resulting strains CaSR300 (dad2/PCK1pr-DAD2, RPS1/RPS1
(DAD2pr-Dad2f--TAP-NAT), TUB1/TUB1-mCherry ), CaSR301 (dad2/PCK1pr-DAD2,
RPS1/RPS1(DAD2pr-Dad2P5S-TAP-NAT), TUBL/TUB1-mCherry), and J108T (dad2/PCK1pr-DAD2,
RPS1/RPS1(NAT) TUB1/TUB1-mCherry). CaSR300 cells (expressing Dad2f, Tub1-mCherry) showed a
wild-type like anaphase spindle in large-budded cells (budding index >0.6) as described previously for C.
albicans. The short spindle structure was present in 32% of the large budded cells in this strain (Figure
3-4C and 3-4D). However, CaSR301 cells (expressing Dad22P5S, Tub1-mCherry) showed the short
spindle phenotype in more than 85% of the large budded cells. The short spindle structure is classically
associated with loss of kinetochore protein function as exemplified in studies involving conditional
mutants of essential kinetochore proteins. The depletion of these proteins results in loss of contact points
for the microtubules at the kinetochore locus, activating the SAC due to unattached kinetochore. Given an
intact kinetochore in the DSS mutants, these observations strongly support our hypothesis that DSS might

play a key role in mediating attachment of the kinetochore to microtubules.
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Figure 3-4. The deletion of DSS results in an increase in cells with nuclear missegregation and
short spindle structure.

(A) J108EV, CaSR100 (Dad2™), and CaSR101 (Dad24P5S) strains grown in YPSU for 12 h were
washed and re-inoculated into YPDU at 0.2 OD. Cells were harvested after 8 h growth in YPDU at
30°C, stained with DAPI (nucleus), and imaged under a fluorescence microscope. The percentage of
cells showing defective segregation in each case is plotted (y-axis). (B) Representative images of
nuclear segregation types that were considered normal and defective are shown. (C) CaSR300 (Dad2™,
Tubl-mCherry) and CaSR301 (Dad24PSS, Tub1-mCherry) cells grown as described in (A) were
harvested, washed, and examined under a confocal laser scanning microscope. The percentage of large-
budded cells with budding index >0.6 showing short spindle structure in each strain is plotted (y-axis).
(D) Representative images of spindle structures that were considered proper and short are shown. Scale
bar, 5um.

The conserved arginine residues in DSS are essential for proper nuclear segregation
and maintenance of spindle structure

It is known that conserved positively charged residues mediate interactions between outer
kinetochore complex proteins containing these residues and the spindle microtubules. While no

interaction between Dad2 and the microtubules have been mapped to date, we observed two conserved
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arginine residues (R92 and R94) along with a conserved proline residue (P87) in DSS. To dissect the
contribution of these conserved residues in Dad2 function, we generated reintegration strains that
independently contain the following mutations in Dad2- P87A, R92A, and R94A. Similar to the DSS
deletion mutant, we generated strains expressing Dad2 with the above mutations from an ectopic RPS1
locus (Figure 3-5A).
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Figure 3-5. Mutations in conserved residues of the DSS does not affect the viability of C. albicans.
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(A) Schematic of the mutations in the DSS analyzed in this study. The green bar represents a linear
form of Dad2, 125 aa long. Gray bar indicates the region corresponding to DSS (87-95 aa). The
conserved proline and arginine residues present in wild-type Dad?2 is shown below (red). Each of these
residues was individually mutated to alanine (blue). (B) Cells from the parent strain J108 along with
reintegrant strains CaSR100 (Dad2f\), CaSR101 (Dad2P%S), CaSR102 (Dad2""), CaSR103
(Dad2R%?A) and CaSR104 (Dad2R%A) were streaked on plates containing media permissive and non-
permissive for the PCK1 promoter regulating the expression of endogenous Dad2. Plates were imaged
post-incubation at 30°C for 48 h. (C) Light microscopic images of the cells expressing indicated
versions of Dad2 grown in the non-permissive medium for 6 h and 9 h after they were seeded from a
starter culture in permissive media (0 h). (D) Distribution of cells in different stages of budding (in
percentage, y-axis) in strains expressing the indicated versions of Dad2 after growth in YPDU at 30°C
for 6 h.

Strains expressing each of these point mutants- CaSR102 (dad2/PCK1pr-DAD2,
RPS1/RPS1(DAD2pr-DAD2P¥"A-TAP-NAT)), CaSR103 (dad2/PCK1pr-DAD2, RPS1/RPS1(DAD2pr-
DAD2R?A-TAP-NAT)), and CaSR104 (dad2/PCK1pr-DAD2, RPS1/ RPS1(DAD2pr-DAD2?*A-TAP-NAT))
were able to grow on media containing dextrose, non-permissive for the expression of endogenous Dad?2
(Figure 3-5B). Analysis of these mutants repressed for 9 h revealed a modest increase in the fraction of
cells in the large-budded stage in CaSR103 and CaSR104 cells (expressing Dad2R9A and Dad2R%4
respectively), as observed in CaS101 cells (expressing Dad24P5S) (Figure 3-5C and 3-5D).

To dissect the contribution of the conserved proline and arginines in the defects observed in
CaSR101 cells (expressing Dad22P55), we compared the frequency of nuclear missegregation in
CaSR102-104 cells (expressing Dad2""A, Dad2R%A, and Dad2R9*4 respectively) to that observed in
CaSR100 (expressing Dad2™) and CaSR101 cells (expressing Dad2P5S). Upon depletion of endogenous
Dad?2 for 8 h by growing in media containing dextrose, the frequency of nuclear missegregation was
comparable between CaSR100 (expressing Dad2f) and CaSR102 cells (expressing Dad2P"A) at 18% and
21% respectively. On the contrary, the frequency of defective segregation in CaSR103 (expressing
Dad2R%") and CaSR104 cells (expressing Dad2R%4), estimated to be 78% and 91% respectively was
comparable to that of CaSR101 cells (expressing Dad24P5%), strongly suggesting a role for the arginine
residues in DSS function (Figure 3-6A).

To score for the kinetochore integrity in the Dad2 point mutant strains, we tagged Ndc80 with
mCherry at the C-terminus in CaSR102, CaSR103, and CaSR104 to generate strains CaSR202
(dad2/PCK1pr-DAD2, RPS1/RPS1( DAD2pr-DAD2#"A-TAP-NAT), NDC80/NDC80-mCherry), CaSR203
(dad2/PCK1pr-DAD2, RPS1/RPS1( DAD2pr-DAD2¥?A-TAP-NAT), NDC80/NDC80-mCherry), and
CaSR204 (dad2/PCK1pr-DAD2, RPS1/RPS1(DAD2pr-DAD2**A-TAP-NAT), NDC80/NDC80-mCherry).
As observed in the case of DSS deletion strain CaSR201 (expressing Dad2P5%, Ndc80-mCherry), none of
the point mutants showed significantly altered levels of Ndc80-mCherry when grown in media non-
permissive for the expression of endogenous Dad2 for 8 h. An intact kinetochore ensemble in CaSR202-
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204 cells suggested that any of the point mutations in the DSS (P87A, R92A, or R94A) did not hamper
kinetochore assembly/ integrity (Figure 3-6B and 3-6C).
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Figure 3-6. Mutations in R92 and R94 results in an increase in cells with nuclear missegregation
and short spindle structure.

(A) Kinetochore integrity in Dad2 point mutants CaSR202 (Dad2"7A, Ndc80-mCherry), CaSR203
(Dad2R%2A 'Ndc80-mCherry), CaSR204 (Dad2R%A, Ndc80-mCherry) in comparison with CaSR200
(Dad2™, Ndc80-mCherry) and CaSR201 (Dad22PS, Ndc80-mCherry), measured by the localization of
Ndc80-mCherry after growth in YPDU at 30°C for 8 h. Fluorescence intensity per kinetochore cluster
in each strain is plotted, ‘n.s’ indicates no significant difference. (B) Representative images of Ndc80
localization in each of these strains is shown. Scale bar, 5um. (C) The indicated strains ectopically
expressing various versions of Dad2 were harvested after 8 h growth in YPDU at 30°C. The nuclear
mass was visualized under a fluorescence microscope after staining with DAPI. The percentage of cells
showing defective segregation in each case is plotted (y-axis). (D) The indicated strains ectopically
expressing various versions of Dad2 along with mCherry-tagged Tubl were harvested after growth in
YPDU at 30°C for 8 h. Cells were washed, examined under a confocal laser scanning microscope, and
the percentage of cells showing the short spindle structure in each strain is plotted (y-axis).
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We then analyzed the spindle structure by localizing Tub1-mCherry in CaSR302 (dad2/PCK1pr-
DAD2, RPS1/RPS1(DAD2pr-DAD2P¥"A-TAP-NAT), TUB1/TUB1-mCherry), CaSR303 (dad2/PCK1pr-
DAD2, RPS1/RPS1(DAD2pr-DAD2RA-TAP-NAT), TUB1/TUB1-mCherry), and CaSR304
(dad2/PCK1pr-DAD2, RPS1/RPS1(DAD2pr-DAD2RA-TAP-NAT), TUB1/TUB1-mCherry) strains that
expressed the above point mutants. Similar to the trend observed for nuclear segregation, wildtype-like
anaphase spindle was detected in the strains CaSR300 (expressing Dad2, Tubl-mCherry) and CaSR302
(expressing Dad2"®™4, Tub1-mCherry) respectively. On the other hand, the arginine mutants CaSR103
(expressing Dad2R%?A, Tub1-mCherry) and CaSR104 (expressing Dad2?%**, Tub1-mCherry) showed short
spindle phenotype similar to that of the DSS deletion strain (CaS301) in more than 84% of large budded
cells (Figure 3-6D). The above mutation analysis strongly suggests that the conserved positive charges in
the form of R92 and R94 mediate DSS function, which we propose to be the microtubule-binding domain
of Dad2 in C. albicans. To investigate if CaDad2 can indeed bind to microtubules, we resorted to an in

vitro biochemical approach.
CaDad?2 binds to microtubules in a DSS-dependent manner in vitro

To quantitatively estimate the ability of Dad2 to bind microtubules, we made a series of
constructs in the pET28b expression vector system such that the following versions of Dad2 can be
expressed as a 6xHis fusion protein in E. coli and subsequently purified by Ni-NTA based affinity
chromatography. The constructs include Dad2f, Dad2®4, Dad2R9A, Dad2R%A, Dad2R9?AR%A and
Dad2P5S, The expression and affinity purification conditions were optimized for Dad2™ and used for

other mutants of Dad2 (described in the methods section).

We estimated the dissociation constant for the interaction of CaDad2 and taxol-stabilized
microtubules by a microtubule co-sedimentation assay. For a fixed concentration of Dad2™ (50uM), we
titrated varying concentrations of taxol-stabilized microtubules (0- 30 uM in 5 uM increments). The
presence of Dad2 in the pellet fraction provided the first evidence that CaDad2™ can bind to microtubules
in vitro. Based on the amount of Dad?2 in the pellet fraction that co-sedimented with microtubules as
compared to the amount of Dad2 in the supernatant (free, unbound Dad2), we estimated the dissociation
constant (Kq) to be 4.9 uM for Dad2™ (Figure 3-7). The Kg value for Dad2™"* and Dad2™- were similar,
hinting at no loss in binding when the conserved proline was mutated. On the other hand, a gradual
reduction in the binding efficiency was seen when the arginines were replaced with alanines
independently or as a double point mutant. Mutant Dad2 proteins- Dad2R%?4, Dad2R%A, and Dad2R92AR4A
showed three to four-fold less efficient binding as compared to full-length protein with Kq values 14.4

MM, 16.8 uM, and 19.1 uM respectively. The deletion of DSS exhibited the maximum reduction in
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binding (Ks=24 uM), a five-fold reduction in binding as compared to Dad2™. We demonstrate, for the
first time, the microtubule-binding ability of Dad2, with its binding efficiency governed by the conserved
arginines. This strongly suggests that the DSS forms a microtubule-binding domain of Dad2. The
microtubule co-sedimentation assay was performed by Ms. Sujaya Thannimangalath from Prof. Tapas
Manna's laboratory (IISER, Thiruvananthapuram) as a part of a collaboration on this part of the work.
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Figure 3-7. CaDad2 binds taxol-stabilized microtubules in vitro, and the binding is mediated by
DSS.

(A-F) The dissociation constant of the interactions between various versions of CaDad?2 purified in
vitro and microtubules were estimated by co-sedimentation assay. Graphs indicate the fraction of Dad2
bound to microtubules (y-axis, fraction bound) estimated from coomassie stained SDS-PAGE gels
loaded with sedimented microtubules and the associated Dad2 along with the unbound Dad2. The x-
axis indicates varying concentrations of microtubules tested in the assay.

DSS function is conserved across point and regional centromeres

Previous in vitro studies on the interaction network of ScDam1 complex- both within the complex
and with the microtubules, did not detect any contact between Dad2 and microtubules (LEGAL et al. 2016;
JENNI AND HARRISON 2018). However, the DSS region we identified and showed to mediate microtubule
binding in CaDad2 is conserved in ScDad2 as well. This prompted us to investigate if the function of DSS

is also conserved in S. cerevisiae that contains point centromeres.
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To study the role of DSS in ScDad2 function, we resorted to a previously reported temperature-
sensitive (ts) mutant of Dad2 wherein the genomic allele of Dad2 was deleted and a ts allele was present
in a CEN plasmid pCJ055 (CJY077- dad2::KanMX6 his34200 leu241::pCJ055 (Dad2™)) (JANKE et al.
2002). In this strain, we independently transformed four pRS313 (CEN/ARS/HIS)-based plasmids in
which the various versions of Dad2 was cloned with a GFP tag at the C-terminus. The transformed
constructs include pScDad2™, pScDad2R!?4 (equivalent to CaDad2R92A), pScDad2R'?8A (equivalent to
CaDad2R**), and pScDad2PSS giving rise to strains SCSRO1 (dad2::KanMX6 his34200::pScDad2™
leu241::pCJ055 (Dad2™)), ScCSRO2 (dad2::KanMX6 his34200::pScDad2™%%* leu241::pCJ055
(Dad2™)), ScSRO3 (dad2::KanMX6 his34200::pScDad2™?* [eu241::pCJ055 (Dad2™)), and SCSR04
(dad2::KanMX6 his34200::pScDad2”% leu241::pCJ055 (Dad2"™)). In all of these strains, the expression
of Dad2-GFP is driven by the native promoter of ScDad2. An empty vector pRS313G that contains only
GFP cloned in a pRS313 plasmid served as the negative control (strain SCEV). Once these strains were
obtained (See materials and methods), they were subsequently propagated in CM-Leu-His media, and the

functional significance of each of these residues was assayed for at 37°C (Figure 3-8A and 3-8B).

We first tested if any of the Dad2 constructs we generated could grow at 37°C by spotting cells at
different dilutions. Growth at 26 °C in the same media was used as the loading control for spotting
(Figure 3-8C). As expected, the empty vector carrying control strain (ScCEV) remained sensitive to 37°C,
and the strain SCSRO1 expressing Dad2™ showed complementation of growth at this temperature. We
observed that the expression of Dad2R%* in ScSR03 cells also supported growth at 37°C. However, the
strains SCSRO2 (expressing Dad2R'?%4) and ScSR04 (expressing Dad24PS%) failed to grow at 37°C,
suggesting that DSS, more specifically R126, is essential for Dad2 function in S. cerevisiae.

To understand the basis of the lack of complementation of growth at 37°C in ScSR02 and ScSR04
strains, we analyzed the localization of Dad2-GFP in strains SCSR01-04 at 37°C (Figure 3-8D). In the
strains ScSRO1 (expressing Dad2™-GFP) and ScSR03 (expressing Dad2R'?A-GFP), a punctate
localization typical of clustered kinetochores in yeasts was observed for Dad2. We could detect a similar
localization of Dad2R*?°4 in ScSR02 cells as well; however, the proportion of cells showing this
localization was reduced. This can be ascribed to the loss of the CEN plasmid harboring this allele, which
is also evident from the growth observed in the permissive temperature (28°C). However, no punctate
localization of Dad22P5S could be detected at 37°C. This was striking as the deletion of DSS did not
hamper kinetochore integrity in C. albicans. Probing the whole-cell extracts from ScSR01 and ScSR04
cells expressing Dad2f- and Dad22PSS with anti-GFP antibodies confirmed that these proteins were indeed
expressed (Figure 3-8E). This suggested that DSS plays a conserved but more critical role in Dad2

function in S. cerevisiae as compared to C. albicans. This difference can be attributed to the difference in
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the localization dynamics of the Dam1 complex in these two organisms with different types of
centromeres.
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Figure 3-8. DSS is required for kinetochore localization of Dad2 in S. cerevisiae.

(A) Line diagrams of CaDad2 and ScDad2 indicating the position of DSS in the respective sequences
are shown. The amino acid sequence of DSS depicting the arginine residues (red) conserved in both
species is shown in the right panel. (B) Schematic of the strains developed to assay for DSS function in
S. cerevisiae. Wild-type Dad2 or Dad2 with mutations in the DSS (121-130 aa in ScDad?2) as
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mentioned in the box were cloned into pRS313 plasmid along with a GFP tag at C-terminus and were
used to transform parent strain CJY077 to yield strains SCSR01-04. ScEV corresponds to vector control
strain carrying empty plasmid without Dad2. (C) Single colonies of the indicated strains were grown on
CM-Leu-His media at 26°C for 14 h, serially diluted ten-fold and spotted (10° to 10?) on three CM-
Leu-His plates incubated at 26°C, 30°C, and 37°C respectively. Plates were photographed after 48 h
incubation. (D) Microscopic images showing the localization of different versions of Dad2 expressed
respectively in SCSR01-ScSR04 cells grown at 37°C for 4 h. Scale bar, 5um. (E) Expression of Dad2™
and Dad24PS in whole-cell extracts prepared from ScSR0O1 and ScSR04 cells grown at 26°C in CM-
Leu-His media probed with anti-GFP and anti-Histone H3 antibodies.
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Discussion
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One of the major challenges for the kinetochore ensemble is to remain associated with the
depolymerizing plus ends of the microtubules. This is achieved by a cumulative effect of several points of
contact by the Ndc80 complex and the Dam1 complex with the microtubules (WEI et al. 2005;
WESTERMANN et al. 2005; CHEESEMAN et al. 2006; WESTERMANN et al. 2006; CIFERRI et al. 2008).
Among the Dam1 complex subunits, two proteins Dam1 and Duo1l, have been reported to directly interact
with microtubules in S. cerevisiae (LEGAL et al. 2016). Consistently, the dam1-19 temperature-sensitive
mutant show short spindle phenotype, and truncation at the C-terminus of Dam1 or Duol compromised
the microtubule-binding of Dam1 complex carrying these mutations (WESTERMANN et al. 2005; LEGAL
et al. 2016).

In this part of the thesis work, we identified a conserved 10-amino acid long Dad2 signature
sequence (DSS) present in otherwise poorly conserved Dad2 family of proteins. Functional analysis of
this region in CaDad2 revealed that the DSS is a previously unknown microtubule-binding domain of
Dad2 in C. albicans. Previous studies on the conditional mutants of the Dam1C subunits, including Dad?2
in C. albicans revealed that depletion of these proteins results in the disintegration of the kinetochore
ensemble, followed by proteasomal degradation of CENPA®®** (THAKUR AND SANYAL 2012). This also
resulted in the activation of SAC, resulting in cell cycle arrest at the large budded stage with the
unsegregated nuclear mass stuck at the bud neck (THAKUR AND SANYAL 2011). However, the deletion of
DSS or point mutations in the conserved residues of DSS did not show any compromise in the
kinetochore integrity. A modest increase in the proportion of large budded cells was observed. The
occurrence of short spindle structures in these cells, along with defective nuclear segregation, suggested
that the kinetochore-microtubule interactions were affected upon perturbing the DSS. The presence of
cells at all stages of budding after depletion of endogenous Dad?2 for 8 h suggests that the modest increase
in the cells with large budded cells could be due to a transient delay/arrest, providing the additional time
required for the DSS mutants to establish proper kinetochore-microtubule attachments. Analysis of DSS
mutants in a SAC deficient genetic background, such as mad2 mutant, will provide further insights into

this aspect.

In vitro assays using purified full-length or DSS-mutated versions of Dad2 protein revealed that
the DSS and the resident arginines are critical for Dad2-microtubule interactions (Figure 3-9). This is also
suggestive of the electrostatic nature of these interactions with microtubules, as observed for other
microtubule-binding proteins (ABAD et al. 2014). The presence of conserved arginine residues in the DSS
is reminiscent of the microtubule-binding domains identified in the functionally analogous Skal complex
subunits (SCHMIDT et al. 2012; ABAD et al. 2014; ABAD et al. 2016). The microtubule-binding domain of
Skal (Skal'**21%) is enriched with positively charged amino acids lysine and arginine that form discrete
clusters making multiple contacts with microtubules. The DSS, with a predicted pl >9, can form a similar
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positively charged surface on Dad2. However, no interaction between ScDad2 and microtubules were
identified in the previous chemical crosslinking based assays (ZELTER et al. 2015; LEGAL et al. 2016;
JENNI AND HARRISON 2018). This could partly be due to the nature of the chemical crosslinker used in the
assay (EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) that does not crosslink
arginine residues. Indeed, interactions between arginines present in Skal and microtubules were detected
using EDC after the arginines were mutated to lysine, which is a compatible substrate of EDC (ABAD et
al. 2014).

Spc24-Spc25

Centromeric
chromatin

Dam1 complex

Figure 3-9 Schematic representation of Dad2-microtubule interaction mediated by DSS.

The microtubule binding protein complexes of the outer kinetochore- Ndc80 complex and the Dam1
complex are schematically represented. Red spheres represent the Dam1 complex monomers encircling the
microtubules. Inset: The interaction between Dad2 and microtubules identified in this study is
schematically represented in the inset. The blue box represents the N terminal ordered domain of Dad2 and
the line emanating from the box represents the disordered C-terminus of Dad2 in which the DSS motif is
present. The two arginine residues analyzed in this study is proposed to interact with microtubules
(indicated in dashed lines).

Comparative analyses of DSS function between C. albicans and S. cerevisiae revealed a striking
difference for the essentiality of this conserved region. While the kinetochore integrity is unaffected in C.
albicans, the deletion of DSS resulted in the loss of kinetochore localization of Dad2 in S. cerevisiae.
This variation stems from the fact that the interaction with mitotic spindle is essential for loading the
DamlC to kinetochores in S. cerevisiae (LI et al. 2002), unlike the case in C. albicans (THAKUR AND
SANYAL 2011). Experimental perturbation by treatment with nocodazole, a microtubule poison, resulted

in the loss of enrichment of Dam1C subunits- Dad2 and Ask1 at the centromeres (JANKE et al. 2002; L1 et
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al. 2002) in S. cerevisiae. Our results suggest that the interaction between Dad2 and microtubules
mediated by DSS could be essential for loading the Dam1C in S. cerevisiae. Further studies on the
localization of other kinetochore subunits will shed light on the role of DSS in Dad2 function in this
species.

Analysis of protein disorder predicts that the N-terminus of Dad2 (1-85 aa) shows a propensity to
form an ordered structure while the C-terminus is disordered. The presence of DSS is the disordered
region of Dad2 makes it poised for interaction with other proteins, including microtubules. Several
examples of protein-protein interactions within the kinetochore complex involve flexible and disordered
regions of proteins (DIMITROVA et al. 2016; JENNI et al. 2017). Within the ScDam1C, interactions with
the Ndc80C has been mapped to the disordered C-terminus of Askl, Dam1, and Spc34 (JENNI AND
HARRISON 2018). The known microtubule-binding regions of the Dam1 complex are also mapped to the
flexible ends of Dam1 and Duol in S. cerevisiae. Flexible protein termini are favorable in creating
interactions that are dynamic and requires adaptation to the varying configurations, like that between the

Dam1 complex and microtubules at different stages of mitosis.

All known microtubule-binding proteins of the kinetochore, such as Dam1, Duol, and Ndc80,
are phospho-regulated by Ipl1 (CHEESEMAN et al. 2002; LAMPERT et al. 2010; TIEN et al. 2010). The
microtubule-binding domain of Skal contains Aurora B phosphorylation sites consistent with the findings
in yeast (CHAN et al. 2012b; ABAD et al. 2016). Intriguingly, no Ipl1 consensus sites are detected in DSS
or Dad2 of both the species analyzed in this study. This alludes to several possibilities regarding the
physiological relevance of the observed Dad2-microtubule interaction. The low Kqreported for Dad2-
microtubule association could be attributed to the use of an isolated protein as compared to the entire
Dam1C. Probably this motif forms an additional low-affinity contact point with the microtubules creating
an additive effect when taken along with other known interactions. In such a scenario, the
phosphorylation of other subunits like Dam1 and Duol by Ipl1 can significantly reduce the binding
affinity towards microtubules, satisfying the SAC response. Alternatively, it should also be noted that
Dad2 was found to localize to the spindle mid-zone in C. albicans (THAKUR AND SANYAL 2011).
Regulation of microtubule dynamics at the spindle mid-zone is a critical determinant of spindle length
(KHMELINSKII AND SCHIEBEL 2008). It is reasonable to assume that DSS is essential for the interaction of

Dad2 with the microtubules at the spindle midzone, outside the context of the kinetochore cluster.

Although we still lack a mechanistic understanding of DSS function, it is evident that the region
is required for high fidelity chromosome segregation. The fungus specific nature of the Dam1 complex,
along with the conservation of DSS residues in several animal and plant pathogenic fungi, makes it an

attractive target for the development of potent antifungals.
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Chapter 4

Materials and Methods
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Buffers and solutions used

All of the buffers and solutions used in this study were prepared in autoclaved double distilled water with

analytical grade reagents. Solutions were stored at room temperature unless stated otherwise
1. TE Buffer (10x)- 100mM Tris (pH=8.0 or 7.5 as required for the assay), 10mM EDTA
2. LIiOAC/TE solution- 0.1 M LiOAc (pH=7.5), 1x-TE (pH=7.5)

3. PEG solution- 0.1 M LiOAc (pH=7.5), 1xTE (pH=7.5), 42 %(w/v) PEG3350

4. Phosphate buffered saline (10x)- 80 g NaCl, 2 g KClI, 14.4 g Na;HPO4, 2.4 g KH,PO, for 1L water
(pH=7.4)

5. Genomic DNA extraction buffer for C. albicans- 2% TritonX-100, 1% SDS, 100 mM NaCl, 10 mM
Tris-Cl (pH=8.0), 1 mM EDTA

6. Genomic DNA extraction buffer for Malassezia species- 100 mM Tris-Cl (pH=8.0), 1% (w/v)
CTAB, 0.7M NacCl, 10 mM EDTA, 1% (v/v) 2-mercaptoethanol*, 0.3 mg/mL Proteinase-K*. (‘*’
added fresh)

7. Cell lysis buffer- 0.1 N NaOH, 1% SDS

8. SDS sample loading buffer (5x)- 30% Glycerol, 10% SDS, 250mM Tris-Cl (pH=6.8), 0.02%
Bromophenol blue, 5% 2-mercaptoethanol*. (‘** added fresh)

9. SDS-PAGE tank buffer (10x)- 30 g Tris base, 144 g glycine, 10 g SDS for 1L buffer.
Buffers for chromatin immunoprecipitation (Buffers 10- 17)

10. Spheroplasting buffer for Malassezia- 40 mM Citric acid, 120 mM Na;HPO. and 1.2 M Sorbitol
supplemented with 20 mg/mL lysing enzymes from Trichoderma harzianum (Sigma), 0.2 pg/mL

Chitosanase (Sigma), and 100 pg/mL Zymolyase-20T (MP Biomedicals)
11. Buffer I- 0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Na-HEPES pH=6.5
12. Buffer 1I- 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Na-HEPES pH=6.5

13. Lysis buffer- 50 mM HEPES pH=7.4, 1% Triton X-100, 140 mM NacCl, 0.1% Na-deoxycholate, 1
mM EDTA supplemented with 1xPIC (Protease Inhibitor Cocktail); always freshly prepared

14. Low salt wash buffer- 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH=8.0, 150 mM
NaCl (storage at 4°C)
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15.

16.

17.

18.

19.

20.

21.

22.

High salt wash buffer- 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH=8.0, 500 mM
NaCl (storage at 4°C)

LiCl wash buffer- 0.25 M LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 10 mM Tris pH=8.0
(storage at 4°C)

Elution buffer- 0.1 M NaHCQO3, 1% SDS (always freshly prepared)

CloNAT Nourseothricin- 100 mg/mL solution in autoclaved double distilled water
Ampicillin- 200 mg/mL solution in autoclaved double distilled water

Kanamycin- 30 mg/mL solution in autoclaved double distilled water

DAPI- 100 ng/mL in 70% glycerol

Hoechst 33342- 1 mg/mL solution in water from a 10 mg/mL stock

Antibodies and affinity beads

Resource Description Source Catalog _Addltlor!al
no. information
. anti-GFP (mouse 11814460 IF (1:100)
Antibody monoclonal) Roche 001 WB (1:3000)
. anti-PSTAIRE (mouse Cat. no. .
Antibody monoclonal) Abcam 10345 WB (1:5000)
. anti-mouse 1gG HRP (goat Cat. no. .
Antibody oolyclonal) Abcam 4097023 WB (1:10000)
Antibody anti-rabbit 1gG HRP (goat Bangal(_)re HP-06 WB (1:10000)
polyclonal) Genei
Cat. o ChIP (5 pL per
Antibody anti-H3 (rabbit polyclonal) Abcam g 500 pL IP
ab1791 .
fraction)
Cat. no ChIP (5 pL per
Antibody anti-H4 (rabbit polyclonal) Abcam R 500 pL IP
ab10158 .
fraction)
. anti-FLAG (M2) (Mouse Sigma Cat. no. _
Antibody monoclonal) g F1804 WB (1: 2500)
. anti-protein A Sigma Cat. no. _
Antibody (rabbit polyclonal) J P9424 WB (1:5000)
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anti-mouse IgG _
Antibody AlexaFluor488 (goat Invitrogen A-11001 IF (1:500)
polyclonal)
Affinity ) ChromoTek Cat. no. ChIP (20 pL per
beads GFP-trap beads gta-20 500 pL fraction)
Affinity
ChromoTek Cat. no. ChIP (20 pL per
beads Blocked agarose beads bab-20 500 uL fraction)
Affinity
. Sigma Cat. no. ChIP (20 puL per
beads Protein-A sepharose beads g P3301 500 L fraction)
Affinity
. - Sigma Cat. no. ChIP (20 puL per
beads M2 anti-FLAG affinity gel J A2220 500 uL fraction)

Media and growth conditions

Malassezia strains were grown on modified Dixon's media (malt extract 36 g/L, desiccated Ox-
bile 20 g/L, tween40 10 mL/L, peptone 6 g/L, glycerol 2 mL/L, oleic acid 2.89 mL/L). M. sympodialis,
M. furfur strains were grown at 30°C. Cultures of M. globosa and M. slooffiae were grown at 32°C.

All C. albicans strains in this study, derived from J108 carrying Dad2 under the control of PCK1
promoter, were maintained in YPSU media (succinate, disodium salt- 10 g/L, yeast extract- 10 g/L,
peptone 20g/L, uridine- 0.1 mg/mL). To assay for the role of reintegrated Dad2 from RPS10 locus,
YPDU media was used (dextrose- 20 g/L, yeast extract- 10 g/L, peptone 20g/L, uridine- 0.1 mg/mL). All

C. albicans strains were grown at 30°C.

The S. cerevisiae strain CJYQ77 carrying a temperature-sensitive allele of Dad2 was maintained
in YPAD (dextrose- 20 g/L, yeast extract- 10 g/L, peptone 20g/L, adenine- 0.1 mg/mL). Once
transformed with pRS313G based plasmids, the transformants were maintained in complete media
lacking leucine and histidine. Routine growth of all these strains was performed at 28°C. Functional

complementation was performed at 37°C.
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Construction of strains related to the study in Malassezia species
Construction of the M. sympodialis strain expressing GFP-Mtw1

The allele for N-terminal tagging of Mtw1 with GFP was prepared by gap repair in the
Saccharomyces cerevisiae BY4741 strain (ECKERT-BOULET et al. 2012). Briefly, a 1.6 kb fragment
consisting of the upstream and promoter sequence of the MTW1 gene and a 1.6 kb fragment having the
MTW1 ORF (Protein ID: SHO76526) along with the downstream sequence was amplified from M.
sympodialis genomic DNA. The GFP ORF (without the stop codon) and NAT were amplified from
plasmids pVY7 and pAIML1 respectively (YADAV et al. 2018b). S. cerevisiae was transformed with all
four fragments and the linearized plasmid pGI3 (digested with Kpnl and BamHI). The epitope-tagged
allele was assembled in an ordered way by gap repair. Total DNA was isolated from S. cerevisiae
transformants, and E. coli DH5a strain was transformed with dilutions of the genomic DNA to recover
the assembled construct. The pGFP-Mtw1 construct was screened by restriction digestion and further
confirmed by sequencing. The pGFP-Mtw1 construct was used to transform M. sympodialis strain
ATCC42132 by Agrobacterium tumefaciens-mediated transconjugation (IANIRI et al. 2016; IANIRI et al.
2017a).

Construction of the M. furfur strain expressing CENP-A FLAG

The allele for C-terminal tagging of CENP-A with a 3XxFLAG epitope tag was prepared by gap
repair in the S. cerevisiae BY4741 strain (ECKERT-BOULET et al. 2012). Briefly, a 1 kb fragment
consisting of the upstream and promoter sequence of the CENP-A gene of M. furfur including the ORF
(CENP-A ORF coordinates in Chrl: 1,453,468- 1,453,921) and 1 kb fragment containing the sequence
downstream of CENP-A ORF were amplified from M. furfur genomic DNA. The 3xFLAG tag was
introduced in the reverse primer annealing to the CENP-A ORF. The NAT marker was amplified from
plasmid pAIML1 as above. S. cerevisiae was transformed with all three fragments and plasmid pGI3
(digested with Kpnl and BamHI). The epitope-tagged allele was assembled in an ordered way by gap
repair. Total DNA was isolated from S. cerevisiae transformants, and E. coli DH5a strain was
transformed with dilutions of the genomic DNA to recover the assembled construct. The resulting pMF1
construct was screened by restriction digestion and further confirmed by sequencing. The pMF1 construct
was used to transform M. furfur strain CBS14141 by Agrobacterium tumefaciens-mediated

transconjugation (IANIRI et al. 2016; IANIRI et al. 2017a) to obtain the epitope-tagged strain MF001.
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Construction of strains related to the study in C. albicans
Construction of vector to integrate Dad2 at the RPS1 locus

To generate the integration construct, the sequence corresponding to RPS1 was amplified using
primer pair AD11/AD12 from Cip10 plasmid and cloned into pBS-NAT vector in Notl site to generate
the plasmid pBS-RP10-NAT. The sequences corresponding to Dad2pr-Dad2-Protein-A were amplified as
a Sall-Clal fragment from the previously reported strain J118 using primer pair AD05/AD06. This
fragment was cloned into the same sites in the vector pBS-RP10-NAT to generate pDad2™-TAP.

Construction of Dad2MVT reintegration vectors

Deletion of DSS and mutations in the DSS were introduced by overlap PCR using pDad2FL-TAP
as the template. Primers ADO5 and ADO6 were used with internal primers carrying either deletion or
mutation in the DSS as follows. The Dad2P5S allele was generated by overlap PCR with the fragments
amplified using primer pairs AD05/AD13 and AD14/AD06. The Dad2"® allele was generated by
overlap PCR with the fragments amplified using primers AD05/P87AF and P87AR/AD06. The Dad2R%*
allele was generated by overlap PCR with the fragments amplified using primers AD05/R92AF and
R92AR/ADO06. The Dad2R%A allele was generated by overlap PCR with the fragments amplified using
primers AD05/R94AF and R94AR/ADO06. Each of these fragments was subsequently digested and cloned
as Sall fragment into pBS-RP10-NAT to generate pDad22PSS —TAP, pDad2""A —TAP, pDad2R%A —TAP,
and pDad2R%* _TAP respectively. Each of the introduced mutations was confirmed by Sanger

sequencing using primer NV34.
Construction of C. albicans strains expressing Dad2F-MUT

The Dad2 conditional mutant strain J108 has one copy of Dad2 replaced by HIS1 marker and the
expression of the other allele driven by a PCK1 promoter (URA3 marker). Each of the above plasmids
viz. pDad2™-TAP, pDad22P%s _TAP, pDad2”™* —TAP, pDad2R%A —TAP, and pDad2?%A —TAP were
linearized with Stul and were used to transform J108 giving rise to strains CaS100 (expressing protein-A
tagged Dad2™ from RPS10 locus), CaS101 (expressing protein-A Dad22PSS from RPS10 locus), CaS102
(expressing protein-A Dad2”®™* from RPS10 locus), CaS103 (expressing protein-A Dad2R%** from RPS10
locus), and CaS104 (expressing protein-A Dad2R** from RPS10 locus) respectively. The parent plasmid
pBS-RP10-NAT was also digested with Stul and used to transform J108 to obtain the control strain
J108C. The transformants were selected on YPSU plates supplemented with 200 pg/mL NAT. The
expression of Dad2"-MVT in these strains was confirmed by immunoblotting using anti-protein-A

antibodies.
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Figure 4-1. Expression of full-length and mutant Dad2 from RPS1 locus.
Whole-cell lysates from strains J108C, CaS100-104 were separated by SDS-PAGE using 12% gels. The
proteins were transferred onto nitrocellulose membranes and probed with anti- Protein A antibodies for

immunoblot analysis.

Construction of Dad2 mutant strains expressing Ndc80-mCherry

A previously published construct pNdc80-RFP-ARG4 to tag Ndc80 with mCherry at C-terminus
was used (VARSHNEY AND SANYAL 2019). This plasmid was linearized with Xhol and was used to
transform strains J108C, CaSR100, CaSR101, CaSR102, CaSR103, and CaSR104 to generate the strains
J108N, CaSR200, CaSR201, CaSR202, CaSR203, and CaSR204 respectively. The transformants were
selected on complete media with succinate as carbon source lacking arginine. Transformants were
screened for the punctate localization of Ndc80-mCherry by fluorescence microscopy.
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Figure 4-2. Localization of Ndc80-mCherry in Dad2 mutants.

Transformants obtained with Ndc80-mCherry-Arg4 cassette were purified for single colonies on
selection plates. Single colonies of strains JJ08N and CaSR200-204 were grown to log phase in YPSU,
harvested, washed, and observed under a fluorescence microscope for clustered kinetochore-like

signals. Scale bar, 5pm.

Construction of Dad2 mutant strains expressing Tubl-mCherry

The plasmid pTubl-mCherry-HIS1 was digested with Spel and EcoRV, and the 1.6 kb fragment
containing sequences corresponding to the 3” end of the TUBL in frame with mCherry was isolated. The

fragment was purified and ligated into the same sites in pFA-TAP-ARG322. The resulting plasmid

119



pTUB1-mCherry-ARG4 was linearized by Xbal and used to transform strains J108C, CaSR100,
CaSR101, CaSR102, CaSR103, and CaSR104 to generate the strains J108T, CaSR300, CaSR301,
CaSR302, CaSR303, and CaSR304 respectively. The transformants were selected on complete media
with succinate as carbon source lacking arginine. Transformants were screened by fluorescence

microscopy for proper spindle localization.
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Figure 4-3. Localization of Tubl-mCherry in Dad2 mutants.

Transformants obtained with Tub1-mCherry-Arg4 cassette were purified for single colonies on
selection plates. Single colonies of strains J108T, CaSR300-304 were grown to log phase in YPSU,
harvested, washed, and observed under a fluorescence microscope for anaphase-like long spindle in
large budded cells. Scale bar, 5um.

Construction of vectors for heterologous expression of Dad2™-/MUT

The Dad2 coding sequence (C. albicans ORF19.3551) was amplified by primer pair AD01/AD02
and cloned into Ncol and Hindlll sites of pET28b (Novagen). The resulting plasmid pET28b-Dad2™
expresses Dad?2 as a C-terminally 6xHis tagged fusion protein from the T7 promoter. The same primer
pair was used to amplify mutant versions of Dad2 viz. Dad24PS%, Dad2P"A, Dad2R9?A, and Dad2R%4
respectively from templates pDad22P5S —TAP, pDad2P'A —TAP, pDad2R®** ~TAP, and pDad2R** -TAP.
Each of these amplicons was cloned into Ncol and Hindll1 sites of pET28b to generate plasmids pET28b-
Dad22P5S, pET28b-Dad2P"A, pET28b-Dad2R9?A, and pET28b-Dad2R%A respectively. The mutations were

confirmed by Sanger sequencing using the T7 promoter primer.
Construction of strains related to the study in S. cerevisiae
Construction of vectors to express Dad2F-MYT-GFP in pRS313

To express GFP tagged ScDad2“MUT from pRS313 (CEN/ARS/HIS1 plasmid), sequences coding
for GFP along with terminator sequences of SCACT1 was amplified using primer pair SCGFP-F/ScGFP-R
and cloned as a BamHI-Clal fragment into pRS313 resulting in pRS313G. This plasmid was subsequently
used to clone Dad2 with/without mutations. For cloning ScDad2, a fragment containing SCDAD2pr-
DAD2 ORF was amplified from the genomic DNA of BY4741 strain with primers SR289/SR290 and

cloned in frame with GFP as a Sacll-BamHI fragment into pRS313G. The resulting plasmid was named
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pScDad2. Since the DSS in ScDad? is located near the stop codon, any desired mutation was
incorporated in the reverse primer used to amplify Dad2. In this way, ScDad2R!?64, ScDad2R1284,
ScDad2P5S were amplified with primer pairs SR289/Sc126A-R, SR289/Sc128A-R, and SR289/ScADSS-
R respectively, and cloned into the Sacll-BamHI sites of pRS313G. The resulting plasmids pScDad2R'26A,
pScDad2R'?8A and pScDad2 APSS along with pScDad2™ were confirmed by Sanger sequencing using
SR289.

Construction of strains ScCSR01-04

A previously reported conditional mutant of ScDad2 (CJYQ77: MATa Adad?2::KanMX6 ura3-52
lys2-801 ade2-101 trplA63 leu2A1::pCI055(DAD2™, LEU2) his34200) was used as the parent strain.
Each of the plasmids pScDad2- pScDad2R1?6A, pScDad2R'?¢A and pScDad2 2PSS was used to transform
CJYO077 strain by the standard lithium acetate method to generate strains ScCSR01, ScSR02, ScSR03, and
ScSRO04 respectively. The parent plasmid pRS313G was also used to transform CJYQ77 to generate the
vector control strain (SCEV). Transformants were selected on CM-Leu-His media upon incubation at
28°C. Selected colonies from the transformation plate were streaked again on CM-Leu-His media for

single colonies and used for subsequent experiments.

C. albicans transformation

Transformation of C. albicans was performed by the lithium acetate method as described
previously (Sanyal et al., 2004). A 50 ml culture of C. albicans cells was grown in YPSU medium till
ODs00=0.8-1.0 and harvested by centrifugation for 5 min at 4000 rpm. The cells were washed once each
with 20 mL of autoclaved water and LiIOAC/TE solution. The cell suspension was centrifuged at 4000
rpm for 5 min. The cells were finally resuspended in three times the pellet volume in LIOAC/TE solution.
Aliquots of 100 uL were made as required, including a No DNA control. Meanwhile, an aliquot of
sheared Salmon sperm DNA (10 mg/mL) was boiled at 95°C for 5 min and snap-chilled immediately. To
all the tubes with cell suspension, 10 pL of sheared Salmon sperm DNA was added and thoroughly
mixed, followed by the addition of 10-30 pL of the DNA to be transformed only to the test transformation
tube. Subsequently, 700 uL of PEG solution was added to each tube, vortexed briefly and incubated at
30°C for 12-14 h. Post incubation, the samples were subjected to heat shock at 42°C for 45 min. Cells
were washed, recovered in the desired media, and plated on an appropriate selection plate. Transformants

obtained on the selection plates were streaked again on the secondary plates to obtain single colonies.

S. cerevisiae transformation

Freshly grown CJY077 cells from a YPAD plate were scraped using a sterile toothpick. Cells

equivalent to a volume of 100 pL were used to two transformation experiments. The scraped cells were
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resuspended in 1mL of sterile distilled water, vortexed and pelleted by centrifugation at 13,000 rpm for 5
s. The pellet was resuspended in 1 mL of 100 mM LiOAc solution and incubated at 30°C for 5 min. The
cell suspension was split equally into two tubes and cells were pelleted by centrifugation at 13,000 rpm
for 5 s. To the cell pellet, 240 uL of PEG (50% w/v), 36 pL LiOAc (1M), 10 pL salmon sperm DNA (10
mg/mL), and 64 pL sterile water were sequentially added and vortexed to make a uniform suspension. For
350 pL of the above suspension, 5 uL. plasmid DNA containing ~100 ng DNA was added and vortexed
thoroughly. The transformation mix was subjected to heat-shock for 10 min at 42°C. The cells were
harvested by centrifugation at 13,000 rpm for 10 s, resuspended in 100 pL sterile water, and 30 pL of the

suspension was plated on to CM-Leu-His plates. The plates were incubated at 28°C.

E. coli competent cells preparation and transformation

Competent cells of DH50 and BL21(DE3) were prepared by the PEG method (Chung et al 1989).
Cells from an overnight grown culture were seeded at 1% into flasks containing LB media and grown at
37°C. Cells were chilled on ice when the ODggo reached 0.3-0.5. Cells were harvested by centrifugation at
2500 rpm for 5 min at 4°C. Cell pellet from 50 mL culture was gently resuspended in 2 mL of ice-cold
TSS buffer (2xLB, 10% (w/v) PEG3350, 100 mM MgCl,, 5% (v/v) DMSO). Aliquots of 100 pL were
made and snap-frozen using liquid N2. For transformation, the desired amount of plasmid or ligation
product (in not more than 10 pL volume) was added per tube after thawing on ice. Post addition, the
tubed were tap mixed, incubated on ice for 30 min. Cells were recovered in LB media at 37°C for 40 min.

Cells were then harvested, resuspended, and plated on LB plates containing the appropriate antibiotic.

Genomic DNA preparation

For Malassezia, 10 mL of cells grown overnight were harvested and washed twice with
autoclaved water. Glass beads equivalent to the pellet volume was added to the tube, followed by the
addition of 750 pL of extraction buffer (see Buffers and Solutions used for composition). The cells were
lysed by vortexing for 5 min, after which the suspension was incubated at 65°C for 30 min. After cooling
the tubes to room temperature, an equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) was
added, vortexed briefly and centrifuged at 13,000 for 10 min. The aqueous phase was recovered, and the
DNA was precipitated with 100% ethanol at -20°C for 1 h. The tubes were centrifuged at 14,000 rpm at
4°C, and the pellet was washed with ice-cold 70% ethanol. The pellet was air-dried and resuspended in 30
uL of IXTE.

For C. albicans cells, 3-5 ml culture of grown overnight was harvested, washed with autoclaved
water, and resuspended in 0.2 mL extraction buffer. Cells were lysed by vortexing with 0.3 g of acid-

washed glass beads and 0.2 mL of phenol: chloroform: isoamyl alcohol (25:24:1). After centrifugation at
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14,000 rpm for 10 min, the supernatant was collected, and DNA was precipitated with 100% ethanol at -
20°C for 1 h. The tubes were centrifuged at 14,000 rpm at 4°C, and the pellet was washed with ice-cold
70% ethanol. The pellet was air-dried and resuspended in 30 uL of 1XTE.

Preparation of whole-cell lysates and Immunoblotting

Protein lysates for western blot were prepared by the TCA method. One mL overnight grown
cultures (for Malassezia) or 3 ODggo equivalent cells (for C. albicans and S. cerevisiae) were harvested,
washed, and resuspended in 400 pL of 12.5% ice-cold TCA solution. The suspension was vortexed
briefly and stored at — 20°C for 4 to 6 h. The suspension was thawed on ice, pelleted at 14,000 rpm for 10
min, and washed twice with 350 pL of 80% Acetone (ice-cold). The washed pellets were air-dried
completely and resuspended in the desired volume of lysis buffer (0.1 N NaOH+1% SDS). Samples were
separated in 12% polyacrylamide gels and transferred onto nitrocellulose membranes and probed with
appropriate antibodies (see the list of antibodies and affinity beads for dilutions). The blots were
developed using Chemiluminescence Ultra substrate (BioRad) and imaged using the VersaDoc imaging
system (BioRad).

Preparation of spheroplasts

Malassezia cells were grown on mDixon's medium and washed with water by centrifugation at
4000 rpm for 5 min. Cells were resuspended in 10 mL of 5% (v/v) 2-mercaptoethanol solution in water
and incubated at 30°C/ 150 rpm for 45 min. The cells were pelleted, washed, and resuspended in 3 mL
spheroplasting buffer (40 mM Citric acid, 120 mM Na;HPO, and 1.2 M Sorbitol) for every 1.5x10° cells.
Cell clumps were dissociated by mild sonication for 30 s using the medium intensity setting in a
Bioruptor (Diagenode). Lysing enzymes from Trichoderma harzianum (Sigma), Chitosanase (Sigma),
and Zymolyase-20T (MP Biomedicals) was added at 20 mg/mL, 0.2 pg/mL, and 100 pg/mL,
respectively. The spheroplasting suspension was incubated at 30°C/ 65 rpm for 6 to 8 h. The suspension
was examined under a microscope to estimate the proportion of spheroplasts. Spheroplasts were washed

with ice-cold 1xPBS and used as per the experimental design (adapted from (BOEKHOUT 2003)).
Chromatin immunoprecipitation

The ChIP protocol was adapted from the one implemented for C. neoformans (YADAV et al.
2018Db). Logarithmically grown cells were fixed with formaldehyde at a final concentration of 1% for 30
min (for Mtw1 ChIP) and 15 min (for CENP-A, histone H3, and histone H4 ChlIP) respectively. The
reaction was quenched by the addition of glycine to 0.135 M final concentration. The cells were pelleted
and processed for spheroplasting as described above. Spheroplasts were washed once sequentially using
10 mL of the following ice-cold buffers: 1xPBS, Buffer-1, and Buffer-11. The pellet after the final wash
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was resuspended in 1 mL lysis buffer for every 1.5x10° cells. A protease inhibitor cocktail (Roche) was
added to 1x final concentration.

The resuspended spheroplasts were sonicated with a Bioruptor (Diagenode) using 30 s ON/OFF
pulse at high-intensity mode with intermittent incubation on ice to obtain chromatin fragments in size
range of 100-300 bp. The lysate was cleared after sonication by centrifugation at 13,000 rpm for 10 min at
4°C. The input DNA fraction was separated at this step (1/10" volume of lysate) and processed for de-
crosslinking by the addition of 400 uL elution buffer per 100 pL lysate (processing for de-crosslinking
mentioned below). The remaining lysate was split equally and processed as IP and control samples. For
GFP-Mtwl ChlIP, 20 uL GFP-trap beads and blocked agarose beads respectively were used for IP and
control. For CENP-A-3xXFLAG ChIP, 20 pL anti-FLAG affinity gel and blocked agarose beads
respectively were used for IP and control. In the case of histone H3 or histone H4 ChIP, 5 pL of
antibodies were used per IP fraction along with 20 pL Protein-A sepharose beads. Samples were rotated
for 6 h at 4°C. Post incubation, samples were sequentially washed as follows: twice with 1 mL low salt
wash buffer, twice with 1 mL high salt wash buffer, once with 1 mL LiCl wash buffer and twice with 1
mL 1xTE. Samples were rotated in a rotaspin for 5 min at room temperature for every wash (15 min in
case of histone H3 or histone H4 ChlIP). After washes, DNA was eluted from the beads twice using 250
KL elution buffer. The samples for elution were incubated at 65°C for 5 min, rotated for 15 min, and then

collected by centrifugation.

Crosslinks were reversed by the addition of 20 puL 5 M NaCl to each tube and incubation at 65°C
for 6 h. The samples were then deproteinized by the addition of 10 uL 0.5 M EDTA, 20 uL 1 M Tris
pH=6.8, 2 pL Proteinase K (20 mg/L), and incubation at 45°C for 2 h. After incubation, samples were
treated with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) mix, and the aqueous phase
was extracted by centrifugation. DNA was precipitated by addition of 1/10" volume of 3 M Na-acetate, 1
pL glycogen (Sigma, 20 mg/mL), 1 mL absolute ethanol and incubation at -20°C for at least 12 h. Finally,
the samples were harvested by centrifugation at 13,000 rpm for 45 min at 4°C followed by washing the
pellet once with ice-cold 70% ethanol. Air-dried pellets were then resuspended in 20 pL sterile MilliQ
water with 10 pg/mL RNAse. Samples were either processed for library preparation for ChlP-sequencing

or analyzed by gPCR with the primers mentioned in the list of primers used in this study.

Data analysis

GFP-Mtw1 ChIP sequencing was performed at the Clevergene Biocorp. Pvt. Ltd., Bengaluru,
India. A total of 46,704,720 and 63,524,912 150 bp paired-end reads were obtained for IP and Input
samples, respectively. The reads were mapped to M. sympodialis ATCC42132 genome using

Geneious 9.0 (http://www.geneious.com/) with default conditions. Each read was allowed to map
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only once randomly anywhere in the genome. The alignments were exported to BAM files, sorted,
and visualized using Integrative Genomics Viewer (IGV, Broad Institute). The images from IGV
were imported into Adobe Photoshop (Adobe) and scaled for representation purposes. RNA-
sequencing data (E-MTAB-4589) from a previous study was downloaded from the ArrayExpress
website, sorted, and visualized using IGV. GC-content was calculated using Geneious 9.0 with a

sliding window size of 250 bp. The data was exported as wig files and further visualized using IGV.
Synteny Analysis

For gene synteny conservation across the centromeres, the analysis was performed by BLAST as
follows. The genomes for M. restricta, M. nana, and M. dermatis were downloaded from the NCBI
genomes portal. The PacBio assembled genomes of M. globosa and M. slooffiae were used for synteny
analysis. Synteny analysis was done in the context of ORFs flanking the centromeres of M. sympodialis.
The protein sequences of these ORFs served as the query in BLAST analysis against the genome of other
species. The local database for each genome was set up in the Geneious software for this analysis.
Additionally, synteny analyses between M. globosa and M. sympodialis were conducted with megablast
(word size: 28) and plotted together with GC content (calculated as the deviation from the genomic mean,
in non-overlapping 1 kb windows), using Circos (v0.69-6) (KRzYWINSKI et al. 2009). Additional whole-
genome alignments were conducted with Satsuma (GRABHERR et al. 2010), with default parameters. The
linear synteny comparisons shown in Figures 2-9 and 2-10 were generated with the Python application
EasyFig (SULLIVAN et al. 2011).

Species phylogeny

To reconstruct the phylogenetic relationship among the 9 Malassezia species selected, orthologs
were identified using the bidirectional best-hit (BDBH), COGtriangles (v2.1), and OrthoMCL (v1.4)
algorithms implemented in the GET_HOMOLOGUES software package (CONTRERAS-MOREIRA AND
VINUESA 2013). The proteome of M. sympodialis ATCC42132 was used as a reference. A phylogeny was
inferred from a set of 738 protein sequences as follows. Individual proteins were aligned using MAFFT
v7.310 (L-INS-i strategy), and poorly aligned regions were trimmed with TrimAl (-gappyout). The
resulting alignments were concatenated to obtain a final supermatrix consisting of a total of 441,200
amino acid sites (159,270 parsimony-informative). This sequence was input to 1Q-TREE v1.6.5 (NGUYEN
et al. 2015), and a maximum likelihood phylogeny was estimated using the LG+F+R4 amino acid model
of substitution. Branch support values were obtained from 10,000 replicates of both ultrafast bootstrap
approximation (UFBoot) and the nonparametric variant of the approximate likelihood ratio test (SH-
aLRT) implemented in 1Q-TREE. The best likelihood tree was graphically visualized with iTOL v4.3.3
(LETUNIC AND BORK 2019).
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Timepoint assay for DSS function

To assay for DSS function, all the C. albicans strains were grown overnight in YPSU media, after
which they were washed with 5 mL autoclaved water. The cells were then reinoculated to YPDU media to
0.2 ODeoo. Cultures in YPDU were harvested at desired timepoints, after which they were harvested,
washed, and processed as per the experiment desired. For DAPI staining, cells were fixed by adding
formaldehyde to a final concentration of 1% and incubated for 1 h. Post fixing, cells were washed and
resuspended in 100 pL water to which 300 pL ethanol was added. Samples were either incubated at room
temperature for 1 h or stored at 4°C overnight. Cells were then harvested, rehydrated with water, and

stained with DAPI before imaging.

Fluorescence microscopy of live cells- sample preparation and analysis

The GFP-Mtw1 strain was inoculated to 1% v/v from a saturated starter culture grown in mDixon
medium. After growth for 6 h at 30°C/ 150 rpm, these cells were pelleted at 4,000 rpm and washed 3
times with 1x phosphate-buffered saline (PBS), and the cell suspension was placed on a clean glass slide.
A coverslip was placed on the spot and sealed before imaging. C. albicans cells harvested at any desired
time point were also processed the same way. The images were acquired at room temperature using a
laser scanning inverted confocal microscope LSM 880-Airyscan (ZEISS, Plan Apochromat 63x, NA oil
1.4) equipped with highly sensitive photodetectors. The filters used were GFP/FITC 488 excitation and
GFP/FITC 500/550 band pass, long pass for emission. Z-stack images were taken at every 0.3 um and
processed using ZEISS Zen software or ImageJ. All the images were processed post-acquisition with

minimal adjustments to levels and linear contrast until the signals were highlighted.

Indirect Immunofluorescence

The GFP-Mtwa1 strain was inoculated to 1% (v/v) from a saturated starter culture grown in
mDixon medium. After 6 h growth, the cells were fixed by the addition of formaldehyde to a final
concentration of 3.7% for 1 h. The cells were then washed with water and taken for preparation of
spheroplasts (described above). Spheroplasts were washed with ice-cold 1xPBS and resuspended in ice-
cold 1xPBS to a cell density suitable for microscopy. Slides for microscopy were washed with water and
coated with poly L-Lysine (15 uL of 10 mg/mL solution per well) for 5 min at room temperature. The
solution was aspirated and washed once with water. The cell suspension was added to each well (15-20
pL) and allowed to stand at room temperature for 5 min. The cell suspension was aspirated, and the slides
were washed once with water to remove unbound cells. The slides were fixed in ice-cold methanol for 6
min followed by treatment with ice-cold acetone for 30 s. Post fixing, blocking solution (2% non-fat skim

milk in 1XxPBS) was added to each well, incubated at room temperature for 30 min. After this, the
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blocking solution was aspirated, and primary antibodies were added (mouse anti-GFP antibodies [Sigma]
at 1:100 dilution). After incubation for 1 h at room temperature, each slide was washed 8 times with
1xPBS giving a 2 min incubation for every wash. Secondary antibody solution (goat anti-mouse
AlexaFluor488 [Invitrogen] at 1:500 dilution) was added to each well and incubated for 1 h in the dark at
room temperature. Post-incubation, slides were washed as described above. Mounting medium (DAPI at
100 ng/mL in 70% glycerol) was added, incubated for 5 min, and aspirated out. Slides were sealed with a
clean coverslip and proceeded for imaging. The images were acquired at room temperature using an
inverted fluorescence microscope (ZEISS Axio Observer, Plan Apochromat 100x, NA oil 1.4). Z- stack

images were taken at every 0.3 um and processed using ZEISS Zen software/ Image].

Expression and purification of Dad2 from E. coli

The pET28b-based constructs containing various versions of Dad2 were used to transform BL21
(DE3) (Stratagene). For protein expression, these transformants were grown in Luria Bertani (LB) broth
(Himedia) at 37°C/180 rpm until the mid-log phase (O.D.s00= 0.5-0.6). The protein expression was
induced by the addition of isopropyl -D-1-628 thiogalactopyranoside (IPTG) to 1 mM concentration,
and the cultures were then grown at 16°C/180 rpm for 15 h. Cells were harvested by centrifugation, and
the pellets were frozen at —80°C. The cell pellet was resuspended in the lysis buffer (20 mM Tris-HCI pH
8.0, 500 mM NaCl, 5 mM Imidazole) with a protease inhibitor tablet (Roche), lysed with 1 mg/mL
lysozyme, and sonicated in an ice bath (VC-600, Sonics & Materials Inc., USA) to rupture the cells. The
lysate was centrifuged at 10,000 g for 40 min at 4 °C. The clarified cell lysate was applied to Ni-NTA
resin (Qiagen, USA) packed in a Poly-Prep® Chromatography Column (BIORAD, USA). The resin was
washed with the wash buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 50 mM Imidazole). Elution of the
target protein was carried out in elution buffer (20 mM Tris-HCI pH 8.0, 500 mM NacCl, and 250 mM
Imidazole). The protein extract was concentrated and subjected to gel filtration pre-packed column
Sephadex 75 -120 mL (GE Healthcare). Appropriate fractions were pooled and concentrated, resulting in
a 10-15 mg/mL protein solution, estimated to be >96 % pure and homogeneous by SDS-PAGE. Amicon
Ultra concentrators with 3 or 10 kDa molecular weight cut-off (Millipore) were used for concentration.

Protein samples were snap-frozen in liquid nitrogen for long term storage at -80 °C.

Microtubule cosedimentation assays

Tubulin (Cytoskeleton Inc.) was polymerized in BRB80 (80 mM PIPES, 1 mM EGTA, and 1
mM MgCl,) buffer containing 1 mM GTP and 20 uM Taxol at 37 °C for 15 min. Varying concentrations
of the polymerized microtubules (10- 50 uM) were incubated with 50 uM purified Dad2™ or Dad2™" for
10 min at room temperature and then sedimented after passing through a 15 % sucrose cushion followed

by centrifugation at 30,000xg for 45 min at 37°C. The separated pellet fractions were dissolved and
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loaded onto SDS-PAGE (12%). The intensities of Coomassie Brilliant Blue stained-bands of the proteins

in SDS-PAGE were measured by Quantity One software to estimate the binding coefficient. The

background intensities of proteins were estimated by pelleting them through sucrose cushion in the

absence of microtubules. The corrected band intensities of proteins relative to the background were

obtained by subtracting background intensities from the sample data.

List of primers utilized in this study

Primers used in Malassezia work

Primers to generate epitope tagging alleles in M. sympodialis

Msy Mtw1 N-P1

GCGCGCCTAGGCCTCTGCAGGTCGACTCTGACTG
ACCACGACGAGCTG

Msy Mtwl N-P2

CGCCCTTGCTCACCATCGAGGGGTGGAGGTACA
ATAG

Msy Mtw1 N-P3

CTATTGTACCTCCACCCCTCGATGGTGAGCAAGG
GCG

Msy Mtwl N-P4

GCGTCCGAGGTGGACATGTACAGCTCGTCCATGC
C

Msy Mtwl N-P5

GGCATGGACGAGCTGTACATGTCCACCTCGGACG
C

Msy Mtwl N-P6

GAGGATCTGCACCGTGGCACATTGCGCGATGAT
G

Msy Mtwl N-P7

CATCATCGCGCAATGTGCCACGGTGCAGATCCTC

Msy Mtwl N-P8

TGATTACGAATTCTTAATTAAGATATCGAGCGTC
CTCTCCTATGTCTGACC

Primers to tag Mtw1
with GFP at N-
terminus

Primers to generate epitope tagging alleles in M. furfur

GCGCGCCTAGGCCTCTGCAGGTCGACTCTATGCA

MfCse4 P1 GCAACAGGCACACATG
CTACTTGTCATCGTCATCCTTGTAGTCGATGTCAT
MfCse4 P2 GATCTTTATAATCACCGTCATGGTCTTTGTAGTC

CCGGATGTCGCCCCAATG

Primers to tag
CENP-A with
3XFLAG tag at C-
terminus

128




GACTACAAAGACCATGACGGTGATTATAAAGAT

Mf NAT-F CATGACATCGACTACAAGGATGACGATGACAAG
TAGTCCACGGTGCAGATCCTCG
GCTTTCATAGGAACATGCCCTGCGTCCTCTCCTA

MfNAT-R TGTCTG

MfCoed P3 CAGACATAGGAGAGGACGCAGGGCATGTTCCTA
TGAAAGC
TGATTACGAATTCTTAATTAAGATATCGAGGAGG

MfCse4 P4

CGATCAACCGGCTTAG

Primers for M. sympodialis centromeres

MS1 F1 AAGAATTGATAACATTGTTGCAC MsyCEN1 primers
MS1R1 TAGAATAAAATGTCGCGAAGG
MS2 F1 CTGAAGAAAAGAAACAAATTCG

MsyCEN2 primers
MS2 R1 TCGGAAATCCCGCAAAAG
MS3 F1 CATATTCAGCCTCCACTAAG

MsyCEN3 primers
MS3 R1 CCTCTATCGAGTGCTCTAC
MS4 F1 CGATATGGATTGGACTTATAAGTC

MsyCEN4 primers
MS4 R1 AAAAGCAATACGTAGACGG
MS5 F1 AAATTACCGACCAGAATTG

MsyCENS primers
MS5 R1 ATCTGTGTCCGCTCTCATC
MS6 F1 TTTGACGCTTTATTTGTGTTTC

MsyCENG primers
MS6 R1 CACATATGCACGAATAATAAAACG
MS7 F1 GATACATATTCTTACACTAATACTATTCG

MsyCEN7 primers
MS7 R1 GCATAGAGCTAATATCTGATATTC
MS8 F1 GGAAGCATGAGATATTGG

MsyCENS primers
MS8 R1 AAACAAAGTAAAATTCTAATCACG
MS8 LF1 CTCCTCCGATACGATTCAC MsyCENS L1
MS8 LR1 CAGCCATTATCTCCGACAC primers
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MS8 LF2

CTGGGTAGATTGAGAATGAG

MS8 LR2

CATGTATGTTCAGTCCCATG

MsyCENS L2
primers

MS8 RF1

ATGATCCAAAAGAAAGCATAC

MS8 RR1

GAAGTATGTCTGGGTGAAGC

MsyCENS R1
primers

MS C3

GAAGACGACAACGATACC

MS C4

TAGCGAGTGAATAGCGTC

Control primers
away from
MsyCEN1

Primers for chromobl

ot analysis in M. globosa

Maglo_CBS7966 v2
_Chr3_216001 2167
00_Forward:

GATGAGCGACGGAAACAAGC

Maglo_CBS7966 v2
_Chr3_216001_2167
00_Reverse:

AACTTCGTCCCATTCGCCTT

Probe for Chr3

Maglo_CBS7966 v2
_Chr4_150001_1507
00_Forward:

CATCGAGATTGCAACACAGC

Maglo_CBS7966_v2
_Chr4_150001_1507
00_Reverse:

TGAACACAGGCGCCATTGTA

Probe for Chr4

Maglo_CBS7966_v2
_Chr5_213001 2136
00_Forward:

TGCAATGAAGTCCGGCATGA

Maglo_CBS7966_v2
_Chr5 213001 2136
00_Reverse:

AGGCACACGTTCATCTGGTT

Probe for Chr5

Maglo_CBS7966 v2
_Chr6_461001_ 4616
00_Forward:

TGCTCACCCAAAAGACGACC

Maglo_CBS7966_v2
_Chr6_461001_4616
00_Reverse:

CGCGGACCTGGAACTGTATT

Probe for Chr6

Primers for M. globos

a centromeres

Mg 1F

GAATTGCAATAGTAAGCCGAAC

Mg 1R

GAATTATTCAACCCTTTGTACATC

MgCEN1
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Mg 2F GCAAAAGTTCTGGTTAAAC MgCEN2

Mg 2R TTCGTTAAATTACTGTCATTAG

Mg 3F GCATGTACAATTCTCTAAAAC MgCEN3

Mg 3R CAAGTTATCTTAATCCGCAAG

Mg 4F CAGAAAATAATAGTGATTGATAC MgCEN4

Mg 4R ATTTAAGATACATACACAATGC

Mg 6F GGAAATCCTGCGAGAATC MgCENG

Mg 6R GCTGAATTCATAGAATCATTGAG

Mg 7F GATGATCCCAGTAACAACTG MgCEN7

Mg 7R GGTAGAATTGAATTTGTGTTTATC

Mg 8F GACTAGCGAATAAATCAATTGAC MgCENS

Mg 8R TTAACCGTACCGAAAAACC

Mg 9F GAAAATAGTGACTGGTGGAC MgCEN9

Mg 9R GATTCTATTGCTATATTGTGCTTC

Mg 5F CTAAAAATGAAATTTGGGATAAAAC MgCENS

Mg 5R AAGCACGATAAAAATCATAGC

Mg2 L2F CGTACCTTGTCCAAGAGC MgCENZLZpHmﬂ
Mg2 L2R AGATCCATAGGCTTTGAATGC i

Mg2 L1F ACCTTCGATTCTGTGACAC MgCENZLlpﬂmm
Mg2 L1R TGTTACACACTTTGCTTCGG el

Mg2 R1F AGGTCCTGACGATGTAATTG MgCENZ R1 primer
Mg2 R1R GTTGTTGATGTATGTCGTTCATG i

Mg2 R2F AGCTATGCGATGTTGTTCTG MgCENZRZpHmer
Mg2 R2R CAGACGAGGAACTATTGTGAG i

Mg C5 GCATAACATACGAGGATGTGC Primer for control

Mg C6

ATAGTGCCTGAATCTGCTG

locus
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Primers for M. slooffiae centromeres

Slol FP CAAATGAGCACAAACGTTG MsICEN1

Slol RP GGTAATTTACATTTCTTGTG

Slo2 FP ACTCAATAATCCAATAGAACC MsICEN2

Slo2 RP GAGAAAACATAAATGGTAGG

Slo3 FP AAACCGATTATCAATTCTCAAATG MsICEN3

Slo3 RP GTATCTGATTTGAAAACCTTCG

Slo4 FP TTCACGTGTAGCTACTTG MsICEN4

Slo4 RP AAATACAACAAACAACTAAAACG

Slo5 FP GAGCTGTGCAAGGTTAG MsICEN5

Slo5 RP GCCAAACAACGATGACG

Slo6 FP AATAGATTTGACAACCTTTGC MsICENG

Slo6 RP TGCACAATTGTAAGAAAGC

Slo7 FP AATGCCAGATGATAAACTAGCTG MsICEN7

Slo7 RP GACTTCTGGCATAACTATTGG

Slo8 FP TTATGCTATTGTTTGAATCCG MsICENS

Slo8 RP CTATCATTAAACGGAGAATACTC

Slo9 FP GACCTAGCTGTGCTTTTAG MsICEN9

Slo9 RP TTTCAGCAGCTTATTAGGC

Slo C1 ACGACAAGCGTGTAAGG Primers for control

Slo C2 CCAACTTCTTCCTGCAG focus

Slol L2F GGAACGTGACGAGATCAC MleENl L2
primers

Slol L2R GTGTAGATCCGAAGTCATCAC

Slol L1F ATCTCTGCAAGCTTCGG M_SICENl L1
primers

Slol L1R AGTGGATGCTTCATCTTCTG

Slol R1F CGAATGACTTCCTCAATGC
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MsICEN1 R1

Slol R1R TGCAACAGCAGAAGAGTC primers

Slol R2F ATGCCGACCACAATCC MgICENl R2
primers

Slol R2R ACTGTGCCTGTTTCGC

Primers for M. furfur centromeres

MF1 F1 GATAGCAAACATGATTAAAGTAATAAC MfCEN1

MF1R1 GACCAAAATAATATATATTAACAAATG

MF2 F1 CAAAAGTGAAGAAGCAGG MfCEN2

MF2 R1 CACATATAAGAAGTAGAAAAGAAAACTC

MF3 F1 CATGTCTGGACCTCGG MfCEN3

MF3 R1 CGTGGTGAGAACACAAC

MF4 F1 CCTAAACTTATGAACTGTTTATTC MfCEN4

MF4 R1 GTTAAGTATTCCATAATGCTC

MF5 F1 CTTCTGCCATCGTTTCTC MfCENS5

MF5 R1 CTTGATTGTTCCTTCGTAATTAAC

MF6 F2 CATGTATGTTAAACGTCATAGTAC MfCENG

MF6 R2 CGATTTGATCTATAATAACATAC

MF7 F1 GTGAAGCTATAATATTATAGAATGAG MfCEN7

MF7 R1 CGTTTGAATCATTATAATACTG

MF7 LF1 GAAAGCTTCATTCGGAGC Mf_CEN? L1 primer

MF7 LR1 CGTCTTGGGAAGAGCAG el

MF7 LF2 GGCGGATCATCTTTTCG MfCEN? L2 primer

MF7 LR2 GATTCTGATCGTCGGAGG i

MF7 RF1 GTGGCACTACTGGATCG Mf_CEN? R1 primer

MF7 RR1 CGTGTACCGGTACATGTG i

MF7 RF2 CTGTACCGCTACCTGC
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MfCEN7 R2 primer

MF7 RR2 GTACGAATCGAGATCAACTG pair
Gl154 GTCGGAGAAGCAGTCAATGC Primers for control
locus
NAT sFP GTGCGGAGAAGGCATTGTTC
Primers used in Dad2 work
ADO1 CATGCCATGGCCTCGAAAACAAATACTGC Primers to amplify
Dad2 ORF
ADO02 CCCAAGCTTTTCCGTGGATTC
ACGCGTCGACATTTTGACTAGT Primers to amplify
ADO05 TCTCAAATGGTTC Dad2Pr-Dad20ORF
ADO06 CCATCGATCGATATCAAGCTTCAGGTTG
AATAACAAAGAGGCTTTCGCTGAACCATTAGTA | Primers to introduce
P87A mutation
PSTAF AGAGTGCGTGTT
AACACGCACTCTTACTAATGGTTCAGCGAAAGCC
PS7AR TCTTTGTTATT
GAACCATTAGTAGCAGTGCGTGTTGGACAATCA | Primers to introduce
R92AF .
R92A mutation
RI2AR TGATTGTCCAACACGCACTGCTACTAATGGTTC
GAACCATTAGTAAGAGTGGCTGTTGGACAATCA | Primers to introduce
R94A mutation
R94AF AAT
ATTTGATTGTCCAACAGCCACTCTTACTAATGGT
R94AR TC
GTCTTGATTTTCTTCATTTGATTGTCCGAAAGCCT | Primers to delete
DSS
delDSS EP CTTTGTTATTATC
GATAATAACAAAGAGGCTTTCGGACAATCAAAT
4elDSS RP. GAAGAAAATCAAGAC
SR289 TCCCGCGGCATTGCGGCAGGTAAAATATC Primers to amplify
scDad2 ORF with
SR290 CCCAAGCTTTTCGTTACCATCTACCCTAATTCTG | promoter
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GAGGGATCCTTCGTTACCATCTACCCTAATTGCG | Reverse primer to
introduce R126A
R126A-RP ACCATTGTTTCC mutation in ScDad2
GAGGGATCCTTCGTTACCATCTACGGCAATTCTG | Reverse primer to
introduce R128A
R128A-RP ACCATTGTTTCC mutation in ScDad2
Reverse primer to
GAGGGATCCTTCGTTACCATCCAAGGGTACCAG | delete DSS in
ScdelDSS-RP ATCTTC ScDad2
SCGFP-FP CATGGATCCATGGTGAGCAAGGGCG Primers to amplify
GFP with CYC1
terminator from
ScGEP-RP GCTGATCGATGCAAATTAAAGCCTTCGAGC OYES2CT

List of strains utilized in this study

Strains generated/used for Malassezia work

ATCC4213

5 Wild-type Malassezia sympodialis

MSYO001 GFP-Mtw1-NAT in M. sympodialis ATCC42132

CBS7966 | Wild-type Malassezia globosa

CBS7956 | Wild-type Malassezia slooffiae

CBS14141 | Wild-type Malassezia furfur

MF001 CENPA-3XFLAG-NAT in M. furfur JLKP23

BY4741 Wild-type S. cerevisiae strain (MATa his341 leu2A0 met1540 ura340)

Strains generated/used for Dad2 work

C. albicans strains
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J108

Aura3::imm434/ Aura3::imm434 Ahisi::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4:

dad2::HIS1/PCK1prDAD2(URA3)
(THAKUR AND SANYAL 2011)

chisG

J108C

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1 (NAT)

chisG

CaSR100

Aura3::imm434/ Aura3::imm434 Ahisi::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1 (Dad2pr-DAD2™-TAP-NAT)

chisG

CaSR101

Aura3::imm434/ Aura3::imm434 Ahisi::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD24PSS-TAP-NAT)

chisG

CaSR102

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisi::hisG Aarg4::hisG/ Adarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2"7A-TAP-NAT)

:hisG

CaSR103

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl:: hisG Aarg4.:hisG/ Aarg4.:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2R2’A-TAP -NAT)

:hisG

CaSR104

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahis1::hisG Aarg4::hisG/ Aarg4.::

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2%*"A-TAP-NAT)

hisG

J108N

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4.:hisG/ Aarg4.:

:hisG

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1 (NAT) NDC80/NDC80-mCherry (ARG4)

CaSR200

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahis1::hisG darg4::hisG/ Adarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2™-TAP-NAT)
NDC80/NDC80-mCherry (ARG4)

chisG

CaSR201

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Adarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2/"S-TAP-NAT)
NDC80/NDC80-mCherry (ARGA4)

chisG

CaSR202

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4:

dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD27"A-TAP-NAT)
NDC80/NDC80-mCherry (ARG4)

chisG
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CaSR203

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2%*"A-TAP-NAT)
NDC80/NDC80-mCherry (ARG4)

CaSR204

Aura3::imm434/ Aura3::imm434 Ahisi::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2**"A-TAP-NAT)
NDC80/NDC80-mCherry (ARG4)

J108T

Aura3::imm434/ Aura3::imm434 Ahisi::hisG/ Ahis1::hisG Aarg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1 (NAT) TUBL/TUB1-mCherry (ARG4)

CaSR300

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisi::hisG Aarg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2™-TAP-NAT) TUBL/TUB1-
mCherry (ARG4)

CaSR301

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl: hisG Aarg4::hisG/ Aarg4.::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD24P%-TAP-NAT)
TUB1/TUB1-mCherry (ARG4)

CaSR302

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4: :hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2”"A-TAP-NAT)
TUB1/TUB1-mCherry (ARGA4)

CaSR303

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahisl::hisG Aarg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2%*"A-TAP-NAT)
TUB1/TUB1-mCherry (ARG4)

CaSR304

Aura3::imm434/ Aura3::imm434 Ahisl::hisG/ Ahis1::hisG darg4::hisG/ Aarg4::hisG
dad2::HIS1/PCK1prDAD2(URA3) RPS1/RPS1(Dad2pr-DAD2*"A-TAP-NAT)
TUB1/TUB1-mCherry (ARG4)

S. cerevisiae

strains

CJyo77

MATa Adad2::KanMX6 ura3-52 lys2-801 ade2-101 trplA63 leu2Al::pCJ055(DAD2"™,
LEU2) his34200

(JANKE et al. 2002)
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MATa Adad?2:: KanMX6 ura3-52 lys2-801 ade2-101 trplA63 leu2A1::pCJ055

ScSR-EV

his34200::pRS313G (GFP, HIS3)
SeSROL MATa Adad?2:: KanMX6 ura3-52 lys2-801 ade2-101 trplA63 leu2A1::pCJ055

C

his34200::pScDad2™ (DAD27-GFP, HIS3)

MATa Adad?::KanMX6 ura3-52 lys2-801 ade2-101 trp1A63 leu2A1::pCJ055
ScSR02

his34200:: pScDad2?*?** (DAD2R?*AGFP, HIS3)

MATa Adad?::KanMX6 ura3-52 lys2-801 ade2-101 trp1A63 leu2A1::pCJ055
ScSRO3

his34200:: pScDad2*?* (DAD2R**AGFP, HIS3)

MATa Adad?2::KanMX6 ura3-52 lys2-801 ade2-101 trp1A63 leu2A1::pCJ055
ScSR04

his34200:: pScDad2’PS (DAD2/PSSGFP, HIS3)
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Abstract

The centromere, on which kinetochore proteins assemble, ensures precise chromosome
segregation. Centromeres are largely specified by the histone H3 variant CENP-A (also
known as Cse4 in yeasts). Structurally, centromere DNA sequences are highly diverse in
nature. However, the evolutionary consequence of these structural diversities on de novo
CENP-A chromatin formation remains elusive. Here, we report the identification of centro-
meres, as the binding sites of four evolutionarily conserved kinetochore proteins, in the
human pathogenic budding yeast Candida tropicalis. Each of the seven centromeres com-
prises a 2 to 5 kb non-repetitive mid core flanked by 2 to 5 kb inverted repeats. The repeat-
associated centromeres of C. tropicalis all share a high degree of sequence conservation
with each other and are strikingly diverged from the unique and mostly non-repetitive cen-
tromeres of related Candida species—Candida albicans, Candida dubliniensis, and Can-
dida lusitaniae. Using a plasmid-based assay, we further demonstrate that pericentric
inverted repeats and the underlying DNA sequence provide a structural determinant in
CENP-A recruitment in C. tropicalis, as opposed to epigenetically regulated CENP-A load-
ing at centromeres in C. albicans. Thus, the centromere structure and its influence on de
novo CENP-A recruitment has been significantly rewired in closely related Candida species.
Strikingly, the centromere structural properties along with role of pericentric repeats in de
novo CENP-A loading in C. tropicalis are more reminiscent to those of the distantly related
fission yeast Schizosaccharomyces pombe. Taken together, we demonstrate, for the first
time, fission yeast-like repeat-associated centromeres in an ascomycetous budding yeast.

PLOS Genetics | DOI:10.1371/journal.pgen.1005839 February 4, 2016

1/28



9
Centromere and Kinetochore: Essential Components
for Chromosome Segregation

Shreyas Sridhar, Arti Dumbrepatil, Lakshmi Sreekumar, Sundar Ram Sankaranarayanan,
Krishnendu Guin, and Kaustuv Sanyal

Jawaharlal Nehru Centre for Advanced Scientific Research, Molecular Biology and Genetics
Unit, Molecular Mycology Laboratory, Jakkur, Bangalore 560 064 India

9.1
Introduction

Perpetuation of life occurs by the fundamental property of cells to divide. A
somatic cell undergoes a cell cycle that is comprised of essentially two periods:
interphase and mitosis. Interphase can be further divided into G1, S, and G2. G1
and G2 constitute gap phases, involving cell growth that prepare cells for
genome duplication in synthesis (S) phase and subsequent segregation in mitotic
(M) phase, respectively. The mitotic cell cycle ensures equal division of the
duplicated genetic content of the mother nucleus with the help of the kineto-
chore and centromere. The kinetochore is a proteinaceous structure that assem-
bles on centromere (CEN) DNA. The centromere/kinetochore generally appears
as a constricted region of a metaphase chromosome (Figure 9.1a). The kineto-
chore complex interacts with microtubules on one side and centromeric chro-
matin on the other (Figure 9.1a). In most metazoans, multiple microtubules
bind to each kinetochore, with an exception of certain budding yeasts where
only a single microtubule appears to be associated with each kinetochore [1—4].
Apart from these general features of mitosis, organism-specific variations also
exist. Mitosis is broadly classified in two types: closed mitosis and open mitosis
(Figure 9.1b). This distinction primarily refers to the permeability of the nuclear
envelope (NE), a bilayered membrane which along with the nuclear pore com-
plexes (NPCs) regulate the entry and exit of molecules to and from the nucleus.
Closed mitosis is considered to be the more primitive form of eukaryotic cell
division, whereas open mitosis seems to have appeared several times during evo-
lution. Plants and animals share open mitosis predominantly, while most fungi
employ closed mitosis and variations of it. During closed mitosis, the NE

Gene Regulation, Epigenetics, and Hormone Signaling, First Edition. Edited by Subhrangsu S. Mandal.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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ABSTRACT

Complete and accurate genome assembly and an-
notation is a crucial foundation for comparative and
functional genomics. Despite this, few complete eu-
karyotic genomes are available, and genome anno-
tation remains a major challenge. Here, we present a
complete genome assembly of the skin commensal
yeast Malassezia sympodialis and demonstrate how
proteogenomics can substantially improve gene an-

notation. Through long-read DNA sequencing, we ob-
tained a gap-free genome assembly for M. sympodi-
alis (ATCC 42132), comprising eight nuclear and one
mitochondrial chromosome. We also sequenced and
assembled four M. sympodialis clinical isolates, and
showed their value for understanding Malassezia re-
production by confirming four alternative allele com-
binations at the two mating-type loci. Importantly, we
demonstrated how proteomics data could be read-
ily integrated with transcriptomics data in standard
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Abstract Genomic rearrangements associated with speciation often result in variation in
chromosome number among closely related species. Malassezia species show variable karyotypes
ranging between six and nine chromosomes. Here, we experimentally identified all eight
centromeres in M. sympodialis as 3-5-kb long kinetochore-bound regions that span an AT-rich core
and are depleted of the canonical histone H3. Centromeres of similar sequence features were
identified as CENP-A-rich regions in Malassezia furfur, which has seven chromosomes, and histone
H3 depleted regions in Malassezia slooffiae and Malassezia globosa with nine chromosomes each.
Analysis of synteny conservation across centromeres with newly generated chromosome-level
genome assemblies suggests two distinct mechanisms of chromosome number reduction from an
inferred nine-chromosome ancestral state: (a) chromosome breakage followed by loss of
centromere DNA and (b) centromere inactivation accompanied by changes in DNA sequence
following chromosome-chromosome fusion. We propose that AT-rich centromeres drive karyotype
diversity in the Malassezia species complex through breakage and inactivation.

Introduction

Centromeres are the genomic loci on which the kinetochore, a multi-subunit complex, assembles to
facilitate high-fidelity chromosome segregation. The centromere-specific histone H3 variant CENP-A
is the epigenetic hallmark of centromeres, as it replaces canonical histone H3 in the nucleosomes to
make specialized centromeric chromatin that acts as the foundation to recruit other kinetochore pro-
teins. A remarkable diversity in the organization of centromere DNA sequences has been observed
to accomplish this conserved role (Roy and Sanyal, 2011; Yadav et al., 2018b).

The smallest known centromeres are the point centromeres present in budding yeasts of the fam-
ily Saccharomycetaceae that span <200 bp in length (Clarke and Carbon, 1980; Gordon et al.,
2011; Kobayashi et al., 2015). These centromeres are organized into conserved DNA elements |, Il
and Il that are recognized by a cognate kinetochore protein complex called the CBF3 complex,

Sankaranarayanan et al. eLife 2020;9:e53944. DOI: https://doi.org/10.7554/eLife.53944
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