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Introduction 

DNA is often described as the “blueprint for life”. In eukaryotes this information 

is contained within linear chromosomes of varying size and number. During cell division, 

the chromosomes must be faithfully segregated into each daughter cell to avoid disease 

and sustain life. This process is carried out by the kinetochore complex, linking 

centromeric locus of each chromosome to the spindle microtubules during anaphase. 

Advances over the past several decades have shed light on the characteristics of 

centromeric DNA sequence, as well as the mechanisms by which the proteins of the 

kinetochore recognize this locus and build a bridge to microtubules. However, the extent 

of sequence variability within the centromere has only recently become clear, requiring 

us yet again to address questions about the role of DNA sequence in centromere function. 

Divergence is also a hallmark of kinetochore proteins. Examination of the centromeres 

and kinetochores of a more diverse array of organisms should provide insights into the 

conserved sequence elements and protein interactions that are fundamental to 

chromosome segregation. 

 In Chapters 1 and 2 of this dissertation I summarize the current state of research 

on centromeres and kinetochores. This examination through a phylogenetic lens reveals 

that while our understanding of the basic mechanisms of chromosome segregation has 

improved, the diversity of functional types of centromeres and kinetochores is an 

important topic of research. My analysis of this topic points to potential avenues for 

improvement of fungal biotechnology via generation of improved artificial chromosomes 

for biofuel, agriculture, and textile industries. Furthermore, I emphasize the possibility of 

using divergent kinetochore proteins for development of antifungal treatments. This work 

also has the potential to improve understanding of cancer development as it relates to 

chromosome segregation errors.  

 Evolution of centromere sequence presents an interesting conundrum. It has been 

observed that centromere sequence is highly variable, yet this locus is needed to recruit a 

functionally conserved kinetochore for proper chromosome segregation. Insights from 

maize and yeasts, among others, had established that recombination is repressed in 
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centromeres but not gene conversion. In chapter 3, I sought to address the question of 

centromere sequence evolution in the genetically tractable model fungus, Neurospora. 

crassa, by bioinformatic and biochemical techniques. My results show that the lineage 

strains of N. crassa contain several distinct centromere types which are all compatible 

though meiotic divisions. Examination of these centromeres throughout their known 

history, in combination with studies of directed crosses of divergent strains, reveals no 

evidence of homologous recombination and confirms the presence of gene conversion 

events. This work is the most thorough analysis of centromere sequence evolution to 

date, utilizing endogenous genetic markers instead of inserted genetic markers. Initial 

studies of clinical data have shown that variability in centromere sequence may be 

responsible for defects in centromere function. My studies in N. crassa showed no 

deleterious effects on centromere function due to sequence variability. 

 The current hypothesis in centromere research holds that the centromere is 

epigenetically defined in all organisms except those of the genus Saccharomyces. This is 

supported by extensive studies in a diverse range of organisms involving centromere 

deletions, artificial chromosomes, and tethering studies of the centromere specific 

histone, CENP-A. Additionally, studies of the chromatin in and around centromeres, 

termed centrochromatin, have found interspersed histone H3 (hH3) regions with different 

post-translational modifications (PTMs) depending on the organism. Studies in the 

Freitag lab has shown that H3K9me3 is prevalent in the centromeres of N. crassa, and 

removal of this mark leads to shrinking of the centromere region. These studies were 

performed by deletion of the H3K9 methyltransferase, dim-5. I established a system to 

study the role of hH3 modifications in centrochromatin, as well as other chromatin 

pathways. With the help of several undergraduates in the lab, we are developing a full 

suite of hH3 mutants which mimic modified, and unmodifiable, key residues. This work 

has been used to support one paper on the role of H2A.X in DNA replication and damage 

repair thus far. Future studies with this histone cassette will examine the role of 

centrochromatin in N. crassa and the Polycomb Repressive Complex 2 (PRC2) in 

Fusarium graminearum.  
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 Biochemical studies of the kinetochore support the hypothesis that there is a 

fundamental functional kinetochore complex with extensive species specific variation. In 

chapter 5, I sought to determine the functional components of the N. crassa kinetochore. 

Knock-out studies show that several of the most conserved kinetochore components are 

essential in N. crassa, however I found several kinetochore proteins play a uniquely 

significant role in kinetochore formation. Deletions of cen-o and knl-1 result in a retarded 

growth phenotype, and cen-o deletion results in loss of several components of the 

Kinetochore Microtubule Network (KMN). Forward genetic screens suggest that DIM-5 

and CENP-O interact genetically. Similar interactions between the CENP-H-I-K-M 

complex and the Facilitates Chromatin Transcription (FACT) complex have been found, 

therefore potential physical interactions between a DIM-5/CENP-O kinetochore-

chromatin remodeling complex interaction are not unprecedented and may be a less 

explored role for kinetochore components of the Constitutive Centromere Associated 

Network (CCAN). These results have not been found in any other organism studied thus 

far and imply a distinct role for CENP-O in recruitment of the KMN and chromatin 

modification in N. crassa.  
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Chapter 1: Evolving centromeres and kinetochores 

 

Abstract 

 The genetic material, contained on chromosomes, is often described as the 

blueprint for life. During nuclear division, the chromosomes are pulled into each of the 

two daughter cells by the coordination of spindle microtubules, the kinetochores, the 

centromeres, and the chromatin. These four functional units must link the chromosomes 

to the microtubules, signal to the cell when the attachment is made so that cell division 

can proceed, and withstand the force generated by pulling the chromosomes to either 

daughter cell. Kinetochores are large protein complexes, approximately five megadaltons 

in size and containing at least 45 unique proteins, which helps them to perform each of 

these functions. Many of the central players in the kinetochore are well conserved, 

yielding a common core of proteins forming consistent structures. However, many of the 

peripheral sub-complexes vary between different taxonomic groups, including changes in 

primary sequence and gain or loss of whole proteins. How significant these changes are is 

still an unanswered question, and answers may provide insights into adaptation to 

specific lifestyles or progression of disease that involve chromosome instability. 

 

Introduction 

Over the last twenty years, an array of biochemical and genetic approaches has 

teased out the many centromere and kinetochore sub-complexes and their functions. The 

complex of proteins linking the chromosomes to the microtubules is separated into three 

distinct layers; the centromere, the constitutive centromere associated network (CCAN), 

and the kinetochore microtubule network (KMN), togethere these complexes are called 

the kinetochore interaction network (KIN) (Freitag, 2016) (Figure 1.1). Each layer 

consists of several sub-complexes similar to the strings attaching a hot air balloon to the 

basket below. This provides redundancy to the critical link between chromosomes and 

spindle microtubules. In contrast to the kinetochore protein assembly, the genetic, DNA-

based component of centromeres remains an elusive part of this puzzle. The highly 

repetitive nature of most eukaryote centromeres has confounded assembly attempts thus 
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far, though advanced bioinformatics techniques, long-read sequencing technologies, and 

new chromosome mapping methods have recently revealed new details (Sevim et al., 

2016a). 

Specific DNA sequence was one of the first features discovered about the 

centromeres of Saccharomyces cerevisiae. However, the well-defined short “point” 

centromeres of budding yeast have turned out to be the exception and not the rule. The 

majority of eukaryotes maintain larger, regional centromeres containing many active or 

inactive retrotransposons and simple sequence repeats (SSR) that are difficult to assemble 

with modern short-read sequencing technologies. Regional centromeric loci range from 5 

kilobases (kb) in Candida albicans to ~5 megabases (Mb) in human centromeres. New 

sequencing and assembly tools have led to the near complete assembly of centromeres in 

several organisms (Catania et al., 2015; Sharma and Presting, 2014; Smith et al., 2012; 

Wolfgruber et al., 2016), as well as insight into the repeat structure of human centromeres 

(Sevim et al., 2016b). It is now clear that sequence variation does exist within 

centromeres, though the significance of sequence variability is still up for debate. 

The centromere is today operationally defined as DNA sequence and specialized 

histones that distinguish this important locus from the rest of the chromosome. 

Centromere DNA sequence is highly variable and certainly not allelic but the locus is 

essential for function. To resolve this apparent paradox, centromeric proteins are thought 

to serve a critical role in defining the location and size of centromeres. The centromere 

specific histone variant, CENP-A, serves as the de facto marker of centromeric 

chromatin , which has also been called “centrochromatin” (Sullivan and Karpen, 2004). 

Generally, centrochromatin is a repressive form of chromatin, similar to heterochromatin 

in that it contains interspersed H3K9me3 on the canonical nucleosomes and is 

transcriptionally silent. There is a large body of evidence that suggests a role for transient 

expression of short and long non-coding RNA for centromere function (Rošić and 

Erhardt, 2016; Scott, 2013; Smith et al., 2011). In addition to the typical marker of 

centrochromatin, CENP-A, several kinetochore proteins directly interact with 

centromeric DNA; these are considered to be a part of the CCAN, or the inner 

kinetochore.  
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Defining where the centromere ends and the CCAN (or inner kinetochore) begins 

is ill-defined; for this review we will refer to all non-histone protein components as the 

kinetochore. After isolation of the first three proteins that identified mammalian 

centromeres, CENP-A, -B, and –C (Earnshaw and Rothfield, 1985), most researchers 

who found new kinetochore proteins in chicken or human cells by immunoprecipitation 

followed by mass spectrometry labelled them in alphabetical order (Earnshaw, 2015; 

Earnshaw et al., 1987; Nishihashi et al., 2002; Saitoh et al., 1992). There are several 

CCAN complexes that seem to be conserved in most eukaryotes. CENP-C and CENP-N 

interact directly with CENP-A nucleosomes and the associated DNA (Falk et al., 2016a). 

The CENP-T-W and CENP-S-X complexes contain one protein each with a histone fold 

domain (HFD), and is thought to bind directly to centromeric DNA (Smith et al., 2012; 

Thakur et al., 2015). This complex was hypothesized to fold into a nucleosome-like 

structure, however there is still insufficient in vivo evidence to support this idea. CENP-

T-W and CENP-C serve the essential function of linking the DNA-binding components 

of the inner kinetochore to the outer kinetochore. 

The precise function of the outer CCAN sub-complexes remains the most elusive 

of the kinetochore, as many of these proteins are the least conserved. The CENP-Q-U-O-

P-R complex (COMA in yeast) binds to the kinetochore at the interface between CENP-

C, Mis12, and NDC-80 (Dimitrova et al., 2016a), though it’s role is not clear. Similarly, 

the CENP-H-K-I-M sub-complex has been shown to interact with components of the 

“facilitates chromatin transcription” (FACT) complex, implying it plays a role in 

chromatin remodeling at the centromere (Foltz et al., 2006). In many fungi and insect 

species, several of these proteins are highly diverged or missing completely (Drinnenberg 

et al., 2016) (Figure 1.1). These observations have been made in organisms with diverged 

centromere or chromosome features, such as organisms with holocentric or accessory 

chromosomes, though no link between kinetochore function and accessory chromosomes 

has been found. The interface between these broad features of chromosomes and the 

precise changes occurring at the centromere are currently unknown, but a topic which 

could inform development of disease and disorders involving chromosome instability.  
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In contrast to the much more variable proteins of the CCAN, the components of 

the outer kinetochore are very well conserved. Three sub-complexes, KNL-1, Mis12, and 

NDC-80 form the KMN, and they fulfill two major roles: They attach the inner 

kinetochore to the spindle microtubule and they serve as the sensors for proper spindle 

attachment and integrators for regulatory signals before and during nuclear division. 

Genetic and biochemical characterizations have identified these complexes, and their 

protein-protein interaction domains, and recent biophysical approaches yielded detailed 

views of this portion of the kinetochore. In addition to their structural role, these sub-

complexes are involved in SAC signaling through recruitment of kinases, phosphatases 

and ubiquitin ligases.  

 

Centromeres: from point to holo 

 The centromere is commonly envisioned as the constriction of metaphase 

chromosomes or a big dot on a linkage map. While these two representations are 

certainly indicative of the major functions as spindle microtubule attachment region and 

area of suppressed homologous recombination during meiosis (Talbert and Henikoff, 

2010a), respectively, these visualizations minimize the extent of variability of 

centromeres. Studies on centromere sequence across plants, fungi and animals have 

revealed a staggering amount of divergence in this essential locus (Melters et al., 2013). 

Many yeast species have so called point centromeres with discrete sequence-dependent 

binding motifs, while nematodes, arthropods, and plants often have holocentric 

chromosomes with no real centromere at all, and many plants and mammals maintain 

regional centromeres with sometimes Mb-long stretches of tandem satellite repeats. A 

better understanding of the evolution of centromere DNA sequence would increase our 

understanding of how kinetochore proteins recognize and co-adapt to this rapidly 

changing locus (Figure 1.2). 

 

Fungal centromeres: all the centromere diversity in one kingdom. Fungi are a 

very diverse kingdom with organisms that range in lifestyle from the colonial growth of 

budding yeast to the large fruiting bodies of basidiomycetes. Amongst these highly 
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variable species are many organisms that serve important industrial roles in the textile, 

biofuels, and food and beverage industries. In addition, many fungal species are 

devastating plant, animal and human pathogens. The diversity of fungi makes them an 

important group to study basic biology, as well as to inform more applied fields, such as 

bioengineering, agriculture, and biomedicine. 

 Saccharomyces species contain both the simplest and best understood of all 

centromeres. Their “point” centromeres are composed of the discrete “Centromere 

Determining Elements” I, II, and III (CDEI, CDEII, and CDEIII); these motifs are bound 

by Cbf1, CENP-ACse4, and CBF3, respectively to form the foundation of the centromere 

and kinetochore complex. This extremely sequence-dependent type of centromere does 

not exist outside of the Saccharomycetaceae, and is likely derived from the more 

common regional centromeres of most other eukaryotes (Clarke and Carbon, 1980; 

Fitzgerald-Hayes et al., 1982; Chapter 2). Sister genera in the Saccharomycetaceae 

maintain regional centromeres that range from 5 to 10 kb, as defined by the region 

enriched for CENP-A nucleosomes. The composition of centromeric DNA in 

Schizosaccharomyces and Candida varies quite dramatically from species to species. For 

example, S. pombe centromeres contain a poorly conserved CENP-ACnp1 central core (cc 

or cnt: 4-7 kb) flanked by 30-100 kb of well-defined repeats (Steiner et al., 1993; Thakur 

et al., 2015). These pericentric flanks are marked by siRNA-induced heterochromatin that 

contains nucleosomes trimethylated on histone H3 lysine 9 (H3K9me3) (Bernard et al., 

2001; Catania et al., 2015; Hall et al., 2002; Volpe et al., 2002). Similarly, pathogenic 

species of the genus Candida maintain short centromeres (2-5 kb), usually flanked by 

heterochromatic repeats (Freire-Benéitez et al., 2016; Kapoor et al., 2015; Sanyal et al., 

2004). Among Candida species, the location of the centromeres is syntenic, however, the 

sequence content varies and is mostly non-repetitive. While the short centromeres of 

yeasts function as a simple model for higher eukaryotes, the larger, repetitive, regional 

centromeres of filamentous fungi are more reminiscent of metazoan centromeres. 

 

 Filamentous fungi maintain centromeres between 10 kb and 300 kb of repetitive 

sequence. In most cases, this repetitive sequence has confounded assembly attempts 
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similar to the centromeres of many other non-fungal eukaryotes. In Neurospora crassa, 

“repeat-induced point mutation” (RIP), which mutates any DNA repeats of 300 bp or 

longer, has resulted in unusually long centromeres that are not composed of identical 

repeats. This allowed near complete assembly of centromere sequence by traditional and 

short-read high-throughput sequencing. Regions enriched with CENP-A range from 170 

kb to 300 kb in size, and they are mostly composed of retrotransposon relics (Smith et al, 

2010). Our studies have revealed a great amount of sequence variability among different 

strains of N. crassa (Pomraning et al., 2009; Friedman and Freitag, in preparation). This 

may provide an opportunity to study the significance of centromere sequence to 

centromere function, a topic of growing interest for human health (Aldrup-MacDonald et 

al., 2016). 

Many filamentous fungi live as both plant and animal pathogens and they have 

devastating effects on crop yields and human health. Unlike N. crassa, many of these 

fungi have shorter regional centromeres containing both active and disabled 

retrotransposons. Species of the genus Fusarium have been studied in some detail (F. 

graminearum, F. asiaticum, F. oxysporum, F. solani, F. fujikuroi), which revealed 

significant homogeneity within single Fusarium species (L. Connolly, S. Shahi, M. Rep, 

L. Fokkens, S.-H. Yun and M. Freitag, in preparation) than what is seen in N. crassa. The 

centromeres of the wheat pathogen Zymoseptoria tritici are very short, non-repetitive, 

and not AT-rich (Schotanus et al., 2015). Many Fusarium and Zymoseptoria species 

maintain accessory chromosomes which can be gained and lost freely. These 

chromosomes are known to play an important role in pathogenicity (Galazka and Freitag, 

2014), making these species of particular interest to both chromosome biologists and 

plant pathologists. Finally, the centromeres of the human pathogen Cryptococcus 

neoformans have been studied in two sub-species, C. neoformans var. grubii and C. 

neoformans var. neoformans, which maintain relatively short regional centromeres 

containing both disabled and active Tcn1-Tcn6 retrotransposons  (Janbon et al., 2014; 

Loftus et al., 2005). Like in Candida, Fusarium, and Neurospora species, the flanking 

regions of centromeres are mostly syntenic, even when compared to the more distantly 
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related species Cryptococcus gattii; the only genus in which this observation does not 

hold thus far is Zymoseptoria (K. Schotanus, E. Stukenbrock, M. Freitag, in preparation). 

The relatively small sample of fungal centromeres examined thus far has already 

revealed a great amount of functional diversity. The ongoing 1,000 Fungal Genomes 

project (http://1000.fungalgenomes.org/home/) should provide a bevy of data and 

resources to further examine this critical chromosomal locus. Despite recent advances in 

mouse and human cell line genetics, fungi are still genetically more tractable systems for 

carrying out studies on basic centromere biology that cannot be performed in mammals. 

Specifically, studying the centromere sequence in fungi with small, non-repetitive, 

regional centromeres will provide insights into the significance of sequence for 

centromere function.  

 

Plant centromeres: long and retro. Plants like Arabidopsis, maize, and rice have 

served as fantastic model systems for understanding plant genomics, and the centromere 

is no exception. Plant centromeres appear to be much more conserved across the kingdom 

than in the fungi (Figure 1.3), however, a considerable amount of diversity has been 

observed. The plants, as a whole, maintain centromeres that are much more closely 

related to those of animals than fungi in terms of repeat content. Plant centromeres are 

typically composed of tandem repeats of satellite arrays up to several Mb long. However, 

many plant species have been shown to contain interspersed retrotransposons, more 

reminiscent of what is observed in fungal centromeres. Regardless of centromere 

sequence content, model plant species are important to study for agricultural purposes, 

providing insights on how to improve breeding and increase yields of crop plants. 

 Various grass species have served as models for plant biology, most importantly 

maize. Recently, a family of centromere-specific retrotransposons (CR) have been 

described in the model grass Brachypodium sylvaticum and the crop Sorghum bicolor 

(Miller et al., 1998). The centromeres of B. sylvaticum consist of the Ty3/gypsy long 

terminal repeat (LTR) element that is common amongst many plant centromeres. This 

CR family has since been found in many other plant species, including both model 

species like Arabidopsis thaliana and agricultural species such as rice, barley, rye, and 
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wheat (Cheng et al., 2002; Liu et al., 2008; Miller et al., 1998; Presting et al., 1998; 

Round et al., 1997; Yi et al., 2013).  More recent work on plant centromeres resulted in 

extensive characterization of CR element activity in grass species  

Unlike the centromeres of most fungi, plant centromeres contain abundant active 

retroelements. Evolution of six shared CR subfamilies in the centromeres of grass species 

has resulted from recombination events within the retroelements of centromeres within 

individual species. Through this process, each species has evolved specific CR elements, 

however many of these CR elements are well-conserved between different grass species 

(Sharma and Presting, 2014). Conservation of CR subfamilies among the different grass 

species is likely a product of horizontal transfer between the grass lineages (Sharma and 

Presting, 2014). This has resulted in several broadly conserved CR subfamilies, as well as 

several lineage-specific, poorly conserved CR elements.  

 In plants, maize centromeres are best characterized; research on this organism has 

provided unmatched insights into the evolution of this extremely divergent chromosomal 

locus. In addition to CR elements of maize (CRM), maize centromeres are composed of a 

156 bp tandem satellite repeat called CentC (Ananiev et al., 1998). Furthermore, in depth 

analysis has revealed major differences between centromere sequences on different 

chromosomes within the same line. Centromere 4 contains a unique 740 bp tandem repeat 

called Cent4 (Figure 1.3) (Nagaki et al.), which is not found elsewhere in the maize 

genome. Centromeres 2 and 5 show drastic differences from many of the other maize 

centromeres, namely consisting of mostly CRM1 and CRM2 elements and lacking in 

CentC satellite repeats. Further analysis shows centromere 2 appears to be evolutionarily 

stable, consisting of continuous CRM elements, while centromere 5 is extremely large 

(~7 Mb) and consists of interspersed CRM and non-CRM elements (Wolfgruber et al., 

2009).  The maize B chromosome, the corn equivalent of an accessory chromosome, 

contains a centromere-specific tandem repeat as well (Nagaki et al.). 

 The centromeres of many agricultural eudicot species seem to be satellite and CR 

rich, like other plant species. Pisum sativum contains satellite repeats, however no 

specific satellite repeat is conserved amongst the fourteen centromeres (Macas et al., 

2007). Potato species have unique centromeres in that they have a combination of 
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satellite repeats or low copy sequence (Zhang et al., 2014). Research on these species has 

led to a “boom-bust” hypothesis in which the satellite repeats expand and retract within 

the centromere until an ideal repeat count is reached. Future research should examine the 

effect of this dynamic process on centromere function.  

 To fully understand the evolution of plant centromeres, it is critical to examine 

primitive organisms. Studies of the unicellular red algae, Cyanidioschyzon merolae, has 

revealed AT-rich small regional centromeres (Kanesaki et al., 2015). Interestingly, the 

centromeres of C. merolae are non-repetitive, resembling the centromeres of Candida 

species. This suggests that perhaps this small, non-repetitive centromere structure 

prevailed during the time when plants diverged from other eukaryotes and CR expansion 

has led to the current array of large regional centromeres.  

 Many plant species have repeat-rich centromeres, with large arrays of CR and 

satellite repeats. However, the variety of CR and satellites vary greatly between species, 

and sometimes between chromosomes, providing an interesting opportunity to study 

centromere evolution. Functional studies of this variability may lead to a better 

understanding of the role of centromere sequence in the future. 

 

Animal centromeres. The kingdom Animalia contains a phenotypically diverse 

groups of organisms. In regards to centromere biology, much like in other fields, the 

majority of research has focused on a few charismatic model systems. Advances in long-

read high-throughput sequencing and new bioinformatic methods are resulting in 

improved maps of human centromeres. As research on centromere sequence in animals 

progresses, it will be beneficial to understand the extent to which centromere sequence 

variants affect function, as well as the plasticity of centromeres. Similar to work on less-

established fungal and plant models, however, studies on non-model animals have 

provided a great deal of insight into the extent of centromere variability. A broader 

understanding of centromere diversity, as well as more in-depth studies of the 

centromeres of model organisms will inform research on cancer and other diseases 

related to chromosomal instability.  



 

 

13 

 The centromeres of Drosophila species are composed of satellite repeats and 

transposons (Sun et al., 1997, 2003). Early work on the fly centromere was carried 

forward through the use of BAC libraries and fly minichromosomes (Murphy and 

Karpen, 1995). These studies showed that fly centromeres differ from chromosome to 

chromosome; typically composed of the satellite repeats, dodeca and 18HT, and the 

transposons, Het-A and TART (Agudo et al., 1999). It is now clear that the transposons 

of some Drosophila centromeres originally evolved as telomere repeats, later serving as 

centromeric sequence following a large inversion event (Méndez-Lago et al., 2009). 

More recent progress with biophysical techniques is providing a new understanding of 

endogenous D. melanogaster centromeres, indicating the presence of cytosine-rich 

sequence that may form secondary structures (Garavís et al., 2015). This raises new 

questions about the role of DNA structure in centromere function, as opposed to the now 

widely held belief that the centromere is epigenetically defined and that kinetochore 

proteins specify centromere function. The role of centromere sequence is just beginning 

to be explored anew as centromere sequence assemblies improve and structural and 

variant studies can be undertaken. 

 Xenopus laevis has recently become a fantastic tool for cell free experiments 

utilizing egg extracts to study kinetochore assembly (Guse et al., 2011). Before these 

incisive biochemical studies could be done, the discovery of frog centromere repeat 1 

(Fcr1), a 174 bp satellite repeat, paved the way (Edwards and Murray, 2005). This 

satellite shares many features with satellite repeats in the centromeres of other animals 

and plants, including size, CENP-A binding, and a CENP-B box-like motif. Also more 

recently, chicken DT40 cells have been used extensively for chromosome segregation 

and centromere epigenetics studies. The centromere sequence of DT40 cells, however, 

has not been studied extensively yet. Chicken centromeres vary drastically in size and 

sequence content (Shang et al., 2010). The majority of chicken centromeres are 

composed of classic tandem repeats of a 21 bp satellite repeat and CR-1 transposon 

variants spanning several hundred kilobases, in contrast centromeres 5, 27, and Z contain 

only ~30 kb of non-tandem repetitive sequences. This drastic difference in centromere 
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composition is not unique to chicken however, several other animal and plant species also 

possess so called “evolutionarily new centromeres” (ENCs). 

Centromere sequence in mammalian species can provide insights into the 

dynamics of centromere evolution. Much of this work supports the hypothesis that the 

centromere is the most rapidly evolving chromosomal locus as each species maintains its 

own flavor of centromeric repeat. Macropus eugenii maintains quite small centromeres 

for a mammal, with ~450 kb centromeres composed of tandem repeats and a centromere-

specific retroelement (Carone et al., 2009). Marsupial species of the Petrogale taxon 

exhibit extensive chromosomal rearrangements via Robertsonian translocations, centric 

shifts, or pericentric inversions, resulting in unusually mobile centromeres (Eldridge and 

Close, 1993). Furthermore, studies of kangaroo-wallaby hybrids have revealed extensive 

rearrangements exclusively within the centromeres after just a single generation, 

suggesting rapid change is possible within this locus (O’Neill et al., 2004, 2001). In 

addition to comparing centromere sequence and synteny around centromere loci between 

related species, ENCs allow for insight into inactivation of centromeres and formation of 

“neocentromeres” (i.e. new functional centromeres in a different region of the same 

chromosome) over longer time frames than can be studied in a lab setting. Comparing 

human and macaque chromosomes to ancestral chromosomes revealed 14 ENCs between 

the two organisms; 9 ENCs occurred in the macaque lineage, and 5 ENCs occurred in the 

human lineage (Ventura et al., 2007). Of note, examples of neocentromere formation in 

human populations often occur at sites of latent centromeres from species of old world 

monkeys (Amor and Choo, 2002; Ventura et al., 2004). While these studies provide 

insight into ENCs and neocentromeres, exactly how neocentromeres are placed is still up 

for debate. A combination of epigenetic mechanisms, tied to local chromatin structure, is 

likely to be most influential for this process based on current evidence from both 

mammals and fungi (Burrack and Berman, 2012; Burrack et al., 2016; Ketel et al., 2009; 

Koren et al., 2010; Thakur and Sanyal, 2013), but the prevalence of satellite or repetitive 

DNA cannot be ignored or excluded. 

 The role of sequence in proper centromere function is a topic of great importance 

to human health. Centromere sequence variants may lead to chromosome instability and 
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thus be a cause of cancer development and genetic disorders associated with aneuploidy, 

among other disease states. Unfortunately, the centromeres of human chromosomes are 

some of the most difficult sequences to assemble. They are composed of Mb-long 

stretches of 171 bp alpha satellite repeats, which are then organized into a variety of 

different “higher order repeats” (HOR) (Rudd and Willard, 2004; Willard and Waye, 

1987). Human centromere composition is similar to that of other animals and plants. 

HOR type and size between different chromosomes varies a great deal (Aldrup-

MacDonald et al., 2016; Sevim et al., 2016a; Willard and Waye, 1987). Analyzing the 

significance of these variations on centromere function, and eventually human health is a 

major aim for the near future. A combination of Sanger sequencing, long-read high 

throughput sequencing, and new sequencing methods like chromosome conformation 

capture (3C) followed by high throughput sequencing (Hi-C) has led to circular HOR 

array models (Miga et al., 2014). These models are still not linked at their ends to the 

flanking pericentric regions, but they do provide a reference sequence to help along 

studies of alpha satellite variants in human populations (Aldrup-MacDonald et al., 2016). 

It will be only a matter of time before long-read high-throughput sequencing technologies 

and bioinformatics advances combine to yield a complete, telomere to telomere, human 

genome. These advances, in combination with massive re-sequencing efforts of diverse 

populations, will soon reveal a complete picture of centromere variation, and the role it 

plays in human health. 

 

Holocentrics. Centromeres are commonly thought of as the location of the 

primary chromosomal constriction, however many organisms have evolved holocentric 

chromosomes (Melters et al., 2012). Unlike monocentric chromosomes, holocentric 

chromosomes have no distinct centromere and instead build the kinetochore complex 

along the entire length of the chromosome. These types of centromeres have been found 

in numerous plant, arthropod, and all nematode species, indicating this mechanism has 

independently evolved at least 13 times (Melters et al., 2013). Analysis of the centromere 

sequence of holocentric chromosomes is limited, however some interesting trends have 

been found. In C. elegans there is evidence that sites for multiple transcription factor 
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binding (‘HOT’ sites) act as dispersed point centromeres (Steiner and Henikoff, 2014). 

Holocentric chromosomes may have one major evolutionary advantage by preventing the 

loss of a chromosome fragment following a DNA double strand break event (i.e. loss of 

an acentric portion of a chromosome in monocentric organisms). These centromeres are 

thus of special interest for the study of centromere-kinetochore co-evolution.  

Caenorhabditis elegans is the best-studied of the holocentric organisms. Attempts 

to determine sequence specificity of kinetochore assembly have not been fruitful despite 

the abundant repetitive sequences in the C. elegans genome. However, it has been shown 

that prokaryotic DNA inserted into C. elegans can support kinetochore formation and 

segregation (Dernburg, 2001). Contrasting research has revealed conservation of mitotic 

chromosome segregation, relying on CENP-A based kinetochore assembly, as well as 

stark differences in meiotic chromosome segregation, via a CENP-A independent 

mechanism (Dumont et al., 2010; Essex et al., 2009; Monen et al., 2005). We will 

examine the features of holocentric kinetochores in more depth later in this review. 

 

 Centromere summary. New genome assemblies have been released every year, 

claiming to be complete. However, most genomes still do not contain a completely 

assembled centromere. Advances in long-read sequencing and assembly methods are 

making complete, telomere to telomere, assemblies a reality. The majority of eukaryotes 

have long, repetitive centromeres, rich in retroelements and satellite repeats. In depth 

analysis of centromere sequence may provide unrealized variability within this sequence 

and details on the role of sequence in kinetochore recruitment. Additionally, the 

centromeres of many basal taxa have not been studied (Figure 1.2). Analysis of the 

centromeres of these species should shed light on the evolutionary history of centromere 

sequence. 

 

Kinetochore proteins: Similar yet so diverse 

 Segregating chromosomes into daughter cells is accomplished through the 

concerted forces acting on spindle microtubules and generated by molecular motors. The 

kinetochore forms the essential bridge between the chromosomes and the spindle 
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microtubules. Based on early studies by electron microscopy, this linking complex is 

often split into two major layers, the inner kinetochore or constitutive centromere 

associated network (CCAN), and the outer kinetochore or KNL1-MIS12-NDC80 (KMN). 

The overall structure of this “kinetochore interaction network” (KIN) is well conserved 

amongst all eukaryotes, however protein conservation at the sequence level is remarkably 

poor, especially in the inner kinetochore (Freitag, 2016; Musacchio and Desai, 2017). 

Many protein homologues, especially those in the CCAN, must be uncovered through 

structure-based alignment methods. Additionally, organisms with unusual chromosomal 

features, such as organisms with holocentric chromosomes and some fungi with 

accessory chromosomes, are or appear to be missing essential kinetochore components 

entirely (Figure 1.1) (Drinnenberg et al., 2016). Since the kinetochore is built in a 

hierarchical fashion from the chromatin level out to the microtubule-binding complexes, 

re-constructing the protein-protein interactions within the kinetochore is essential to 

understand key subunits for nucleation of the complex. The KMN also functions as a 

spindle assembly checkpoint (SAC) (Krenn et al., 2012; Musacchio and Salmon, 2007; 

Rosenberg et al., 2011). A series of phosphorylation and ubiquitinylation events, as well 

as tension sensing mechanisms, help to ensure paired chromosomes are both properly 

attached before anaphase proceeds. 

 

CENP-A: building the foundation for the kinetochore. The centromeric 

histone H3 variant, CENP-A, defines the centromeric locus and forms the base on which 

the kinetochore is built. Canonical histone H3 is one of the most well conserved proteins 

in all of biology. In contrast, CENP-A is notably variable,  especially the N-terminal tail 

and the histone fold domain (HFD) (Abbey and Kral, 2015; Baker and Rogers, 2006; Cho 

and Harrison, 2011; Malik et al., 2002). It has been proposed that this divergence is due 

to adaptation as part of an “evolutionary arms race” between centromere sequence and 

kinetochore proteins (Malik et al., 2002). CENP-A replaces hH3 in nucleosome core 

particles, directly replacing the two hH3 molecules that dimerize with histone H4 (hH4), 

distributed across the centromeric locus (Lacoste et al., 2014; Sekulic et al., 2010). The 

extent with which centromeres are occupied by CENP-A nucleosomes is quite variable 
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among the organisms studied so far. In budding yeast a single CENP-ACse4 nucleosome 

occupies the 120 bp CDEII (Henikoff et al., 2014), while in humans the several Mb-long 

centromeres are interspersed with CENP-A and hH3 nucleosomes (Sullivan and Karpen, 

2004). There is evidence of heterotypic nucleosomes as a result of CENP-A 

overexpression in breast, ovarian, and heptacellular carcinoma (Lacoste et al., 2014; Li et 

al., 2011; Ma et al., 2003; Qiu et al., 2013), containing both CENP-A:hH4 and 

hH3.3:hH4 dimers, and the result of these abnormal nucleosomes is aberrant kinetochore 

formation, via CENP-C recruitment, and perhaps chromosome instability (Arimura et al., 

2014). Extensive studies, across a diverse range of eukaryotes, has elucidated many of the 

important features of this essential kinetochore component. 

Both the N-terminal tail and loop1 of the HFD, called the CENP-A targeting 

domain (CATD), are major distinguishing factors between CENP-A and hH3. The hH3 

N-terminal tail has become a region of great interest across all of biology since the 

discovery of post-translational modifications (PTMs) of key residues, which may 

constitute a “histone code” that is said to affect gene expression patterns. Studies of the 

CENP-A N-terminal tail have found PTMs which help to recruit other kinetochore 

components. Phosphorylation of the amino-terminal NH2 of CENP-A is involved in 

CENP-C recruitment (Goutte-Gattat et al., 2013; Sathyan et al., 2017). In human cells, 

phosphorylation of serine 68 (S68) and ubiquitylation of lysine 124 (K124) have been 

shown to be involved in CENP-A deposition, however these findings have been refuted 

in at least one study (Fachinetti et al., 2017; Hoffmann et al., 2016; Kelliher et al., 2016; 

Niikura et al., 2015). Additionally, the lack of sequence conservation at this N-terminal 

domain of CENP-A indicates that any residue specific PTMs are unlikely to be essential 

across all eukaryotes. 

These studies led to the hypothesis of convergent evolution of CENP-A across 

numerous branches of the eukaryotes (Malik et al., 2002). However, phylogenetic 

analysis of CENP-ACenH3 in the fungi supports the hypothesis of an ancestral CENP-

ACenH3 (Baker and Rogers, 2006). To better understand the evolutionary nature of CENP-

A, functional studies have been carried out in a number of model organisms. Studies of 

the CENP-ACse4 N-terminal tail was carried out in S. cerevisiae. Alanine scanning 
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mutagenesis found a 33 amino acid domain, termed the END, which was required for 

proper chromosome segregation (Chen et al., 2000). In S. pombe the N-terminal tail 

deletion was shown to recruit CENP-T and CENP-I to centromeres, suggesting this 

domain is important for kinetochore nucleation (Folco et al., 2015). In N. crassa CENP-

ACenH3 was replaced with the heterologous gene, or domain, from Podospora anserina, 

Aspergillus nidulans, and Fusarium graminearum. The CENP-ACenH3 from all species 

was able to complement the endogenous gene in heterokaryotic transformants, but only 

the CENP-ACenH3 from P. anserina could successfully function through meiosis (Phatale 

et al. unpublished data). Although the P. anserina CENP-ACenH3 replacement could 

successfully function through meiosis, the CENP-ACenH3 histone was progressively and 

irreversibly lost from several centromeres. This loss appeared to be random.  

In A. thaliana the N-terminal tail of hH3 was fused to the CENP-ACenH3 C-

terminus. These experiments showed that the N-terminal tail of CENP-ACenH3 is required 

for recruitment to the centromere for meiosis, but mitotic divisions were unperturbed by 

domain swaps (Ravi et al., 2011). This result holds true when the whole CENP-ACenH3 is 

replaced with a homologue from a distant relative (e.g. maize), yielding fertile plants 

when selfed but chromosome segregation errors during outcrossing (Maheshwari et al., 

2015). This line of research has led to potentially significant breakthroughs in breeding of 

crop species. Numerous point mutations in the CENP-ACenH3 N-terminal tail have now 

been found which also result in self-fertile plants (Britt and Kuppu, 2016; Kelliher et al., 

2016; Mieulet et al., 2016). This work provides a mechanism for clonal plant 

reproduction; a technique which would greatly simplify propagation of a desired crop 

genotype. Efforts to reproduce maternal haploids via CENP-A mutation in other crop 

species are underway.  

The HFD of CENP-A in D. melanogaster and A. thaliana have been shown to 

undergo adaptive evolution, perhaps allowing CENP-A to stably bind the rapidly 

changing centromeric sequence (Malik et al., 2002; Talbert et al., 2002). As with the N-

terminal tail, the CENP-A CATD was able to target hH3 chimeras to the centromere 

(Black et al., 2004, 2007). These functional studies are complemented by several CENP-

A nucleosome structures which demonstrate that the CATD is involved in CENP-A 
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binding to its chaperone HJURPScm3 (Cho and Harrison, 2011; Sekulic et al., 2010; Stoler 

et al., 2007). It is now apparent that HJURPScm3 works in conjunction with Mis16, Mis18, 

and the Mis6 complex in some organisms to load CENP-A nucleosomes onto centromeric 

DNA (Pidoux et al., 2003; Williams et al., 2009), however the Mis complexes are not 

conserved in many filamentous fungi or budding yeast. 

In C. elegans, the best studied of the holocentric organisms, a CENP-A 

homologue is present and functional. This presents an interesting question about how 

CENP-A is distributed along a holocentric chromosome. Contradicting evidence supports 

both a random distribution of CENP-A along the chromosome, as well as CENP-A 

binding at discrete, conserved motifs (Gassmann et al., 2008; Steiner and Henikoff, 

2015). While CENP-A is required for kinetochore assembly in mitosis, oocyte meiosis is 

able to proceed independent of CENP-A (Monen et al., 2005). It is yet to be shown if this 

variable kinetochore assembly occurs in other holocentric organisms. It is already clear, 

however, that this is not the case in many holocentric insects which are missing CENP-A 

orthologues (Drinnenberg et al., 2014). Evidence from several independent transitions to 

holocentricity supports a hypothesis that transition to holocentricity is accompanied by 

the evolution of a CENP-A independent kinetochore assembly mechanism and 

subsequent loss of CENP-A (Drinnenberg et al., 2014). 

 

Inner Kinetochore: the protein web of chromosome segregation. The 

components of the CCAN are some of the most poorly conserved parts of the kinetochore 

complex. Essential CCAN components in some organisms are completely missing from 

the genomes of other organisms. The significance of this variability is still not well 

understood though it is in agreement with the variety of functions these proteins seems to 

play in different species.  

 The kinetochore is built in a hierarchical fashion, with the microtubule binding 

components of the KMN relying on CCAN components for kinetochore localization. This 

is manifested in a layer cake-like structure of the protein complex, however CENP-C is 

one of few proteins which stretches from the chromatin level out to the KMN complexes. 

Furthermore, CENP-C appears so far the only universally conserved protein of the 



 

 

21 

CCAN, even in organisms like C. elegans and D. melanogaster, which lack many other 

CCAN components (Figure 1.1). Localization of CENP-C to the centromere is mediated 

by several motifs on the C-terminus; the central domain, the CENP-C motif, and the 

cupin domain (Carroll et al., 2009; Guse et al., 2011; Kato et al., 2013; Milks et al., 

2009). Studies of CENP-C in frog extracts has shown that CENP-C interacts with the 

poorly conserved, M18BP1 via the well-conserved CENP-C motif and cupin domain, and 

subsequently CENP-A chaperone HJURP (Moree et al., 2011). Direct interaction 

between the CENP-C central domain (CENP-CCD) and the C-terminus of CENP-A helps 

to stabilize the centromeric nucleosomes (Falk et al., 2016a), implicating CENP-C in 

both CENP-A recruitment and maintenance. Dissecting the domains of CENP-C was 

performed by truncating the protein in frog extracts, showing that the C-terminus was 

able to localize to centromeres but not recruit outer kinetochore components (Milks et al., 

2009). Further examination has unveiled a Mis12 binding domain and PEST domain, 

which mediate interactions with components of the KMN sub-complexes in a diverse 

group of organisms. Studies in HeLa cells shows that the N-terminus of CENP-C 

interacts directly with Nsl1, of the Mis12 complex (Screpanti et al., 2011). In flies, fusion 

of the N-terminus of CENP-C to the centrosome was able to recruit both the Mis12 and 

Ndc80 complexes (Przewloka et al., 2011). More recent structural studies of kinetochore 

components have helped to elucidate how the N-terminus of CENP-C interacts with 

Mis12. In yeast, it is now clear that binding of the CENP-Q-U-O-PCOMA complex at 

CENP-C-Mis12-Ndc80 interface stabilizes this critical CCAN-KMN link (Dimitrova et 

al., 2016a; Hornung et al., 2011), and providing some insights into the role of the less 

well understood CCAN components. CENP-C is conserved in many holocentric 

organisms, however the CENP-A binding C-terminal domains are not. An alternative 

hypothesis for CENP-C interaction with CENP-A nucleosomes theorizes that 

hydrophobicity, as opposed to amino acid sequence, is the driving force (Kato et al., 

2013). In at least one holocentric organism, Bombyx mori, both CENP-A and CENP-C 

are missing, implying a totally unique mechanism of kinetochore assembly (Drinnenberg 

et al., 2014). 
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 CENP-C is both conserved and essential in nearly all organisms studied thus far, 

however the majority of other CCAN components are neither conserved or essential in 

most organisms. Extensive biochemical characterization has led to progress elucidating 

the roles of these sub-complexes, but examination in various organisms reinforces the 

observed variability of the kinetochore. CENP-T-W is the most thoroughly studied of 

these CCAN sub-complexes as it is essential in many organisms and, like CENP-C, plays 

an important role in linking the centromeric DNA to the KMN complexes in human 

budding yeast (Huis in ’t Veld et al., 2016; Pekgöz Altunkaya et al., 2016). Interestingly, 

the CENP-T-W complex seems to form a nucleosome like structure with CENP-S-X that 

binds centromeric DNA via the CENP-T C-terminal histone fold domain (Nishino and 

Fukagawa, 2016; Nishino et al., 2012). CENP-T-W homologues have been found in 

many fungal species; many of the CENP-T HFD studies were performed in the budding 

and fission yeasts, and their functions have been verified in N. crassa (J. Galazka and M. 

Freitag, unpublished). While CENP-T-W is essential in animals and fungi, it is missing 

completely from flies and worms. In fact, examination of CENP-T in the holocentric 

organisms has revealed that this branch of the CCAN is missing completely in many of 

these species. However, CENP-T is quite divergent at the primary protein sequence in 

many organisms studied thus far and basic homology searches are insufficient; CENP-T 

orthologues may still be discovered in many eukaryotes once more intricate search 

methods are employed.  

 The other proteins of the CCAN are not conserved among many eukaryotes, and 

perhaps not surprisingly, few have been found to be essential in any organism. Yeast two-

hybrid, biochemical, and bioinformatic studies have sought to tease apart these remaining 

proteins into sub-complexes (Cheeseman et al., 2002; Janke et al., 2001; Measday et al., 

2002). The current research has led to a model of the kinetochore with five CCAN sub-

complexes; CENP-C, CENP-L-N, CENP-T-W-S-X, CENP-H-I-K-M, and CENP-O-P-Q-

U-R. In human cells, CRISPR-Cas9 was used to generate lines with deletions of core 

components of each CCAN sub-complex, showing interdependence of CENP-N, CENP-

T, and CENP-I components for centromere localization (McKinley et al., 2015).  
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Interaction between CENP-L-N and CENP-C has been found in fission yeast, 

chicken, and human cells (Klare et al., 2015; Nagpal et al., 2015). Studies in budding 

yeast indicate that CENP-NChl4 interacts with distinct nucleosomes from CENP-CMif2 

(Figure 1.2) (Guo et al., 2013; Hinshaw and Harrison, 2013). In particular, the N-

terminus of CENP-N has been found to bind CENP-A CATD, while the C-terminus of 

CENP-N interacts with CENP-L (Carroll et al., 2009; Fang et al., 2015; Hinshaw and 

Harrison, 2013; McKinley et al., 2015).  

CENP-H-I-K-M has been implicated in CENP-A recruitment via the FACT 

complex (Okada et al., 2006, 2009). The CENP-M protein has been classified as a 

pseudo-GTPase, lacking GTP binding activity (Basilico et al., 2014). Additionally, it has 

been shown to interact with both CENP-L-N and CENP-H-I-K. In budding yeast, the 

CENP-H-I-KMcm16-Ctf3-Mcm22 complex is conserved, however it is not required for CENP-

A recruitment (Measday et al., 2002). Studies in S. pombe defined CENP-MMis17 as part 

of the CENP-H-I-KMis6-Mal2-Sim4 complex, providing regulatory function (Pidoux et al., 

2003; Shiroiwa et al., 2011). In filamentous fungi, CENP-M appears to be missing, 

further implicating its ambiguous role in kinetochore function.  

The role of CENP-O-P-Q-U-R is one of the most difficult to pin down in the 

whole kinetochore (Figure 1.4). In studies of animal kinetochores, this complex forms a 

tetramer of heterodimers of CENP-O-P and CENP-Q-U with CENP-R attached. Though 

this complex is non-essential, deletion does lead to chromosome segregation errors (Eskat 

et al., 2012; Hori et al., 2008; McKinley et al., 2015). Structural studies of yeast CENP-

Q-U-O-PCOMA/Fta7-Fta4-Mal2-Fta2 have now shown that this sub-complex is involved in 

linking the CCAN to the KMN via interaction with the Mis12 complex (Dimitrova et al., 

2016a; Fleig et al., 1996; Kerres et al., 2006). This interaction is mediated through shared 

RWD domains on both CENP-Q-U-O-PCOMA and Mis12 components (Petrovic et al., 

2014). CENP-P and CENP-R components are missing from the filamentous fungi. In N. 

crassa, deletion of CENP-O leads to progressive loss of Mis12 and KNL1, but not 

Ndc80, from kinetochores (S. Friedman and M. Freitag, in preparation). This results in 

slow growth and temperature sensitivity. Further studies are required to determine if 

chromosome segregation errors result in consequence of this fairly severe phenotype.  
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 The outer kinetochore: The flexible, load-bearing bridge to spindle 

microtubules. The kinetochore microtubule network (KMN), also named for its Knl1, 

Mis12, and Ndc80 sub-complexes, forms the main spindle microtubule binding 

component of the kinetochore. These three sub-complexes are much more well conserved 

than the components of the CCAN; homologues have even been found in trypanosomes 

(D’Archivio and Wickstead, 2016). This makes sense in light of the level of conservation 

of the microtubule monomers, alpha and beta tubulin, relative to the highly variable 

centromeric DNA sequence. In addition to this role as a “fishing hook” for chromosome 

segregation, the KMN components are involved in the spindle assembly checkpoint 

(SAC) through phosphoregulation and tension sensing mechanisms.  

 Mis12 is the inner most of the KMN sub-complexes and serves as the hub of the 

whole kinetochore, binding both the CCAN via CENP-C and CENP-Q-U-O-P-R and the 

KMN via Knl1 and Ndc80 sub-complexes. Four protein subunits compose Mis12, called 

MIS12, DSN1, NSL1, and NNF1. They form an extended coiled-coil with two globular 

heads on the chromosome facing end (Dimitrova et al., 2016a; Maskell et al., 2010). The 

globular heads are composed of a DSN1-MIS12Mtw1 dimer, with the N-terminus of 

MIS12Mtw1 binding CENP-CMif2 and CENP-Q-U-O-PCOMA in budding yeast (Dimitrova et 

al., 2016a). On the outer end, an extended coiled-coil of DSN1 binds Spc24-Spc25 of the 

Ndc80 complex via a small peptide on a flexible linker region of the complex. In 

addition, the C-terminus of NSL1 binds to KNL1Spc105 to complete the link from Mis12 

out to the microtubule (Petrovic et al., 2010). The interacting peptides on all of these 

proteins are well conserved across eukaryotes, and similar interactions have been found 

in humans, flies, fission yeast, budding yeast, and filamentous fungi (Dimitrova et al., 

2016a; Maskell et al., 2010; Petrovic et al., 2010; Screpanti et al., 2011; S. Friedman and 

M. Freitag, in preparation). Conserved serine and threonine residues at interacting 

domains, along with known interactions with the SAC component Aurora B, imply a role 

for phosphoregulation of the Mis12 sub-complex (Akiyoshi et al., 2013; Welburn et al., 

2010). Ubiquitylation has also been implicated in regulation of Dsn1, in a Mub1/Ubr2 

dependent manner (Akiyoshi et al., 2013). The mechanism by which these PTMs regulate 
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Mis12 based kinetochore assembly is still an open question however, as studies to date 

have produced conflicting results.  

 Knl1 is composed of the large coiled-coil protein KNL1 and the smaller ZWINT 

protein. The major function of this complex at the kinetochore is cell cycle checkpoint 

via recruitment of SAC components. The N-terminus of KNL1 interacts with BUB1 and 

BUBR1, and is thought to function as a scaffold for the SAC components, BUB1, 

BUBR1, MAD1, and CDC20 (Bolanos-Garcia et al., 2012; Krenn et al., 2012). In 

budding yeast, purified kinetochore particles show that the SAC component Mps1 

phosphorylates the KNL1Spc105 MELT motifs and helps to recruit Bub1 (London et al., 

2012). Mutants that lack phosphorylation of the MELT motifs result in chromosome 

segregation errors. A conserved role for KNL-1 in C. elegans supports the role of this 

region in SAC signaling, as well as microtubule binding through a small basic amino acid 

patch (Espeut et al., 2012). The KNL1 RVSF motif is also important for silencing SAC 

signaling via recruitment of protein phosphatase 1 (PP1), opposing the activity of kinases 

Mps1 and AuroraB (Espeut et al., 2012; Meadows et al., 2011; Rosenberg et al., 2011). 

This interaction is conserved from humans to worms to yeast, and the relevant domains 

are conserved in all filamentous fungi examined (Freitag, 2016). ZWINT, with its 

binding partners ZW10 and ROD, forms a kinetochore associated complex called RZZ 

which recruits dynein and dynactin to the kinetochore-microtubule interface in animals. 

This mechanism serves to remove checkpoint proteins from the kinetochore once 

microtubule attachment is made (Gassmann et al., 2008). This mechanism seems to be 

conserved in budding yeast, where KNL1Spc105p forms a heterotetramer with ZWINTKre28p 

(Pagliuca et al., 2009). This mechanism is not found in filamentous fungi however, as no 

homologs of ZWINT were found by sequence homology search methods (Freitag, 2016). 

Results from C. elegans lacking KNL1-microtubule binding still recruit dynein to 

kinetochores (Espeut et al., 2012), as well as the lack of known ZWINT homologs in 

fungi and plants, implies the presence of an ancestral dynein independent SAC silencing 

mechanism based on KNL1-microtubule binding. In vitro experiments suggest a tension 

sensing mechanism may be the answer (Akiyoshi et al., 2010).  
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The major link between kinetochore and spindle microtubule is made by the 

Ndc80 complex. A long coiled heterotetrameric complex composed of NDC80, NUF2, 

SPC24, and SPC25, the Ndc80 complex is predicted to extend 57 nm in human cells from 

Mis12 to its attachment on the side of the microtubule. In budding yeast and humans, the 

centromere side of Ndc80 has been shown to bind the CENP-TCnn1 N-terminus via 

SPC24/25 (Bock et al., 2012; Gascoigne et al., 2011; Pekgöz Altunkaya et al., 2016; 

Schleiffer et al., 2012). This interaction physically blocks Ndc80 interaction with 

Mis12Mtw1 and Knl1Spc105, implying that CENP-TCnn1 plays a role in kinetochore 

regulation in budding yeast. This is consistent with observations that CENP-TCnn1 reaches 

its highest levels at the onset of anaphase, thus outcompeting Mis12Mtw1 and Knl1Spc105 at 

a point in the cell cycle when kinetochore-microtubule attachment is not needed. 

Futhermore, human studies have found the CENP-T-Ndc80 interaction to be dependent 

on CDK1:Cyclin B phosphorylation of CENP-T, confirming the regulatory role of 

CENP-T in recruiting Ndc80 (Huis in ’t Veld et al., 2016). Other studies in budding yeast 

have found that Ndc80 is recruited by CENP-CMif2 and the Mis12 complex through Dsn1-

Spc24/25 binding (Dimitrova et al., 2016a). While this does not directly contradict 

previous findings of CENP-TCnn1-SPC24/25 binding, it does raise questions about which 

interactions are regulatory, structural, peripheral, or all of the above. Ndc80 serves as the 

major microtubule binding component of the kinetochore. As such, this aspect of the KIN 

complex has been studied thoroughly. The NDC80 and NUF2 protein bind microtubules 

via positively charged, N-terminal calponin homology (CH) domains (Sundin et al., 

2011; Tooley et al., 2011). Studies in HeLa cells have shown that the two Ndc80 

components contribute to different aspects of microtubule binding, with NDC80 doing 

the majority of the binding and NUF2 serving as a cell cycle regulated binding 

component. Both NDC80 and NUF2 have been implicated in cancer proliferation in 

studies of Saos-2, CACO2, HCT8, HCT116, and SW480 cells (Fu and Shao, 2016; Xing 

et al., 2016). Biophysical studies using budding yeast proteins have shed light on the 

tension based regulatory mechanisms at play in the Ndc80 complex. This work has 

shown that Stu2, a tumor overexpressed gene (TOG), contributes to tension based 

stabilization of the kinetochore-microtubule attachment (Miller et al., 2016b). There are 
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still unanswered questions about the effects of tension in kinetochores isolated from other 

organisms, but advances in biochemical and biophysical methods are opening up whole 

new avenues of kinetochore research. 

Microtubule binding by the kinetochore is completed by protein complexes which 

track the depolymerizing end of the spindle microtubule. This task is completed by Ska1 

in humans and Dam/DASH in fungi. Both in vitro and biophysical experiments have 

found the Dam/DASH complex ring binds the plus end of microtubules and moves with 

this end through growing and shrinking (Asbury et al., 2006; Gestaut et al., 2008; 

Miranda et al., 2005; Westermann et al., 2005). In yeast, NDC80 helps to recruit Dam1 to 

the spindle microtubule through a 17 residue motif towards the C-terminus (Lampert et 

al., 2013). Though the Dam/DASH complex is essential in budding yeast, that is not the 

case for all proteins of the complex in fission yeast or N. crassa (Sanchez-Perez et al., 

2005) (Ekberg and Freitag, unpublished data). The Ska1 complex in humans serves a 

similar function as Dam/DASH, though it forms a “winged helix” structure instead of a 

ring (Schmidt et al., 2012; Welburn et al., 2009). This work showed that Ska1 also 

interacts with Ndc80, to impart microtubule tracking capabilities, and Aurora B, implying 

it serves a role in the SAC.  

 

Fungal opportunities 

 The fungi represent a very broad range of both centromere and kinetochore 

biology. In combination with the extensive genetic tools and manageable genomes, 

further study on these organisms should yield extensive research progress. The 

centromeres of filamentous fungi could fulfill a key niche in understanding centromere 

biology. While extensive work in the yeast and Candida species has been done, the 

centromeres of these organisms do not closely resemble those of metazoans, and they 

also do not represent the large number of fungal taxa. On the other hand, knowledge of 

animal centromeres has progressed in recent years due to advances in sequencing and 

bioinformatics technologies, however, there is still much work to be done to generate 

complete centromeric assemblies. The centromeres of many filamentous fungi are 

relatively large, repetitive, and completely assembled in several species. The 1000 Fungal 
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Genomes project is providing an extensive set of new genomics data in this kingdom, 

thus creating an opportunity to expand studies of centromeres to understand the extent 

and significance of variation in this critical chromosomal locus. Findings in these 

organisms could likely shed light on difficult topics in human centromeres, and perhaps 

reveal some avenues for treatment of centromere related diseases and disorders.  

 Filamentous fungi like N. crassa have been used since Beadle and Tatum 

proposed the one gene-one enzyme hypothesis in 1941. This has yielded an extensive 

genetic toolbox, which has since been expanded for use in many other fungi. Coupled 

with the diversity of fungal centromeres and kinetochores, there are extensive 

opportunities to examine naturally occurring varieties of kinetochore function. The 

accessory chromosomes and small regional centromeres of Zymoseptoria tritici could 

provide an opportunity to study neocentromere formation as it pertains to tumorigenesis 

for example. Evidence of extensive centromere sequence variation has recently come to 

light (discussed in Chapter 3), providing an opportunity for detailed characterization of 

the effects of centromere sequence on kinetochore function in large regional centromeres.  

 In addition to their role as model organisms, fungi are important pathogens of 

both plants and animals. There is increasing concern about fungal infections in 

immunosuppressed patients by fungi like Candida neoformans, Candida albicans, and 

Aspergillus fumigatus. Current attempts to mitigate these infections is limited due to the 

lack of effective antifungal treatments. Additionally, fungal plant pathogens cause 

millions in crop damage annually. Many kinetochore proteins are sufficiently divergent 

from human and plant homologues to provide an opportunity to target this complex with 

new drugs, however this will require more thorough studies of the role these proteins play 

in the fungal kinetochore. We have shown that some kinetochore proteins are essential in 

N. crassa and F. graminearum (S. Friedman, J. Galazka, K. Smith, P. Phatale, L. 

Connolly and M. Freitag unpublished), however this work will need to be carried out in 

the fungal pathogens.  
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Summary and Outlook 

 Centromere sequence exists in a perplexing state between evolutionary 

conservation and divergence. It is truly remarkable that such an essential chromosomal 

locus could be functionally defined by the 125 bp point centromeres of budding yeast, the 

megabase satellite arrays of plants and animals, and the holocentric chromosomes of 

nematodes. The extreme lack of centromere sequence conservation, among even closely 

related species, strongly supports the hypothesis that sequence does not play a role in 

defining the centromeric locus. However, the clear conservation of repetitive satellites 

and retroelements within almost all eukaryotes implies some degree of selection for this 

type of sequence. It is possible that the repetitive sequences which thrive in the majority 

of centromeres are able to do so due to the sequence independent nature of CENP-A 

deposition, and subsequent kinetochore assembly. That is to say, kinetochore assembly 

occurs independent of the type of sequence and thus repetitive elements are free to 

expand and contract without negative consequence for the organism. This hypothesis is 

also in agreement with the rapid rate of centromere evolution due to chromosomal 

rearrangements, since there is no purifying selection occurring within this region to 

exclude such events. Finally, fungal species, which have relatively small genomes and 

genome defense mechanisms (e.g RIP in N. crassa), tend to lack tandem satellite arrays 

in their centromeres, an observation which is also consistent with the hypothesis that 

centromere repeats expand in the absence of the selective pressures which affect the rest 

of the genome. 

 The significance of centromere sequence is a topic to be explored in great depth in 

the coming years. Advances in sequencing technologies and bioinformatics techniques 

will likely yield an abundance of genomic resources. Continued effort in this field will 

likely result in a completed, telomere to telomere, human genome, as well as genome 

sequences for many non-model organisms. These new genomes should provide a litany 

of opportunity to explore the functional role and significance of centromere sequence in 

human health, as well as evolution more broadly. This is already being realized in the 

form of massive comparative studies that are revealing the extent of diversity, and 

similarity, in eukaryotic centromeres (Melters et al., 2013). In the more immediate future, 
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fungi should provide an invaluable resource to understand centromere sequence. The 

relatively simple genomes of fungi, as well as the abundance of genetic tools, serve as an 

excellent system to understand the diversity of functional centromeres.  

 The general architecture of the kinetochore complex is well conserved, however 

many of the proteins and interactions therein are divergent. Much of this divergence 

exists within the components of the inner kinetochore, with a high degree of variability in 

the primary sequence, and even total loss of many CCAN components. One of the most 

distinct examples of this divergence is seen in the CENP-A N-terminal tail and HFD from 

canonical histone H3. This is especially noteworthy, as the canonical histone H3 is so 

well conserved. Another example of this divergence is the extent of CCAN proteins 

apparently missing completely from the kinetochores of many plants, fungi, arthropods, 

and worms. It is possible that functional homologues of these proteins exist and simply 

have not been found by homology search methods. The prevailing hypothesis is that the 

inner kinetochore proteins are evolving to continue to bind the highly variable centromere 

sequence, however this does not account for the loss of some CCAN components. It 

seems possible that the kinetochore must resist different forces in different organisms and 

the complex has evolved to handle this stress, or lack thereof. Biophysical techniques, 

such as experiments using molecular tweezers, may provide an answer to this question in 

the near future.  

 Unlike the CCAN, the KMN is well conserved across all eukaryotes studied thus 

far (Figure 1.1). This is perhaps because the KMN binds the conserved microtubule 

subunits, alpha and beta tubulin, instead of the highly variable centromere. Additionally, 

the SAC component of kinetochore function, mostly performed in conjunction with KMN 

components, is also well conserved. Some differences in cell cycle regulation of the 

kinetochore-microtubule attachment have been found in the Ndc80-Dam/DASH or 

Ndc80-Ska1 connection.  
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Figure 1.1 
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Multiple models emphasize core kinetochore components. Phylogenetic and biochemical studies of 
kinetochore proteins across many species has revealed that CENP-C, Mis12, Knl1 and Ndc80 function as 
the core bridge from the centromere out to the spindle microtubule. (A) Mammalian and (B) fungal 
kinetochores are mostly conserved from a functional perspective. The major sub-complexes of both the 
CCAN and KMN are present, however a great deal of variability has been found at the protein sequence 
level. In some instances, such as Ska1 vs Dam/DASH, a different complex has been evolved to perform the 
same function. (C) The kinetochore of insects, including many organisms with holocentric chromosomes, 
are severely depleted relative to mammals and fungi. Many of these organisms are lacking CENP-A, as 
well as most of the CCAN components. These obsevations imply a great deal of functional plasticity within 
the kinetochore, which is not surprising in light of the essential function of this complex and the force it 
must endure during anaphase. The kinetochores of plants have not been well studied to this point. 
Preliminary homology searches reveal extensive variability in primary protein sequence. 
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Figure 1.2 

 
Eukaryotic centromeres analyzed thus far only represent a small portion of diversity. The eukaryotic 
tree of life is shown (adapted from Cold Spring Harb Perspect Biol. 2014). Branches in which centromere 
sequence has been sampled are shown in black while branches that have been extensively studied are 
shown in red. Much like other fields of study, the animals, plants, and fungi have been thoroughly studied 
due to research on model organisms. The agriculturally significant species are the most well-studied of the 
plant species, revealing large and repetitive centromeres. The species of the ascomycota have been 
thoroughly studied revealing a diverse range of centromeres, from the 125bp point centromeres of S. 
cerevisiae to the almost 300kb centromeres of N. crassa. Samplings from other fungal phyla have shown 
even greater diversity in centromere sequence. The 1000 fungal genomes project may help to expand this 
body of knowledge in the near future. Most species of the animal kingdom have been found to contain 
large, repeat-rich centromeres, making complete centromeric assemblies difficult. Interestingly, many 
species of the class insecta contain holocentric chromosomes, and show other evidence of divergence from 
the more common regional centromere. The centromeres of less well-studied species show further diversity 
of centromere sequence. Cyanidiaceae have been shown to contain short, repeat-free centromeres. 
Tetrahymenidae and Amoebozoa centromeres contain satellite DNAs, much like those of common 
eukaryotic model organisms. 
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Figure 1.3 

 
Centromere sequence structure of representative eukaryotes. For each organism shown, only 
centromere regions are displayed, except for the C. elegans holocentric chromosome. Approximate size of 
centromere is indicated by diagram length. Centromeric satellite repeats are displayed as orange arrows in 
all species shown, however each organism maintains a unique flavor satellite repeat within the centromere. 
Most satellite elements are ~180 bp and predicted to wrap a single nucleosome, however, centromere 4 in 
Zea mays includes both typical satellite repeats and a much longer (~740 bp) repeat. Similarly, 
retrotransposons are abundant in the centromeres of many eukaryotes though there is large variety of 
retroelements between species. Recent evidence suggests C. elegans centromeres are composed of 
transcription factor ’HOT’ sites, making them characteristically similar to point centromeres spread out 
along the length of the chromosome. The most varied centromeres of the eukaryotic kingdoms seem to be 
those of the fungi (see Figure 2.1). Unlike most other eukaryotes, fungi mostly do not maintain a 
centromeric satellite repeat, but a variety of inactive retroelements, as seen in N. crassa. Interestingly, Z. 
tritici has repeat-free regional centromeres, a totally novel centromere structure.   
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Figure 1.4 

 
The kinetochore interaction network (KIN) is highly variable. Despite overall kinetochore structure 
conservation, many of the kinetochore proteins and interactions vary between species. Major kinetochore 
components are shown in orange. Dashes and shading indicate the extent of conservation amongst 
eukaryotes, with more open/lighter components being less conserved. Further examination of many species 
must be done to understand the full extent kinetochore complex variability. The kinetochore base is the 
CENP-A nucleosomes, shown in red. In most species, CENP-C is the hub of the kinetochore. Major 
interaction domains are shown. Major links from the CCAN to the KMN are through CENP-C to Mis12 
with help from CENP-Q-U-O-R-P, and CENP-T-W-S-X to Ndc80. Mis12 binds Knl1 and Ndc80 to the 
kinetochore via NSL-1 and DSN-1. A potential link between CENP-Q-U-O and Knl1 has been found in N. 
crassa. Knl1 binds the microtubule in an end on manner, while Ndc80 binds the side of the spindle 
microtubule. The presence of the Dam/DASH ring (shown in green) varies between species. It is essential 
in yeast species studied thus far, while in mammals it is replaced by the Ska1 complex . Some kinetochore 
components interact with chromatin remondeling components (shown in red) and SAC components (shown 
in blue with relevant PTMs).  
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Chapter 2: Centrochromatin of fungi 

 

Abstract 

 The centromere is an essential chromosomal locus which dictates the nucleation 

point for assembly of the kinetochore and subsequent attachment of spindle microtubules 

during chromosome segregation. Research over the last decades demonstrated that 

centromeres are defined by a combination of genetic and epigenetic factors. Recent work 

showed that centromeres are quite diverse and flexible and that many types of centromere 

sequences and centromeric chromatin (“centrochromatin”) have evolved. The kingdom of 

the fungi serves as an outstanding example of centromere plasticity, including organisms 

with centromeres as diverse as 0.15 to 300 kb in length, and with different types of 

chromatin states for most species examined thus far. Some of the species in the less 

familiar taxa provide excellent opportunities to help us better understand centromere 

biology in all eukaryotes, which may improve treatment options against fungal infection, 

and biotechnologies based on fungi. This review summarizes the current knowledge of 

fungal centromeres and centrochromatin, including an outlook for future research. 

 
Introduction 

The location of centromeres is functionally defined by the presence of a 

specialized histone H3 variant, CENP-A, or the presence of kinetochore complex 

components (Cleveland, Mao, and Sullivan 2003; Ohzeki et al. 2015). This hypothesis 

has been confirmed in the overwhelming majority of eukaryotes with canonical 

chromatin, i.e. DNA wrapped around nucleosome cores formed by histones. Much recent 

work has focused on the recruitment and maintenance of CENP-A, the constitutive 

centromere-associated network (CCAN), which forms the inner kinetochore, and the 

KNL1-MIS12-NDC80 complexes (KMN), which form the outer kinetochore and serve as 

the attachment point of chromatin to the microtubule spindles. In combination, the CCAN 

and KMN form the “kinetochore interaction network” (KIN); the fungal KIN has been 

reviewed recently (Freitag 2016). The “centromere” has come to denote DNA and DNA-

binding chromatin proteins, whereas “kinetochore” has come to mean proteins that do not 
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directly contact DNA (Fukagawa and Earnshaw 2014), though this is an arbitrary 

division. 

 

Based on the functional definition, “regional” centromeres are epigenetically 

determined, which holds true in most organisms studied. Notable exceptions are yeasts in 

the Saccharomycetaceae, in which “point” centromeres with specific DNA sequence 

features are the rule. This apparent conflict in how centromeric DNA sequences are 

recognized during the deposition of centromere and kinetochore proteins raises many 

questions about the role of centromere sequence: What are the defining features of the 

underlying centromere sequences? How has the centromeric DNA sequence affected the 

evolution of centromere proteins, their epigenetics, and the structure of kinetochore 

proteins that interact with this locus? What mechanisms keep centromeres at the same 

locus on a chromosome across many generations? We will address some of these 

questions in this chapter on fungal centromeric DNA and centromeric chromatin, or 

“centrochromatin” (Sullivan and Karpen 2004). As high-throughput sequencing has 

improved, many novel genomes from diverse taxa are being assembled, and the extent of 

centromere sequences examined in detail is increasing rapidly. New technologies also 

enable us to turn species with few traditional genetic or molecular resources into model 

organisms, which allows us to address specific questions at a mechanistic level. The 

combination of new sequencing, proteomics, and cytological techniques are thus 

providing a more complete picture of what is required to faithfully segregate 

chromosomes, and the fungi prove to be a very diverse kingdom to study. By the end of 

this decade, well over 1,000 different taxa will have complete or almost complete 

genome sequences available (see the “1,000 Fungal Genomes Project”; 

http://1000.fungalgenomes.org/home/), perhaps the best sampling of an entire kingdom.  

 

The Mycota, or fungi, span a wide range of lifestyles and serve important roles in 

biotechnology and biomedical research. Fungi also include some of the most devastating 

plant diseases that threaten food supplies on a regular basis, in addition to animal and 

human pathogens that are especially dangerous to immunocompromised patients. 



 

 

38 

Saccharomyces cerevisiae, budding or baker’s yeast, is the best studied fungus because of 

its widespread use in the food, beverage, industrial, and biofuel industries, as well as its 

history as a model organism for genetics and cell biology. The fission yeast, 

Schizosaccharomyces pombe, is only distantly related to budding yeast and has become a 

prominent research organism for the study of mitosis and meiosis, DNA repair, 

chromatin, and chromosome structure. Two filamentous fungi, Neurospora crassa and 

Aspergillus nidulans, are classic genetic model organism instrumental for the 

development of biochemical genetics and eukaryotic molecular biology. Aspergillus 

niger is an industrial workhorse that produces many enzymes and most of the citric acid 

used in the world. In addition, there are lignocellulose degrading fungi, like the 

ascomycete Trichoderma and the basidiomycete Phlebia, that are used for the production 

of biofuels and enzymes. An increasing number of fungi are studied as pathogens to 

humans, animals, plants, and even other fungi. Human fungal pathogens, like 

Cryptoccocus neoformans, Candida albicans, and Aspergillus fumigatus, are known for 

infecting mostly immunosuppressed patients. There is a shortage of effective antifungal 

treatments (Kilani and Fillinger 2016), which is especially critical when treating 

infections with basal taxa, like the “zygomycete” Mucor circinelloides and other 

members of this large and diverse group (Riley et al. 2016). Plant pathogenic fungi, such 

as Zymoseptoria tritici, Magnaporthe oryzae, and members of the diverse genus 

Fusarium, pose recurring problems to agriculture, causing devastating and costly diseases 

of all major industrial crops. By their diversity of lifestyles and uses fungi, have far 

reaching impacts on humanity through their roles in biotechnology and biomedicine. 

 

Centromere and kinetochore research in fungi has been focused intensely on the 

classical genetically and molecularly accessible workhorses, S. cerevisiae and S. pombe. 

More recently, work on the human pathogens, C. albicans and C. neoformans, the best-

studied model for filamentous fungi, N. crassa, as well as the plant pathogens Fusarium 

and Z. tritici has revealed highly diverse centromere arrangements and sets of 

kinetochore proteins within the kingdom. As more is understood about centromere 

dynamics in human, animal, and plant populations, and particularly in human cancer 
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cells, a diverse set of fungi may provide key insights as genetically, cytologically, and 

biochemically tractable systems. Future research on the centromeres of more basal 

lineages, fungi previously called “zygomycetes” (see http://zygolife.org/home/) and 

“chytrids”, that have now been split into several large groups, will provide an 

unprecedented look into the diversity of functional centromeres and kinetochores across a 

whole kingdom. Preliminary results indicate that fungal pathogens have divergent 

kinetochores, allowing for some components of this critical complex to be utilized as 

drug targets in human and agricultural pathogens (Sanyal 2012). Improved understanding 

of centromere biology in industrially relevant fungi promises new methods of genome 

engineering with stable mini-chromosomes and multi-organism shuttle vectors. Here we 

highlight what is known -and what remains unknown- about centromeric DNA sequences 

and centrochromatin of fungi by examining representatives of major taxa to compare and 

contrast the genetic and epigenetic requirements for proper chromosome segregation. 

 

Centromeric DNA sequence: Many ways to shape a remarkable genetic locus  

Diversity is a hallmark of centromeres. Centromere sequences range from discrete 

sequence motifs in S. cerevisiae, and related fungi, to the megabase-long arrays of simple 

repeats in human, many animal, and plant centromeres. In depth studies of model 

organisms have revealed features of centromeric DNA sequences, including AT-richness 

and a propensity for repetitive elements, which seem to be conserved in many –but not 

all– eukaryotes. Centromeres are split into two broad categories, “point” and “regional” 

centromeres, based on the role of DNA sequences in centromere function and on the 

number of spindle microtubules recruited to the centromeric region of each chromosome.  

 

The Dark Matter of fungal centromeres lies in the basal lineages. The 1,000 

Fungal Genomes Project allows for an unprecedented look into the extent of centromere 

diversity in any kingdom by providing a resource to examine the variability of 

centromere sequences and conservation of kinetochore proteins. In addition to the 

traditional model organisms discussed below, we now have access to the genomes of 

many pathogens of interest for plant, animal, and human health studies. While this work 
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is still underway, preliminary results support the idea that the centromere is an extremely 

divergent chromosomal locus. The last common ancestor of fungi split from the animals 

around ~1.5 billion years ago, and the most basal fungal lineages, the Microsporidia and 

Cryptomycota, separated from the precursors of the “zygomycetes”, Ascomycota and 

Basidiomycota, ~1.3 billion years ago (Figure 2.1) (Hibbett et al. 2007)). Studies with the 

two most widely used ascomycete yeast species were –and still are– trail-blazing, yet the 

largest diversity of the fungi is found in the other Ascomycota, Basidiomycota, and the 

more basal and poorly studied “zygomycetes”, whose classification has recently been 

updated (Spatafora et al. 2016). No molecular studies, e.g. by ChIP with CENP-A 

homologs, have investigated the position of centromeres in the basal taxa (Figure 2.1). 

Widespread absence of CENP-A or CENP-C, like in some insects and trypanosomes 

(Drinnenberg et al. 2014; DArchivio and Wickstead 2016), has not been observed in 

fungi (S. Friedman and M. Freitag, unpublished results). This suggests many fungi have 

kinetochores that are similar to those in the Ascomycota and animals, though not all of 

the constituents of the most centrochromatin-proximal KIN subcomplexes can be 

identified by homology alone (Freitag 2016). Microsporidia are obligate commensals or 

parasites found in many animals; they have reduced genome size and mitochondrial 

function, and are overall poorly studied. Typical centromeric DNA elements similar to 

those found in the ascomycetes have not been found in the taxa for which high quality 

genome drafts are available, e.g. the human parasite Enzephalitozoon cuniculi (Meraldi et 

al. 2006) or Nosema spp., which infect bees, silkmoth and other insects (Pombert et al. 

2013)). Many taxa in the Mucormycotina (e.g., Mucor circinelloides), 

Entomophthoromycotina (e.g., Conidiobolus coronatus, Basidiobolus ranarum) are 

opportunistic human pathogens that are difficult to control once an infection has been 

established (Mendoza et al. 2014; Riley et al. 2016). Fungi in the Chytridiomycota (e.g., 

Batrachochytrium dendrobatidis) are well-known pathogens of frogs (James et al. 2015; 

Rosenblum et al. 2013). For many of these species genomes are available, but these 

organisms are often difficult to culture, have poorly developed molecular methods or 

genetics, and thus the wealth of information on these diverse taxa has been largely 

inaccessible for centromere and kinetochore studies. To understand the diversity of 
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fungal centromeres and uncover underlying uniting principles more efforts should be 

directed towards understanding the biology of basal fungi. 

 

Fission yeast, budding yeast, and the dimorphic Candida as models for 

centromere research. Earlier diverging species of ascomycetes fall into the 

Taphrinomycota. The fission yeast, Schizosaccharomyces pombe, is one of the best 

studied model organisms, whose centromeric core and pericentric regions range from 30-

100 kb in size. Well-defined pericentric flanking regions include the outer repeat (otr) 

and inner most repeat (imr) surround the central core (cc or cnt; 4-7 kb) (Steiner, 

Hahnenberger, and Clarke 1993), which contains the majority of nucleosomes with 

CENP-ACnp1 (Thakur, Talbert, and Henikoff 2015). The discovery of S. pombe 

centromeres showed early on that fungi can have regional centromeres that do not depend 

on conserved recognition sequences for kinetochore complexes, and that they can be 

excellent genetic models for animal centromeres (Clarke 1998). The ill-conserved cc 

sequences alone are not sufficient to allow de novo CENP-ACnp1 deposition and to 

assemble a functional kinetochore (Folco et al. 2008). The otr and imr repeats are tied to 

an siRNA-based pathway for de novo heterochromatin assembly that is also involved in 

proper recruitment of cohesins for binding sister chromatids (Bernard et al. 2001; Volpe 

et al. 2002; Hall et al. 2002; Allshire and Ekwall 2015). A role for centromere sequence 

to generate cis-acting short or long non-coding RNA is a novel concept that seems to be 

shared by other taxa as well (Choi et al. 2011; Koo, Zhao, and Jiang 2016; Scott 2013; 

Du, Topp, and Dawe 2010; Rosic and Erhardt 2016; Rosic, Kohler, and Erhardt 2014).  

Other species in the genus Schizosaccharomyces have been investigated as some 

offer advantages for research on cell division or cell polarity. The genomes of S. 

octosporus, S. japonicas and S. cryophilus have been sequenced and comparisons of 

centromere structure showed that S. japonicus, S. octosporus and S. cryophilus all have 

repeat elements in their centromeric regions but that the S. pombe cc regions are not 

conserved and all repeat structures and arrangements are diversified between these 

species (Rhind et al. 2011). Some repeats in the centromeric regions of these species are 

longer than short reads obtained by high-throughput sequencing, thus there still remains 
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some uncertainty about the exact placement and number of some repeat elements. Gene 

order and overall synteny around the centromeric and pericentric regions between S. 

pombe and S. octosporus are conserved (Rhind et al. 2011).   

 

Almost 35 years ago, searches for centromere consensus sequences revealed that 

the budding yeast, S. cerevisiae, has a genetically defined centromere with three 

conserved Centromere Determining Elements (CDEI, CDEII, and CDEIII) (Clarke and 

Carbon 1980, 1985). CDEI, an 8-bp palindromic sequence, is bound by Cbf1. CDEIII, a 

conserved 26-bp motif, is bound by the CBF3 complex, interrupted by 75-86 bp of AT-

rich CDEII sequence. Cbf1 and CBF3 are conserved only in the Saccharomycotina. CDEI 

is not essential to form functional centromeres and some mutations within CDEII are 

tolerated. CDEIII, however, is essential to recruit centromere foundation and kinetochore 

proteins for proper spindle microtubule attachment. Discoveries with budding yeast 

facilitated trail-blazing research into the requirements for kinetochore formation and 

“portable” centromere signals (Biggins 2013). Candida glabrata has recognizable CDE 

motifs, though swapping its CDE motifs with those of S. cerevisiae does not allow for 

normal centromere function (Kitada et al. 1997), and the same is true for Kluyveromyces 

lactis (Heus et al. 1994), though in both yeasts the cloned centromere elements stabilized 

plasmids with autonomously replicating sequences (ARS), like in S. cerevisiae.  

Naumovozyma castellii, a related budding yeast, contains CDE-like regions that have 

diverged even more from the consensus sequence of CDEI-III of other budding yeasts 

(e.g. Ashbya gossypii (Dietrich et al. 2004), Vanderwaltozyma (Kluyveromyces) 

polyspora and S. bayanus (Gordon, Byrne, and Wolfe 2011), but Naumovozyma species 

still utilize a CBF3 complex to recruit kinetochore components (Kobayashi et al. 2015). 

This implies that the point centromeres of Saccharomycetaceae can undergo accelerated 

evolution or may have evolved more than once (Figure 2.1). 

In addition to the presence of CDEs, kinetochores of S. cerevisiae bind a single 

microtubule per chromosome (Winey et al. 1995; Gonen et al. 2012); together, these two 

characteristics define the point centromere. The emergence of point centromeres is 

considered to have occurred before the whole genome duplication event that occurred in 
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the ancestors of Saccharomyces, Candida glabrata, N. castellii, and V. polyspora but 

after divergence of the “true” Candida species and Komagataella phaffii (Pichia 

pastoris), which have short regional centromeres (Gordon, Byrne, and Wolfe 2011). The 

simplest model for regional centromeres is thus a “repeat-subunit model”, in which 

several point centromeres with attached kinetochores attract binding of several spindle 

microtubules to a larger centromeric region (Zinkowski, Meyne, and Brinkley 1991; 

Joglekar et al. 2008). In summary, the point centromeres of budding yeast were 

discovered first, largely because of the genetic tractability of the system. However, the 

molecular and phylogenetic evidence indicate that the point centromeres of many 

Saccharomycotina represent a more recently evolved state (Malik and Henikoff 2009). 

 

 Genome-wide analyses of many yeast genomes from the Saccharomycotina 

suggested that searching for GC-poor troughs may indicate positions of centromeres. In 

Yarrowia lipolytica they coincide with the five experimentally identified centromeres 

(Vernis et al. 1999), in Pichia stipitis and Debaryomyces hansenii the troughs contain 

clusters of the retrotransposon Tps5 (Lynch et al. 2010), and in Kuraishia capsulata, a 

nitrate-assimilating yeast more closely related to K. phaffii (P. pastoris), 2-6 kb regions 

with a 200-bp conserved motif were identified. These putative centromeres were 

confirmed as interacting regions by chromosome conformation capture (3C) analysis 

(Morales et al. 2013) but ChIP experiments with the CENP-A homolog were not carried 

out. In the methylotrophic yeast Hansenula polymorpha AT-rich regions on the 

chromosomes were identified but functional studies to validate centromeric regions are 

lacking (Ravin et al. 2013). In K. phaffii, however, mid regions are flanked by 2-kb 

inverted repeats on all four chromosomes and have the highest occupancy of CENP-

ACse4; some CENP-ACse4 is also found within the flanking repeats. Because of the 

presence of inverted repeats, the authors suggested the existence of a third type of 

centromere, the regional “IR centromere” in addition to the classical point and the 

epigenetically determined regional centromeres (Coughlan et al. 2016). Yarrowia 

lipolytica, an important species for biofuels research (Ledesma-Amaro, Dulermo, and 

Nicaud 2015), contains small (0.2-1.2 kb), AT-rich centromeres but conserved CDE1 and 
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CDEIII elements are lacking, suggesting that this may be the smallest regional 

centromere found thus far (Fournier et al. 1993; Vernis et al. 2001).  

 

The genus Candida includes some of the best studied human pathogens within the 

fungi. Candida albicans and S. cerevisiae shared a common ancestor >145 million years 

ago, while C. albicans and C. dubliniensis diverged ~20 million years ago (Mishra, 

Baum, and Carbon 2007). Recent work has thoroughly examined the centromeres of C. 

albicans, C. dubliniensis, C. lusitaniae and C. tropicalis. Candida albicans centromeres 

were identified by immunoprecipitation of DNA with antibodies against CENP-ACse4, 

followed by cloning and sequencing (Sanyal, Baum, and Carbon 2004). This direct 

identification of centromeric DNA showed that C. albicans has small (~3-5 kb) 

centromeres composed of non-repetitive sequence elements that are not conserved, even 

on chromosomes of the same strain or species (Figure 2.1). Syntenic centromeric regions 

have different sequences in C. dubliniensis and C. tropicalis (Chatterjee et al. 2016; 

Padmanabhan et al. 2008). Centromere cores of C. tropicalis are flanked by inverted 

repeats, similar to the organization found in S. pombe and K. phaffii (Chatterjee et al. 

2016). The seven centromeres of C. tropicalis are more similar than those of the other 

species, suggesting ongoing homogenization by gene conversion (Chatterjee et al. 2016). 

In all Candida species studied thus far, the core regions have the highest CENP-ACse4 

occupancy, but when (inverted) repeats are present they are often enriched with CENP-

ACse4. At the same time, Candida centromeres very likely have –like Saccharomyces and 

other Saccharomycotina– a single kinetochore-microtubule spindle attachment per 

chromosome (Joglekar et al. 2008; Burrack, Applen, and Berman 2011), thus blurring the 

line between point and regional centromeres. 

   

Filamentous fungi contain diverse types of centromeres. The filamentous fungi 

comprise most of the taxa in the basal lineages or Dikarya (Figure 2.1). In the fungi that 

have been used as model organisms for genetics, biochemistry, and molecular biology 

(e.g., N. crassa, A. nidulans and Coprinopsis cinerea), centromere location on 

chromosomes had been determined by genetic mapping. In N. crassa, a 16 kb region that 
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mapped to the centromeric region of LG VII was identified in a YAC library and 

sequenced (Cambareri et al. 1998; Centola and Carbon 1994). Some of the inactive 

retrotransposons appeared centromere-specific but after the genome of the most widely 

used lab strain of N. crassa was sequenced (Galagan et al. 2003) it became clear that 

Tcen, Tgl1, and Tgl2 regions also occur in subtelomeric regions and dispersed 

heterochromatin (Selker et al. 2003). The approximate sizes of all centromeres were 

determined by genome sequencing as most of the centromeric and pericentric regions 

were captured and correctly assembled (Borkovich et al. 2004). This was aided by the 

presence of Repeat-Induced Point mutation (RIP), a pre-meiotic mutator system that 

affects duplicated sequences as short as 150 bp (Selker 1990; Gladyshev and Kleckner 

2016). After RIP, both copies show transitions from C:G to T:A, and a DNA 

methyltransferase homologue, called RID, is involved (Freitag et al. 2002), though the 

process may not involve cytosine DNA methylation. RIP is active in successive pre-

meiotic cycles and continues as long as duplications show more than ~85% identity. 

While RIP need not be complete (i.e., some repeats may “escape” one or several rounds 

of mutagenesis in individual strains), the effect on the population is heterogenization of 

previously identical repeated retrotransposons. This heterogeneity has made assembly of 

N. crassa centromeres tractable since the extensive repeat structures confounding 

assembly in other long regional centromeres do not exist.  

Neurospora has large, 170-300 kb, regional centromeres with high AT-content 

that are enriched with inactivated retroelements, much like the centromeres of plants and 

animals. However, unlike in plants and some animals, satellite repeats are absent (Smith 

et al. 2011). Based on ChIP-seq with CENP-ACenH3 the centromeric core regions are 

surrounded by short (2-45 kb) regions of pericentric heterochromatin. Limited 

examination of the Mauriceville strain showed large differences in the centromere 

sequences (Pomraning et al. 2011). Further comparative studies on DNA sequence 

variation within centromeres of different strains of N. crassa revealed several different 

centromere sequence types that shaped the centromeres within the pedigree of the most 

commonly used lab strain (S. Friedman and M. Freitag, in preparation). SNP mapping 

shows that centromeres are passed on as intact recombination blocks, lending further 



 

 

46 

support to the long-standing hypothesis of recombination suppression within and near 

centromeres (Beadle 1932; Choo 1998). Gene conversion, however, does occur within 

centromeres of strains that are part of a pedigree of laboratory strains, or even within 

centromeres during single crosses (S. Friedman and M. Freitag, in preparation), as has 

also been observed in plants and insects (Shi et al. 2010; Miller et al. 2016). Centromere 

sequence variation has also been found in humans (Aldrup-MacDonald et al. 2016), and 

studies on natural populations will add greatly to our understanding of centromere-

kinetochore evolution. Fungi seem the best-suited model organisms to use for these 

investigations. 

Taxa most closely related to Neurospora all have shorter regional centromeres, 

with active or incapacitated retrotransposons, similar to those found in the putative 

centromeric regions of Magnaporthe oryzae (Thon et al. 2006) and Verticillium (Faino et 

al. 2015; Seidl et al. 2015). For many of these species CENP-ACenH3 has not yet been 

mapped by ChIP-seq, though several species in the genus Fusarium (F. graminearum, F. 

asiaticum, F. oxysporum, F. solani, F. fujikuroi) have been examined more closely and 

revealed centromeric DNA of 50-80 kb. All have centromeres that are enriched with 

retrotransposons, some of which appear to be active. The centromeric regions also are 

more homogeneous within individual strains and between species than those of 

Neurospora, showing numerous short direct and inverted repeats (L. Connolly, S. Shahi, 

M. Rep, L. Fokkens, S.-H. Yun and M. Freitag, unpublished results). Like in Candida, 

centromeres of the sister species are embedded in regions with high synteny, even though 

centromeric sequence has diverged. 

Genomes of several strains of the industrially important species Trichoderma 

reesei and its sister species had been assembled on scaffolds (Martinez et al. 2008; 

Schmoll et al. 2016; Mukherjee et al. 2013). Recent chromosomes conformation capture 

(3C) followed by high-throughput sequencing (“Hi-C”) in combination with information 

from the existing 77 contigs allowed mapping to seven super-scaffolds by application of 

the GRAAL algorithm (Marie-Nelly et al. 2014). As this algorithm makes no a priori 

assumptions about centromere clustering (which is often seen in fungi, see below), the 

application of Hi-C techniques in the near future will allow the precise mapping and 
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assembly of centromeres of many fungi. This technique will be faster and far more 

accessible for organisms for which tagging of CENP-A homologues or production of 

antibodies for ChIP-seq are too expensive or cumbersome. 

Centromeres of Eurotiomycetes, a medically and industrially important class of 

ascomcyetes, are ill-described. Centromeric sequences from important industrial genera 

such as Penicillium or the human pathogens Histoplasma and Coccidioides remain 

unknown. Centromere location for species of the genus Aspergillus is conserved and 

largely syntenic (Fedorova et al. 2008), though centromere sequence has not been 

assembled yet. ChIP-seq with a tagged CENP-ACenH3 protein followed by assembly or 

mapping found the predicted edges of the centromeres but was insufficient to assemble 

the complete regions, suggesting the presence of near-identical long repeats (L. Connolly, 

J. Larsen, K. Smith, S. Osmani and M. Freitag, unpublished results). These had been 

predicted based on analyses of repeat elements, e.g. the Dane1 and Dane2 LTR elements 

(Aleksenko, Nielsen, and Clutterbuck 2001). Based on comparative genomics, 

centromeric regions are thought to be between 8-80 kb long (Fedorova et al. 2008).  

The Dothideomycetes harbor some destructive pathogens, mostly of cereal crops. 

In some species the locations of centromeres had been predicted based on the longest AT-

rich regions on each chromosome. Surprisingly, such predictions turned out to be wrong 

for the genus Zymoseptoria, where most centromeres are not associated with AT-rich 

DNA (Schotanus et al. 2015). Instead, ChIP-seq with Z. tritici CENP-ACenH3 revealed 

short (5-10 kb) CENP-A enriched regions without distinct sequence patterns; some 

centromeres contain expressed genes, while others harbor active or silent retroelements. 

Studies with two sister species, Z. pseudotritici and Z. ardabiliae, yielded similar results 

and also revealed the presence of at least two dicentric chromosomes (K. Schotanus, E. 

Stukenbrock and M. Freitag, in preparation). The surprisingly short and variable 

centromeres of this clade of true filamentous fungi will require future functional studies. 

This genus presents a molecular model for co-evolution of a pathogen (Z. tritici) with a 

domesticated host (wheat), while wild grass pathogens within the genus Zymoseptoria 

can serve as comparison. 
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Among the Basidiomycota only Cryptococcus neoformans var. grubii has been 

examined in any detail for centromere sequences, both by sequence comparisons and 

ChIP-seq with CENP-C (Loftus et al. 2005; Janbon et al. 2014). These regions are 

between 20-65 kb long and enriched for active or disabled Tcn1-Tcn6 retrotransposons. 

Flanking regions between C. neoformans var. grubii and C. neoformans var. neoformans 

are mostly syntenic though the chromosome numbering is changed between the two 

subspecies, and a similar arrangement was observed with the more distantly related C. 

gattii (Janbon et al. 2014). These centromeric regions are not heavily, if at all, 

transcribed. Mapping of CENP-C showed that this centromere foundation protein binds 

to a core region within the centromeric and pericentric region, covering ~5 kb on CEN14 

(Janbon et al. 2014). Microbotryum lychnidis-dioicae (Pucciniomycotina) has been 

sequenced by PacBio long sequencing read methods and the almost complete sequence 

predicts repeat-rich centromeres of ~100 kb (Badouin et al. 2015). As in many other 

genomes, the large contigs of several chromosomes show breaks within the centromeres. 

The well-studied Ustilago maydis seems to have short centromeres that are associated 

with ARS sequences (Meksem et al. 2005; Kamper et al. 2006) but, again, no detailed 

studies have been undertaken.   

The classic genetic model organisms are by far the best studied organisms as far 

as fungal centromere sequences are concerned, and N. crassa is still one of the few 

systems to allow study of the role of DNA sequences in fully assembled large and 

repetitive centromeres. New genomics efforts, e.g. as part of the 1000 Fungal Genomes 

Project, usually involve Illumina short read sequencing. To build complete assemblies 

this approach will need to be complemented with PacBio or Oxford Nanopore methods 

(Thomma et al. 2016), though Hi-C methods may also yield almost complete de novo 

genomes with centromeres identified as regions with the strongest interchromosomal 

interactions (Marie-Nelly et al. 2014; Galazka et al. 2016). While these methods provide 

important information, the extent of centromeres should always be confirmed by 

examining the localization and cell cycle-dependent behavior of the defining epigenetic 

marker, CENP-A, or other conserved KIN proteins. 
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What emerges as a common theme from the investigation of short point or 

regional centromeres in the Saccharomycotina and the longer regional centromeres in 

Fusarium and Aspergillus is that genes surrounding the centromeric core or repeat 

regions of related species are syntenic. This suggests that centromeric sequences undergo 

mutation without repair at a higher frequency than the surrounding sequences. What still 

remains to be determined is whether these observations imply positive selection towards 

functional sequence signals for deposition of CENP-A (and the kinetochore) and thus 

specific adaptation or even speciation (Malik and Henikoff 2002; Henikoff, Ahmad, and 

Malik 2001), or rather increased drift because the location of CENP-A deposition is 

determined epigenetically by pre-existing CENP-A nucleosomes, making DNA 

sequences immaterial. Investigations on neocentromere formation and function of 

centrochromatin, outlined below, attempt to shed light on this process.  

 

Centrochromatin  

 That centromeric chromatin is different from bulk chromatin had been suspected 

since the realization that CENP-A is a variant of histone H3 (Earnshaw and Rothfield 

1985; Palmer et al. 1987; Palmer et al. 1991). Because of the sparsity of genes, 

enrichment of repeat elements and active or disabled retrotransposons, transcriptional 

repression, and compaction during interphase, centrochromatin has long been considered 

constitutive heterochromatin. This view was challenged when a mixture of histone 

modifications that are associated with both active and silent states was found in fission 

yeast, Drosophila, and human cells (Cam et al. 2005; Lam et al. 2006; Sullivan and 

Karpen 2004). Thus, together with euchromatin and heterochromatin, “centrochromatin” 

seems to constitute a distinct third form of chromatin.  

 The fundamental role of CENP-A in defining centromeres made this protein the 

focus of studies in every organism in which CENP-A-containing centromeres have been 

studied. Unlike the highly conserved canonical histone H3, CENP-A is rapidly evolving, 

especially the N-terminal tail, Loop 1 of the histone fold domain (HFD), and the CENP-A 

targeting domain (CATD), which are all involved in CENP-A localization and 

kinetochore interactions. In fungi this has been studied in the Taphrinomycotina (Folco et 
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al. 2015), Saccharomycetacae (Baker and Rogers 2006) and Sordariomycetes (P. Phatale, 

S. Friedman and M. Freitag, unpublished results). Studies with yeast and human cells 

have exposed the C-terminal tail as important for recruitment of essential CCAN 

components, CENP-C and CENP-N (Westhorpe et al. 2015; Carroll et al. 2010; 

Fachinetti et al. 2013; Fang et al. 2015). The controversy about the shape and size of 

centromeric nucleosomes across the cell cycle has been reviewed extensively (Biggins 

2013). The balance of CENP-A nucleosomes and post-translationally modified H3 

nucleosomes is a topic of ongoing investigations. Earlier studies uncovered roles for 

histone modifications in de novo establishment of stable fission yeast centromeres (Folco 

et al. 2008). How histone modifications may aid in centromere maintenance, however, 

remains to be uncovered in most organisms. Because the complement of histone genes is 

very simple (in most fungi there are single genes for H2A, H2B and H3, and only two 

genes encoding identical H4 proteins; (Hays et al. 2002)), and because most fungi are 

genetically and molecularly tractable organisms this may be the area where they can 

contribute the most to advances in the near future.  

While there are some similarities among eukaryotes, most organisms have 

evolved their own flavor of centrochromatin (Figure 2.2). Thus, centrochromatin ranges 

from a single nucleosome in the budding yeasts to dozens or hundreds of kilobases of 

constitutive heterochromatin in the few filamentous fungi that have been examined. Even 

though some CENP-ACse4 may incorporate into nucleosomes near the single nucleosome 

that is well-positioned over the CDEII element and, along with the CBF3 complex, 

recruits the kinetochore, S. cerevisiae centrochromatin encompasses a single nucleosome 

(Biggins 2013). Functionally, however, the region involved in chromosome segregation 

is much larger (Lawrimore et al. 2016; Bloom 2014) and involves rapid exchange of 

canonical pericentric histones by chromatin remodeling (Verdaasdonk et al. 2012). 

 Candida species contain sequence-independent, regional centromeres. 

Centromere inactivation or deletion experiments in C. albicans demonstrated the utility 

of this system for the study of “neocentromere” formation and inheritance (Burrack and 

Berman 2012). Neocentromeres are previously naïve chromatin regions that give rise to 

functional kinetochores competent for chromosome segregation. Upon inactivation or 
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deletion of the original centromeres, Candida neocentromeres form almost anywhere on 

the chromosome, though there is some preference for pericentric and subtelomeric 

regions (Burrack et al. 2016; Koren et al. 2010; Ketel et al. 2009; Thakur and Sanyal 

2013). Like in S. cerevisiae, centromeres and neocentromeres in Candida interfere with 

transcription of nearby genes (Burrack et al. 2016), suggesting heterochromatin 

characteristics. The role of histone modifications or other classical markers for 

heterochromatin in Candida is unresolved. Similar to S. cerevisiae, Candida lacks the 

conserved heterochromatin pathways that rely on methylation of H3K9 and H3K27. 

 Heterochromatin, defined by the presence of H3K9 di- or trimethylation 

(H3K9me2/3) in most and cytosine DNA methylation in many organisms, is a shared 

characteristic of most regional pericentric or centromeric regions. In S. pombe, the RNAi 

machinery is essential to recruit H3K9me2 to the pericentric repeat and help to 

incorporate CENP-ACnp1 on naive plasmid sequences (Folco et al. 2008), though the 

significance of the RNAi pathway in centromere function during the normal cell cycle is 

still uncertain. Once assembled, the heterochromatin machinery (the histone 

methyltransferase Clr4SUV39 and the H3K9me2 adapter Swi6HP1) is not required for 

CENP-ACnp1 inheritance on plasmid DNA. The RNAi requirement for de novo CENP-

ACnp1 deposition can be circumvented by tethering Clr4SUV39 to specific regions 

(Kagansky et al. 2009). Nevertheless, heterochromatin seems necessary for proper 

chromosome segregation and chromosome structure, likely by the recruitment of 

cohesins (Pidoux and Allshire 2005; Bernard et al. 2001; Mizuguchi et al. 2014; Nonaka 

et al. 2002). Early genome-wide ChIP studies showed that the imr and cc (cnt) regions 

were enriched for a euchromatic mark, H3K4me2, and interspersed with CENP-ACnp1 

nucleosomes, which further motivated studies on the role of ncRNA in centromere 

function (Choi et al. 2011; Djupedal et al. 2009) that are still ongoing. Conversely, recent 

experiments suggest that H3 nucleosomes are depleted from the centromeric core and that 

CENP-ACnp1 nucleosomes and CENP-T complex dominate (Thakur, Talbert, and 

Henikoff 2015). 

 Studies on centrochromatin of N. crassa revealed that centromeric regions of N. 

crassa contain blocks of canonical nucleosomes that are enriched with H3K9me3 
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interspersed with blocks of CENP-ACenH3 nucleosomes (Smith et al. 2012; Smith et al. 

2011). In mutants lacking the H3K9me3 methyltransferase DIM-5SUV39 and the 

H3K9me3-binding protein HP1 the regions enriched for CENP-ACenH3 were smaller. 

H3K4me2/3 did not associate with the formerly H3K9me3-enriched nucleosomes though 

overall nucleosome occupancy seemed unaltered (Smith et al. 2011). Further studies 

revealed re-localization of H3K27me2/3 to regions usually occupied by H3K9me3 in 

DIM-5SUV39 and HP1 mutants, suggesting that HP1 prohibits H3K27 di- and 

trimethylation in H3K9me3-regions (Basenko et al. 2015; Jamieson et al. 2016). Single 

mutants lacking DIM-5SUV39 and HP1 show growth and chromosome segregation 

phenotypes and are homozygously sterile or result in aberrant progeny (Freitag, Hickey, 

et al. 2004; Tamaru and Selker 2001), while SET-7EZH2 mutants show no overt defects 

(Jamieson et al. 2013). In DIM-5SUV39 SET-7EZH2 or HP1 SET-7EZH2 double mutants these 

phenotypes are largely suppressed (Basenko et al. 2015; Jamieson et al. 2016), suggesting 

that it is the presence of H3K27me2/3 at centromeres or its absence from normal 

facultative heterochromatin that results in the chromosome segregation defects. 

Hi-C and cytological studies with wild type and mutants defective in constitutive 

(DIM-5SUV39, HP1) or facultative (SET-7EZH2) heterochromatin showed that, like in 

budding (Duan et al. 2010) and fission yeast (Tanizawa et al. 2010; Mizuguchi et al. 

2014), all centromeres are co-localized within the nucleus, revealing Rabl orientation 

(Klocko et al. 2016; Galazka et al. 2016). Surprisingly, DIM-5SUV39, HP1, and SET-7EZH2 

mutants showed relatively minor changes by Hi-C; the overall organization of 

centromeres was maintained and no gross chromosomal defects were observed. A novel 

role for importin alpha (N. crassa DIM-3) in chromosome organization was found 

(Galazka et al. 2016). Importin alpha may act by its role in targeting of the DIM-5-

containing DCDC complex (Klocko et al. 2015), though mechanisms remain to be 

uncovered. Cytology showed altered position and increased numbers of centromere foci 

in the SET-7EZH2 but not the DIM-5SUV39 and HP1 single mutants or SET-7EZH2 DIM-

5SUV39 double mutants (Klocko et al. 2016). These data suggest a role for H3K27me2/3 in 

the control of centromere maintenance.  
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A link between the RNAi and meiotic silencing pathways and heterochromatin 

establishment in N. crassa has not been found (Freitag, Lee, et al. 2004), unlike in fission 

yeast, and no long ncRNA transcripts or H3K4me2/3 have so far been detected (P. 

Phatale, K. Smith, M. Freitag, unpublished results). This suggests that RNAi or long 

ncRNA may not play an essential role in the formation or maintenance of 

centrochromatin in all fungi. 

Fusarium species that have been studied show depletion of H3K4me2/3 and little 

transcription in their centromeric regions. In F. fujikuroi, centromeric regions are 50-80 

kb long and associated with H3K9me3 (Wiemann et al. 2013), similar to F. oxysporum, 

F. asiaticum, F. solani and F. graminearum (L. Connolly, S. Shahi, M. Rep, L. Fokkens, 

S.-H. Yun and M. Freitag, unpublished results). Fusarium species use H3K27me3 to 

silence ~30% of their genomes, and most of these regions are in large subtelomeric 

blocks. No H3K27me3 has been detected in centromeric regions (Studt et al. 2016; 

Connolly, Smith, and Freitag 2013) and there is very little H3K27me2 (L. Connolly, R. 

Gonçalves, M. Freitag, unpublished results). Re-localization of H3K27me2/3, which has 

been observed in Neurospora DIM-5SUV39 and HP1 mutants as well as C. neoformans 

ccc1 mutants, does not occur in F. graminearum (L. Connolly and M. Freitag, 

unpublished results). Overt phenotypes are also drastically different from those observed 

in Neurospora (Jamieson et al. 2013), as H3K9me3-defective strains have no discernable 

phenotypes under standard growth conditions while single mutants lacking H3K27me3 or 

double mutants lacking H3K9me3 and H3K27me3 show numerous developmental and 

other defects (Connolly, Smith, and Freitag 2013). 

In Z. tritici, centrochromatin cannot easily be defined because CENP-A-enriched 

regions do not show any obvious DNA sequence or chromatin pattern (Schotanus et al. 

2015). So far only H3K4, H3K9 and H3K27 methylation have been tested but none of 

these marks overlap reliably with CENP-A localization. In contrast to Neurospora or 

Fusarium, many H3K9me3 regions also are enriched for H3K27me3. The control for 

deposition of both histone marks in this species remains to be deciphered. 

Currently, the only basidiomycete that has been studied in regards to 

centrochromatin is C. neoformans. H3K9me2 is found almost exclusively in the 
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centromeric, pericentric and subtelomeric regions. While no H3K27me3 was found in 

centromeric regions, it overlaps with H3K9me2 at the subtelomeric loci (Dumesic et al. 

2015), similar to what had been found with Neurospora (Basenko et al. 2015; Jamieson et 

al. 2016) and Zymoseptoria (Schotanus et al. 2015). As in Neurospora, re-localization of 

H3K27me3 has been found under certain conditions. The Cryptococcus Ezh2EZH2 

complex contains three conserved proteins (Ezh2, Eed and Msl1) and two proteins unique 

to Cryptococcus (Bnd1, Ccc1), but it lacks a recognizable SUZ12 homologue that is 

usually associated with E(z) (Dumesic et al. 2015). While there are no clear homologues 

of Bnd1 in ascomycetes, the best Ccc1 homologues in Neurospora and Fusarium are not 

involved in H3K27 methylation (Jamieson et al. 2016) (L. Connolly and M. Freitag, 

unpublished results). Ccc1 is involved in H3K27me3 recognition and binding. Disruption 

of ccc1 results in redistribution of H3K27me3 into H3K9me2 domains, especially the 

centromeric regions. If H3K9me2 deposition is abolished by deletion of the Clr4SUV39 

homologue, H3K27me3 is also lost from these regions in the ccc1 background (Dumesic 

et al. 2015). These results suggest that normal binding of the Ezh2 complex to its product, 

H3K27me3, via Ccc1, suppresses an inherent activity towards H3K9me2-modified 

centromeric chromatin regions (Dumesic et al. 2015). 

 

Summary 

Many fungi are genetically tractable and accessible to modern molecular 

techniques. This allows mechanistic studies of the balance of chromatin marks, 

transcription, and CENP-A deposition at stable centromere loci; such studies will 

continue to provide deep insights into centromere regulation. Fungi represent an 

opportunity to test centrochromatin plasticity that is still difficult to carry out in many 

other model organisms. Species with large regional centromeres can be leveraged to 

improve understanding of the centromere defects that may play a role in tumorigenesis 

and other genomic instabilities that affect plants and humans. In addition, many fungi 

play a significant role in biotechnology applications, including the textiles, food, biofuels, 

and drug industries. Due to the role of centromeres in chromosome stability, centromere 

research should provide opportunities to genetically engineer strains with improved 
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functionality for these industries. Research on the centromeres of fungi is just gaining 

speed and improved techniques in molecular biology and genomics are allowing insights 

into the functional diversity of this critical chromosomal locus. Future research on the 

varying sizes and types of centromeres in the filamentous fungi will provide a clearer 

picture of how these factors determine the number and recruitment of spindle 

microtubules. Increasing microtubule attachments may provide a remedy for 

chromosome segregation defects, while eliminating aberrant microtubule attachments 

may attenuate meiotic drive defects that occur in cancer cells. 

 Centrochromatin seems to be as diverse as all other aspects of centromere biology 

studied to this point. Though several types of centrochromatin have been found within the 

fungi, some common themes have emerged. All known variants of centrochromatin in 

fungi are more similar to heterochromatin than euchromatin, whether due to the presence 

of silencing marks (e.g, H3K9me2/3) or the involvement of the RNAi machinery in S. 

pombe. Hi-C studies suggest that there is a higher-order organization to centrochromatin, 

though the precise role of heterochromatin and condensin or other scaffolding proteins is 

still uncertain. Future studies will need to define functional roles of the different 

centrochromatin states in model fungi from major understudied clades. Examination of 

diverse fungi will help to reveal the full extent of centrochromatin states in nature, which 

should provide insights into possible links between centrochromatin and lifestyle, 

genomic architecture, and other aspects of biology. While it is clear that chromatin 

modification enzymes are important for centromere establishment, more work must be 

done to determine what, if any, negative effects on chromosome segregation occur in 

chromatin mutants. Hi-C studies carried out across the cell cycle in synchronized cells 

will provide deeper understanding of the relationships between chromatin state and 

centromere function from a chromosome organization perspective. 
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Figure 2.1 
 

 
 
Phylogenetic relationships between major clades of fungi, extent of CENP-A- 
enriched regions and centromere repeat structure of taxa that have been studied.  
Basal taxa, including the microsporidia, chytrids and “zygomycetes” have not been examined at all 
(orange question marks); species named are mentioned in the text and important animal or 
human pathogens. In the Dikarya, Basidiomycota are not well studied; only Cryptococcus has 
been examined in detail and presumed centromeric DNA has been identified by Hi-C in M. 
lychnidis-dioicae. Ascomycota include several model organisms for genetics and molecular 
biology, e.g. budding yeast (S. cerevisiae), fission yeast (S. pombe), the dimorphic opportunistic 
pathogen C. albicans, and the molds A. nidulans and N. crassa. Evolution of point centromeres 
appears to be monophyletic in the Saccharomycetaceae, as all other taxa have some form of 
regional centromere. In fission yeast a conserved core region (yellow) is bordered by inner and 
outer repeats (blue chevrons), and a similar arrangement has been found in C. tropicalis (green 
non-conserved regions flanked by repeats). Repeats, either inverted or direct, are mostly absent 
from centromeric regions of other Candida species and the Dothideomycete genus Zymoseptoria. 
There is a large knowledge gap regarding centromeres in the industrially and medically 
important Eurotiomycetes – centromeric regions have not yet been identified by ChIP with 
CENP-A in any of these species (blue question mark). The Sordariomycetes that have been 
examined all have medium to large regional centromeres consisting of retrotransposons or relicts 
of retrotransposons from various families (colored chevrons). Based on sequence analyses of the 
most likely centromeric regions, several Dothideomycete genera (Parastagonospora, Pyrenophora) and 
several Erotiomycetes (Aspergillus, Talaromyces, Penicillium) seem to have 
centromeric regions that are similar to those in Fusarium; the arrangement in Zymoseptoria 
appears to be atypical. Numbers indicate time to last common ancestor in billion years. 
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Figure 2.2 

 
 
Types of centrochromatin in reference fungi with regional centromeres. 
Representative species are arranged according to phylogeny (see Figure 1). Species in the 
Sordariomycetes show CENP-A- enriched regions (purple) that stretch across 30-50 kb; 
Neurospora seems to be an exception with CENP-A- enriched regions that can be as long as 300 
kb. In these species, H3K4me2/3 (green) and H3K27me2/3 (orange) are absent from the CENP- 
A regions, while H3K9me3 (red) nucleosomes and cytosine DNA methylation (5meC, blue) are 
interspersed with CENP-A nucleosomes. The pericentric regions, defined by presence of 5meC 
and H3K9me3 but absence of CENP-A, is usually short (5-20 kb). It is still unclear whether there 
is widespread 5meC in Fusarium species. Among the Dothideomycetes only Zymoseptoria 
species have been examined, and their CENP-A- enriched regions are short (5-10 kb); none of the 
histone modifications tested thus far are correlated with CENP-A enrichment; the relative 
enrichment of histone modifications across all centromeric regions is shown by the colored lines (i.e. 
H3K9me3, H3K27me3, and H3K4me2). The two yeasts shown here, S. 
pombe and C. neoformans, have similar distributions of CENP-A and H3K9me2 or -me3 
enrichments. Differences between the two species are the slight enrichment of H3K4me2 in the 
CENP-A- enriched region and the absence of all H3K27me2/3 in S. pombe. Not all species are 
capable to catalyze all chromatin modifications shown here (indicated to the left of the panels). 
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Chapter 3: Centromere sequence diversity in Neurospora crassa 

 

Abstract 

Early studies on the centromeres of budding yeast suggested the existence of 

“centromere consensus sequences,” similar to telomeric TTAGGG repeats or even more 

specific transcription factor binding sites (Clarke and Carbon, 1980). Today, the 

consensus in the field of centromere biology is that centromeres are epigenetically 

defined by the presence of a centromere-specific histone H3 variant, CENP-ACenH3. 

However, many questions about the significance of DNA composition and chromatin 

conformation at bona fide centromeric loci remain unanswered. One enduring paradox 

involves the inter-species variability of centromeric DNA sequences, apparently caused 

by rapid evolution when compared to most non-centromeric loci, combined with its 

function as stable kinetochore attachment platform. While recombination within 

centromeric and pericentric heterochromatin is clearly suppressed when specific markers 

were tested, few high resolution studies of naturally occurring centromere sequence have 

been performed. We addressed this in Neurospora crassa by examining centromere 

sequence of two strains from a well-defined lineage of laboratory strains that have been 

used for more than fifty years. These strains contain distinct centromere sequences, some 

are almost identical, some share more than 75% of their sequence, some are completely 

different. These distinct centromere types can be traced back to the original laboratory 

strains domesticated by Lindegren. Here, we analyzed complete centromeric DNA 

sequences of progeny from a cross between a derivative of the most widely used 

laboratory and genome reference strain, 74-OR-23-IA (“OR”), and an early diverged 

strain, Emerson A (“EmA”). We carried out high-throughput sequencing both before and 

after crosses, confirming that gene conversions, and not meiotic crossovers  are common 

in centromeric regions. Rapid sequence gain or loss in regions with similar transposon 

relics, with some gene conversion events, is likely the major driver of centromeric DNA 

evolution. We performed analyses of the N. crassa laboratory strain pedigree by use of 

SNPs between OR and EmA to determine the extent of centromere sequence divergence. 

Our basepair-resolution results lend further support to the hypotheses that recombination 
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by cross-overs is suppressed within centromeric and pericentric regions, and that 

centromeres are epigenetically defined.  

 

Introduction 

Centromeres serve as a chromosomal nucleation site for the assembly of the 

kinetochore, which in turn leads to attachment of the spindle microtubules and proper 

chromosome segregation during nucleus division. Early studies on centromeres focused 

on uncovering sequence elements that confer functionality. Such sequence motifs, called 

CDEI-III (centromere DNA elements) exist in S. cerevisiae (Fitzgerald-Hayes et al., 

1982; Panzeri and Philippsen, 1982; Schulman and Bloom, 1993), but outside of some 

closely related Sacharomycetaceae no other eukaryote examined thus far shares this type 

of sequence-dependent, single nucleosome “point” centromere. Unlike S. cerevisiae, 

most eukaryotes have either “regional” centromeres, characterized by 30-5,000 kb 

stretches of repetitive DNA (Steiner and Henikoff, 2015), or “holocentromeres”, 

characterized by kinetochore assembly at discrete loci along the entire length of 

chromosomes (Drinnenberg et al., 2014). The long and repetitive sequences of regional 

centromeres have confounded the assembly of this essential locus in many organisms, 

leaving a knowledge gap on the role that sequence may play in centromere function. 

Today, it is widely accepted that centromeres are epigenetically defined by the 

presence of the histone H3 variant, CENP-A. This hypothesis is supported by multiple 

lines of experimental evidence including studies on centromere sequence deletion (Ketel 

et al., 2009), targeted mislocalization of CENP-A (Shang et al., 2013), and artificial 

chromosomes (Kazuki et al., 2011; Kim et al., 2011). By any of these methods, CENP-A 

localization, and not centromere sequence, was required to establish a functional 

centromere and recruit kinetochore proteins. Furthermore, specific chromatin 

environments have been found to associate with the centromere, however the specific 

type of chromatin is not consistent between different organisms. For example, in human, 

fission yeast, flies, and rice the centromere is marked by H3K4me2 modified histone tails 

(Bergmann et al., 2011; Sullivan and Karpen, 2004; Wu et al., 2011), a mark that is 

usually correlated with transcriptionally active regions, and the surrounding 
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pericentromeres with H3K9me3, which is usually correlated with transcriptionally silent 

regions (Bergmann et al., 2011, 2012; Lam et al., 2006). In contrast, the core centromere 

region of many filamentous fungi, maize, nematodes, and chicken are marked with 

constitutive heterochromatic marks (Ribeiro et al., 2010; Shi and Dawe, 2006; Smith et 

al., 2011, 2012; Steiner and Henikoff, 2014). 

 Regarding variability between species, centromere sequences follow the same 

trend as chromatin in that sequence content is similar, but certainly not identical in the 

many organisms that have been studied in detail. With the exception of the point 

centromeres of S. cerevisiae and the holocentromeres of C. elegans, the majority of 

centromeres are considered regional, i.e. covering thousands to hundreds of thousands of 

nucleosomes rather than a single specialized CENP-A containing nucleosome. Regional 

centromeres consist of long stretches of repetitive and usually AT-rich sequence (Melters 

et al., 2013; Sharma and Presting, 2014; Sullivan and Karpen, 2004; Zhang et al., 2017). 

The extent and nature of the repeats and AT-richness is quite variable, however, ranging 

from simple sequence repeats (SSRs) to active or inactivated retroelements, while DNA 

transposons are exceedingly rare (Melters et al., 2013). The centromeres of many yeasts 

in the Sacharomycetaceae have been assembled since they consist of well-defined 

sequence elements that are required for centromere function, however, even in the 

Taphrinomycotina, including species of the genus Schizosaccharomyces, the centromere 

sequence has not been fully assembled because of identical or near-identical repeats of 

several kb. In N. crassa, a process called repeat-induced point mutation (RIP) causes 

repeated sequence to pair and undergo mutagenesis in both copies; this process can be 

occur in successive crosses until near-identical repeats are no more than 80% identical 

(Cambareri et al., 1991). The consequence of this phenomenon is extensive mutation of 

N. crassa centromeric retrotransposons, including relatively recent invaders such as Tad 

(Smith et al., 2011). One benefit of RIP is the advantage for assembly of long 

centromeric contigs, allowing for studies on the importance of centromere sequence for 

centromere function. Since the centromeres of N. crassa are large (175-300 kb) and rich 

in retroelements, some of the findings obtained with Neurospora will likely be important 

for the understanding of metazoan centromeres as well. 
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 In this study, we utilized sequencing data from the N. crassa lineage strains 

(Newmeyer, D., Perkins, D.D., Barry, 1987), which have been sequenced by the Joint 

Genome Institute (JGI) and Pacific Biosciences (Kim et al., 2014a), to analyze the extent 

and nature of centromere sequence diversity within this species. We compared the 

centromeric sequence of all available strains in this lineage by SNP mapping, and showed 

that there are several distinct centromere types that can be traced back to the earliest lab 

strains generated by Lindegren ~70 years ago (Newmeyer, D., Perkins, D.D., Barry, 

1987). We found no evidence of selection for specific centromere sequence types or large 

scale recombination of centromere types throughout the pedigree. In addition to the 

analysis of existing lineage strains, we performed directed crosses of strains with two 

divergent centromeres (OR and EmA) to study mechanisms of centromere sequence 

evolution in a more direct manner. This work confirms, at basepair resolution, the long-

standing observation that homologous recombination by cross over is suppressed but that 

gene conversion is active within centromeres. Based on the evidence provided here, we 

propose that the centromeric locus is much more divergent than previously thought.  

 

Results 

The EmA strain of Neurospora crassa has different centromeric DNA 

sequences than the reference OR strain. The EmA (NMF268) strain of N. crassa is 

closely related to the lab reference strain, OR (NMF39). We used the published genome 

sequence from EmA (Kim et al., 2014b) and compared it to the N. crassa reference 

genome sequence from OR (Galagan et al., 2003). Whole chromosome alignment 

dotplots show large differences in the central region of centromeres IV, VI, and VII, and 

smaller regions of variability in centromere I (Figure 3.1).  

Characteristics of centromere sequences of these two strains were, however, quite 

similar in terms of both repetitive elements and AT content. We examined the types of 

repetitive elements in the two strains by using the Repeat Masker program (Smit et al., 

1996). This analysis revealed an abundance of retroelement relicts and low complexity 

repeats in both OR and EmA centromeres (Tables 3.1 & 3.2). The centromere sequence 

of both strains is mostly composed of the N. crassa TAD1 retrotransposon, which is still 
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active in a few wild-collected strains of N. crassa but not in any of the lab derived strains 

studied thus far (Cambareri et al., 1994; Kinsey, 1993). Several variants of gypsy 

retroelements (Figure 3.2A & B), and high AT dinucleotide counts were also observed 

(Figure 3.2C & D). Although we find similar types of retroelements within the 

centromeres of these two strains, there are differences in the quantity and order in which 

they are laid out. This leads us to conclude that the sequence complexity of large regional 

centromeres of N. crassa, like those of other higher eukaryotes, is likely a product of 

random mutagenesis and a lack of selection pressure rather than directed evolution of 

specific sequence elements needed for proper centromere function.   

 

Multiple centromere types exist in Neurospora crassa that can be traced 

back through a pedigree of wildtype strains. To determine if the differences observed 

between OR and EmA were characteristic of centromere sequence differences in 

additional strains and over time, we next used existing sequence data from JGI to 

compare the extent and composition of centromere DNA within the lineage of N. crassa 

wildtype strains. Using whole genome or centromere only SNP data from seventeen 

strains in the pedigree, we identified significant differences in the sequence of several 

centromeres.  

We first used data from whole genome sequencing and data from CENP-A-GFP 

ChIP-seq to identify SNPs between two highly divergent strains, OR and EmA. Overall, 

we found 129,774 SNPs between the two strains across the whole genome, of those 3,973 

SNPs were in the centromeres (Figure 3.3). There are distinct peaks and valleys of SNP 

density across each linkage group. Interestingly, the divergent centromeres (I, IV, VI, and 

VII) fall within SNP density peaks, while the conserved centromeres (II, III, and V) are in 

SNP density valleys (Figure 3.3). 

We next examined whether SNPs between OR and EmA were being called within 

highly similar or divergent centromeric regions. Sequence identity along each centromere 

was calculated for matches of at least 20 nucleotides and 95% identity, then mapped to 

the OR centromeres on top of the SNP counts (Kurtz et al., 2004). In many centromeres, 

we see distinct drops in sequence identity where SNP density is highest (Figure 3.4). 
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Furthermore, some highly divergent centromeres (IV and VI) contain long stretches of 

sequence that couldn’t be aligned using our parameters. This work shows that SNPs can 

be reliably called within the well conserved regions, and the increased SNP content is 

directly related to decreased sequence identity. Addiontally, we find that some highly 

divergent centromeric regions likely cannot be properly examined for SNPs by standard 

bioinformatics methods.  

 

SNP ratio mapping (SRM) of N. crassa lineage strains indicates multiple 

distinct centromere types. To apply the findings from the comparison between OR and 

EmA SNPs to all strains in the N. crassa pedigree of OR precursor wildtype strains, we 

generated a “SNPome” to determine the extent to which N. crassa lineage strains 

contained SNPs that matched OR or EmA. Reads were mapped to the SNPome and 

scored by the percentage of reads that matched OR versus EmA, where 0 meant a read 

matched OR and 1 meant a read matched EmA. The calculated ratios for all reads, 

regardless of genomic region, showed that the two genomes are mixed throughout the 

lineage strains (Figure 3.5A). One parental strain, Lindegren a, seems to be very similar 

to OR, while the other parental strain, Lindegren A, is mixed and mostly similar to EmA. 

There is clear mixing of genomic backgrounds throughout the N. crassa pedigree, with 

OR and EmA types only being isolated in more recent crosses (Figure 3.5A). This work 

demonstrates that at least two, and likely more, genomic backgrounds exist within these 

strains of N. crassa. 

In order to study the dynamics of centromere types, we examined individual SNPs 

within centromeres. This revealed that within a given centromere, there is little or no 

evidence of mixed centromere types that would be expected from meiotic recombination 

by cross overs (Figure 3.5B; Table 3.3). The lack of large blocks of exchanged SNPs 

between strains indicates that most of the centromere mixing in the lineage occurs by 

inheritance of an entire centromere from a parent strain, i.e. the long regional centromeres 

of N. crassa behave like one locus. There were, however, some exceptions to this rule, 

where one centromere from specific strains seemed to match both the OR and EmA types 

(for example, see CenI in strain RL3-8; Figure 3.5B). More careful examination reveals a 
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third type of centromere appeared (mixed red and blue hatches), present in the Lindegren 

25a, RL3-8, and RL21 strains on LG I, and in the Abbott 4a strain on LG VI. 

Additionally, cen I, II, and III don’t match either OR or EmA in several of the strains 

(white boxes with no red/blue; Figure 3.5B). These centromere types appear to have been 

introduced into the lineage with Lindegren 25A, Abbott 4a, and Lindegren A but are no 

longer found in most recent accessions. The third centromere type implies mechanisms of 

centromere sequence evolution where major transposon or retroelement insertion or 

deletion events may result in the current diversity of centromere sequence. One 

prediction is that sampling of additional wildtype accessions, for example from India and 

Africa, will reveal additional centromere types. 

 

ChIP assays confirm the extent of centromere divergence in wild type strains. 

To show that the highly variable regions of OR and EmA DNA sequences occur in bona 

fide centromeric regions, we next mapped CENP-A ChIP-seq reads obtained from a close 

relative of OR, (NMF402), which was obtained by transformation of an OR strain, to the 

EmA genome, and vice versa. CENP-A reads mapped almost exclusively to centromeric 

regions, suggesting that no large scale rearrangements of centromeric regions had 

occurred (e.g. centromeric OR sequence was not found on the arms of EmA).  We did, 

however, discover numerous large and obvious gaps, most notably in centromeres IV, VI, 

and VII (Figure 3.6). The gaps in CENP-A localization closely match the regions of 

sequence identity below 95% found previously (Figure 3.4), indicating that these gaps are 

likely due to sequence divergence and not changes in CENP-A localization. This is 

confirmed by the nearly contiguous mapping of OR CENP-A reads to the OR genome 

and EmA CENP-A reads to the EmA genome. 

 

 Centromere localization is independent of sequence, even in naturally 

variable strains. To examine potential mechanisms of centromere sequence evolution 

through meiosis, we crossed the EmA strain with OR and examined the centromeres of 

sixteen progeny by CENP-A ChIP-seq. We used the SNPome, described above, to 

perform SRM of the progeny. This analysis revealed that each centromere mostly 
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matches one parent or the other (Figure 3.7A). We do, however, see individual SNPs 

within centromeres I, IV, VI, and VII (Figure 3.7A; black arrows) that do not match the 

rest of the centromere. These are likely short, mostly repaired gene conversions. Each 

gene conversion event encompassed only one SNP from the other parent and covered a 

region of ~900 bp, based on the average distance between SNPs. These presumed 

conversion sites occurred in hot spots among the seventeen progeny, and occurred most 

often in the centromeres that are most variable in DNA sequence (Cen I, IV, VI, and VII). 

We did not observe any long recombination tracks (Figures 3.7A). This lends further 

support to the long held idea of recombination suppression in both centromeres and 

heterochromatic pericentromeres (Choo, 1998; Talbert and Henikoff, 2010b; Vincenten 

et al., 2015).  

Next, we mapped the CENP-A ChIP-seq reads to the OR reference genome to 

determine if CENP-A localization is altered. Comparing the parental to the progeny 

centromeres, revealed that the region of CENP-A enrichment observed in one or the other 

parent is found in the progeny (Figure 3.7B); there is scarce evidence for mixed CENP-A 

centromere types. Again, most centromeres, as defined by CENP-A occupancy rather 

than centromere sequence, are inherited nearly completely from either one parent or the 

other, not a mosaic of both parents. However, there are several strains in which the 

CENP-A region does not resemble either EmA or OR CENP-A localization. We observe 

altered CENP-A patterns in several progeny on centromeres I, III, IV, V, and VII (orange 

arrows; Figure 3.7B).  

To determine if the altered centromere sequence or CENP-A localization had any 

phenotypic effects, we performed growth assays and stress tests. Linear growth assays 

showed a very slight growth defect in OR and NMF751 relative to the other strains 

(Figure 3.7C). All strains were also tested at high temperature (48°C), high salt (1M 

NaCl), and oxidative stress (5% H2O2), however no exacerbated phenotypes were 

observed (data not shown). These experiments didn’t reveal any more drastic phenotypes, 

though perhaps the slight growth defect of NMF751 could become exacerbated over 

many generations. 
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Centromere function is unaltered in N. crassa lineage strains. The centromere 

is epigenetically, and functionally, defined by CENP-A localization. It has been shown 

that the centromere can be repositioned following a large deletion event and, on rare 

occasions, naturally within a population. We examined the functional localization of the 

centromeres by ChIP-seq of CENP-A in several of the key N. crassa lineage strains. 

Mapping ChIP-seq reads from a given strain to either the OR or EmA assembly revealed 

that the centromere is in the same genomic loci for all strains analyzed (Figure 3.8). 

Additionally, there are no spurious CENP-A ChIP-seq reads mapping elsewhere in the 

genome, further supporting the conclusion that centromeric sequence between these 

strains is varied as opposed to CENP-A localization.  

 We next examined if CENP-A protein evolution occurred in N. crassa to match 

the proposed centromere sequence evolution, as had been previously proposed (Malik et 

al., 2002). Alignments of the EmA and OR CENP-A gene sequences revealed no 

mutations at the nucleotide level, though different Neurospora species do encode CENP-

A proteins of different proteins sequence (P. Phatale and M. Freitag, unpublished results). 

Fluorescence microscopy was performed on Abbott12a, Lindegren25a, EmA, and OR to 

determine the cellular localization of mCherry-CENP-A (Figure 3.8B). I observed normal 

growth and localization of CENP-A foci, consistent with observations of CENP-A and 

other kinetochore components made in the OR reference strain (chapter 5). The 

combination of epigenetic and cytological analysis supports the claim that the 

centromeres of N. crassa are not functionally affected by each strains varied centromere 

sequence. 

  

Discussion 

The sequence content of centromeres varies quite drastically across eukaryotes 

that have been studied in any detail (Smith et al., 2012; Steiner and Henikoff, 2015; 

Wolfgruber et al., 2009). The extent of sequence variability within centromeres remains 

an open question in many higher eukaryotes due to their highly repetitive nature, and 

thus, incomplete assembly. Work on human centromeres has led to progress on 

centromere assembly, leading to models for some of the higher order alpha satellite 
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repeats in each centromere (Miga et al., 2014). It is now clear that there is some variation 

within the alpha satellite repeats, which may have an effect on centromere function as 

measured by CENP-A and CENP-C IF-FISH (Aldrup-MacDonald et al., 2016). This 

work opens the door to perform in depth studies on the role of sequence in centromere 

function. 

Here we showed that strains in the pedigree of widely used laboratory strains of 

N. crassa have several centromere types that contain unique arrangements of centromere 

sequence. Analysis of the centromeres of these strains reveals variability in the 

abundance and organization of common centromere retroelements and simple repeats. 

We showed that there are two sequence types for most centromeres, and a third type in 

centromeres I, II, III, and VI (Figure 3.5C). Clustering of the lineage strains by 

centromere sequence follows the previously proposed lineage tree quite closely 

(Newmeyer, D., Perkins, D.D., Barry, 1987). More specifically, we can trace the loss of 

the third centromere I type to the RL21 and RL3-8 strains which were not utilized further 

in N. crassa research labs (Figure 3.2B & D). Inheritance of centromere sequence within 

the lineage strains follows a Mendelian pattern, indicating that the entire centromere is 

inherited as a single locus or unit. 

It has been shown previously that centromeres are a region devoid of cross over 

events, however, gene conversion from the homologous chromosome does seem to play a 

role in centromere sequence evolution (Choo, 1998; Miller et al., 2016a; Shi et al., 2010). 

Until now, studies on centromere sequence have mostly relied on inserted markers or low 

resolution data because of incomplete assemblies of centromere sequences in most model 

organisms. To our knowledge, this study observed centromere sequence inheritance and 

recombination at the highest resolution to date. It lends further support to the long-

standing idea that meiotic recombination, and specifically cross overs, are suppressed 

within and near centromeres (Vincenten et al., 2015), but that gene conversion does occur 

(Miller et al., 2016a; Shi et al., 2010; Wolfgruber et al., 2016). We observed several gene 

conversion hot spots, however, analysis of these regions revealed no links to common 

gene conversion motifs or GC-biased gene conversion as determined in other organisms 

(data not shown) (Yang et al., 2014). Taken together, this work suggests that the 
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mechanism of centromere sequence evolution in N. crassa is the result of distinct 

transposable element insertion and deletion events, short gene conversion tracts, and RIP.  

Centromeres have been shown to be defined epigenetically through numerous 

experimental techniques in numerous organisms (Kazuki et al., 2011; Ketel et al., 2009; 

Shang et al., 2013). It has been shown previously that centromere location and sequence 

within certain higher order repeats (HOR) can vary in human cell lines (Aldrup-

MacDonald et al., 2016). In this study, we find similar evidence of centromere location 

and sequence variability (Figures 3.5 & 3.7). The existence of drastically different 

centromere sequences within one species further supports the theory that centromeres are 

epigenetically defined. As centromere assemblies are improved it will be important to re-

assess the significance of sequence for centromere function. Studies of heterochromatin 

mutants in N. crassa have previously shown that CENP-A localization shrinks in the 

absence of H3K9me3 or DNA methylation, and that there are no major defects in 

chromosome organization (Galazka et al., 2016; Smith et al., 2011). The work presented 

here revealed changes in CENP-A localization through meiosis (Figure 3.7B), however 

there is no apparent functional defect as a result. We find little to no evidence of selection 

for strains harboring a specific type of centromere sequence or changes in CENP-A 

localization. The naturally occurring variability of N. crassa centromeres provides a great 

platform for more quantitative studies on the DNA binding preferences of CENP-A and 

other inner kinetochore proteins. Future work, utilizing directed sequence insertion 

methods, will also help to precisely determine any functional benefits of the different 

types of centromere sequence. 

This study supports the hypothesis that centromeres are undergoing natural, and 

random, evolution within the lab strains of N. crassa. The exact mechanism by which 

several closely related strains could obtain such divergent centromeric sequence is a 

question for further investigation, however it seems apparent that several major 

retroelement insertion events have occurred in the N. crassa lineage. Future work, 

utilizing directed sequence insertion methods, will also help to precisely determine any 

functional effects of the different types of centromere sequence. 
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Materials and Methods 

Strains maintenance and crosses. Neurospora strains were grown and 

maintained under standard conditions in Vogel’s Minimal Medium (VMM) 

supplemented with 2% sucrose at 32°C. Crosses of OR with EmA were performed on 

simplified synthetic crossing medium supplemented with 0.5% sucrose and 0.5 mg/ml 

histidine at 25°C. EmA (rec-1; NMF268) was inoculated first as the recipient strain, and 

was fertilized with conidia from mCherry-cenpA (NMF402) 3 days later. After 2 weeks, 

random ascospores were collected from the plate lid and heat shocked at 65°C for 45 min 

on VMM supplemented with 0.5 mg/ml histidine (VMMH). Viable progeny were picked 

to slants with VMMH. Progeny were tested for mCherry-cenpA by fluorescence 

microscopy. 

Transformation of N. crassa lineage strains. Several N. crassa wildtype strains 

from the OR pedigree were transformed by electroporation with pPP68 (provided by P. 

Phatale), which contains the mCherry-cenpA-hph construct and allows for direct 

replacement of the cenpA gene and selection on hygromycin-containing medium. 

Transformations were carried out as previously described (Smith et al., 2011). Conidia 

were plated on VMM supplemented with fructose, glucose, and sorbose (FGS) with 0.5 

mg/ml histidine and 0.2 mg/ml hygromycin and incubated at 32°C for 3-5 days. Primary, 

potentially heterokaryotic transformants were picked to slants containing VMM 

supplemented with 2% sucrose, 0.5 mg/ml histidine and 0.2 mg/ml hygromycin. 

Transformants were verified by fluorescence microscopy as previously described 

(Galazka et al., 2016). 

Chromatin immunoprecipitation followed by high-throughput sequencing 

(ChIP-seq). ChIP-seq was performed on conidia germinated for 12 hours at 32°C in 

VMM supplemented with 2% sucrose, 0.5 mg/ml histidine and 0.2 mg/ml hygromycin as 

previously described (Smith et al., 2011; Tamaru et al., 2003). All ChIPs were performed 

with Chromotek RFP-Trap antibody coupled to magnetic beads. DNA obtained from 

ChIP was end-repaired and ligated to adapters (Soyer et al., 2015). Fragments (~200-

500bp) were gel-purified and amplified by 18 cycles of PCR with Phusion polymerase 

and Illumina index adaptor primers. PCR products were purified by AMPureXP beads 
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and sequenced on OSU CGRB core Illumina HiSeq 2000 or HiSeq 3000 machines by 

single-end 50-nt or 100-nt runs. 

SNP calling and SNPome Analysis. Reads were mapped using the Bowtie2 local 

parameter, to the N. crassa OR reference genome (Langmead and Salzberg, 2012). SNPs 

were extracted from mapped reads using the Samtools suite and a custom script to extract 

SNPs from the resulting mpileup file (Li and Durbin, 2009). Quality filtering of SNPs 

was performed by requiring >5x coverage and >95% agreement in SNP calls. A SNPome 

was created using a custom script and used to determine the SNP ratio of raw reads as 

previously described (Pomraning et al., 2011). SNP ratio data was converted to a matrix 

and plots were generated in Rstudio using a custom script and the heatmap function.  
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Table 3.1 
RepeatMasker analysis of OR centromere sequence. The centromere region contains mostly LINE 
retroelements, the most abundant of which are long terminal repeat (LTR) elements. The remaining ~76% 
of OR centromere sequence is unidentifiable by RepeatMasker analysis.  
 

Retroelements Repeat 
count 

Total 
basepairs 

Percent of 
centromere 

SINEs: 0 0 bp 0.00% 
Penelope 4 380 bp 0.02% 
LINEs: 140 354344 bp 22.33% 
CRE/SLACS 0 0 bp 0.00% 
L2/CR1/Rex 0 0 bp 0.00% 
R1/LOA/Jockey 0 0 bp 0.00% 
R2/R4/NeSL 0 0 bp 0.00% 
RTE/Bov-B 0 0 bp 0.00% 
L1/CIN4 0 0 bp 0.00% 
LTR elements: 33 21876 bp 1.38% 
BEL/Pao 0 0 bp 0.00% 
Ty1/Copia 1 54 bp 0.00% 
Gypsy/DIRS1 32 21822 bp 1.38% 
Retroviral 0 0 bp 0.00% 
DNA transposons 1 1870 bp 0.12% 
hobo-Activator 0 0 bp 0.00% 
Tc1-IS630-Pogo 1 1870 bp 0.12% 
En-Spm 0 0 bp 0.00% 
MuDR-IS905 0 0 bp 0.00% 
PiggyBac 0 0 bp 0.00% 
Tourist/Harbinger 0 0 bp 0.00% 
Other (Mirage, 0 0 bp 0.00% 
P-element, Transib)    
Rolling-circles 0 0 bp 0.00% 
Unclassified 0 0 bp 0.00% 
Total interspersed repeats  378090 bp 23.83% 
Small RNA 0 0 bp 0.00% 
Satellites 0 0 bp 0.00% 
Simple repeats 252 15733 bp 0.99% 
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Table 3.2 
RepeatMasker analysis of EmA centromere sequence. The centromere region contains mostly LINE 
retroelements, the most abundant of which are long terminal repeat (LTR) elements. The remaining ~72% 
of EmA centromere sequence is unidentifiable by RepeatMasker analysis.  
 

Retroelements Repeat 
Count 

Repeat 
basepairs 

Percent of 
centromere 

SINEs: 0 0 bp 0.00% 
Penelope 3 287 bp 0.02% 
LINEs: 169 507353 bp 26.56% 
CRE/SLACS 0 0 bp 0.00% 
L2/CR1/Rex 0 0 bp 0.00% 
R1/LOA/Jockey 0 0 bp 0.00% 
R2/R4/NeSL 0 0 bp 0.00% 
RTE/Bov-B 0 0 bp 0.00% 
L1/CIN4 0 0 bp 0.00% 
LTR elements: 42 27533 bp 1.44% 
BEL/Pao 0 0 bp 0.00% 
Ty1/Copia 0 0 bp 0.00% 
Gypsy/DIRS1 42 27533 bp 1.44% 
Retroviral 0 0 bp 0.00% 
DNA transposons 2 3720 bp 0.19% 
hobo-Activator 0 0 bp 0.00% 
Tc1-IS630-Pogo 2 3720 bp 0.19% 
En-Spm 0 0 bp 0.00% 
MuDR-IS905 0 0 bp 0.00% 
PiggyBac 0 0 bp 0.00% 
Tourist/Harbinger 0 0 bp 0.00% 
Other (Mirage, 0 0 bp 0.00% 
P-element, Transib)    
Rolling-circles 0 0 bp 0.00% 
Unclassified 0 0 bp 0.00% 
Total interspersed repeats  538606 bp 28.20% 
Small RNA 0 0 bp 0.00% 
Satellites 0 0 bp 0.00% 
Simple repeats 278 16992 bp 0.89% 
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Table 3.3 
Neurospora strains used in this study. 
 

Strain no. Genotype Source or Reference 
NMF1 Abbott12a (Newmeyer, D., Perkins, D.D., Barry, 1987) 
NMF3 Lindegren25a (Newmeyer, D., Perkins, D.D., Barry, 1987) 
NMF268 mat-A; rec-1 (Kim et al., 2014b) 
NMF402 mCherry-cenpA-hph; mat-a This Study 
NMF736 mCherry-cenpA-hph This Study 
NMF737 mCherry-cenpA-hph This Study 
NMF738 mCherry-cenpA-hph This Study 
NMF739 mCherry-cenpA-hph This Study 
NMF740 mCherry-cenpA-hph This Study 
NMF741 mCherry-cenpA-hph This Study 
NMF742 mCherry-cenpA-hph This Study 
NMF743 mCherry-cenpA-hph This Study 
NMF744 mCherry-cenpA-hph This Study 
NMF745 mCherry-cenpA-hph This Study 
NMF746 mCherry-cenpA-hph This Study 
NMF747 mCherry-cenpA-hph This Study 
NMF748 mCherry-cenpA-hph This Study 
NMF749 mCherry-cenpA-hph This Study 
NMF750 mCherry-cenpA-hph This Study 
NMF751 mCherry-cenpA-hph This Study 
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Figure 3.1 
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Alignment of the OR and EmA centromeric DNA sequences. Dotplot analyses in which OR sequences 
are shown on the X axis and EmA sequences are shown on the Y-axis; axis lines are 50kb each. Most 
sequences (in Cen I, II, III and V) align well (stringency set at 60% identity with a 30 nucleotide sliding 
window), as shown by nearly unbroken diagonals. Major gaps in the alignment of Cen IV and VI, as well 
as shorter insertions and deletions in Cen VII are apparent. While the pericentric flanks align with some 
minor insertions and deletions (indels), there is also a large gap of sequence similarity in the core of Cen IV 
between OR and EmA. Differences in Cen VI may be based on many short inversions of near-identical 
repeats, mostly limited to the left side of the centromere, while the right side and pericentric region show 
minor indels. Cen VII mostly aligns well overall but reveals three large and several shorter indels between 
the sequences of the two strains. Crosshatches that are not on the diagonal reveal shorter near-identical 
repetitive sequences. 
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Figure 3.2 

 
Centromere DNA sequences of OR and EmA contain similar repetitive elements. The results from 
RepeatMasker (Smit et al., 1996) analyses were plotted to visualize the abundance of various repetitive 
elements (A, B) and nucleotide or dinucleotide content (C, D) in centromeric DNA of OR (A, C) and EmA 
(B, D). The height of each bar represents total abundance of the listed motif, segments of bars are colored 
to represent abundance on different centromeres. Plotting the abundance of repetitive elements (mostly 
retrotransposon relics) found in the centromeres of OR and EmA revealed almost identical motifs and 
abundances in both strains. Inactive TAD1 retroelements are by far the most abundant TE class in N. crassa 
centromeres. Only one class of inactive DNA transposons were detected, TcMar-Fot1 (PuntRIP). 
Centromeric DNA sequences are A- and T-rich; CT- and GA-dinucleotides are overrepresented as well. 
Slight differences in nucleotide abundance by centromere and in the two different strains were observed, 
though these differences are likely insignificant.  
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Figure 3.3 

 
A SNP map comparing EmA to the OR reference genome reveals extensive variation in SNP density 
across each linkage group. The SNP map shows clearly where the genomes OR and EmA are most 
similar and where most differences reside. The most variable centromeric regions (Cen I, IV, VI, and VIII) 
all fall within regions of increased SNP density while the well conserved centromeric regions (Cen II, III, 
and V) do not. 
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Figure 3.4 

 
SNP calling is confounded in highly divergent regions of EmA and OR centromeres. Sequence identity 
was determined by mummer alignment of the OR and EmA centromeric regions using default settings 
(Kurtz et al., 2004). Aligning SNP density with sequence identity reveals a distinct drop in sequence 
identity where SNP density increases. Especially divergent centromeric regions, below 95% similarity, 
actually show decreased SNP density since reads cannot be mapped to these areas to find SNPs. Large gaps 
in sequence identity can be seen in divergent centromeres IV, VI, and VII, while centromeres II, III, and V 
show almost completely identical centromeres. 
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Figure 3.5 

 
Centromere SNP ratio mapping of wildtype strains in the pedigree of laboratory strains provides 
insights into the inheritance of centromeric DNA sequence in N. crassa. Using the near-complete 
genomes of two of the most recently derived strains (EmA and OR) centromere types were traced back 
through the lineage of widely used lab strains. (A) The average SNP ratio for each strain was calculated 
from whole genome sequence data and overlayed on the documented N. crassa pedigree. Numbers close to 
0 indicates most SNPs match the OR genome, and numbers close to 1 indicates most SNPs match the EmA 
genome. The early pedigree strains contain a mix of OR and EmA SNPs, while the more recent strains are 
closely related to OR. (B) Mapping SNPs individually and clustering strains by SNP ratio patterns 
increased resolution and revealed two major centromere types. This method supports the presence of a third 
major Cen I and VI type. Differences in Cen V are difficult to catalog because there are few SNPs in this 
centromere. Cen I appears first in Lindegren A, was maintained in Lindegren 25a and both RL-3-8A and 
RL21a, which were not used further to develop commonly used lab strains. The Cen VI centromere type in 
the Abbott 4a strain did not introgress further in the N. crassa lab strain lineage. We were unable to obtain 
good SNP calls for Cens II and III in some strains. This could indicate the presence of a third type in these 
centromeres as well, however a lack of SNP markers in these centromeres makes this difficult to assess. 
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Figure 3.6 

 
Mapping of CENP-A distribution determined by ChIP-seq to EmA and OR centromeric regions. 
ChIP-seq of mCherry-tagged CENP-A was performed in both EmA (blue tracks) and OR (red tracks) to 
determine the genomic localization of the centromere-specific histone H3 in each strain. ChIP-seq reads 
obtained from both strains were mapped to both genome assemblies. Only centromeric regions are shown 
because no CENP-A above background levels was found outside of the predicted centromeric regions. (A) 
CENP-A ChIP-seq reads mapped to EmA show contiguous CENP-A occupancy in EmA predicted 
centromeric regions (blue). Several large gaps (in Cen IV, VI, and VII) appeared when OR ChIP-seq reads 
(red) were mapped to EmA, and smaller gaps were found in Cen I, but Cen II and V are nearly identical in 
EmA and OR. Cen III mapping is contiguous in both strains but ChIP-seq reads from OR cover a larger 
region on the right flank, a region with many short, near-identical repeats (Figure 3.1). (B) CENP-A ChIP-
seq reads mapped to OR show contiguous CENP-A occupancy in most OR centromeric regions (red), 
except for Cen VI, which suggests a reduced centromeric region.  Several large gaps (in Cen IV and VII) 
appeared when mapping EmA ChIP-seq reads to OR, and smaller gaps were found in Cen I and VI, but 
Cen II, III, and V are nearly identical. ChIP-seq reads from OR covers a larger region on the right flank of 
Cen III (see A), and Cen VI, another region with many short, near-identical repeats (Figure 3.1). 
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Figure 3.7 
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Inheritance of centromeric DNA and CENP-A distribution patterns. Progeny from a cross of an 
mCherry-CENP-A labelled OR-derived strain (NMF402) and EmA (NMF268) were isolated and analyzed 
by ChIP-seq. By all methods used, centromeric DNA segregated independently as units, though there was 
evidence for short gene conversion. (A) Mapping of SNP ratios in progeny reveals that each centromere is 
inherited as a single locus because no mixed centromere types were found. Evidence for short gene 
conversion events was found in Cen I, VI and VII (black arrows), as individual SNPs differ from the rest of 
each centromere type. As expected, the seven centromeres segregate independently. (B) CENP-A ChIP-seq 
reads from fourteen progeny (NMF 736 to 751; blue) of the EmA (red) to OR (green) cross showed 
evidence of novel CENP-A distribution that were not observed in either parent strain (orange arrows). All 
ChIP-seq reads were mapped to the OR reference genome, thus EmA type centromeres show large gaps 
and OR centromere types show broad, even mapping. (C) Racetube assays revealed no major differences in 
linear growth rates for progeny or parents of the OR to EmA cross. Only NMF736, NMF741, NMF742, 
and NMF751 progeny are shown. 
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Figure 3.8 

 
Patterns of CENP-A enrichment in selected wildtype strains from the lineage of N. crassa lab strains. 
Overall enrichment patterns are similar, suggesting few major changes in chromosomal CENP-A 
localization; no CENP-A reads mapped outside of the predicted centromere regions. (A) Reads from ChIP-
seq of mCherry-CENP-A were mapped to the OR reference genome. This revealed that Cen I, II, and V are 
similar in all four strains and that EmA, Abbot 12a and Lindegren 25a share one centromere type for Cen 
IV. The other centromeric regions show several different patterns of CENP-A enrichment, not all of which 
can be explained by sequence variation. (B) Conidia for each strain were allowed to germinate for up to 
eight hours. Images were taken of the conidia at multiple time points during germination. Epifluorescence 
microscopy of mCherry-CENP-A in all four strains revealed the expected CENP-A localization in a single 
chromocenter, as previously reported (Galazka et al., 2016; Smith et al., 2012).  
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Chapter 4: A versatile histone H3 cassette gene replacement system for studies on 

centromeres and gene silencing in Neurospora crassa and Fusarium graminearum 

 

Abstract 

 In most eukaryotes, DNA is wrapped around nucleosome core particles, the 

repeating subunit of chromatin, to help organize, package and protect DNA, as well as to 

aid in the regulation of gene expression by localized unfolding. The resulting protein-

DNA hybrid structure is called chromatin. Nucleosome core particles are octameric 

complexes composed of an hH3-hH4 tetramer and two hH2A-hH2B dimers. The N-

terminal tail of all histones protrude from the DNA-wrapped core, and many tail residues 

are subject to time- and tissue-specific post-translational modifications (PTMs). Specific 

combinations of PTMs are correlated with gene expression or gene silencing, constituting 

what has been proposed as the “histone code”. Systematic mutagenesis of each histone 

H3 and H4 residue and all modifiable residues in H2A and H2B in budding yeast has 

helped define the significance of some PTMs. Compared to animals and plants, however, 

budding yeast has relatively specialized gene silencing pathways that do not rely on the 

di- or trimethylation of histone H3 lysine 9 and 27 (H3K9me2/3 and H3K27me2/3) or 

DNA methylation, and is thus not ideally suited as a model organism for other 

eukaryotes. To address this gap, we used two filamentous fungi, Neurospora crassa and 

Fusarium graminearum, both of which have H3K9me3 and H3K27me3, as well as 

cytosine DNA methylation. N. crasssa in particular has a rich history as an excellent 

model for the study of heterochromatin assembly and function. Here, we generated a 

histone H3 gene replacement cassette system to mutate key residues to study their effects 

on centromere maintenance, gene silencing, DNA recombination and repair.  

 

Introduction 

 Histones are among the most conserved proteins in all of biology. There are four 

canonical core histones (H2A, H2B, H3, and H4) that consist of four alpha-helical 

domains and a disordered N-terminal tail (McGinty and Tan, 2015). These four histones 

come together as an octamer of four dimers, two H2A:H2B and two H3:H4, which form 
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a tetramer prior to further assembly with the two H2A:H2B dimers in the nucleosome 

core particle (Smith and Stillman, 1991). Depending on the species and region of the 

genome, ~150 bp of DNA is wrapped around the nucleosome to create the nucleosome 

core particle, while the disordered N-terminal tails of core histones extend further than 

the core particle. It has become clear that DNA wrapping around nucleosomes is a 

dynamic, highly regulated process, and therefore it has become of great interest to study 

how this affects DNA accessibility for replication, transcription, repair, recombination, 

and global nuclear organization.  

Researchers working on transcriptional regulation and “epigenetics” have sought 

to determine how histone PTMs control global and gene-specific expression patterns. 

They were spurred on following the formulation of the “histone code” hypothesis, which 

proposes that PTMs of specific histone residues result in specific activation or repression 

of the neighboring genes (Jenuwein and Allis, 2001; Strahl and Allis, 2000). Studies with 

a diverse range of organisms have shown that this histone code is not universal, in that it 

differs between and within different kingdoms. Differences in chromatin modification 

pathways are common across the eukaryotes (Klose et al., 2007; Martin and Zhang, 2005; 

Millar and Grunstein, 2006). One such example is the lack of H3K9me3 in S. cerevisiae, 

a PTM that is conserved across most other eukaryotes examined thus far.  

In addition to the study of gene regulation, histone modifications are also of great 

interest for the study of chromosome organization into distinct territories, or 

“topologically associated domains”, TADs. In the filamentous fungi, it has been shown 

that H3K27me3 is abundant in the sub-telomeric regions (Basenko et al., 2015; Connolly 

et al., 2013; Dumesic et al., 2015; Galazka and Freitag, 2014; Jamieson et al., 2016). The 

chromatin environment in, and around, centromeres has been found to vary from 

organism to organism (Bergmann et al., 2011, 2012; Smith et al., 2011; Sullivan and 

Karpen, 2004), leading to open questions about the role of chromatin in centromere 

function. Advances in biochemical techniques, such as the advent of chromosome 

conformation capture (3C) followed by high-throughput sequencing (Hi-C) (Burton et al., 

2014; Galazka et al., 2016; Imakaev et al., 2012; Varoquaux et al., 2015), have revealed 
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new features of the interplay between chromatin territories. The significance and 

dynamics of these chromatin territories is still an open question in many respects.  

 Studies in S. cerevisiae and in vitro have shown that certain amino acid 

substitutions can be used to mimic modified, or unmodifiable, residues (Wang and 

Hayes, 2008; White et al., 2012). Althoug this work was quite thorough, however 

budding yeast is lacking the Su(Var)3-9 heterochromatin pathway, which methylates 

H3K9, making it a poor model for studying heterochromatin formation. In S. pombe it 

was found that mutation of key conserved lysines and serines on hH3 led to defective 

centromere function, while mutation of conserved lysines on H4 had no discernable 

effect (Morelli et al., 2016). While this work was informative, only a select few residues 

were studied, leaving open questions about the role of the many other conserved histone 

residues in centromere function. Compared to the two yeasts, the histone complement in 

filamentous fungi is even simpler, as there is only one copy of three of the core genes in 

two unlinked clusters (hH3-H4-1 and H2A-H2B). The only duplicated gene is H4, with 

an extra unlinked copy, H4-2 (Harris et al.; Hays et al., 2002a). Limited mutagenesis of 

the Neurospora crassa hH3 gene had been carried out previously but the insertion site 

was not in the native locus (Adhvaryu et al., 2011). Studies in the Selker lab also showed 

that a mutant partially deficient in cytosine DNA methylation and repeat-induced point 

mutation (RIP), dim-4, carried a point mutation in hH3 (H3P16A) (M. Freitag, A. Kobsa 

and E.U. Selker, unpublished data).  

Here, we took advantage of the minimal histone gene set of N. crassa to generate 

a series of site-directed hH3 mutants. First, a heterologous hH3 gene was generated by 

replacing the N. crassa hH3 with the Fusarium graminearum hH3, allowing for efficient 

replacement of this gene by mutated copies of the N. crassa hH3. This system also 

proved useful for integrating the N. crassa hH3 genes, both wildtype and mutated, into F. 

graminearum. Thus far, strains carrying a few mutations at key residues have been 

utilized for studies of H2A phosphorylation during DNA repair and replication (Sasaki et 

al., 2014a). Ongoing studies will generate a suite of additional hH3 mutations and 

examine their effects on the assembly and maintenance of N. crassa centromeres, as well 
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as targeting of the Polycomb Repressive Complex 2 (PRC2) of N. crassa and F. 

graminearum to silent regions. 

 

Results 

 Generating a heterologous hH3 cassette for efficient gene replacements. Site-

directed mutagenesis of hH3 has previously been carried out in N. crassa, in this case by 

using an extensively mutated copy of the endogenous hH3 gene that was complemented 

by wildtype or mutant hH3 copies integrated at the histidine-3 (his-3) locus (Adhvaryu et 

al., 2011). One flaw of the previous study was that not all of the promoter and the 

extensive 3’ untranslated region (UTR) were moved to the his-3 locus. The hH3 gene 

uses a divergent promoter that yields co-ordinated hH3 and hH4 expression. To 

overcome any locus-specific effects at his-3, we decided to replace the N. crassa hH3 

gene with the F. graminearum hH3 gene and positively selectable marker, bar, which 

confers resistance to basta (FghH3-bar) (Figure 4.1). The wildtype F. graminearum hH3 

gene fully complemented the wildtype N. crassa hH3. The reverse experiment also 

showed that N. crassa hH3 fully complements the wildtype F. graminearum hH3 (B. 

Pierce, M. Esposito, M. Geisler, M. Freitag, unpublished data). 

 

 A comprehensive set of site-directed mutations of hH3 in filamentous fungi. 

We designed mutations of nearly every modifiable residue along the hH3 N-terminal tail 

and into the histone fold domain (HFD) of both the N. crassa and F. graminearum hH3 

(Figure 4.2A & B). Mutation of modified lysines were designed to mimic the methylated 

(KàL or KàM), acetylated (KàQ), and unacetylated (KàR) amino acid (White et al., 

2012). We also designed mutations in the residues around H3K9 and H3K27 to examine 

the unique motif, TARKST and AARKSA respectively, that surrounds each conserved 

lysine (Figure 4.2C). 

 Plasmids for transformation were generated by subcloning mutation-containing 

fragments into pSF6, which contains the N. crassa hH3-H4, or pRG9 (courtesy of 

Rodrigo Gonçalves), which contains the F. graminearum hH3-H4 genes inserted into 

pBluescript II SK+. Site-directed mutants were also generated by a modified “quick-
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change” method (Liu and Naismith, 2008), using pSF6 or pRG9 as the substrates. So far, 

37 mutant NchH3-hph and 27 FghH3-hph plasmids have been generated and validated 

(Figure 4.2A & B). 

Mutating key hH3 residues reveals extensive plasticity, despite high 

conservation. Primary sequence conservation of histone proteins has been well 

documented (Hays et al., 2002b). This level of conservation and purifying selection, 

along with the known role for these residues in chromatin pathways, suggested that many 

of the conserved amino acids should be essential. Indeed, previous results showed that 

some mutations were not tolerated when hH3 alleles were integrated at his-3 (Adhvaryu 

et al., 2011).  

Plasmids with point mutations at key residues were linearized and transformed 

into N. crassa by electroporation, precisely replacing the FghH3-bar gene, by selecting 

for hygromycin resistance that is conferred by the selectable hph gene. Thus far, 12 

mutant hH3 genes were successfully transformed into N. crassa (Figure 4.1B). In contrast 

to the previous study (Adhvaryu et al., 2011), we have been able to isolate homokaryotic 

strains for mutations in each of the key hH3 residues, indicating that despite the previous 

results with hH3 at his-3, none of the mutations tested proved lethal (Figure 4.2).  

 

Heterochromatin controls gH2A localization and genome stability in N. 

crassa. So far, we published one paper utilizing the hH3 mutants generated with this 

cassette system, in which we studied the role of heterochromatin and histone H2AS68 

phosphorylation (gH2A) in DNA repair and replication (Sasaki et al., 2014a). We showed 

that H3K9me3, Heterochromatin Protein-1 (HP1), and DNA cytosine methylation are 

required for normal localization of gH2A. Specifically, H3K9R and H3K9Q strains were 

used to mimic unacetylated and acetylated lysine, respectively. These mutations resulted 

in defective DNA methylation and displayed severe growth defects (Figure 4.2). Our 

results confirmed the hypothesis that the mutants would be defective in heterochromatin 

formation. Deletion of the H3K9 methyltransferase, dim-5, resulted in constitutive 

induction of gH2A, implying that heterochromatin is required for normal regulation of the 

DNA damage response pathway. 
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Discussion 

Chromatin, instead of naked DNA, plays an essential role for the regulation of 

many cellular functions, including DNA replication, damage repair, and the maintenance 

of centromeres (Sasaki et al., 2014b; Sullivan and Karpen, 2004). Neurospora crassa 

represents a fantastic system for studying the role of H3 in these many pathways since the 

N. crassa genome contains just a single copy of the hH3 gene. We generated a versatile 

cassette system to efficiently generate hH3 mutations at the endogenous gene locus under 

normal control. Mutations in many residues do not lead to any serious and overt 

morphological defects, implying surprising plasticity and buffering of chromatin effects. 

Early studies in yeast revealed that entire histone tails could be deleted but that 18 

specific point mutations, on the four canonical histones, are lethal (Dai et al., 2008; 

Huang et al., 2009; Ling et al., 1996). 

Previous mutation studies of hH3 in N. crassa had the mutated copy of hH3 at an 

ectopic locus (his-3) (Adhvaryu et al., 2011). This work found that mutating several key 

residues was lethal. Using the cassette system described here, we show that residues 

which were previously described as essential are in fact viable in N. crassa (Figure 4.3A). 

This work is in agreement with previous studies in budding yeast which showed that 

expression from the hH3:H4 gene locus is critical to normal function (Ling et al., 1996).  

Mutating key residues for studies of DNA repair via gH2A revealed that 

heterochromatin is required for proper gH2A localization (Sasaki et al., 2014a). Mutation 

of H3K9 to arginine or glutamine resulted in defects in heterochromatin formation and 

growth defects, similar to what has been observed in dim-5 strains, which are unable to 

methylate H3K9 (Adhvaryu et al., 2011; Sasaki et al., 2014a; Tamaru et al., 2003).  

Ongoing studies on the phenomenon of repeat induced point mutation (RIP), the 

maintenance of centromeres, and the polycomb repressive complex 2 (PRC2) in both N. 

crassa and F. graminearum are utilizing the hH3 mutants to decipher the direct 

contribution of histone residues in diverse cellular pathways without requiring gene 

deletions. The conservation of the histone protein implies that this cassette system could 
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be easily altered for utilization in many other fungi, furthering proving the versatility of 

this cassette system.  

 

Materials and Methods 

 Strain maintenance and crossing. Neurospora strains were grown and 

maintained under standard conditions in Vogel’s Minimal Medium (VMM) 

supplemented with 2% sucrose at 32°C. Crosses were performed on simplified synthetic 

crossing medium supplemented with 0.5% sucrose and 0.5 mg/ml histidine at 25°C. 

N2834 (his-3-; Dmus-52::hph) was inoculated first as the recipient strain, and was fertilized 

with conidia from transformants 3 days later. After 2 weeks, random ascospores were 

collected from the plate lid and heat shocked at 65°C for 45 min on VMM supplemented 

with 0.5 mg/ml histidine (VMMH). Viable progeny were picked to slants with VMMH. 

 

 Inserting an FgH3-bar gene in the endogenous NchH3 locus. We generated a 

heterologous hH3 gene construct by PCR of the 3’ flank of the N. crassa hH3 gene 

(NCU01635), the F. graminearum hH3 coding sequence (FGSG_04290), and the bar 

gene, conferring Basta resistance (bar+). The resulting amplicons were assembled by 

overlapping PCR, utilizing ~20 nt overlaps designed into the primers. Fusion amplicons 

were cloned into a TOPO cloning vector, pCR4-TOPO, to yield pSF1.9. The assembled 

FghH3-bar construct was sub-cloned into pBF4, a plasmid containing the N. crassa hH3 

5’ and 3’ flanking regions (from position 2873278 to 2876433 of LGII of N. crassa 

assembly 10) in pBluescript II SK+, yielding pSF3 (Figure 4.4a). The resulting plasmid 

(pSF3) was linearized with EcoRI and ~300 ng of DNA inserted into the genome of N. 

crassa strain N2834 (his-3-; Dmus-52::hph) by electroporation. Primary transformants 

were plated on Vogel’s minimal medium (VMM) supplemented with 0.5% fructose, 

0.5% glucose and 2% sorbose (FGS), as well as 0.5 mg/ml histidine and 0.2 mg/ml 

phosphinothricin (Basta), and incubated at 32°C for 5 days. Transformants were picked 

to slants containing VMM supplemented with 2% sucrose, 0.5 mg/ml histidine and 0.2 

mg/ml Basta. Transformants were verified by spot-test on plates with Basta, by PCR, and 

by Southern blot (data not shown). Validated transformants were then outcrossed to 
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NMF715 (his-3-; Dmus-51::bar) to generate homokaryotic progeny. One strain, NMF752 

(his-3-; Dmus-52::hph, hH3::FgH3-bar), in which the NchH3 gene had been cleanly 

replaced by the FghH3-bar gene was selected for further studies.  

 

 Construction of strains with mutated NchH3. A wildtype NchH3-hph plasmid 

was created by sub-cloning the AgeI-XmaI-digested N. crassa hH3 gene into AgeI-

XmaI-digested pSF3, yielding a NcH3-bar plasmid pSF4 (Figure 4.4B). The gene 

conferring hygromycin resistance, hph, was then inserted into XmaI and StuI sites of 

pSF4 to yield the NchH3-hph plasmid pSF6 (Figure 4.4C). Mutagenesis of pSF6 was 

performed by a modified “quick-change” PCR, or by sub-cloning the mutated hH3 

coding region from previously generated plasmids (Adhvaryu et al., 2011). The mutated 

plasmids were confirmed by Sanger sequencing at the CGRB core labs. Confirmed 

plasmids were linearized by digestion with EcoRI, just outside the 3’ hH3 flank, and 

DNA precipitated with ethanol. Approximately 300 ng were transformed into NMF752 

by electroporation and plated on Vogel’s minimal medium (VMM) supplemented with 

0.5% fructose, 0.5% glucose and 2% sorbose (FGS), as well as 0.5 mg/ml histidine and 

0.2 mg/ml hygromycin, and incubated at 32°C for 3-5 days. Transformants were picked 

to slants containing VMM supplemented with 2% sucrose, 0.5 mg/ml histidine and 0.2 

mg/ml hygromycin and verified by spot-test on Hyg and PPT, by PCR, and by Southern 

blot (data not shown). 
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Table 4.1 

Neurospora strains used in this study 
 

Strain no. Genotype Source or Reference 
N2834 his-3-; Dmus-52::hph XMF962-11 
NMF715 his-3-; Dmus-51::bar N3011 
NMF752 his-3-; Dmus-52::hph, 

hH3::FgH3-bar 
This Study 

NMF753 his-3-; Dmus-51::bar, 
hH3::NcH3-hph 

This Study 

NMF754 his-3-; Dmus-51::bar, 
hH3::NcH3R2L-hph 

This Study 

NMF755 his-3-; Dmus-51::bar, 
hH3::NcH3K4L-hph 

This Study 

NMF756 his-3-; Dmus-51::bar, 
hH3::NcH3R8A-hph 

This Study 

NMF757 his-3-; Dmus-51::bar, 
hH3::NcH3K9L-hph 

This Study 

NMF758 his-3-; Dmus-51::bar, 
hH3::NcH3K9R-hph 

(Sasaki et al., 2014a) 

NMF759 his-3-; Dmus-51::bar, 
hH3::NcH3K9Q-hph 

(Sasaki et al., 2014a) 

NMF760 his-3-; Dmus-51::bar, 
hH3::NcH3K14R-hph 

This Study 

NMF761 his-3-; Dmus-51::bar, 
hH3::NcH3K14Q-hph 

This Study 

NMF762 his-3-; Dmus-51::bar, 
hH3::NcH3A15M-hph 

This Study 

NMF763 his-3-; Dmus-51::bar, 
hH3::NcH3P16A-hph 

This Study 

NMF764 
 

his-3-; Dmus-51::bar, 
hH3::NcH3K27L-hph 

This Study 

NMF765 his-3-; Dmus-51::bar, 
hH3::NcH3K36L-hph 

This Study 
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Figure 4.1 

 
Diagram of hH3 cassette system. The Neurospora crassa hH3 was replaced with the Fusarium 
graminearum hH3 gene construct with basta resistance marker at the native locus. F. graminearum hH3 
DNA sequence is different from the N. crassa hH3, which prevents recombination within the coding 
sequence. This ensures that the transformants selected on hygromycin carry a mutation in NchH3. 
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Figure 4.2 

 
Progress of mutant generation in N. crassa and F. graminearum. (A) A list of mutation for N. crassa, 
color coded by the stage of progress (see key). (B) A list of mutation for F. graminearum, color coded by 
the stage of progress (see key). (C) Alignment of the N. crassa and F. graminearum hH3 protein sequences 
reveals no changes in the first 60 amino acids. Residues that have been mutated and successful transformed 
into N. crassa or F. graminearum are marked with a red arrow.  
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Figure 4.3

 
Growth of H3K9 substitution mutants on Vogel’s minimal media. (A) Condia were spotted in the 
center of the plate and growth at 32°C for 30 hrs. (B) Genotyping by Southern blot. Genomic DNA was 
transferred to a Nylon membrane and crosslinked by UV. A probe specific for hH3 was used to confirm 
single-copy insertion of hH3 in the genome and a probe for 8:A6 was used to test for DNA methylation at 
this heterochromatin locus.  
 
 
 
 
  

A
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Figure 4.4 

 
Partial maps of the hH3 constructs generated. (A) The FgH3-bar construct used to replace the 
endogenous hH3 gene in N. crassa. The hH3 coding sequence from F. graminearum ensures efficient 
integration of mutated hH3 constructs in later steps (see Figure 4.1). (B) Sub-cloning with AgeI and XmaI 
sites was used to swap out the FgH3 gene with the NcH3 gene. The 5’ section of gene sequence preceding 
the AgeI site is conserved between the two hH3 genes. (C) Sub-cloning with XmaI and StuI sites was used 
to replace the PPT resistance gene (bar) with the hygromycin resistance gene (hph) for transformation into 
a strain containing FgH3-bar and subsequent mutagenesis.  

A

B
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Chapter 5: CENP-O is required for recruitment of Mis12 and Knl1 to the outer 

kinetochore of Neurospora crassa 

 

Abstract 

 All living organisms must faithfully pass their genetic material to daughter cells 

through meiosis or mitosis. Eukaryotes utilize a protein complex, called the kinetochore, 

to accomplish this process faithfully during each nuclear division. Research over the last 

twenty years has yielded details about the spatial and temporal assembly of this complex, 

however, recent evidence suggests that there is much diversity yet to be discovered 

within this conserved protein complex. In the fungal kingdom, it has become clear that 

many species either lack a full complement of kinetochore proteins or have proteins that 

are so different they cannot be discovered by sequence homology searches. In order to 

address the subject of kinetochore diversity in fungi, we performed genetic, cytological, 

and biochemical studies of the kinetochore of Neurospora crassa. This work has 

confirmed the significant role of several kinetochore sub-complexes, including CENP-A, 

CENP-C, CENP-T-W, Mis12, and NDC80. Here, we report a surprising role for CENP-O 

in recruiting components of the kinetochore microtubule network (KMN), a protein 

which serves a peripheral role in mammalian kinetochores.  

 

Introduction 

Chromosome segregation is a critical step in the cell cycle, and requires the 

attachment of meiotic chromosomes to the spindle microtubule via the kinetochore 

complex. Failure to assemble this complex in the correct spatial and temporal fashion 

leads to major cellular defects, genetic disorders, cancers, and death in many organisms 

(Fu and Shao, 2016; Xing et al., 2016; Zhang et al., 2016). Assembly of the kinetochore 

is performed in regulated fashion, including the centromere specific histone H3 variant 

(CENP-A), the constitutive centromere associated network (CCAN), and the 

microtubule-binding KMN complexes.  

 Kinetochore assembly has been studied by genetics, cytology and biochemistry in 

a number of model organisms and mammalian cell lines. This work has revealed some 
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hub proteins of the CCAN, such as CENP-A, CENP-C, and CENP-T, that are critical to 

kinetochore assembly (Falk et al., 2016b; McKinley et al., 2015; Screpanti et al., 2011). 

Additionally, work in the model organisms has elucidated the role of each KMN sub-

complex in linking the CCAN to the spindle microtubules. For example, the Mis12 

complex serves as a critical link between the CCAN and Knl1 and Ndc80 complexes 

(Dimitrova et al., 2016a; Petrovic et al., 2016). The other two complexes of the KMN, 

Knl1 and Ndc80, are known to be involved in microtubule binding, as well as interacting 

with spindle assembly checkpoint (SAC) proteins (Akiyoshi et al., 2013; Espeut et al., 

2012; Huis in ’t Veld et al., 2016; Miller et al., 2016b; Pekgöz Altunkaya et al., 2016).  

Work on the kinetochore of higher eukaryotes and yeast species has been 

informative, however, it is now clear that there is a great deal of variability in the 

kinetochore across the eukaryotes (Drinnenberg et al., 2016). Examination of the 

kinetochores of non-model species has revealed that some kinetochore proteins are 

missing from the genome based on homology searches. For example, some plants, 

arthropods, and nematodes are missing CENP-ACenH3 (Drinnenberg et al., 2014), and 

other species are missing a variety of different CCAN or KMN proteins, ranging from a 

few sub-complex proteins to nearly the entire CCAN in some species (Drinnenberg et al., 

2016). It is not uncommon for these organisms to support unusual centromere or 

chromosomal features (e.g. holocentrics in Bombyx mori and Rynchospora pubera or 

accessory chromosomes in Zymoseptoria tritici) (Cuacos et al., 2015; Marques et al., 

2015; Melters et al., 2012; Schotanus et al., 2015), however there is still no link between 

accessory chromosomes and kinetochore function. Some fungi in the basal lineages do 

not appear to have a full suite of kinetochore proteins despite having a more typical 

regional centromere (Freitag, 2016). These observations implicate the variable evolution 

of the kinetochore complex in response to centromere variation (Drinnenberg et al., 2016; 

Malik et al., 2002), and supports the need for in depth studies of the kinetochores of more 

diverse organisms. 

 In this study we sought to examine the kinetochore of a model filamentous 

fungus, Neurospora crassa, which contains an AT-rich regional centromere composed of 

inactivated retroelements, similar to those found in many higher eukaryotes (Smith et al., 
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2011; S. Friedman and M. Freitag, in preparation). Nearly all the kinetochore proteins 

found in eukaryotes studied thus far can be found in N. crassa by either sequence or 

structure based homology searches, however, some components of the CCAN have not 

been found, namely M18BP1, CENP-B, CENP-M, CENP-R, and CENP-P (Freitag 

2016). Alignments of many kinetochore proteins reveals conservation of the definitive 

protein-protein interaction domains, however the linker regions of these proteins are quite 

diverged. The CCAN components seem to be the most divergent while KMN proteins are 

more conserved, consistent with previous reports (Drinnenberg et al., 2016). Our single-

gene deletion studies revealed many non-essential components, a few essential proteins, 

and only two cases in which a deletion resulted in an overt phenotype. Here, we show 

that CENP-O and KNL1 deletion results in slow growth, and that CENP-O is required for 

proper localization of specific Knl1 and Mis12 complex components. 

 

Results 

 Homology searches and cytological studies identify most components of the 

N. crassa kinetochore. We first sought to identify the full spectrum of kinetochore genes 

present in the N. crassa genome through homology searches (Table 5.1). Many of these 

genes are poorly conserved across the eukaryotes, and even across the fungal kingdom, 

however, we were able to identify nearly all of the core kinetochore components. 

Significant kinetochore proteins missing from N. crassa include Mis18a/Mis18b, 

M18BP1, MgRacGAP, CENP-M, CENP-P, and CENP-R. Additionally, N. crassa lacks 

the components of the CBF3 complex, which seems to be specific to the 

Saccharomycetes (Bouck and Bloom, 2005; Lechner and Carbon, 1991; Pietrasanta et al., 

1999; Russell et al., 1999).  

Another notable exception is CENP-B. There are two CENP-B-like proteins 

(CEN-B1 and CEN-B2) that appear to be relics of Tc5 transposases based on alignment 

alone. In other organisms, it has been shown that CENP-B evolved from POGO 

transposases (Mateo and González, 2014). When examined by chromatin 

immunoprecipitation followed by high-throughput sequencing (ChIP-seq), neither CEN-

B1 and CEN-B2 was co-localized with CenH3, CENP-T or CENP-C, thus neither is 
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centromeric (J. Galazka and M. Freitag, unpublished data). Both proteins show dispersed 

nuclear localization with no clear centromeric focus. Single gene deletions revealed 

minor growth defects (J. Galazka and M. Freitag, unpublished data). It remains unclear 

what functions are carried out by these putative CENP-B homologs but they do not seem 

to be involved in centromere or kinetochore biology. 

We next sought to confirm the functional conservation of the predicted 

kinetochore proteins. Systematic cytological studies were performed to examine if the 

identified genes coded for bona fide kinetochore proteins. At least one member of each 

kinetochore sub-complex was tagged with GFP or mCherry via transformation into the 

endogenous gene locus (Table 5.2). We then performed co-localization studies with the 

previously examined centromere components CenH3CENP-A, CENP-C, and CENP-T 

(Smith et al., 2011). All proteins examined showed punctate, single nuclear foci, 

indicative of localization at a single kinetochore chromocenter (Figure 5.1), and all 

proteins tested co-localized with CenH3 foci (e.g., Figure 5.1). The cytological evidence 

confirms each of the examined proteins as bona fide members of the kinetochore 

complex. 

  

Deletion of cen-o and knl-1 results in a temperature-sensitive slow growth 

phenotype. In order to determine the functional hierarchy of the N. crassa kinetochore, 

we attempted to delete each sub-complex one by one, as well as in tandem. The resulting 

phenotypes are summarized in Table 5.2. Similar to what has been observed in other 

organisms, many of the genes encoding CCAN and KMN complex subunits are essential. 

We have confirmed the essentiality of CenH3, CENP-C, CENP-K, CENP-T, CENP-W, 

NNF-1, and SPC-24 (Table 5.2). The only genes that could be deleted without killing N. 

crassa were cen-n, cen-o, cen-u, and knl-1. We attempted to generate double deletions of 

cen-n/cen-o, cen-n/cen-u, and cen-o/knl-1 but crosses with these strains produced no 

perithecia, implying the double deletion is lethal. Extended linear growth was quantified 

by racetube assays. Growth assays with deletion mutants revealed a slight growth defect 

under normal conditions (32°C) in the cen-o and knl1 strains, but no negative effects 

were observed in the cen-n or cen-u strains (Figure 5.2A). The cen-o and knl-1 strains 
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revealed an even more dramatic growth reduction when incubated at 40°C (Figure 5.2B). 

Furthermore, by this assay, these strains stopped growing completely at 40°C and could 

not be rescued by moving tissue back to 32°C after 48 hours.  

 From previous studies with budding yeast, the CENP-Q-U-O-PCOMA complex has 

been known to play a role in facilitating interactions between CENP-C and the Mis12 

complex (Dimitrova et al., 2016b). However, the involvement of this sub-complex 

appears tangential and mostly dependent on CENP-P, a component that has not been 

identified in N. crassa (Table 5.1). We sought to identify if deletion of other members of 

the CENP-Q-U-O complex displayed a similar temperature-sensitive phenotype as the 

cen-o deletion strain. Deletion of cen-u did not yield any notable phenotypes (normal 

growth at 32°C and 40°C; Figure 5.2). At this point, we have deleted cen-q, which is 

viable as a heterokaryon. We have been unable, however, to isolate haploid and 

homokaryotic cen-q progeny from a cross, implying that this gene is essential for 

meiosis. Additional genetics assays, such as tetrad analyses must be performed to confirm 

this.  

  

CENP-O recruits KMN complexe subunits, Knl1 and Mis12. We sought to 

identify kinetochore-specific defects caused by the cen-o deletion via cytological and 

biochemical techniques. We crossed the cen-o deletion strain to strains with fluorescently 

tagged kinetochore components from each of the other sub-complexes. Fluorescence 

microscopy of these strains revealed a distinct mislocalization of CENP-U-mCherry, 

NNF-1-mCherry, and KNL-1-mCherry (Figure 5.3A). In contrast to this, inner 

kinetochore proteins mCherry-CENP-A, CENP-T-GFP, and SPC-25-GFP showed no 

defects in the cen-o deletion background (data not shown). Mislocalization of KMN 

components is progressive, worsening over time after spore germination (Figure 5.3B). 

This implies a role for CENP-O in recruitment of CENP-U, NNF-1, and KNL-1 to the 

kinetochore, but not for proteins of the inner kinetochore or the NDC-80 sub-complexes.  

Biochemical studies were carried out to confirm interactions between kinetochore 

components CENP-O, CENP-U, NNF-1, and KNL-1. We utilized GFP and mCherry 

tagged kinetochore proteins (Table 5.2) to perform co-immunoprecipitation (CoIP) 
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experiments to test for direct interactions between kinetochore components. IP was 

attempted using GFP and RFP antibodies on CENP-A, CENP-O, CENP-U, and NNF-1. 

Immunoblotting revealed that IPs of mCherry-CENP-A and CENP-U-mCherry may have 

been successful, though the bands run a little faster than predicted (Figure 5.4A). IP 

experiments with CENP-O-GFP and NNF-1-mCherry failed during the initial 

immunoprecipitation as indicated by the presence of protein in the unbound fraction 

following immunoblotting (Figure 5.4B). Optimization of IP experiments should provide 

a means for direct confirmation of kinetochore protein interactions, as well as a 

mechanism for finding new kinetochore interacting proteins by mass spectrometry (MS). 

 

The CENP-O RWD domains play an important role in kinetochore 

localization. Many CCAN proteins lack significant conservation at the primary sequence 

level, but maintain conservation of structural protein-protein interaction domains. CENP-

O has been shown to contain a double RWD (D-RWD) domain at its C-terminus 

(Schmitzberger and Harrison, 2012). We were able to identify one conserved RWD 

domain in the N. crassa CENP-O using structure based alignment methods (Figure 5.5A) 

(Notredame et al., 2000). In order to determine if this D-RWD domain is involved in 

CENP-O function, we generated truncation mutants of the C-terminal RWD domains. 

The truncation mutant showed a growth phenotype similar to cen-o deletion at 32°C and 

40°C (Figure 5.2). We were unable to detect cen-o truncations tagged with GFP by 

fluorescence microscopy or western blotting. These results imply that the CENP-O C-

terminal RWD domains are required for generate and localize CENP-O, however further 

studies will be required to determine if this is due to transcription, translation, or 

degradation.  

 

A CENP-O leucine zipper-like motif plays a role in DNA damage response. 

Previous studies have shown that heterochromatin is required for DNA damage response 

via proper gH2A localization (Sasaki et al., 2014a). A dim-5 strain, defective in 

H3K9me3 and DNA methylation, is typically sensitive to growth on 

methylmethanesulfonate (MMS) (Lewis et al., 2010). Utilizing a forward genetics 
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approach, independent mutations in two conserved N-terminal leucines of CENP-O were 

found to rescue the MMS-sensitive phenotype of dim-5 (Abby Courtney and Zachary 

Lewis, University of Georgia, unpublished results). Alignments revealed a leucine 

zipper-like motif at the N-terminus of CENP-O. This motif contains four leucines spaced 

every seventh residue, however, unlike a canonical leucine-zipper, the interceding 

residues are mostly not basic (Figure 5.5A). This region of CENP-O is predicted to form 

an alpha-helix and we hypothesized that this motif is involved in dimerization with other 

members of the kinetochore that contain a leucine zipper-like motif.  

Growth assays with the CENP-O L20F and CENP-O L27F mutants showed a 

clear growth defect at 32°C and 40°C (Figure 5.2), however this growth defect could be 

due to the dim-5 background. To confirm that the CENP-O leucine to phenylalanine 

mutations were causative, we complemented the cen-o mutations by transformation with 

CENP-O-GFP and found that MMS sensitivity reverted to that of the dim-5 single mutant 

(Figure 5.5B). Ongoing studies to mutate conserved leucines individually, and in tandem, 

will help determine if this motif plays an important role in kinetochore assembly, as well 

as determine an unsuspected role of cen-o in DNA damage response or heterochromatin 

pathways. 

 

Discussion 

 The segregation of chromosomes into daughter cells during meiosis or mitosis is 

an essential step of the cell cycle. Any mistake in this process will lead to major genetic 

defects and likely cell death. Nature has evolved an intricate protein complex called the 

kinetochore to ensure proper attachment of chromosomes to spindle microtubules. Not 

surprisingly, this complex has many redundancies built into its structure and check points 

built into the segregation process to safeguard against mistakes. It stands to reason that 

evolutionary conservation would be a hallmark of such a critical process. Recent research 

has begun to reveal a surprising diversity at centromeres and kinetochores alike 

(Drinnenberg et al., 2016; Chapter 1). A better understanding of natural variability in the 

kinetochore proteins and their functions will help improve understanding of the most 

basic and essential features of the kinetochore. In addition, differences that exist in 
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pathogenic fungi could be leveraged to improve anti-fungal treatments (Sanyal et al., 

2012; Thakur and Sanyal, 2011).  

 To this point, very little is known about the kinetochores of filamentous fungi. 

Many foundational studies have been undertaken in the yeasts Saccharomyces cerevisiae 

and Schizosaccharomyces pombe, however these organisms have unique centromeres and 

kinetochores in many ways ((Fleig et al., 1996; Keith and Fitzgerald-Hayes, 2000; 

Nekrasov et al., 2003; Thakur and Sanyal, 2011; Thakur et al., 2015; De Wulf et al., 

2003); Chapter 1). In this study we conducted a systematic examination of the 

kinetochore of N. crassa to expand the understanding of this diverse cellular machinery. 

Deletion studies established that the kinetochore proteins, CENP-A, CENP-C, NNF-1 

and NDC-80, are all essential in N. crassa. These components form the conserved bridge 

from chromatin to the spindle microtubule in nearly all species from budding yeast to 

humans, so it is not unexpected that they are essential in N. crassa (Drinnenberg et al., 

2016; Earnshaw, 2015; Musacchio and Desai, 2017). In contrast, many of the CCAN 

proteins are poorly conserved at the primary sequence level across the fungal kingdom, 

and eukaryotes at large. In fact, many of these sub-complexes appear to be missing 

completely from the filamentous fungi examined thus far (Freitag, 2016). This entire set 

of kinetochore sub-complexes is also missing form numerous arthropods, with C. elegans 

and D. melanogaster serving as common models for this type of minimal kinetochore 

(Cheeseman et al., 2004; Dumont et al., 2010; Liu et al., 2016). 

We find that one of the sub-complexes, CENP-Q-U-O, is important for 

kinetochore function in N. crassa. In budding yeast, the CENP-Q-U-O-PCOMA complex 

helps to stabilize the link between CENP-C and the Mis12MIND complex (Dimitrova et al., 

2016b; De Wulf et al., 2003). The Sim4 complex in fission yeast contains a much larger 

subset of the kinetochore proteins (Pidoux et al., 2003). The CENP-Q-U-O-PFta7-Fta4-Mal2-

Fta2 homologues are all part of this complex, as well as components of CENP-N-L-MMis15-

Fta1-Mis17 and CENP-H-I-KFta3-Mis6-Sim4 (Kerres et al., 2006; Pidoux et al., 2003; Shiroiwa et 

al., 2011). We were unable to find a CENP-P homologue by sequence analyses in N. 

crassa and other filamentous fungi. Instead, CENP-O seems to have replaced it as the 

link between the CCAN and KMN, helping to recruit the KNL-1 and Mis12 complexes. 
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While deletion of CENP-O causes a stunted growth phenotype at low temperatures 

(32C), this defect does not kill the fungus due to the continued presence of NDC-80 at the 

kinetochore. At high temperatures, however, these effects are exacerbated, and the fungus 

dies, similar to results from yeasts (Kerres et al., 2006; Nekrasov et al., 2003). It is 

intriguing that despite the mislocalization of these essential KMN proteins, the fungus 

appears to continue growing at almost normal growth rates. Additionally, the normal 

localization of SPC-25-GFP implies a CENP-O-independent mechanism for recruitment 

to the kinetochore in N. crassa. This is likely achieved by CENP-T-W and/or CENP-S-X, 

as shown in other organisms (Huis in ’t Veld et al., 2016). 

 Previous research on the kinetochore complex has relied heavily on biochemical 

techniques to elucidate the interacting sub-complexes (Cheeseman et al., 2004; Dimitrova 

et al., 2016b; Pekgöz Altunkaya et al., 2016). Due to the poor sequence conservation, 

immunoprecipitation followed by mass-spectrometry (IP-MS) may provide an effective 

means to study new species that seem to lack conventional kinetochore components. We 

were able to establish that some components of the N. crassa kinetochore can be 

successfully immunoprecipitated (Figure 5.4A). Future studies will utilize this method to 

prepare samples for MS to examine kinetochore interactions more thoroughly. 

Additionally, an effective IP protocol for diverse organisms could provide a means for 

understanding differences in the protein composition and biophysical characteristics of 

differing kinetochore complexes using recently established techniques (Miller et al., 

2016b).  

 We show that CENP-O contains two distinct domains on either end of the protein; 

a leucine zipper-like domain on the N-terminus and D-RWD on the C-terminus. When 

disrupted individually, each of these domains has a noticeable effect on the growth rate of 

the fungus. Initial evidence indicates that the D-RWD is involved in kinetochore 

localization and the leucine zipper-like domain is involved in heterochromatin pathways 

or SAC signaling, however these results are preliminary. The RWD domain is a well-

conserved component of the kinetochore, functioning as the major interaction domain of 

the CENP-Q-U-O-P, Mis12, Knl1, and Ndc80 complexes (Petrovic et al., 2014; 

Schmitzberger and Harrison, 2012). Similarly, leucine zipper like motifs have been 
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observed to function as protein-protein interaction domains previously (Busch and 

Sassone-Corsi, 1990). An initial search revealed a similar, leucine zipper like motif in 

other kinetochore and spindle assembly checkpoint (SAC) proteins; however, we 

currently have no evidence of interaction between these motifs. It is clear that CENP-O 

functions as a lynchpin in the N. crassa kinetochore. A critical role for the protein has 

been found in yeasts, but not in the kinetochores of mammalian species (Dimitrova et al., 

2016b; Eskat et al., 2012; Kerres et al., 2006; Pidoux et al., 2003; De Wulf et al., 2003). 

Future studies will be required to determine if other fungal kinetochores are organized 

similarly to that of N. crassa or other eukaryotes studied thus far.  

The observations presented here support the model of a redundant kinetochore in 

N. crassa, with bridges from chromosome to microtubules being attached via the CENP-

T:NDC-80, CENP-QUO:KNL-1, and CENP-C/CENP-QUO:Mis12 interactions 

(Dimitrova et al., 2016a; Pekgöz Altunkaya et al., 2016). The redundant connections 

make sense in light of the essential nature of kinetochore-microtubule attachment for 

survival, as well as the extent of cell cycle checkpoint proteins which interact with KMN 

components.   

 

Methods 

 Identifying kinetochore gene homologues. Kinetochore genes were found by 

using BLAST searches. BLAST was done with standard parameters using the S. 

cerevisiae, S. pombe, and human homologues as the query and databases containing 

predicted proteins derived from the N. crassa genome (Assembly 10 and 12; GenBank, 

FungiDB, JGI). 

 Split-marker transformation. Kinetochore genes and flanking sequences were 

amplified from the N. crassa genome. GFP-, mCherry-, V5-, or FLAG-tags on segments 

including the gene conferring resistance against hygromycin (hph) were amplified from 

pZero plasmids ((Honda and Selker, 2008); Pallavi Phatale, Rodrigo Goncalves, M. 

Freitag, unpublished data). Primers for each of these PCRs were designed with 10xGly or 

loxP overlapping sequence so that amplicons could be stitched together in a fusion PCR 

reaction (Table 5.2). The resulting amplicons, overlapped by 660 bp, were transformed 
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into N. crassa strain N3011 (mata his3; mus51::bar+) and plated on Vogel’s minimal 

medium (VMM) supplemented with 0.5% fructose, 0.5% glucose, 2% sorbose (FGS), 

1.5% agar, 0.5 mg/ml histidine and 0.2 mg/ml hygromycin, and incubated at 32°C for 3-5 

days. Heterokaryotic transformants were picked to slants containing VMM supplemented 

with 2% sucrose, 1.5% agar, 0.5 mg/ml histidine and 0.2 mg/ml hygromycin. 

Transformants were verified by PCR, Southern blot, and fluorescence microscopy. 

 Strains maintenance and crosses. Neurospora strains were grown and 

maintained under standard conditions in VMM supplemented with 2% sucrose and 1.5% 

agar at 32°C. Crosses to generate homokaryotic strains from heterokaryotic transformants 

were performed on synthetic crossing medium supplemented with 0.5% sucrose and 0.5 

mg/ml histidine at 25°C. After 2 weeks, random ascospores were collected from the plate 

lid and heat shocked at 65°C for 45 min on VMM supplemented with 2% sucrose, 1.5% 

agar and 0.5 mg/ml histidine (VMMH). Viable progeny were picked to slants with 

VMMH. Progeny were screened by fluorescence microscopy, and genotyped by PCR, 

Southern blot, and Sanger sequencing. 

 Fluorescence microscopy. Fluorescence microscopy was performed by growing 

conidia spores in liquid VMM supplemented with 2% sucrose, 1.5% agar, 0.5 mg/ml 

histidine at 32°C for the designated time. Typically, 5 ul of germinated conidia were 

spotted onto a microscope slide and a cover slip placed on top. Imaging was performed 

on a Zeiss epifluorescence microscopy with a 60x oil immersion objective (1.4 NA) by 

using wide or narrow bandpass filters (excitation: 495 nm; emission: 519 nm) for GFP-

tagged strains, or wide bandpass filters (excitation: 558 nm; emission: 583 nm) for 

mCherry/RFP-tagged strains, usually with 100-600 ms exposure times. Images were 

processed with NIS-elements imaging software and examined in Photoshop or ImageJ 

(Schneider et al., 2012).   

 Growth Assays. Initial growth assays were performed on VMM supplemented 

with 2% sucrose and 1.5% agar. Approximately 1x104 conidia were spotted onto the 

center of the Petri dish and placed at 32°C or 40°C. Imaging was done after 24 hrs or 48 

hrs of growth, respectively. Quantitative growth assays were performed using racetubes 

with 20 ml of VMM supplemented with 2% sucrose and 1.5% agar. Racetubes were 
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inoculated with 1x104 conidia at one end and strains were allowed to grow at 40°C. Each 

strain was grown in triplicate. 

 Whole cell lysate extraction. Whole cell lysates were prepared by inoculation of 

250ml of VMM in a 1L Erlenmeyer flask with 2.5x106 cells/ml of media. Cells were 

allowed to grow overnight (~16 hrs) at 28°C with shaking (150rpm). Cultures were 

collected by filtration with a buchner funnel and filter paper #4. Mycelial patty was 

transferred to a mortar and ground with a pestle under liquid nitrogen. Ground tissue was 

collected in a 50ml conical and excess liquid nitrogen was allowed to evaporate at -80°C 

(~30min). Tissue powder was resuspended in 10ml of cold extraction buffer (25mM 

HEPES, 2mM MgCl2, 0.1mM EDTA, 0.5mM EGTA-KOH, 15% Glycerol, 0.1% NP-40, 

150mM KCl) with protease inhibitors (Pepstatin A (1µg/ml), Leupeptin (1µg/ml), PMSF 

(1mM)), incubated on ice for 5 minutes, then centrifuged at 12,000rpm for 15 minutes at 

4°C. Supernatant containing whole cell lysate was transferred to a new tube and 

quantified by Bradford assay. 

Immunoprecipitation. RFP and GFP immunoprecipitation was performed with 

20ul of Chromotek RFP-Trap_M and GFP-Trap_M magnetic beads in 1ml IP buffer 

(25mM HEPES, 2mM MgCl2, 0.1mM EDTA, 0.5mM EGTA-KOH, 0.1% NP-40, 

150mM KCl) containing 10mg of whole cell lysate. Antibody and lysate solution was 

incubated overnight at 4°C. Beads were pelleted on a magnetic stand, and an aliquot of 

supernatant was removed to be used as the unbound fraction. Magnetic beads were 

washed with 3 times with 1ml IP buffer. Eluting was performed by adding 40ul of Laemli 

buffer and boiling for 5 minutes. The beads were pelleted on a magnetic stand and the 

supernatant was kept as the IP fraction.  

Immunoblotting. All samples were quantified by Bradford assay and 30ug of 

protein was loaded into 12% SDS-polyacrylamide gel. Electrophoresis was performed at 

200V for ~40 minutes in SDS running buffer. Proteins were transferred to PVDF 

membrane by electrophoresis at 120V for 1 hour in tris-glycine buffer. Membranes with 

transferred proteins were blocked overnight at 4°C in tris buffered saline plus 0.1% 

tween-20 (TBS-t) with 5% dry milk. Primary antibody incubation was performed for 1 

hour at room temperature with anti-RFP (Chromotek 6G6) at 1:2000 dilution in TBS-t 
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plus 0.5% dry milk. The membrane was washed four times for 5 minutes in TBS-t plus 

0.5% dry milk. Secondary antibody incubation was performed for 1 hour at room 

temperature with goat anti-mouse horse radish peroxidase (HRP) antibody at 1:25,000 

dilution in TBS-t plus 0.5% dry milk. The membrane was washed four times for 5 

minutes in TBS-t plus 0.5% dry milk, then washed for ~5 minutes in 1ml supersignl pico 

developing reagent. Developed blots were imaged with SynGene imaging software. 
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Table 5.1  
Neurospora crassa kinetochore genes and proteins. 1= alternate names from common model organisms, 
include Sc (S.cerevisiae), Sp (S. pombe), Dm (D. melanogaster) 
  

Complex Name Alt. Names1 N. crassa # gene Protein 

Cen Nucleosome CENP-A 
CenH3, ScCse4, SpCnp1, 
DmCID  NCU00145 hH3v CENP-A 

Chaperone HJURP ScScm3 NCU03123 scm-3 SCM-3 
  NPM1   None     
CENPB CENP-B Cbh1 none   
CENPB-like none  NCU06592 cen-b1 CEN-B1 
CENPB-like none  NCU00392 cen-b2 CEN-B2 
Kinase INCENP   NCU05211     
SLI15 Aurora B   NCU00108 ipl-1   
CENPC CENP-C ScMif2, SpCnp3 NCU09609 cen-c CENP-C 
 Mis18a/Mis18b  None   
CAF RbAp48/RbAp46 NCU06679   
 M18BP1  None   
  MgcRacGAP   None     
CENP-T-W-S-X CENP-T ScCnn1, SpCnp20 NCU02161 cen-t CENP-T 
 CENP-X  NCU09478 cen-x CENP-X 
 CENP-W  NCU03400 cen-w CENP-W 
  CENP-S   NCU03629 cen-s CENP-S 
CENP-H-I-K CENP-H ScMcm16, SpFta3 NCU09996 cen-h CENP-H 
 CENP-I ScCtf3, SpMis6 NCU04131 cen-i CENP-I 
  CENP-K ScMcm22, SpSim4 NCU09238 cen-k CENP-K 
CENP-L-M-N CENP-L SpFta1 NCU16722 cen-l CENP-L 
 CENP-M ScIml3, SpMis17 None   
  CENP-N ScChl4, SpMis15 NCU03537 cen-n CENP-N 
CENP-O-P-Q-R-U CENP-O ScMcm21, SpMal2 NCU09100 cen-o CENP-O 
 CENP-P ScCtf19, SpFta2 NCU02135 cen-p CENP-P 
 CENP-Q ScOkp1, SpFta7 NCU06791 cen-q CENP-Q 
 CENP-R  None   
  CENP-U ScAme1, SpFta4 NCU01005 cen-u CENP-U 
MIND hMis12  NCU06463 mis-12 MIS-12 
 DSN1 SpMis13 NCU01344 dsn-1 DSN-1 
 NNF1  NCU07571 nnf-1 NNF-1 
  NSL1 SpMis14 NCU02262 nsl-1 NSL-1 
NDC80 NDC80  NCU03899 ndc80 NDC-80 
 NUF2  NCU06568 nuf-2 NUF-2 
 SPC24  NCU05312 spc-24 SPC-24 
  SPC25   NCU11159 spc-25 SPC-25 
KNL1 KNL1 Spc105 NCU03103 knl-1 KNL-1 
kinesin CENP-E  NCU02626 kin-4 KIN-4 
pleckstrin CENP-F   NCU03621 cen-f CEN-F 
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Table 5.2 
Status of tagging and deleting kinetochore genes. Genes colored by knockout phenotype: red = essential, 
yellow = temperature sensitive, green = wild type, black = no deletion.  
 

Gene GFP? mCherry? V5? FLAG? 
spc-24 no no no no 
spc-25 no yes no no 
nuf-2 yes no no no 
ndc-80 yes no no no 
knl-1 no yes no no 
nsl-1 yes no no no 
nnf-1 no yes no no 
cen-u no yes no yes 
cen-o yes no yes no 
cen-k no yes no yes 
cen-h no no yes no 
cen-n no yes yes no 
cen-t yes no no no 
cen-w no no no no 
cen-s no no no no 
cen-x no no no no 
cen-c no yes no yes 
hH3v yes yes no no 
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Table 5.3 
Neurospora strains used in this study. 
 

Strain no. Genotype Source or Reference 
NMF649 set7::hph, mat-a Zack Lewis 
NMF652 dim5::bar, mat-A Zack Lewis 
NMF766 hH3v::mCherry-hph-hH3v, cen-

t::cen-t-GFP-hph, mat-a 
This Study 

NMF767 hH3v::vH3v-GFP-hph, cen-
u::cen-u-RFP-hph, mat-a 

This Study 

NMF768 cen-n::hph, mat-a 
 

This Study 
NMF769 cen-u::hph, mat-A 

 

This Study 
NMF770 cen-o::hph, mat-A 

 

This Study 
NMF771 knl1::hph, mat-a This Study 
NMF772 cen-o::hph, cen-u::cen-u-

mCherry-hph, mat-a 
 

This Study 

NMF773 cenO::hph, nnf1::nnf1-mCherry-
hph, mat-A 

This Study 

NMF774 cen-o::hph, knl1::knl1-mCherry-
hph, mat-A 

This Study 

NMF775 cen-o::hph, spc25::spc25-GFP-
hph, mat-A 

This Study 

NMF776 nnf1::nnf1-mCherry-hph, cen-
o::cen-o-GFP-hph, mat-a 

This Study 

NMF777 cen-o::cen-o(aa1-167)-gfp-hph, 
mat-a 

This Study 

NMF778 cen-o::cen-oL27F, dim5::bar Zack Lewis 
NMF779 cen-o::cen-oL20F, dim5::bar Zack Lewis 
NMF780 cen-o::cen-oL27F, *cen-o -

GFP-hph, dim5::bar 
This Study 

NMF781 cen-o::cen-o L20F, *cen-o -
GFP-hph, dim5::bar 

This Study 
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Figure 5.1 

 
Fluorescence microscopy of GFP/mCherry tagged kinetochore proteins reveals punctate foci for all 
proteins examined. Characteristic localization of kinetochore proteins has been shown previously with 
CENP-A, CENP-T, and CENP-C (not shown) fluorescence microscopy. We show that other kinetochore 
proteins, including the microtubule binding NDC80, localize as punctate foci, similar to what is seen for 
CENP-A and CENP-T. Additionally, there appears to only be a single focus per nucleus in all strains 
examined as shown by co-localization with hH4-mCherry. 
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Figure 5.2 

 
Racetube assays of kinetochore gene deletions and cenpO mutants reveals an exaggerated growth 
defect at 40°C. Extended linear growth was measured by inoculating racetubes with 1x104 cells on one end 
and measuring growth daily. (A) Growth at 32°C (normal conditions for N. crassa) revealed only a slight 
growth defect in knl1 and cenpO, however cenpO-L20F and cenpO-L27F grow slowly even at this 
temperature. These cenpO point mutants have a dim5 deletion background though, which likely obscures 
this result. Future assays will be performed with purified cenpO mutants. (B) When grown at 40°C, knl1, 
cenpO, and cenpO truncations/mutations resulted in severely limited growth. These strains were hardly able 
to grow at all and unable to be saved by moving spores back to 32°C after 48 hours incubation at 40°C.  
 

0

50

100

150

200

250

300

350

400

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0

WT

cenpN

cenpU

cenpO

knl1

cenpO ΔRWD

cenpO L20F

cenpO L27F

0

50

100

150

200

250

300

350

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0

WT

cenpN

cenpU

cenpO

knl1

cenpOΔRWD

cenpO L20F

cenpO L27F

A

B

Li
ne

ar
 G

ro
w

th
 (C

M
)

Time (hrs)

Li
ne

ar
 G

ro
w

th
 (C

M
)

Time (hrs)



 

 

115 

Figure 5.3 

 
CENP-U, NNF-1, and KNL-1 become mislocalized in a cenp-o background. (A) Normal localization is 
seen in a wildtype strain in the top panel, showing the typical punctate foci seen in Figure 5.1. Images taken 
after ~6 hours of growth in liquid media shows mislocalization of CENP-U, NNF-1, and KNL-1, though 
SPC25 localization appears mostly normal. In the cenp-o background mislocalization is progressive, with 
decreasing kinetochore foci and increasing localization to the cell periphery as growth continues. 
Mislocalization peaks around 4-6 hours, depending on the protein. (B) KMN protein mislocalization in 
cenp-o is progressive. Spores were incubated in Vogel’s minimal media (VMM) at 32°C. At each time 
point a 5ul aliquot was removed and placed on a slide for imaging on an epifluorescence microscope.  
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Figure 5.4 

 
Immunoprecipitation of kinetochore proteins. Immunoblots with anti-RFP (chromotek 6G6) of antibody 
bound (IP), unbound (Unb.) and whole cell lysate (Input) fractions of immunoprecipitation (IP) 
experiments. Protein sizes with their respective tags are listed on the right. (A) RFP immunoblotting of 
RFP-IP and unbound fractions imply successful pulldown of CENP-U-RFP, RFP-CENP-A, and tDimer-
Red proteins from whole cell lysate. CENP-U-RFP and RFP-CENP-A bands appear to run faster than 
predicted however, indicating further confirmation is needed. The tDimer-Red control shows major bands 
at the expected sizes of ~54kD and ~25kD, which are equal to two RFPs and one RFP respectively. The 
faint bands in the wildtype negative control and CENP-A unbound lanes are likely background bands. (B) 
A single strain, NMF776, harboring CENP-O-GFP and NNF-1-RFP was used for RFP immunoblotting of 
GFP-IP and RFP-IP experiments. Successful immunoblotting of NNF-1-RFP is confirmed by the ~62kD 
band in the input fraction. The band at ~62kD in the unbound fractions indicates unsuccessful pulldowns of 
CENP-O-GFP and NNF-1-RFP. As in Figure 5.4A, the tDimer-Red control is correct and the wildtype 
negative control shows a background band. 
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Figure 5.5 

 
CENP-O protein sequence alignment reveals poor overall sequence conservation, but one of the two 
RWD domains is well conserved. (A) Sequence alignment was performed using t-coffee Expresso, relying 
on structural data due to the lack of conservation between common eukaryotic model organisms. The RWD 
domain is conserved in several kinetochore proteins (ref); it is predicted to be a key protein-protein 
interaction domain of the kinetochore. A proposed leucine zipper-like motif and double RWD (D-RWD) 
domain in CENP-O appears partially conserved. CENP-O ΔRWD was truncated at amino acid 167, leading 
to loss of both RWD domains. (B) Growth assays on MMS were performed by spotting 1x104, 1x103, 
1x102, and 10 cells on Vogel’s minimal media (VMM) with, and without, MMS. Strains were allowed to 
grow for 24 hrs before imaging.  
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Chapter 6: Conclusions 

In this dissertation, I have presented two review chapters and three chapters of 

original research on the chromatin, centromeres, and kinetochore of Neurospora crassa. 

This work establishes that both the centromere and kinetochore are rapidly evolving, and 

clarifies their functional role. I sought to determine how centromere sequence has 

evolved and what, if anything, is the significance of variability at this locus. I set out to 

improve on a system for studying epigenetic changes due to histone H3 modification in 

filamentous fungi. Finally, I explored the functional conservation of kinetochore proteins 

through genetic and cytological studies in N. crassa. This work provides improved 

understanding of the chromosome segregation machinery, as well as new tools for future 

studies. 

There is evidence to support an epigenetic mechanism for defining the 

centromere, however improved centromere assemblies have shed light on the function 

and variability of sequence in centromere function. I discovered extensive variability in 

the centromere sequence of N. crassa. In chapter 3, I describe the evolutionary history of 

this variation within the lineage strains of N. crassa. This work provides novel insights 

into the dynamics of this under-examined chromosomal locus. In addition, directed 

crossing studies show suppressed crossing over and active gene conversion within 

centromeres using endogenous SNP markers, providing the most in-depth analysis of this 

locus to date. I also find evidence of interplay between centromere sequence and CENP-

A localization, implying a role for sequence in centromere function.  

Studies of histone H3 (hH3) post-translational modifications (PTMs) have been 

carried out extensively in N. crassa. Previous work, however, utilized an imprecise 

system which integrated the mutated hH3 gene into the histidine-3 locus (his-3). I 

developed a cassette system which utilized a heterologous Fusarium graminearum hH3 

gene to efficiently integrate mutations into the endogenous locus. I have already 

confirmed the value of this system by refuting previous claims of lethal mutations to the 

hH3K9 residue. Future studies will explore the role of hH3 mutations in centrochromatin 

and the polycomb repressive complex 2 (PRC2) in N. crassa and F. graminearum 

respectively. 
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The overall function of the kinetochore is conserved throughout the eukaryotic 

domain, however homology searches have revealed a great deal of divergence at the 

protein sequence level. I thoroughly characterized the components of the N. crassa 

kinetochore in chapter 5. I have identified homologs for most of the kinetochore 

components and verified their function via cytology. Deletion studies imply an important 

role for CENP-O in recruitment of the kinetochore microtubule network (KMN) 

components, Mis12 and Knl1. A forward genetic screen has also indicated that the N-

terminal leucine zipper-like motif of CENP-O affects the DNA damage response, perhaps 

through interaction with spindle assembly checkpoint (SAC) or heterochromatin proteins. 

Future studies will further explore this novel role for CENP-O, as well as investigate the 

functional domains of other kinetochore components in N. crassa.  

Chromosome attachment to the spindle microtubule is achieved through 

coordination of the centromere sequence, centrochromatin, and the kinetochore complex. 

In this dissertation, I show that centromere sequence can vary drastically and that 

sequence plays a role in recruitment of CENP-A. I established a system for studying the 

role of hH3 in DNA repair, as well as centromere and PRC2 function. Finally, I inspected 

the role of proteins within the kinetochore complex and found that deletion of cen-o 

results in a temperature sensitive phenotype and mislocalization of KMN proteins. This 

work improves on the current understanding of centromeres and kinetochores in N. 

crassa and establishes new opportunities to study diverse biological processes in 

filamentous fungi.   
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Appendices 

Studies of SCM-3, the CENP-A chaperone.  

 Recruitment of CENP-A to centromeres requires the assistance of a chaperone 

protein, known as SCM-3HJURP (Barnhart et al., 2011). SCM-3 binds to a CENP-A-H4 

dimer and helps to localize this dimer to the centromere (Hu et al., 2011; Shuaib et al., 

2010; Stoler et al., 2007). To this point, this chaperone process has not been confirmed in 

the filamentous fungi. Additionally, the presumptive coding sequence in the filamentous 

fungi examined thus far indicates that this protein is twenty times the length of the 

transcript in other organisms studied. We sought to examine the validity of this long 

transcript, as well as the role of Scm3 in Neurospora crassa by tagging it with mCherry 

for cytological and biochemical studies.  

To examine the role of Scm3 in Neurospora crassa centromere assembly and 

CENP-A loading, we tagged the scm3 gene with mCherry. An mCherry-scm3-hph 

construct was generated using overlap PCR and transformed into N. crassa strain 

(N3011). Transformants were picked to individual slants and purified by crossing to a 

wild-type strain (NMF39). Purified strains were confirmed by PCR and Southern blot. 

Attempts to localize SCM-3 in the cell via microscopy were unsuccessful. We believe 

this is due to low abundance of the protein, as corroborated by previously collected RNA-

seq data (K. Smith and M. Freitag, unpublished data). Scm3 is known to be involved in 

repair of DNA double strand breaks. Therefore, we hypothesized that we could induce 

overexpression of scm3 via growth in methyl methanesulfonate (MMS). Cells were 

grown in liquid media without MMS for approximately 4 hours, then 0.02% MMS was 

added and cells were checked for induction by microscopy after 5, 15, 30, and 60 

minutes. No red foci were seen when grown on 0.02% MMS. Additionally, attempts to 

detect mCherry-SCM-3 by western blot revealed no bands (data not shown). 

 

CENP-A studies 

 The centromere is epigenetically defined by the presence of a hH3 variant CENP-

ACenH3, which replaces hH3 in the canonical octameric nucleosome (Earnshaw and 

Rothfield, 1985; Sekulic et al., 2010). CENP-A is distinct from hH3 due to the more 
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variable N-terminal tail and centromere targeting domain (CATD) in the loop1 region of 

the histone fold domain (HFD) (Black et al., 2007; Chen et al., 2000). Both of these 

domains help to target CENP-A to the centromere through interaction with the CENP-A 

chaperone, Scm3HJURP (described above) and recruit other kinetochore proteins to the 

centromere.  

Previous work in the Freitag lab sought to examine the extent of evolutionary 

divergence of CENP-A by replacing, and generating chimeric, CENP-A in N. crassa with 

the homologous gene from three related filamentous fungi (Phatale and others 

unpublished). It was shown that CENP-A replacements from distantly related fungi, F. 

graminearum and Aspergillus nidulans, could function in mitosis but not meiosis. CENP-

A from a closely related fungus, Podospora anserina, was able to function through 

mitosis and meiosis but was progressively and irreversibly lost from numerous 

centromeres after extended linear growth. To further characterize the P. anserina CENP-

A (PaCENP-A), we carried out competition assays with wildtype, GFP or RFP tagged, 

CENP-A (NcCENP-A).  

Crosses were setup with strains carrying either PaCENP-A or NcCENP-A with 

numerous combinations of tags and promoters. Progeny were screened by microscopy 

(Figure A.1A), and those carrying both tagged CENP-A genes were selected for further 

experiments. Linear growth assays were carried out to examine any growth defects in 

PaCENP-A strains, as compared to NcCENP-A strains. Initial results revealed no 

difference in the growth rate in most strains containing containing NcCENP-A, PaCENP-

A (Figure A.1B). One progeny, XSF9.26, does grow slower than the others. I performed 

chromatin immunoprecipitation (ChIP) followed by PCR of the centromeric regions to 

examine if there was any difference in enrichment of either CENP-A. ChIP experiments 

were performed on numerous strains with tags on both the C-terminus and N-terminus of 

CENP-A to control for unintended effects of the fluorescent tag. Initial results ChIP-PCR 

results indicate differences in CENP-A enrichment at the centromeres, but no trends are 

apparent (Figure A.2). Sequencing of these ChIP samples (ChIP-seq) could provide 

further insight into the genomic localization of the different CENP-A chimeras. 
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Examination of loop1 of the HFD was carried by mutating a conserved arginine 

and proline, both individually and in tandem (Figure A.3). Mutations were made and 

transformed into N. crassa with a GFP tag. Initial characterization of the strains revealed 

no obvious defects, but more in depth analysis will be needed. 

In addition to mutational studies of CENP-A, I developed an artificial tethering 

system to aid in establishing a minichromosome. To accomplish this, the LexA repressor 

system (Butala et al., 2009) was used by tethering the LexA DNA binding domain to 

CenH3 and integrating a LexA operon at the histidine-3 (his-3) locus in Neurospora 

crassa. The LexA-CENP-A was successfully targeted to his-3, as confirmed by ChIP-

PCR experiments (Figure A.4). This experiment serves as proof of principle for the LexA 

targeting system in N. crassa. Future experiments will integrate the LexA operon into an 

autonomously replicating plasmid. If successful, this plasmid will recruit CENP-A and 

establish a kinetochore, allowing the plasmid to be maintained through mitosis and 

meiosis without selection. 
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Table A.1 

Neurospora strains used in these studies 
 

Strain no. Genotype Source or Reference 

NMF297 his-3::ccg1-NcCenH3-GFP; 
sad-2::hph; mat A 

Freitag Lab 

NMF485 NccenH3::m-Cherry-PaCenH3-
hph; his-3 

Freitag Lab 

NMF603 NcCenH3::mCherry-NcCenH3; 
his-3:: GFP-NcCenH3-3'UTR; 
mat a 

Freitag Lab 

NMF782 (XSF9.19) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF783 (XSF9.26) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF784 (XSF9.27) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF785 (XSF9.28) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF786 (XSF9.30) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF787 (XSF9.46) his3::ccg1-NcCenH3-GFP, 
NcCenH3::mCherry-PaCenH3 

This Study 

NMF788 his3::ccg1-NcCenH3-GFP, 
CenH3::mCherry-NcCenH3 

This Study 

NMF789 his3::ccg1-PaCenH3-GFP, 
CenH3::mCherry-NcCenH3 

This Study 

NMF790 his3::LexO, CenH3::mCherry-
LexA-NcCenH3 

This Study 
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Figure A.1 

 
XSF9 strains carrying NcCENP-A-GFP and mCherry-PaCENP-A. (A) Microscopy of the parent 
strains (NMF297 & NMF485) and two XSF9 progeny show no obvious differences in CENP-A 
localization. Chomocenter localized foci for NcCENP-A-GFP and mCherry-PaCENP-A are apparent in 
both progenies. (B) Linear growth assay of six XSF9 progenies shows a slight growth defect for XSF9.26, 
however no other progeny showed any growth defect.   
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Figure A.2 

 
ChIP-PCR of CENP-As shows differential enrichment. ChIP was performed on three strains carrying 
two copies of tagged CENP-A. PCR using centromere specific primers (one primer pair for each 
centromere) shows differences in CENP-A enrichment within the centromere. The CENP-A that was 
ChIPed is listed over either side of each gel. (A) NMF603 contains two NcCENP-A tagged with mCherry 
or GFP. This serves as a control for the ChIP, comparing ChIP efficiency of GFP vs mCherry. A slight 
enrichment of the mCherry-NcCENP-A over GFP-NcCENP-A is observed. (B) Comparing a N-terminal 
mCherry-NcCENP-A tag with a C-terminal NcCENP-A-GFP tag reveals a slight enrichment of the 
NcCENP-A-GFP. This is surprising considering previous work in the Freitag Lab (P. Phatale and M. 
Freitag, unpublished results). (C) ChIP with chimeric PaCENP-A-GFP reveals almost no centromeric 
enrichment, while the mCherry-NcCENP-A shows very low enrichment. This result is not in agreement 
with microscopy data (Figure A1A) and should be repeated to confirm.  
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Figure A.3 

 
Mutating a conserved arginine and proline in the loop1 region of the CENP-A histone fold domain 
(HFD). An overlay of the CENP-A structure (pink) with the canonical histone H3 (hH3) shows the CENP-
A specific loop1 sticking out from an alpha helix within the conserved HFD. We mutated the conserved 
arginine and proline that form this loop to alanine and glycine, both individually and in tandem, to examine 
their role in CENP-A function. Mutations have been transformed into N. crassa but their effect must still be 
examined.  
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Figure A.4 

 
ChIP-PCR of lexA-CENP-A reveals localization of CENP-A to the histidine-3 locus (his-3). A strain 
carrying a Lex operon at the his-3 locus and lexA DNA binding domain (DBD) attached to CENP-A was 
created to recruit CENP-A to non-centromeric loci. This proof of principle experiment shows that ChIP of 
lexA-CENP-A in this strain reveals localization of CENP-A at the his-3 locus, implying that recruitment of 
CENP-A by the Lex operon works. Future experiments will attempt to use this system to recruit CENP-A 
to a minichromosome. 
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